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Abstract

Chronic kidney disease (CKD) is an important risk factor for cardiovascular disease (CVD) and
mortality. The increase in CKD in recent decades has paralleled increases in obesity, diabetes,
and the metabolic syndrome. Physical inactivity is a modifiable risk factor that may affect the
development and course of CKD. It is well established that exercise training improves a number
of metabolic factors, including blood pressure and insulin resistance, which would be expected
to preserve renal function as well as lower CVD risk. Epidemiological studies have suggested
that partaking in vigorous physical activity may protect against kidney disease. However, to
date few studies have rigorously measured physical activity levels. Instead, investigators have
relied on subjective measures of physical activity and patient recall. This is particularly problem-
atic when attempting to capture low- and very-low-intensity physical activity and in quantify-
ing sedentary behavior. Improvements in vascular endothelial function, insulin sensitivity, adi-
pocytokine profiles, and oxidative stress likely mediate the benefits of physical activity on the
kidney. While formal exercise recommendations have been published for diabetes and hyper-
tension, guidelines regarding the optimal type, frequency, intensity and duration of physical
activity for preventing CKD have yet to be formalized. Copyright © 2011 S. Karger AG, Basel
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Introduction

Cardiovascular disease (CVD) is the leading killer in the developed world [1]. In this
context, chronic kidney disease (CKD) is widely accepted as an important risk factor for
CVD morbidity and mortality [2-4]. Therefore, it is concerning that CKD prevalence has
increased markedly over the past 2 decades and is expected to continue to increase into the
present century. National Health and Nutrition Examination Survey (NHANES) data indi-
cate that CKD increased in United States adults by 16% from the 1988-1994 survey to the
1999-2004 survey [4]. This may be partly explained by the concurrent increase in diabetes
and hypertension during this time, which is intimately linked to the development of CKD.

The link between CVD and CKD is further illustrated by recent data in Greek men and
women with moderate-to-severe kidney disease who are three times more likely to develop
CVD over 5 years than those with normal kidney function [5]. The rate of estimated glo-
merular filtration rate (eGFR) decline after 3 and 9 years was predictive of coronary heart
disease and all-cause mortality in over 13,000 participants from four United States commu-
nities [6]. It is important to note that the increased risk for CVD in those with CKD is a
graded relationship that exists not only in those with an eGFR <60 ml/min/1.73 m? but also
extends into earlier stages of CKD (e.g. 1 and 2) in those with an eGFR >60 ml/min/1.73 m?.
A recent meta-analysis by Tonelli et al. [7] reports that individuals with mild kidney dysfunc-
tion (80 ml/min/1.73 m?) exhibited increased risk (relative odds ratio 1.9) for all-cause mor-
tality compared to those with a normal eGFR. Furthermore, the absolute risk for death in-
creased exponentially with diminishing kidney function in patients with non-dialysis-de-
pendent CKD. The major contributor to all-cause mortality (58%) was CVD.

An intimate link between metabolic dysregulation, as identified by the classic compo-
nents of the metabolic syndrome [hyperglycemia, hypertension, hypertriglyceridemia, low
high-density lipoprotein (HDL) cholesterol and central obesity], and cardiorenal disease is
well established; e.g. the cardiorenal metabolic syndrome. When evaluating participants in
NHANES III, Chen et al. [8] documented that multivariate-adjusted odds ratios for CKD
(GFR <60 ml/min per 1.73 m?) and microalbuminuria (albumin-creatinine ratio 30-300
mg/g) increased progressively as participants exhibited more components of the cardiorenal
metabolic syndrome (2-5 components) when compared to those with 0 or 1 component. In
addition, in a 5-year study of 1,440 Japanese subjects, the adjusted incidence of CKD was
greater in those with than in those without, while the rate of decline of kidney function dur-
ing the study was greater in subjects with =4 components [9]. There is evidence that the
cardiorenal metabolic syndrome increases the risk for incident CKD independent of the de-
velopment of diabetes and hypertension [10], suggesting that kidney dysfunction may com-
mence at a relatively early stage of metabolic decline.

In order to reduce the burden of CKD and related morbidity and mortality, it is essential
to identify modifiable factors in the earliest stages that will slow or prevent the advance of
disease, thereby highlighting a very specific role for classic components of the metabolic syn-
drome linked to early kidney injury and an increased risk for CVD. Therefore, it is not un-
reasonable to target these individual components and associated conditions.

Exercise

Ironically, the rise in chronic metabolic diseases such as obesity, diabetes, hypertension,
and CKD have paralleled the development of labor-saving technologies, the ever-increasing
abundance of food, and the general prosperity of the developed world during the 20th cen-
tury. However, prolonged, frequent, and often arduous physical activity has been the norm
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over the vast span of human history. Therefore, it may not be surprising that a mismatch be-
tween the current requirements for energy expenditure and the genetic blueprint for physical
activity, which has remained essentially unchanged over millennia, would present adverse
physiological and health consequences.

When considering physical activity and exercise interventions, it is important to clarify
the terminology by which these activities are discussed. Physical activity involves bodily
movement produced by the contraction of skeletal muscle that substantially increases energy
expenditure. These activities can be variable in type, intensity, and duration. Moreover, they
can be purposeful efforts to improve metabolic and physical function, or other routine or
sporadic calorie-expending behaviors such as commuting, occupational tasks, or recreation-
al activities. Exercise is considered that subset of physical activity that is structured with the
intent of developing physical fitness (i.e. improvements in cardiovascular function, strength,
and/or flexibility). Resistance exercise is a form of exercise in which each effort is performed
against a specific opposing force usually at a high intensity of effort over a relatively short
duration. Alternatively, sedentary behaviors, or the lack of physical activity above resting
metabolic rate, are in themselves emerging as important independent variables when assess-
ing metabolic and cardiovascular risk [11]. Therefore, reduction of the periods of sitting, ly-
ing, watching television, computing, and/or video gaming has emerged as a potential target
for improving health.

It is well established that exercise training improves a number of metabolic factors in
patients with cardiorenal metabolic syndrome, including triglyceride and HDL cholesterol
levels, resting blood pressure, and insulin resistance (IR) [12], which, in turn, would be ex-
pected to reduce progressive CKD and CVD risk. It is also well documented that the risks
for diabetes mellitus [13] and hypertension [14] are influenced by lifestyle modifications that
include physical activity, which is particularly relevant since diabetes and hypertension are
the two greatest contributors to CKD and end-stage renal disease (ESRD) in the United States
[6]. Moreover, CKD, like hypertension and diabetes, progresses insidiously in asymptomatic
patients precisely during the time when physical activity interventions might be most effec-
tive.

While notable studies investigating the effects of exercise training on maintaining lean
body mass in patients with ESRD and on dialysis have been performed and discussed else-
where [15, 16], these will not be covered here. Rather, this review will consider the potential
benefits of physical activity on earlier stages of CKD when cardiovascular events might be
averted. This is of consequence since more CKD patients die from CVD complications (i.e.
cardiorenal metabolic syndrome) than progress to ESRD [17]. This is not to say that physical
activity is not an important factor in preventing progression to ESRD per se. Indeed, in an
investigation utilizing data from the Cardiovascular Health Study, a prospective study of
4,011 older adults (age =65 years), both energy expenditure in leisure-time physical activity
and exercise intensity were found to be inversely associated with rapid kidney function de-
cline (loss >3.0 ml/min/1.73 m? per year in GFR), indicating that for patients with CKD par-
taking in vigorous-intensity activities may be protective [18].

Unfortunately, many of the studies probing the relationship between physical activity
and kidney disease have relied on subjective measures and recall (interviews and question-
naires) to document physical activity [18, 19]. Although these and other studies have consis-
tently shown that kidney function is significantly associated with self-reported physical ac-
tivity levels, difficulties remain not only in quantifying vigorous exercise training, but even
more so for capturing both purposeful and non-purposeful movements at lower intensities
[20, 21] and in measuring sedentary behavior [22]. Since partaking in non-exercise physical
activity can be the major source of muscular exertion for many, if not most people, it cannot
be ignored when evaluating cardiorenal and metabolic risk [18, 19].
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A recent study utilizing NHANES 2003-2004 and 2005-2006 data (20,740 adults aged
=18 years) attempted to assess the relationship between kidney function and objective mea-
sures of light and total physical activity utilizing accelerometer data from 2,117 men and
women with CKD (stages 1-3) in addition to physical activity questionnaires [23]. The study
showed that log eGFR was associated with light and total physical activity in adult men and
women. Moreover, individuals with mild-to-moderate kidney disease spent more time in
sedentary behaviors than individuals with normal kidney function. For women, light and
total physical activity was associated with log eGFR regardless of diabetes status. In men, the
association between light and total physical activity and log eGFR was only significant in
those without diabetes.

Data from the Australian Diabetes, Obesity and Lifestyle Study (AusDiab), a cross-sec-
tional study of 11,247 men and women (=25 years of age), suggests that low-intensity physi-
cal activity reduces metabolic risk [11]. In a subsample of 169 adults aged 30-87 years, sed-
entary, light, and moderate-to-vigorous-intensity physical activity (time and intensity) were
objectively measured using uniaxial accelerometry for 7 consecutive days. Physical activity
was assessed in relation to continuous indexes of metabolic risk and with a clustered meta-
bolic risk score (triglycerides, HDL cholesterol, systolic and diastolic blood pressure, fasting
plasma glucose, and waist circumference). The study demonstrated that time spent in ac-
tivities of lower intensity and sedentary behavior were associated with 2-hour fasting plasma
glucose, waist circumference, and clustered metabolic risk score [11, 24]. Moreover, television
viewing time in AusDiab participants (n = 10,847, baseline; n = 6,293, 5-year follow-up), in-
dependent of physical activity, was significantly associated with increased odds of prevalent
albuminuria and low eGFR [25]. In addition, the odds of de novo albuminuria and low eGFR
were increased with longer television viewing time, although the association was not inde-
pendent from measures of physical activity, diabetes, hypertension, and obesity.

Cardiorespiratory fitness is an objective measure of exercise performance, usually per-
formed on a treadmill or cycle ergometer, that reflects the ability of the circulatory and re-
spiratory systems to supply fuel and oxygen to skeletal muscle during sustained physical ac-
tivity. In seminal studies from the Cooper Institute for Aerobic Research, cardiorespiratory
fitness was associated with lower risks for all-cause [26] and cardiovascular mortality [27],
and non-fatal cardiovascular events [28] in men and women. These findings were consis-
tently observed in obese as well as normal-weight individuals. To date, the relationship be-
tween cardiorespiratory fitness and subsequent development of CKD or its progression to
ESRD has not been reported. However, levels of cardiorespiratory fitness are lower in indi-
viduals with CKD [29]. Moreover, when endurance-trained men with high levels of cardio-
respiratory fitness were assigned to hypokinetic conditions (<3,000 walking steps/day) for
364 days, GFR and renal plasma flow were significantly decreased [30]. It is important to bear
in mind that cardiorespiratory fitness is inversely associated with incident diabetes [31, 32]
and hypertension [33], and thus certainly represents a risk factor for the development of CKD.

Means and Mechanisms

Endothelial Function

Physical activity has been shown to be effective in improving cardiovascular endothe-
lial function in patients with CVD [34]. Therefore, it might be expected that similar benefits
would also occur in the kidney vasculature leading to protection against filtration barrier
defects, albuminuria, and declining kidney function. Physical activity is known to improve
vascular insulin signaling, increase bioavailable nitric oxide (NO) and to reduce reactive
oxygen species (ROS). At the molecular level, physical activity restores NO production

167

KARGER



CardiORenal Cardiorenal Med 2011;1:164-173
Medicine DOI: 10.1159/000329929 ©2011 5. Karger AG, Basel

Published online: July 25, 2011 www.karger.com/crm

Stump: Physical Activity in the Prevention of CKD

Leptin resistance — Excess adiposity

[ e \

v
1 Sympathetic
activity

| Adiponectin
T RAS activity

Systemic

inflammation
1 TNF-a T FFA
\ 1 L6
v

Hypertension - Endothellal TROS \
dysfunctlon \

| —

Renal injtlry Insulin resistance
Albuminuria /
’ Glomerulosclerosis
1 Glucose
1T MAPK/ERK 1/2 < 1 Insulin

Fig. 1. Putative mechanisms by which physical inactivity contributes to CKD. RAS = Renin-angiotensin
system; IL-6 = interleukin 6; FFA = free fatty acids; MAPK = mitogen-activated protein kinase; ERK1/2 =
extracellular-regulated kinase isoforms 1 and 2.

through a combination of increasing both NO precursor molecule L-arginine availability
and the activity of endothelial NO synthase (eNOS), and reducing NO degradation by lower-
ing ROS [35]. Moreover, by reducing angiotensin II and other inflammatory molecules such
as tumor necrosis factor (TNF)-a, exercise improves endothelial responses to insulin. In-
deed, inflammation, IR, oxidative stress, and an overactive renin-angiotensin system per-
petuate each other while adversely affecting endothelial function, vascular integrity, and
ultimately cardiovascular health (fig. 1).

Insulin Sensitivity

An appropriate cellular response to circulating insulin is crucial for metabolic health,
whereas excess adiposity and a lack of physical activity are the most common causes for IR.
Indeed, the pro-inflammatory and pro-oxidative stress environment that excess adipose tis-
sue promotes is known to contribute to IR and hyperinsulinemia [35, 36]. The classic insulin-
sensitive tissues are skeletal muscle, liver, and adipose tissue. If these tissues become resistant
to insulin, some degree of hyperglycemia (beginning with postprandial glucose) is likely to
occur despite hyperinsulinemia. Evidence for IR with CKD has come from epidemiologic
studies [12] as well hyperinsulinemic-euglycemic clamp investigations showing decreased
whole-body responses to insulin [37]. Moreover, the blunted response to insulin during the
hyperinsulinemic clamps appeared to be due to the large reductions in glucose uptake by
skeletal muscle, whereas insulin suppression of hepatic glucose production was found to be
normal. Unfortunately, it is difficult to generalize these findings to all stages of CKD since
they were derived from uremic patients with ESRD [37] and the accumulation of uremic tox-
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ins per se may contribute to IR in ESRD patients [38]. Therefore, the mechanisms responsible
for IR in early-stage CKD, which likely precedes kidney injury, remain uncertain. Investiga-
tors have shown that insulin receptor substrate-1-associated phosphoinositol 3-kinase/Akt
pathway activity is decreased in the skeletal muscle of rats with CKD [38], while insulin re-
ceptor binding appears to be normal. Interestingly, these are the same skeletal muscle insulin
signaling abnormalities identified in muscles from sedentary and/or obese/overweight indi-
viduals. There is also evidence that vitamin D levels influence the risk of IR and metabolic
syndrome. Indeed, vitamin D deficiency even in early stages of CKD may contribute to IR,
but further study is needed to clarify this relationship [39].

The loss of podocyte structure and function has been shown to be an early occurrence
of diabetic kidney disease. Moreover, like the classical insulin-sensitive tissues (skeletal mus-
cle, adipose tissue and liver), podocytes are responsive to insulin for glucose uptake and me-
tabolism [40], and consequently can become resistant to the effects of insulin. Indeed, stud-
ies have shown a correlation between IR and microalbuminuria in patients with type 2 dia-
betes. Although a causative link between podocyte-specific IR and albuminuria has not been
firmly established, podocytes from diabetic mice (db/db) exhibit a loss of insulin-stimulated
Akt phosphorylation coincident with the development of albuminuria and before histologi-
cal glomerular changes become evident [41]. Although it is well established that insulin sen-
sitivity increases in skeletal muscle and liver with exercise training, particularly when ac-
companied by weight loss, it remains unknown whether podocyte insulin signaling im-
proves with acute exercise or chronic physical training.

Hyperinsulinemia

While IR and altered glucose metabolism represent attractive mechanisms by which the
metabolic dysregulation leads to CKD, a role for hyperinsulinemia per se should also be con-
sidered. Hyperinsulinemia occurs when the pancreas increases insulin secretion while en-
deavoring to maintain near-euglycemic conditions in the face of systemic IR. However, in-
creased insulin levels might intensify signaling through alternative insulin-responsive path-
ways that are detrimental to the kidney. These include the mitogen-activated protein kinase/
extracellular-regulated kinase isoforms 1 and 2 [42] and insulin-like growth factor 1 path-
ways [40]. Moreover, hyperinsulinemia has direct renovascular effects, including angiogen-
esis and mesangial expansion, and induced relaxation of the afferent arterioles which con-
tributes to glomerular hyperfiltration [37-40].

Adiposity and Adipocytokines

Undoubtedly, physical activity protects the kidney in part by helping maintain a healthy
amount, and perhaps distribution, of adipose tissue. The important role of overweight and
obesity in the cardiorenal metabolic syndrome has been discussed in a recent review article
in this journal [43] and will not be recapitulated here. Yet, it is important to note that weight
reduction has been shown to be effective in reducing proteinuria in obese patients [44, 45]
and in improving renal function in obese metabolic syndrome patients [45]. In addition,
maintaining a healthy weight has been shown to be protective against progression of CKD
and the development of ESRD [46]. However, the importance of adipose tissue distribution
in predicting CVD risk remains to be determined [47]. Nevertheless, there is evidence that
the loss of visceral adiposity with exercise-assisted weight loss is associated with a reduction
in circulating inflammatory molecules [48] and oxidative stress [36], which may be impor-
tant to maintaining normal renal function [49].

In the last 2 decades, the role of adipose tissue-derived circulating factors has garnered
substantial attention when considering the cardiovascular and metabolic abnormalities ac-
companying obesity. Prominent among these factors is adiponectin, an adipocytokine with
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anti-inflammatory properties that has been shown to be inversely associated with the com-
ponents of the metabolic syndrome [43], vascular dysfunction [50], and cardiovascular
events [51]. Total circulating adiponectin levels [52] and the ratio of high-molecular-weight
multimer adiponectin [53], which has been shown to independently predict cardiovascular
events, are known to increase with weight loss and exercise training. Moreover, hypoadipo-
nectinemia has been documented in patients with mild-to-moderate renal disease [51]. Thus,
it is not unreasonable to hypothesize that adiponectin might be protective against CKD and
that the benefits of exercise may be mediated in part through its actions. However, in more
severe disease (CKD stages 3 and 4), an increase in adiponectin has been noted suggesting a
diminished biodegradation and/or clearance of this protein in these patients [54]. While the
presence of adiponectin receptors in the kidney has not been confirmed, intact adiponectin
protein has been documented in the urine of proteinuric patients where it might exert anti-
inflammatory effects [51].

Visceral adipocytes have also been shown to increase production of angiotensinogen,
TNF-a, resistin, and plasminogen activator inhibitor-1, which are suspected of contributing
to endothelial injury in the kidney and CKD [35, 43, 55]. This is also the case for leptin, which
has been linked to obesity-associated hypertension, activation of the sympathetic nervous
system [56], kidney glomerular endothelial cell proliferation, synthesis of tumor growth fac-
tor-B;, and collagen type IV production, which, in turn, leads to proteinuria and focal seg-
mental glomerular sclerosis [55]. However, the role of leptin in renal disease is complex. For
example, a lipoatrophic, insulin-resistant mouse model deficient in leptin has been shown to
develop renal injury characteristic of diabetic nephropathy with glomerular hypertrophy,
mesangial expansion, and albuminuria. When leptin was reintroduced into these mice by
way of systemic recombinant leptin administration or by crossing the at risk animals with
transgenic mice overexpressing leptin, renal damage was attenuated. The discrepancies be-
tween these findings are curious but could be explained by tissue-selective leptin resistance
[57]. Certainly, further research into the role of leptin in CKD is warranted. Leptin resistance
has been shown to improve with lifestyle interventions involving diet and exercise. Further-
more, a recent study has also shown that exercise can improve central nervous system resis-
tance to leptin independent of adiposity [58].

Physical Activity Intervention

There are no published guidelines for exercise and the prevention of CKD per se. How-
ever, exercise guidelines for patients at highest risk for CKD, including those with diabetes
[13] and/or hypertension [14], do exist and are summarized below. Moreover, guidelines for
exercise in patients with existing CKD have also been published [59]. The American College
of Sports Medicine and American Diabetes Association have recently issued a joint statement
regarding exercise and type 2 diabetes [13] which states that individuals with diabetes or at
high risk for diabetes should partake in 150 min of moderate-intensity physical activity per
week. This would involve either 5 or more days of brisk walking or an activity with similar
exertion. Alternatively, 60 min per week of more vigorous exercise, 3 or more days per week,
would seem to provide similar benefits. The recommendations go on to state that no more
than 2 consecutive days should elapse without exercise. This is based on the knowledge that
the insulin-sensitizing effects of an acute bout of exercise would not likely last beyond 48 h.
Two or 3 days of resistance exercise per week (i.e. weight training, exercise bands, and/or
calisthenics) would provide additional benefits [60], with the authors recommending that
5-10 exercises per session be performed that involve all the major muscle groups. Finally, it
should be noted that the expert panel did not recommend routine pretraining stress testing
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for walking programs, emphasizing that requiring this prerequisite would present an unnec-
essary and counterproductive barrier to participation. Nevertheless, clinical judgment is ad-
vised for more vigorous exercise programs and for higher-risk patients.

The exercise guidelines of the American College of Sports Medicine have also been pub-
lished for hypertensive patients [14]. These are similar in recommending at least 30 min per
day of exercise most days of the week. Exercise should be performed as 30 min of continuous
or accumulated physical activity per day, at a moderate intensity [40-60% oxygen uptake
reserve (VO,R)]. The blood pressure-lowering effects of moderate prolonged exercise can ap-
proximate 5-7 mm Hg after an acute bout exercise. Moreover, blood pressure is reduced for
up to 22 h after an endurance exercise bout, with greatest decreases among those with high-
est baseline blood pressure [61]. It was noted in the position paper that patients with blood
pressure levels >180/110 may benefit from exercise testing before engaging in moderate-in-
tensity exercise (40-60% VO,R), but did not recommend testing before engaging in light or
very light activity (<40% VO,R). Reducing sedentary behaviors such as sitting and watching
television is also being explored as an important intervention target for improving meta-
bolic health and reducing the risk for CKD. Finally, attention to weight loss and maintenance
of healthy weight should also be emphasized.

Conclusion

CKD is an important risk factor for CVD and mortality. Increases in obesity, diabetes
and hypertension are likely major contributors to the growing prevalence in CKD. To reduce
the burden of CKD and related diseases it is essential to identify modifiable factors in high-
risk individuals such that intervention strategies can be developed and implemented. It is
well known that exercise improves many of the risk factors associated with the development
of CKD. Moreover, the evidence to date indicates that higher cardiorespiratory fitness levels,
increased participation in physical activity, and less time spent in sedentary pursuits are all
associated with better CKD outcomes.
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