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Abstract

Background Inflammation is the driving force in

atherosclerosis. One central strategy in the treatment of

peripheral arterial disease (PAD) is the promotion of

angiogenesis. Here, proangiogenic Tie-2 expressing mono-

cytes (TEM) and circulating angiogenic cells (CAC) play a

crucial role. Exercise training (ET) is recommended in PAD

patients at Fontaine stage II to promote angiogenesis.

Methods 40 patients with intermittend claudication (IC) [2

groups: supervised ET (SET) vs. non-supervised ET (nSET),

each n = 20] and 20 healthy controls were included in the

study. Analysis of TEM and CAC was performed from whole

blood by flow-cytometry. TEM were identified via CD45,

CD86, CD14, CD16 and analysed for the expression of Tie-

2. CAC were identified via their expression of CD45

(CD45dim), CD34 and VEGF-R2 (CD309/KDR). Follow up

was performed after mean of 7.65 ± 1.62 months.

Results In comparison to healthy controls, we found

increased proportions of CAC (p\ 0.0001) and similar

TEM numbers in both ET groups. At follow-up (FU) TEM

poroportions increased (p\ 0.001) and CAC proportions

decreased (p\ 0.01), but both more significantly in SET

(p\ 0.001) than nSET (p = 0.01). Only in SET fibrinogen

levels decreased and VEGF-A increased (both p\ 0.05).

Finally, we found in both ET groups a significant increase

in absolute walking distance but with a higher individual

increase in SET (p\ 0.01). TEM and CAC proportions

correlated inversely with the absolute walking distance

(CAC: r = -0.296, p = 0.02; TEM: r = -0.270,

p = 0.04) as well as with ABI (CAC: r = -0.394,

p\ 0.01; TEM: r = -0.382, p\ 0.01).

Conclusions ET influences the distribution of CAC and

TEM proportions. nSET, although still effective in regard

to an improved walking distance, is less effective in the

influence of proangiogenic cells and inflammatory burden

than SET. Our results indicate SET to be a more prefer-

ential exercise form, supporting the necessity to establish

more SET programs.

Keywords CAC � TEM � Peripheral arterial disease �
Exercise training � Inflammation

Introduction

Peripheral arterial disease (PAD) in associated with a high

cardiovascular mortality [1], due to a high prevalence of

further atherosclerotic manifestations in the coronary and

cerebral circulation [2, 3]. Inflammation is the driving force

in atherosclerotic diseases [4]. Especially PAD represents a

generalized form of atherosclerosis, with a high inflam-

matory status [5], thus explaining the high cardiovascular

mortality rate in PAD [1].

Therefore, it is essential to treat PAD patients conse-

quently as early as possible in dependence of each patient’s
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disease state. According to international guidelines, for

patients in Fontaine state I or II A/B (Rutherford 1–3) a

conservative treatment with best medical treatment and

exercise training is recommended [6, 7]. The exercise

training is most effective under professional supervision;

however, in the absence of a structured and supervised

exercise program, a non-supervised home based exercise

training is recommended, although inferior to the super-

vised training [8]. It is well known, that physical training

has a positive effect on inflammation, immune cells and

atherosclerosis [9, 10]. Part of the responsible mechanisms

are related to the mobilisation of circulating angiogenic

cells (CAC) stimulated by either moderate [11–13] or

intensive, strenuous exercise [14–16].

Since the first description of endothelial progenitor

cells (EPC) by Asahara in 1997 [17] an incredible amount

of research has been performed. These EPC are of

hematopoetic origin and are frequently characterized by

the surface marker molecules CD34 and vascular

endothelial growth factor (VEGF)-Receptor 2 (CD133,

KDR) [18]. CAC in contrast are in fact of myeloid origin,

but also express CD34 and VEGF-R2 [18]. Nevertheless

these cells do not represent endothelial precursors [19],

but a controversial discussion still continues in particular

because myelomonocytic cells share several characteris-

tics with endothelial cells [20]. Current consensus there-

fore defines two major classes of angiogenic cells, but

only specifically after in vitro culture. Firstly the CAC

(also called early EPC), which appear after a few days

(early) in culture after adherence to fibronectin, and sec-

ondly the endothelial colony forming cells (ECFC, or

‘‘outgrowth endothelial cells’’ (OEC) or late EPC). These

can be detected after 2 weeks (late) of culture on collagen

[21]. A third type of proangiogenic cells are called colony

forming (CFU)-Hill EPC, derived from re-plated periph-

eral blood mononuclear cells (PBMC), but these have

been shown to be mixed colonies of monocytes and

T-lymphocytes [22, 23].

Hypoxia/ischemia is thought to be the primary stimulus

to mobilize CAC from the bone marrow to home in the

sites of ischemia, which is mainly influenced by VEGF

[24]. CAC are a rare group of cells in the peripheral cir-

culation consisted of about below 1 % [25]. Much more

prominent in the peripheral circulation are proangiogenic

Tie-2 expressing monocytes (TEM), representing about

1–2 % of the PBMC population, but represent up to 20 %

of the monocyte population [26, 27]. TEMs have been well

investigated for their pro-angiogenic role in cancer [28],

however little is known about their pro-angiogenic

involvement in PAD. TEM belong to the intermediate/non-

classical monocytes subpopulation and are activated simi-

larly to CAC by hypoxia/ischemia and divers pro-angio-

genic cytokines (VEGF, Angiopoietin-2) [26, 27].

The effects of exercise training in PAD on CAC and

TEM are not well investigated so far. The aim of the

present pilot study was therefore to analyse the influence of

a supervised or non-supervised exercise training (SET,

nSET respectively) on the proportion of CAC and TEM to

gain information from their distribution under exercise for

potential future monitoring, i.e. success/efficiency of a

performed exercise training program.

Materials and methods

Study population

The present study was designed as a pilot study and carried

out in accordance with the principles outlined in the Decla-

ration of Helsinki and was approved by the Ethics Com-

mittee of theUniversity ofMainz and the State of Rheinland-

Pfalz, Germany. Participation was voluntary. Each partici-

pant gave written informed consent. We enrolled 40 patients

with known PAD admitted to the 2nd Medical Department,

Institute for Vascular Medicine of the Johannes Gutenberg

University Mainz with intermittent claudication (IC;

Rutherford 1-3, Fontaine II A/B). Patients with known can-

cer, autoimmune disease, end stage renal disease (ESRD),

orthopedic maladies (chronic arthrosis of hip or knee, spinal

canal stenosis) not allowing them to train properly, age under

18 or pregnancy were excluded from the study. Patients who

had received antihypertensive treatment or who had received

a diagnosis of hypertension (blood pressure above

140/90 mm Hg) were considered to have arterial hyperten-

sion. Smoking was classified as current smoking, past

smoking (stopped between[4 weeks and\40 years ago), or

never smoking. Diabetes mellitus was diagnosed in patients

who had previously undergone dietary treatment or had

received oral antidiabetic or insulin medication or who had a

current fasting blood glucose level[125 mg/dl or HB1Ac

levels[6.5 %. Family history of premature atherosclerosis

was attributed to patients with a documented case of PAD,

atherosclerotic stroke or coronary artery disease (CAD) in a

first-degree relative before the age of 65 years. Hyper-

lipoproteinemia was diagnosed in patients who had been

given lipid-lowering medication or had a history of choles-

terol levels[240 mg/dl. The age median of the total study

population was 69.5 years [62.25; 76]. The distribution of

the cardiovascular risk factors and medication taken by the

study participants are given in Table 1. Follow up was per-

formed after 7.65 ± 1.62 months.

Exercise training was performed according to the rec-

ommendations of the present guidelines [6, 7]. For the

study, patients were asked whether they preferred to per-

form an exercise training under supervision with accredited

vascular physiotherapists or to perform a home based
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exercise training under their own responsibility. All

patients were informed to walk at least 30 min up to

60 min per day, at least on 3–5 days a week. They were

asked to walk with an intensity to nearly reach their typical

claudication sensations, then to rest for up to 5 min and

repeat the same distance with a lower intensity. This pro-

tocol is in accordance with standard exercise recommen-

dations [29]. In the SET group supervised training was

performed once per week on top on the regular exercise

during the week. In addition, patients in the SET group

were given a ‘‘home work’’ plan, with exercises to be

performed at rest. Written information, on how to perform

the home based exercise training under self-management in

the nSET group with the same exercises at rest was handed

out at the beginning of the study. Patients controlled their

weekly walking distance with the aid of a pedometer.

The pain free and absolute walking distance of each

patient at the beginning and at follow up appointment of

the study was measured after standard constant load pro-

tocol on a treadmill with 12 % elevation at a speed of

3.2 km/h. The same elevation and speed was used at both

treadmill tests.

Controls (n = 20) were recruited from patients present

at the Medical Department for different reasons at the time

of the study, being invited as healthy individuals in regard

to CAD and PAD to participate in the study as control

subjects. Of the individuals enrolled to the study, we

selected those with an ankle-brachial index (ABI) above

0.9 after exclusion of CAD by coronary angiography,

which was performed earlier because of clinical signs of

atherosclerosis in history, in ECG or stress test. Due to the

presence of common cardiovascular risk factors the control

population has to be regarded as controls at risk.

Preparation of blood samples

From each participant blood was drawn by venopuncture

after a fasting period of at least 12 h. For the different

analysis whole blood samples were either heparinised or

drawn in EDTA or sodium citrate. In dependence of the

designated tests the samples were transported immediately

to our lab or the hospitals core facility for routine blood

analysis (Institute for Clinical Chemistry and Laboratory

Medicine), either on ice or at room temperature.

Table 1 Baseline categorical characteristics of the study population

Controls (n = 20) SET (n = 20) nSET (n = 20) p value

Age (years) 68.0 (62.5; 76.0) 73.0 (60.8; 76.0) 66.0 (62.3; 72.8) 0.52

Gender (male) (%) 12 (60) 15 (75) 15 (75) 0.49

Hyperlipidemia (%) 10 (50) 17 (85) 19 (95) 0.002

Hypertension (%) 11 (55) 18 (90) 19 (95) 0.003

Diabetes mellitus (%) 3 (15) 5 (25) 9 (45) 0.10

Family history (%) 3 (15) 7 (35) 5 (25) 0.34

Active smoking (%) 4 (20) 9 (45) 9 (45) 0.17

Former smoking (%) 6 (30) 10 (50) 9 (45) 0.41

Never smoking (%) 10 (50) 1 (5) 2 (10) <0.001

Packyears 5 (0; 24.5) 30 (20; 42.5) 50 (40; 70) 0.02

Aspirin/clopidogrel 6 (30) 15 (75) 12 (60) 0.01

ACE-inhibitors/AT1-blocker (%) 13 (65) 20 (100) 20 (100) <0.001

Statin treatment (%) 10 (50) 10 (50) 14 (70) 0.34

Ankle-Brachial-Index (ABI) 1.18 (1.13; 1.30) 0.69 (0.58; 0.86) 0.63 (0.54; 0.83) <0.0001

Ankle-Brachial-Index (ABI) FU 1.17 (1.10; 1.23) 0.69 (0.56; 0.86) 0.64 (0.44; 0.77) <0.0001

Absolute walking distance (m) 1608 (1129; 1908) 401 (329; 619) 474 (432; 670) <0.0001

Absolute walking distance (m) FU 1632 (972; 2809) 543 (399; 951) 642 (387; 1043) 0.0002

DAbsolute walking distance (%) 0.0 (0.0; 1.12] 15.48 (2.83; 41.32) 10.41 (-8.06; 27.16) <0.01

Claudication onset distance (m) 1608 (1129; 1908) 312 (275; 416) 374 (266; 408) <0.0001

Claudication onset distance (m) FU 1632 (972; 2809] 513 (348; 789) 426 (353; 677) <0.0001

DClaudication onset distance (%) 0.0 (0.0; 1.12) 24.69 (13.33; 57.03) 31.70 (2.66; 43.19) <0.001

Intima-media-thickness (IMT) (mm) 0.64 (0.60; 0.74) 0.69 (0.60; 0.91) 0.74 (0.65; 0.89) 0.17

Intima-media-thickness (IMT) (mm) FU 0.62 (0.55; 0.73) 0.68 (0.58; 0.75) 0.77 (0.71; 0.83) 0.02

LVEF (%) 67.8 (60.9; 70.6) 64.6 (55.9; 68.9) 66.2 (57.0; 70.1) 0.63

LVEF (%) FU 64.4 (59.5; 68.7) 61.4 (56.9; 72.6) 66.3 (58.7; 70.9) 0.78

Values are given as median (25th percentile/75th percentile). Statistically significant changes are highlighted in bold
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Flow cytometry of monocytes and CAC

Flow cytometric analysis was performed after standard

protocol we used in adaption of the protocol of two

recent publications by Hristov and Schmidt-Lucke,

respectively [30, 31]. In brief, after identifying live cells

being 7-AAD negative (Biolegend, San Diego, USA)

only CD45 (clone J.33) (Beckman-Coulter Inc., Krefeld,

Germany) positive cells (Fig. 1a1) were analysed. From

these CAC (a2) and monocytes (b1) were identified by

different gating strategies. The CAC population was

identified by the marker molecule CD34 (clone 581)

(Beckman-Coulter Inc., Krefeld, Germany) in the SSC

diagram (a2). From this population the CD45 low

expressing population (CD45dim) (a3) was then analysed

for CD34 and VEGF-R2 (CD309, KDR) (clone 89106)

(R&D Systems, Wiesbaden, Germany) (a4). The mono-

cyte population was identified by size and granulation in

the forward scatter/sideward scatter diagram (FSC/SSC)

(a1), as well as by the marker molecules CD45 and

CD86 (b1) (clone HA5.2B7) (Beckman-Coulter Inc.

Krefeld, Germany). Monocytes were analysed for CD14

(clone M5E2) (Biolegend, San Diego, USA), CD16

(clone 3G8) (bd-biosciences, Heidelberg, Germany) (b2/

b3), and Tie-2 (clone 83715)(R&D Systems, Wiesbaden,

Germany) (b4).

For the analysis of peripheral blood monocytes and

CAC 100 ll of sodium citrate anticoagulated whole venous

blood/per sample was used from each participant. The

samples were transferred to 5 ml FACS tubes (BD Falcon)

and washed twice before erythrocytes were then lysed with

BD lysing-solution (bd-biosciences) for 10 min at room

temperature. Cells were then stained with directly fluo-

rochrome conjugated antibodies. Staining conditions for

each monoclonal antibody were preliminarily determined.

Data are presented as percentage of positive cells corrected

for background fluorescence, determined by unstained

sample measurements.

Fig. 1 Flow cytometric analysis of CD14/CD16 monocyte subpop-

ulations, TEM and CAC. a1 Cell populations were identified in the

forward scatter/sideward scatter diagram (FSC/SSC) after excluding

dead and only CD45 positive cells. a2 The CAC population was

identified by the marker molecule CD34 in the SSC diagram. a3 CD45

low expressing population (CD45dim) was then analysed for (a4)
CD34 and VEGF-R2 (CD309, KDR). b1 The monocyte population

was identified by size and granulation in the FSC/SSC diagram and by

the marker molecules CD45 and CD86. (b2/b3) Monocytes were

analysed for CD14, CD16 and (b4) Tie-2
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Routine laboratory methods

Blood samples were drawn from each participant under

standardized conditions (see above). Serum was cen-

trifuged at 4000g for 10 min, immediately divided into

aliquots, and frozen at -80 �C until analysis. Lipid serum

levels (total-, HDL-, LDL-cholesterol, triglycerides), blood

glucose, HbA1c, fibrinogen and cellular counts were

measured immediately after transfer to the hospitals core

facility for routine blood analysis (Institute for Clinical

Chemistry and Laboratory Medicine) under their current

standardized conditions. C-reactive protein (CRP) was

determined by a highly sensitive, latex particle–enhanced

immunoassay (detection range 0–20 mg/dL; Roche Diag-

nostics). Measurement of VEGF-A (R&D Systems, Wies-

baden, Germany) was performed by ELISA.

Cell counts

Total leukocyte and monocyte count/ml, as well as total

monocyte proportion was determined by routine blood

work analysis. The proportion of total CAC was deter-

mined by flow cytometry. To achieve the absolute CAC

count/ml, we set the above determined CAC-proportions in

relation to the total leucocyte count/ml.

Statistical analysis

For data management and statistical analysis we used the

Prism V5.0f statistical software package (Graphpad, San

Diego, CA, USA). Data are given as median [25th; 75th

percentile] for continuous variables. A value of p\ 0.05

was considered to be significant. The three groups (Con-

trols, SET, nSET) were contrasted using one-way ANOVA

and Dunn’s multiple comparison tests. Comparison of

Adm. to FU inside each group was performed using paired-

t test. To avoid multiple testing concerning the three groups

at admission and follow up we used Bonferroni’s multipe

correction test as a post hoc analysis. Correlation of con-

tinuous data among the general study population was per-

formed using Spearman correlation coefficients (r).

Results

Analysis of the study population

With regard to male sex and age we did not find differences

between PAD patients in general and controls at risk. PAD

patients, though, presented more often manifest cardio-

vascular risk factors (Table 1), like hypertension or

hyperlipidemia. Controls presented a history of strict non-

smoking compared to PAD patients, and those controls

who had smoked or were at present active smokers had

smoked less severe in the past years regarding their amount

of pack years. Concerning the medication, we did find

differences with regard to ACE inhibitors or AT1 receptor

blockers. Although nearly one third of the healthy controls

received aspirin with an intention of primary prophylaxis,

all PAD patients received significantly more aspirin than

controls. For statins we did not find differences between the

three groups (Table 1).

Naturally, the absolute walking distance as well as the

claudication onset distance was significantly lower in PAD

patients and in consequence, a significantly lower ABI was

measured in PAD patients than in controls.

Total and LDL cholesterol levels were similar between

the three groups, but HDL-cholesterol levels were

decreased in patients. PAD patients showed a significant

increase of PBMC/ml, whereas relative and absolute

monocyte numbers were equal between all 3 groups. Fur-

thermore, similar levels of acute phase proteins such as

CRP and fibrinogen were measured (see Table 2).

At FU, we observed an increase of the absolute walking

(WD) and claudication onset distance (CD) in SET (WD:

p = 0.02; CD: p = 0.005) and nSET (WD: p = 0.06; CD:

p = 0.02) patients, though still significantly lower than in

controls. The individual increase in CD (DCD) was similar

between SET and nSET, nevertheless, for SET we

observed a much higher individual increase in WD (DWD)

than in nSET. ABI or LV-EF did not change over the

training period in all three groups. IMT of nSET patients

though was higher at FU than in controls. Concerning

markers of inflammation, we found a decrease for CRP and

fibrinogen in the SET group, whereas for nSET we

observed significant higher levels of CRP and fibrinogen

compared to controls (Table 2).

Analysis of CD14/CD16 and Tie-2 monocyte (TEM)

subpopulations

Concerning the distribution of the three CD14/CD16

monocyte subpopulations, we found no differences

between the three groups. The classical CD14??CD16-

subpopulation, the intermediate CD14 ??CD16? sub-

population, as well as the non-classical CD14?CD16??

subpopulation did not reveal differences between SET,

nSET or controls neither at admission, nor at FU (Table 3).

Partly, the CD16? subpopulation contains proangio-

genic TEM. In the present study population, we did not find

a significant difference at admission between SET, nSET or

controls (Fig. 2a), however after the training period of

6 months we observed a significant increase of the TEM

proportion in both the SET and, to a lower extend, in the

nSET group compared to controls (Fig. 2a). In addition, we

found the individual changes in TEM proportions (DTEM)
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in SET and nSET patients to be significantly higher than in

controls. In SET, DTEM was higher than in nSET, but not

significantly (Fig. 2b). The results are presented in Table 3.

Analysis of CD341CD45dimVEGF-R2 CAC

Next, we analysed circulating CAC in the study popula-

tion. In contrast to the TEM subpopulation, we found the

CAC proportion to be significantly increased in both PAD

groups before training (Fig. 3a). Similarly, total CAC

numbers/ml were significantly higher in PAD patients

than controls at admission (Fig. 3b). At FU, we observed

a decrease of CAC proportions in SET to a comparable

level of controls, whereas for nSET a less prominent

decrease was measurable, leading to still significant

higher percentages of circulating CAC in comparison to

controls, though to a lower extend than at admission

(Fig. 3a). Thus, similar results were found for total CAC

numbers/ml at FU (Fig. 3b) (Table 3). Individual changes

in relative and absolute CAC numbers (DCAC%, DCAC/
ml) were then significantly higher in the SET than in the

nSET group (Fig. 3c, d).

Analysis of VEGF-A

Angiogenesis is regulated by divers cytokines from the

VEGF family. We have therefore analysed the serum levels

of VEGF-A before and after the training period. We found

no difference for VEGF-A between controls and patients

before training (see Table 2). At FU, however, we

observed a significant increase VEGF-A levels for SET

patients, whereas for nSET patients VEGF-A levels were

comparable to the levels before the training (see Table 2).

Correlation of TEM and CAC with walking

distance, ABI and markers of inflammation

and angiogenesis

At FU, we found an inverse correlation for of CAC and

TEM with the absolute walking distance (CAC:

r = -0.296, p = 0.02; TEM: r = -0.270, p = 0.04) and

at least for TEM with the claudication onset distance

(CAC: r = -0.245, p = 0.06; TEM: r = -0.259,

p = 0.05). With ABI, CAC and TEM correlated inversely

in a similar way (CAC: r = -0.394, p\ 0.01; TEM:

Table 2 Baseline laboratory characteristics of the study population at admission and follow-up

Controls (n = 20) SET (n = 20) nSET (n = 20) p-value

Admission

Fibrinogen (mg/dl) 368 (351; 405) 350 (322; 400) 387 (360; 413) 0.14

C-reactive protein (mg/dl) 1.4 (0.8; 2.1) 2.6 (1.0; 3.8) 1.7 (1.2; 3.6) 0.29

VEGF-A (pg/ml) 704.6 (421.5; 850.3) 373.9 (277.1; 626.4) 509.8 (328.4; 857.2) 0.20

Glucose (mg/dl) 97 (84; 120) 106 (99; 116) 104 (86; 118) 0.73

HbA1c (%) 5.8 (5.6; 6.3) 6.1 (5.9; 6.3) 5.8 (5.7; 6.7) 0.25

Total cholesterol (mg/dl) 199 (171; 240) 208 (177; 238) 202 (169; 232) 0.73

LDL cholesterol (mg/dl) 117 (92; 146) 125 (95; 148) 123 (99; 141) 0.92

HDL cholesterol (mg/dl) 53 (47; 71) 45 (37; 53) 47 (39; 62) 0.04

PBMC/ml 6.1 (5.1; 7.9) 9 106 7.3 (6.6; 8.7) 9 106 7.9 (7.1; 8.8) 9 106 0.04

Monocytes (%) 6.2 (6.0; 7.3) 6.0 (5.4;7.0) 6.8 (6.0; 7.4) 0.34

Monocytes/ml 4.4 (3.5; 5.2) 9 105 4.7 (3.6; 5.5) 9 105 5.5 (4.2; 6.2) 0.07

Follow up

Fibrinogen (mg/dl) 310 (273; 343) 324 (305; 394) 354 (318; 447) 0.04

C-reactive protein (mg/dl) 1.2 (0.7; 2.1) 2.5 (1.3; 5.9) 3.1 (1.7; 4.4) 0.02

VEGF-A (pg/ml) 562.0 (326.1; 762.4) 529.2 (324.3; 834.8) 453.0 (311.6; 754.5) 0.72

Glucose (mg/dl) 95 (79; 115) 107 (94; 118) 100 (88; 123) 0.34

HbA1c (%) 5.8 (5.5; 6.3) 5.9 (5.8; 6.8) 6.0 (5.7; 6.4) 0.27

Total cholesterol (mg/dl) 197 (168; 233) 208 (177; 236) 202 (169; 217) 0.85

LDL cholesterol (mg/dl) 111 (91; 151) 121 (81; 152) 119 (95; 139) 0.89

HDL cholesterol (mg/dl) 51 (44; 73) 49 (42; 62) 47 (38; 62) 0.48

PBMC/ml 7.6 (7.1; 8.5) 9 106 7.7 (6.9; 9.5) 9 106 5.8 (5.1; 8.5) 9 106 0.004

Monocytes (%) 7.1 (5.9; 7.8) 6.5 (5.2; 6.8) 6.6 (5.9; 7.8) 0.33

Monocytes/ml 4.3 (3.5; 5.1) 9 105 4.7 (4.4; 5.4) 9 105 5.8 (4.4; 6.3) 0.02

Values are given as median (25th percentile/75th percentile). Statistically significant changes are highlighted in bold
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r = -0.382, p\ 0.01). Neither CAC nor TEM correlated

with fibrinogen (CAC: r = -0.038, p = 0.77; TEM:

r = 0.172, p = 0.19), CRP (CAC: r = 0.109, p = 0.41;

TEM: r = 0.201, p = 0.13) or VEGF-A (CAC: r = 0.122,

p = 0.36; TEM: r = -0.026, p = 0.95).

Nevertheless, we observed an inverse correlation of the

absolute walking distance with fibrinogen (r = -0.429;

p\ 0.001), but not with CRP (r = -0.120; p = 0.37). The

ABI correlated inversely with fibrinogen (r = -0.319;

p = 0.01) or CRP (r = -0.244; p = 0.06) in a similar way.

Correlation of individual changes at follow up

Because of the difference in the performed exercise pro-

gram, we were interested, whether individual changes (D)
in TEM and CAC proportions at FU have been influenced

by changes in inflammatory (fibrinogen, CRP) or pro-an-

giogenic stimuli (VEGF-A), then influencing individual

changes in walking. We found changes in fibrinogen

(DFibrinogen) correlated inversely with changes of CAC

(r = -0.334; p = 0.01) but not TEM proportions

(r = 0.186; p = 0.16), as was true for the correlation of

DCRP with both DCAC (r = -0.064; p = 0.63) and

DTEM (r = 0.188, p = 0.15). Individual changes in

VEGF-A however correlated with both DCAC (r = -0.477;

p\ 0.001) and DTEM inversely (r = -0.409; p = 0.001).

Nevertheless, only individual changes in CAC proportions

corresponded inversely to individual changes in absolute

walking distance (DCAC: r = -0.312; p = 0.02; DTEM:

r = 0.190; p = 0.15).

Discussion

The stimulation of angiogenesis is a central point in the

treatment of PAD [32]. Especially for patients with inter-

mittend claudication in the Fontaine stages II stimulation of

neo-angiogenesis through exercise training represents in

Table 3 Distribution of CD14/CD16, Tie-2 monocyte subpopulation and CD34 ? CD45dim VEGF-R2 ? CAC population

Controls (n = 20) SET (n = 20) nSET (n = 20) p-value

CD14??CD16- (%) 85.0 (82.3; 89.7) 85.3 (78.8; 88.5) 85.4 (78.0; 91.4) 0.80

CD14??CD16- (%) FU 83.8 (80.4; 88.6) 84.9 (81.4; 87.5) 83.4 (79.7; 88.7) 0.87

CD14??CD16? (%) 4.7 (3.2; 5.3) 5.0 (3.7; 5.7) 4.4 (3.1; 7.0) 0.69

CD14??CD16? (%) FU 4.6 (3.6; 6.0) 4.7 (3.9; 6.2) 5.2 (4.1; 7.4) 0.42

CD14?CD16?? (%) 10.6 (6.1; 13.7) 10.1 (7.3; 16.3) 9.8 (5.3; 14.3) 0.59

CD14?CD16?? (%) FU 11.3 (7.8; 14.4) 9.2 (7.1; 12.4) 9.8 (6.2; 14.5) 0.62

Tie-2? (%) 12.0 (10.7; 13.7) 11.2 (7.0; 16.3) 12.5 (10.8; 15.3) 0.64

Tie-2? (%) FU 11.6 (8.8; 12.8) 16.4 (13.8; 18.3) 15.5 (12.3; 19.0) <0.001

DTEM (%) -13.98 (-32.74; 9.63) 28.24 (11.35; 44.81) 16.69 (-5.51; 34.50) 0.002

CD34?CD45dimVEGF-R2? CAC (%) 0.06 (0.05; 0.11) 0.18 (0.14; 0.29) 0.20 (0.13; 0.25) <0.0001

CD34?CD45dimVEGF-R2? CAC (%) FU 0.08 (0.05; 0.11) 0.06 (0.05; 0.09) 0.11 (0.08; 0.17) <0.01

DCAC (%) -0.01 (-3.29; 3.61) -23.19 (-38.16; -8.11) -4.43 (-13.74; 0.86) <0.0001

CD34?CD45dimVEGF-R2? CAC/ml 0.47 (0.29; 0.65) 9 104 1.60 (0.97; 2.16) 9 104 1.45 (1.06; 1.90) 9 104 <0.0001

CD34?CD45dimVEGF-R2? CAC/ml FU 0.49 (0.28; 0.72) 9 104 0.49 (0.34; 0.73) 9 104 0.95 (0.62; 1.51) 9 104 0.002

DCAC/ml (%) 1.27 (-4.92; 3.33) -20.17 (-37.71; -8.93) -4.51 (-13.26; 1.04) <0.001

Values are given as median (25th percentile/75th percentile). Statistically significant changes are highlighted in bold

Fig. 2 Proportion of Tie-2? monocytes. a The proportion of

monocytes expressing Tie-2 was similar at admission between all

three groups. At FU TEM proportions increased in both ET groups

than in controls. b Nevertheless, the strongest individual change

fromadmission to FU was observed in SET
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most cases a first-line therapy, considering international

guidelines [6, 7].

In the present study, we performed a supervised exercise

training as well as a non-supervised training with PAD

patients, who suffered from similar cardiovascular co-

morbidities and had a comparable severity of the disease.

The training lasted for 6 months. At follow up we observed

an increase in the absolute as well as the claudication onset

walking distance in both groups to a similar extent in total.

However, only in the SET group we were able to observe a

higher individual benefit of the participants concerning the

prolongation of their walking distance. IMT increased in

the nSET group, LVEF and ABI did not change. These

results correspond very well to the general opinion,

regarding SET to be more effective than nSET [8, 29].

Furthermore, the possibly more intense training in the SET

group resulted in an amelioration of the inflammatory state

(i.e. fibrinogen, CRP) as well as an increase in VEGF-A

concentrations, then possibly contributing to the observed

changes in TEM and CAC. For TEM we found similar

proportions for patients and controls at admission but a

significant increase at FU for both training groups, but

higher in the SET group. In contrast CAC were higher in

both patient groups at the beginning of the study than in

controls and decreased significantly at FU, again more

intense in the SET group.

Monocytes are a ubiquitous cell population, rapidly and

abundantly increased in case of need, like infection and/or

inflammation. They are capable to migrate to the site of

inflammation and evade into the tissue where necessary.

Furthermore monocytes still harbour the potential to dif-

ferentiate to more mature and professional cell types, like

Dendritic cells [33, 34], macrophages and even CAC like

cells [35]. These are usually differentiated from the

proangiogenic Tie2? subpopulation within the intermedi-

ate CD14??CD16? subpopulation [27, 28, 36]. TEM are

thought to prepare the hypoxic environment for CAC and

attract them to the site of ischemia [37]. CAC then might

facilitate and promote angiogenesis by other proangiogenic

chemokines to induce the sprouting of collateral vessels.

Fig. 3 Distribution of CD34? CD45dim VEGF-R2 CAC. a Relative

and b absolute CAC numbers at admission were significantly higher

in both ET groups than in controls, but decreased at FU. Similarly to

TEM the highest individual change for c relative and d absolute CAC

numbers was observed in the SET group
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Our result might be interpreted in a similar way: an

increased TEM population has prepared the site of

hypoxia/ischemia for CAC and has attracted these to

migrate into the vessel walls, thus, a reduced number of

circulating CAC is observed. On the other hand, due to the

efficient exercise training, a reduced need for CAC might

also explain our results, at least for the CAC population.

Nevertheless, a reduced CAC proportion is surprising, in

regard to the recent literature on the influence of exercise

on monocytes and CAC proportions.

It has been shown that exercise training might diminish

proinflammatory CD14?CD16? monocytes possibly

through its anti-inflammatory effects [38]. Furthermore, a

supervised exercise training over 12 months has been

found to increase CAC significantly [39].

These two studies contradict our results only at first

glance. Our approach to identify the CD14 and CD16?

monocytes subpopulations was more detailed, since we

first identified the total monocyte population in regard to a

double positive CD45/CD86 staining, and secondly we

differentiated monocytes in three subpopulations, which is

the standard approach nowadays. Therefore the

CD16? monocyte subpopulation might have been over-

estimated, since the gating without initial CD45/CD86

identification bears the risk of positioning the gates inad-

equately [40].

Next to that, our study concept and performance are not

comparable with Schlagers’ study. First of all the training

duration was different (6 vs. 12 months), and most

importantly the patients’ disease severity was different.

Patients in Schlagers study were less able to walk (Median

101.5 m) at the beginning compared to our SET patients

(Median 401 m). At follow up the increase in walking

distance was sufficient but most patients possibly still had

to be categorized in Fontaine stage II B (walking below

200 m). The increase in CAC fits to this observation. A

recent publication of our group reports of higher propor-

tions of CAC in the more severe stages of stable PAD [41],

possibly showing the ongoing need for CAC to intensively

promote angiogenesis.

Limitations

It remains unclear, whether the lower numbers of circu-

lating CACs at FU are related either to an evasion to the

ischemic tissue, therefore not being detectable in the

peripheral blood circulation, or due to a reduced evasion

from the bone marrow after the ischemic and inflammatory

stimulus was reduced. The lack of tissue samples to prove

this has to be acknowledged as a methodological limitation

of our study. In addition, it is uncertain, whether these

observations are related to the intensity of the training.

Furthermore, one has to admit, that being actively selected

for a training program under study conditions or not,

already might motivate study participants to exercise more

often or intense [42]. However, from a clinical point of

view the higher motivation is actively used in supervised

training programs. This probably contributes further to the

superior efficiency of SET in contrast to a home-based

nSET, independently of a possible better training concept.

In order to better assess our findings for their clinical

relevance, data on the further clinical outcome would be

preferable, especially in regard to a comparison of further

training versus no training. Future studies to address this

question need then to be performed, moreover since the

relatively small number of the study patients (n = 40),

requires the current data to be validated in other large

cohorts.

Conclusions

To our best knowledge, we report here for the first time that

an effective training in a supervised form can influence

both the proportion of TEM as well as of CAC. Further-

more, supervised exercise training is more effective in

ameliorating the inflammatory state, as well as in preparing

the basis for a sufficient angiogenesis. Data from our study

further strengthens the necessity to establish a broad dis-

posability in supervised exercise training programs.
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