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Diagnosis.

The Klotho protein, initially discovered for its role in aging and calcium metabolism, has emerged as a
multifunctional regulator with diverse impacts on health and disease. Beyond its functions in
maintaining phosphate homeostasis and suppressing aging pathways, Klotho exhibits pleiotropic
effects in various physiological processes, including cognition, cardiovascular health, and cancer
suppression. This review elucidates themechanisms underlying Klotho's versatile functions, shedding
light on its involvement in modulating signaling pathways such as insulin/IGF-1, Wnt, and fibroblast
growth factor (FGF) pathways. Furthermore, we explore the therapeutic potential of Klotho
modulation in combating age-related diseases, neurodegeneration, and metabolic disorders.
Understanding the complexities of Klotho biology unveils novel strategies for therapeutic interventions
and highlights its significance in promoting healthy aging and disease prevention.
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Introduction

The Klotho gene chromosome 13, flanked by PDS5B and
STARD13 sequences was discovered for the first time from
mouse strains that displayed phenotypes similar to human
aging, such as growth retardation, vascular calcification, and
osteoporosis. Two members of the klotho family were
identified and named Alpha and Beta Klotho. Alpha Klotho is
highly conserved in humans, mice, and rats. Klotho is usually
referred to as Alpha Klotho because it is the more common and
abundant type [1]. The other Klotho members namely, Beta
and Gamma Klotho are also Type |, single-pass transmembrane
proteins. BKlotho contains a (3-glycosidase-like domain (KL1
and 2 domains) and shares 42% amino acid sequence
homology with Alpha Klotho. Gamma Klotho is a comparatively
shorter single-pass transmembrane protein, composed of only
the KL1 domain and a short intracellular domain [2].

Structure

Structurally, Klotho is a Type I, single-pass transmembrane
protein located in the cell membrane and plasma membrane.
Its intracellular domain is very short and without any
functional domain. The klotho protein when cleaved by

[12]

proteases (ADAM10 and ADAM17) and secreted, functions as
an endocrine, autocrine and paracrine hormone [1].

binding domain
B-Klotho

Crystal structure of Klotho proteins.(A): Crystal structure of
KLA. (B): Crystal structure of KLB. The backbone is
represented in grey - backbone, magenta - protein binding
domain (FGF23 for KLA and FGF19 for KLB), and yellow - the
receptor binding domain

The Klotho gene is expressed in human tissues by alternate
splicing and is detectable in blood, urine, and Cerebrospinal
Fluid (CSF). Notably, klotho expression is seen at higher levels
in the distal convoluted tubule in the kidneys and in the
choroid plexus of the brain.lt is also expressed in the renal
proximal tubule, parathyroid gland and several sex organs
including the ovary, testis, placenta, and adventitial area of the
aorta [2].

Physiological functions of Klotho

Klotho, a pivotal regulator of aging and various physiological
plays a fundamental role in maintaining
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homeostasis within the body. Its significance lies in its
multifaceted functions across different organ systems, [3].
Klotho exerts pleiotropic effects, encompassing regulation of
mineral metabolism, antioxidant activity, anti-inflammatory
properties, and modulation of insulin sensitivity [4, 5]. In the
kidneys, Klotho acts as a co-receptor for fibroblast growth
factor 23 (FGF23), facilitating phosphate excretion and
maintaining phosphate homeostasis [5]. Moreover, Klotho
exerts protective effects on the cardiovascular system by
promoting endothelial function,
calcification, and attenuating oxidative stress. In the brain,
Klotho modulates synaptic plasticity, neuroprotection, and
cognitive function, thereby influencing central nervous system
homeostasis [6]. This review aims to provide a comprehensive
overview of the role of Klotho protein in various diseases,
encompassing its involvement in CKD, cardiovascular diseases,
neurodegenerative  disorders, emerging
therapeutic avenues.

Role of Klotho in Disease Conditions

1. Cardiovascular Diseases

Cardiovascular diseases (CVD) include hypertension, coronary
artery disease, stroke, heart failure, and peripheral artery
disease. Klotho holds multifaceted effects on the cardiovascular
system by enhancing endothelial function and promoting the
production of nitric oxide and vasodilation while it inhibits the
vascular calcification via antagonism of the Wnt/f-catenin
signaling pathway [7]. Moreover, Klotho exerts antioxidant and
anti-inflammatory properties, controlling oxidative stress and
inflammation in the vasculature [8, 9]. Klotho changes the key
signal pathways like TGF- and IGF-1, thus suppressing cardiac
fibrosis, hypertrophy, and remodeling while promoting
cardiomyocyte survival [10]. Furthermore, Klotho is also
involved in interaction with TRP channels, influencing the
contractility and endothelial function of vascular smooth
muscle [11]. Augmentation of Klotho or its activity, including
recombinant Klotho protein administration and gene therapy,
holds potential as a potential therapeutic
intervention. Yet, there persists challenges like mode of
delivery and off-target effects that further
investigation [12, 13].

2. Occult Coronary Artery Disease (CAD)

Occult Coronary Artery Disease (CAD) refers to a condition
where there is evidence of significant coronary artery disease,

suppressing  vascular

cancer, and

immense

requires

such as plaque buildup or narrowing of the arteries, without
corresponding symptoms or signs of the disease. Although the
targets of Klotho in a cell have not been identified yet, it has
been proved to alter the function of genes such as angiotensin-
converting enzyme (MIM 106180) and plasminogen activator
inhibitor type 1 (PAI-1 [MIM 173360]). Klotho is known for its
protective effects against atherosclerosis, the underlying
pathology of CAD. It inhibits vascular smooth muscle cell
proliferation and migration, reduces oxidative stress, and
promotes endothelial
progression of atherosclerotic lesions and inhibits vascular
calcification, a common feature of advanced atherosclerosis
and CAD.

Studies suggest that Klotho is involved in the modulation of the
renin-angiotensin system, which plays a significant role in
cardiovascular homeostasis and the pathogenesis of CAD. It

function, thereby attenuating the

[13]

acts by enhancing the activity of angiotensin-converting
enzyme 2 (ACE2), leading to an enhanced conversion of
angiotensin II to angiotensin-(1-7), which has vasodilatory and
anti-inflammatory.Such
klothohighlight its potential therapeutic relevance.

2. Chronic Kidney Disease (CKD)

(b) Vascular calcification (VC)

Because of the similarity between human CKD and murine
experimental Klotho deficiency, it has been postulated that
Klotho may be responsible for VC in CKD, which is the cause of
death in CKD patients [14]. To confirm, CKD models were
developed using disease models such as uninephrectomy along
with ischemia-reperfusion injury in the contralateral kidney.
The disease was developed in two transgenic animals, one with
overexpression of Klotho, EFmKL46 and combined genetic
background from C57BL/6] and 129 and the other
heterozygous for Klotho-deficient mice (KI), with genetic
background from C57BL/6] andC3H/].

(b) Disruption of Phosphate Homeostasis

FGF23 is a member of the FGF family of receptors, which down-
regulates the production of 1a,25-dihydroxyvitamin D3
(1,25(0H)2D) thereby increasing the excretion of phosphate in
the kidney and suppressing intestinal phosphate absorption.
Klotho is an essential co-receptor for FGF23 because the FGF23
lacks heparan sulphate-binding domain. Research findings
indicate that deletion of only klotho in proximal renal tubules
does not elevate the renal phosphate excretion in vivo(15). This
suggests that the impact of FGF23 on phosphate excretion is
restricted by the deficiency of klotho in proximal
tubules.Moreover, soluble klotho plays a direct role in
regulating phosphorus excretion within the kidney and
contributes to systemic mineral balance by controlling the
activity of 1la-hydroxylase as well as the secretion of
parathyroid hormone (PTH) and FGF23 [16,17].

(o) Inflammation

As renal function declines in CKD, expression of numerous
proinflammatory factors such as interleukin (IL)-6, serum
fetuin-A, and tumor necrosis factor (TNF) progressively
increase(18). The nuclear factor kB (NF-kB) regulates various
cellular functions, including antiapoptotic responses, oxidative
stress management, and inflammatory reactions. Research has

multifaceted functions of

demonstrated a dual association between klotho and NF-kB.
Klotho expression is suppressed via an NF-kBdependent
mechanism. Decreased levels of klotho have been observed in
both blood and urine samples from individuals with
CKD(19,20). However, blocking TNF-related weak inducer of
apoptosis (TWEAK), a member of the TNF superfamily was
found to restore kidney klotho levels and preserve renal
function. Moreover, klotho can inhibit the expression of NADPH
oxidase 2 (Nox2) protein, thereby mitigating oxidative stress in
rat aortic smooth muscle cells. Additionally, it can suppress
inflammation mediated by retinoic acid-inducible gene-I (RIG-
) [21, 22].

4. Cancer

Interestingly, Klotho exhibits a complex and dual role in cancer
progression wherein it acts as both a tumor suppressor and an
oncogenic factor. Its tumor-suppressing functions are well-
documented in lung, colon and breast cancer. With studies,
evolving evidence suggests that Klotho can also exhibit
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oncogenic effects including promoting tumor growth and
progression in some specific cases [23,24]. The properties of
Klotho to inhibit cellular proliferation, promotion of apoptosis,
and inhibition of epithelial-mesenchymal transition (EMT)
promote its role as a tumor-suppressing protein [25,26].
Mechanistically, the suppression of tumor and thus metastasis
is primarily due to the modulation of various signaling
pathways by Klotho including the transforming growth factor-
beta (TGF-B) pathway, insulin-like growth factor 1 (IGF-1)
pathway, and Wnt/B-catenin pathway,(24)(25). Klotho
promotes the proliferation of cancer cells, their survival, and
resistance to drugs. Moreover, Klotho may promote cancer
stemness and metastasis by activating the signaling pathways
related to stem cells, like Notch and Hedgehog pathways [27].
The dual role of Klotho protein in cancer highlights the need of
further study to understand the molecular mechanisms
involved so as to overcome the clinical hurdles of cancer
therapeutics.

Renal cell carcinoma (RCC) is the third most frequent form of
cancer in urological oncology. Klotho has been reported to
suppress the invasive action of renal cancer cells in RCC by
inhibition of the Epithelial-Mesenchymal transition (EMT) by
altering the PI3K / Akt /GSK3b signal activation by
suppressing EMT phenotypic switch of the cellular RCC
viasignal downregulation. Klotho is pivotal for the endogenous
FGF23 (FGF family) [28]. Although studies suggest that the role
of FGF in renal cancer remains limited but an increase in levels
of basic FGF serum seem to be associated with poor survival
rate in RCC. [29, 30].

5. Aging

Following the groundbreaking discoveries by Kuro-o et al. in
1997 and Kurosu et al. in 2005, significant advancements have
been achieved in understanding the mechanisms and functions
of Klotho. Notably, Duce et al. (2008) [31] .Age-related
alterations were observed in the expression of the Klotho (KL)
gene, telomeric repeat binding factor 1, and mitochondrial
polymerase gamma, all of which are linked with brain
degeneration lifespan. Notably, Klotho
expression decreased with age in brain white matter by
approximately 1.5-fold.Serum levels of KL decline with age in
humans [32], bonobos and chimpanzees [33]. Additionally,

and decreased

researchers have noted lower KL levels in older individuals
with Alzheimer's disease (AD) compared to those without AD
(p = 0.02), and lower levels in older adults compared to
younger adults (p = 0.005) [34]. In the following sections, we
delve into the variations in Klotho levels across a range of
diseases, all of which are linked to the aging process.

6. Neurodegeneration

Klotho protein has emerged as a significant factor in
neurodegenerative diseasesby inhibition of oxidative stress,
attenuation of neuroinflammation, and promotion of the
[35].
Furthermore, Klotho increases the clearance of amyloid-beta
(AB) peptides, which marks a hallmark of AD pathology [35].
Preclinical studies that utilize mice overexpressing. Beyond AD,
potential implications of Klotho in other neurodegenerative
diseases such as Parkinson's disease and multiple sclerosis
have also been observed. These findings encourage the
therapeutic potential of targeting Klotho.

synaptic plasticity along with neuronal survival

[14]

7. Wound Healing

Klotho has recently emerged as a significant player in wound
healing processes. Research suggests that it exerts multifaceted
effects stages repair,
inflammation, tissue regeneration, and remodeling.

on various of wound such as

1. Anti-inflammatory Properties: Inflammation is the
primary phenomenon of wound formation and healing
progression. Klotho suppresses inflammation by inhibiting
pro-inflammatory cytokines such as (IL-6) and (TNF-o)
[36, 37].

2. Promotion of Cell Proliferation and Migration: Klotho
facilitates the proliferation and migration of various
immune cells to initiate wound repair and tissue
regeneration, including fibroblasts, Kkeratinocytes,
lymphocytes, and endothelial cells [38].

3. Enhancement of Extracellular Matrix Formation: Klotho

the synthesis and deposition of

extracellular matrix (ECM) proteins such as collagen and
fibronectin, crucial for structural support and guiding

tissue regeneration at the wound site [10, 39].

contributes to

4. Angiogenesis: Klotho promotes angiogenesis, the process
of new blood vessel formation, which is essential for
delivering oxygen and nutrients to the wound area, and
facilitating tissue repair regeneration. Klotho
upregulates pro-angiogenic factors such as vascular
endothelial growth factor (VEGF) and endothelial nitric
oxide synthase (eNOS).

5. Modulation of Oxidative Stress: Klotho exerts antioxidant
effects by scavenging reactive oxygen species (ROS) and
enhancing the activity of antioxidant enzymes [40, 41].

and

6. Regulation of Immune Responses: Klotho modulates
immune responses during wound healing. It promotes the
transition from a pro-inflammatory to a pro-resolution
phase, facilitating the clearance of apoptotic cellswhile
promoting tissue remodeling [39].

Future of Klotho

Emerging research on Klotho has unveiled novel insights into

its diverse physiological functions and therapeutic potential,

paving the way for future investigations. Recent studies have
highlighted the multifaceted roles of Klotho, including its
involvement in stem cell biology, immune regulation, and
tissue regeneration [42]; [43]. For instance, Klotho has been
implicated in the modulation of immune responses, with
demonstrating its regulatory effects
activation, macrophage polarization, and cytokine production

[44, 45]. These findings can hypothesize Klotho as a potential

therapeutic candidate for disease such as T cell malignancies,

autoimmune diseases and systemic inflammatory disorders.

Moreover, emerging evidence suggests that Klotho may play a

critical role in tissue repair and regeneration [46, 47]. Future

directions in Klotho research encompass several key areas,
including its

therapeutic targets and exploring the utility of Klotho as a

diagnostic biomarker and therapeutic agent [48]. Overall, the

research on Klotho underscores its significance as a master
regulator of health and disease.

studies on T-cell

molecular mechanisms, identifying novel
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Conclusion

In conclusion, the multifaceted role of Klotho in various
diseases underscores its significance as a pivotal regulator of
health and disease pathogenesis. Emerging research on Klotho
has provided novel insights into its mechanisms of action and
therapeutic potential, offering promising avenues for the
development of diagnostic therapeutic
strategies. However, several key challenges and opportunities
lie ahead in Klotho's research. Further elucidation of the
molecular mechanisms underlying Klotho's diverse functions,
as well as its intricate interplay with other signaling pathways

innovative and

and regulatory molecules, is essential for a comprehensive
understanding of its physiological roles and therapeutic
implications. Continued research efforts aimed at exploring the
clinical utility of Klotho as a diagnostic biomarker and
therapeutic agent, as well as the development of Klotho-based
therapeutics, are warranted to harness its full potential in
combating age-related diseases and promoting healthy aging.
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