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The objective of this study was to assess the an-
giogenic potential expressed as a quotient of vascular
endothelial growth factor A (VEGF-A), as an indicator
of proangiogenic activity, and the circulating recep-
tors (soluble VEGF receptor protein R1 (sVEGFR-1)
and sVEGFR-2), as indicators of the effect of angio-
genic inhibition, depending on the concentrations of
matrix metalloproteinase 2 (MMP-2) and MMP-9 and
their tissue inhibitor 1 (TIMP-1) and TIMP-2 in the
plasma of patients with lower extremity artery disease
(LEAD). These blood parameters in patients with
intermittent claudication (IC) and critical limb is-
chemia (CLI) were compared for select clinical and
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biochemical features. Stimulation of angiogenesis in
the plasma of individuals with LEAD was evident as
indicated by the significant increase in VEGF-A
concentration along with reduced inhibition depending
on circulating receptors sVEGFR-1 and sVEGFR-2.
Critical ischemia was associated with higher VEGF-
A, MMP-9, TIMP-1, and TIMP-2 concentrations
than in the case of IC.

The 77 patients with LEAD (average age (63.4+
8.8) years) included 62 with IC and 15 with CLI. The
exclusion criteria included other severe complications
of arterial disease (unstable coronary heart disease,
previous myocardial infraction, and/or stroke during
the previous year), severe hypertension, chronic ob-
structive pulmonary disease, and tumor history. The
control group consisted of 27 healthy volunteers
(9 females, 18 males, average age (56+6) years) who
were age- and sex-matched with the LEAD group.
The patient population characteristics are shown in
Table S1. The concentrations of VEGF-A, sVEGFR-1,
sVEGFR-2, MMP-2, MMP-9, TIMP-1, and TIMP-2
were measured in plasma obtained from venous blood
specimens using an enzyme-linked immunosorbent
assay (ELISA; R&D Systems, USA). The study was
approved by the local Bioethics Commission (No.
509/2011) and the clinical research was carried out in
accordance with the Helsinki Declaration. Appropri-
ate statistical tests were performed (including the
Mann-Whitney U test and the Spearman and/or
Pearson correlation coefficient), assuming a value of
P<0.05 as statistically significant.

Table 1 shows the values of investigated pa-
rameters in the test and control groups. Significantly
higher levels of VEGF-A, MMP-9, and TIMP-2 and
lower levels of sVEGFR-1, sVEGFR-2, MMP-2, and
TIMP-1 were observed in the subjects suffering from
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LEAD. The sVEGFR-1/VEGF-A coefficient was
77.7% lower and the sSVEGFR-2/VEGF-A coefficient
was nearly 79.5% lower in patients than in the healthy
counterparts. These findings suggested the consider-

ably reduced inhibition of angiogenesis in the patients.

As well, the concentration of the proangiogenic factor
VEGF-A was nearly four times higher in the patients.

Table 2 displays the concentrations of sub-
stances analyzed in the subgroups of individuals with
IC or CLI and in the control group. The difference in
VEGF-A concentrations between the CLI and IC sub-
groups was statistically significant in favor of patients
with CLI (P=0.02). The CLI subgroup revealed a

VEGF-A concentration over six times higher than
that of the control group. The VEGF-A level in the IC
subgroup was 3.2 times higher than the level in
healthy subjects. The sVEGFR-1/VEGF-A and
sVEGFR-2/VEGF-A ratios were insignificantly higher
in patients with IC compared to the patients with CLI,
which suggested that the patients with CLI had the
lowest inhibition of angiogenesis and the highest
VEGF-A concentration.

In addition, significantly higher levels of
MMP-9, TIMP-1, and TIMP-2 were observed in the
CLI subgroup compared to the patients with IC
(P=0.021, P=0.033, and P=0.045, respectively). The

Table 1 Investigated parameters for the test and control groups

Grou VEGF-A sVEGFR-1 sVEGFR-2 sVEGFR-1/ sVEGFR-2/
p (pg/mL) (pg/mL) (pg/mL) VEGF-A VEGF-A
Test (LEAD, n=77) 83.90+66.70 119.44+42.66 9821.77+2718.80 2.31+2.34 193.46+175.38
Control (n=27) 17.60+7.44 145.86+62.50 14178.33+3646.93 10.34+7.55 946.01+482.42
P-value <0.001 0.04 0.02 <0.001 <0.001
Group MMP-2 (ng/mL) MMP-9 (ng/mL) TIMP-1 (ng/mL)  TIMP-2 (ng/mL)
Test (LEAD, n=77) 3.03+£2.27 8.60+7.11 393.88+342.34 12.6945.12
Control (n=27) 4.9248.25 1.30+0.90 552.63+214.27 5.87+3.80
P-value 0.035 <0.001 0.013 <0.001

Data are expressed as mean+standard deviation (SD). The difference is considered to be significant at <0.05 (in bold)

Table 2 Parameters in the subgroups of patients with IC and CLI, and in control individuals

Group \(/;:Eg(/}nlj L‘? S\(?,Eg(/}nﬁ ]l}) ! S\(Ilfg(/}nFl E) 2 SVEGFR-1/VEGF-A sVEGFR-2/VEGF-A
Test (LEAD, n=77)
IC (n=62)" 73.10447.40 1147544327  9732.57+2637.34 2.4542.54 208.46+188.54
CLI (n=15)° 128.904108.27 138.83£34.92  10190.43+3104.85 1.7441.11 131.44+83.48
Control (#=27)° 17.60+7.44  145.86+62.50  14178.33+£3646.93 10.34+7.55 946.01+482.42
P-value
avs.b 0.02 NS NS NS NS
avs.c <0.001 0.03 NS <0.001 <0.001
bvs. ¢ <0.001 NS NS <0.001 <0.001
Group MMP-2 MMP-9 TIMP-1 TIMP-2
(ng/mL) (ng/mL) (ng/mL) (ng/mL)
Test (LEAD, n=77)
IC (n=62)" 3.1042.21 7.79+6.28 358.554239.95 12.20+5.22
CLI (n=15)" 2.76£2.56  11.9249.38 539.93+597.46 14.71+4.31
Control (#=27)° 4.9248.25 1.30+0.90 552.63+214.27 5.87+3.80
P-value
avs.b NS 0.021 0.033 0.045
avs.c NS (0.054) <0.001 <0.001 <0.001
bvs. c NS <0.001 NS <0.001

Data are expressed as meantstandard deviation (SD). The difference is considered to be significant at P<0.05 (in bold). NS: not significant
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aforementioned parameters were significantly higher
in both subgroups than in healthy subjects.

The correlations regarding the concentrations of
the MMP-2, MMP-9, TIMP-1, and TIMP-2 were
analyzed depending on age, body mass index (BMI),
absolute claudication distance, ankle-brachial index
(ABI), number of pack-years (Table 3), and the levels
of VEGF-A, sVEGFR-1, and sVEGFR-2 (Table 4).

Table 3 Correlation analysis 1

Parameter MMP-2 MMP-9 TIMP-1 TIMP-2
Age NS NS NS NS
Number of NS NS R=-0.26 NS

pack-years P=0.02
IC distance NS R=-0.27 NS NS

P=0.02
ABI NS NS NS NS
BMI NS NS NS NS

IC: intermittent claudication; ABI: ankle-brachial index; BMI:
body mass index; NS: not significant

Table 4 Correlation analysis 2

Parameter MMP-2 MMP-9 TIMP-1  TIMP-2
MMP-2 R=0.26 R=-0.25 NS
P=0.02 P=0.02

MMP-9 R=0.26 NS NS
P=0.02

TIMP-1 R=-0.25 NS NS
P=0.02

TIMP-2 NS NS NS

VEGF-A NS NS NS NS

sVEGFR-1 R=0.23 NS R=-0.24 NS
P=0.04 P=0.037

sVEGFR-2 NS NS NS NS

NS: not significant

A negative correlation was identified between
MMP-9 concentrations and the absolute claudication
distance (R=—0.27; P=0.02), and the number of pack-
years and TIMP-1 (R=—0.26; P=0.02).

In addition, a positive relationship was observed
between the levels of MMP-2 and MMP-9 (R=0.26;
P=0.02) and sVEGFR-1 (R=0.23; P=0.04). Negative
correlations were evident between MMP-2 and
TIMP-1 (R=-0.25; P=0.02) and between TIMP-1 and
sVEGFR-1 (R=—0.24; P=0.037).

This study focused on identifying the rela-
tionships between angiogenesis factors (VEGF-A,
sVEGFR-1, sVEGFR-2) and MMPs (MMP-2 and
MMP-9), and their inhibitors (TIMP-1 and TIMP-2),
based on the evaluation of their concentrations in

patients with IC and CLI. This objective was hard to
meet due to the presence of many other factors in-
volved in angiogenesis and arteriosclerosis (Rundhaug,
2005; Bogaczewicz et al., 2006; Liu et al., 2006).

VEGF-A is a recognized and undisputed pro-
moter of the multi-stage process of angiogenesis
(Jazwa et al., 2016). Soluble receptors types 1 and 2
inhibit the activity of VEGF-A by bonding the factor,
which circulates as a biologically inactive complex
and significantly reduces VEGF-A availability to the
stationary receptor VEGFR2 on the endothelial cell
surface. The association of VEGF-A and VEGFR2 is
necessary for VEGF-A activation.

The plasma VEGF-A concentration was nearly
four-times higher in patients with LEAD than in their
healthy counterparts. This difference differentiated
patients with CLI from those with IC based on the
statistically significantly higher concentrations in the
CLI group. The findings are consistent with published
results (Findley et al., 2008; Stehr et al., 2010).

Furthermore, our findings indicated the coex-
istence of elevated levels of serum VEGF-A in pa-
tients with CLI and statistically significantly higher
levels of MMP-9, TIMP-1, and TIMP-2.

Elevated concentrations of MMP-9 and MMP-2
in patients with LEAD were significantly higher than
the levels in the healthy subjects. Similar results were
observed by Signorelli et al. (2016). Similarly, as in
our studies, when comparing patients with IC (n=36)
and CLI (n=43), Tayebjee et al. (2005) recorded sig-
nificantly higher levels of MMP-9 (including TIMP-1)
in patients with CLI compared to those with IC.
Furthermore, higher MMP-9 expression (comple-
mentary DNA) was noted in patients with CLI com-
pared with their healthy counterparts. Expression of
MMP-2 was reduced and no differences were found
within TIMP-1 or TIMP-2 expression (Baum et al.,
2007). Of note, the present data revealed a negative
correlation between the MMP-9 concentration and the
absolute claudication distance, which suggests that
higher MMP-9 levels correspond with shorter pain-
less distances.

Among the MMPs, MMP-9 is most strongly re-
lated to instability and atherosclerotic plaque rupture
(Hobeika et al., 2008). A mouse model was used to
prove that the elevated level of MMP-9 leads to in-
creased plaque hemorrhage and plaque rupture. In
humans, however, higher serum MMP-9 concentrations
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were observed in patients with unstable coronary
heart disease. These concentrations correlated with
clinical signs of instability and plaque rupture in
coronary and cerebral vessels. The serum concentra-
tions of MMP-2 and MMP-9 were higher in patients
with hypertensive than in the control group (Rajzer
et al., 2017). Likewise, the values of plasma MMP-9
were higher in patients with type 2 diabetes mellitus
(Vitlianova et al., 2015).

With regard to the physiological circumstances,
the level of MMPs is adjusted by inhibition that de-
pends on TIMPs and by o-2-macroglobuline (a
plasma proteinase inhibitor with broad inhibitory
specificity). The inhibition of the activity of TIMPs
relies on the irreversible bonding with the catalytic
domain of MMPs. TIMPs inhibit the activity of
MMPs and promote proliferation. The presence of
TIMP-1 was determined in fibroblast nucleons and it
was demonstrated that TIMP-2 can inhibit endothelial
proliferation induced by basic fibroblast growth fac-
tor (Lipka and Boratynski, 2008). TIMP-1 and
TIMP-2 have antiapoptotic properties (Hrabec et al.,
2007; Groblewska et al., 2011; Fink and Boratynski,
2012).

Adjustment processes are disrupted in tissues
exposed to ischemia and hypoxia. The coexistence of
reduced TIMP levels and an increased activity of
MMPs has been frequently observed in pathological
circumstances (Kugler, 1999; Herman et al., 2001).
Presently, elevated levels of TIMP-1 and decreased
levels of TIMP-2 were evident in the patients with
LEAD compared to their healthy counterparts. The
CLI subgroup of patients displayed high MMP-9
concentration and significantly elevated TIMP-1 and
TIMP-2 levels in comparison with the IC subgroup.
Changes in the proportion of MMPs-TIMPs and their
significance in the development of severe complica-
tions of LEAD, such as myocardial infarction and

reperfusion, have been investigated (Lalu et al., 2005).

Patients with acute myocardial infarction and unsta-
ble angina pectoris displayed higher MMP-2 levels
compared with patients with stable angina and
healthy control subjects (Wu et al., 2016). Presently,
complications of severe arterial disease were an ex-
clusion criterion.

The role of MMPs in the breakdown of extra-
cellular matrix proteins and, more importantly,
MMPs, by the degradation of the extracellular matrix,

can release different substances including growth
factors. MMP substrates can be also found on the
surface of many types of cells.

A positive activation-modification loop has been
observed between MMPs, growth factors, and cyto-
kines (Chase and Newby, 2003). However, presently
no significant correlations were apparent between
the key proangiogenic factor (VEGF-A) and MMP-2
and/or MMP-9 concentrations, although the concen-
trations of VEGF-A and MMP-9 were significantly
higher in patients with more advanced artery disease,
i.e. in the CLI subgroup. When digesting the com-
ponents of the extracellular matrix, MMPs reveal a
range of proangiogenic and anti-angiogenic factors
(Zawierucha et al., 2012). This may be evident as the
positive correlation between MMP-2 and sVEGFR-1
concentrations that we observed.

The correlations between MMP-2, MMP-9, and
angiogenesis parameters in patients with CLI are
difficult to clearly explain, since MMPs participate in
the development of artery disease, especially in the
progression of the atherosclerotic plaque and a com-
pensation response to ischemia and hypoxia that in-
cludes angio- and arteriogenesis (Hobeika et al., 2008;
Busti et al., 2010). This can be reflected in high gene
expression at the mRNA level that has been observed
for MMPs (MMP-9) and VEGF-A in subjects with
CLI using popliteal artery samples collected during
amputation (Baczynska et al., 2016).

The importance of identifying other MMPs (e.g.
MMP-1 and MMP-8) has been emphasized in the
stratification of patients with CLI concerning their
amputation risk when surgical revascularization is
done (de Caridi et al., 2016). Since arterial disease is
an important concern globally, pathogenetic events
that occur in ischemic tissues and the body’s com-
pensatory response to ischemia are areas that warrant
study.

A limitation of this study is the relatively small
sample size of patients with CLI and different num-
bers of patients with IC and CLI. Examinations of a
larger group of patients are underway. The present
findings should be considered preliminary.

The activation of angiogenesis that was depend-
ent on significant proangiogenic activity of VEGF-A
and reduced inhibition of angiogenesis by receptors
SVEGFR-1 and sVEGFR-2 (which are natural angi-
ogenic inhibitors) was observed in patients with
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LEAD. The proangiogenic activity of VEGF-A was
significantly higher in the subjects with CLI than in
patients with chronic ischemia. In subjects with CLI,
high concentrations of VEGF-A were accompanied
by elevated levels of MMP-9, TIMP-1, and TIMP-2,
which confirms the interaction of proangiogenic
factors and MMPs.
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