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Abstract: Patients with chronic obstructive pulmonary disease (COPD) suffer from exercise intoler-
ance, the sensation of dyspnea, and fatigue, which are the main reasons for limiting their physical
activity. In addition to changes in the respiratory and circulatory systems in patients with COPD,
peripheral muscle dysfunction, with numerous metabolic dysfunctions, is observed. One of the
symptoms of the described anomalies, among others, is an antioxidative and prooxidative imbalance.
The aim of the study was to demonstrate the impact of endurance training, carried out in the extended
pulmonary rehabilitation program in COPD patients, on the imbalance between prooxidants and
antioxidants in their bodies. Methods: The tests were carried out on a group of patients (n = 32)
with COPD; 20 randomly selected people underwent a modified rehabilitation program during their
rehabilitation stay, and the obtained results were compared with the results of 12 patients (control
group) who were treated without endurance training. At the beginning and at the end of the study,
spirometry and cardiopulmonary exercise tests (CPET) were performed. Oxidative stress (allantoin
(All) and substances which react with thiobarbituric acid) and antioxidant (ferric reducing ability
of plasma and total phenolics) parameters’ concentrations were determined in the venous blood.
Results: In the study group, greater post-training increases of VO2max (p = 0.0702) and FEV1/FVC
(p < 0.05; ES: 0.436) were reported. The applied CPET at each time caused an increase in the All
concentration (p < 0.05) in the study and control groups. Conclusions: Endurance training applied as
a part of the rehabilitation process did not cause the additional aggravation of oxidative stress and
blood total phenolics concentration.

Keywords: COPD; TBARS; allantoin; total phenolics

1. Introduction

The participation of hypoxemia in the severity of inflammatory processes occurring
within the respiratory tract in patients with chronic obstructive pulmonary disease (COPD)
is well-known and described in the literature [1]. Free radicals are the initiators of the
production of proinflammatory markers in the body, while inflammatory cytokines stimu-
late xanthine oxidase (EC 1.17.3.2) and NADPH oxidase (EC 1.6.3.1), indirectly reducing
the antioxidant capacity of plasma [2]. Thus, it has been shown that the decrease in the
ferric reducing ability of plasma (FRAP) concentration occurs during exacerbations of the
disease [3]. Changes caused by the increased production of free radicals may be reversible.
The microscopic image of the damaged tissue showed slight swelling, hypertrophy of
the endoplasmic reticulum, mitochondria shrinkage, damage of ribosomes, and the ag-
gregation of chromatin around the nucleus. However, when the rate of production of
free radicals is higher than the rate of recovery mechanisms, a significant shrinking of
mitochondria may occur, with comb mitochondrial damage, dispersal of cellular elements,
and cytoplasmic membrane damage. Extensive cellular changes lead to their necrosis [4].
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The source of free radicals can be mitochondrial reactions, the xanthine system, or disinte-
grating granulocytes. Some free radicals, as well as harmful products of lipid oxidation
(e.g., malondialdehyde (MDA)), affect signal transduction mechanisms and active gene
expression of inflammatory markers, thereby exacerbating the severity of the inflammation
and disease processes. For this reason, the problem of the antioxidants’ therapeutic role in
preventing the effects of reactive oxygen species (ROS) on cells and tissues are extensively
discussed. Gosker et al. [5] observed a 26% increase in the level of antioxidants on average,
including vitamin E, glutathione, uric acid, and TBARS, in COPD patients in comparison
with healthy persons. In the foregoing studies, the change in concentration of MDA in the
blood of these patients was not demonstrated, which was explained by the adaptation of
the cells to function in an environment with an increased amount of free radicals. This
hypothesis is somewhat different from that presented earlier by Rahman et al. [6]. It has
been shown in many publications that a higher concentration of total phenolics in the blood
protects the body against many civilization diseases (e.g., atherosclerosis and cancer) [7–9].
The results of tests carried out on the French population are particularly significant, as
the French are renowned for their habit of drinking red wine during the consumption of
meals, containing a large amount of total phenolics. Despite a high-fat diet, French people
are significantly less likely to die from cardiovascular problems than representatives of
other European countries (the so-called French Paradox). It should be noted that phenolic
compounds are only derived from plant sources (e.g., olive oil, green and black tea, red
wine, and cranberry) [10]. Currently, there are over 8000 substances of this type known to
have strong antioxidant properties [11].

One of the most sensitive markers of the severity of free radicals occurring in the body
is allantoin. It is the product of non-enzymatic oxidation of uric acid, resulting from the
degradation of purine nucleotides [12]. Allantoin may be excreted in the urine or alternately
converted in the cycle into urea and as such eliminated from the body [13]. Allantoin, being
a free radical, damages cell membranes in the body and, together with substances which
react with thiobarbituric acid (TBARS), is considered an indicator of the severity of free
radical processes in the body. Mikami et al. observed the increase in the concentration
of allantoin 30 min after exercising at 100% intensity in the absence of VO2max, with no
changes in the concentration of TBARS, and concluded that allantoin is a better indicator of
free radical changes than TBARS [13].

Physical training is widely recognized as the basis of rehabilitation programs improv-
ing skeletal muscles in patients with COPD and other pulmonary diseases. A properly
conducted rehabilitation process is completely safe for the patient, but one should take
into account the possibility of adverse symptoms and exacerbation of the disease. This
is often due to the lack of individualization of the training program and the use of too
high intensity efforts. In order to maintain safety and to reduce the occurrence of adverse
events, it is recommended to perform a cardiac exercise test. It enables the determination
of safe maximal exercise loads and shows the individual physiological response of the
tested person to the application of the test load. Additionally, during each training session,
patients should be monitored for their cardiological parameters, blood oxygen saturation,
intensity of dyspnea, and subjective feeling of fatigue [14,15].

Positive effects in the form of an increase in physical capacity are brought by training
on the edge of the patient’s anaerobic changes threshold. In COPD patients, it may be
difficult to achieve 30 min exercise times or desired intensity levels, even under close super-
vision by a specialist. An alternative in this case is interval training. Many rehabilitation
programs are limited to training the lower limbs only. The inclusion in the training program
of exercises involving the muscles of the upper limbs avoids the feeling of dyspnea and
limits the increase in minute ventilation of the lungs during the lifting of the arms.

The use of training sessions, including resistance or strength exercises, is beneficial in
terms of improving muscle potential and strength. The intensity of such exercises should
not exceed 50–85% of the maximal voluntary contraction (MVC). Such a training program is
often better tolerated by the patient than traditional endurance training. The combination of
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both types of training seems to be the most beneficial and effective method of rehabilitation
of COPD patients as it leads to an improvement in muscle strength and endurance [16].
It is clear that low-intensity training programs improve the patient’s daily activities, but
the physiological effect is only visible with higher-intensity training programs. The use
of lower-intensity efforts takes into account the presence of disease symptoms in patients
that limits their exercise capacity, and at the same time causes a stronger motivation for the
long-term use of these rehabilitation programs. It has been found experimentally that to
induce post-training physiological effects in patients with COPD, it is sufficient to exercise
at the level of 60% VO2 peak [14–16].

The standard treatment of COPD patients includes the administration of oxygen at
rest and during training. Hanneke et al. [17], in his elaboration on the effects of oxygen
on the antioxidant potential of plasma and the inflammatory marker concentrations in the
blood, stated that the administration of oxygen to COPD patients during exercise reduces
the severity of oxidative stress and the development of inflammatory changes. It can be
said, on the basis of these results, that supporting the patient by the administration of
oxygen increases the positive effects of rehabilitation. At the same time, the things that tend
to decrease it include the frequency of exacerbations and the number of hospitalizations
in this patient group. The results of tests conducted by Carpaganano et al. and Phillips
et al. provided different findings [18,19]. They showed that supplementation with pure
oxygen caused an increase in the concentrations of interleukin (IL)-6 and isoprostans, as
well as the severity of antioxidant stress, both in COPD patients and in healthy people. The
aim of the study was to demonstrate the impact of endurance training, carried out in the
extended pulmonary rehabilitation program of COPD patients, on the imbalance between
blood concentrations of prooxidative and antioxidative markers.

2. Materials and Methods
2.1. Participants

This study was a controlled randomized trial. Randomization was performed as
simple random allocation: each subject identifier was forwarded to a person who was not
involved with the conduct of the study and who performed the randomization blindly
using a computer list.

The study was conducted according to the Declaration of Helsinki and the National
Statement and Human Research Ethics Guidelines and approved by the Institute for Re-
search in Biomedicine (IRB) at the Poznan University of Medical Sciences (3 February 2005;
Ethics Approval Number: 236/05). The exercise stress test laboratory was adequately
equipped to provide advanced life support in the event of a cardiac arrest. Patients were
referred by their respiratory physician practitioners. Inclusion criteria for the study were
pulmonary insufficiency with COPD and qualification for lung rehabilitation. It is beneficial
to start the rehabilitation program as soon as the flare-up of the disease is under control,
preferably in health-care settings, including hospitals. Eligibility for the rehabilitation
program and the method of its implementation also depended on the course of the dis-
ease, the pharmacological treatment, and the possibility of cooperation with the patient.
Exclusion criteria were the presence of advanced chronic complications of diabetes; severe
cardiovascular or orthopaedic disease; active or post-cancerous disease (ongoing radia-
tion/chemotherapy treatment); liver diseases (ALT > 3× upper limit of normal), except for
patients with fatty liver disease; or psychological disorders. After completing the baseline
screening and evaluation, eligible patients were randomly assigned to a proper group. An
investigator not involved in subject recruitment developed a computer-generated random
allocation schedule and placed the assignments in sealed, sequentially numbered envelopes.
As each patient entered the trial, the next envelope in the sequence was opened, indicating
which treatment the patient would undergo. The patient flow chart is shown in Figure 1.
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appropriate to the patient’s health status. The pharmacological treatment of COPD relies 
mostly on symptomatic treatment, i.e., inhaled anticholinergic agents, β2-agonists, and 
phosphodiesterase inhibitors, aiming at their bronchodilatation capacity. Inhaled cortico-
steroid therapy is mainly prescribed in far advanced stages of the disease. The current 
pharmacological treatment was not modified in the patients during the experiment. The 
heart rate while exercising on a cycle ergometer in the study group was 50–70% of the 
predicted HRmax, taking into account the patient’s age. The results were compared with 
the results of 12 randomized patients (control group), who were treated only using oxygen 
therapy, kinesiotherapy, and pharmacotherapy, without endurance training (Figure 2). 
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Figure 1. Patient flow chart.

The first group of patients (study group, n = 20) during the 3-week long rehabilitation
stay, in addition to standard oxygen therapy, kinesiotherapy, and pharmacotherapy, un-
derwent daily 30 min long endurance training with individually selected loads that were
appropriate to the patient’s health status. The pharmacological treatment of COPD relies
mostly on symptomatic treatment, i.e., inhaled anticholinergic agents, β2-agonists, and
phosphodiesterase inhibitors, aiming at their bronchodilatation capacity. Inhaled corti-
costeroid therapy is mainly prescribed in far advanced stages of the disease. The current
pharmacological treatment was not modified in the patients during the experiment. The
heart rate while exercising on a cycle ergometer in the study group was 50–70% of the
predicted HRmax, taking into account the patient’s age. The results were compared with
the results of 12 randomized patients (control group), who were treated only using oxygen
therapy, kinesiotherapy, and pharmacotherapy, without endurance training (Figure 2).

All the participants were asked to carefully read and sign an informed consent form,
taking precautions to protect their privacy. All of the patients from the sample group gave
their written informed consent.

2.2. Pulmonary Function Tests

The evaluation of pulmonary function was performed by conventional spirometry
using a spirometer (abc Spec PC, RS 2000 device by abcMED Corporation, Cracow, Poland).
The directly evaluated parameters were lung flows; forced vital capacity (FVC), performed
three times, according to the standards of the American Thoracic Society (ATS) and the
European Respiratory Society (ERS) in the sitting position [20]. Results were expressed as
absolute values and as percentages of the reference predicted values from Pereira et al. [21].
The FVC procedure allowed for the determination of the forced expiratory volume in 1 s
(FEV1) and FEV1/FVC ratio. Examinations were conducted two times in the course of the
project (at the beginning and at the end of the treatment).
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2.3. Methodology of Marking Exercise Tolerance of Patients

The exercise tests were conducted between 08:00 h and 12:00 h in an air-conditioned
laboratory 2 h after consuming a light breakfast (one sandwich with butter and cheese;
approximately 200 kcal). Each of the studied participants performed an exercise with in-
creasing intensity. The output load for each person included walking at a speed of 3 km/h
on a treadmill (Woodway ES1; Woodway, Waukesha, WI, USA). Then, each minute the
intensity of the walk was increased by 1 km/h, which was continued until exhaustion.
Progressive incremental exercise testing was discontinued when the subjects displayed
marked breathlessness, or ECG changes showing ST segment depression greater than 2 mm
or a short run of premature ventricular contractions. During the exercise test, cardiores-
piratory parameters were continuously recorded. Heart rate (HR) was recorded using a
sport-tester by Polar Accurex Plus device (Polar Elektro, Tampere, Finland). The minute
ventilation (VE) of the lungs and oxygen consumption per minute (VO2) were measured
using a portable gas analyzer (German Jeager Oxycon Mobile, Viasys Healthcare, Höchberg,
Germany). In addition, during the exercise test distance, the duration of exercise and speed
of walking were measured and recorded. On the basis of the exercise-induced oxygen
consumption and heart rate values, individual values of VO2max were calculated [22]. The
person executing the CPET had certificates and authorizations to perform the tests.

2.4. Preparation of Blood Samples for Analysis

In each of the test dates, venous blood was taken twice from the ulnar veins i.e., at
rest (fasting blood; 07:00 h and 5 min after finishing the exercise using a S-Monovette
syringe (Sarstedt, Nümbrecht, Germany)). The blood was centrifuged at 1500 g nt 4 ◦C for
5 min (Universal 320R; Hettich Lab Technology, Tuttlingen, Germany), and the collected
plasma samples were frozen and stored at −80 ◦C until the analysis (U410, Ultra-Low
Temperature Freezer, New Brunswick Scientific, United States). All reagents used for the
measurements of the above parameters were obtained from Sigma-Aldrich (Chemie GmbH,
Steinheim, Germany).

2.4.1. Determination of Allantoin

Marking was made using the HPLC (high-performance liquid chromatography)
method with a lamp at a wavelength of λ = 360 nm. A total of 250 µL plasma was
neutralized in 125 µL 1.6 mmol/L HClO4 (POCH, Gliwice, Poland). Then, the sample was
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centrifuged, and 250 µL of the resulting supernatant was transferred to a glass tube. Then,
250 µL 0.12 M NaOH (POCH, Gliwice, Poland) was added. The sample was boiled for
20 min at 100 ◦C (water bath, JWE-357, Warsaw, Poland). Then, 250 µL 1 M HCl (POCH,
Gliwice, Poland) and 50 µL DNP (2,4-dinitrophenol, POCH, Gliwice, Poland) were added,
and the sample was boiled again for 5 min at 100 ◦C. The carrier phase was determined by
a buffer with pH = 4.75 and composition of 55% sodium citrate (POCH, Gliwice, Poland)
and sodium acetate (POCH, Gliwice, Poland), as well as 45% methanol (POCH, Gliwice,
Poland). The flow rate was 1.0 mL/min. A quantitative analysis was performed similarly
as in the case of marking ox purines. The resting allantoin concentration in plasma was
3.1–36.4 µmol/L [23]. A Hewlett-Packard 1050 apparatus with UV detector (Ramsey, NJ,
USA) was used.

2.4.2. Determination of FRAP

A method developed by Benzie et al. [24] was used in the study. It involves a reduction
of the Fe3+TPTZ (2,4,6-tripyridyl-s-triazine; Sigma-Aldrich, Gillingham, UK) complex to
a blue complex of Fe2+-TPTZ. The color intensity of the resulting solution is directly
proportional to the antioxidant power of plasma. A total of 10 µL plasma was diluted with
30 µL deionized water, followed by adding 300 µL reactive solution (2,4,6-tripirydylo-s-
triazine (TPTZ) + ferric chloride III (FeCl3·6H2O; POCH, Gliwice, Poland) + acetate buffer
(pH = 3.6, reagents from POCH, Gliwice, Poland)). After 6 min of incubation at 37 ◦C,
the absorbance was determined on a multi-detector microplate ELISA reader (Synergy
2 SIAFRT, BioTek, Winooski, VT, USA) at λ = 593 nm. The standard curve was established
using a stoichiometrically diluted solution of iron sulphate II (FeSO4·7H2O; POCH, Gliwice,
Poland). The total antioxidant capacity of plasma (FRAP) had the following reference values
at rest: 600–1600 µmol/L.

2.4.3. Determination of TBARS

The method developed by Ohkawa et al. [25] was used in the marking. This method
involves the condensation of MDA with thiobarbituric acid, and the formation of a dye
compound with 50 µL plasma, 50 µL sodium dodecyl sulphate (SDS; POCH, Gliwice,
Poland), 375 mL 20% acetic acid (POCH, Gliwice, Poland), and 375 mL 0.8% thiobarbituric
acid (Sigma-Aldrich, Gillingham, UK) was placed in a water bath at 95 ◦C for 60 min.
After incubation, the sample was cooled, and the elution was made into a solution of a
dye compound of n-butane (POCH, Gliwice, Poland). After centrifugation, the upper
layer of the solution was separated, and the measurement was performed on a multi-
detector microplate ELISA reader (Synergy 2 SIAFRT, BioTek, Winooski, VT, USA) at
λ = 532 nm. The standard curve was created from a stoichiometrically diluted solution
(1,1,3,3-tetramethoxypropane (TMP; Sigma-Aldrich, St. Louis, MI, USA). The concentration
of TBARS in the plasma of healthy people was 1–6 µmol/L.

2.4.4. Determination of Total Phenolics

The concentration of phenolic compounds in the blood was determined using the
method developed by Singleton and Rossi [26]. This method exploits the ability of oxidation
of phenolic groups by the Folin-Ciocalteu reagent (Chemour, Piekary Śląskie, Poland).
The resulting compounds are converted to a blue complex. The color of the solution
was measured using a Marcel Media plus spectrophotometer (Marcel sp. z o.o., Zielonka,
Poland) at λ = 765 nm. The standard curve was established using standard solutions of gallic
acid (GAE; Sigma-Aldrich, St. Louis, MI, USA). The concentration of total phenolics was
expressed as a GAE equivalent in g/L of plasma. The proper resting reference values were
assumed to be the concentration of total phenolics, which was equal to 2.8–4.0 g GAE/L.

2.5. Statistical Analysis

The sample size was calculated based on data from the study of Najafi Mehri S et al.
After calculation of the power analysis of the Mann–Whitney test (adopting a power as
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1-beta error probability: 80%, effect size: 1.79, and error assumed as alpha: 0.05 (two-
sided), 6 participants were indicated for allocation equally for each test. We decided to
accrue more participants in each test, due to possible dropout [27]. The data are presented
as means and standard deviations (SD). The obtained results were analyzed statistically
using the Dell Statistica data analysis software system (version 13, Dell Inc., Round Rock,
TX, USA). The normality of distributions was verified using the Shapiro–Wilk test. The
Mann–Whitney U test and the Wilcoxon test were employed for non-normally distributed
variables, respectively, to evaluate the significance of differences between the groups and
test dates. Spearman’s rank analysis was used to calculate correlation coefficients. The
level of statistical significance was set at p ≤ 0.05. Effect sizes [ES] were calculated as
the difference between means divided by the pooled standard deviation. Using Cohen’s
(1988) criteria, an ES ≥ 0.20 and <0.50 was considered small, ≥0.50 and <0.80 medium,
and ≥0.80 large [28].

3. Results

Finally, the results of 32 patients (16 male, 16 female) were subjected to a statistical
analysis. The detailed anthropometric characteristics of the respondents are shown in
Table 1. The study groups did not differ significantly in terms of the anthropometric
indicators tested in the first period of the study. COPD was classified as moderate to severe.

Table 1. Participants’ anthropometric characteristics (mean (SD)).

Study Group (n = 20) Control Group (n = 12) p-Value

Age(years) 62.10 (11.28) 60.33 (9.61) 0.6262
Body weight (kg) 79.40 (19.39) 79.50 (11.98) 0.8761
Body height (cm) 166.45 (8.10) 169.92 (7.01) 0.2490

BMI (kg/m2) 28.39 (5.98) 27.38 (2.00) 0.4478
SD: standard deviations; BMI: Body Mass Index.

During the test, patients stayed at the Wielkopolska Centre of Pulmonology and
Thoracosurgery in Poznan, Poland. Therefore, the impact of diet on the potential plasma
antioxidant values can be excluded in the study. During the experiment, the patients
consumed the same meals prepared and delivered by the catering company. The subjects
were also asked not to consume additional food rations and dietary supplements for the
duration of the project and not to perform any additional physical activity. The study group
underwent the same series of spirometry and exercise twice, at the beginning and at the
end of the rehabilitation stay (3 weeks). The results are given in Table 2. It presents, on
the basis of average values, the post-training changes of exercise parameters examined
in the study and control groups. While analyzing the results, it is visible that the use of
additional endurance training in patients positively affected the distance covered by them
in the exercise test, the value of VO2max, and the lung spirometry parameters.

Table 2. The effect of 30 min daily endurance training on spirometric parameters (FEV1/FVC),
VO2max, and distance covered (mean (SD)) on the treadmill test.

Study Group Control Group
Variable I II p-Value I II p-Value

FEV1/FVC (%) 60.52
(16.39)

67.43
(15.31)

0.0010
(ES: 0.436)

54.05
(15.99)

58.02
(19.12) 0.3017

Distance (km) 0.28
(0.12)

0.33
(0.11) 0.1141 0.24

(0.10)
0.19

(0.13)
0.0179

(ES: 0.431)
Velocity
(km/h)

4.33
(0.79)

4.66
(0.69) 0.0801 3.96

(0.80)
3.82

(0.96) 0.1088

VO2max
(mL/kg/min)

19.77
(5.74)

21.37
(5.81) 0.0702 15.38

(4.76)
15.32
(5.02) 0.8240

I: first research period; II: second research period; ES: effect sizes; SD: standard deviations; VO2max: max-
imal oxygen uptake; FEV1/FVC: Tiffeneau–Pinelli index, describing correspondence between the forced
expiratory volume.
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The nature of changes in the resting values of selected biochemical markers and the
differentiated response to the exercise test between the study and control groups on two
dates of studies are shown in Table 3.

Table 3. The effect of exercise tests and 30 min daily endurance training on plasma allantoin, FRAP,
TBARS, and total phenolics concentration (mean (SD)) in patients with COPD.

Study Group Control Group
Variable Period Rest Post-Exercise p-Value Rest Post-Exercise p-Value

Allantoin
(µmol/L)

I 46.31
(29.15)

63.88
(29.50)

0.0030
(ES: 0.599)

24.90
(18.63)

46.06
(27.97)

0.0022
(ES: 0.890)

II 40.69
(27.73)

54.14
(25.73)

0.0031
(ES: 0.503)

26.37
(18.10)

43.87
(22.60)

0.0022
(ES: 0.855)

FRAP
(µmol/L)

I 693.08
(158.15)

718.65
(134.26) 0.6149 917.88

(165.72)
953.75

(141.07) 0.3269

II 689.95
(146.83)

706.44
(135.12) 0.8228 761.86

(175.82)
781.29

(173.57)
0.0277

(ES: 0.111)

TBARS
(µmol/L)

I 3.10
(20.97)

3.07
(1.05) 0.2477 4.65

(1.23)
4.80

(1.34) 0.2361

II 3.55
(1.57)

3.29
(1.25) 0.1729 5.96

(1.52)
5.51

(0.91) 0.4468

Total phenolics
(g GAE/L)

I 1.91
(0.19)

2.11
(0.22)

0.0098
(ES: 0.973)

2.73
(0.40)

2.69
(0.54) 0.8589

II 1.83
(0.39)

1.99
(0.39) 0.0526 2.69

(0.42)
2.77

(0.38) 0.3105

I: first research period; II: second research period; ES: effect sizes; FRAP: ferric reducing ability of plasma; TBARS:
thiobarbituric acid reactive substances.

In the first research period (at the beginning of the treatment), a high correlation
was demonstrated for the entire study group (n = 32) between the VO2max value and the
distance covered in the exercise test (r= 0.7517, p < 0.001) and walking speed (r = 0.7732,
p < 0.001). Moreover, a correlation between the resting concentration of total phenolics and
VO2max (r = −0.4386, p < 0.05), total phenolics and FRAP concentration (r = 0.3915, p < 0.05),
and total phenolics and TBARS concentration (r = 0.4302, p < 0.05) was also demonstrated.

Additionally, the endurance training used in the study group did not cause significant
changes in the results of exercise tests and the concentrations of the tested biochemical in-
dices in the blood. Only a significant change in FEV1/FVC values was recorded (p = 0.0011)
(Tables 2 and 3). The post-training change (∆ VO2max) correlated with the change in dis-
tance (∆ distance) (r = 0.5338, p < 0.05) and walking speed (∆ velocity) (r = 0.5850, p < 0.05),
as well as the change in resting FRAP concentration (∆) (r = −0.5751, p < 0.05).

In the control group, there was a significant decrease in the distance covered by
the patients (p < 0.05). The difference in the distance covered between the study dates
correlated with the change (∆) of the resting blood total phenolics concentration in this
group of patients (r = 0.7783, p < 0.05). The changes in the FEV1/FVC index between the
study dates correlated with the increase in the concentration of blood allantoin during
exercise (r = 0.6833, p < 0.05).

The analysis of changes between the groups showed only a significant difference in the
distance covered (p = 0.0102; ES: 0.0960) and walking speed in the exercise test (p = 0.028;
ES: 0.9750) (Table 2.)

4. Discussion

On the basis of our own studies of patients with moderate levels of COPD, one
found very low FRAP concentrations, equal to 693.08 ± 158.15 µmol/L and equal to
917.88 ± 165.72 µmol/L for the control group, respectively [29]. In addition, in our previ-
ous studies on a group of patients with COPD, one found very low FRAP concentrations,
equal to 567 ± 131 µmol/L at an FEV1/FVC ratio equal to 40% [30]. In their extensive
studies on oxidative stress in COPD, Nadeem et al. [31] found lower concentrations of
FRAP and the activities of both glutathione peroxidase (EC 1.11.1.9) and superoxide dis-
mutase (EC 1.15.1.1), with a simultaneous increase in the concentration of the superoxide
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anion (O2·-) in plasma and glutathione, compared to healthy persons. In addition, they
showed a statistically significant negative correlation between the concentration of FRAP
and the FEV1/FVC ratio. Physical activity, not only in this group of patients but also in
healthy people who perform intense physical effort, caused a 20-fold increase in oxygen
consumption compared to resting conditions. Mitochondrial reactions were accelerated,
resulting in the increase in ROS production. Excessive production of reactive forms of
mitochondrial oxygen, as well as the products of the consumption of antioxidants, and the
change of FRAP concentrations of reactions catalyzed by xanthine oxidase, led to an unsus-
tainable prooxidative and antioxidant balance. The test effort to which the patients were
subjected resulted in a statistically insignificant increase in the concentration of FRAP in the
study group, both in the first period and in the second period of the study. In contrast, the
increase in FRAP concentrations in the second period of study in the control group proved
to be statistically significant (p = 0.027). An exercise-induced increase in the activities of
antioxidant enzymes is not due to the severity of their de novo synthesis, but is caused
by the lack of inhibitors or the presence of activators modifying the rate of enzymatic
reactions [32]. This may indicate a stronger stress disorder of prooxidative and antioxidant
balance in the group that did not undergo endurance training. The literature on the impact
of one-off exercise and training on plasma antioxidant enzymes is broad, and the data
shown are controversial and often contradictory. Hence, there is difficulty in drawing clear
conclusions in the practical application of the FRAP concentration analysis in order to assess
the effectiveness of training or the body’s response to exercise [33]. Studies carried out by
Miyazaki et al. and Woźniak showed that both high-speed training and endurance training
caused an increase in the plasma antioxidant potential in healthy persons [32,33]. As a re-
sult of using endurance training in conjunction with oxygen therapy in the case of patients
with COPD, one did not find any change in the concentration of FRAP in the study group,
while the standard rehabilitation program, with the exception of aerobic exercise, caused a
decrease in the concentration of plasma antioxidant potential from 917.89 ± 165.72 µmol/L
to 761.86 ± 175.82 µmol/L (p = 0.099). It can be assumed that oxygen therapy results in
a greater consumption of antioxidants, and the physical training used in COPD patients
reduces this negative process. Another method evaluating cell oxidative stress is to measure
the concentration of allantoin in the blood. In the available literature, there are no data on
the effect of pulmonary rehabilitation on allantoin concentration in the blood. Hence, it
is difficult to refer to the results of other researchers. In our previous studies on patients
with severe COPD, one found a very high concentration of allantoin in the blood, equal to
40.07 ± 23.68 µmol/L, which was in significant excess of the reference value standards for
this parameter. Concentrations of allantoin observed in these studies were up to three times
higher than average concentrations of this parameter in the blood of healthy persons [34].
Similar concentrations of this metabolite were also observed in the present studies, and
they were 46.31 ± 29.15 µmol/L for the study group, with an average FRAP concentration
equal to 698.08 ± 162.26 µmol/L, and 24.90 ± 18.63 µmol/L for the control group, with an
average FRAP concentration equal to 917.89 ± 165.73 µmol/L, respectively.

The results clearly show the resting disorder of the antioxidant potential of the body in
patients with average COPD. According to the studies, none of the models of rehabilitation
beneficially affected the prooxidative and antioxidant conditions of the organism. Similar
to the analysis of blood FRAP concentration, there were no statistically significant changes
in the resting allantoin concentrations or differences in exercise-induced increases in this
parameter in both groups, as well as in both periods of study. However, in both groups
and on each of the study terms, the test effort to which patients were subjected caused a
statistically significant change in the allantoin concentration in the blood (p < 0.05), without
a significant change in the concentration of TBARS. A similar regularity was described by
Mikami et al. in their elaboration. They believed that allantoin is a better indicator of free
radical changes taking place in the cells than the analysis of TBARS concentrations. During
their studies on a group of healthy people, they observed an increase in the concentration
of allantoin after 30 min of training with an intensity of 100% VO2max, with no change
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in the concentration of TBARS [13]. However, despite the lack of statistically significant
differences in the change in resting concentrations of allantoin between the first and the
second periods of the study in both groups, one demonstrated a statistically significant
correlation (r = 0.7167, p < 0.05) between the change in the exercise-induced allantoin
increase in the blood of the studied patients and the change in the VO2max after 3 weeks
of rehabilitation. The study also showed a significant correlation between the change of
exercise-induced allantoin and FRAP concentration for the study group (r = 0.6833, p < 0.05).
It can, therefore, be concluded that the decrease in the level of exercise tolerance has a
strong effect on the concentration of free radicals in the body, and they are also the main
cause of pathological changes at the cellular level. Therapeutic increases of the VO2max
in patients with COPD result in a decrease in oxidative stress, which can also be assessed
indirectly in plasma lipoproteins and biological membranes.

The TBARS concentration depends not only on the speed of its production but also
on the rate of its utilization in the liver. In the studied group of patients, the resting
TBARS concentration fell within the physiological standards, while the post-training and
post-rehabilitation changes were not statistically significant. This may indicate a lack of
integrity of cell membranes, as a result of both the applied oxygen therapy and endurance
training. An ability of the body to defend against harmful free radicals depends largely
on the amount of antioxidant vitamins (A, C, and β-carotene), total phenolics, and trace
elements (selenium, zinc, and manganese) in the blood [35,36]. Exercise training and
increased oxidative stress occurring in COPD patients increase the organism’s need for
these components. Although it is a known fact that increased amounts of antioxidants
in the diet reduce the symptoms of oxidative stress, there is no guidance in the literature
referring to the accurate amount needed. It probably depends on the severity of the type
of illness and the intensity of physical activity undertaken by the patient [37]. Our own
studies show that COPD patients have a two-fold lower resting blood concentration of total
phenolics when compared with healthy persons. Only in the case of the analysis of exercise-
induced changes in the concentration of total phenolics in the blood of the studied group,
one found a statistical significance in the first period of the study (p = 0.009). In contrast,
decreases in the resting concentration of this parameter after a 3-week rehabilitation period
were not statistically significant in both groups. It can, therefore, be assumed that the
applied rehabilitation programs did not significantly affect the resting concentration of
total phenolics in the blood. Thus, in order to improve the antioxidant capacity of plasma,
it would seem advantageous to incorporate food-source polyphenols or phenolics into the
rehabilitation program. It has been shown in numerous studies that the administration of
antioxidants increases the antioxidant potential of plasma [38,39].

5. Conclusions

Intense oxidative stress was observed in the group of patients with COPD, as measured
by means of blood TBARS and allantoin concentrations. The concentration of allantoin
was a more sensitive marker of the aggravation of free radical changes within the cell.
Endurance training applied as a part of the rehabilitation process did not cause additional
aggravation of the oxidative stress. From a prevention and protection standpoint, the
application of supplementation and/or enriching the diet with antioxidative compounds
in COPD patients to a varied degree of severity seems to be favorable.

Limitations of the Study

Our study has some potential limitations. First, our study design lacked a sham or
non-intervention control group. Second, the treatment intensity and sessions were based
on previous relevant studies. We do not know if a greater number of sessions or treatment
intensity would have revealed greater changes in outcomes or differences between the
two groups.



Nutrients 2022, 14, 1947 11 of 12

Author Contributions: Conceptualization, K.D.; methodology, K.D. and T.P.; software, K.D. and
T.P.; validation, K.D. and T.P.; formal analysis, K.D.; investigation, K.D.; resources, S.G. and M.P.;
data curation, K.D. and T.P.; writing—original draft preparation, K.D., T.P., S.G., and M.P.; writing—
review and editing, K.D. and T.P.; visualization, K.D. and T.P.; supervision, K.D.; project administra-
tion, K.D.; funding acquisition, K.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institute for Research in Biomedicine (IRB) at the
Poznan University of Medical Sciences (3 February 2005; Ethics Approval Number: 236/05).

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 on request from the
corresponding author. The data are not publicly available due to the consent provided by participants
on the use of confidential data.

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

References
1. Fisher, A.B.; Forman, H.J.; Glass, M. Mechanisms of pulmonary oxygen toxicity. Lung 1984, 162, 255–259. [CrossRef] [PubMed]
2. Rahman, I.; MacNee, W. Oxidant/antioxidant imbalance in smokers and chronic obstructive pulmonary disease. Thorax 1996,

51, 348–350. [CrossRef] [PubMed]
3. Couillard, A.; Prefaut, C. From muscle disuse to myopathy in COPD: Potential contribution of oxidative stress. Eur. Respir. J.

2005, 26, 703–719. [CrossRef] [PubMed]
4. Dawson, T.L.; Gores, G.J.; Nieminen, A.L.; Herman, B.; Lemasters, J.J. Mitochondria as a source of reactive oxygen species during

reductive stress in rat hepatocytes. Am. J. Physiol. Cell Physiol. 1993, 264, C961–C967. [CrossRef] [PubMed]
5. Gosker, H.R.; Bast, A.; Haenen, G.R.; Fischer, M.A.; van der Vusse, G.J.; Wouters, E.F.; Schols, A.M. Altered antioxidant status in

peripheral skeletal muscle of patients with COPD. Respir. Med. 2005, 99, 118–125. [CrossRef]
6. Rahman, I.; Skwarska, E.; MacNee, W. Attenuation of oxidant/antioxidant imbalance during treatment of exacerbations of

chronic obstructive pulmonary disease. Thorax 1997, 52, 565–568. [CrossRef]
7. Lekakis, J.; Rallidis, L.S.; Andreadou, I.; Vamvakou, G.; Kazantzoglou, G.; Magiatis, P.; Skaltsounis, A.L.; Kremastinos, D.T.

Polyphenolic compounds from red grapes acutely improve endothelial function in patients with coronary heart disease. Eur. J.
Cardiovasc. Prev. Rehabil. 2005, 12, 596–600. [CrossRef]

8. Hertog, M.G.; Kromhout, D.; Aravanis, C.; Blackburn, H.; Bbuzina, R.; Fidanza, F.; Giampaoli, S.; Jansen, A.; Menotti, A.;
Nedeljkovic, S.; et al. Flavonoid intake and long-term risk of coronary heart disease and cancer in the seven countries study. Arch.
Intern. Med. 1995, 155, 381–386. [CrossRef]

9. Hellsten, Y.; Apple, F.S.; Sjödin, B. Effect of sprint cycle training on activities of antioxidant enzymes in human skeletal muscle. J.
Appl. Physiol. 1996, 81, 1484–1487. [CrossRef]

10. Restani, P. Polyphenol-rich foods for human health. Nutrients 2020, 12, 3738. [CrossRef]
11. Alara, O.R.; Abdurahman, N.H.; Ukaegbu, C.I. Extraction of phenolic compounds: A review. Curr. Res. Food. Sci. 2021, 4, 200–214.

[CrossRef] [PubMed]
12. Hellsten, Y.; Tullson, P.C.; Richter, E.A.; Bangsbo, J. Oxidation of urate in human skeletal-muscle during exercise. Free Radic. Biol.

Med. 1997, 22, 169–174. [CrossRef]
13. Mikami, T.; Kita, K.; Tomita, S.; Qu, G.J.; Tasaki, Y.; Ito, A. Is Allantoin in serum and urine a useful indicator of exercise-induced

oxidative stress in humans? Free Radic. Res. 2000, 32, 235–244. [CrossRef]
14. Karapolat, H.; Atasever, A.; Atamaz, F.; Kirazlı, Y.; Elmas, F.; Erdinç, E. Do the benefits gained using a short-term pulmonary

rehabilitation program remain in COPD patients after participation? Lung 2007, 185, 221–225. [CrossRef] [PubMed]
15. Puhan, M.A.; Gimeno-Santos, E.; Scharplatz, M.; Troosters, T.; Walters, E.H.; Steurer, J. Pulmonary rehabilitation following

exacerbations of chronic obstructive pulmonary disease. Cochrane Database Syst. Rev. 2011, 12, CD005305. [CrossRef]
16. Ortega, F.; Toral, J.; Cejudo, P.; Villagomez, R.; Sánchez, H.; Castillo, J.; Montemayor, T. Comparison of Effects of Strength and

Endurance Training in Patients with Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. 2002, 166, 669–674. [CrossRef]
17. Hanneke, A.C.; van Helvoort, H.A.; Heijdra, Y.F.; Heunks, L.M.; Meijer, P.L.; Ruitenbeek, W.; Thijs, H.M.; Dekhuijzen, P.R.

Supplemental oxygen prevents exercise-induced oxidative stress in muscle-wasted patients with chronic obstructive pulmonary
disease. Am. J. Respir. Crit. Care Med. 2006, 173, 1122–1129.

18. Carpagnano, G.E.; Kharitonov, S.A.; Foschino-Barbaro, M.P.; Resta, O.; Gramiccioni, E.; Barnes, P.J. Supplemental oxygen in
healthy subjects and those with COPD increases oxidative stress and airway inflammation. Thorax 2004, 59, 1016–1019. [CrossRef]

19. Philips, M.; Cataneo, R.N.; Greenberg, J.; Grodman, R.; Gunawardena, R.; Naidu, A. Effect of oxygen on breath markers of
oxidative stress. Eur. Respir. J. 2003, 21, 48–51. [CrossRef]

http://doi.org/10.1007/BF02715655
http://www.ncbi.nlm.nih.gov/pubmed/6392761
http://doi.org/10.1136/thx.51.4.348
http://www.ncbi.nlm.nih.gov/pubmed/8733482
http://doi.org/10.1183/09031936.05.00139904
http://www.ncbi.nlm.nih.gov/pubmed/16204604
http://doi.org/10.1152/ajpcell.1993.264.4.C961
http://www.ncbi.nlm.nih.gov/pubmed/8386454
http://doi.org/10.1016/j.rmed.2004.05.018
http://doi.org/10.1136/thx.52.6.565
http://doi.org/10.1097/00149831-200512000-00013
http://doi.org/10.1001/archinte.1995.00430040053006
http://doi.org/10.1152/jappl.1996.81.4.1484
http://doi.org/10.3390/nu12123738
http://doi.org/10.1016/j.crfs.2021.03.011
http://www.ncbi.nlm.nih.gov/pubmed/33899007
http://doi.org/10.1016/S0891-5849(96)00286-9
http://doi.org/10.1080/10715760000300241
http://doi.org/10.1007/s00408-007-9011-4
http://www.ncbi.nlm.nih.gov/pubmed/17487535
http://doi.org/10.1002/14651858.CD005305
http://doi.org/10.1164/rccm.2107081
http://doi.org/10.1136/thx.2003.020768
http://doi.org/10.1183/09031936.02.00053402


Nutrients 2022, 14, 1947 12 of 12

20. Miller, M.R.; Hankinson, J.A.; Brusasco, V.; Burgos, F.; Casaburi, R.; Coates, A.; Crapo, R.; Enright, P.; van der Grinten, C.P.M.;
Gustafsson, P.; et al. ATS/ERS Task Force: Standardisation of lung function testing—Standardisation of Spirometry. Eur. Respir. J.
2005, 26, 319–338. [CrossRef]

21. Pereira, C.A.C.; Barreto, S.P.; Simões, J.G.; Pereira, F.W.L.; Gerstler, J.G.; Nakatani, J. Valores de referência para espirometria em
uma amostra da população brasileira. J. Pneumol. 1992, 18, 10–12.

22. Jetté, M.; Campbell, J.; Mongeon, J.; Routhier, R. The Canadian Home Fitness Test as a predictor of aerobic capacity. Can. Med.
Assoc. J. 1976, 114, 680–682. [PubMed]

23. Kock, R.; Delvoux, B.; Greiling, H. A high-performance liquid chromatographic method for the determination of hypoxanthine,
xanthine, uric acid and allantoin in serum. Eur. J. Clin. Chem. Clin. Biochem. 1993, 31, 303–310. [CrossRef] [PubMed]

24. Benzie, I.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal.
Biochem. 1996, 239, 70–76. [CrossRef] [PubMed]

25. Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. Biochem. 1979,
95, 351–358. [CrossRef]

26. Singleton, V.L.; Rossi, J.A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol.
Vitic. 1965, 16, 144–158.

27. Mehri, S.N.; Khoshnevis, M.A.; Zarrehbinan, F.; Hafezi, S.; Ghasemi, A.; Ebadi, A. Effect of treadmill exercise training on VO2
peak in chronic obstructive pulmonary disease. Tanaffos 2007, 6, 18–24.

28. Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Lawrence Erlbaum Associates: Hillsdale, NJ, USA, 1988.
29. Podgórski, T.; Kowalczyk, K.; Barinow-Wojewódzki, A. Antioxidative potential of plasma and free radical reactions in the plasma

of patients with chronic obstructive pulmonary disease (COPD). In Monographe; Poznan University of Physical Education: Poznań,
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