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The release of proangiogenic cytokines into the circulation after stem cell (SC) therapy and compensatory
increase of angiogenesis inhibitors may reflect local vasculogenesis but also can increase the risk of side effects.
The aim of our study was to evaluate serum levels of angiogenic cytokines with regard to the assessment of
local and systemic vasculogenesis in diabetic patients with no-option critical limb ischemia (NO-CLI). Twenty-
five diabetic patients with NO-CLI treated with SCs isolated from bone marrow or stimulated peripheral blood
were included in the study. Serum levels of proangiogenic cytokines (VEGF, bFGF, Ang-1, PDGF-AA, and
PDGF-BB) and an antiangiogenic cytokine (endostatin) were assessed 6 months after cell treatment, compared
to baseline values, and correlated with the number of injected CD34+ cells. The clinical effect of SC therapy
(assessed by changes in TcPO2) and potential systemic vasculogenesis (assessed by eye fundus examination)
were evaluated after 6 months. Serum levels of angiogenic inhibitor endostatin increased significantly after 1
and 3 months (p = 0.0003), but no significant increase in serum levels of proangiogenic cytokines was
observed. A significant correlation between number of injected CD34+ cells and serum levels of endostatin
was observed (r = 0.41, p < 0.05); however, proangiogenic cytokines did not correlate with CD34+ cells. No
correlation between increase in TcPO2 after treatment and serum levels of any of the angiogenic cytokines
were seen, and no signs of systemic vasculogenesis in the retina were observed after 6 months. Despite the
significant increase in the levels of the angiogenic inhibitor endostatin following SC treatment, there was no
risk of systemic vasculogenesis after SC therapy as documented by serum levels of proangiogenic cytokines
or changes in the retina.
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INTRODUCTION

Patients with chronic, critical limb ischemia (CLI),
defined as chronic ischemic rest pain, ulcers, or gangrene
with objectively proven arterial occlusive disease, have a
20% mortality in the first year after presentation (17).
Appropriate revascularization in those patients can be
performed through endovascular procedures such as per-
cutaneous transluminal angioplasty (PTA) or stenting or
through open procedures such as a bypass surgery or
thromboendarterectomy (21). Despite rapidly evolving

endovascular approaches, many patients are not eligible
for standard revascularization procedures [no-option CLI
(NO-CLI)], and treatment with new techniques, such as
autologous stem cell (SC) therapy, may be a treatment
option (7,13). Autologous vascular precursor for SC therapy
can be harvested from bone marrow [e.g., bone marrow-
derived mononuclear cells (BMMNCs)], or separated from
peripheral blood after stimulation by granulocyte-colony-
stimulating factor (G-CSF) [e.g., peripheral blood progen-
itor cells (PBPCs)].
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The mechanism of action of SCs after intramuscular
injection is probably paracrine, but the exact role of serum
levels of angiogenic cytokines produced by these cells in
connection with local and systemic vasculogenesis remains
unclear. Possible mechanisms of vasculogenesis (angiogene-
sis and arteriogenesis) can involve the stimulation of chemo-
taxis and migration of mononuclear cells and the release of
angiogenic cytokines contributing to proliferation of endo-
thelium and smooth muscle cells (30). Other possible mech-
anisms are increased shear stress in preexisting collateral
arterioles, which leads to enlargement of collaterals and/or
increase in tissue microperfusion at capillary level or remod-
eling of fibrotic tissue to allow new capillary growth (18).

The release of proangiogenic cytokines, such as vascu-
lar endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), angiopoietin-1 (Ang-1), platelet-
derived growth factors (PDGF-AA and PDGF-BB), and
the endogenous inhibitor of angiogenesis (endostatin), is a
possible modulator of vasculogenesis produced by SCs.
Increased VEGF and bFGF levels have been shown to
correlate with collateral growth of vascular cells (4); VEGF
and other proangiogenic factors bind to receptors with
intrinsic tyrosine kinase activity that leads to intracellular
activation of protein kinase cascades (32). Endostatin, the
c-terminal cleavage fragment of collagen XVIII, on the
other hand, inhibits VEGF- and bFGF-induced migration
of endothelial cells and has been shown to reduce intimal
neovascularization (22,23).

Pro- and antiangiogenic cytokines are produced by dif-
ferent types of cells. The most studied vascular precursors
are cluster of differentiation 34-positive (CD34+)-enriched
cell population, an immature population of bone marrow-
derived progenitors (14,31). The number of injected CD34+

cells is usually used as a quality control during the con-
centration process in different SC therapy studies and is
usually between 0.6% and 2.4% of the total implanted
BMMNCs or PBPCs (13). However, the CD34− cell pop-
ulations have an angiogenic effect similar to CD34+ cell
concentrates (24).

Transcutaneous oxygen pressure (TcPO2) is a standard
method for noninvasive measurement of limb ischemia,
especially in diabetic patients with CLI, where ankle–
brachial index is not reliable because of medial sclerosis.
It serves as the main parameter for therapeutic effect in
studies on SC therapy in CLI (1,7,13,27).

Changes in eye fundus after SC treatment were
recommended as a marker for assessment of possible sys-
temic vasculogenesis. However, no severe adverse events
were observed in published meta-analyses (2,13,15,27).

In our previous study in patients with CLI, we reported
a beneficial effect of autologous stem cell therapy measured
by an increase in TcPO2 on the dorsum of the affected
foot (5). The aim of our present study was to evaluate the
relevance of serum levels of angiogenic cytokines with

regard to their role in local vasculogenesis. We also
assessed the risk of systemic side effects and the relation
of serum levels of cytokines to the number of injected
precursor cells in diabetic patients with NO-CLI.

MATERIALS AND METHODS

Twenty-five patients treated with autologous stem cells
in our foot clinic from January 2008 to June 2012 were
recruited into the study (Table 1). Inclusion and exclusion
criteria for autologous stem cell therapy in patients with
NO-CLI were published in our previous study (5). The
study was approved by the local ethics committee (Ethics
Committee of Institute for Clinical and Experimental
Medicine and Thomayer’s Hospital), and all patients gave
written informed consent.

After stem cell treatment, we assessed dynamics of
serum levels of both proangiogenic (VEGF, bFGF, Ang-1,
PDG-AA, and PDGF-BB) and antiangiogenic cytokines
(endostatin) measured after 1 day, 1 week, and 1, 3, and
6 months and compared these levels to the baseline values.
Serum samples were diluted 1:4, and the levels of VEGF,
bFGF, Ang-1, PDGF-AA, PDGF-BB, and endostatin
were assessed using the commercial kit Fluorokine MAP
Human Angiogenesis Custom Premix Kit A (R&D Systems,
Minnesota, MN, USA) and Luminex device (Luminex Cor-
poration, Austin, TX, USA). The minimum detection levels
for each cytokine were VEGF 11.5 pg/ml, bFGF 11.8 pg/
ml, Ang-1 185.2 pg/ml, PDGF-AA 10.2 pg/ml, PDGF-
BB 28.4 pg/ml, and endostatin 123.5 pg/ml. The proce-
dure was described previously by Thorburn et al. (28).
Briefly, 50 µl of diluted serum sample was mixed with an
analyte-specific antibody-coated microparticle and incu-
bated for 3 h at room temperature with a gentle, continu-
ous agitation. After the first wash, a detection antibody
for each analyte was added and incubated again at room
temperature for 1 h on a horizontal vortex. After the sec-
ond wash, phycoerythrin-conjugated streptavidin (from
Fluorokine kit) was added and incubated for 30 min at
room temperature on the vortex. After a final wash,

Table 1. Baseline Characteristics of Patients Treated by
Autologous Stem Cells

Parameter
Stem Cell Therapy

(n = 25)

Age (years) 60 (55.75–67.25)
Gender (% of men) 80
Diabetes duration (years) 21 (11.5–26)
HbA1c (mmol/mol) 55 (48.5–64)
Ischemic heart disease (%) 60
Chronic renal failure–dialysis (%) 8
Immunosuppressive therapy (%) 12
Smoking (%) 68
TcPO2 at baseline (mmHg) 19 (6–24.5)
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samples were immediately measured in the Luminex
device. The sample results were calculated by interpola-
tion from particular standard curves.

Fluorescence-activated cell sorting (FACS) analysis
was done with FACS FC 500 (Beckman Coulter, Brea,
CA, USA), and the number of injected CD34+ cells in
the BMMNC suspension was calculated based on the
detected CD34+ concentration and the volume of injected
cell suspension.

Stem cell treatment was performed by two methods:
BMMNCs (14 patients) or peripheral blood progenitor
cells obtained by apheresis of peripheral blood stimulated
by G-CSF (PBPCs; 11 patients). Since we found no dif-
ference in outcomes between those methods of isolation
of stem cells in our previous study (5), data from both
groups were pooled for analysis. Bone marrow was
harvested from the iliac crest of both sides by the use of
Jamshidi needle (B Braun Melsungen, Melsungen, Germany)
in the operating theater, and afterwards BMMNCs were
separated by using a Smart PReP2 (Harvest Technologies
Corporation, Plymouth, MA, USA) or sedimentated using
succinated gelatine (Gelofusin; B. Braun Melsungen) (25).
PBPCs were separated by leukapheresis on Haemonetics
MCS+ (Haemonetics, Braintree, MA, USA) using 16–20
cycles for achievement of minimal concentration of CD34+

cells in peripheral blood 2 × 104/ml after prior stimula-
tion for 3–6 days by subcutaneous injection of 5–8 µg/
kg/day of G-CSF (filgrastim, Neupogen™, Amgen, CA,
USA). A final cell suspension of 40–90 ml gained by both
methods was injected into the calf and foot muscles of the
affected lower limb (deep injection close to the obstructed
artery trunks) in a series of about 40–50 punctures of
1–2 ml each.

The clinical effect of treatment of ischemia was assessed
by TcPO2 measurement. The TcPO2 measurement was done
by standardized method using a TCM400 monitor (Radi-
ometer Medical ApS, Aarhus, Denmark) and was assessed
by the same foot care specialist.

Possible systemic vasculogenesis as evidenced by
increased retinal vascularization was evaluated by fundo-
scopic examination of both eyes at baseline and after 6
months of SC therapy by an experienced ophthalmologist.

All data are expressed as median and interquartiles.
The statistical significance was analyzed using Mann–
Whitney analysis and Wilcoxon pair test (using Bonferroni
correction on exact significance levels of Wilcoxon test).
The correlation between the number of total injected CD34+

cells, changes in TcPO2, and serum levels of angiogenic
cytokines was done using Spearman correlation coefficient
(MedCalc Software, Ostend, Belgium).

RESULTS

Serum levels of the angiogenic inhibitor endostatin
increased significantly after 1 and 3 months (p = 0.0003)

(Fig. 1a). We did not observe any increase in serum
levels of proangiogenic cytokines (Fig. 1b, c); however,
PDGF-AA decreased significantly after 6 months (p =
0.026), and PDGF-BB decreased significantly after 3
and 6 months (p = 0.034 and p = 0.002) (Fig. 1d).

The median number of injected CD34+ cells was 1.4
(0.81–2.36) × 107. We observed a significant positive cor-
relation between levels of antiangiogenic cytokine endo-
statin after 3 months and total number of injected CD34+

cells (r = 0.41; p < 0.05) (Fig. 2), but the correlation
between the latter and levels of proangiogenic cytokines
was not significant.

Clinical effects were measured by an increase in
TcPO2. It was significantly higher, from 19 (6–24.5) to 39
(35.25–48.5) mmHg (p < 0.001) after 6 months (Fig. 3).
No significant correlation between changes of TcPO2
and number of injected CD34+ cells, or levels of any of
tested angiogenic cytokines was observed.

No signs of systemic vasculogenesis was observed in
the retina 6 months after treatment with stem cell therapy.

DISCUSSION

In our study, serum levels of the endogenous inhibitor
of angiogenesis endostatin increased significantly after 1
month in contrast to levels of proangiogenic cytokines.
Levels of endostatin also correlated significantly with the
total number of injected CD34+ cells. One of the possible
explanations for the increase in endostatin is that it is a
compensatory mechanism—an indirect sign of increased
vascularization through the pathway of a negative feed-
back. Endostatin is cleaved from collagen XVIII, a core
protein of heparan sulfate proteoglycan in vascular base-
ment membranes, by proteases and metalloproteases such
as elastase, matricillin, or cathepsin L that are produced
by endothelial cells as a reaction to induced angiogenesis
(3,8). Endostatin inhibits VEGF-induced endothelial pro-
genitor cell (EPC) synthesis but also appears to interfere
directly with endothelial nitric oxide synthase (eNOS) and
targets upstream of its signaling pathway (23,29). The
positive correlation between the number of injected CD34+

cells and endostatin levels could reflect this theory.
We did not observe any increases in proangiogenic

cytokines up to 6 months after treatment, and the levels
of platelet cytokines (PDGF-AA and PDGF-BB) signifi-
cantly decreased after 3–6 months. We also found no cor-
relation between the plasmatic levels of proangiogenic
cytokines and the number of injected CD34+ cells, which
can support the theory of their paracrine effect during
hypoxic conditions and low serum levels of these cyto-
kines (10). This finding is in accordance with results of
fundus examination of the eyes—in that we did not
observe a negative effect of autologous stem cell treat-
ment by distal systemic vasculogenesis as demonstrated
by a lack of progression of diabetic retinopathy (9).
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Kajiguchi et al. also assessed proangiogenic cytokines
(VEGF, bFGF, and Ang-1) after intramuscular SC ther-
apy (BMMNCs or PBPCs) in patients with CLI and did
not observe any significant difference in their serum levels
between the responders and nonresponders to cell therapy
(11). Similar findings were also seen by Tateishi-Yuyama
et al., who did not demonstrate an increase in VEGF and
bFGF in the first 48 h after BMMNC therapy in patients
with CLI (26). Duong Van Huyen et al. investigated
amputation specimens from patients after failed stem cell
therapy and found positive endothelial markers on newly
formed vessels in the distal part of the ischemic limb but
not in the gastrocnemius muscle, the original site of bone
marrow cell injection (6); this finding supports the theory
about precursor cell migration along the ischemic muscles.

We showed an improvement in the clinical effect of
stem cell treatment by a significant increase in TcPO2 but
did not observe a correlation between this increase and

serum levels of angiogenic cytokines or number of
injected CD34+ cells. Lack of correlation between levels
of endostatin (a cytokine with highest serum levels of all
angiogenic cytokines) and TcPO2 increase might be
explained by different kinetics in the changes in both
parameters (Fig. 3). Active angiogenesis, which probably
influenced the level of endostatin, appeared to be shorter,
based on the lack of changes in angiogenic cytokines,
than the clinical effect measured by TcPO2.

No relation between number of injected CD34+ and
clinical effect on CLI has been confirmed in several trials.
Miyamoto et al. showed no correlation between the num-
ber of injected CD34 cells and increase in ankle–brachial
pressure index (ABI) in patients with thromboangiitis
obliterans (16). Kawamoto and colleagues, using three
different doses of CD34+ cells/kg in patients with CLI
observed no significant dose response in relation to clinical
effect (assessed by TcPO2) (12). Only one study observed

Figure 1. Comparison of levels of endostatin and proangiogenic cytokines with baseline values. (a) Levels of endostatin: significant
increase after 1 and 3 months compared to baseline. ***p < 0.001. (b) Levels of vascular endothelial growth factor (VEGF) and
basic fibroblast growth factor (bFGF): no significant difference in levels of VEGF and bFGF compared to baseline. (c) Levels of
angiopoietin-1 (Ang-1): no significant difference in levels of Ang-1 compared to baseline. (d) Levels of platelet-derived growth factors
(PDGF-AA and PDGF-BB) compared to baseline: *p < 0.05 in PDGF-BB, xp < 0.05 in PDGF-AA. Values are median ± interquartile
pg/ml over time (n = 25).
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a significant correlation between clinical response and
number of CD34+ cells; however, this study was done in
a small number of patients (n = 8) (20).

The main limitation of our study was that we mea-
sured serum levels of angiogenic cytokines and not their
tissue concentrations, and this might have affected the
results in that we did not find a significant correlation
between the proangiogenic cytokines and a clinical effect
of SC therapy, but we confirmed that there was no signifi-
cant systemic vasculogenesis and side effects. On the other
hand, serum levels of angiogenic inhibitor endostatin were

quantitatively many times higher than the proangiogenic
cytokines, and therefore we feel that the serum levels
of endostatin are more conclusive. The levels corre-
spond with endostatin’s real production and can be a
reflection of regulation of angiogenesis. The advantage
of our study was the ability to assess adverse events
and risk of systemic vasculogenesis over a prolonged
period, which is clinically very important. The other
limitation was that we could not verify the endostatin
increase theory by comparing it with appropriate imag-
ing techniques of local vasculogenesis after SC therapy,

Figure 3. Dynamics of levels of endostatin and changes of TcPO2 up to 6 months compared to baseline. *p < 0.05. **p < 0.01.
***p < 0.001. Values are median ± interquartile endostatin (pg/ml) and median ± interquartile transcutaneous oxygen pressure (TcPO2;
mmHg) over time.

Figure 2. Correlation between total number of injected CD34+ cells and levels of endostatin after 3 months (r = 0.41; p < 0.05).
Values are median ± interquartile pg/mls of endostatin versus the total number of cluster of differentiation 34-positive (CD34+) cells
injected (×107; n = 25).

1521ANGIOGENIC CYTOKINES IN ASSESSMENT OF ANGIOGENESIS



which is currently not available or requires special tech-
niques (19).

CONCLUSION

Our study showed a significant increase in serum
levels of angiogenic inhibitor endostatin after SC therapy
in diabetic patients with NO-CLI. This increase cor-
related with the number of injected CD34+ cells; this
finding can possibly reflect a feedback regulation of
angiogenesis. No significant increase in serum levels of
proangiogenic cytokines during 6 months of follow-up,
and no changes in the retina indicate safety and low risk
of autologous stem cell treatment in terms of induction of
systemic angiogenesis.
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