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Sarcopenia and impaired cardiorespiratory fitness are commonly observed in older
individuals and patients with chronic kidney disease (CKD). Declines in skeletal muscle
function and aerobic capacity can progress into impaired physical function and inability
to perform activities of daily living. Physical function is highly associated with important
clinical outcomes such as hospitalization, functional independence, quality of life, and
mortality. While lifestyle modifications such as exercise and dietary interventions have
been shown to prevent and reverse declines in physical function, the utility of these
treatment strategies is limited by poor widespread adoption and adherence due to a
wide variety of both perceived and actual barriers to exercise. Therefore, identifying novel
treatment targets to manage physical function decline is critically important. Klotho, a
remarkable protein with powerful anti-aging properties has recently been investigated
for its role in musculoskeletal health and physical function. Klotho is involved in several
key processes that regulate skeletal muscle function, such as muscle regeneration,
mitochondrial biogenesis, endothelial function, oxidative stress, and inflammation. This
is particularly important for older adults and patients with CKD, which are known states
of Klotho deficiency. Emerging data support the existence of Klotho-related benefits to
exercise and for potential Klotho-based therapeutic interventions for the treatment of
sarcopenia and its progression to physical disability. However, significant gaps in our
understanding of Klotho must first be overcome before we can consider its potential
ergogenic benefits. These advances will be critical to establish the optimal approach
to future Klotho-based interventional trials and to determine if Klotho can regulate
physical dysfunction.

Keywords: Klotho, skeletal muscle, chronic kidney disease (CKD), sarcopenia, physical function

INTRODUCTION

In 1997, Kuro-o and colleagues (1) identified a novel gene that encodes a transmembrane protein
with powerful anti-aging properties. The gene, Klotho, was named after Clotho—the Greek goddess
who spins the thread of life and whose form is depicted in the iconic Flemish Tapestry, “The Three
Fates” that hangs in the Victoria and Alberts Museum in London today. Klotho deficient mice
exhibit a shortened lifespan and a premature aging syndrome that includes phenotypic features
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of sarcopenia and physical dysfunction such as severe
muscle wasting, hypokinesis, an abnormal walking pattern,
decreased stride length, muscle weakness, and decreased running
endurance (1-3). Conversely, restoration of Klotho in Klotho
deficient mice can reverse these aging phenotypes and extend
life span (1, 4-6). In humans, several epidemiological studies
have revealed a link between Klotho levels and physical function
indices (7-11). Accordingly, older adults and patients with
chronic kidney disease (CKD), which are known states of Klotho
deficiency, commonly exhibit declines in musculoskeletal health
and physical function. These observations suggest that Klotho
may regulate age- and CKD-related declines in physical function.

An adequate level of physical function is essential for
the performance of daily living activities and to maintain
functional independence. Physical function is a cumulative
response of interconnected organ systems and can be assessed
by cardiorespiratory fitness, neuromuscular function (i.e., muscle
strength, speed, power, and endurance), flexibility, and balance
(12). The integration of these physical fitness components enables
the interaction with ones environment including the ability
to perform basic movements, such as walking, climbing stairs,
standing up from a seated position, carrying objects, and more.
These functional metrics are major determinants of whether
an individual can live independently or require assistance to
perform daily tasks. Importantly, poor physical function is
strongly predictive of higher rates of mortality (13, 14), higher
hospitalization rates (15), and poor quality of life (16). Moreover,
loss of functional independence inflicts significant burden on the
affected individuals and their family members and presents a
major burden on healthcare economics globally. Recent estimates
suggest that the United States spent $868 billion in 2015 (adjusted
to 2017 medical prices) in disability-associated health care
expenditures, representing 36% of total health care expenditures
(17). Therefore, identifying factors associated with physical
dysfunction that may be modifiable targets for interventions is
critically important.

The development of physical dysfunction is complex and
multifactorial. As we age, progressive declines in muscle mass,
quality, and function lead to sarcopenia (18). Estimates suggest
that muscle mass decreases by 1-2% per year after the age of 50,
and by 3% after the age of 70 (19). Similar rates of decline have
been observed in muscle strength and quality with increasing
age (20, 21). Moreover, the decline in skeletal muscle power
(the product of the force and velocity of muscle contraction)
with advancing age occurs earlier and more rapidly than muscle
strength (the ability to generate maximal muscle force) and
is a stronger predictor of functional performance than muscle
strength (22). The overall prevalence of sarcopenia is estimated
to be between 6 and 22% in adults aged > 60 years, and this
prevalence increases with increasing age (23, 24), although these
estimates vary widely depending on the definition, criteria, and
cutofts used to diagnose sarcopenia. In CKD, sarcopenia is driven
by the accumulation of uremic toxins, inflammation, oxidative
stress, ubiquitination, insulin resistance, malnutrition, aging, and
sedentary lifestyle (23, 25, 26). As a result, CKD patients exhibit
impaired mitochondrial function, decreased muscle quality,
decreased muscle size, decreased muscle strength, and therefore

a greater prevalence of sarcopenia compared to those without
CKD (23, 27, 28). In addition to sarcopenia, significant declines
in cardiorespiratory fitness are also observed in aging (29, 30) and
CKD (31). The combination of impaired muscle function and
impaired cardiorespiratory fitness ultimately reduces workload
capacity and the ability to perform activities of daily living
(ADLs) (12).

Beyond exercise and physical activity interventions, there
are limited options for improving physical performance. In
the context of sport and rehabilitation, an “ergogenic aid”
refers to any pharmacological method, nutritional practice,
dietary supplement, training technique, mechanical device, or
psychological technique that can enhance performance and/or
training adaptations (32). The term “ergogenic” comes from the
Greek prefix ergo- meaning “work” and the suffix -gen meaning
“production.” As such, any intervention or therapeutic agent that
enhances or restores the ability to produce work can be described
as “ergogenic.” Accumulating data suggest that Klotho may play
a key role in the development of sarcopenia and its progression
into physical dysfunction. Moreover, research in animal models
suggests that enhancing Klotho levels may improve skeletal
muscle strength, quality, and recovery following injury and may
therefore represent a novel ergogenic agent (5, 33, 34).

This comprehensive review considers the biological
mechanisms of Klotho, detrimental effects imposed by its
deficiency on physical function in aging and CKD, and explores
contemporary evidence supporting the potential ergogenic
benefits of therapeutic targeting of Klotho.

SARCOPENIA IN AGING AND CKD: AN
OPPORTUNITY FOR KLOTHO

In 1989, Dr. Irwin H. Rosenberg first coined the term sarcopenia
(from the Greek: sarx for flesh and penia for loss) to describe
the striking age-related declines observed in muscle mass and
muscle function (35). In 2016, sarcopenia became recognized as
an independent condition with an International Classification
of Disease, Tenth Revision, Clinical Modification (ICD-10-CM)
code M62.84 (36). While some argue that the term “sarcopenia”
should be exclusive to older persons (> 60 years of age)
(37), consensus definitions proposed by expert panels recognize
sarcopenia as a muscle disease that can develop early in life with
a complex, multifactorial etiology (38-43). Unhealthy lifestyle
choices and the presence of chronic diseases are capable of
accelerating muscle loss in middle-aged and older adults (44).
Notably, the European Working Group on Sarcopenia in Older
People (EWGSOP) makes a distinction between “primary” or
age-related sarcopenia and “secondary” sarcopenia (40, 41).
Primary sarcopenia is when the etiology is related to aging alone,
while secondary sarcopenia results from other conditions that
can be concomitant or not with aging and that can occur early
in the adult life, such as low levels of physical activity, systemic
disease, and malnutrition. In the field of nephrology, other terms
have been used to describe changes in skeletal muscle with CKD,
including protein-energy wasting, cachexia, and frailty. While
these terms have distinct definitions from sarcopenia (25), they
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share common criteria and clinical outcomes. For the purposes of
this review, the condition of skeletal muscle loss and dysfunction
in aging and CKD will be referred to as sarcopenia.

Changes in skeletal muscle during aging and CKD can
progress into muscle weakness, decreased mobility, increased
fatigue, increased risk of metabolic disorders, and increased risk
of falls and skeletal fractures. With aging, there is a progressive
loss of motor units, type II muscle fiber atrophy, and a net
replacement of fast (type II) motor units by slow (type I)
motor units (18, 45). These neuromuscular changes result in
the progressive loss of muscle power, i.e., the product of force
and speed, which is necessary for daily tasks, such as climbing
steps, rising from a chair, or avoiding falls and resultant injury
after a perturbation in balance (46). Muscle quality also declines
with increasing age, with mitochondrial dysfunction promoting
intramuscular fat deposition (47). Older men have considerably
more fat and connective tissue within the muscle compartments
of the thigh than younger men (48), and a previous study showed
a yearly increase of 18% in intramuscular adipose tissue in
older adults (49). Intramuscular lipid infiltration is associated
with muscle weakness and poor physical function (50, 51),
independent of muscle size. Additionally, aging is associated with
a negative protein balance caused by decreased expression of
anabolic factors and increased expression of catabolic endocrine
and inflammatory factors (18). The capacity for skeletal muscle
regeneration also declines with age due to reduced muscle
innervation, increased fibrosis, altered expression of growth
factors and cytokines, reduced number and altered proliferative
potential of satellite cells, telomere shortening in satellite cells,
and enhanced apoptosis (52). Clearly, a wide variety of factors
play a role in skeletal muscle deterioration. While these factors
are observed during “normal” aging, they overlap with factors
that contribute to sarcopenia in CKD.

The relationship between kidney function and aging is well-
recognized and appears bidirectional. The kidneys are among
the organs that are most affected by aging (53), and the
uremic phenotype in CKD is characterized by many conditions
associated with aging, such as osteoporosis, atherosclerosis,
inflammation, oxidative stress, insulin resistance, skin atrophy,
and cognitive dysfunction (54, 55). Similarly, the accumulation
of uremic toxins in CKD leads to the premature deterioration
of muscle function that resembles “primary” sarcopenia (25).
Muscle loss is a frequent finding in CKD, especially for
patients with more advanced stages of CKD undergoing
hemodialysis (56-58). These musculoskeletal deficits are linked
to worse quality of life, sedentary behavior, fracture risk,
cardiovascular complications, graft failure, transplant post-
operative complications, increased hospitalization, and mortality
(59-62). CKD patients exhibit 50 to 120% lower scores in physical
performance compared to non-uremic reference controls (12)
and CKD severity is associated with worse physical performance
(63, 64). One study found that scores on the Short Physical
Performance Battery (SPPB) test were 0.51 points lower for
CKD Stage 3; 0.61 points lower for CKD Stage 4; and 1.75
points lower for CKD Stage 5 compared to the SPPB scores of
patients with an estimated glomerular filtration rate (eGFR) >60
ml/min/1.73 m? (63). Even relatively high-functioning advanced

CKD (Stages 4-5) patients have been shown to have significantly
lower levels of physical function than older adults with heart
failure and chronic obstructive pulmonary disease (65). A recent
study using a large cohort from the United Kingdom found
that one in 10 participants with CKD (eGFR <60 ml/min/1.73
m?) had probable sarcopenia (defined as low grip strength),
almost twice that observed in those without CKD (23). Therefore,
CKD patients represent a particularly vulnerable population with
respect to sarcopenia.

Evidence suggests that Klotho levels are reduced as early as
stage 2 CKD (66) and progressively decrease with advancing
CKD stage (67). Similarly, Klotho levels have been shown to
decline with increasing age (68). Over the past decade, studies in
Klotho deficient mice (3) and older adults (7-11) have revealed
a strong association between Klotho levels and skeletal muscle
strength and physical function. Therefore, poor physical function
in older adults and CKD patients may represent a unique
opportunity for Klotho-based therapy. In the next sections, the
biology of Klotho and its role in skeletal muscle will be discussed.

KLOTHO: BIOLOGY, TISSUE EXPRESSION,
AND FUNCTIONS

The human Klotho gene consists of five exons and four introns,
located in chromosome 13ql12 with a size of 50kb (69). The
gene encodes a type 1 transmembrane glycoprotein consisting
of 1,012 amino acids with a molecular weight of 135 kDa (1,
70). Full-length Klotho consists of a putative N-terminal signal
sequence and two internal repeats (KL1 and KL2) constituting
the extracellular domain, a single-pass transmembrane domain,
and a short intracellular cytosolic domain of 10 amino acids at
the C-terminus (69, 71). A soluble isoform of Klotho (sKlotho)
also exists in circulation generated from the cleavage of full-
length Klotho in an a-cut by the membrane proteases A
Disintegrin and Metalloproteinase (ADAM)10 and ADAMI17
(72). This process generates a 130 kDa soluble protein that
contains both extracellular domains (KL1 and KL2) but lacks the
transmembrane and intracellular components. A smaller 65 kDa
isoform consisting of only the KL1 domain can also generated by
a 3-cut (72). Little is known regarding the distinct roles of each
of these isoforms. Soluble Klotho is present in blood, urine, and
cerebrospinal fluid (73, 74).

Klotho is highly expressed in the kidney, mainly in the distal
tubules and, to a lesser extent, in the proximal tubules (1, 75).
Elimination of renal Klotho expression using a novel mouse
strain with Klotho deleted throughout the nephron was shown to
reduce circulating levels by ~80% (76), revealing that the kidney
is the main source of circulating Klotho. Similarly, unilateral
nephrectomy in humans significantly reduces circulating levels of
Klotho (77). Moreover, a recent meta-analysis found that there is
a significant reduction in serum Klotho levels after a living kidney
donation and an increase in serum Klotho levels after receiving a
successful kidney transplant (78). The kidney has dual roles in
regulating Klotho homeostasis by both producing and releasing
Klotho into circulation and by clearing sKlotho from the blood
into the urinary lumen (75).
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Klotho is also expressed in other tissues; however, extra-renal
expression of Klotho appears to be less abundant than expression
at the kidneys (1, 79). In a recent review article, Olauson and
colleagues (80) compiled data from publicly available RNA-Seq
and mass spectrometry databases (The FANTOMS5 project, The
Human Protein Atlas, The GTEx Consortium and Illumina Body
Map, and The Human Proteome Map) to propose a classification
for Klotho expression in tissues based on current evidence for
basal mRNA and protein expression levels. Tissues with high
Klotho expression include: distal tubules, parathyroid gland,
sinoatrial node and choroid plexus; tissues with intermediate
expression include: proximal tubules, brain, eye, inner ear,
anterior pituitary, pancreas, lung, testis, ovaries, and placenta;
and tissues with low or absent expression include: skeletal muscle,
bone, cartilage, skin, adipose tissue, liver, spleen, heart, arteries,
blood and immune cells, and parts of the gastrointestinal tract
(80). Although skeletal muscle expression of Klotho is reportedly
low, limited evidence suggests that Klotho transcript and protein
levels are elevated in response to injury (34, 81, 82). The role of
endogenous Klotho in skeletal muscle regeneration is discussed
in a later section.

A major function for Klotho is serving as an obligate
co-receptor for fibroblast growth factor 23 (FGF23) (83).
FGF23 is a hormone produced by osteocytes that promotes
urinary phosphate excretion and lowers serum levels of 1,25-
dihydroxyvitamin D3 (1,25(OH);D3), the active hormonal form
of vitamin D (84). FGF23-null (FGF23~/~) mice were shown to
develop hyperphosphatemia and high serum 1,25(OH),;D3, as
well as premature aging features identical to Klotho-knockout
(KL~/~) mice (2, 85). FGF23 signaling requires Klotho to bind
to its receptors (FGFR) with high affinity, and the Klotho-
FGFR complex functions as the physiological receptor for FGF23
(83). Structural studies revealed that Klotho extends a receptor-
binding arm which interacts directly with the FGFR1c isoform,
forming a groove for the FGF23 ligand (71). FGF23 signaling via
the Klotho-FGFR complex regulates the function of the kidneys
and the parathyroid glands to regulate phosphate homeostasis.

Both membrane-bound and sKlotho associate with cognate
FGEFR isoforms FGFR1c, FGFR3c, and FGFR4, enabling them
to bind and respond to FGF23 (83, 86, 87). Binding of
FGFRs expressed by the kidneys stimulates urinary phosphate
excretion by inducing the internalization and degradation of
sodium-dependent phosphate transport protein 2A (NPT2A)
and downregulating the expression of NPT2A (also known
as SLC34AI). NPT2A downregulation results in decreased
phosphate reabsorption in renal proximal tubules and increased
urinary phosphate excretion (88). Systemic regulation of
phosphate homeostasis via FGF23 is dependent on Klotho, and
this is reflected by one study demonstrating no systemic effects
on phosphate balance following administration of recombinant
bioactive FGF23 into KL~/ mice, in vivo (2).

Activation of the main circulating form of vitamin D3, 25-
hydroxyvitamin D (25-OH-D3), to its active form, 1,25(OH), D3,
occurs in the kidney and involves a series of cytochrome P450-
containing sterol hydroxylases to generate and degrade the
active hormone (89, 90). FGF23 suppresses the expression of
CYP27B1, which encodes 25-hydroxyvitamin D3 1a hydroxylase,

the enzyme that converts 25-OH-D3 to 1,25(OH);D3 (91).
FGF23 also increases the expression of CYP24AL which encodes
24-hydroxylase, the key enzyme responsible for vitamin D
catabolism (89). Therefore, mice lacking FGF23 or Klotho exhibit
phosphate retention due to impaired urinary phosphate excretion
and vitamin D intoxication due to increased synthesis and
decreased degradation of 1,25(OH),Ds.

The soluble form of Klotho can exert a wide variety of
extra-renal actions that are independent of FGF23. Circulating
Klotho has been shown to regulate the activity of several
signaling pathways including insulin-like growth factor (IGF)-1
(6, 92), cyclic adenosine monophosphate (93), Protein kinase C
(94), p53/p21 (95), Wnt (82, 96-98), and transforming growth
factor(TGF)B1 (99). Additionally, Klotho has been shown to
inhibit oxidative stress (100, 101) and inflammation (102).
Mounting evidence suggests that Klotho can also exert cardio-
protective (103) and vasculo-protective effects (104), which is
discussed in greater detail in a later section. In summary,
sKlotho regulates multiple signaling pathways to exert pleiotropic
functions with far reaching implications on health and longevity.
The potential role of Klotho in regulating musculoskeletal health
has only recently been explored and will be discussed in further
detail next.

KLOTHO AND SKELETAL MUSCLE

The current approaches for the treatment and prevention
of sarcopenia focus on exercise prescription and dietary
interventions, which have promoted favorable outcomes in
both aging adults (105) and CKD (106). However, the
widespread adoption of exercise programs and physical activity
recommendations by older adults (107) and patients with
CKD (108) has been poor due to a wide range of barriers
such as time availability, lack of resources, co-morbidities,
lack of transportation, and post-dialysis fatigue in the case
of dialysis patients. Therefore, a comprehensive approach
that also incorporates pharmacological interventions may be
a more effective strategy to combat sarcopenia. Advances in
our understanding of the pathophysiology of sarcopenia have
provided potential targets for drug discovery. Pharmacological
strategies for the treatment of muscle loss include testosterone
therapy (109-111), growth hormone (112), myostatin inhibitors
(113), activin receptor antibodies (114), metformin (115), the
angiotensin-converting enzyme inhibitor, perindopril (116), the
ghrelin agonist, anamorelin (117), and sarconeos (BIOL101), a
novel drug containing 20-hydroxyecdysone, which activates the
MAS (angiotensin-1) receptor in muscle cells (118). Notably,
the anti-aging effects of Klotho have been partially attributed
to modulation of the renin-angiotensin system (RAS), Wnt,
mammalian target of rapamycin (mTOR), and mitogen-activated
protein kinase (MAPK) pathways (92, 96, 119, 120), some
of which are also mechanistic targets for these sarcopenia
treatments. Additionally, testosterone administration was shown
to upregulate renal Klotho mRNA expression (121). These
observations suggest a potential mechanistic link between
sarcopenia and Klotho levels.
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Data from the Invecchiare in Chianti (Aging in the Chianti
Area; INCHIANTTI) study, a population-based longitudinal study
of older adults in Italy, revealed that an increase in plasma Klotho
was independently associated with higher grip strength (£ =
1.20, SE = 0.35, p < 0.001) in participants with plasma Klotho
<681 pg/mL (8). In the same cohort, higher plasma Klotho was
also independently associated with lower risk of ADL disability
(OR = 0.57, 95% CI 0.35-0.93, p = 0.02) (7), higher average
Short Physical Performance Battery (SPPB) scores (£ = 0.49,
95% CI 0.08-0.86, p = 0.02) (11), and lower risk of frailty
(OR = 0.46, 95% CI 0.21-0.98, p = 0.045) (10). Similarly, data
from the Health, Aging, and Body Composition (Health ABC)
study showed that older adults in the highest tertile of plasma
Klotho (>747 pg/mL) exhibited higher knee extension strength
compared with those in the lowest tertile (<536 pg/mL; p = 0.72,
SE = 0.018, p < 0.0001) and a lower decline in knee strength
over 4 years of follow-up (f = —0.025, SE = 0.011, p = 0.02)
(9). More recently, data from the Physical Fitness as Klotho
Protein Stimulator; Antiaging Effects of New Training Methods
(FIT-AGING) study, a randomized controlled trial conducted in
Spain, found significant positive relationships between sKlotho
and handgrip strength, knee extension peak torque, and lean
mass index in middle-aged adults (122, 123). In a small cohort
of dialysis patients, patients with lower plasma sKlotho (< 369
pg/mL) presented a higher risk of having low handgrip strength
and low performance on the 6-min walk test and the sit-to-
stand test (124). Observational studies evaluating the relationship
between Klotho levels and indices of physical function and
health are summarized in Table 1. These clinical observations
are consistent with experimental data: Phelps and colleagues (3)
found that maximum forelimb grip force measured in Klotho
deficient mice were 53% and 51% lower than wildtype and
Klotho overexpressing (EFmKL46) mice, respectively. Moreover,
Klotho deficient mice exhibited an endurance capacity ~60% less
than both wildtype and EFmKL46 mice. Another study found
a reduction in the number of muscle stem cells and smaller
muscle size in Klotho deficient mice compared to control mice
at the age of 8 weeks (33). The reduction in muscle mass in
Klotho deficient mice was concomitant with the increased muscle
expression of ubiquitin ligases, suggesting that Klotho deficient
mice are likely undergoing sarcopenia-like muscle wasting rather
than a developmental defect in skeletal muscle growth. Several
potential biological mechanisms may explain the role of Klotho
on regulating skeletal muscle function and this is discussed in the
next section.

Klotho and Muscle Regeneration

Skeletal muscle is capable of full regeneration and recovery
following even the most extreme damaging events, including
crush injuries, freezing injuries, injection of toxins, and exercise-
induced damage (i.e., eccentric muscle contractions). Recovery
of normal structure and function following muscle damage relies
largely on the functions of mononucleated, myogenic stem cells,
called satellite cells, that retain their ability to proliferate and
then differentiate to fuse with existing fibers or with other
myogenic cells to generate new fibers (135). Muscle regeneration
is an organized process involving a local inflammatory response,

followed by the activation, proliferation, and differentiation
of quiescent satellite cells, culminating in remodeling and
regeneration of damaged tissue (135, 136). Tight regulation of
satellite cell differentiation and their self-renewal is essential
during this process to prevent depletion of the satellite cell pool
and facilitate sufficient myoblasts for myogenesis. Numerous
factors can influence the muscle regenerative response, and
perturbations in satellite cell function can lead to loss of
muscle function and negative health outcomes. Moreover,
muscle regeneration is compromised in several conditions by
excessive deposition of extracellular matrix (ECM), resulting
in muscle fibrosis (137). The regenerative potential of skeletal
muscle has been shown to diminish with advanced age and
in CKD (138, 139).

Recent studies have shown that Klotho plays a key role
in regulating muscle regeneration. Ahrens and colleagues (33)
found that Klotho deficient mice showed evidence of muscle
atrophy, fibrosis, calcification, and scarring at 10 and 21
days following cardiotoxin-induced injury of skeletal muscle
(50 pL cardiotoxin injected into the tibialis anterior muscle).
Furthermore, differentiation of myofibers and muscle satellite
cell self-renewal and function were severely compromised.
Similarly, Sahu et al. (34) demonstrated that Klotho deficient
mice exhibited a decreased regenerative index, smaller myofiber
size, and increased fibrosis when compared to wild-type mice
following skeletal muscle injury. A study in mdx mice, the mouse
model for Duchenne muscular dystrophy (DMD), showed that
that epigenetic silencing of Klotho in muscle occurs at the onset of
DMD and contributes to the disturbed muscle regeneration and
muscle fibrosis observed in mdx mice (140). Interestingly, Klotho
gene silencing in mdx mice does not affect levels of sKlotho or
expression in brain, kidney, pancreas, or spleen. This suggests
that Klotho-mediated effects on skeletal muscle homeostasis may
be largely paracrine or autocrine, and endocrine effects may
not be sufficient to replace loss of locally expressed Klotho in
muscle in the context of dystrophin deficiency. Therefore, Klotho
replacement therapy may not be an effective treatment strategy
for DMD.

Evidence suggests that changes in local expression of Klotho
within injured muscle is critical for regeneration of functional
myofibers. Following cardiotoxin-induced muscle injury in
young and aged male mice, Klotho is highly upregulated at both
the mRNA and protein level 14 days following injury within
the regenerating sites of young skeletal muscle, but not in aged
muscles with impaired regeneration (34). Circulating Klotho
levels followed a similar expression pattern. Moreover, muscle
satellite cells were shown to express Klotho protein and secrete
sKlotho, though both expression of Klotho and sKlotho secretion
were blunted in aged muscle. To evaluate the contribution of
endogenous Klotho in functional muscle regeneration, Sahu et al.
(34) injected the tibialis anterior of young mice with GFP-tagged
SMARTYpool® lentiviral particles carrying shRNA to Klotho
before inducing injury. Muscles treated with shRNA to Klotho
showed a significant decrease in Klotho protein expression at
the site of injury as well as decreased circulating Klotho. This
suggests that muscle-derived Klotho may contribute to the
increase observed in circulating Klotho levels after injury. Welc et
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TABLE 1 | Relationship between Klotho levels and indices of physical function and health.

Reference

Study design

Population

Sample and technique

Key findings

Amaro-Gahete
etal. (123)

Amaro-Gahete
etal. (122)

Baldan et al.
(125)

Chalhoub et al.
(126)

Crasto et al. (7)

Dote-Montero
etal. (127)

Fukasawa et al.
(128)

Matsubara et
al. (129)

Mostafidi et al.
(130)

Patel et al. (131)

Cross-sectional study in the
FIT-AGING study cohort.
Cross-sectional study in the
FIT-AGING study cohort.

Cross-sectional studly.

-Prospective study in the Health,
Aging, and Body Composition (Health
ABC) study cohort.

-Patients were followed up for a
median of 5 years.

Cross-sectional study in the
Invecchiare in Chianti (INCHIANTI)
study cohort.

Cross-sectional study in the
FIT-AGING study cohort.

Cross-sectional study.

Cross-sectional study.

-Cross-sectional studly.

-Blood samples were obtained after
an 8 hour fast the morning following
an afternoon training session.

Cross-sectional study.

Middle-aged sedentary adults (n = 74, 35 men,
age 53.7 + 5.1 years)

Middle-aged sedentary adults (n = 74, 35 men,
age 53.7 £+ 5.1 years)

B-thalassemia major (3-TM) patients (0 = 1086,
43 men, age 38.6 + 6.5 years) and healthy
blood donors (n = 95, 70 men, age 40.9 + 7.8
years)

Well-functioning older adults (n = 2,776, aged
70 to 79 years) were divided into sKlotho
quartiles: quartile 1: 320.6-437.3 pg/mL;
quartile 2: 521.6-592.1 pg/mL; quartile 3:
670.1-756.2 pg/mL; and quartile 4:
887.7-1186.4 pg/mL.

Population-based sample of 802 adults aged
65 years and older divided into sKlotho tertiles:
tertile 1: <575 pg/mL; tertile 2: 575-763
pg/mL; and tertile 3: >763 pg/mL

Middle-aged sedentary adults (n = 73, 34 men,
age 53.8 & 5.1 years)

Hemodialysis patients (n = 77, 52 men, median
age = 67.0 years, IQR = 60.0-73.0 years)

Healthy and postmenopausal women (n = 69,
aged 60 + 1)

Healthy male football players (n = 30, aged
18-22 years) who were performing daily
morning and evening exercise training and
healthy non-athlete male controls (n = 28, age
18-27 years).

Never smokers (n = 13, 10 men, age 65 + 8),
smokers with normal spirometry (n = 13, 5
men, age 51 + 7), and COPD patients (n = 61,
38 men, age 64 + 10).

-Plasma
-ELISA (Demeditec, Kiel, Germany)
-Plasma
-ELISA (Demeditec, Kiel, Germany)

-Plasma
-ELISA (IBL Ltd., Takasaki, Japan)

-Serum
-ELISA (IBL Ltd., Takasaki, Japan)

-Plasma
-ELISA (IBL Ltd., Takasaki, Japan)

-Plasma
-ELISA (Demeditec, Kiel, Germany)

-Plasma
-ELISA (IBL Ltd., Takasaki, Japan)

-Plasma
-ELISA (IBL Ltd., Tokyo, Japan)

-Plasma
-ELISA (Hangzhou Eastgbiopharm
Co., Ltd., Hangzhou, China)

-Vastus lateralis protein expression
and serum.

-ELISA (IBL Ltd., Japan)
-Immunohistochemistry (rabbit
anti-Klotho antibody [diluted 1:100],
Aviva Systems Biology, San Diego,
CA, USA)

-sKlotho is positively associated with lean mass index after
controlling for age and sex.

-sKlotho is positively associated with VOo.max, knee extension
peak torque, and hand grip strength.

-sKlotho levels are lower in patients with 3-TM compared to
healthy controls.

-Up to an estimated sKlotho's threshold value of 580 + 149
pg/mL, a weak linear correlation was observed between sKlotho
and normalized hand-grip strength in B-TM patients.

-No correlation was found for Klotho values above 580 pg/mL.

-No differences were observed between quartiles on gait speed,
grip strength, or appendicular lean mass.

-sKlotho levels are not associated with bone mineral density, bone
loss, or fracture risk in older individuals.

-Lower levels of sKlotho were associated with older age, lower
SPPB score, lower cognitive function, and higher ADL disability.
-Low sKlotho was associated with ADL disability after adjusting for
age, education, SPPB, congestive heart failure, and diabetes.

-sKlotho was positively associated with DHEAS in men but not
women, but this disappeared after adjusting for age.

-sKlotho was positively associated with testosterone in both men
and women.

-The association between sKlotho and testosterone disappeared
after adjusting for age in men, but not in women.

No significant correlation between sKlotho levels and abdominal
muscle area or creatinine production.

-sKlotho and carotid arterial compliance were positively correlated
after adjusting for age, pulse pressure, and BMI.

-sKlotho is positively correlated with VO, at VT after adjusting for
age and BMI.

-sKlotho levels are significantly higher in football players compared
to healthy controls with normal physical activity levels.

-Quadriceps Klotho levels were lower in smokers compared to
non-smokers.

-Quadriceps Klotho levels were higher in patients with low fat free
mass index and low quadriceps strength.

-sKlotho had an independent association with quadriceps strength
but did not relate to quadriceps Klotho levels.

-Klotho protein was localized to the muscle fiber membrane and
associated with centralized nuclei.

(Continued)
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TABLE 1 | Continued

Reference

Study design

Population

Sample and technique

Key findings

Patel et al. (131)

Phelps et al. (3)

Polat et al. (132)

Rosa et al. (133)

Sanz et al. (134)

Semba et al. (8)

Semba et al. (9)

Shardell et al.
(1)

Shardell et al.
(10

Mice exposed to air or 4% cigarette
smoke for 2 hours/day, 5 days/week,
for 77 weeks were evaluated for
Klotho expression in the context of
muscle damage induced by
electroporation.

Klotho deficient mice were compared
to transgenic Klotho overexpressing
mice and wildtype mice for strength
and running endurance.

Cross-sectional study.

Cross-sectional study.

-Prospective studly.
-Patients were followed up for 6
months.

-Prospective study in the Invecchiare
in Chianti (INCHIANTI) study cohort.
-Patients were followed up for 6
years.

-Prospective study in the Health,
Aging, and Body Composition (Health
ABC) study cohort.

-Patients were followed up for 4
years.

-Prospective study in the Invecchiare
in Chianti (INCHIANTI) study cohort.
-Patients were followed up for 6
years.

-Prospective study in the Invecchiare
in Chianti (INCHIANTI) study cohort.
-Patients were followed up for 3
years.

Female C57BL/6 mice, 3-4 months of age
divided into sham (n = 9) or cigarette smoke (n
=19).

Klotho deficient mice (Klotho homozygous
males, C57BL/6), transgenic Klotho
overexpressing mice (EFmKL46, homozygous,
males and females, C57BL/6), and wildtype
mice.

Frail (n = 45, 14 men, age 79.4 £+ 6.9 years)
and non-frail (n = 44, 17 men, age 72.7 + 4.5
years) older adults.

Master endurance runners (n = 18, age 53 +
8.2 years), master sprinters (n = 13, age 50 +
8.9 years), untrained healthy young (n = 17,
age 22.7 + 3.9 years), and untrained
middle-aged (n = 12, age 45.5 + 9.8 years)
men.

Older adults living in nursing homes in
Gipuzkoa, Spain (n = 103, 30 men, age 84.7 +
6.96 years)

Population-based sample of 804 adults aged
65 years and older.

Well-functioning older adults (n = 2,734, aged
71 to 80 years) were divided into sKlotho
tertiles: tertile 1: <536 pg/mL; tertile 2:
536-747 pg/mL; and tertile 3: >747 pg/mL.

Population-based sample of 860 adults aged
55 years and older split by sKlotho median
(669 pg/mL)

Population-based sample of 774 adults aged
65 years and older split by sKlotho median
(660 pg/mL)

Gastrocnemius protein expression
-ELISA (IBL Ltd., Japan)
-Immunohistochemistry (rabbit
anti-Klotho antibody [diluted 1:100],
Aviva Systems Biology, San Diego,
CA, USA)

-Kidney and Gastrocnemius mRNA

expression
-RT-gPCR analysis

-Serum
-ELISA (IBL Ltd., Takasaki, Japan)

-Serum
-ELISA (IBL Ltd., Japan)

-Serum
-ELISA (IBL Ltd., Gunma, Japan)

-Plasma
-ELISA (IBL Ltd., Takasaki, Japan)

-Plasma
-ELISA (IBL Ltd., Takasaki, Japan)

-Plasma
-ELISA (IBL Ltd., Takasaki, Japan)

-Plasma
-ELISA (IBL Ltd., Takasaki, Japan)

-Significant Klotho protein expression present in damaged skeletal
muscle tissue, but not healthy tissue.

-Klotho co-localized to both the plasma membrane and to
centralized nuclei.

-] in gastrocnemius Klotho protein levels in mice exposed to
smoke compared to sham.

-Gastrocnemius Klotho mRNA expression level in EFmKL46 mice
was 70-fold higher compared to wildtype mice.

-Klotho expression was not detected in the gastrocnemius of
Klotho deficient mice.

-Forelimb grip force 53% and 51% lower in Klotho deficient mice
compared to wildtype and EFmKL46 mice, respectively.

-Klotho deficient mice spent 66% and 62% less time running than
wildtype and EFmKL46 mice, respectively.

-No significant difference in sKlotho between frail and non-frail
patients.
-No significant correlation between sKlotho and frail score.

-sKlotho levels were higher in master sprinters than master
endurance runners and untrained middle-aged men.

-sKlotho levels were similar between young untrained men and
master sprinters.

-sKlotho levels were higher in young untrained men than master
endurance runners and untrained middle-aged men.

-Low sKlotho levels were associated with a lower score in the
psychological component of the Tilburg Frailty Indicator, greater
dependence in activities of daily living, and more falls during the
6-month follow-up.

-sKlotho was positively associated with grip strength at a
threshold of <681 pg/mL after adjusting for age, sex, education,
smoking, physical activity, cognition, and chronic diseases.

-The highest tertile of sKlotho had higher knee extension strength
compared with those in the lowest tertile after adjusting for age,
sex, race, smoking, study site, inflammatory markers, and
diabetes.

-The highest tertile of sKlotho had less of a decline in knee
strength over 4 years of follow-up compared with those in the
lowest tertile after adjusting for the same covariates above.

-Higher sKiotho levels were associated with higher average SPPB
scores after adjustment for covariates.

-Higher sKlotho levels were associated with lower odds of frailty
after adjustment for covariates.

-Higher sKlotho was particularly associated with lower odds of
exhaustion.

(Continued)
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low handgrip strength and low performance on the 6-min walk

Lower sKlotho levels were associated with higher risk of having
test and the sit-to-stand test.

Key findings

Sample and technique
-ELISA (IBL Ltd., Japan)

-Plasma

ESRD male dialysis patients (n = 30, age 71 +
9 years) split by sKlotho median (369 pg/mL)

Population

-All-cause mortality was registered 18

-Prospective study in an elderly
months later.

Study design
dialysis cohort.

ELISA, enzyme-linked immunosorbent assay; sKlotho, soluble Klotho; VO,max, maximal oxygen uptake; IBL, Immuno-Biological Laboratories; B-TM, B-thalassemia major; SPPB, short physical performance battery; ADL, activities of daily

living; DHEAS, dehydroepiandrosterone sulfate; BMI, body mass index; VO» at VT, oxygen consumption at the point of ventilatory threshold; RT-qPCR, reverse transcription quantitative polymerase chain reaction.

TABLE 1 | Continued
Valenzuela et al.

Reference
(124)

al. (82) showed that Klotho gene expression is reduced by ~69%
at 3 days post-injury, followed by a 385% increase at 7 days post-
injury compared to 3 days post-injury, and a return to control
levels at 21 days post-injury in wild-type mice. In EFmKL46 mice,
however, Klotho gene expression was elevated over the entire
regeneration period, and muscle fiber size significantly increased
by 139% between 7 and 21 days post-injury, while wild-type
mice showed only a 60% increase size during the same period
of muscle repair (82). Taken together, these findings suggest
that upregulation of locally expressed Klotho in skeletal muscle
following injury is critical for effective muscle regeneration and
this process is blunted in aged muscle. Several observations
indicate that at least some of these effects of Klotho on skeletal
muscle are mediated by Klotho antagonism of Wnt signaling.

Whnt signaling plays an essential role in muscle satellite cell
differentiation and self-renewal (141). In the context of aging,
increased canonical Wnt signaling results in a conversion of
muscle satellite cells from a myogenic to a fibrogenic lineage,
leading to muscle fibrosis rather than functional regeneration
(142). In CKD, previous studies have shown increased muscle
fibrosis in both mice models and humans, though a direct
role of Wnt signaling has not been established (143-145).
Klotho has previously been shown to interact with several Wnt
ligands, and sKlotho is known to inhibit Wnt signaling (96—
98). Furthermore, in vitro treatment with sKlotho in isolated
muscle fibers was shown to inhibit Wnt signaling (33), and
increased Klotho following muscle injury was accompanied by
reduced Wnt target genes (82). Therefore, Klotho deficiency
observed in aging and CKD may result in increased Wnt
signaling, leading to fibrosis. However, other fibrotic pathways
may also play a role. Circulating TGF-p1 is another pro-fibrotic
factor increased during aging and CKD, resulting in fibrosis and
impairing myogenesis (143, 146, 147). A study by Doi et al. (99)
showed that sKlotho inhibits TGF-81 signaling by binding to
its receptor, TGF-3R2, preventing renal fibrosis. In mdx mice,
expression of a Klotho transgene reduced the expression of Wnt
target genes and TGF-f31, which corresponded with reduced
skeletal muscle fibrosis (140). Therefore, Klotho may protect
skeletal muscle from fibrosis by antagonizing both Wnt and
TGF-£31 signaling.

It is well-known that aging is accompanied by a decrease
in telomere length, which can impair tissue regeneration and
is associated with many age-related diseases including CKD,
cardiovascular disease, and diabetes, among others (55, 148, 149).
Limited evidence suggests that telomere length in peripheral
blood mononuclear cells is associated with sarcopenia (150,
151). However, the role of skeletal muscle telomere length
in the development of sarcopenia remains unclear and the
mechanisms that regulate telomere length in skeletal muscle
tissue are unknown (152, 153). Evidence suggests that Klotho
deficiency is highly associated with lower proliferation, lower
telomerase activity, and shorter telomere length in adipose-
derived stem cells (154). No study to date, however, has evaluated
the relationship between Klotho levels and telomere length in
skeletal muscle or whether skeletal muscle telomere length in
vivo plays a role in the development of sarcopenia in aging
and CKD.
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Klotho on Mitochondrial Function and

Oxidative Stress

During “normal” aging, skeletal muscle mitochondria undergo
various changes, such as abnormal enlargement and shape,
shortened mitochondrial cristae and vacuolization of the matrix,
decreased mitochondrial density, increased reactive oxygen
species (ROS) production, decayed mitochondrial DNA, and
increased mitochondria-mediated apoptosis (155). These age-
related changes in mitochondrial function are thought to play
a role in sarcopenia. Similarly, changes in skeletal muscle
mitochondria have been implicated in the pathophysiology
of CKD-associated muscle dysfunction (27, 156). Moreover,
mitochondrial biogenesis is activated early during muscle
regeneration and Klotho may play a key role during this process
(34, 157).

Genetic knockdown of Klotho in young muscle progenitor
cells was shown to result in pathogenic mitochondrial
ultrastructure,  decreased  mitochondrial  bioenergetics,
mitochondrial DNA damage, and increased senescence (34).
This suggests that Klotho is critical for the maintenance of
muscle satellite cell mitochondrial ultrastructure, thereby
limiting mitochondrial DNA damage and mitochondrial ROS
production. However, the direct role of Klotho on muscle
mitochondrial function is poorly understood. A recent study
found that Klotho treatment in a CKD mouse model significantly
preserved mitochondrial mass, inhibited mitochondrial ROS
production, and restored the expression of mitochondrial
respiration chain complex subunits in the kidneys (158).
Moreover, Klotho significantly inhibited Wntl- and Wnt9a-
induced mitochondrial injury in vitro. These results suggest that
Klotho’s protective effects on mitochondria may be mediated by
inhibiting Wnt signaling (158). Healthy mitochondria within
muscle satellite cells are necessary for satellite cell activation
and contribution to functional skeletal muscle regeneration
(159). Therefore, Klotho deficiency may also impair muscle
regeneration via decreased satellite cell mitochondrial integrity
and function.

Elevated oxidative stress has been shown to contribute to
sarcopenia in both aging (160) and CKD (161). Accordingly,
Klotho deficiency has been shown to increase endogenous ROS
generation and accentuate oxidative stress (162). To combat
the harmful effects of ROS, mitochondria have an antioxidant
defense system, which include manganese superoxide dismutase
(MnSOD), catalase, and glutathione peroxidase (163). These
enzymes scavenge ROS to maintain cellular homeostasis. Klotho
may protect skeletal muscle fibers from oxidative stress by
regulating forkhead box protein O (FoxO) transcription factors.
FoxO transcription factors are downstream targets of the
insulin/IGF-1 signaling pathway, the latter which is inhibited
by Klotho (6, 101). As such, Klotho-mediated suppression of
insulin/IGF-1 signaling activates FoxO proteins by inhibiting
FoxO phosphorylation and promoting its nuclear translocation
(101). Nuclear FoxO then directly binds to the MnSOD promoter
and up-regulates its expression, thereby promoting antioxidant
protection (100). Yamamoto et al. (101) found that Klotho
deficient mice and Klotho overexpressing mice had muscle
MnSOD protein levels of ~77 and ~234%, respectively, when

compared to wild-type mice, suggesting that higher Klotho levels
result in higher skeletal muscle MnSOD protein levels. Therefore,
Klotho may further support musculoskeletal health by enhancing
antioxidant protection in skeletal muscle.

Klotho and Inflammation

In aging and CKD, chronic low-grade systemic inflammation
accelerates muscle protein degradation and inhibits muscle
protein synthesis, resulting in a negative net protein balance
and muscle atrophy (26). In a state of chronic low-grade
systemic inflammation, Tumor Necrosis Factor (TNF)-a inhibits
myogenic differentiation and promotes protein degradation
via induction of the Nuclear Factor (NF)xf pathway (164).
Activation of NFkf signaling has been shown to induce
significant muscle loss, as measured by increases in amino
acid excretion and tyrosine turnover in isolated muscles (165).
Inflammation-induced NFkf signaling leads to muscle wasting
through the activation of the ubiquitin-proteasome system
(UPS). This system is thought to be the major cause of muscle
wasting in aging (18) and CKD (26). Protein degradation by
the UPS involves a series of enzymatic steps that link the
cofactor, ubiquitin, onto proteins. Ubiquitinized proteins are
then transferred to the proteasome complex to be degraded into
short peptides and subsequently recycled as free intracellular
amino acids (166). However, TNF-a plays a key role in muscle
regeneration following acute injury (167). Thus, while chronic
low-grade systemic inflammation contributes to muscle loss,
local production of TNF-a by myocytes and tissue macrophages
following muscle injury is necessary for muscle repair.

Previous investigations have shown that inflammation
associated with CKD, diabetes, colitis or endotoxemia can
significantly suppress Klotho expression in the kidneys (168-
170) and myocardium (102). Studies show that TNF-a acts
directly on kidney cells to reduce renal Klotho expression
(169, 171). Since the kidneys are considered to be the primary
source of the circulating protein, this would likely result in
reduced sKlotho. Moreover, Wehling-Henricks and colleagues
(172) showed that the significant reductions observed in Klotho
mRNA in mouse mdx muscle coincide with significant increases
in muscle expression of TNF-a and interferon (IFNy), suggesting
that proinflammatory cytokines could reduce Klotho expression
in muscle. Klotho mRNA expression in quadriceps tissue of
TNF-a-null mice was more than two-fold greater than wild-type
muscle, and treatment with recombinant TNF-a and IFNy
reduced muscle Klotho mRNA by half in vitro (172). However,
stimulation with either proinflammatory (TNF-a and IFNy) or
anti-inflammatory (IL-10 and IL-4) cytokines increases Klotho
expression in macrophages in vitro (172). These findings suggest
that while a pro-inflammatory environment in dystrophic
muscle can reduce Klotho expression in muscle, it may increase
macrophage-derived Klotho. The mechanisms through which
macrophages in dystrophic muscle escape Klotho silencing
is unclear.

A previous study showed that treatment with recombinant
Klotho to endotoxemic mice reduced activation of NFkf
pathway and downregulated the concentration of IL-183, IL-6,
and TNF-a in plasma and the myocardium (102). However,
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FIGURE 1 | Mechanisms of Klotho's effects on muscle function in aging and CKD. Age- and CKD-related declines in skeletal muscle strength, power, size, and quality
lead to sarcopenia. These declines in muscle structure and function are partly driven by increased inflammation and oxidative stress, impaired muscle regeneration in
favor of fibrosis, and impaired mitochondrial function. Emerging data suggest that enhancing Klotho levels may reverse sarcopenia by downregulating pro-fibrotic
pathways, enhancing muscle satellite cell and mitochondrial function, and downregulating oxidative stress and inflammation. Accordingly, higher circulating levels of
Klotho are associated with greater muscle strength and physical function, higher lean mass, and higher muscle quality. Klotho levels have been shown to increase in
response to exercise. MPS, muscle protein synthesis; TGF-B, Transforming Growth Factor-3; FoxO, Forkhead box protein O; MnSOD, Manganese Superoxide
Dismutase; MuSC, Muscle Satellite Cell; ROS, Reactive Oxygen Species; sKlotho, soluble Klotho; PA, Physical Activity.

mdx mice overexpressing Klotho (KL+/mdx) exhibited higher = required to perform optimal aerobic work. CKD patients
TNF-a mRNA in skeletal muscle compared to wildtype and  develop a phenotype that recapitulates many of the features
mdx mice, and stimulation with recombinant Klotho increases  of accelerated aging, involving impairment of multiple organ
the production of TNF-a by macrophages in vitro (172).  systems integral to physical function (54, 55). As CKD progresses,
Moreover, the pro-proliferative effects of Klotho on myoblasts  impairment of a network of integrated organs including the
were mitigated by anti-TNF-a treatment. TNF-a generated from  skeletal muscle as well as the bone (involving bone-mineral
infiltrating macrophages and injured muscle fibers has been  disease), heart (left ventricular hypertrophy and cardiac fibrosis),
shown to enhance satellite cell proliferation and differentiation  vasculature (arteriosclerosis and calcification), lungs (impaired
(167). Together, these findings suggest that while Klotho lung function) and widespread molecular and ultrastructural
can mitigate chronic low-grade systemic inflammation, it  changes collectively contribute to failure of the oxygen transport
may enhance muscle regeneration by promoting local TNF-a.  system (173). The interaction between these organ systems is
production during injury. well-illustrated by the Fick equation and describes the functional
In summary, several pathophysiological mechanisms of interdependence between the skeletal muscle system with the
sarcopenia are regulated by the extrarenal functions of Klotho,  heart and lungs:
including muscle satellite cell function, mitochondrial function,
oxidative stress, and inflammation. In a state of a Klotho VO, = HRxSV x(CaO, — CvO,)
deficiency, such as CKD and older age, enhancing circulating
levels of Klotho and endogenous production of Klotho in  where HR is heart rate, SV is the stroke volume, CaQ; is arterial
skeletal muscle may prevent or reverse sarcopenia by preventing  oxygen content, and CvO, is mixed venous oxygen content
skeletal muscle fibrosis in favor of effective regeneration, (174). These complex alterations can therefore be collectively
improving muscle mitochondrial bioenergetics, and protecting  assessed using state-of-the-art cardiopulmonary exercise testing
muscle against oxidative damage and systemic inflammation =~ (CPET) that enables objective quantitation of oxygen uptake
(Figure 1). Strategies for enhancing Klotho levels are discussed ~ (VO,) during incremental exercise testing. Assessment of VO, at
in a later section. maximal or peak exercise (VO,max and VO, peak) has now been
widely accepted as a robust index of cardiovascular functional
capacity, and importantly considers the contribution resulting

KLOTHO AND CARDIOVASCULAR from impairment of the skeletal muscle system in disease states.
FUNCTIONAL CAPACITY Healthy aging is associated with a progressive decline in

VO;peak, which accelerates markedly with each successive
A characteristic feature of the aging process is a progressive  decade (175). To-date, few studies if any have assessed
and cumulative decline in the integrated metabolic machinery  the link between Klotho and VOjpeak in health or CKD.
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This is worrying, particularly given the limitations of single
surrogate markers for tracking or predicting musculoskeletal
disease activity or impairment of physical function. Moreover,
assessment of functional capacity by CPET under incremental
exercise load is reflective of dynamic organ system interactions
in health and the ability to respond to physiological and
pathological stress (174). This has therefore significant
advantages over conventional physical function assessments
such as the 6 min walk tests (6MWT) for evaluating the role of
Klotho in regulating exercise limitations. Given the pleiotropic
role of Klotho and its apparent role as a central regulator
of aging in diverse organ systems, a significant advantage of
examining endpoints obtained by various modalities of CPET in
the study of Klotho is that the technology permits assessment
of the individual organ system limiting gas exchange. For
example, invasive CPET testing involving CPET coupled with
pulmonary artery and radial artery catheterization enables more
detailed interrogation of the role of Klotho in regulating critical
components of the Fick equation, including cardiopulmonary
hemodynamic and peripheral O, extraction analyses (176).
This appears highly relevant, given Klotho’s well-known role in
regulating the development of arterial calcification (104, 170)
and mitochondrial health (34, 158) for example. We postulate
that deficiency of Klotho could therefore lead to declines in
skeletal muscle oxygen uptake, however no studies have directly
examined this to-date.

REGULATORY ROLE OF EXERCISE ON
KLOTHO: IS KLOTHO A MYOKINE?

According to the American College of Sports Medicine (ACSM)
Position Stand on Exercise and Physical Activity for Older
Adults, the physiological benefits of physical activity and exercise
include increases in cardiorespiratory fitness, improved bone
health, and increased muscle strength and power (177). A review
by Avin and colleagues (81) highlighted the parallels between the
age-related processes regulated by Klotho and those regulated by
exercise, driving the hypothesis that skeletal muscle contractile
activity may regulate Klotho expression and that this exercise-
related increase in Klotho is partly responsible for the health
benefits of exercise. Skeletal muscle fibers are known to produce
more than 3,000 secreted factors, including proteins, growth
factors, and cytokines capable of exerting autocrine, paracrine,
or endocrine effects. These muscle-derived molecules are termed
“myokines” and their production can increase during muscle
contractions, myogenesis and muscle remodeling, or in response
to exercise training (178). Though Klotho is currently not
formally known as a myokine, emerging evidence suggests that
Klotho may fit the description.

Limited evidence suggests that sKlotho is increased following
acute aerobic exercise in both mice and humans (81, 130, 179-
182). However, these studies are limited by relatively small
sample sizes and/or poor study design. Less is known regarding
the impact of acute exercise on skeletal muscle expression of
Klotho. One study found that both Klotho mRNA and protein
expression in skeletal muscle were blunted immediately following

exhaustive exercise in mice and then increased 3 to 5 days
post-exercise (183). It should be noted however, that Klotho
protein expression was only detected at 65 kDa and 95 kDa in
skeletal muscle, the latter of which is inconsistent with previous
literature (140). Given this limited evidence, it is currently
unclear whether acute exercise promotes endogenous Klotho
production in skeletal muscle. It is also unknown whether
skeletal muscle is a source of sKlotho following exercise. Studies
evaluating the effects of acute exercise on Klotho levels are
summarized in Table 2.

Several studies have reported a positive association between
aerobic fitness and sKlotho (122, 182, 187-189). Accordingly,
aerobic exercise training interventions have been shown to
increase sKlotho and tissue expression of Klotho. Significant
increases in sKlotho have been reported following 12 weeks of
aerobic exercise in trained young women (182), postmenopausal
women (129) and in patients with coronary artery disease (190).
Studies have reported increased sKlotho as well as increased
mRNA and protein expression of Klotho in the kidney and brain
following aerobic exercise training in Sprague Dawley rats (191,
192). Another study found that five consecutive days of high-
intensity interval exercise increased sKlotho and myocardial
expression of Klotho protein in Wistar rats (186). Interestingly,
a study comparing master runners (40-65 y) from endurance
and sprint events to untrained young and age-matched controls
found that the sprint athletes had significantly higher sKlotho
compared to the endurance athletes and untrained age-matched
controls (133). This suggests that strength/power training may
be superior to endurance training for maintaining sKlotho
levels, and that training variables (i.e., type, intensity, and
duration) may influence exercise training-induced changes in
Klotho expression.

Studies evaluating the influence of exercise training variables
have yielded mixed results. A 12-week randomized controlled
trial assigned sedentary middle-aged adults to 4 different
groups: a control group (no exercise), a group that performed
combined aerobic and resistance training following the physical
activity recommendations from the World Health Organization
(PAR), a high-intensity interval training group (HIIT), and
a high-intensity interval training group adding whole-body
electromyostimulation (HIIT-EMS) (193). All three exercise
interventions resulted in a significant increase in sKlotho from
baseline (PAR: 714.3 £ 294.5 to 1,055.4 & 435.9 pg/mL; HIIT:
788.5 £ 276.8 to 1,057.1 £ 273.3 pg/mL; HIIT-EMS: 808.5
+ 499.0 to 1,259.7 £ 613.1 pg/mL; all p< 0.001), while no
differences were found in the control group (922.5 + 290.3
to 8629 £ 364.7 pg/mL; p = 0.142) or between exercise
interventions. Ramez et al. (185) showed that high-intensity
interval exercise led to significantly greater increases in sKlotho
compared to moderate intensity continuous exercise in Wistar
rats. Six months of aerobic exercise performed at 65-70% of
VO, macx significantly increased VO,max and sKlotho in young
untrained men, while the same intervention performed at 45—
50% VO;max did not increase either, suggesting that there may
be an intensity threshold for increasing sKlotho in response
to training (188). Conversely, Middelbeek et al. (194) recently
found that 2 weeks of moderate intensity training (MIT) led to
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TABLE 2 | Effects of acute exercise on Klotho expression.

Reference Study design Population Sample and technique Key findings
Avin et al. -45-min of treadmill running at ~70% VOsmax. Young (3-4 mo.) and aged (22-24 -Plasma 1 in sKlotho immediately post-exercise with a smaller increase
81) -Klotho measured pre- and post-exercise mo.) C57B16/J mice -ELISA (IBL Ltd., Takasaki, observed in aged mice.
Japan)
Avin et al. -Young group: 1 hour of treadmill walking at 55% Young (age 36.0 + 7.0 years; n = 12)  -Serum -No significant changes in sKlotho following acute exercise at
81) VOomax and older (age 68.3 + 3.0 years;n =  -ELISA (IBL Ltd., Takasaki, baseline.
-Older group: 1 hour of cycling at 45% VO,max 7) sedentary women. Japan) -4 in sKlotho following acute exercise after exercise training in the
-Klotho measured pre- and post-exercise at baseline younger group.
and after 16 and 12 weeks of exercise training in the -No significant changes in sKlotho following acute exercise after
young and older group, respectively. exercise training in the older group.
lturriaga et -Cardiorespiratory exercise group (CR): 30 min of 46 physically active men in the CR -Plasma -1 in sKlotho immediately post-exercise in CR compared to pre-
al. (184) treadmill running at 75% VO, max. group (age 35.8 + 8.1 years) and 45 -ELISA (IBL Ltd., Japan) exercise and compared to ST.
-Strength exercise group (ST): 5 x 20 weighted depth physically active men in the ST group - in sKlotho immediately post-exercise in ST, followed by an 1 at
jumps with 2 min rest intervals between sets and 10s of ~ (age 23.3 & 3.9 years). 24h and 48 post-exercise compared to pre-exercise.
rest between each jump.
-Klotho measured pre- and post-exercise in both groups
and at 24h, 48h, and 72h post-exercise in ST only.
Rahimi etal.  Standard Bruce protocol on a treadmill. Healthy non-athlete women (0 = 10,  -Plasma -Athletes have a higher level of sKlotho than non-athletes at
(182) age 32 + 7 years) and healthy female  -ELISA (IBL, D-22335, Hamburg, baseline and post-exercise.
athletes (n = 10, age 31 + 9 years). Germany) -4 in sKlotho immediately after exercise in both athletes and
non-athletes compared to baseline.
Ramez et al. - 5 consecutive days of training -Male Wistar rats (wt. 250-300g), -Plasma -1 in sKlotho following both exercise training protocols compared

(185) -HIIT: 6 x 2min at 85-90% VOo,max and 5 x 2min at
50-60%V0O,max.
-MICT: running an identical distance as the HIIT group at
70% VOomax.
-Control: sat on the treadmill belt.
-IR: ligation of the LAD for 30 min followed by 24 h
reperfusion.
-Sham: same surgical procedure without LAD ligation.
-Klotho measured 24 h after the last training session.

Ramez etal. - 5 consecutive days of training

(186) -HIIT: 6 x 2min at 85-90% VO,max and 5 x 2min at
50-60%V0O,max.
-IR: ligation of the LAD for 30 min followed by 24 h
reperfusion.
-Sham: same surgical procedure without LAD ligation.
-Klotho measured 24 h after the last training session.

ages 8-10 wks.

-Randomized into 7 groups: control (n
= 8), HIIT (n = 8), MICT (n = 8),
Sham (n = 14), IR (n = 14), HIT+IR
(n =14), and MICT+IR (n = 14).

-Male Wistar rats (wt. 250-300 g),
ages 8-10 wks.

-Randomized into 5 groups: control,
HIIT, Sham, IR, and HIT+IR.

-ELISA (Bioassay Technology
Laboratory, Shanghai crystal day
biotech Co, LTD; Shanghai)

-Plasma and myocardial tissue
-ELISA (Bioassay Technology
Laboratory, Shanghai crystal day
biotech Co, LTD; Shanghai).
-Western blot (polyclonal
antibody, Thermo Fisher
Scientific, Waltham, MA, USA)

to control but was significantly higher in HIIT than MICT

-Animals in the sedentary IR group had significantly lower levels of
sKlotho when compared to animals with an IR who performed
exercise.

-1 in sKlotho following HIIT compared to all groups.

-4 in myocardial levels of 130 kDa Klotho after HIIT compared to
the control group.

-myocardial levels of 130 kDa Klotho were higher in the HIIT+IR
group compared to the sedentary IR group.

(Continued)
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significant increases in sKlotho (Pre: 3.8, 95% CI 2.5-5.0 ng/mL;
Post: 5.9, 95% CI 4.6-7.2 ng/mL) in sedentary middle-aged men
while sprint interval training (SIT) did not (Pre: 4.9, 95% CI
3.8-6.1 ng/mL; Post: 4.3, 95% CI 3.2-5.4ng/mL), despite both
interventions resulting in similar improvements in VO,peak.
Therefore, the influence of training variables on exercise-induced
changes in sKlotho remains unclear.

Only two studies have evaluated the effects of exercise training
on sKlotho on individuals with CKD and both were performed
on hemodialysis patients. One study evaluated the effects of 16
weeks of intradialytic exercise consisting of combined aerobic
and resistance exercise performed 3 days per week compared to
inactive controls (195). The exercise group showed a significant
increase in sKlotho (Pre: 360.59 £ 107.55 pg/mL; Post: 397.25
=+ 133.36 pg/mL) while the inactive group showed a significant
decrease after the intervention (Pre: 392.75 + 143.22 pg/mlL;
Post: 362.93 & 147.05 pg/mL). Neves and colleagues (196) found
that 6 months of resistance training performed 1 hour before
dialysis 3 days per week significantly elevated sKlotho levels
compared to baseline (Pre: 148 £ 70 pg/mL; Post: 279 + 51
pg/mL) and to the control (Pre: 136 £ 84 pg/mL; Post: 108 + 63
pg/mL). Moreover, the authors also reported enhanced handgrip
strength and bone mineral density following resistance training.
Taken together, current evidence suggests that both aerobic
and resistance exercise can promote significant increases in
circulating Klotho along with improvements in physical function.
Therefore, exercise may be an effective strategy to prevent and/or
reverse Klotho deficiency. Moreover, exercise-induced increases
in circulating Klotho may underlie some of the beneficial effects
of exercise on health and physical function. Studies evaluating the
effects of exercise training on Klotho levels are summarized in
Table 3.

KLOTHO SUPPLEMENTATION AND
PHYSICAL FUNCTION

Counteracting the decrease in Klotho that occurs with
increasing age and CKD represents a promising strategy to
prevent and reverse sarcopenia and cardiovascular disease
in these populations. Therapeutic approaches to enhance
Klotho expression include the administration of recombinant
Klotho protein, gene therapy, and agents that can increase
endogenous Klotho production. Potential agents that can
increase endogenous Klotho production include those that
target Klotho synthesis, such as 1,25(OH);D3 vitamin D
receptor agonists, phosphate binders, angiotensin II receptor
antagonists, peroxisome proliferator-activated receptor-y
agonists, androgens, and statins, and novel small molecules
(121, 197-199). As mentioned earlier, exercise and physical
activity may also enhance Klotho production, though the
mechanisms behind exercise-induced increases in sKlotho
have been largely unexplored. Several preclinical studies
have evaluated Klotho-based therapies for the treatment of
renal pathologies and have reported reduced renal damage,
amelioration of renal fibrosis, reduced hypertension, and
improved recovery from acute kidney injury (98, 200, 201).
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TABLE 3 | Effects of exercise training on Klotho expression.

Reference Study design Population Sample and technique Key findings
Amaro- - 12 weeks Sedentary middle-aged adults (n = 68, 32 -Plasma -1 in sKlotho following all exercise interventions
Gahete et al.  -control: no exercise men, age 53.4 + 5.0) randomly assigned ~ -ELISA (Demeditec, Kiel, compared to baseline and control.
(193) -PA recommendations from WHO: 3 days/wk of both aerobic (150 to control (n = 15), PAR (n = 17), HIT (n = Germany) -No significant difference between the training
min/wk at 60-65% HRR) and resistance exercise (~60 min/wk of ~ 17), and HIT-EMS (n = 19) groups.
40-50% 1RM)
-HIIT: 2 days/wk with two different protocols: 40-65 min/wk at
>95% VO,max using a treadmill (session A) and >120% VOomax
using a circuit workout (session B)
-HIIT-EMS: same as HIIT plus whole-body electromyostimulation
Dalise et al. -4 weeks, 5 days per week Male Sprague-Dawley Rats, 12 weeks of -Hippocampal tissue -1 in sKlotho levels for all running conditions
(192) -Treadmill running at 80% of their maximal baseline activity or age randomized into 7 treatment groups: -ELISA (CSB-E14958r, compared to control, with the highest level being
NMES at three different doses: low (n = 5), medium (n = 5), and high (h = CUSABIO) produced by the medium condition.
-Low: 15 min running or 1 set of 10 stimulations 5) running, low (n = 5), medium (n = 5), -gPCR (#Rn00580123_m1, -NMES did not significantly affect sKlotho levels.
-Medium duration: 30 min running or 2 sets of 10 stimulations and high (n = 5) NMES, and control (n = Applied Biosystems -1 in Klotho mRNA expression in the hippocampus
-high duration: 60 min running or 3 sets of 10 stimulations 10). in all exercise groups compared to control except
-Control: no treatment the low running group.
Fakhrpour et -16 weeks, 3 days per week Hemodialysis patients (n = 45, 38 men, -Serum -1 in sKlotho compared to baseline and compared
al. (195) -Combined intradialytic aerobic and resistance training age 61.0 &+ 9.0) randomly assigned to -ELISA (IBL Ltd., Tokyo, Japan) to control.
-Aerobic exercise: progressive cycling beginning at 10 min control (n = 21) and intradialytic exercise -} in sKlotho in the control patients.
duration at a comfortable pace with 5-10 min increases per training (n = 24).
session with a goal of 45 min per session at 12-14 RPE.
-Resistance training: lower extremity exercises at an intensity of
9-15 RPE starting at ~20% 1RM for 2 sets of 12 reps and
increased to 3 sets as tolerable. Resistance increased to 40, 55,
and 65% 1RM as tolerated.
Gaitanetal.  -26 weeks, 3 days per week Sedentary middle-aged adults with family ~ -Serum -No changes in sKlotho in either group.
(187) -Usual Physical Activity (UPA): maintained their usual level of PA history of Alzheimer’s disease (n = 23) -ELISA (IBL Ltd., Takasaki, -Changes in sKlotho were positively correlated with
-Enhanced Physical Activity (EPA): Participated in supervised, were randomized to either UPA (n = 12,6  Japan) changes in VO, peak.
progressive, moderate-to-vigorous intensity aerobic exercise. men, age 63.9 + 5.2) or EPA (n = 11,6
men, age 65.9 + 4.0 years).
Jietal (191) -48 weeks, 5 days per week, 60 min per day Male Sprague-Dawley Rats, 3 months old - Kidneys and brain. -4 in Klotho mRNA and protein (116 kDa)

Matsubara et
al. (129)

-Intermittent aerobic exercise (IAE): 10 m/min (40-50% VO,max)
for 10 min, 25 m/min (80-90% VO,max) for 7 min and 15 m/min
(50-60% VO,max for 3 min, repeat 2x.

-Continuous aerobic exercise (CAE): 16 m/min (50-60% VO,max).
-Control: no exercise

-12 weeks, 3-4 days per week (2-3 supervised sessions and
home-based training)

-Cycling and walking for 30 min/day at 60% max HR
-Increased to 40-60 min/day at 70-80% max HR as tolerated
-Control: no exercise

randomized to control (n = 30), IAE (n =
31), and CAE (n = 32)

Healthy and postmenopausal women (n =
19, aged 62 + 2.5) 50-76 years old)
divided into control (n = 8) and exercise
group (n = 11).

-RT-gPCR (upstream primer:
5'-ATC CGG CCT CAG ATA

ACC TT-3’; downstream primer:

5'-CCA CCA CTG GAG TGA
TGT TG-3))

-Western blot (ab203576;
1:2,000, Abcam, Cambridge,
UK)

-Plasma

-ELISA (IBL Ltd., Tokyo, Japan)

expression in brain and kidneys in CAE and IAE
compared to control.
-No difference between exercise groups.

-1 in sKlotho in the exercise group compared to
baseline.
-No change in sKlotho in the control group.

(Continued)
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TABLE 3 | Continued

Reference Study design Population Sample and technique Key findings
Middelbeek - 2 weeks, 6 total training sessions Healthy middle-aged men (n = 22, age 48  -Serum -4 in sKlotho following MIT program
et al. (194) -Sprint interval training (SIT): 6 x 30s maximal cycle ergometer =+ 5 years) randomized into SIT (n = 12) -ELISA (NeoBiolLab, #HK0034) -No change in sKlotho following SIT program
sprints with 4 min of recovery and MIT (n = 10)
-Moderate intensity continuous training (MIT): Cycling at 60%
VOzpeak for 40 min (sessions 1-3) and 60 min (sessions 3-6).
Neves et al. -6 months, 3 days per week, ~40min per day, ~1 hour before Maintenance hemodialysis patients were -Plasma -4 in sKlotho following DRT compared to baseline,
(196) dialysis randomized into control (n = 60, 30 men,  -ELISA (IBL Ltd., Japan) IRT and control.
-Dynamic resistance training (DRT): Full body resistance training age 55 + 12 years), DRT (n = 66, 33 men, -4 in sKlotho following IRT compared to control.
using elastic bands and free weights. age = 58 + 15 years), and IRT (n = 67, 31
-Isometric resistance training (IRT): same exercise as DRT but men, age = 56 + 19)
performed isometrically.
Rahimietal.  -12 weeks, 3 days per week Healthy non-athlete women (n = 10, age -Plasma -1 in sKlotho 24 hours after training intervention in
(182) -Water Aerobic program: Starting at 30 min (60% of max HR) then =~ 32 + 7 years) and healthy female athletes ~ -ELISA (IBL, D-22335, Hamburg, athlete group compared to baseline and
progressing to 40-60 min (70-80% max HR). (n =10, age 31 + 9 years). Germany) non-athletes.
-No change in sKlotho following training intervention
in non-athlete group.
Saghivetal. -12 months, 4-5 times per week CAD patients that participated in the -Serum -1 sKlotho was observed the trained CAD patients
(189) -supervised aerobic programs at 60-75% work capacity. exercise program (n = 60, age 53.0 +£ 2.0  -ELISA (IBL Ltd., Japan) compared to both untrained CAD patients and
years), untrained CAD patients (n = 60, untrained healthy men.
age 52.6 + 2.0 years), and untrained
healthy men (n = 40, age 53.6 + 1.5
years)
Saghivetal. -12 weeks, 4-5 days per week, 45min per day. CAD patients (n = 41, 30 men, age 59.6 -Serum -1 in sKlotho levels following the exercise program
(190) -Individualized cardiac rehabilitation programs at 75-80% of max =+ 2.2 years) who performed cardiac -ELISA (BL Ltd., Japan) compared to baseline.
HR. rehabilitation and age-matched control -No change in sKlotho in the control group.
-Control: no exercise intervention CAD patients (n =17, 12 men, age 61 +
2.4 years).
Saghiv etal. -6 months, 4 days per week, 45 min per day. Young, healthy, untrained men (n = 60, -Serum -4 in sKlotho in the HTI group at 2 and 4 months of
(188) -Treadmill running age 27.0 £+ 1.1 years) were randomized -ELISA (BL Ltd., Japan) training compared to baseline.

-Low training intensity (LTI): 40-50% VO;max High training
intensity (HTI): 65-70% VOzmax

into LTI (n = 30) and HTI (n = 30).

-sKlotho was higher in HTI compared to LTl at 2, 4,
and 6 months of training.

-no change in sKlotho was observed for the LTI
group.

PA, physical activity; WHO, World Health Organization; HRR, heart rate reserve; ELISA, enzyme-linked immunosorbent assay; IBL, Immuno-Biological Laboratories; sKlotho, soluble Klotho; NMES, neuromuscular electrical stimulation;
RPE, ratings of perceived exertion; VVOopeak, peak oxygen uptake; VOomax, maximum oxygen uptake; CAD, coronary artery disease.
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Klotho Has Ergogenic Potential

Additionally, Klotho therapy has also been shown to improve
endothelial function (202), reduce vascular calcification (198),
and ameliorate uremic cardiomyopathy in CKD models (203).
Therefore, Klotho replacement therapy can target multiple organ
systems that are integral to physical function, including the
heart, vasculature, and potentially skeletal muscle.

A recent study by Clemens and colleagues (5) found that
Klotho treatment via adeno-associated virus (AAV) in old (21-
24 mo.) mice significantly reduced skeletal muscle fibrosis,
reduced intramuscular lipid accumulation, enhanced muscle
mitochondrial structure, and improved muscle strength and
endurance. However, Klotho treatment did not improve muscle
function in the oldest (27-29 months old) mice, suggesting that
Klotho therapy may be effective in slowing the progression of
sarcopenia early on but may not reverse sarcopenia in advanced
age. Sahu et al. (34) demonstrated that systemic administration
of recombinant Klotho significantly enhanced skeletal muscle
force recovery and increased local expression of Klotho protein
within the injured muscle of aged mice. Interestingly, the timing
of administration was shown to be crucial. Daily intraperitoneal
injections of recombinant Klotho on days 3-5 post-injury (the
timeframe that corresponds to upregulation of Klotho in young
mice) yielded the most improvement. Conversely, administration
of Klotho from days 1-6 post-injury severely impaired functional
recovery when compared to saline-injected controls (204). This
finding suggests that more research is needed to determine the
mechanisms of Klotho in enhancing muscle function.

CONCLUSIONS AND FUTURE
DIRECTIONS

Despite several noteworthy advances in our understanding of
Klotho, a number of critical gaps in our knowledge of its role and
mechanisms in skeletal muscle remain. For instance, the distinct
functional roles of the sKlotho isoforms in skeletal muscle
and their molecular mechanisms are unknown. Moreover, the
identity of the sKlotho receptor for FGF23-independent cellular
effects in skeletal muscle is unclear. Limited evidence suggests
that the gangliosides GM1 (monosialotetrahexosylganglioside)
and GM3 (monosialodihexosylganglioside) present in lipid rafts
may serve as membrane receptors for sKlotho (205). Since
membrane ganglioside content has been previously linked to
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skeletal muscle regeneration (206), it is plausible that Klotho’s
effects on skeletal muscle are at least partially mediated by
membrane gangliosides. Little is known regarding the functions
of endogenous Klotho production in skeletal muscle tissue or
whether autocrine or paracrine actions are involved in regulating
muscle function. Also, the precise concentrations of sKlotho
that are necessary to maintain or improve physical function
are unknown and this is likely dependent on genetic variability
between populations. Further research is needed to determine
the role of Klotho levels on muscle function across the various
stages of CKD and other disease populations. Elucidating the
mechanisms of Klotho signaling in skeletal muscle may provide
additional opportunities for treatment developments that can
address the growing burden of sarcopenia and its progression to
physical disability.

In summary, emerging evidence suggests that Klotho may be
a key regulator of skeletal muscle function and may underlie
some of the health benefits related to exercise. Regardless of
etiology, declines in Klotho levels are associated with poor
indices of musculoskeletal health and physical function. Limited
data suggests that exercise may enhance Klotho production and
higher fitness levels are associated with greater Klotho levels.
Moreover, research in animal models suggests that Klotho-based
therapy may enhance muscle function and reverse sarcopenia.
However, several significant gaps in our knowledge of Klotho
must first be overcome before we can harness its potential
ergogenic benefits. An interdisciplinary collaborative research
effort between Nephrologists, Exercise Physiologists and basic
scientists is critically needed to determine the precise role of
Klotho in regulating skeletal muscle function, elucidate the
mechanisms of Klotho’s functions in skeletal muscle, and explore
the mechanistic link between exercise and Klotho production.
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