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Exercise intolerance is one of the major symptoms of chronic obstructive pulmonary disease (COPD).
Exercise training can benefit COPD patients, but the underlying mechanism remains unclear. The
modified Total Body Recumbent Stepper (TBRS, Nustep-T4) can benefit patients with stroke, spinal
cord injury and amyotrophic lateral sclerosis. Nevertheless, the effect of TBRS training alone on
pulmonary rehabilitation (PR) in COPD patients remains largely unknown. We aimed to explore the
effect of TBRS training on exercise capacity and the thioredoxin system (TRXS) in COPD patients to
provide a novel rehabilitation modality and new theoretical basis for PR of COPD patients. Ninety
stable COPD patients were randomly divided into a control group (NC group) and a TBRS training
group (TBRS group), with 45 cases in each group. Subjects in the TBRS training group were scheduled
to undergo TBRS endurance training triweekly for 12 weeks under the guidance of a rehabilitation
therapist. We assessed the primary outcome: exercise capacity (6-min walking distance, 6MWD); and
secondary outcomes: perception of dyspnoea (mMMRC, Borg), the COPD assessment test (CAT), the
BODE index, pulmonary function, the number of acute exacerbations of COPD and oxidative stress
(TRXS) at one-year follow-up. Compared with before the intervention and the control group, after
the intervention, the TBRS training group, exhibited an increase in the 6MWD (from 366.92 + 85.81
t0 484.10+71.90, 484.10+71.90 vs 370.63 +79.87, P<0.01), while the scores on the BORG, mMRC,
BODE index, CAT, and the number of acute exacerbations of COPD were reduced, and the protein
and mRNA expression levels of TRXS was significantly increased (P < 0.01). However, no differences
were found in PF parameters in the comparison with before the intervention or between groups. TBRS
training can effectively increase exercise capacity, while there are indications that it can alleviate
COPD-related dyspnoea and reduce the number of acute exacerbations of COPD. Interestingly, long-
term regular TBRS training may reduce oxidative stress associated with COPD to increase exercise
capacity.

Abbreviations

BMI Body mass index

6MWD 6-Minute walk distance

BODE Body mass index, airflow obstruction, dyspnea, and exercise capacity index
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Chronic obstructive pulmonary disease (COPD) is a preventable and treatable disease characterized by persistent
airflow restriction, which is usually progressive and seriously affects exercise ability and quality of life!. Most
COPD patients have reduced exercise capacity, which seriously affects their quality of life. Pulmonary rehabilita-
tion (PR) is one of the main management strategies for stable COPD and has been recommended by the Global
Initiative on COPD as the primary method of nonpharmacological treatment. Moreover, exercise training is
considered the cornerstone of PR, and can improve exercise capacity and physical symptoms and significantly
improve quality of life in COPD patients®. However, due to exercise intolerance, many COPD patients are often
unable to achieve the target intensity or duration of exercise prescription to obtain the benefits, which is espe-
cially true in for individuals with moderate or severe COPD. Total Body Recumbent Stepper (TBRS) training
can benefit patients with stroke, spinal cord injury and amyotrophic lateral sclerosis®~>.

Nevertheless, the effect of TBRS training alone on pulmonary rehabilitation in COPD patients remains largely
unknown. This paper explored the effect of TBRS training on exercise capacity and thioredoxin system (TRXS)
in stable COPD patients and provides a novel rehabilitation modality and theoretical basis for pulmonary reha-
bilitation in moderate and severe COPD patients.

Upper and lower limb exercises are equally important. Upper limb exercise training can increase forearm
motility, reduce the need for ventilation and improve upper limb exercise endurance. TBRS training simulates
normal body movement in daily life, in which the upper limbs are flexed, and the lower limbs are in pedal move-
ment mode, so that the upper and lower limbs can obtain active or passive exercise training at the same time, and
the movement resistance and duration can be set to attain the target heart rate. TBRS training is an alternative
exercise modality commonly used in fitness and rehabilitation settings. Due to the prevalence of low physical
activity in COPD patients, it is essential to promote regular physical activity in this segment of the population,
especially for those with moderate and severe COPD with severe physical symptoms.

Oxidative stress is an important feature of the pathogenesis of COPD. Many studies have shown that com-
pared with healthy people, COPD patients have increased pulmonary oxidative stress®'!. TRXS is one of the
major antioxidant systems in the body. However, the mechanism by which TRXS is involved in the pathogenesis
of COPD is still not clear. TRXS, composed of thioredoxin (TRX) and thioredoxin reductase (TRXR), plays a
key role in the regulation of redox balance and cell proliferation. TRXS is considered a biomarker of oxidative
stress'? and plays an antioxidative stress role in cells'®. Redox imbalance results in tissue damage and systemic
inflammation in COPD patients, while exercise training can effectively reduce oxidative stress in the body and
increase exercise tolerance'®. Aiming at the target of antioxidant therapy for COPD, exercise training may pro-
mote the expression of the endogenous antioxidant TRXS in the body and have an effect on the treatment and
rehabilitation of COPD patients.

Methods

Study design. All recruited COPD patients were followed up in the Department of Respiratory Medicine
and the Department of Elderly Respiratory Medicine of Hunan Provincial People’s Hospital from June 2016
to April 2020. This study was approved by the Ethics Committee of Hunan Provincial People’s Hospital (No.
2015020-1), all methods performed were in accordance with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards. The study was retrospectively registered at the Chinese Clinical Trial
Registry on 23/10/2021 (No. ChiCTR2100052230). All the enrolled patients were informed of the relevant
details before the study, and all participants signed an informed consent form including publication of iden-
tifying information/images in an online open-access publication. Each patient’s contact information, address,
age, past history, pulmonary function test (PFT), pulmonary rehabilitation measurements and number of acute
exacerbations of COPD before and after a year were collected. Reporting of this trial was consistent with the
Consolidated Standard of Reporting Trials statement'®.

Scientific Reports |

(2022) 12:11139 |

https://doi.org/10.1038/s41598-022-15466-2 nature portfolio



www.nature.com/scientificreports/

Figure 1. COPD volunteers was performing exercise training on the TBRS while inhaling oxygen.

Recruitment of subjects. Of the 100 COPD subjects initially enrolled, 90 eligible COPD patients who
met the inclusion criteria were included in the clinical trial. These patients were randomly assigned to the con-
trol group (NC group) or the TBRS training group (TBRS group) according to a computer-generated sequence
using a simple randomization method. The randomization list was concealed in sequentially numbered, sealed,
opaque envelopes and prepared by an independent physician not involved in subject recruitment. Each new
subject was assigned a sequential number, and then the corresponding envelope was opened to decide which
group they would enter.

The inclusion criteria were (a) COPD stage II-IIT and (b) maintenance of stable COPD condition for more
than 4 weeks according to the Chronic Obstructive Lung Disease guidelines (GOLD)*.

The exclusion criteria were (a) contraindications to exercise training; (b) conditions that might affect the
pulmonary oxidative stress response!”'®: serious liver, kidney and endocrine diseases; diseases of the nervous
system; serious cardiovascular and cerebrovascular diseases; connective tissue diseases; glaucoma and (c) anti-
oxidant treatment.

Study interventions. All the enrolled COPD patients maintained stable COPD drug therapy according
to GOLD'®. Participants in the NC group kept their daily activities as usual and were followed up by telephone.
The COPD patients in the TBRS group performed exercise training on a TBRS (NuStep-T4, America) under
the guidance of a rehabilitation therapist in the pulmonary rehabilitation room. TBRS could synchronously
display the patient’s pace frequency, pace speed, accumulated steps, heart rate and heat, and the resistance of
the instrument could be adjusted from grade 1 to 10 according to the patient’s situation. Heart rate reserve
(HRR) was used to evaluate the intensity of exercise training'’, target heart rate (THR) was calculated as
(HRmax — HRrest) x expected intensity %+ HRrest, HRmax was 220—age and the expected intensity was ini-
tially 60% and increased gradually according to the patient’s adaptive intensity?. Participants in the TBRS group
were advised to speed up at a lower grade load initially and/or increase the load to achieve higher exercise inten-
sity under the guidance of a rehabilitation therapist, and the duration of the exercise protocol was 12 weeks, with
three 30-min sessions per week. Blood oxygen saturation and heart rate were monitored, and COPD patients
were required to inhale oxygen if their oxygen saturation fell below 88% (Fig. 1). We performed two assessments
(in the TBRS group at enrolment and after 12 weeks of TBRS training intervention, and in the NC group at
enrolment and 12 weeks later) for all enrolled COPD patients.

The drop-out criteria were (a) death, (b) acute exacerbation of COPD according to GOLD, (c) withdrawal
from the study for objective reasons and (d) inability to exercise due to a sudden external condition.

Primary objective assessment.  Exercise capacity assessment.  Before and after the intervention, exercise
capacity was evaluated for all enrolled COPD patients according to the 6-min walking distance (6MWD), which
was conducted for COPD patients according to the “6-min walking test guideline” formulated by the American
Thoracic Society (ATS)?!.

Secondary objective assessment. Physical symptoms and COPD assessment. Before and after the in-
tervention, dyspnoea was assessed using the Modified British Medical Research Council (mMRC) Respiration
Questionnaire?? and the Borg Scale?. The COPD Self-Assessment Test (CAT)** and the BODE index* (body
mass index, airflow obstruction, dyspnoea, and exercise capacity index) were used for comprehensive assess-
ment of COPD.
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Measurement of pulmonary function. Before and after the intervention, all enrolled COPD patients were
assessed for pulmonary function (JAEGER master screen body plethymograph, Germany)®. Then, we chose
FEV,% pred and FEV,/FVC for statistical analysis.

Measurement of oxidative stress. Before and after the intervention, patients were asked to avoid moderate- and
high-intensity exercise for 2 h. A 10 ml volume of peripheral blood of included patients was divided into two
EDTA anticoagulant tubes. The protein and mRNA expression of TRX and TRXR were examined by ELISA
(CUSABIO, China) and real-time PCR, respectively.

Statistical analysis. The power calculation for exercise capacity (6MWD) was performed according to
previous studies of pulmonary rehabilitation exercise training for COPD intervention”**. We conservatively
estimated the standard deviation to be 18 m (twice as high as reported) in 6MWD and proposed a sample size of
45 patients in each group (alpha=0.05, power =0.9 and assuming a loss percentage of 15%).

SPSS Statistics v. 26.0 (IBM Corp., Armonk, NY, USA) was used for statistical analysis. In this study, compari-
son of test results before and after the intervention was performed using paired or repeated-measures Student’s
t tests, and the data were expressed as the mean + variance (x +s) when the measurement data conformed to
the normal distribution and met the assumption of homogeneity of variance; otherwise, the Wilcoxon test was
applied and the data were represented as the median and interquartile range (M [P25-P75]). Comparisons
between groups were performed using one-way analysis of variance (ANOVA) or the Welch test where appropri-
ate, and for data that did not follow a normal distribution, we applied the Kruskal-Wallis test. A P value <0.05
indicated a statistically significant difference.

Ethics statement and consent to participate. This study was approved by the Ethics Review Com-
mittee of the Hunan Provincial People’s Hospital and all participants signed informed consent (No. 2015020-1).

Results

One hundred patients with moderate to severe obstruction in a stable phase of COPD were assessed for eligibility,
but only 90 patients were enrolled. In the NC group, five COPD patients dropped out (five for acute exacerbation
of COPD), and in the TBRS group, six COPD patients dropped out (five for acute exacerbation of COPD and
one for lack of exercise motivation). A flow diagram detailing the recruitment of patients can be found in Fig. 2.
Accordingly, the analysis was based on 40 patients in the NC group and 39 patients in the TBRS group. The
baseline characteristics of the COPD patients who constituted the study population are presented in Table 1. All
patients were of Asian descent, strictly met the inclusion and exclusion criteria and were being treated according
to the GOLD standard of COPD treatment. Patients had moderate to severe airflow obstruction. No differences
in age, sex distribution or pulmonary function were found in patients belonging to the two study groups.

Primary outcome. Exercise capacity assessment. ~After 12 weeks of TBRS training, exercise capacity im-
proved in the TBRS group but not in the NC group. Compared with before intervention, the 6 MWD was sig-
nificantly increased in the TBRS group (from 366.92 +85.81 to 484.10+71.90, P=0.00). Compared with the
NC group, the 6MWD was also increased in the TBRS group (484.10+71.90 versus 370.63 +79.87, P=0.00)
(Fig. 3A).

Secondary outcomes. Dyspnoea assessments. After the intervention, compared with before interven-
tion, the mMRC and Borg scale scores were reduced in the TBRS group (P=0.00). Compared with the NC
group, the mMRC (Fig. 3B) and Borg scale (Fig. 3C) scores were also reduced in the TBRS group (P=0.00).

The CAT score and BODE index assessment.  After the intervention, compared with before intervention, the
CAT score decreased (from 22.15+4.83 to 14.08 +3.31, P=0.00), and the BODE index was reduced in the TBRS
group (P=0.00). Compared with the NC group, the CAT score (Fig. 3D) and BODE index (Fig. 4A) was also
decreased in the TBRS group (P=0.00).

Assessment of the number of acute exacerbations. ~ After the intervention, compared with before intervention, the
number of acute exacerbations of COPD in the past year was reduced in the TBRS group (P=0.00); in a com-
parison between groups, we found differences between the TBRS group and the NC group (P=0.00) (Fig. 4B).

Pulmonary function test. After the intervention, compared with before intervention, there was no significant
difference in FEV,%pred (Fig. 4C) or FEV /FVC (Fig. 4D) in either the TBRS or NC group. In a comparison
between groups, we found no differences.

Measurement of oxidative stress. After the intervention, compared with before intervention, the protein and
mRNA expressions levels of TRX (Fig. 5A,B) and TRXR (Fig. 5C,D) were significantly increased in the TBRS
group (P=0.00); in a comparison between groups, the TRX and TRXR protein and mRNA expressions levels in
the TBRS group were also higher than those in the NC group (P=0.00).
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Figure 2. Flow diagram of the study.

Items NC group (n=45) TBRS group (n=45) Pvalue
Age (years), M+SD 72.67+7.21 7227+7.16 0.79
FEV,%pred, M +SD 40.57£13.64 43.66+14.76 0.30
FEV,/FVC, M+SD 43.82+9.98 46.37+10.56 0.24
6MWD (m), M+SD 375.36+£72.92 367.11+£84.83 0.62
mMRC, median (IQR) 3.0 (2.0-3.0) 3.0 (2.0-3.0) 0.52
Borg, M+SD 524+1.92 496+1.78 0.46
CAT,M+SD 23.87+4.28 22.33+4.51 0.10
BODE, median (IQR) 5.0 (4.00-7.00) 4.0 (3.00-6.00) 0.13
Smoking index, M+ SD 880.53+£570.57 914.71 £681.37 0.80
BMI, median (IQR) 21.64+1.81 22.11+£1.50 0.19

Table 1. The main data at baseline (before the interventions). FEV1, forced expiratory volume in 1 s;
FEV1%pred, forced expiratory volume in 1 s% prediction; FVC, forced vital capacity; 6 MWD, 6-min walk
distance; mMRC, modified British medical research council dyspnea questionnaire; Borg, Borg dyspnea score;
CAT, COPD assessment test; BODE, body mass index, airflow obstruction, dyspnea, and exercise capacity
index; BMI, Body mass index; Smoking index, number of cigarettes smoked per day - number of years smoked.
M+ SD, mean + standard deviation; IQR, interquartile range.

Discussion

COPD patients have varying degrees of exercise intolerance, activity limitation and reduced social adaptability,
which greatly affect health-related quality of life. This is the first study to explore the effect of TBRS training
on exercise capacity and thioredoxin in moderate and severe COPD patients. Our study found that after the
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Figure 3. Measurement of pulmonary rehabilitation in the two groups before and after intervention. (A) The

6 min walk distance (6MWD); (B) the Modified British Medical Research Council (nMRC); (C) the Borg scale;
(D) the COPD Self-assessment Test (CAT); (*P=0.00 compared with before intervention, **P=0.00 compared
with the control group).

intervention, in the TBRS training group, the 6SMWD and the protein and mRNA expression levels of TRXS
were significantly increased.

Exercise intolerance is one of the major symptoms of COPD, which is affected by multiple factors and
greatly affects the health-related quality of life of COPD patients and even leads to inability to carry out activities
of daily living and self-care. Muscle disuse will result in essential changes to the peripheral muscles of COPD
patients. Systemic inflammation and oxidative stress may further aggravate peripheral muscle dysfunction,
thus reducing the exercise tolerance of COPD patients. Studies have shown that oxidative stress induced by a
systemic inflammatory response is one of the main mechanisms leading to exercise intolerance. This suggests
that alleviating oxidative stress may be a therapeutic target for increasing exercise tolerance in COPD patients™.
The 6MWD is an independent predictor of exercise capacity* and mortality in the COPD population; the rela-
tive mortality risk of COPD is reduced by 0.4% for every metre increase in walking distance, and the mortality
risk is reduced by 17.6% for every 50 m increase after pulmonary rehabilitation®’. Our research found that after
the intervention, the 6 MWD was significantly improved in the TBRS group (Fig. 3A), which showed that TBRS
training significantly improved exercise endurance in moderate and severe COPD patients, consistent with
previous studies>'**,

Activation of the oxidative stress adaptation response is one possible mechanism responsible for the increase
in exercise capacity. Oxidative stress is one of the important pathologies of COPD, and TRXS plays a very
important role in oxidative stress. In COPD patients, there is a decrease in the function or activity of antioxi-
dant enzymes and the loss or lack of nonenzymatic antioxidants, resulting in oxidation products that cannot be
removed or restored in a timely and effective manner and thus an oxidation/antioxidation imbalance*. In another
study in which needle biopsies of the vastus lateralis before and after endurance training were obtained, COPD
patients showed a reduced ability to adapt to endurance training, reflected in a lower capacity to synthesize the
antioxidant reduced glutathione®.

Although exercise training increases the antioxidant capacity of COPD patients, strenuous exercise and acute
exercise loading have the opposite effect, increasing oxidative stress. However, long-term and efficient exercise
training efficiently raises antioxidant capacity without increasing oxidative stress’~>***’. Pinho et al.’ found that
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Figure 4. Measurement of pulmonary rehabilitation in the two groups before and after intervention. (A) the
body mass index, airflow obstruction, dyspnea, and exercise capacity index (BODE); (B) the number of acuter
exacerbations of COPD; C, FEV,/pred%; D, FEV,/FVC; (*P=0.00 compared with before intervention, **P=0.00
compared with the control group).

COPD patients are characterized by increased systemic and pulmonary oxidative stress markers, both at rest and
induced by the cardiopulmonary exercise test, and the pulmonary rehabilitation programme was associated with
decreased systemic exercise-induced oxidative damage. A study by Mercken et al.* found that COPD patients
have increased levels of oxidative stress, and exercise training can effectively reduce the body’s oxidative stress
and increase exercise tolerance. Sensson et al.*® found that exercise training can enhance the antioxidant activity
of glutathione (GSH), which can increase the antioxidant capacity of skeletal muscle and improve exercise endur-
ance. Similarly, Rodriguez et al. reported that in severe COPD patients, high-intensity exercise training of long
duration improves exercise capacity while preventing the enhancement of systemic and muscle oxidative stress®.
Nemoto et al.*’ conducted 8 weeks of pulmonary rehabilitation exercise training with 12 stable COPD patients.
Serum oxidative stress markers were detected before and after the experiment, which showed that exercise
training not only improves the exercise capacity of COPD patients but also reduces whole-body oxidative stress.

Our study is the first to analyse the effects of long-term regular exercise training on TRXS. We found that
the protein and mRNA expression levels of TRX and TRXR in the serum of COPD patients were increased after
12 weeks of TBRS exercise training (Fig. 5). Therefore, we speculated that long-term regular exercise training
may improve the expression of the antioxidant substance TRXS, thus increasing antioxidant capacity and reduc-
ing whole-body oxidative stress.

Dyspnoea or exertional dyspnoea is a common clinical symptom in COPD patients, presenting with progres-
sive aggravation and serious effects on health-related quality of life. In our study, the mMRC score was used for
preliminary assessment of dyspnoea, and the Borg scale score was mainly used for accurate assessment of the
degree of dyspnoea after the 6-min walking test. The results showed that after the intervention, the mMRC score
and Borg scale were significantly reduced (Fig. 3B,C), which indicated that TBRS training significantly improved
dyspnoea in moderate and severe COPD patients, consistent with previous studies'**.

The BODE index, which includes nutritional status, pulmonary function, exercise status and dyspnoea,
comprehensively reflects the systemic status of COPD patients and can predict mortality in COPD patients*'.
Cote et al.** found that after pulmonary rehabilitation, the BODE index improved, and in COPD patients the
BODE index improved by 19% but returned to baseline after 2 years, with a mortality rate of 7% after 2 years.
In patients who did not receive pulmonary rehabilitation, the BODE index increased by 4% after 1 year and
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Figure 5. The expressions of TRX, TRXR protein and mRNA in the peripheral blood of the two groups before
and after intervention. (A) the protein expression of TRX; (B) the mRNA relative expression of TRX; (C) the
protein expression of TRXR; (D) the mRNA relative expression of TRXR; (*P=0.00 compared with before
intervention, **P=0.00 compared with the control group).

18% after 2 years, and mortality was as high as 39%. Candemir et al.** found that after pulmonary rehabilitation,
changes in BODE scores were significantly correlated with improvements in dyspnoea, exercise capacity and
quality of life, and the BODE score could be a better predictor of pulmonary rehabilitation efficacy than some
individual variables such as BMI or FEV1.

Our research also found that after 12 weeks of exercise training intervention, TBRS training decreased the
CAT score (Fig. 3D) and BODE index (Fig. 4A), and the number of acute exacerbations of COPD in the past
year was reduced (Fig. 4B), consistent with previous studies®*'~**. However, no differences were found in PF
parameters in the comparison before the intervention or between groups (Fig. 4C,D), consistent with previous
studies**,

The principal limitations in this study were that (a) it was a single-centre study with patients from one region;
(b) other complications cannot be completely ruled out; (c) no other forms of exercise were included for com-
parison; (d) other indicators of oxidative stress were not detected and (e) this was a descriptive rather than an
in-depth mechanistic study.

Conclusions

TBRS training can effectively increase exercise capacity, while there are indications that it can alleviate COPD
symptoms of dyspnoea and reduce the number of acute exacerbations of COPD. Interesting, long-term regular
TBRS training may reduce the oxidative stress associated with COPD to increase exercise capacity.

Data availability
The data used and analyzed in this study are available from the corresponding author on reasonable request.
E-mail: zhuliming3298@163.com.
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