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Abstract: In patients with intermittent claudication, exercise training ameliorates inflammation
by reducing oxidative stress. A total of 41 patients with intermittent claudication (Rutherford 3)
were included in the study (with 21 patients treated by endovascular revascularization (ER), and
20 patients without ER). All patients were referred to home-based exercise training. Absolute and
initial claudication distance (ACD, ICD) and ABI (ankle-brachial index) were measured. ROS
(reactive oxygen species) formation was measured using the luminol analogue L-012. Follow-up was
performed after 3 months. ROS production after NOX2 (NAPDH oxidase 2) stimulation showed a
significant reduction in both groups at follow-up (PTA group: p = 0.002, control group: p = 0.019),
with a higher relative reduction in ROS in the PTA group than in the control group (p = 0.014). ABI
measurements showed a significant increase in the PTA (peripheral transluminal angioplasty) group
(p = 0.001), but not in the control group (p = 0.127). Comparing both groups at follow-up, ABI was
higher in the PTA group (p = 0.047). Both groups showed a significant increas ACD and ICD at
follow-up (PTA group: ACD: p = 0.001, ICD: p < 0.0001; control group: ACD: p = 0.041, ICD: p = 0.002).
There was no significant difference between both groups at follow-up (ACD: p = 0.421, ICD: p = 0.839).
Endovascular therapy in combination with exercise training leads to a lower leukocyte activation
state with a reduced NOX2-derived ROS production paralleled by an improved ABI, ACD and ICD.
Our data support the strategy to combine exercise training with preceding endovascular therapy.

Keywords: reactive oxygen species; oxidative stress; peripheral arterial disease; exercise training;
percutaneous transluminal angioplasty

1. Introduction

Inflammation is the driving force in atherosclerotic diseases [1]. Patients with periph-
eral artery disease (PAD) have a high frequency of other atherosclerotic manifestations in
the coronary and cerebral arteries and a high inflammatory status [2,3], due the fact that
this group of patients represents a generalized form of atherosclerosis. This corresponds
to a high mortality rate among PAD patients [4]. Inflammation leads to the production
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of reactive oxygen species (ROS) by triggering a positive feedback mechanism with even
further production of ROS [5], causing endothelial dysfunction, and thus aggravation of
atherosclerosis [6]. Similar mechanisms were described for PAD patients [7]. Oxidative
stress and inflammation markers appear to correlate with the severity of PAD [8], display-
ing very high levels in patients with critical limb ischemia [9]. Thus, PAD patients should
be treated as soon as possible according to the severity of the disease. According to current
guidelines, a conservative approach with best medical treatment and exercise is recom-
mended for patients with intermittent claudication (Rutherford 1-3) [10]. Nevertheless,
several studies highlight the efficacy of endovascular therapy on symptom relief, walking
distance and quality of life in stable patients with intermittent claudication [11,12], despite
the fact that this intervention may be associated with increased morbidity and mortality.
Therefore, endovascular therapy should be restricted to patients who do not respond to
exercise training, or when symptoms substantially alter daily life activities [10]. It is widely
accepted that, in patients with intermittent claudication, exercise training is effective and
improves quality of life and walking distance. We previously reported a reduced level
of oxidative stress through a reduction in ROS production and inflammation markers in
PAD patients under home-based exercise training [6], with distinct benefits of supervised-
vs. non-supervised exercise training [13]. However, little is known about the influence of
endovascular therapy, such as transluminal angioplasty (PTA), combined with exercise
training on oxidative stress and inflammation in patients with PAD. Furthermore, several
PAD patients were very limited at performing exercise training at the beginning of the
study due to very short pain-free walking distances.

The aim of the present study is to analyze the changes in pro-inflammatory markers
and level of oxidative stress in patients undergoing endovascular therapy before exer-
cise training. We hypothesize that endovascular therapy facilitates patients with a very
limited pain-free walking distance to exercise more regularly, thus leading to a reduced
inflammatory status and reduced ROS production.

2. Materials and Methods
2.1. Study Population

The present study was approved by the Ethics Committee of the University of Mainz
and the State of Rheinland-Pfalz, Germany (permit number: 11140). Participation was vol-
untary and all rules outlined in the Declaration of Helsinki were followed. All participants
gave written informed consent. In total, 41 patients admitted to the Center of Cardiology of
the Johannes Gutenberg University Mainz with known PAD and intermittent claudication
(Rutherford Stage 3), were included in the study. Mean follow-up was 3 months. Patients
with cancer, autoimmune disease or chronic inflammatory conditions were excluded from
the trial. In addition, patients younger than 18 years and pregnant women were not
included in the study. Hypertension was defined if patients had a previous diagnosis
of hypertension (blood pressure > 140/90 mm Hg), or if they receive antihypertensive
treatment. Participants were classified as smokers (current or quit < 1 year), former smok-
ers (quit > 1 year) or never-smokers [14]. Patients with known and treated diabetes as
well as those with a current fasting blood-glucose level >125 mg/dL were classified as
having diabetes. Family history of premature atherosclerosis was defined in patients with
a documented case of atherosclerotic disease (PAD, atherosclerotic stroke, coronary artery
disease) in a first-degree relative before the age of 65 years. Patients with lipid-lowering
therapy or with a history of cholesterol levels >240 mg/dL were defined to suffer from
hyperlipoproteinemia.

For the study, we included 41 patients with intermittent claudication (Rutherford
3) with ankle-brachial index <0.9 [10]. A total of 21 patients were treated with a periph-
eral transluminal angioplasty (PTA), referred to as the “PTA group”. The control group
consisted of 20 patients with stable intermittent claudication without endovascular revas-
cularization (ER). The decision whether to perform a PTA was based on symptom severity
in daily life and patients’ preference. All patients were referred to a home-based exercise
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training program [6]. Home-based exercise training was defined as a non-supervised form
of exercise training. Written information on how to perform the home-based exercise
training under self-management, including exercises at rest, was given to both patient
groups. All patients were asked to walk for at least 30 min and up to 60 min per day, at
least 3-5 days a week. They were instructed to walk with an intensity that would as close
as possible reach their typical claudication sensations, then to rest for up to 5 min, and
repeat the same distance at a lower intensity. This protocol is in accordance with standard
exercise recommendations [15]. Patients were asked to keep a diary of their weekly training
efforts. Improvements in walking distance and training efforts were interpreted from a
final treadmill test compared with baseline treadmill results.

Walking distance was measured using a standard protocol, on a treadmill with 10%
slope at a speed of 3.0 km/h. The pain-free walking distance (ICD = initial claudication
distance) and the absolute walking distance (ACD = absolute claudication distance) of each
patient were assessed at the beginning of the study and at the end of follow-up.

2.2. Preparation of Blood Samples

Blood samples were drawn from all patients by venipuncture after fasting for at least
12 h. Blood was either taken in Monovettes® with heparin, EDTA or citrate. All samples
were immediately transferred either at 0 °C or at room temperature to our research facility
or the Institute for Clinical Chemistry and Laboratory Medicine, for measurement on the
same day of blood sampling.

2.3. Measurement of Leukocyte Oxidative Burst by Chemiluminescence

The determination of ROS levels in human whole blood using a chemiluminescent
dye, the luminol analogue L-012 (8-Amino-5-Chloro-7-Phenylpyrido [3,4-d] pyridazin-1,4-
(2H,3H)Dion) (Wako Pure Chem. Ind., Osaka, Japan), was conducted in unstimulated and
stimulated blood as previously described [16]. For induction of the oxidative burst, the
blood was stimulated by phorbol 12,13-dibutyrate (PDBu) (10 uM, Sigma Aldrich). L-012
is an unspecific ROS sensor and, accordingly, reveals the totality of oxidative stress [15].
Therefore, L-012 is a suitable ROS-sensitive dye for measuring hydrogen peroxide, as a
degradation product of superoxide, from oxidative burst in leukocytes, which mainly
depends on the phagocytic NADPH oxidase (NOX2) [16,17]. Briefly, venous blood from cit-
rate Monovettes® was used for the assay and maintained at room temperature. The blood
was diluted 1:50 in Dulbecco’s PBS (no magnesium, calcium or bicarbonate), and the activa-
tor of both protein kinase C and NOX2, PDBu, was added to the L-012 (100 uM)-containing
buffer (final volume 200 pL). The basal chemiluminescence signal was determined in the
absence of PDBu. The produced chemiluminescence was time-dependently determined by
a chemiluminescence plate reader (Centro, Berthold Techn., Bad Wildbad, Germany) over
a total time of 20 min (expressed as counts/min and normalized to the number of white
blood cells). Inhibition of NOX2 activity and scavenging of superoxide by PEG-SOD were
previously applied to this assay to characterize its specificity [16].

2.4. Clinical Chemistry Parameters

Blood sampling was performed as described above. Serum was generated using
serum Monovettes®, immediately divided into aliquots and stored at —80 °C. The serum
levels of lipids (total-, HDL- and LDL-cholesterol; triglycerides), blood glucose, HbAlc,
fibrinogen and cellular counts of polymorphonuclear neutrophils (PMNs) and monocytes
(total count and proportion of blood cells) were determined at the Institute for Clinical
Chemistry and Laboratory Medicine on the same day of blood sampling. C-reactive protein
(CRP) was measured using a highly sensitive, latex particle-enhanced immunoassay with a
detection range of 0-20 mg/dL (Roche Diagnostics).
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2.5. Statistical Analysis

For data management and statistical analysis, Microsoft Excel 2019 (Redmond, Wash-
ington, DC, USA) and SPSS statistical software 26 (IBM, Armonk, NY, USA) was used. Data
are stated as “median (25th; 75th percentile)” for continuous variables in all tables, unless
otherwise specified. To generate an easily interpretable graphic presentation, figures are
presented as the mean with the standard deviation. A value of p < 0.05 was considered to be
significant. Gaussian distribution of the categorical characteristics of the study population
was checked by using a chi-squared test. Gaussian distribution of the other parameters
was checked using the Shapiro-Wilk test.

The two groups (control vs. PTA group) were contrasted using the Mann-Whitney U
Test. Comparison of measurements taken at admission and follow-up in each group was
performed using a two-tailed paired t-test with a Gaussian distribution. If the normality
test failed, the Wilcoxon matched-pairs non-parametric test was used instead.

3. Results
3.1. Study Population

Baseline characteristics of the study population are shown in Table 1. With regard to
gender; age; cardiovascular risk factors and medication such as ACE inhibitors/sartans;
anticoagulation, platelet-aggregation inhibition and statin treatment, we did not find
significant differences between the PTA group in general and the control group (Table 1). In
the PTA group, 12 patients underwent drug-coated balloon angioplasty of femoro-popliteal
arteries. In addition, bare-metal stents were used in 5 of these 12 cases. The remaining
eight patients were treated with plain old balloon angioplasty combined with bare-metal
stents of iliac arteries.

Table 1. Baseline categorical characteristics of the study population.

Controls (n = 20) PTA (n=21) p Value
Age (years) 68.00 (60.00; 76.00) 63.00 (58.50; 76.00) 0.51
Gender (male) (%) 13(65.00) 12 (57.14) 0.75
Hyperlipidemia (%) 9 (45.00) 8 (38.10) 0.76
Diabetes mellitus (%) 7 (35.00) 9 (42.86) 0.75
CAD (%) 6 (30.00) 4 (19.05) 0.48
Family history (%) 14 (70.00) 14 (66.67) 1.00
Active smoking (%) 8 (40.00) 10 (47.62) 0.37
Former smoking (%) 12 (60.00) 10 (47.62)
Never smoking (%) 0 1(4.76)
Pack-years 47.00 (31.00; 67.25) 52.50 (37.50; 60.00) 0.71
Aspirin (%) 16 (80.00) 15 (71.43) 0.72
Clopidogrel (%) 1 (5.00) 3(14.29) 0.61
Marcumar (%) 0 0
NOAK (%) 1 (5.00) 3(14.29) 0.61
ACE-inhibitors/AT1-blocker (%) 16 (80.00) 12 (57.14) 0.18
Statin treatment (%) 15 (75.00) 18 (85.71) 0.45
BMI (kg/m?) 27.40 (24.90; 30.30) 28.10 (25.10; 29.70) 0.74

Values are given as median (25th percentile/75th percentile).

In the PTA group and control group, levels of total cholesterol as well as HDL-
cholesterol, LDL-cholesterol and triglycerides displayed no differences. Furthermore,
HbAlc and glucose levels were similar in both groups (Table 2). In addition, similar levels
of acute-phase proteins such as CRP and fibrinogen and equal levels of monocytes and
polymorphonuclear monocytes (PMNs) were measured (Table 2).
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Table 2. Baseline laboratory characteristics and markers of inflammation in the study population.

Controls (n = 20) PTA (n =21) p Value
Glucose (mg/dL) 100.00 (91.25; 124.75) 111.00 (92.50; 178.00) 0.24
HbAlc (%) 5.85 (5.63; 6.50) 6.0 0(5.70; 7.80) 0.33
Triglycerides
157.50 (89.50; 275.75 150.00 (109.00; 184.00 0.49
(mg/dL) ( ) ( ’
Total cholesterol
207.00 (147.00; 232.25 172.00 (155.50; 197.50 0.27
LDL cholesterol
121.50 (65.25; 160.0 93.00 (73.00; 112.50 0.42
(mg/dL) ( : ( :
HDL cholesterol
47.50 (40.25; 55.00 48.00 (40.00; 62.50 0.22
(mg/dL) ( ) ( :
Fibrinogen (mg/dL)  347.00 (312.00;395.75) ~ 363.00 (310.00; 391.50) 0.38
CRP (mg/dL) 2.15 (0.93; 2.90) 1.40 (0.77; 3.85) 0.97
Leucocytes/nL 7.85 (6.11;9.03) 7.87 (6.73; 9.38) 0.89
Monocytes (%) 6.60 (5.80; 8.00) 6.60 (5.85; 7.35) 0.82
Monocytes/mL  4.78 (4.02;6.15) x 10°  5.35 (4.25;5.78) x 10° 0.80
PMN (%) 61.60 (55.70; 67.40)  61.10 (53.15; 64.25) 0.56
PMN/mL 3.93 (3.20;5.41) x 106 4.27 (3.16; 5.33) x 10° 0.87

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

3.2. Analysis of ROS Production

We analyzed changes in ROS production as oxidative stress is a driving force in
atherogenesis. At baseline, there was no significant difference between the PTA and the
control group with regard to NOX2 activity under basal conditions and PDBu-stimulated
conditions. At follow-up, both groups showed a significant reduction in ROS production
after NOX2 stimulation in the “basal 20 min” condition (Table 3).

Table 3. ROS production.

Admission Follow-Up p Value
Controls
Basal 20 min 66.80 (42.10; 108.60) 35.10 (19.80; 68.70) 0.02
PDBU 20 min ~ 42,349.10 (28,463.20; 58,558.10)  30,313.10 (21,131.60; 46,581.10) 0.05
PTA
Basal 20 min 57.10 (27.30; 94.10) 20.30 (15.20; 38.70) 0.002

PDBU 20 min 32,115.50 (23,013.70; 51,576.00)  25,915.70 (17,244.30; 34,027.10) 0.09

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

Relative reduction in ROS production after NOX2 stimulation under basal conditions
at follow-up was significantly higher in the PTA group than in the control group (Figure 1a).
With regard to NOX2 stimulation by PDBU, both groups showed a reduction in ROS
production at follow-up, but results were not statistically significant (Table 3). Concerning
the relative reduction in ROS production after NOX2 stimulation with PDBU at follow-up,
there was no significant difference between both groups (Figure 1b).
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Figure 1. (a) Relative reduction in basal whole-blood (leukocyte) ROS production as % of the value at
admission in the 2 treatment groups after 3 months. Data are presented as mean values. (b) Relative
reduction in PDBu-stimulated ROS production as % of the value at admission in the 2 treatment
groups after 3 months. Data are presented as mean values.
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3.3. Analysis of ABI, Absolute Claudication Distance and Initial Claudication Distance

At baseline, the absolute claudication distance (ACD) and the initial claudication
distance (ICD) were significantly lower in the PTA group ((a) in Table 4). As a consequence,
a significantly lower ankle-brachial index (ABI) was also measured in the PTA group at
baseline ((a) in Table 4).

At follow-up, we observed a significant increase in the ACD and ICD in the PTA
group with exercise training (Figure 2a,b), as well as in the control group with exercise
training only (Figure 2a,b). There was no significant difference with regard to ACD or ICD
between the two groups at follow-up ((a) in Table 4).

Absolute Claudication Distance

(a)
p=0.421
d p=0.001 !
r L
[m] 300 ,ﬂ Bat baseline
p=0.001 246 Dat follow-up
+80.7
250 . 216.4
g +92.1
200
150 1221
+79.1
100
50
0
PTA Controls
Initial Claudication Distance
(b)
p=0.030
! p=0.839
<0.0001 =0.002"
[m] 250 fp—l rp— Bat baseline
206.6 202.4
+08.9 1897 Dat follow-up
200
144.8
150 +94.3
916
100 +90.8
50
0
PTA Controls

Figure 2. (a) Absolute claudication distance in the 2 treatment groups at baseline and at follow-up
after 3 months with exercise training in both groups. Data are presented as mean and SD. (b) Initial
claudication distance in the 2 treatment groups at baseline and at follow-up after 3 months with
exercise training in both groups. Data are presented as mean and SD.
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Table 4. ABI, ACD and ICD at Baseline and after Follow-up in the PTA and Control Group.

a. ABI, ACD and ICD at Baseline and after Follow-Up.

Controls (n = 20) PTA (n=21) p Value
Ankle-brachial index (ABI) (m) 0.84 (0.63;0.96) 0.58 (0.50;0.75) 0.003
Ankle-brachial index (ABI) FU (m) 0.73 (0.57; 0.86) 0.90 (0.75; 1.00) 0.047
Absolute claudication distance (m) 266.50 (123.75; 300.00) 90.00 (73.50; 135.50) 0.001
Absolute claudication distance FU (m) 300.00(180.00;300.00) 300.00 (138.50; 300.00) 0.42
Initial claudication distance (m) 115.00 (64.50; 235.00) 60.00 (42.50; 93.00) 0.03
Initial claudication distance FU (m) 200.00 (117.00; 300.00) 200.00 (105.00; 300.00) 0.84

b. ABI, ACD and ICD at Baseline and after Follow-Up in the PTA Group.

Baseline Follow-Up p Value
Ankle-brachial index (ABI) (m) 0.58 (0.50;0.75) 0.90 (0.75; 1.00) 0.001
Absolute claudication distance (m) 90.00 (73.50; 135.50) 300.00 (138.50; 300.00) 0.001

Initial claudication distance (m) 60.00 (42.50; 93.00) 200.00 (105.00; 300.00) <0.0001

c. ABI, ACD and ICD at Baseline and after Follow-Up in the Control Group.

Baseline Follow-Up p Value
Ankle-brachial index (ABI) (m) 0.84 (0.63;0.96) 0.73 (0.57; 0.86) 0.13
Absolute claudication distance (m) 266.50 (123.75; 300.00) 300.00 (180.00;300.00) 0.04
Initial claudication distance (m) 115.00 (64.50; 235.00) 200.00 (117.00; 300.00) 0.002

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

With regard to ABI, there was a significant increase at follow-up in the PTA group ((b)
in Table 4). In contrast, there was no significant change in ABI measurements in the control
group ((c) in Table 4). Comparing ABI measurements at follow-up between the PTA and
control groups, there was a significant difference in favor of the PTA group ((a) in Table 4).

4. Discussion

It is well known that atherosclerosis is influenced by inflammation and oxidative
stress, and is therefore classified as a chronic inflammatory disease [18]. Inflammation
increases the production of ROS [5,19], causing endothelial dysfunction and further aggra-
vation of atherosclerosis [6] and resulting in a vicious circle. Therefore, it is essential to
treat PAD patients as early as possible. According to international guidelines at present,
exercise training is the primary recommended therapy for patients with intermittent clau-
dication [10,20]. In our previous study, we observed a reduced level of oxidative stress by
reduction in ROS production in PAD patients under home-based exercise training [6]. To
our knowledge, little is known about the influence of endovascular therapy, such as PTA,
combined with exercise training on oxidative stress and inflammation, in patients with
PAD. Frequently, PAD patients are very limited in their ability to carry out exercise training
at the beginning of treatment due to their very short pain-free walking distances. We
were, therefore, interested in changes to oxidative stress and walking distance in patients
undergoing endovascular therapy with PTA alongside regular exercise training.

After a mean of 3 months of training, an increased ICD and ACD compared to baseline
was found in both groups. These results agreed with our previous study [6], which showed
exercise training, even in a non-supervised form [13], to be successful at improving walking
impairment and inflammation in PAD patients. At baseline, PAD patients, who were later
referred to the PTA group, had a significantly shorter pain-free and absolute walking
distance, which prevented them from performing sufficient exercise training on a regular
basis. The intervention by ER was therefore necessary to enable these patients to further
improve their walking impairment by carrying out their exercise program.

With regard to ABI, there was a significant increase at follow-up in the PTA group, in
contrast to the control group. Comparing ABI measurements at follow-up between both
groups, ABI remained significantly higher in the PTA group.
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Patients in the control group started the training program with a significantly higher
ABI at baseline compared with the PTA group, which agreed with the differences measured
for the walking distances. The improvement in walking distance and ABI, however, was
more striking for the PTA group, due to improved peripheral circulation after revascu-
larization of major limb vessels. In contrast, the improvement in walking distance in
the control group was not accompanied by an ABI improvement, due to the fact that an
amelioration of their walking impairment was caused by an improved collateralization (i.e.,
arteriogenesis) [21], which in most cases is not observed in a regular ABI measurement.
Therefore, the change observed in the follow-up period was generally stable in the control
group and showed no significant change.

Concerning ROS production, both groups showed a significant reduction in basal ROS
production, although the relative reduction in ROS production (% change in comparison
with the value at admission) was higher in the PTA group than in the control group, which
may be indicative of a worse redox state and more severe PAD score in those patients
recommended for PTA. PDBu-stimulated ROS production showed a relative reduction at
follow-up in both groups, but missed the point of significance.

This is consistent with our previous study, in which we observed less ROS production
in PAD patients under home-based exercise training. In addition, pain-free and abso-
lute walking distance increased [6]. A possible explanation for high ROS production in
PAD patients may be based on enhanced expression of TREM-1 on PMNs of PAD pa-
tients [9], causing an intensified interaction with platelets, and thus enhancing their ROS
production [7,22]. The central role of ROS formation is further supported by a previous
study demonstrating that pain-free walking distance was increased, and the peak clau-
dication pain was decreased, by therapy of 28 PAD patients with the antioxidant drug
alpha-lipoic acid [23]. Finally, walking distances in 251 PAD patients showed a negative
association with endothelial-cell inflammation markers but a positive association with
circulating-antioxidant capacity [24].

Our data suggest that exercise training reduces the inflammatory state in PAD patients
by a reduction in ROS production (or vice versa, anti-inflammatory effects of exercise
prevent oxidative stress by NOX2 in leukocytes) and therefore achieves a change in abso-
lute and pain-free walking distances. Concerning symptom relief, i.e., walking distance
and quality of life, of patients with intermittent claudication, several studies showed the
efficacy of endovascular therapy. Fakhry et al. [12] showed that, among patients with
intermittent claudication after one year of follow-up, a combination therapy of endovas-
cular revascularization followed by supervised exercise resulted in a significantly larger
improvement in walking distances and health-related quality-of-life scores compared with
supervised exercise only. A systematic review of 12 trials [11] in patients with intermittent
claudication compared three treatment strategies: open surgery, endovascular therapy and
exercise therapy, with medical treatment alone. All of the three alternatives were superior
to medical treatment only in terms of walking distance and claudication.

Murphy et al. randomized 111 patients with intermittent claudication and lesions
in the iliac aorta into groups: best medical treatment (BMT) alone, or in combination
with supervised exercise training or stenting. Changes in maximal walking distance
were greatest with supervised exercise training after 6 months, while stenting showed a
greater improvement in peak walking time compared with BMT alone. Nevertheless, after
18 months follow-up, there was no statistically significant change in terms of peak walking
time between stenting and supervised exercise training.

Therefore, choice of therapy should rely on patients’ symptoms and preferences, as
well as clinical context and availability of interventional or surgical management. Endovas-
cular therapies such as PTA should be offered to patients who are very limited in carrying
out exercise training, due to a very short pain-free walking distance at the beginning of
the training protocol. Our study suggests that interventional therapy with PTA should
be offered to patients with intermittent claudication, who are highly symptomatic during
their daily life activities due to a very limited pain-free walking distance. Interventional
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therapies such as PTA may lead to a longer pain-free walking distance, thus enabling
patients with a more severe PAD score to perform efficient exercise training. Our study
results show that PTA in combination with exercise training leads to a reduced inflamma-
tory state by reduction in ROS production, and thus improves ABI, absolute and pain-free
walking distance.

5. Limitations

For our study, we included patients with intermittent claudication (Rutherford 3).
Patients who were very limited in their daily life activities and were symptomatic were
chosen for the PTA group by clinical decision as well as the fact that ACD and ICD were
significantly lower in the PTA group at baseline. Furthermore, the ABI at the beginning
was significant lower in the PTA group. Therefore, there was a bias due to a clinical
decision at baseline. In addition, due to the nature of home-based exercise training, the
training was not performed under supervision of a specialized physiotherapist. Therefore,
we could not verify how patients trained at home (lack of compliance information) and
whether all training was carried out with a comparable intensity (lack of standardization).
Nevertheless, we tried to limit the variance to an acceptable range by informing the patients
how to train.

6. Conclusions

To our knowledge, we report here, for the first time, a reduced ROS production,
paralleled by an improvement in clinical parameters such as ABI, ACD and ICD after a
combination of endovascular therapy and exercise training. Data from our study reveal
that interventional therapies such as PTA might lead to a longer pain-free walking distance
in patients with intermittent claudication, thus enabling the patients to perform efficient
exercise training for yet further improvements. Endovascular therapy in combination
with exercise training led to a lower leukocyte activation state, as revealed by reduction
in whole blood NOX2-derived ROS production, and thus improving ABI, ACD and ICD.
Further studies investigating the influence of interventional therapies on inflammation and
progression of PAD are needed.

Author Contributions: Conceptualization, C.E.-K. and J.ED.; methodology, FK.-S., M.S. and ].S.;
formal analysis, EK.-S., M.S., ]. ED., A.D. and C.E.-K,; investigation, FK.-S., M.S. and ].S.; data
curation, EK.-S., A.D. and C.E.-K.; writing—original draft preparation, EK.-S.; writing—review and
editing, C.E.-K., A.D., ]. ED. and T.M.; supervision, C.E.-K.; project administration, C.E.-K; funding
acquisition, C.E.-K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by continuous funding by the Heart Foundation Mainz
(Mainzer Herz 17 and 21) and by the German Center for Cardiovascular Research (DZHK), Partner
Site Rhine-Main, Mainz, Germany. T.M. is a PI of the German Center for Cardiovascular Research
(DZHK), Partner Site Rhine-Main, Mainz, Germany.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the
University Medical Center of the Johannes Gutenberg University Mainz, and by the Landesérztekam-
mer Rheinland-Pfalz (protocol code: 837.306.17 (11140); date of approval: 15 September 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available in the article. The
datasets generated during and/or analyzed during the current study are available from the corre-
sponding author on reasonable request.

Acknowledgments: This paper contains in part data reported in the medical thesis of Melanie
Schwaderlapp.

Conflicts of Interest: The authors declare no conflict of interest.



J. Clin. Med. 2021, 10, 5851 11 of 12

References

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

Ross, R. Atherosclerosis is an inflammatory disease. N. Engl. J. Med. 1999, 340, 115-126. [CrossRef] [PubMed]

Bhatt, D.L.; Steg, P.G.; Ohman, E.M.; Hirsch, A.T.; Ikeda, Y.; Mas, J.L. International prevalence, recognition, and treatment of
cardiovascular risk factors in outpatients with atherothrombosis. JAMA 2006, 295, 180-189. [CrossRef] [PubMed]

Hirsch, A.T.; Haskal, Z.].; Hertzer, N.R.; Bakal, C.W.; Creager, M.A.; Halperin, J.L.; White, R.A. ACC/AHA 2005 Practice
Guidelines for the management of patients with peripheral arterial disease (lower ex-tremity, renal, mesenteric, and abdominal
aortic): A collaborative report from the American Association for Vascular Surgery/Society for Vascular Surgery, Society for
Cardiovascular Angiography and Interventions, Society for Vascular Medicine and Biology, Society of Interventional Radiology,
and the ACC/AHA Task Force on Practice Guidelines (Writing Committee to Develop Guidelines for the Management of Patients
with Peripheral Arterial Disease): Endorsed by the American Association of Cardiovascular and Pulmonary Rehabilitation;
National Heart, Lung, and Blood Institute; Society for Vascular Nursing; TransAtlantic Inter-Society Consensus; and Vascular
Disease Foundation. Circulation 2006, 113, e463—e654. [PubMed]

Norgren, L.; Hiatt, W.R.; Dormandy, J.A.; Nehler, M.R.; Harris, K.A.; Fowkes, EG.R. Inter-Society Consensus for the Management
of Peripheral Arterial Disease (TASC II). Eur. |. Vasc. Endovasc. Surg. 2007, 45, S5-567.

Nathan, C. Points of control in inflammation. Nature 2002, 420, 846-852. [CrossRef] [PubMed]

Dopheide, J.F,; Scheer, M.; Doppler, C.; Obst, V.; Stein, P.; Vosseler, M.; Abegunewardene, N.; Gori, T.; Miinzel, T.; Daiber, A.; et al.
Change of walking distance in intermittent claudication: Impact on inflammation, oxidative stress and mononuclear cells: A pilot
study. Clin. Res. Cardiol. 2015, 104, 751-763. [CrossRef] [PubMed]

Steven, S.; Daiber, A.; Dopheide, J.E; Miinzel, T.; Espinola-Klein, C. Peripheral artery disease, redox signaling, oxidative
stress-Basic and clinical aspects. Redox Biol. 2017, 12, 787-797. [CrossRef] [PubMed]

Dopheide, J.E; Obst, V.; Doppler, C.; Radmacher, M.C.; Scheer, M.; Radsak, M.P; Espinola-Klein, C. Phenotypic characterisation of
pro-inflammatory monocytes and dendritic cells in peripheral arterial disease. Thromb. Haemost. 2012, 108, 1198-1207. [CrossRef]
Dopheide, J.E; Doppler, C.; Scheer, M.; Obst, V.; Radmacher, M.C.; Radsak, M.P.; Espinola-Klein, C. Critical limb ischaemia is
characterised by an increased production of whole blood reactive oxygen species and expression of TREM-1 on neutrophils.
Atherosclerosis 2013, 229, 396-403. [CrossRef]

Aboyans, V. 2017 ESC Guidelines on the Diagnosis and Treatment of Peripheral Arterial Diseases, in collaboration with the
European Society for Vascular Surgery (ESVS): Document covering atherosclerotic disease of extracranial carotid and vertebral,
mes-enteric, renal, upper and lower extremity arteries Endorsed by: The European Stroke Organization (ESO)The Task Force for
the Diagno-sis and Treatment of Peripheral Arterial Diseases of the European Society of Cardiology (ESC) and of the European
Society for Vascular Surgery (ESVS). Eur. Heart J. 2018, 39, 763-816.

Malgor, R.D.; Alahdab, E; Elraiyah, T.A.; Rizvi, A.Z.; Lane, M.A.; Prokop, L.J.; Phung, O.J.; Farah, W.; Montori, V.; Conte,
M.S; et al. A systematic review of treatment of intermittent claudication in the lower extremities. . Vasc. Surg. 2015, 61, 545-73S.
[CrossRef]

Fakhry, F.; Spronk, S.; van der Laan, L.; Wever, ] .J.; Teijink, J.A.; Hoffmann, W.H.; Hunink, M.M. Endovascular Revascularization
and Supervised Exercise for Peripheral Artery Disease and Intermittent Claudication: A Randomized Clinical Trial. JAMA 2015,
314, 1936-1944. [CrossRef]

Dopheide, ].E; Geissler, P.; Rubrech, J.; Trumpp, A.; Zeller, G.C.; Daiber, A.; Miinzel, T.; Radsak, M.P.; Espinola-Klein, C. Influence
of exercise training on proangiogenic TIE-2 monocytes and circulating angiogenic cells in patients with peripheral arterial disease.
Clin. Res. Cardiol. 2016, 105, 666—676. [CrossRef]

Manual of the MONICA Project (Manual on the Internet); World Health Organization: Geneva, Switzerland, 2000. Available online:
http:/ /www.ktlfi/publications/monica/manual/index.htm (accessed on 20 October 2021).

Gardner, A.W.; Poehlman, E.T. Exercise rehabilitation programs for the treatment of claudication pain. A meta-analysis. JAMA
1995, 274, 975-980. [CrossRef]

Daiber, A.; Oelze, M.; August, M.; Wendt, M.; Sydow, K.; Wieboldt, H.; Kleschyov, A.L.; Munzel, T. Detection of superoxide and
peroxynitrite in model systems and mitochondria by the luminol analogue L-012. Free Radic. Res. 2004, 38, 259-269. [CrossRef]
Daiber, A.; August, M.; Baldus, S.; Wendt, M.; Oelze, M.; Sydow, K.; Kleschyov, A.L.; Munzel, T. Measurement of NAD(P)H
oxidase-derived superoxide with the luminol analogue L-012. Free Radic. Biol. Med. 2004, 36, 101-111. [CrossRef]

Stocker, R.; Keaney, ].F. New insights on oxidative stress in the artery wall. J. Thromb. Haemost. 2005, 3, 1825-1834. [CrossRef]
Steven, S.; Frenis, K.; Oelze, M.; Kalinovic, S.; Kuntic, M.; Bayo Jimenez, M.T.; Daiber, A. Vascular Inflammation and Oxidative
Stress: Major Triggers for Cardiovascular Disease. Oxidative Med. Cell. Longev. 2019, 2019, 7092151. [CrossRef]
Gerhard-Herman, M.D.; Gornik, H.L.; Barrett, C.; Barshes, N.R.; Corriere, M.A.; Drachman, D.E.; Walsh, M.E. 2016 AHA /ACC
Guideline on the Management of Patients with Lower Extremity Peripheral Artery Disease: A Report of the American College
of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. J. Am. Coll. Cardiol. 2017, 69, e71-126.
[CrossRef]

Dopheide, J.E,; Rubrech, J.; Trumpp, A.; Geissler, P.; Zeller, G.C.; Schnorbus, B.; Schmidt, F.; Gori, T.; Miinzel, T.; Espinola-Klein, C.
Supervised exercise training in peripheral arterial disease increases vascular shear stress and profunda femoral artery diameter.
Eur. ]. Prev. Cardiol. 2016, 24, 178-191. [CrossRef]

Haselmayer, P.; Grosse-Hovest, L.; Von Landenberg, P.; Schild, H.; Radsak, M.P. TREM-1 ligand expression on platelets enhances
neutrophil activation. Blood 2007, 110, 1029-1035. [CrossRef]


http://doi.org/10.1056/NEJM199901143400207
http://www.ncbi.nlm.nih.gov/pubmed/9887164
http://doi.org/10.1001/jama.295.2.180
http://www.ncbi.nlm.nih.gov/pubmed/16403930
http://www.ncbi.nlm.nih.gov/pubmed/16549646
http://doi.org/10.1038/nature01320
http://www.ncbi.nlm.nih.gov/pubmed/12490957
http://doi.org/10.1007/s00392-015-0840-5
http://www.ncbi.nlm.nih.gov/pubmed/25772524
http://doi.org/10.1016/j.redox.2017.04.017
http://www.ncbi.nlm.nih.gov/pubmed/28437655
http://doi.org/10.1160/th12-05-0327
http://doi.org/10.1016/j.atherosclerosis.2013.05.029
http://doi.org/10.1016/j.jvs.2014.12.007
http://doi.org/10.1001/jama.2015.14851
http://doi.org/10.1007/s00392-016-0966-0
http://www.ktl.fi/publications/monica/manual/index.htm
http://doi.org/10.1001/jama.1995.03530120067043
http://doi.org/10.1080/10715760410001659773
http://doi.org/10.1016/j.freeradbiomed.2003.10.012
http://doi.org/10.1111/j.1538-7836.2005.01370.x
http://doi.org/10.1155/2019/7092151
http://doi.org/10.1016/j.jacc.2016.11.007
http://doi.org/10.1177/2047487316665231
http://doi.org/10.1182/blood-2007-01-069195

J. Clin. Med. 2021, 10, 5851 12 of 12

23.  Vincent, HK.; Bourguignon, C.M.; Vincent, K.R.; Taylor, A.G. Effects of Alpha-Lipoic Acid Supplementation in Peripheral Arterial
Disease: A Pilot Study. J. Altern. Complement. Med. 2007, 13, 577-584. [CrossRef]

24. Gardner, A.; Montgomery, P.S.; Zhao, Y.D.; Ungvari, Z.; Csiszar, A.; Sonntag, W.E. Endothelial Cell Inflammation and Antioxidant
Capacity are Associated with 6-Minute Walk Performance in Patients with Symptomatic Peripheral Artery Disease. Angiology
2017, 69, 416-423. [CrossRef] [PubMed]


http://doi.org/10.1089/acm.2007.6177
http://doi.org/10.1177/0003319717726934
http://www.ncbi.nlm.nih.gov/pubmed/28835113

	Introduction 
	Materials and Methods 
	Study Population 
	Preparation of Blood Samples 
	Measurement of Leukocyte Oxidative Burst by Chemiluminescence 
	Clinical Chemistry Parameters 
	Statistical Analysis 

	Results 
	Study Population 
	Analysis of ROS Production 
	Analysis of ABI, Absolute Claudication Distance and Initial Claudication Distance 

	Discussion 
	Limitations 
	Conclusions 
	References

