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ABSTRACT: Chronic kidney disease (CKD) affects a significant fraction of the global population and is closely
associated with elevated cardiovascular risk and poor clinical outcomes. Its pathophysiology entails complex molecular
and cellular disturbances, including reduced nitric oxide bioavailability, persistent low-grade inflammation, oxidative
stress, endothelial dysfunction, altered mineral metabolism, genetic predispositions, and uremic toxin accumulation.
As current pharmacological treatments provide only partial risk reduction, complementary approaches are imperative.
Exercise training, both aerobic and resistance, has emerged as a potent non-pharmacological intervention targeting
these underlying molecular pathways. Regular exercise can enhance nitric oxide signaling, improve antioxidant
defenses, attenuate inflammation, facilitate endothelial repair via endothelial progenitor cells, and stabilize muscle
metabolism. Additionally, accumulating evidence points to a genetic dimension in CKD susceptibility and progression.
Variants in genes such as APOL1, PKD1, PKD2, UMOD, and COL4A3–5 shape disease onset and severity, and may
modulate response to interventions. Exercise may help buffer these genetic risks by inducing epigenetic changes,
improving mitochondrial function, and optimizing crosstalk between muscle, adipose tissue, and the vasculature. This
review synthesizes how exercise training can ameliorate key molecular mediators in CKD, emphasizing the interplay
with genetic and epigenetic factors. We integrate evidence from clinical and experimental studies, discussing how
personalized exercise prescriptions, informed by patients’ genetic backgrounds and nutritional strategies (such as
adequate protein intake), could enhance outcomes. Although large-scale trials linking molecular adaptations to long-
term endpoints are needed, current knowledge strongly supports incorporating exercise as a cornerstone in CKD
management to counteract pervasive molecular derangements and leverage genetic insights for individualized care.
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1 Introduction
Chronic kidney disease (CKD) remains a formidable global health challenge, affecting approximately

10% of adults worldwide and leading to substantial morbidity and premature mortality [1–3]. CKD increases
cardiovascular (CV) risk through complex mechanisms that cannot be fully explained by traditional risk
factors such as hypertension, diabetes, and dyslipidemia. One study reported that chronic inflammation,
oxidative stress (OS), and malnutrition, collectively referred to as the “uremic puzzle,” have drawn atten-
tion in the CKD setting from a novel biomarker perspective [4]. Another study highlights that vascular
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calcification and arterial stiffness are major drivers of residual CV risk in patients with CKD and those on
dialysis [5], while subsequent clinical guidelines elucidate how CKD-associated mineral and bone disorder
(CKD-MBD) exacerbates CV complications through vascular calcification, bone metabolism abnormalities,
and hyperparathyroidism [6]. Furthermore, an analysis focusing on the unique presentation of heart failure
in CKD/dialysis patients suggests the need for a multifaceted approach beyond traditional risk factor
control, including anemia management, correction of CKD-MBD, and mitigation of microinflammation [7].
Given that CKD itself increases the risk of CV disease via fluid and electrolyte imbalances, uremic toxin
accumulation, and chronic inflammation, a statement has also pointed out the limitations of managing only
conventional risk factors [8]. Therefore, in order to effectively reduce CV risk in CKD patients, it is essential
to employ an integrated therapeutic strategy that addresses both traditional and “nontraditional” risk factors.

This persistent risk stems from “nontraditional” and complex molecular factors that extend beyond
standard CV risk profiles, encompassing endothelial dysfunction, OS, inflammation, disordered mineral
metabolism, and genetic components [4,5]. A deeper understanding of these molecular processes is
crucial for developing innovative therapeutic strategies that can bolster current management approaches.
CKD pathology is marked by reduced nitric oxide (NO) bioavailability [9], chronic low-grade inflamma-
tion [10], increased OS [11], and vascular calcification [12,13]. Additionally, uremic toxins and dysregulated
adipokines [14], hepatokines [15], and myokines amplify disease complexity [16], influencing the intricate
interplay among the kidneys, vasculature, immune system, skeletal muscle, and adipose tissue—networks
that collectively drive CKD progression and exacerbate CV risk. Recent findings further highlight a
genetic dimension: monogenic conditions (e.g., polycystic kidney disease due to PKD1/PKD2 variants,
COL4A3–5 alterations in Alport syndrome) and common risk alleles (e.g., APOL1 G1/G2 variants in
individuals of African ancestry) both shape disease onset, progression, and comorbidity profiles [17–20].

Despite these challenges, lifestyle interventions remain central to comprehensive CKD care. Alongside
dietary modifications and weight control, exercise training emerges as a non-pharmacological tool capable
of simultaneously modulating multiple pathogenic pathways [21,22]. Beyond enhancing exercise capacity
and quality of life, regular physical activity improves endothelial function, diminishes OS and inflammation,
and fosters metabolic adaptability. Notably, recent interest has focused on how exercise may counteract
inherited vulnerabilities, potentially via epigenetic modifications that offset predispositions in NO signaling
or antioxidant defenses.

This review aims to elucidate how exercise training specifically targets the molecular underpinnings
of CKD. We begin by outlining the molecular and genetic substrates of CKD, then explore how exercise
modulates core mechanisms and discuss the genetic and epigenetic determinants that influence exercise
responsiveness. Although topics such as detailed endothelial progenitor cell mobilization mechanisms,
and the regulation of adipokines and hepatokines are briefly mentioned above, we do not delve into
them extensively in the main text. Instead, we have prioritized key pathways directly linked to exercise
interventions in CKD, including OS, inflammation, and muscle wasting. We acknowledge, however, that
these additional subjects remain closely interwoven with the pathophysiology of CKD and warrant more
in-depth investigation in future work. By integrating these molecular and genetic insights, we propose that
tailored exercise protocols may help alleviate the inherent complexities of CKD and ultimately advance a
personalized exercise medicine approach within nephrology.

This review was conducted as a narrative synthesis of the current literature focusing on the role of
exercise in CKD-related molecular mechanisms. We conducted literature searches using PubMed and Scopus
from 2000 to 2025, focusing on studies exploring the impact of aerobic or resistance exercise (RE) on
inflammation, OS, muscle wasting, and epigenetic modifications in CKD. Given the diversity of study
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designs, no formal inclusion/exclusion criteria or meta-analytical pooling was applied. Our aim was to
integrate mechanistic insights from both preclinical and clinical sources to inform future research directions.

2 Endothelial Dysfunction and Reduced Nitric Oxide Bioavailability

2.1 Mechanisms of Endothelial Dysfunction in Chronic Kidney Disease (CKD)
Endothelial cells, which form the inner lining of blood vessels, play a critical role in regulating

vascular tone, platelet aggregation, and inflammation [23]. In CKD, various factors such as uric acid,
uremic toxins, asymmetric dimethylarginine (ADMA, an endogenous inhibitor of endothelial NO synthase
(eNOS)), and OS impair the function of eNOS. As a result, the production of NO is reduced, leading
to vasoconstriction, platelet activation, and leukocyte adhesion. Persistent NO deficiency fosters a pro-
atherogenic environment, contributing to arterial stiffening and plaque formation [24]. Additionally, genetic
variations in eNOS, dimethylarginine dimethylaminohydrolase (DDAH, which degrades ADMA; DDAH1,
and DDAH2), or L-arginine transporters may influence baseline NO levels and susceptibility to endothelial
damage (SLC7) [25]. Furthermore, tetrahydrobiopterin (BH4), an essential cofactor for eNOS, may become
depleted in genetically predisposed individuals (e.g., those with hyperphenylalaninemia), resulting in eNOS
uncoupling and the generation of superoxide rather than NO [26]. Understanding these genetic and
biochemical factors is crucial, as they highlight the intrinsic disadvantages some patients face, which could
influence how effectively exercise or other therapeutic interventions can restore normal NO signaling and
improve endothelial function.

2.2 Exercise-Induced Endothelial Nitric Oxide Synthase Enhancement
Animal studies have demonstrated that exercise training mitigates the decline in eNOS expression in

the aorta. One such study revealed that eNOS production in the aorta decreases with aging but can be
restored through exercise training in aged subjects. These findings suggest that exercise confers beneficial
effects on the CV system compromised by aging [27]. Given that CKD prevalence rises sharply around the
age of 65 [28], the exercise-induced increase in eNOS appears crucial for both cardiac and renal function.
Moreover, sustained and regular exercise may be a key factor in preventing or delaying the progression
of CKD associated with aging. Additional animal research has confirmed that exercise training directly
upregulates eNOS in the kidney [29,30]. Since the kidney is composed of numerous glomeruli—entwined
vessels—maintaining stable blood pressure is essential for renal health. Therefore, the regulation of eNOS
expression in blood vessels via exercise helps preserve vascular elasticity and facilitates blood pressure
control, thereby supporting kidney function.

It has also been shown in animal models that the eNOS-upregulating effects of exercise can manifest
in the acute phase [31], and that chronic running exercise enhances eNOS expression to alleviate the early
progression of kidney disease [32]. In that study, chronic running not only upregulated eNOS but also
neuronal NO synthase, while implicating NADPH oxidase and α-oxoaldehyde as potential key factors
in early diabetes. Taken together, these results indicate that maintaining vascular health and antioxidant
capacity through exercise may slow the progression of kidney disease. Ultimately, preserving vascular health
and antioxidative function via exercise enhances mitochondrial function in the kidney, which is likely a
crucial element in long-term renal health [33,34].
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3 Chronic Inflammation as a Central Mediator

3.1 Inflammatory Pathways in CKD
Low-grade, persistent inflammation pervades CKD pathophysiology [10], driven in part by inap-

propriately activated innate immunity that upregulates pro-inflammatory mediators such as interleukin-6
(IL-6) and tumor necrosis factor-α (TNF-α) [35], which themselves are crucial in initiating and ampli-
fying inflammatory responses [36]. The promoter region of a gene is where transcription factors bind to
regulate expression [37], and variations in these regulatory sequences—along with modifications in innate
immune receptors like toll-like receptor 4 (TLR4)—have been linked to both susceptibility to inflammatory
diseases [36,38,39] and differential responses to therapies in CKD. Physical activity can modulate these
pathways, reducing inflammation in healthy individuals and those with chronic inflammatory conditions,
including CKD [40], with benefits that extend beyond anti-inflammatory effects to encompass improved
physical function, mitigation of comorbidities, and attenuation of upstream factors contributing to CKD
progression [41].

3.2 Exercise-Mediated Anti-Inflammatory Mechanisms
Mechanistically, exercise can downregulate TLR4- and nuclear factor kappa B (NF-κB)–dependent

signaling cascades [42], decreasing overactive innate immune responses, and induce muscle to release
myokines (particularly IL-6 in an acute manner) which can suppress TNF-α and trigger anti-inflammatory
IL-10 release [43,44]. Over time, these processes re-balance the cytokine milieu toward an anti-inflammatory
profile, while enhancing endothelial function, boosting antioxidant capacity [45], and improving metabolic
parameters such as insulin sensitivity and body composition [46]. The collective outcome of these adapta-
tions is a positive feedback loop that lowers chronic inflammation in CKD.

3.3 Clinical Evidence for Exercise in Reducing Inflammation
Empirical support for these benefits is robust: in an randomized controlled trial (RCT), 12 weeks of

aerobic exercise (AE) for patients with stages 3–4 CKD significantly reduced TNF-α and C-reactive protein
(CRP) levels, while improving VO2 max (maximal oxygen consumption) and self-reported function [47];
meta-analyses further demonstrate consistent declines in IL-6 and CRP alongside gains in muscle strength,
walking capacity, and quality of life [48]. Notably, both aerobic and resistance training can produce these
anti-inflammatory and functional benefits, and long-term exercise adherence correlates with slower CKD
progression and reduced CV risk, likely through sustained dampening of pro-inflammatory signals and
metabolic improvements [49]. By diminishing chronic inflammation, exercise can also alleviate complica-
tions such as anemia, protein-energy wasting, and CV comorbidities; for instance, lower TNF-α and IL-6
levels support better erythropoiesis and reduce muscle catabolism, while improved endothelial function
decreases atherosclerotic risk. Hence, structured exercise programs (such as regular aerobic and resistance
training) should be integral to CKD management, with potential to slow disease progression, enhance
physical function, and improve overall quality of life.

4 Oxidative Stress and Reactive Oxygen Species Overproduction

4.1 Sources and Mechanisms of Oxidative Stress in CKD
In CKD, heightened OS arises from imbalances between reactive oxygen species (ROS) production

(e.g., NAD(P)H oxidase, xanthine oxidase) and antioxidant defenses (e.g., superoxide dismutase (SOD);
catalase (CAT), and glutathione peroxidase (GPx)) [50,51], with ROS reacting with NO to form peroxynitrite,
perpetuating endothelial damage [52,53]. This process is triggered by hyperglycemia [54], hypertension [55],
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dyslipidemia [56], and proteinuria [57], all of which accelerate kidney injury, and is further exacerbated
by the kidney’s high metabolic rate and oxygen demand, rendering renal tissue particularly vulnerable to
oxidative damage.

ROS accumulation in the kidney promotes tubulointerstitial fibrosis and heightens renal inflammation,
driving disease progression [58,59]. While OS is a key pathophysiological mechanism, mounting evidence
indicates that physical activity can modulate OS and inflammation, thereby offering a potential therapeutic
strategy [60,61]. Although exercise transiently increases ROS production, regular training elicits a long-term
upregulation of antioxidant defenses (such as SOD and GPx) that effectively neutralize excessive ROS and
reduce cellular damage [62,63]. This antioxidative adaptation is partly mediated by enhanced mitochondrial
function in skeletal muscle [64], leading to more efficient ROS handling and improved energy metabolism.

4.2 Exercise-Induced Antioxidant Adaptations
Importantly, observational data link low levels of physical activity with decreased renal blood flow and

glomerular filtration rate (GFR) [65], suggesting that higher physical activity may confer renal protection.
Specific interventions support these findings: For instance, in the diabetic mouse model (db/db mice) that
progresses to diabetic kidney disease, the renal tissue exhibited higher malondialdehyde (MDA) levels
compared with non-diabetic control mice (db/m) [66]. AE training ameliorated these elevated MDA levels
and inhibited Nox4-mediated NOD-like receptor protein 3 (NLRP3) inflammasome activation, thereby
mitigating renal injury [66]. Given that excessive ROS generation activates the NLRP3 inflammasome,
these findings underscore the antioxidant potential of exercise in attenuating kidney damage. Furthermore,
when partial nephrectomy was performed on Wistar rats following an eight-week exercise regimen, the
exercised group demonstrated significantly lower levels of urea, creatinine, peroxide production, SOD and
CAT activity, thiobarbituric acid-reactive substances (TBARS), and protein carbonyls compared with the
non-exercised nephrectomy control group, while total thiol content was significantly higher [67]. According
to the authors, the observed increase in CAT and SOD in rats with CKD reflects an adaptive response
of the antioxidant defense system to superoxide overproduction. In other words, they posited that the
beneficial effects of exercise on kidney disease stem primarily from reduced oxidant production, rather than
a direct alteration of renal function or the antioxidant defense system, thereby suggesting that exercise can
preventively improve renal function and OS parameters [67]. In contrast, in patients with CKD receiving
hemodialysis, a four-month exercise program (conducted either during dialysis sessions or as a home-
based intervention) did not lead to significant changes in MDA, glutathione (GSH), or glutathione disulfide
(GSSG) although plasma IL-6 and CRP levels decreased significantly [68]. While these results could be
misconstrued to mean that the antioxidant effects of exercise do not translate to human studies, such an
interpretation overlooks the fact that these participants had already progressed to advanced kidney disease,
where anti-inflammatory benefits may take precedence. Moreover, this finding underscores the importance
of regular exercise-based antioxidant interventions prior to the dialysis stage. According to a recent review,
AE improves OS markers in patients with CKD compared with standard care or no exercise, yet its effects
on GPx and total antioxidant capacity remain to be fully elucidated [69].

4.3 Clinical Perspectives and Stage-Specific Considerations
In summary, exercise exerts renal protective effects through its antioxidant actions. Persistent engage-

ment in physical activity during the early or moderate stages of CKD can slow disease progression and
further contribute to overall health improvements in patients with end-stage kidney disease by attenuating
inflammation. Nevertheless, it is crucial to recognize that antioxidant mechanisms are not the sole pathway
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by which exercise confers renal benefits, and more robust evidence is needed to directly link exercise,
antioxidant effects, and kidney disease improvement.

5 Mineral Metabolism Disturbances and Klotho Deficiency

5.1 Pathophysiology of CKD-Associated Mineral and Bone Disorder(Fibroblast Growth Factor 23-Klotho
Axis)
CKD-MBD is a common comorbidity in patients with CKD [70,71]. CKD–MBD is characterized by

hyperphosphatemia, elevated fibroblast growth factor 23 (FGF23) levels, and reduced Klotho expression,
collectively disrupting mineral homeostasis and exacerbating vascular complications [72–74]. Notably,
Klotho deficiency (often accompanied by excess FGF23) drives vascular calcification and arterial stiffness
via multiple mechanisms, including impaired phosphate handling and an increased calcium–phosphate
product [75]. Variants that influence phosphate transporters or Klotho transcription may further potentiate
arterial calcification, thereby exacerbating CV risk and worsening CKD progression [76–79]. Indeed, Klotho
functions as a co-receptor for FGF23, orchestrating phosphate excretion in the kidney and limiting mineral
deposition in vascular tissues [76,80]. Loss of Klotho fosters a pro-aging phenotype that impairs bone
metabolism and renal function, and predisposes to extensive tissue calcification [80,81].

Such pathophysiological changes reinforce a vicious cycle: increased arterial stiffness elevates systemic
blood pressure, compromises renal perfusion, and accelerates nephron injury while further diminishing
Klotho expression [82]. Although FGF23 initially supports phosphate excretion [83,84], chronically high
levels become maladaptive, fueling left ventricular hypertrophy and perpetuating CKD–MBD [85,86].
Accordingly, either genetic or acquired Klotho insufficiency can magnify disease severity and clinical
complications [87].

5.2 Consequences of Klotho Deficiency
Restoring Klotho expression has therefore emerged as a compelling therapeutic goal. Recent preclinical

data indicate that exercise training may upregulate Klotho, potentially mitigating the deleterious vascular and
renal consequences of CKD–MBD [88,89]. While additional clinical trials are needed, these findings suggest
that targeted non-pharmacological interventions—especially structured exercise programs—could elevate
Klotho levels and bolster phosphate homeostasis [90]. Parallel research into gene-based therapies aims
to enhance Klotho transcription or activity, offering the possibility of reversing vascular calcification and
improving renal outcomes. By correcting the underlying mineral imbalance, such approaches may reduce
arterial stiffness, slow CKD progression, and alleviate the heightened CV risk that accompanies CKD–MBD.

5.3 Exercise-Based Approaches and Clinical Studies
CKD–MBD is characterized by hyperphosphatemia, elevated FGF23, and decreased Klotho expression,

collectively exacerbating vascular calcification and arterial stiffness while sharply declining renal function.
According to recent RCTs, preclinical research, and systematic reviews, regular moderate-intensity AE or
resistance training significantly increases Klotho expression in both CKD patients and animal models,
while partially normalizing mineral metabolism abnormalities such as elevated FGF23, thereby slowing
CKD progression [91,92]. For example, in a study involving stage 2 CKD patients who performed blood
flow-restricted resistance training for six months, the exercise group exhibited increased Klotho levels and
suppressed FGF23, resulting in a reduced rate of glomerular filtration rate (GFR) decline [91]. Similarly,
in a 22-week pilot study of home-based progressive resistance training, participants also showed elevated
Klotho along with improvements in blood pressure and metabolic indicators [92]. Further reports indicate
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that a 16-week combined aerobic and RE program during hemodialysis in end-stage renal disease patients
led to enhanced Klotho levels, decreased FGF23 and serum phosphate, as well as lowered parathyroid
hormone (iPTH), collectively yielding positive outcomes for CKD–MBD [93,94]. These findings have been
corroborated by meta-analyses and systematic reviews, which have presented evidence that exercise lasting
12 weeks or more confers anti-inflammatory and antioxidant benefits in CKD patients, supporting the notion
of Klotho as an “exerkine”—a factor secreted in response to exercise [90,95]. At the preclinical level, AE
has been shown to directly upregulate Klotho in both aging and CKD animal models, mitigating renal
fibrosis and OS; moreover, the protective effects of exercise were nullified when Klotho genes or proteins
were suppressed, suggesting Klotho as a key mediator of exercise-induced organ protection [88,89]. In
conclusion, exercise is considered a relatively safe and highly feasible non-pharmacological approach for
CKD–MBD management; by increasing Klotho expression and improving mineral metabolism, it holds
substantial potential to slow disease progression and reduce CV risks in this patient population.

6 Uremic Toxins, Epigenetic Dysregulation, and Gene-Environment Interactions
CKD imposes a systemic pathophysiological burden, in large part due to the accumulation of uremic

toxins such as indoxyl sulfate and p-cresyl sulfate, which not only promote OS and inflammation but
also exert profound epigenetic influences through aberrant DNA methylation [96–98], altered histone
modifications [99], and dysregulated microRNA (miRNA) expression [100]. These toxins preferentially
target vascular endothelial cells [101,102], immune cells [103], and skeletal muscle fibers [104], undermining
endothelial function, propagating chronic inflammation, and accelerating muscle wasting; furthermore,
inherited genetic variations (such as UMOD, MUC1, REN, SEC61A1 variants)—particularly in detoxifica-
tion pathways or epigenetic regulators—can heighten susceptibility to these abnormalities, culminating
in a pathogenic epigenomic landscape that accelerates CKD progression and compromises therapeutic
responses [105]. Within this context, tailored exercise interventions have emerged as a promising adjunct,
capable of mitigating multiple interrelated factors: by inducing shifts in miRNA profiles [106,107], exercise
downregulates pro-inflammatory cytokines and upregulates anti-inflammatory mediators [108], thereby
reducing systemic inflammation; through enhanced mitochondrial function and antioxidant signaling
(e.g., nuclear factor erythroid 2-related factor 2 (NRF2) activation) [109], it helps counteract OS and improve
vascular reactivity; by modulating key anabolic and proteolytic pathways, as well as altering histone acety-
lation or DNA methylation in genes governing muscle regeneration, regular physical activity can preserve
skeletal muscle mass and partially offset the sarcopenic effects of uremic toxins [110]; and, notably, exercise
improves insulin sensitivity via increased glucose transporter type 4 (GLUT4) translocation and reduced
ectopic lipid accumulation [111], changes that may be supported by beneficial epigenetic modifications in
metabolic pathways [112]. To optimize these effects while minimizing risks—particularly those related to
electrolyte disturbances, CV complications, or inadequate dialysis clearance—exercise protocols must be
carefully individualized based on renal function, comorbidities, and patient-specific genetic or epigenetic
profiles. Emerging research highlights the potential of integrating epigenetic biomarkers, such as promoter
methylation signatures linked to inflammatory genes or miRNAs regulating muscle proteostasis, to refine
exercise prescriptions further, enabling a precision medicine paradigm that addresses CKD’s complexity by
harnessing the synergy between lifestyle interventions and epigenetic regulatory mechanisms.

CKD is typified by the pathological buildup of uremic toxins (e.g., indoxyl sulfate, p-cresyl sulfate),
sustained low-grade inflammation, and persistent OS, all of which accelerate organ damage and contribute
to systemic complications, including muscle wasting and CV morbidity. Notably, a growing body of evidence
demonstrates that various modes of exercise (e.g., AE, RE, high-intensity interval training (HIIT)) can
mitigate these deleterious processes in both pre-dialysis and dialysis-dependent CKD cohorts. By enhancing
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hemodynamic parameters during dialysis, exercise helps increase the clearance of uremic solutes and
potentially modulates the gut microbiota, thereby reducing the production of protein-bound toxins. Addi-
tionally, exercise attenuates pro-inflammatory pathways such as NF-κB, upregulates antioxidant defense
mechanisms via Nrf2, reactivates insulin-like growth factor 1 (IGF-1)/mammalian target of rapamycin
(mTOR) anabolic signaling, and may favorably alter epigenetic regulators (including microRNAs) that
govern muscle proteostasis and renal inflammation [113,114].

From a clinical perspective, intradialytic resistance training and moderate-intensity aerobic regimens
have consistently improved physical performance, diminished markers of inflammation, and preserved
muscle mass in CKD patients. Abreu et al. [113], for instance, reported that patients who performed
intradialytic REs (leg extensions, elastic band exercises) three times per week for 12 weeks exhibited higher
expression of Nrf2 and lower NF-κB activity compared to controls, reflecting both antioxidant upregulation
and amelioration of inflammatory signaling. Similarly, Moinuddin and Leehey demonstrated [114], in a
controlled study, that combining aerobic and resistance protocols in CKD patients not only strengthened
muscle function but also reduced systemic inflammation (e.g., lowered TNF-α concentrations) relative to
sedentary individuals. Meanwhile, animal models have revealed mechanistic insights: Wang et al. found that
treadmill running and muscle overload countered CKD-induced deficits in muscle protein metabolism by
stimulating Akt/mTOR phosphorylation and curtailing proteolytic pathways [115], although resistance-like
protocols (i.e., weighted muscle overload) elicited a more robust anabolic response. Comparable findings on
HIIT in CKD rat models, as described by Tucker et al. [116], suggest that vigorous interval sessions can confer
superior improvements in cardiorespiratory fitness and anabolic markers.

One emerging concept is that exercise exerts epigenetic influences, notably through modulation of
microRNAs (miRNAs). In a seminal study, Wang et al. demonstrated that miR-23a and miR-27a upregulation
(induced in part by a resistance-like intervention) alleviated CKD-associated muscle atrophy, largely by
repressing catabolic effectors (FoxO1, MuRF1) and facilitating IGF-1-mediated signaling [117]. It is important
to investigate how modifiable environmental factors, particularly physical activity, influence the progression
of CKD through epigenetic mechanisms. Wing et al. [118] reviewed evidence that environmental inputs
such as exercise can affect DNA methylation, histone modifications, and microRNA expression, which
are all involved in renal fibrosis, inflammation, and gene regulation in CKD. Physical exercise is already
recommended for CKD patients and has shown benefits in improving complications such as MBD, chronic
inflammation, and muscle wasting [119]. However, the mechanistic links between exercise and these improve-
ments remain only partly understood [119]. Emerging evidence indicates that epigenetic modifications could
be a key mediator, bridging the gap between exercise (an environmental stimulus) and gene expression
changes in CKD.

6.1 Epigenetic Dysregulation in CKD and the Influence of Uremic Toxins
CKD is characterized by widespread epigenetic dysregulation. Aberrant DNA methylation, histone

modification, and microRNA expression are all implicated in CKD pathogenesis [120]. Such epigenetic
changes modulate key pathways (e.g., transforming growth factor beta (TGF-β) signaling, inflammatory
and fibrotic gene networks), thereby promoting renal fibrosis and CKD progression [118]. One notable
driver of epigenetic dysregulation in CKD is the accumulation of uremic toxins as kidney function declines.
For example, the anti-aging gene Klotho—crucial for renal OS resistance—is suppressed in CKD due to
epigenetic silencing: exposure of kidney cells to uremic toxins upregulates DNA methyltransferases, leading
to hypermethylation of the Klotho promoter and reduced Klotho expression [118]. This illustrates how toxin-
induced epigenetic modifications can turn off renoprotective genes. More broadly, uremic toxins and the
associated OS create an epigenomic landscape favoring inflammation and fibrosis (e.g., methylation changes
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in nephrin promoters that activate NF-κB and injure podocytes) [121–123]. Importantly, epigenetic patterns
are not permanent; they are potentially reversible, which makes them attractive therapeutic targets. This is
where gene–environment interactions become critical-environmental factors like diet, toxins, and exercise
can alter epigenetic marks. Indeed, epigenetics is increasingly seen as the molecular interface between genes
and environment in complex diseases like CKD. By addressing environmental contributors (e.g., reducing
toxins or increasing physical activity), we may reverse some pathogenic epigenetic changes.

6.2 Exercise as a Modulator of Epigenetic Changes in CKD
Regular physical exercise is a potent environmental stimulus that can induce beneficial molecular

changes. Exercise triggers a cascade of cellular signals (such as calcium/calmodulin-dependent protein kinase
(CaMK) and AMP-activated protein kinase (AMPK) activation) that enhance metabolic and antioxidant
pathways (e.g., upregulating PPARG coactivator 1 alpha (PGC-1α) and mitochondrial biogenesis) [124].
Importantly, exercise also modulates epigenetic mechanisms: it has been shown to induce changes in
chromatin structure (through DNA methylation and histone acetylation) and to alter the expression of non-
coding RNAs like microRNAs [125,126]. In essence, physical activity can “reprogram” gene expression by
rewriting epigenetic marks [127,128]. These epigenetic modifications are one way exercise overcomes the
epigenetic dysregulation seen in CKD.

6.2.1 Effects on MicroRNA Regulation
MicroRNAs (miRNAs) are small non-coding RNAs that post-transcriptionally regulate gene expression,

and they play significant roles in CKD progression and its complications [119]. In CKD, distinct miRNA
profiles have been linked to fibrosis, inflammation, and endothelial dysfunction—for instance, circulating
miR-21, miR-17, and miR-150 levels correlate with CKD presence and severity [129]. Exercise has emerged as a
powerful regulator of microRNAs. Numerous studies in healthy individuals show that endurance and RE can
alter circulating miRNA levels associated with angiogenesis, inflammation, and muscle growth [130]. This
effect is also observed in CKD patients: acute exercise was found to significantly increase miR-150 in both
CKD and healthy subjects, while decreasing pro-inflammatory miR-146a in CKD patients [131]. Although
chronic exercise training in that study did not drastically change baseline miRNA levels, it altered the
acute response (e.g., enabling an exercise-induced reduction in hypoxia-related miR-210 post-training) [131].
These differential miRNA responses to exercise suggest a physiological adaptation that could benefit CKD
patients. Indeed, microRNAs are considered possible mediators of exercise’s therapeutic effects, given their
role in fine-tuning genes involved in fibrosis, metabolism, and vascular function. By modulating specific
miRNAs, exercise may downregulate pathological pathways and upregulate protective ones. For example,
miR-21 is a well-known pro-fibrotic miRNA often elevated in CKD; in vivo experiments show that knocking
down miR-21 can prevent renal fibrosis [132]. On the flip side, the miR-29 family is anti-fibrotic, and
increasing miR-29b expression in kidney disease models ameliorates fibrosis [132]. Although direct evidence
is sparse, it is conceivable that exercise could exert similar effects (naturally suppressing fibrosis-promoting
miR-21 and enhancing fibrosis-inhibiting miR-29) thereby slowing CKD progression. Additionally, exercise
stimulates the release of exosome-packed “exerkines” (including miRNAs) from muscles, which travel
through circulation to remote organs [133]. This muscle–kidney crosstalk via exosomal miRNAs may partly
explain how exercise improves not only muscular health but also kidney outcomes. In support, one study in
a CKD mouse model (5/6 nephrectomy) found that exercise elevated muscle-derived miR-23a and miR-27a
levels, which in turn attenuated muscle wasting and reduced circulating myostatin (a catabolic factor) [117].
Improved muscle mass and reduced inflammation can relieve some CKD-related stress, indirectly benefiting
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the kidneys. Overall, while exercise-induced miRNA changes in CKD are still being unraveled, current data
indicate that miRNAs are a pivotal epigenetic link between exercise and improved CKD pathology.

6.2.2 Effects on DNA Methylation
DNA methylation is another epigenetic mechanism by which exercise may influence CKD out-

comes. CKD patients exhibit altered DNA methylation patterns; for example, hypermethylation of
anti-inflammatory or renoprotective genes and hypomethylation of promoters that drive inflammation and
fibrosis are common [134]. As discussed, uremic toxins can induce DNA hypermethylation of crucial genes
like Klotho, exacerbating CKD progression [98]. Physical exercise might counteract these changes through
several pathways. First, regular exercise improves renal function and metabolic health, which could lower
the burden of uremic toxins and OS that fuel aberrant methylation. Second, exercise has been shown to
directly affect DNA methylation in various tissues. In skeletal muscle, acute bouts of exercise can lead to
transient DNA hypomethylation at the promoters of metabolic genes, increasing their expression, while
long-term training can reprogram the methylation landscape to support endurance adaptation [125,126,135].
Exercise-induced signals (like activated AMPK and increased NAD+ levels) may modulate the activity of
DNA methyltransferases (DNMTs) and demethylating enzymes, thus influencing the methylation status of
gene regions. Although specific data in CKD are limited, one can hypothesize that exercise might reduce
pathological methylation marks in kidney tissue or blood cells. For instance, if exercise were able to prevent
the hypermethylation of the Klotho gene (by dampening DNMT activation via reduced toxin levels), it could
help restore Klotho expression and improve renal resilience to oxidative injury. More generally, exercise as a
gene–environment interaction can reshape the epigenome: environmental stimuli like physical activity are
known to produce tissue-specific epigenetic changes [136]. This may include beneficial DNA methylation
changes in immune cells or vascular cells in CKD patients, potentially lowering chronic inflammation.
Epigenetic memory is also a consideration—some methylation changes induced by long-term lifestyle
modification might persist and contribute to sustained health benefits. While concrete examples in CKD
are still forthcoming, ongoing research is beginning to fill this gap by epigenome-wide analyses of exercise
interventions. The reversible nature of DNA methylation marks offers a promising avenue whereby consistent
exercise could overwrite maladaptive epigenetic marks with a healthier program, slowing CKD progression
or even partially rejuvenating the epigenetic profile of cells.

6.2.3 Effects on Histone Modification
Exercise can also influence histone modifications, thereby altering chromatin accessibility and gene

expression. Histone acetylation and methylation are key regulators of whether genes are turned “on” or
“off.” In general, acetylated histones (via histone acetyltransferases, HATs) lead to a relaxed chromatin
structure and active gene transcription, whereas deacetylated or certain methylated histones (mediated by
histone deacetylases, HDACs, or histone methyltransferases) result in condensed chromatin and gene repres-
sion [137]. CKD has been associated with abnormal histone modification patterns. For example, excessive
HDAC activity in the kidney can suppress genes that would normally protect against fibrosis and inflamma-
tion, and aberrant histone methylation at promoters can lock in the expression of pro-fibrotic factors [138].
Exercise may help restore a balanced histone code. Research in exercise physiology shows that physical activ-
ity increases histone acetylation in skeletal muscle, promoting the expression of genes involved in oxidative
metabolism and muscle remodeling [139]. These systemic effects might extend to other tissues as well. During
exercise, metabolic by-products (like β-hydroxybutyrate and acetate) can act as HDAC inhibitors or acetyl-
CoA donors, thereby enhancing histone acetylation in various cells [140]. Additionally, exercise tends to
upregulate sirtuins (SIRT1 and others), which are NAD+-dependent deacetylases that paradoxically improve
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metabolic health by fine-tuning acetylation levels on both histones and transcription factors. In CKD, low
SIRT1 activity (partly due to inflammation or miR-mediated suppression) is linked to renal fibrosis; exercise
might boost SIRT1, indirectly altering histone acetylation in favor of anti-fibrotic gene expression [141].
Moreover, exercise intensity and modality can lead to different histone modification outcomes—for instance,
endurance training might predominantly enhance acetylation of genes for oxidative capacity [142], while
resistance training might impact chromatin regions governing muscle growth hormones [143]. Although
direct data on exercise-induced histone changes in kidneys are lacking, it stands to reason that reducing
systemic inflammation and improving metabolism (as exercise does) will affect the activity of histone-
modifying enzymes in the kidney. Over time, such changes could loosen the epigenetic repression of
beneficial genes or tighten the repression of deleterious ones. In summary, exercise has the potential to
recalibrate histone modifications in a way that mitigates CKD-related gene expression aberrations, but
this hypothesis needs targeted investigation in renal tissues or circulating cells of CKD patients. Beyond
general trends in histone modification, exercise elicits precise and well-characterized epigenetic effects that
modulate transcriptional activity. For example, acute endurance exercise has been shown to demethylate
promoters of key metabolic genes such as PGC-1α, PDK4, and PPARδ in human skeletal muscle, leading
to their upregulated expression and improved metabolic adaptation [144]. At the chromatin level, exercise-
activated AMPK and CaMKII phosphorylate HDAC5, resulting in its nuclear export and the subsequent
relief of transcriptional repression at myocyte enhancer factor 2 (MEF2)-dependent genes, thereby increasing
histone H3 acetylation and facilitating metabolic gene expression [145,146]. Additionally, exercise-induced
increases in NAD+ activate the deacetylase SIRT1, which modulates histone and non-histone proteins such as
PGC-1α, a master regulator of mitochondrial biogenesis and oxidative metabolism [147,148]. Finally, elevated
levels of β-hydroxybutyrate (a ketone body produced during prolonged exercise or fasting) function as
endogenous inhibitors of class I HDACs, further enhancing histone acetylation at genes involved in cellular
stress resistance and energy regulation [140,149]. Collectively, these mechanisms highlight the multilayered
and dynamic epigenetic landscape reshaped by exercise stimuli—effects that may extend beyond muscle to
other metabolically active tissues, including the kidney.

7 Muscle Wasting and Sarcopenia in CKD

7.1 Mechanisms of Muscle Wasting
In CKD, sarcopenia arises from complex disruptions in multiple signaling pathways, primarily charac-

terized by suppressed protein synthesis and concurrent enhancement of protein degradation. For instance,
the IGF-1/AKT/mTOR axis, which governs anabolic signaling and protein synthesis in skeletal muscle, can
be blunted by the pro-inflammatory milieu and insulin resistance inherent to CKD, leading to diminished
muscle protein formation [150,151]. By contrast, the ubiquitin–proteasome pathway (notably upregulation of
Atrogin-1/MAFbx and MuRF1) [152], autophagy–lysosome mechanisms [153], and calpain activity become
excessively activated [154], accelerating muscle proteolysis. This proteolytic drive is further reinforced by pro-
inflammatory cascades involving NF-κB and p38 MAPK [155], as well as by the TGF-β superfamily ligands
myostatin and Activin A, which suppress muscle growth through SMAD2/3 signaling and concurrently
promote catabolic gene expression [156]. In the CKD milieu, factors such as uremic toxins (e.g., indoxyl
sulfate, p-cresyl sulfate), chronic low-grade inflammation, and metabolic acidosis can exacerbate myostatin
production [157]. Against this backdrop, targeted exercise—particularly resistance or combined aerobic–
resistance training—exerts beneficial, direct effects on several levels. Mechanical loading of muscle fibers
stimulates the IGF-1/AKT/mTOR pathway, enhancing protein synthesis and favoring anabolic gene expres-
sion [158,159]. Several studies suggest that exercise may suppress the myostatin signaling pathway, thereby
reducing SMAD2/3 phosphorylation and attenuating the expression of protein degradation–related proteins
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such as MAFbx (encoded by FBXO32) and MuRF1 (encoded by TRIM63) [160,161]. Additionally, exercise
fosters mitochondrial biogenesis and upregulates antioxidant enzymes (e.g., SOD, catalase), mitigating OS
and improving muscular energy metabolism [162,163]. These adaptations can diminish intramuscular lipid
deposition and ameliorate insulin resistance, thus alleviating some of the metabolic derangements commonly
seen in CKD. Consequently, exercise prescriptions in CKD not only address sarcopenia directly but also
confer systemic benefits by optimizing metabolic and inflammatory states, potentially slowing disease
progression and enhancing quality of life.

7.2 Exercise Strategies for Sarcopenia
Sarcopenia in CKD arises from a complex interplay of factors (including uremic inflammation,

metabolic derangements, elevated myostatin expression, and reduced Klotho) that collectively disrupt the
balance of muscle protein synthesis and degradation, ultimately compromising muscle mass and strength
and thereby exacerbating patients’ functional decline and clinical outcomes [164,165]. Recent RCTs and
meta-analyses indicate that both RE and AE beneficially modulate multiple molecular pathways (including
IGF-1/PI3K/Akt/mTOR, NF-κB, and Smad2/3) to mitigate sarcopenia and enhance physical performance
in CKD populations. Specifically, RE stimulates muscle protein synthesis through mechanical loading and
partially overcomes anabolic resistance, thus improving muscle strength and mass, whereas AE exerts anti-
inflammatory and antioxidant effects by downregulating proinflammatory cytokines (e.g., TNF-α, IL-6)
and suppressing myostatin, thereby refining the overall metabolic milieu [166,167]. Indeed, progressive RE
programs exceeding six months have demonstrated significant improvements in grip strength, one-repetition
maximum (1RM), and lower-limb strength indicators among CKD patients, with some investigations also
reporting hypertrophic effects such as increased muscle cross-sectional area and lean body mass [164]. Mean-
while, AE interventions (e.g., walking, cycling) can enhance CKD-related reductions in cardiopulmonary
fitness (by improving six-minute walking distance (6MWT]), gait speed, and stair-climbing duration)
while markedly reducing OS markers (e.g., malondialdehyde) and inflammatory mediators (e.g., CRP,
IL-6), collectively suggesting a deceleration of sarcopenic progression [165]. Combining RE and AE into
a comprehensive program confers synergistic advantages by simultaneously boosting muscular strength
and endurance. For instance, in a 16-week study of dialysis patients, concurrent RE and AE training not
only improved grip strength and 1RM but also elevated circulating Klotho levels and decreased FGF-23
and sclerostin, while another RCT in nondialysis CKD stages 4–5 similarly documented significant gains
in 6MWT performance and quality-of-life metrics [166]. These multifaceted benefits likely arise from
exercise’s capacity to ameliorate chronic inflammation, OS, insulin resistance, and hormonal imbalances
frequently observed in CKD, thereby safeguarding skeletal muscle and improving overall physical function,
ultimately reducing fall risk, enhancing daily activities, and mitigating CV complications [165,167]. Notably,
recent animal and cell-based studies reveal that CKD-associated upregulation of myostatin, driven through
NF-κB signaling, activates proteolytic pathways (ubiquitin-proteasome and autophagy-lysosome), promot-
ing muscle fiber atrophy. However, regular exercise is proposed to repress myostatin expression and reinforce
anti-inflammatory and antioxidant processes, thereby helping to restore muscle metabolic homeostasis [168].
Consequently, a properly tailored and sufficiently intensive exercise regimen is strongly recommended as a
cornerstone of both preventive and therapeutic strategies for sarcopenia in CKD, especially when combined
with nutritional interventions (e.g., adequate protein intake and vitamin D supplementation) that further
support muscle and metabolic health [48].
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8 Discussion
In this comprehensive overview, we elucidate how multiple molecular perturbations, including endothe-

lial dysfunction, oxidative stress, inflammation, epigenetic dysregulation, and excessive uremic toxin
accumulation, converge in CKD to drive both disease progression and cardiovascular complications. These
molecular derangements are often influenced by specific genetic variants, such as APOL1, PKD1/PKD2,
UMOD, and COL4A3–5, which predispose certain patients to faster CKD progression and reduced respon-
siveness to conventional treatments.

This review acknowledges the limitations of current pharmacological approaches while presenting evi-
dence that aerobic and RE can simultaneously influence several key pathological mechanisms. Exercise has
been shown to increase nitric oxide bioavailability, reduce proinflammatory cytokines, enhance antioxidant
defenses, and attenuate skeletal muscle wasting. Importantly, physical activity also appears to influence gene
expression and epigenetic regulation, potentially mitigating genetic risk by modulating pathways such as
myostatin inhibition, IGF-1/AKT/mTOR signaling, and the interactions between muscle, adipose tissue, and
the vascular system.

Although this review does not propose a standardized exercise protocol due to substantial variability
in patient populations, disease severity, and intervention designs, the mechanistic evidence supports the
possibility of tailoring exercise interventions based on individual molecular profiles. For example, patients
in early CKD stages may benefit primarily from antioxidant and anti-inflammatory effects, whereas those
undergoing dialysis may require interventions that focus on preserving muscle mass. Future investigations
should explore the feasibility of precision exercise prescriptions using genetic, metabolic, and epigenetic
markers as stratification tools.

Incorporating exercise into individualized CKD management, when aligned with a patient’s genetic
and metabolic background, has the potential to improve clinical outcomes. In addition, while this review
focused on the molecular and epigenetic effects of exercise, future studies should also explore the potential
synergistic effects of combining exercise with other non-pharmacological interventions such as dietary
modifications or nutritional supplementation. These multimodal strategies may interact through shared
molecular pathways, including inflammation, oxidative stress, and mitochondrial function, and could offer
enhanced therapeutic value when applied in an integrated manner. Future research should prioritize the
identification and validation of epigenetic biomarkers to enable better patient stratification. In addition,
studies are needed to determine the most appropriate exercise modalities and intensities for specific patient
subgroups. Long-term clinical trials that link molecular adaptations to measurable clinical endpoints, such
as slowed disease progression, reduced cardiovascular events, and improved quality of life, will be essential.

At the same time, it is important to clarify that the aim of this review was not to propose specific
exercise regimens. Rather, our intent was to consolidate mechanistic and translational evidence from existing
literature. The development of prescriptive exercise protocols requires dedicated clinical studies and safety
evaluations that go beyond the scope of a mechanistically focused synthesis. Exercise functions as a systemic
modulator with wide-ranging effects on vascular, inflammatory, oxidative, and epigenetic processes, and does
not act through a single, target-specific mechanism like a pharmacological agent. For this reason, translating
molecular insights directly into fixed exercise recommendations may be premature without supporting
outcome-based data.

Nevertheless, this review identifies several molecular targets that appear consistently responsive to
exercise. These include improved nitric oxide signaling, inhibition of NF-κB activity, activation of antioxidant
enzymes, and modulation of epigenetic regulators such as SIRT1 and miR-29. These pathways may serve
as a foundation for future studies aiming to optimize exercise strategies in CKD. They also highlight the



1352 BIOCELL. 2025;49(8)

importance of continuing to investigate the biological underpinnings of exercise in this population, with the
goal of advancing toward a more personalized and mechanistically informed exercise medicine approach
in nephrology.

Figure 1: Overview of key molecular and genetic factors contributing to the progression of chronic kidney disease
(CKD). Red arrows indicate pathophysiological changes, such as downregulation of nitric oxide (NO), increased
oxidative stress, and activation of proinflammatory and profibrotic pathways. These changes are influenced by genetic
variants (e.g., APOL1, PKD1, COL4A3–5) and systemic disturbances, including uremic toxins and reduced antioxidant
defenses. While this figure depicts the disease-promoting network, the molecular nodes shown (e.g., NF-κB, ROS,
myostatin, SIRT1, IGF-1/AKT/mTOR) are known to be modulated by regular physical exercise, as discussed throughout
the manuscript. BH4, tetrahydrobiopterin; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; SOD, superoxide
dismutase; NAD(P)H, nicotinamide adenine dinucleotide phosphate; GPx, glutathione peroxidase; GFR, glomerular
filtration rate; LVH, left ventricular hypertrophy

9 Conclusion
The reviewed evidence positions exercise as a cornerstone intervention capable of correcting or

attenuating key pathophysiological mechanisms inherent to CKD. By targeting inflammation, OS, mineral
dysregulation, uremic toxin burden, and muscle catabolism, physical activity can impart wide-reaching
benefits that extend beyond traditional risk factor control (Fig. 1). Genetic predispositions and epigenetic
alterations add a layer of complexity to CKD, but they also offer an avenue for precision exercise medicine —
individualized prescriptions informed by patients’ unique molecular and genetic contexts. Embracing this
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integrative model, wherein exercise is tailored alongside pharmacological, nutritional, and emerging gene-
based interventions, could usher in more effective strategies to slow CKD progression and improve survival
in this high-risk population.
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Abbreviations
AE Aerobic exercise
ADMA Asymmetric dimethylarginine
AMPK AMP-activated protein kinase
BH4 Tetrahydrobiopterin
BMD Bone mineral density
CaMK Calcium/calmodulin-dependent protein kinase
CAT Catalase
CKD Chronic kidney disease
CKD-MBD CKD-mineral and bone disorder
CRP C-reactive protein
DDAH Dimethylarginine dimethylaminohydrolase
DNMT DNA Methyltransferase
eNOS Endothelial nitric oxide synthase
FOXO Forkhead box O
GFR Glomerular filtration rate
GPx Glutathione peroxidase
FGF23 Fibroblast growth factor 23
HDAC Histone deacetylase
HIIT High-intensity interval training
IGF-1 Insulin-like growth factor 1
IL-1β Interleukin-1 beta
IL-6 Interleukin-6
IL-10 Interleukin-10
MAFbx Muscle atrophy F-box (also known as Atrogin-1)
MAPK Mitogen-activated protein kinase
MDA Malondialdehyde
MEF2 Myocyte enhancer factor 2
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miRNA Micro RNA
mTOR Mammalian target of rapamycin
MuRF1 Muscle RING-finger protein-1
NAD Nicotinamide adenine dinucleotide
NF-κB Nuclear factor kappa B
NO Nitric oxide
Nrf2 Nuclear factor erythroid 2–related factor 2
OS Oxidative stress
PTH Parathyroid hormone
PGC-1α PPARG coactivator 1 alpha
RE Resistance exercise
RM Repetition maximum
ROS Reactive oxygen species
SIRT1 Sirtuin-1
6MWT Six-minute walk test
SMAD Mothers against decapentaplegic homolog
SOD Superoxide dismutase
TLR4 Toll-like receptor 4
TNF-α Tumor necrosis factor alpha
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