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Chronic kidney disease (CKD) is a global health problem. In patients with CKD, exercise endurance is decreased,
especially as renal dysfunction advances. This is due to the combined effects of protein-energy wasting, uremic acidosis,
and inflammatory cachexia, which lead to sarcopenia and are aggravated by a sedentary lifestyle, resulting in a
progressive downward spiral of deconditioning.
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| 1. Introduction

Chronic kidney disease (CKD) is a global health problem. For example, the number of CKD patients in Japan is more than
11% of the total population. The number of patients undergoing hemodialysis (HD) in Japan is 349,700, corresponding to
1 in 359 of the total population in 2021 &,

Further, CKD is associated with premature aging. Patients with CKD are characterized by frailty, osteoporosis, muscle
wasting, cardiovascular hypertrophy, and vascular calcification [&. Patients with CKD with dialysis have a very high
mortality risk due to cardiovascular diseases such as chronic heart failure, and sedentary patients with CKD undergoing
dialysis have an even higher mortality risk . An independent, graded association has been found between a reduced
glomerular filtration rate (GFR) and the risk of cardiovascular events, hospitalization, and death 4. In addition to being a
strong cardiovascular risk factor, physical inactivity is associated with an increased risk of rapid decline in renal function in
patients with CKD &,

In patients with CKD, exercise endurance is decreased, and this becomes more distinct as renal dysfunction advances.
This is due to the combined effects of protein-energy wasting (PEW), uremic acidosis, and inflammatory cachexia, which
lead to sarcopenia and are aggravated by a sedentary lifestyle. Collectively, these factors result in a progressive
downward spiral of deconditioning .

Renal rehabilitation (RR) is a coordinated, multifaceted intervention designed to optimize a patient's physical,
psychological, and social functioning, as well as to stabilize, slow, or even reverse the progression of renal deterioration,
improving exercise tolerance and preventing the onset and worsening of heart failure, thereby reducing morbidity and
mortality. 8171,

| 2. CKD and Physical Inactivity

Physical inactivity is a major health problem. Regular exercise is important for maintaining good health and preventing
chronic diseases. Moreover, an association between physical inactivity and poor outcomes in patients with CKD has been
well established B, patients with CKD typically engage in lower levels of physical activity than the general population,
which can induce a catabolic state, including reduced neuromuscular functioning, exercise tolerance, and
cardiorespiratory fitness.

In addition to physical inactivity, cardiorespiratory (CR) fithess is an important consideration, as a strong predictor of
mortality BAL | ow CR fitness has a particularly high risk of death compared to that for other common risk factors, such
as dyslipidemia, hypertension, and diabetes. 22, CR fitness is defined as the ability of the respiratory and circulatory
systems to supply oxygen during physical activity, and is usually expressed as the maximal oxygen uptake (VO, max) or
peak oxygen uptake (peak VO,) during exercise testing 13, VO, max is the maximum rate of oxygen consumption
attainable during physical exertion. A similar measure is peak VO,, which is the measurable value from a session of
physical exercise. Be it incremental or otherwise, it could match or underestimate the actual VO, max. Figure 1 shows the
five major determinants of VO, max, peak VO,, and their relationships in CKD 4], The gears in Figure 1 represent the
functional interdependence of the physiological components of the system. Pulmonary diffusion capacity, cardiac output,



oxygen-carrying capacity, renal function, and other peripheral limitations such as capillary density, muscle diffusion
capacity, and mitochondrial enzymes are all examples of VO, determinants.
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Figure 1. The five major determinants of VO, max, peak VO,, and their relationships in CKD. The gears represent the
functional interdependence of the physiological components of the system. Cardiac output, pulmonary diffusion capacity,
oxygen-carrying capacity, renal function, metabolic acidosis, and other peripheral limitations, such as muscle diffusion
capacity, mitochondrial enzymes, and capillary density, are all examples of VO, max determinants. VO,, O, uptake;
VCO,, CO, output; QCO,, CO, production; QO,, O, consumption by cells.

An increase in O, utilization by the muscles (QO,) is achieved by an increase in ventilation, an increase in pulmonary
blood flow by recruitment and vasodilatation of pulmonary blood vessels, an increase in cardiac output (stroke volume and
heart rate), dilatation of selected peripheral vessels, and increased extraction of O, from the blood perfusing the muscles.
O, is taken up from the alveoli (VO,) in proportion to the pulmonary blood flow and degree of O, desaturation of
hemoglobin in the pulmonary capillary blood. Metabolic acidosis in CKD patients promotes protein-energy wasting (PEW)
18] muscle protein wasting, and reducing protein synthesis 2817, |n addition to sarcopenia by physical inactivity, PEW,
metabolic acidosis, angiotensin Il accumulation, and myostatin overexpression in uremia also contribute to the
pathogenesis of muscle wasting, especially in CKD 28, Erythropoietin can increase VO, max in humans 22,

| 3. Chronic Effects of Exercise in CKD Animal Models

Evidence of the benefits of regular exercise in long-term conditions is accumulating. Further, the influence of chronic
exercise on renal function must be considered, as acute exercise causes proteinuria, reduction in renal blood flow, and
reduction in GFR. As it is shown clinically, sudden severe exercise decreases renal function 2221, However, such intense
exercise cannot be performed for long. In other words, it is important to look at the effects of exercise over the long term.
However, there is insufficient information regarding the influence of chronic exercise on renal function and the effect of
exercise in pre-dialysis patients with CKD. For instance, the optimal duration and intensity of exercise for CKD patients
with pre-dialysis has not yet been determined.

Since the late 1990s, my colleagues and | have published several papers in this field. Researchers assessed the renal
effects of moderate treadmill chronic exercise in several CKD rat models and found that exercise does not worsen renal
function and had renoprotective effects in some rat models, such as a remnant kidney model of genetic hypertensive rats
(221, 5/6-nephrectomized rats 23], diabetic nephropathy rats 241, and Zucker diabetic rats 25,

| 4. Chronic Effect of Exercise in Patients with CKD Undergoing Dialysis

In the Dialysis Outcomes and Practice Patterns Study, patients with CKD undergoing dialysis who were regular exercisers
had higher health-related quality of life (HR-QOL), sleep quality scores, and physical functioning; the study also reported
fewer limitations in physical activities than those who were not regular exercisers (. Regular exercise was also correlated
with more positive patient effects and fewer depressive symptoms & Further, in models extensively adjusted for
demographics and comorbidities, the mortality risk was lower with regular exercise and at facilities with more regular
exercisers (&,

Meta-analyses of randomized controlled trials (RCTs) have reported that regular exercise training in patients with CKD
undergoing dialysis (HD) has benefits in physical function, aerobic capacity, dialysis adequacy, depressive symptoms, and
HR-QOL [26127](28][29)[30]  Additionally, a meta-analysis of combined aerobic and resistance exercises (CARE) performed
during HD by Liu et al. B found that CARE improved the peak oxygen uptake; performance on the six-minute walking



test; 60-s and 30-s sit-to-stand tests; dialysis adequacy; scores on five (out of eight) domains and the physical component
summary for HR-QOL on the Medical Outcomes Study Short Form-36; blood pressure; and hemoglobin levels in patients
on maintenance HD compared to those with usual care. Further, subgroup analysis showed that intradialytic CARE
resulted in the amelioration of more evaluated outcomes than non-intradialytic CARE, with the exception of handgrip
strength and hemoglobin levels 1. The authors concluded that CARE is an effective way to improve physical function,
aerobic capacity, HR-QOL, and dialysis adequacy in patients on maintenance HD 21,

| 5. Chronic Effect of Exercise in Pre-Dialysis Patients with CKD

In the first RCT on the effect of exercise in CKD patients with pre-dialysis, reported by Baria et al. 22, sedentary pre-
dialysis men with CKD (creatine-based estimated GFR) were randomly assigned to home-based exercise group, a center-
based exercise group, or control group. In the exercise group, aerobic exercise was done three times per week for 12
weeks. During the study period, eGFRcreat was increased by 3.6 =+ 4.6 mL/min (p = 0.03) in the center-based group, but
remained unchanged in the control group B2. Further, in a single-blind randomized controlled study of the effects of
moderate-intensity regular exercise on renal function and indices of cardiovascular risk in patients with stages 3-4 CKD
by Greenwood et al., there was a significant difference in the rate of change in eGFRcreat between exercise and usual
care groups, with the exercise group showing a slower decline in function 23,

Chen et al. reported the associations between walking, mortality, and renal replacement therapies (RRTs), such as
peritoneal dialysis, HD, and kidney transplantation, in patients with stages 3—5 CKD 24, Among 6363 patients (mean age,
70 years), 1341 (21.1%) reported walking as their most common form of exercise. The rate of mortality was lower in
walking patients than in non-walking patients (2.7 vs. 5.4 per 100 person-years). Similarly, the incidence of RRT was
significantly lower in walking patients than in non-walking patients (22 vs. 32.9 per 100 person-years) 4. Further, walking
was associated with lower mortality and RRT risk on multivariate regression. The adjusted sub-distribution hazard ratio
(SHR) of walking was 0.67 (p < 0.001) for overall mortality and 0.79 (p < 0.001) for the risk of RRT. Further, the SHRs of
overall mortality were 0.83, 0.72, 0.42, and 0.41. Thus, walking is the most popular form of exercise for patients with CKD
and is associated with a lower risk of mortality and RRT. 24!,

Recently, Ma et al. reported a meta-analysis of 12 RCTs, comprising 410 patients with CKD; the results indicated that
regular aerobic exercise significantly improves the estimated GFR (eGFR), and the levels of serum creatinine, daily
urinary protein excretion, and serum urea nitrogen in CKD patients. Further, a single exercise session of more than 30 min
was associated with significantly improved eGFR (p < 0.01), including walking and running, but not cycling, as exercise
modalities were associated with significantly improved serum creatinine levels (p < 0.05) in CKD patients (Figure 2 and
Figure 3) 32l Thus, regular aerobic exercise has beneficial effects on the eGFR (especially with durations longer than 30
min), serum creatinine (especially with walking or running as the modality), daily urinary protein excretion, and blood urea
nitrogen levels in CKD patients [23],
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Figure 2. Meta-analysis of the effect of aerobic exercise on eGFR. The results indicate that regular aerobic exercise
significantly improves the eGFR. eGFR, estimated glomerular filtration rate; Cl, confidence interval, SD, standard

deviation.
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Figure 3. Meta-analysis of the effect of aerobic exercise on 24-h urinary protein excretion. The results indicate that regular
aerobic exercise significantly improves the 24-h urine protein volume in patients with chronic kidney disease. ClI,
confidence interval; SD, standard deviation.



6. Chronic Effect of Exercise in Pre-Dialysis CKD Patients with Acute
Myocardial Infarction (AMI)

CKD is common in patients with diabetes mellitus, occurring in approximately 40% of cases. Diabetes mellitus is also an
important risk factor for cardiovascular diseases; however, CKD is an important mediator of this risk €. Kidney function is
closely linked to heart function. Renal dysfunction/disease may initiate, accentuate, or precipitate cardiac
dysfunction/disease, and vice versa 37,

Combined, renal dysfunction worsens the prognosis after AMI. My colleagues and | investigated the association between
physical activity levels and renal function changes in AMI patients 28, Renal function was measured using the cystatin C-
based eGFR (eGFRcys), which is independent of muscle mass. Patients were stratified into a low exercise group (2335 +
1219 steps/day) and a high exercise group (7102 + 2365 steps/day). eGFRcys was significantly increased after 3 months
of exercise in the high exercise group, whereas no significant change was observed in the low exercise group. Further,
the change in eGFRcys was greater in the high exercise group (+6.7 mL/min/1.73 m?) than in the low exercise group
(-2.9 mL/min/1.73 m?) B8 The physical activity level was positively associated with renal function changes,
demonstrating that high physical activity levels may suppress renal function decline in AMI patients. Figure 4 indicates the
association between the number of steps and eGFRcys or eGFRcreat B8l Pearson’s correlation analysis revealed
significant correlations between the number of daily steps and both eGFR parameters. Furthermore, the coefficient was
greater for the correlation between AeGFRcys and the number of daily steps (r = 0.55, p < 0.001) than between
AeGFRcreat and the number of daily steps (r = 0.38, p = 0.015). As previously indicated, changes in serum creatinine
levels can be caused by changes in skeletal muscles through exercise, highlighting the importance of using eGFRcys as
an indicator of renal function 229 A recent prospective study verified the association between physical activity levels
and renal function in patients with CKD B2, The results were similar to those in the above-mentioned study and indicated
that maintaining a high level of physical activity in daily life leads to the suppression of renal function deterioration I,
However, the study was the first to show an association between physical activity level and changes in renal function after
the onset of AMI using an accelerometer and eGFRcys. The findings support the importance of interventions to maintain a
high physical activity level as a strategy for renal protection in patients with AMI. Future research should verify the long-
term effects of physical activity on renal function in patients with AMI.
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Figure 4. Association between the number of steps and AeGFRcys or AeGFRcreat. The association between the number
of steps and eGFRcys or eGFRcreat in all patients is shown. Pearson’s correlation analysis revealed significant
correlations between the number of steps and both eGFR parameters, with a higher correlation between AeGFRcys and
the number of steps than between AeGFRcreat and the number of steps. eGFRcreat, creatine-based estimated
glomerular filtration rate; eGFRcys, cystatin C-based estimated glomerular filtration rate.

There is immense potential for research in the field of cardio-nephrology, in terms of diagnosis, prognosis, complication
risk evaluation, and the utilization of novel therapeutic approaches for CKD patients and associated cardiovascular
complications. However, significant advancements have been made to improve patient care and outcomes in patients with
CKD 2,
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