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Abstract
Background: Physical exercise (PE) can regulate inflam-
mation, cardiovascular health, sarcopenia, anaemia, and
bone health in the chronic kidney disease (CKD) pop-
ulation. Experimental and clinical studies both help us
better understand the mechanisms that underlie the
beneficial effects of the exercise, especially in renal
anaemia and CKD-mineral bone disorders (CKD-MBDs).
Here, we summarize this evidence, exploring the bio-
logical pathways involved, locally released substances,
and crosstalk between tissues, but also the shortcomings
of current knowledge. Summary: Anaemia: Both in
healthy and CKD subjects, PE may mimic hypoxia, in-
hibiting PHDs; so hydroxylate HIF-α subunits may be
translocated into the nucleus, resulting in dimerization
of HIF-1α and HIF-1β, recruitment of p300 and CBP, and
ultimately, binding to HREs at target genes to cause

activation. However, in CKD subjects acute PE causes
higher levels of lactate, leading to iron restriction by
upregulating hepatic hepcidin expression, while chronic
PE allows an increased lactate clearance and HIF-α and
VEGFα levels, stimulating both erythropoiesis and an-
giogenesis. CKD-MBD: PE may improve bone health
decreasing bone resorption and increasing bone for-
mation throughout at least three main pathways: (a)
increasing osteoprotegerin and decreasing RANKL sys-
tem; (b) decreasing cytokine levels; and (c) stimulating
production of myokines and adipokines. Key Messages:
Future research needs to be defined to develop
evidence-based exercise guidance to provide optimal
benefit for CKD using exercise interventions as adjuvant
therapy for CKD-related complications such as anaemia
and CKD-MBD. © 2024 The Author(s).
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Introduction

Sedentary behaviour is nowadays the fourth leading
risk factor for global mortality because it is involved in
developing cardiovascular disease, type 2 diabetes, arterial
hypertension, obesity, and premature death [1]. Also, in
the chronic kidney disease (CKD) population, physical
activity (PA) and physical exercise (PE) are related to
clinical outcomes [2] and are now suggested by consensus
papers [3, 4] and by recent clinical practice guidelines for
exercise and lifestyle in CKD [5] that summarizes the
evidence for the benefits of regular exercise participation
for people with all stages of kidney disease. Regular ex-
ercise promotes a shift towards a less inflammatory
immune cell phenotype. It reduces chronic systemic
inflammation, likely contributing to improved left ven-
tricular hypertrophy, insulin sensitivity, skeletal muscle
mass, and bone mineral density (BMD). Many experi-
mental and clinical studies have shown that PE can
regulate inflammation, cardiovascular health, lipid
metabolism and insulin resistance, sarcopenia, and bone
health in CKD [6]. In fact, even in the CKD population,
PE offers protective benefits for themaintenance of health
and function with age [7]. Intervening through the means
of PA and/or PE in this population may provide an
opportunity for the alleviation of symptoms in the short
term, improving quality of life, but also benefitting patient
outcomes by counteracting the main CKD-related
complications such as anaemia [8] and CKD-mineral
bone disorder (CKD-MBD) [6]. The present paper
aimed to describe the responses and adaptations to ex-
ercise in relevant biological systems such as bone
metabolism and erythropoiesis.

Blood, Oxygen, and PE
Physical work capacity, maximum oxygen consump-

tion, and endurance performance capacity in humans
greatly depend on the efficient transport of oxygen to
working tissues. The capillary-to-myofiber interface
guarantees the delivery of oxygen and nutrients, which
are crucial for muscle function. It describes the strong
correlation between skeletal muscle capillary density and
muscle oxygen conductance in rats selectively bred for
running endurance [9]. A greater erythropoietin (EPO)
response is seen in several athletes undergoing intense
resistance exercise and long and powerful aerobic exer-
cise. This EPO increase appears to be transient [10].
Together with high hypoxia-inducible factor (HIF)-1α,
protein levels increased immediately after exercise-
induced hypoxia, and mRNA levels for HIF-1 target
genes EPO and vascular endothelial growth factor A

(VEGF-A) were also higher post-exercise [11]. Therefore,
in addition to increased erythropoiesis, VEGF-A pro-
motes angiogenesis, a well-described tissue adaptation of
the skeletal muscle tissue to endurance training. Inter-
estingly, in trainedmuscles, HIF-1α and VEGF-A are low,
probably related to reduced exercise-induced hypoxic
stress and enhanced muscle blood flow [12].

Anaemia as a Disease or Sign?
According to the World Health Organization

(WHO), anaemia is a haemoglobin concentration
lower than 13 g/dL in men and lower than 12 g/dL in
women [13]. It is better defined as a low blood hae-
moglobin concentration, irrespective of the underlying
cause, red blood cell morphology, or function, based on
age, sex, and physiological status [14]. Anaemia results
in symptoms such as fatigue, weakness, dizziness, and
shortness of breath. Fatigue is a commonly reported
and debilitating symptom among patients with CKD
and may begin affecting quality of life as early as CKD
stage 2. Even if the pathophysiology of fatigue in CKD
is multifactorial, anaemia could play a crucial role [15].
Renal anaemia is typically normocytic, normochromic,
and hyperproliferative due to relative EPO deficiency,
uremic-induced inhibitors of erythropoiesis, short-
ened erythrocyte survival, and disordered iron
homeostasis.

Functional iron deficiency is characterized by an
“inflammatory block” with TSAT ≤20% and elevated
ferritin levels. Hepcidin, a protein produced by hepato-
cytes and, in a small quantity, by macrophages and ad-
ipocytes, is responsible for iron enteric absorption and
iron transportation by stimulating ferroportin expression.
While hepcidin levels decrease in hypoxia in physio-
logical conditions, their synthesis increases during pe-
riods of infection or inflammation [16].

Hepcidin excess may account for the impaired dietary
iron absorption and reticuloendothelial cell iron blockade
present in many CKD patients. It binds and induces
degradation of the iron exporter, ferroportin, on duo-
denal enterocytes, reticuloendothelial macrophages, and
hepatocytes to inhibit iron entry into the plasma. In-
flammatory cytokines directly induce hepcidin tran-
scription, presumably as a mechanism to sequester iron
from invading pathogens, leading to the iron seques-
tration, hypoferremia, and anaemia that are hallmarks of
many chronic diseases including CKD [16].

Advanced CKD is characterized by persistent low
inflammation and endothelial dysfunction due to high
serum levels of uremic toxins, such as indoxyl sulphate
and p-cresol, contributing to renal anaemia [17, 18]. This
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condition is also responsible for 5–10% of patients with
end-stage renal disease exhibiting hyporesponsiveness to
EPO-stimulating agents (ESAs) [19].

How PE May Affect Renal Anaemia
Intensive PE increases blood lactate concentration,

which represents an expression of the metabolic cel-
lular stress, namely, a transient shift from an aerobic to
anaerobic glycolysis to produce cellular energy in a
hypoxic background. In a normal condition, lactate
clearance is promoted during the active or passive
recovery [20]. CKD patients present very little toler-
ance to exercise due, among other reasons, to the ac-
cumulation of the body’s waste products, anaemia, and
muscle mass loss. This condition leads to lower PA
levels than the general population [21]. Besides, they
have more difficulty washing out blood lactate after PE
than healthy subjects [22]. Nevertheless, Meierhenrich
et al. [23] showed a decrease in lactate and excess lactate
associated with the rise of haemoglobin immediately
after PE in a group of dialysis patients. The correction
of renal anaemia with ESA improves but does not
normalize maximal PE capacity because of an abnormal
energy metabolism already seen in the pre-dialysis
stages, explained by the presence of progressive and
degenerative low inflammation [24].

PE could be a valid strategy to prevent and improve
renal anaemia in this setting. According to several studies,
aerobic and resistance exercise are valid alternatives to
improve functional capacity and quality of life in CKD
patients (fatigue, above all) [25]. Aerobic and resistance
exercise can also stimulate HIF alpha, increasing the
possibility of exercise training becoming a relevant
treatment for anaemia in older people with end-stage
renal disease [26]. The proposed mechanisms are detailed
in Figure 1.

Exercise and Renal Anaemia, Future Perspectives
The introduction of HIF-PH inhibitors also defined as

HIF1alpha stabilizers represents this century’s milestone
for anaemia treatment in CKD patients [27]. There is
evidence that HIF stabilization may downregulate the
production of hepcidin. Nowadays, we know that en-
dogenous EPO is more effective than ESA in stimulating
erythropoiesis and pleiotropic effects in other tissues. PE
in a short period ameliorates EPO production and
promotes muscle synthesis and angiogenesis closely
correlated with the enhancement of haemoglobin levels.
Further research on long periods of observation could
evaluate the synergy between novel anaemia treatments
and regular PE.

The Bone Is an Endocrine Organ
Today, advanced research methods provide new un-

derstandings of the bone as a crucial endocrine organ, its
role being much more than mechanical coupling. Bone
and extraosseous organs, including heart and brain, have
complex and precise communication mechanisms. For
example, fibroblast growth factor (FGF) 23, lipocalin-2
(LCN2), and osteocalcin (OCN) are three representative
bone-derived cytokines involved in energy metabolism,
endocrine homeostasis, and systemic chronic inflam-
mation levels [28, 29]. Bone is now recognized as a se-
cretory organ, and regulation of bone metabolism occurs
through osteokines and bone-derived factors via auto-
crine, paracrine, and endocrine systems [30]. On the one
hand, the inflammatory cytokine interleukin-6 activates
the secretion of osteoblast and osteocyte-induced re-
ceptor activator of nuclear factor-κB (RANK), which
drives osteoclastogenesis. RANKL then binds to its re-
ceptor, inducing osteoclast differentiation.

On the other hand, osteoprotegerin (OPG) inhibits the
RANK-RANKL interaction and prevents osteoclasto-
genesis, restraining bone loss [31]. The dysregulation of the
RANK-RANKL-OPG axis can lead to osteoporosis. In the
CKD setting, OPG concentrations have consistently been
reported to be higher, probably due to a compensatory
protectivemechanism tomoderate bone remodelling, while
RANKL levels have shown conflicting findings. In con-
junction with a systemic anti-inflammatory effect, several
osteokines are released in response to exercise training,
exerting favourable physiological and metabolic effects in
skeletal muscle and bone. Osteocalcin, OPG, and IGF-1 are
upregulated by exercise, while no apparent effects are re-
ported for FGF-23, sclerostin, and RANK-RANKL.

PE and Bone Health

Regular PA has a crucial role in bone strengthening in
the general population. PA affects bone metabolism, re-
sulting in an adaptation of bones in terms of shape, mass,
and strength to mechanical loading [31]. Higher levels of
PA are widely accepted to promote bone health across the
lifespan by improving bone mass in growing children and
decreasing bone loss in older adults. PA, therefore, re-
duces the risk of osteoporosis and bone fractures. It has
been accepted that mechanical forces help promote bone
mass and strength. The so-called Mechanostat Theory
expresses that bones have their innate biological system to
induce bone formation in response to mechanical forces
[32]. The mechanical strain acts on osteoclasts and os-
teoblasts, regulating the skeleton homeostasis [33].
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Moreover, mechanical load as an exercise regulates
collagen synthesis during bone formation. Muscle tension
is transferred to the bones and leads to provoking os-
teoblast proliferation. On the contrary, sedentary be-
haviour would reduce osteoblast activity and increase
osteoclast function. PA/PE positively affects bone
metabolism via different mechanisms [34].
1. Activation of an inflammatory cascade involving cells

of the innate and adaptive immunity and mediators of
inflammation; PA activates an inflammatory cascade
involving cells of the innate and adaptive immunity, as
cytokines and mediators of inflammation, as my-
okines and adipokines, which create an environment
adapt for recovery, regeneration, and adaptation of the

bone. In particular, irisin, a myokine involved in
glucose and bone homeostasis, is increased after PE
and may have a protective role because it correlates
with BMD and bone strength.

2. Triggering an immunological response due to the in-
crease of interleukin-6 by skeletal muscle; PE activates
the inflammasome complexes, triggering the release of
IL-10, a potent anti-inflammatory molecule. Acute PE
increases pro-inflammatory cytokines, whereas regu-
lar exercise results in an enhancement of anti-
inflammatory molecules.

3. In stimulation of the Wnt signalling pathway; osteo-
cytes can respond to physical stimulation directly by
using various mechanosensors, such as Wnt signalling

Fig. 1. Possible effects of PE on renal anaemia. In normal con-
ditions, HIF1/2 are hydroxylated by prolyl hydroxylase domain
(PHD)-containing enzymes and then degraded in the proteasomes
via polyubiquitination. PE in acute conditions maymimic hypoxia,
inhibiting PHDs; so hydroxylate HIF-α subunits may be trans-
located into the nucleus, resulting in dimerization of HIF-1α and

HIF-1β, recruitment of p300 and CBP, and ultimately, binding to
HREs at target genes to cause activation. In CKD subjects, acute PE
causes higher levels of lactate, leading to iron restriction by up-
regulating hepatic hepcidin expression. The chronic effects of PE
in CKD subjects are increased lactate clearance and HIF-α and
VEGFα levels, stimulating both erythropoiesis and angiogenesis.
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components. The function of osteocytes in response to
mechanical stimulation from exercise is also regulated
indirectly by extracellular cytokines ranging from
RANKL/OPG to sclerostin. Bone cell mechano-
transduction is a complex process that involves several
pathways leading to bone formation, of which the
Wnt-β-catenin cascade is one of the most prominent;
this pathway is negatively regulated by endogenous
secreted inhibitors such as sclerostin, downregulated
by mechanical loading, and upregulated by mechan-
ical disuse.
PE suppresses osteoclastogenesis and bone remodel-

ling, mediated through the OPG/RANKL pathway re-
leased by osteoblasts and osteocytes. In most studies
reviewed by Tobeiha et al. [33], PA/PE promote bone
health by increasing OPG and decreasing RANKL levels.

Thus, there are direct and indirect regulation mech-
anisms of PA on bone health: the former are mediated by
cell surface receptors, the starting point for under-
standing the regulatory effects of mechanical loading,
which include integrins, connexin, polycystins, Wnt
signalling, and sclerostin. The latter includes exercise-
induced regulation of bone environment through cyto-
kines, including inflammatory factors and myokines,
such as irisin. These factors affect bone remodelling,
promoting bone mass and sustaining healthy bone. PE,
through its direct or indirect effects, can change bio-
chemical markers of bone turnover and, consequently,
bone mass; that I is the reason why it is suggested in the
different forms of osteoporosis [35].

How CKD-MBD Affects Bone Health

Bone is now recognized as an endocrine organ at the
heart of CKD-MBD, a systemic mineral and bone
metabolism disorder manifested by various laboratory,
bone, and vascular abnormalities [36]. It is a potent risk
factor for cardiovascular morbidity and mortality
throughout left ventricular hypertrophy, arrhythmia, and
cardiovascular calcification.

Changes in bone tissue occur from early CKD stages,
mainly related to increased sclerostin and FGF23 levels,
two molecules secreted by osteocytes, and the consequent
repression of the Wnt-β catenin signalling pathway. In-
creasing PTH, to a certain extent, may thus appear as an
adaptive mechanism to maintain normal serum calcium,
phosphate, and/or calcitriol levels and a routine bone
remodelling. In fact, during CKD, secondary hyperpara-
thyroidism is quite common. Although intermittent high
levels of PTH can exert an anabolic effect on bone, its

constant elevation increases bone remodelling, exerting a
catabolic effect on cortical and trabecular bone [36].

The two most common histologic patterns derived from
altered PTH levels are osteitis fibrosa, high PTH, and
adynamic bone disease (ABD), low levels. The persistent
and constant elevated PTH increases the bone resorption
units, leading to negative bone balance; the increased os-
teoblastic activity does not have an orderly and laminar
disposition, as in normal bone, and is defined as woven
bone. The overall result is a loss of cortical bone secondary
to the accelerated resorption, which far exceeds bone
formation, and in the place of laminar osteoid, fibrous
tissue even containing cysts is present [37]. On the other
hand, ABD is characterized by suppressed bone formation,
low cellularity, and thin osteoid seams. The last one
mentioned is the most crucial difference with osteomalacia
(comprehensive osteoid volume) since mineralization is
normal in ABD. The prevalence of ABD has increased
significantly in the last years, and inmost recent studies, it is
described as the most prevalent histologic pattern, probably
due to the patient’s increasing age and a higher prevalence
of diabetes mellitus-related hypoparathyroidism. This
condition has also been associated with higher mortality,
occasionally attributed to an increased number of fractures
and accelerated vascular calcification [38]. In summary,
CKD-MBD has a relevant impact on bone health, which is
no longer just represented by bone remodelling disorders. It
is associated with a higher risk of falls and fractures and
higher mortality rates when a fracture occurs.

How PE May Affect CKD-MBD

Recent experimental [39] and clinical [40] evidence
indicates that PA/PE may influence CKD-MBD
throughout at least three main biological pathways.
During the course of CKD, levels of sclerostin are in-
versely related to the declining GFR, and the Wnt-β-
catenin pathway is downregulated [39]. One study in
haemodialysis patients showed a reduced sclerostin level
and increased BMD after dynamic resistance training
performed before each dialysis session for 6 months
[40]. Exercise-related improvements in BMD and re-
duced bone loss may be mediated via decreased scle-
rostin release from bone either directly and/or via re-
duced skeletal muscle myostatin mRNA expression.
Exercise-mediated decreases in the release of FGF23 and
increases in klotho release in bone might also contribute
to improved BMD and reduced bone loss. These po-
tential mechanisms are based on the available data from
studies of the effects of short-term exercise intervention
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in patients with CKD, kidney failure on dialysis, and
kidney transplant recipients.

It is well known that CKD is characterized by an in-
creased osteocyte production of secreted factors, including
the anti-anabolic protein sclerostin. Elevated sclerostin is
associated with reduced Wnt/β-catenin signalling in bone
and decreased osteoblast differentiation/activity [41]. Wnt
signalling cascade is a cell biological pathway involved in
bone cell mechanotransduction, PA exerting a mechanical
stimulation that may improve skeletal integrity and reduce
fracture risk [39]. This suggests that modulation of the Wnt
signalling pathway holds great promise in altering bonemass
and mimicking some of the positive effects of mechanical
strain on bone throughout the downregulation of sclerostin,
also becoming a target for pharmacological intervention.

On the other hand, dynamic resistance exercise
training in haemodialysis patients was shown to reduce
sclerostin levels [39]. Unfortunately, the other two studies
did not confirm these results [42, 43], although the first
reported an increase in bone alkaline phosphate, which is
suggestive of increased osteoblast activity [42].

Another biological pathway involved in osteoclast
differentiation and bone resorption is the RANKL-
RANK-OPG system. In CKD, the RANKL-RANK-OPG
system favours bone resorption as PTH upregulates
RANKL and downregulates OPG [44]. By contrast, ex-
ercise might inhibit bone loss by reducing RANKL and/or
increasing OPG [45]. Intradialytic resistance exercise may
increase plasma OPG levels and improve BMD, sug-
gesting that the increase in OPG levels might contribute
to the prevention of bone loss in CKD patients [42, 46].

The third pathway involves FGF, FGF receptors, and
the co-receptor klotho, an essential component of en-
docrine FGF receptor complexes that governs multiple
metabolic processes in mammals, known to be involved
in premature ageing as an ageing suppressor; the course
of CKD is characterized by reduced levels of klotho and
increased levels of FGF23 and PTH. PE may increase
klotho levels and reduce levels of FGF23 and PTH in both
CKD [47] and haemodialysis patients [40]. The proposed
mechanisms are detailed in Figure 2.

Experimental and Clinical Evidence

In rats with mild CKD induced by partial nephrec-
tomy, exercise and 8 weeks of treadmill running have
been shown to improve BMD and bone microstructure in
mild CKD by inhibiting sclerostin production [48].
Micro-CT scanning demonstrated that the CKD exercise-
group rats had a higher BMD of the spine and femoral

metaphysis and higher femoral trabecular bone volume
than the CKD-group rats. Moreover, serum concentra-
tions of the bone resorptionmarker CTX-1 were higher in
rats from the CKD group and showed an improvement in
rats from the CKD exercise group, indicating that exercise
alleviated bone resorption in the rats with mild CKD [48].

Another study in a CKD rat model tested the hypothesis
that voluntary wheel running would improve musculo-
skeletal health [49]. The CKD rats with voluntary wheel
access showed reduced cortical porosity and improved
bone microarchitecture detected by micro-CT scanning,
improved muscle strength, increased time-to-fatigue (for
VO2 max), bone mechanics, and with a trend towards
reduced vascular calcification and decreased PTH levels.

The effect of exercise on the bone of dialysis patients
was investigated in a clinical trial designed to investigate
the effect of 12 weeks of progressive resistance training
versus 12 weeks of sham-exercise attention control [50].
This kind of intradialytic exercise was associated with
improvement in muscle mass, strength, and bone mineral
content; these findings were corroborated by another re-
cent trial that demonstrated gains in bone alkaline
phosphatase (ALP) over 24 weeks of resistance exercise
[51]. The other side of the coin may be seen evaluating the
same population’s muscle mass and strength on BMD and
osteoporosis. Not surprisingly, shorter calf circumference
or weaker grip strength was associated with osteoporosis
risk and lower BMD among haemodialysis patients, in-
dependently of the conventional therapies [52].

Finally, the impact of PA and exercise on bone health
in patients with CKD was recently revised by Cardoso
et al. [53]. They reviewed six observational (4 cross-
sectional, two longitudinal) and seven experimental (2
aerobic, five resistance exercise trials) studies, with an
overall sample size of 367 and 215 patients, respectively.
The main results were that there is partial evidence
supporting (a) a positive relation between PA and bone
outcomes and (b) the positive effect of resistance exercise
on bone health in CKD. Overall, experimental studies
suggest that resistance exercise interventions may im-
prove bone health in CKD stages 3–4, dialysis, and kidney
transplant patients; evidence for aerobic exercise is less
clear. Moreover, resistance exercise may elicit positive
changes in CKD patients’ bone metabolism, increasing
OPG levels, which may indicate better bone mass and
strength. OPG protects bone from excessive resorption
and was recently associated with bone fractures in CKD
patients [54]. The same is also true for ALP and bone ALP
levels [53]. Finally, Yoshioka et al. [55] found that re-
placing sedentary time with moderate-to-vigorous PA,
but not light-intensity PA, improved ultrasound-based
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measures of bone density. Thus, we may suggest resis-
tance exercise in CKD patients to improve BMD at the
femoral neck and proximal femur, which may prevent
and/or decrease the risk of hip fractures.

Exercise and CKD-MBD, Future Perspective

The current management of CKD-MBD and related
fracture risk is based on traditional and novel approaches
[56]. Among the latter, it is now recognized that lifestyle
factors may influence fracture risk in osteoporosis, and
patients with CKD are not exempt from these risks. In this
setting, exercise seems to be able to avoid sarcopenia,
prevent loss of muscle mass and function, and maintain
bone mass through mechanical loading and related bio-
logical pathways. Exercise is a non-pharmacological strategy

widely recognized as a vital mechanical stimulus for de-
veloping and maintaining optimal bone strength
throughout life. The time has come to encourage exercise,
maintain physical function, and reduce the risk of falls,
considering that resistance training may be particularly
beneficial to skeletal health.

Nowadays, it is pretty clear that exercise has beneficial
effects on muscle and bone strength and metabolic markers
in adults with CKD; exercise-mediated activation of the
canonical Wnt pathway, reduced FGF23, and increased
klotho release may lead to bone formation, reduced bone
loss, and improved BMD; both reported physical function
and low scores on tests such as the 6-min walking test are
associated with falls and fractures; last but not least, re-
sistance training may (1) elicit a normal, anabolic muscle
response, (2) increase BMD, mainly at the peripheral
skeleton, and (3) increase whole-body BMC. Although

Fig. 2. Possible effects of PE on bone health. PE may improve bone health decreasing bone resorption and
increasing bone formation throughout at least three main pathways. a Increasing OPG and decreasing RANKL
system. b Decreasing cytokine levels. c Stimulating production of myokines and adipokines.
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more research is needed in this field, clinicians and exercise
physiologists should advise CKD patients to increase their
PA levels as it may be related to higher BMD, apart from
other physiological and psychological benefits that may be
derived from increasing PA.

Conclusions

Nowadays, it is well known that PA, physical function,
and performance are strongly associated with all-cause
mortality [2]. The beneficial effects of PA/PE are in-
creasingly recognized in chronic inflammation, cardio-
respiratory function, muscle and bone strength, and
metabolic markers [6, 7]. Although more research is
needed in this field, there is evidence that PE exerts its
relevant beneficial effects on the anabolic response in
skeletal muscle, bone formation, and improvements in
the levels of the bone-derived hormones klotho and
FGF23 and erythropoiesis too. Consequently, improving
PA and function needs to be part of the routine patient-
centred management of the CKD population.
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