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Klotho Protein and Cardio-Vascular System
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Abstract—Klotho protein affects a number of metabolic pathways essential for
pathogenesis of cardio-vascular diseases and their prevention. It inhibits lipid
peroxidation and inflammation, as well as prevents endothelial injury and calcification
of blood vessels. Klotho decreases rigidity of blood vessels and suppresses development
of the heart fibrosis. Low level of its expression is associated with a number of diseases.
Cardioprotective effect of klotho is based on its ability to interact with multiple
receptors and ion channels. Being a pleiotropic protein, klotho could be a useful target
for therapeutic intervention in the treatment of cardio-vascular diseases. In this review
we present data on pharmaceuticals that stimulate klotho expression and suggest some
promising research directions.
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INTRODUCTION

Cardio-vascular diseases remain a major cause of early disability and premature
death. A number of pathogenic mechanisms lead to the development of these diseases,
and the list of mechanisms continues to grow. Successful prophylactics and treatment of
cardio-vascular diseases, improvement of the late outcomes depend on the identifying of
new therapeutic targets, preferably those, which are involved with more than one
pathogenic mechanism. Pleiotropic klotho protein participates in a number of metabolic
processes. This makes it an attractive candidate for such a target. Here, we review the
role of klotho in the regulation of physiology and pathology of cardio-vascular system,
its effect on oxidative stress, endothelial injury, electric activity of the heart, vascular
and heart remodeling, heart ischemia, arterial hypertension, heart failure, and more.

STRUCTURE, FUNCTION, AND LOCALIZATION OF KLOTHO PROTEIN
The Kl gene (known as -klotho or klotho) has been first identified by Kuroo, M. et al. (1997) [1] as a murine anti-aging gene. Human Kl is located on the 13q12
chromosome, it consists of 50 thousand base pairs and contains five exons. It is
expressed in a number of organs and tissues: the highest level of Kl and its product is
found in kidney, much less in prostate, lungs, liver, skeletal muscle, aorta, pancreatic
islets, and brain. Its paralog, KlB, is located on the fourth chromosome and has the size
and structure very similar to those of Kl. The main source of human -klotho is adipose
tissue. It is synthesized also in lungs and pancreas, but its mRNA is found in many
tissues including skeletal muscle, aorta, and heart. Both genes encode for the
membrane-bound and secretable proteins [2]. The third member of the klotho family is
encoded by Lctl (Lactase-like gene). Its product is a transmembrane lactase-like protein
with alternative names klotho/lactase-phlorizin hydrolase-related protein, KLPH or
LCTL, or -klotho. The human gene is located on the chromosome 15. It is expressed at
the same low level by the majority of organs. Testes express the highest level of this
protein. Kl has the highest and Lctl the lowest level of expression [1-5]. Thus,
mammalian genome encodes three members of the klotho family. They are
transmembrane proteins of different size [6].
Alpha- and -klotho consist of two extracellular subdomains (KL1 and KL2 of
about 450 amino acids each), transmembrane, and C-end cytoplasmic domains.
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Gamma-Klotho, unlike its paralogs, contains only 567 amino acids and just one
extracellular domain KL1. Extracellular domains are highly homologous to glucosidases, which hydrolyze bonds in saccharides, glycoproteins, and glycolipids.
Klotho belongs to the glycoside hydrolase family 1, although the active site of klotho
does not have glutamate residue essential for hydrolase activity. Very short intracellular
domain (21 amino acid in -klotho and 24 in -klotho) is incapable of independent
signal transduction and does not have PDZ domain or motifs that bind known adaptor
proteins. This makes independent receptor activity of the membrane-bound klotho
unlikely. To the best of our knowledge, the two-hybrid system has not been used to
search for klotho binding partners. As to its extracellular domains, they interact with
other receptor proteins and their ligands, thus modifying their function. The effect of
this interaction on cell physiology depends on the type of the receptor and the level of
its expression in the tissue.
It is proven experimentally that -klotho directly binds to FGFR1c and FGFR4,
IGF1/insulin receptors, and TGFRII, as well as Wnt. Being bound to FGFR1c and
FGFR4, klotho acts as a co-receptor, switches specificity of the receptor, and enhances
its affinity to the endocrine FGF23 multifold, while decreasing its affinity to the
canonical agonists FGF 1-20, which require heparin for their binding to the receptor.
Structural analysis reveals that -klotho interacts with both C-terminal of FGF23 and
D3 domain of FGFR1Rc, acting as a chaperone and stabilizing the tertiary complex. Cterminal of FGF23 contains RXXR motif that binds to the FGFR1c--klotho dimer.
Activity of the tertiary complex depends on heparan-sulphate, an obligatory cofactor of
the paracrine signaling of FGF. Three aspartate and one cysteine residues in the klotho
molecule coordinate zinc ion. Klotho conformation in this complex makes its enzymatic
activity impossible [7]. Interaction with -klotho radically changes physiological
outcome of the FGFR1 stimulation. Canonical pathway activated by binding of FGF in
the absence of -klotho leads to dimerization and autophosphorylation of the receptor,
activation of its substrate, ERK1/2, Akt, Ras/MAPK [8]. It participates in
organogenesis, cell differentiation, induces cell proliferation and migration, cooperates
with TGF1, Notch, and non-canonical Wnt pathways [9]. Unlike the described above
canonical pathway, the ternary complex of endocrine FGF23 with FGFR1c and klotho controls calcium and inorganic phosphate homeostasis and regulates vitamin D
metabolism. Signaling pathway activated by the formation of the ternary complex
switches on the Ras/MAPK cascade typical for the klotho-expressing cells. Contrary to
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this, binding of FGF2 to cardiomyocytes not expressing this protein induces activation
of phospholipase PLC, calcineurin, and NFAT [10].
In addition, -klotho activates signaling pathways independent on FGFR.
Interactions of -klotho with Wnt and TGFRII inhibit corresponding canonical
signaling pathways of Wnt/-catenin and TGF1/SMAD2 and fibrosis [11-13]. Klotho binding to insulin/IGF1 receptors prevents activation of its substrates IRS1 and
IRS2 and downstream activation of the PI3K/Akt pathway [14, 15].
A number of -klotho effects depend on the glucosidase or sialidase activity of
its extracellular subdomains [16-18]. Structural studies reveal that the soluble klotho
binds with 2-3-sialyl-lactose moiety of gangliosides in lipid rafts because of the shift
of 66 loop in the ganglioside molecules. This happens independent on FGF23 and
FGFR [18]. Removal of sialic acids from the glycoprotein component of the ion
channels affects their localization on the membrane and intensity of the ion transport
[16-19]. Regulation of the activity of ion channels is essential for the healthy function of
cardio-vascular system.
Similar to its paralog, -klotho modifies physiological function of FGFR:
endocrine FGF15/19 or FGF21 in complex with FGFR and -klotho regulate the level
of glucose, triglycerides, and cholesterol. FGF19 and -klotho, bound to FGFR4,
participate in homeostasis of bile acids. For example, mice deficient in FGF15, -klotho
or FGFR4 express higher level of Cyp71 and have increased synthesis of bile acids in
liver [20]. Cardiomyocytes expressing -klotho and FGFR1 are protected against
ischemia through activation of the PI3K/Akt, AMPK, ERK1/2, and ROR- pathways
after binding of FGF21 by the receptor complex [21]. According to the structural
studies, FGF21 binds to both extracellular subdomains of -klotho, and this binary
complex attaches to FGFR1c. The formed ternary complexes dimerize [22]. C-terminals
of FGF21 and FGF19 bind to the same site on -klotho [23].
Extracellular domain of klotho is cleaved by the membrane-bound proteinases
ADAM10 and ADAM17. Their enzymatic activity is regulated by phosphorylation [18,
24, 25]. The linker between KL1 and KL2 contains four amino acids (Lys-Lys-ArgLys), which form a potential site for proteolysis [26]. The soluble klotho consists of
three fragments cleaved by ADAM10 and ADAM17: complete extracellular domain
consisting of both KL1 and KL2, and cleaved KL1 and KL2 domains. They act either as
humoral pleiotropic factors or as local autocrine-paracrine factors and are involved in
the signal transduction of growth factors, regulate ion homeostasis, and protect against
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oxidative stress [26]. Cells capable of binding the soluble klotho must express at least
one of the receptors listed above or must have sialic acids on their surface. Cellular
response to the binding depends on the type of receptors expressed by the cell.
Presumably all mammalian tissues express one or another set of these receptors and,
hence, can respond to hormonal signals of the soluble -klotho.
There are two opposite opinions on functional differences between the soluble
and membrane-bound forms of -klotho. It has been demonstrated that only the
membrane-bound but not the soluble form can serve as the FGF23 co-receptor [27, 28].
In this case its activity is limited only to the klotho-expressing cells. Contrary to this
observation other authors claim that soluble klotho is also able to bind FGF receptors
[29]. The recent structural study demonstrated that soluble klotho could form a ternary
complex with FGFR [7] and, hence, it could act as a hormone in any tissues expressing
FGFR. We believe that the question about the ability of soluble klotho to bind FGFR
remains unresolved since the causes of the discrepancy remain unclear.
Subdomains KL1 and KL2 are functionally different despite their significant
structural similarity. Thus, the full-length soluble klotho consisting of KL1 and KL2
inhibits IGF1 and bFGF signaling and binds FGF23. Unlike the full-length klotho, KL1
fragment does not interact with FGF23 [30]. On the other hand, KL2 does not interact
with IGF1 and bFGF pathways, but is essential for FGF23 signaling [14]. These
differences are confirmed by the structural studies [22]. It is important that the soluble
forms of klotho participate in these interactions, hence the IGF1 signaling responds to
the hormonal effect of klotho. It also interacts with Wnt, TGF1 receptors, lipid rafts,
and ion channels. Data on the individual functions of KL1 and KL2 are very limited. A
possibility of cleavage of -klotho can be considered only by analogy with the other two
forms.
The secretable -klotho is formed by alternative splicing. Molecular weight of
this protein is 65 kDa, close to that of KL1 (70 kDa) and contains additional motif of
ten amino acids. Similar to KL1 and KL2 it prevents cellular senescence and controls
mineral homeostasis [26, 31]. However, some authors find the independent role of the
secretable form and its presence in blood doubtful [32]. In their recent work Xu, Y. and
Sun, Z. [33] proved that the HEK293 and IMCD cells transfected with a short fragment
of -klotho identical to the secretable klotho expressed it followed by its binding to sformylglutathione hydrolase (FGH) thus regulating activity of this enzyme. The binary
complex was found in cytoplasm and peri-nuclear area. This is a remarkable finding,
6

but it still does not clarify physiological role of the secretable klotho, because the
natural levels of this form are significantly lower than the one used in this study. It was
also shown that the secretable -klotho binds chaperones 60 and 70 or ribosomal
proteins. Taking into account that they facilitate folding and post-translational
modification of many proteins, we may presume that klotho participates in the
regulation of their homeostasis, although this requires further examination [33].
Clearly, such functions require cytoplasmic localization of klotho, possibly due
to its endocytosis, but this matter also requires further experimental clarification. We are
unaware of such studies of the soluble -klotho, and we cannot compare the properties
of all its truncated forms under similar conditions.
The -klotho forms complexes with FGFR1b, FGFR1c, FGFR2c, and FGFR4
and can function as a co-receptor for FGF19 in cultured cells [34]. Structural studies of
these complexes have not been performed yet. Nothing is known about the role of klotho in cardiovascular system, but it plays an essential role in other organs. It has been
found that FGF15/19 induces weight loss in obese mice by activating thermogenesis in
the brown adipose tissue [35], regulates expression of ephrin A3 and ephrin 4b in the
developing retina and determines its nasal-temporal differentiation, essential for correct
information flow to visual cortex through the growing axons of ganglion cells. It
controls growth of retina as well as lens differentiation and its growth in Danio rerio
[36] and chicken [37]. The ability of FGF15/19 to transduce signals through the klotho-FGFR complexes proves its role in the regulation of these processes, and
expression of FGFR by cardio-vascular tissues makes this interaction possible.

ANTIOXIDANT AND ENDOTHELIAL-PROTECTIVE EFFECTS OF KLOTHO

Oxidative stress causes a number of pathological conditions occurring due to
insufficiency of the cellular antioxidative defense. This is true for the inflammatory
diseases, endothelial dysfunction, hypertension [38], and atherosclerosis [39]. The
antioxidative properties of klotho protein have been reported in numerous studies. It
increases viability of the human endothelial cells HUVECs subjected to H2O2-induced
oxidative injury, activates antioxidative enzymes [superoxide dismutase (SOD),
catalase, and heme oxygenase-1 (HO-1)], and facilitates inactivation of reactive oxygen
species (ROS). In addition, it inhibits apoptosis of endothelial cells and improves their
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function. This activates secretion of nitric oxide (NO). Antioxidative defense depends
on the activation of PI3K/Akt pathway and increased expression of Nrf2 (transcription
factor – a key regulator of the cellular defense, activating expression of the genes
encoding antioxidative defense proteins under oxidative conditions) [28].
The effect of -klotho on the PI3K/Akt signaling pathway is complicated. In
particular, by binding to the insulin/IGF1 receptors, klotho promotes resistance to
oxidative stress by inhibiting the insulin (or IGF-1)/PI3K/Akt signaling cascade. This
prevents phosphorylation of the transcription factor FOXO1 (forkhead box protein O1),
which becomes active and translocates into the nucleus, where it binds to the promoter
and activates expression of SOD2, encoding the mitochondrial Mn-dependent
superoxide dismutase [40]. It is likely that klotho can activate FOXO1 by inhibiting not
only Akt, but also serum- and glucocorticoid-inducible kinase (SGK), or by stimulation
of c-Jun N-terminal kinase (JNK). SGK, as well as Akt, is a component of the
insulin/PI3K pathway. The SGK-induced phosphorylation of FOXO1 and FOXO3
promotes its association with the regulatory 14-3-3 proteins, induces its nuclear export
into cytoplasm and inactivates FOXO [41]. Thus, in this case too, the -klotho-induced
blockade of insulin receptors should limit oxidative stress. On the other hand, JNK
directly interacts with FOXO. Induction of JNK promotes nuclear localization of these
transcription factors and its inhibition decreases expression of the gene targets of
FOXO1 [42, 43]. Moreover, stimulation of the PI3K/Akt signals can inhibit stress- and
cytokine-induced activation of JNK [44]. This way -klotho inhibits PI3K/Akt while
interacting with insulin receptors and promotes activation of JNK and FOXO1. JNK can
also phosphorylate 14-3-3 proteins, and this induces release and activation of the bound
FOXO [45]. In addition, JNK phosphorylates FOXO4 at Thr447 and Thr451, which
induces its nuclear translocation and SOD expression [46]. Interestingly, -catenin, a
component of the Wnt signaling pathway, can form complexes with FOXO1 and
increase its transcriptional activity [47].
Antioxidant activity of -klotho was also reported by Yao Y. et al. (2017) [48].
They found that preincubation with the recombinant klotho increased viability of the
HUVECs treated with the oxidized low-density lipoproteins (ox-LDL) and under
oxidative stress. The -klotho-activated cytoplasmic Cu,Zn-dependent superoxide
dismutase (SOD1) induced expression of PI3K, Akt, endothelial NO-synthase (eNOS),
and accumulation of NO. These changes were accompanied by the decrease of
accumulation of malondialdehyde (MDA) and ROS, expression of the inducible NO8

synthase (iNOS), activity of Gp91(phox) (heme-binding subunit of NADPH-oxidase,
which generates superoxide anion), and lectin-like receptors of ox-LDL. As the result,
-klotho suppressed oxidative stress, which was induced by ox-LDL in HUVEC, due to
activation of SOD1 and NO synthesis, both of which neutralize ROS. Activation of the
PI3K/Akt/eNOS pathway and suppression of the expression of ox-LDL receptors play a
central role in these events [48]. We face here an obvious contradiction: in some cases,
-klotho activates and, in the others, inhibits the PI3K/Akt pathway. Taking this into
consideration, it can be also mentioned that -klotho suppresses activity of the
IGF1/PI3K/Akt pathway and increases expression of SOD2. On the other hand, klotho
does not inhibit PI3K/Akt during stimulation of other receptors like FGFR. This
activates alternative protective mechanisms (Cu-Zn-SOD, eNOS, heme-oxygenase).
Hence, it can be concluded that klotho flexibly regulates several alternative
antioxidative mechanisms.
As we have mentioned above, the secretable -klotho containing KL1 and
additional peptide motif directly binds S-formylglutathione hydrolase (FGH) – a key
enzyme in the pathway generating antioxidant glutathione (GSH). Klotho activates both
the enzyme itself and expression of its gene by activating transcription factor Kid3 in
the cultured HEK293 and IMCD cells in vitro and in mouse kidney. The functional
interaction between -klotho and FGH is possible due to the post-translational
modification, N-glycosylation of asparagine N285. Inhibition of glycosylation or
replacement of Asp by Ala at the position 285 leads to the loss of antioxidant activity of
klotho. Probably, N-glycosylation of N285 is essential for the activity and N-glycan
fragments are necessary for the interaction with FGH [33]. As it was mentioned, klotho was found in cytoplasm together with FGH, where its function is unknown. This
warrants further investigation.
Further studies of the klotho signaling pathways would add clarity to our
understanding of the mechanisms by which this protein promotes resistance to oxidative
stress and finally suppresses aging and ROS-related pathological processes [40].
It is known, that klotho promotes endothelial integrity, increases generation of
endothelial nitric oxide, and improves endothelium-dependent vasodilation. Incubation
of HUVECs with uremic toxin indoxyl sulphate (IS) induces massive release of ROS,
expression of monocyte chemoattractant protein-1 (Monocyte Chemoattractant
Protein 1, MCP-1), reduces cell viability and nitric oxide synthesis. These are the signs
of endothelial dysfunction. This is associated with elevation of the p38MAPK (mitogen9

activated protein kinase) activity induced by its phosphorylation and nuclear
translocation of the proinflammatory transcription factor NF-B. Preincubation with klotho protein promotes cell viability and increases synthesis of NO, suppression of
ROS accumulation, and expression of MCP-1. It also prevents activation of p38MAPK
and NF-B in HUVECs. Thus, -klotho prevents endothelial dysfunction, probably
partly by inhibition of ROS accumulation and p38MAPK activity, as well as by
inhibition of the downstream member of the signaling cascade, NF-B [49, 50].
Antagonism between -klotho and NFB is revealed on different levels of cellular
processes, for example on the level of activation of NFB and FOXO1 [51].
Circulating -klotho promotes normalization of the endothelium-dependent
vasodilation, prevents apoptosis, and enhances regeneration of endothelium. It supports
integrity of the layer of endothelial cells and decreases vascular permeability by binding
to the Ca2+ channels TRPC1 (Transient receptor potential channels) and receptors for
the vascular endothelial growth factor, VEGFR-2. Receptor internalizes in response to
the stimulation by VEGF and regulates Ca2+ influx [52, 53]. -Klotho inhibits
phosphorylation of the VEGF receptor [54] and prevents its endocytosis. Vascular
endothelium in the klotho-deficient mice is more permeable due to the increased
apoptosis, lower expression of cadherin, and high activity of the Ca2+-dependent
calpain/caspase-3 [52, 53], and, likely, high signaling activity of VEGF.
The soluble klotho exhibits anti-inflammatory activity by suppressing activation
of NF-B and downregulating expression of the TNF--induced adhesion molecules
ICAM-1 and VCAM-1 in the endothelium [53]. Transcription of -klotho is inhibited
by cytokine IL-1 during inflammation. Simultaneously ERK1/2 activity is inhibited
[55]. Antagonism between -klotho and pro-inflammatory transcription factor NF-B is
discussed in details in [13]. Apparently the systemic -klotho therapy may have antiinflammatory effect [56] modulating interaction between endothelium and immune
cells. This research topic is of significant clinical and scientific interest. Summarizing
the facts presented above, it can be stated that -klotho exerts its protective effect on
endothelium through its antioxidant and anti-inflammatory properties and its ability to
regulate calcium homeostasis.
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KLOTHO PROTEIN AND CORONARY HEART DISEASE

Molecular mechanisms of pathogenesis of cardio-vascular diseases including
coronary heart disease are still being investigated. Klotho protein is one of the targets of
these studies. Some authors emphasized correlation between its low plasma level and
the risk of coronary heart disease [53, 57]. A study of 3555 patients with the stable
coronary heart disease and left ventricular ejection fraction 40%, participating in the
PEACE trial (trandolapril against placebo), revealed that low concentration of -klotho
was correlated with the increased frequency of deaths of cardio-vascular diseases or
higher incidence of hospitalizations due to the heart failure. The correlation was not
changed after multifactorial correction of clinical variables and biomarkers, such as
glomerular filtration rate, cystatin-C, albumin to creatinin ratio in urea, concentration of
FGF23, troponin T, pro-natriuretic N-end peptide B, C-reactive protein. Co-incidence of
the low concentrations of -klotho and high FGF23 elevated the risk of death or
hospitalization caused by ischemia [58]. This ratio of both proteins is apparently
beneficial for the klotho-independent activity of FGF23. There is no clear view on its
independent effects. It is considered proven that FGF23 promotes left ventricle
hypertrophy to the sane degree in the heterozygous klotho knockout mice and in the
wild-type animals [59]. However, elevation of the FGF23 level and left ventricle
hypertrophy in the heterozygous klotho-knockout mice was less pronounced than in the
homozygous animals. While the authors explain the difference as a dose-dependent
effect, protective effect of klotho may also be considered [59]. On the other hand,
Xie, J. et al. (2015) consider that klotho deficiency, rather than the elevated level of
FGF23, causes heart hypertrophy. In heterozygous mice with chronic kidney disease
(CKD) the level of serum phosphate and FGF23 did not correlate with the development
of hypertrophy of the left ventricle, but injection of exogenous -klotho changed the
situation [60]. Currently it is not possible to choose between the -klotho deficiency
and elevation of FGF23 as possible causes of the hypertrophy in human, in part due to
the lack of reliable methods of detection of soluble klotho.
It was found that klotho deficiency may lead to the disruption of
neovascularization induced by ischemia and cause overexpression of plasminogen
activator inhibitor-1 (PAI-1), which stimulates fibrotic processes, sinoatrial node
dysfunctions, and sudden cardiac death [53].
Ischemia/reperfusion activates ROS generation in mitochondria, oxidative
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damage, and death of cardiomyocytes [61]. Developing oxidative stress causes
endothelial dysfunction. It is likely that antioxidative properties of -klotho and its
protection of endothelium are key factors in its anti-ischemia effect. It may be expected
that systemic klotho therapy could produce beneficial effect in this case.

KLOTHO EFFECT ON ELECTRIC ACTIVITY OF THE HEART

Klotho is found in the pacemaker cells of the sinoatrial node. It has been
demonstrated that the 20-h stress increases incidence of sudden death, which is related
either to the loss of conductivity or blockade of the sino-atrial node. Detailed molecular
and cellular mechanisms of this effect are still unknown. Presumably, expression of klotho in sinoatrial node is essential for the function of some ion channels regulating
excitability of pacemaker cells [62]. It is known that -klotho modulates ion channels in
plasma membrane including Na+/phosphate co-transporters [63, 64], Na+/K+-ATPases
[65], Ca2+-channels [66], heart-specific potassium channels (hERG, human Ether-a-gogo Related Gene). These channels contribute to electric activity of the heart and play an
essential role in the coordination of heartbeat [67], heart repolarization, and participate
in abnormal excitation of myocardium after hypertrophy. These facts emphasize
possible beneficial role of -klotho in the regulation of heart activity and the potentials
of its therapeutic use.

POSSIBLE ROLE OF KLOTHO IN THE DEVELOPMENT OF ARTERIAL
HYPERTENSION

Arterial rigidity is one of the risk factors of arterial hypertension. Pulse wave
velocity is an indicator of arterial rigidity [68]. The level of circulating -klotho in
patients with hypertension and elevated vascular rigidity is decreased by 45% [69].
Deficit of -klotho could be an essential factor that promotes arterial rigidity. Rigidity,
in turn, plays an important role in the pathogenesis of hypertension. This is further
supported by the fact that the experimental haplodeficiency of this protein in the Kl+/–
mice correlates with the significant increase in the pulse wave velocity and elevation of
blood pressure, as well as increased level of aldosterone. Arterial rigidity is one of the
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earliest detected unfavorable structural and functional changes in the vascular wall, it
significantly elevates the risk of coronary heart disease and stroke [69-71]. The Kl
deficit in the cultured aortic smooth muscle cell activated autophagy leading to the
decline of the level of elastin and increased expression of scleraxis, a key transcription
factor of collagen synthesis, which plays an essential role in the development of arterial
rigidity [72]. Furthermore, haplodeficiency of -klotho is associated with activation of
metalloproteinase MMP9, pro-fibrotic factors TGF-1 and TGF-3, RUNX2
(transcription factor regulating cell cycle in endothelial cells and osteoblasts). These
effects could be neutralized by chloroquine or eplerenone, antagonists of the aldosterone
receptor. Physiological effects in vivo, such as increase in the pulse wave velocity and
elevated arterial blood pressure, correspond to the changes on the cellular level.
Notably, -klotho suppresses expression of CYP11B2, a key enzyme of aldosterone
synthesis in adrenals, on the transcriptional level [73]. Thus, -klotho is involved in
various aspects of maintenance of normal arterial function and prevention of the
development of arterial hypertension: regulation of aldosterone level and rigidity of the
vascular wall. Finding the link between klotho deficiency and increased vascular
rigidity is an essential discovery, since it defines a new direction of the studies in this
area. Currently existing anti-hypertensive drugs mostly decrease peripheral resistance
and do not affect pathological processes of remodeling and vascular rigidity. To this
effect, -klotho may be an important etiological factor and a potential target for
intervention aimed to limit arterial remodeling and rigidity.

ROLE OF KLOTHO IN PATHOGENESIS OF CARDIOMYOPATHY
-Klotho is synthesized mostly in kidney and secreted into the bloodstream.
Klotho deficit caused by CKD induces uremic cardiomyopathy. Chronic injections of
recombinant klotho to rats with CKD minimized heart remodeling. It has been
concluded that recombinant klotho is a safe, efficient, and promising prophylactic and
therapeutic tool for the prevention or slowing uremic cardiomyopathy [74].
According to the widely accepted views, excessive elevation of FGF23 and/or
phosphate plays a central role in the pathogenesis of uremic cardiomyopathy. Thus,
protective effect of -klotho may be based on its interaction with FGFR and FGF23.
However, it was found recently, that soluble klotho limits hypertrophy of myocardium
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via a FGF23- and phosphate-independent way, by suppressing abnormal activity of the
calcium-dependent signaling in heart [60, 75]. It was found that various extracellular
stimuli elevate intracellular calcium concentration by its release from the cellular
organelles or by pumping the extracellular calcium through cationic TRPC channels.
TRPC family includes 7 members (TRPC1, 2, 3, 4, 5, 6, 7; TRPC2 is not expressed in
humans). Ca2+ influx through TRPC1, 3, 4, 5 and 6 in cardiomyocytes is essential for
signal transduction including activation of the calmodulin-dependent serine threonine
phosphatase (calcineurin). This phosphatase dephosphorylates and stimulates nuclear
factor of the activated T cells (NFAT) and NFAT-dependent expression of a number of
genes, such as heavy chain of -myosin. This, in turn, promotes pathological
hypertrophy and heart remodeling [76, 77]. Circulating -klotho interacts with the IGF1
receptor; it prevents IGF1-dependent activation of PI3K and the downstream exocytosis
of TRPC6 receptor in cardiac cells. This mechanism is essential for cardioprotection
exerted by -klotho [75]. Structural modeling and molecular docking revealed that the
soluble -klotho can inhibit TRPC6 channels also by binding to the 2-3-sialyl-lactose
moiety in gangliosides of lipid rafts. Reposition of the loop 66 in the KL1 domain of
this protein occurs during this interaction. The protein interacts with glycolipids and
forms a strong complex. Binding of the soluble klotho to lipid rafts modulates their
structural organization in the membrane and inhibits PI3K/Akt-dependent signal
transduction and TRPC6 exocytosis. The authors believe that lipid rafts could be
receptors for the soluble -klotho [16, 18, 19], and that the protein exerts protection
against the stress-induced heart hypertrophy in mice by this mechanism [18].
It was found that soluble -klotho limits the CKD-induced vascular calcification
via direct effect on the vascular smooth muscle cells and indirectly by regulation of the
phosphate metabolism. In vitro klotho inhibits Na(+)-dependent absorption of phosphate
and mineralization, caused by high phosphate content in the vascular smooth muscle
cells [78]. Some results by other groups are not in good agreement with these
observations [79]. Lindberg, K. et al. (2013) observed no effect of klotho on the mouse
aortic ring calcification [80]. Lim, K. et al. (2012) demonstrated that FGF23 alleviates
calcification of smooth muscle cells of human aorta and this effect depends on the
klotho induction [81]. Jimbo, R. et al. (2014) found that FGF23 intensified Pistimulated calcification in the cultivated human vascular smooth muscle cells,
overexpressing -klotho [82]. Mice with klotho deficiency had high level of the
circulating phosphate and calcitriol and medial arterial calcification, practically identical
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to that found in the FGF23-knockout mice [83]. Majority of the recent works, however,
support the view that -klotho protects blood vessels against calcification. Hu, M. C.
et al. (2011) reported that its deficiency in the CKD mice promotes Pi-induced
calcification and that soluble -klotho may suppress sodium-dependent Pi absorption
and calcification in rats [78]. Zhang, W. et al. (2015) demonstrated that soluble klotho
inhibited Pi-induced calcification of the mesenchymal stem cells from human bone
marrow by inactivating of the FGFR1/ERK pathway [29]. Zhao, Y. et al. (2015) and
Chang, J. R. et al. (2016) found that -klotho reduced calcification of blood vessels and
pointed out that both, membrane-bound and soluble forms were protective. These
discrepancies warrant further studies of this phenomenon [84, 85].
It is worth mentioning that the results of studies on the role of klotho in the
development of heart hypertrophy vary. Some studies found no pathology in the klotho-deficient mice [86]. It developed only after the experimental stress, and this
could indicate that this protein facilitates formation of stress tolerance in the heart [60].
Hu, M. C. et al. (2015) [87], however, observed hypertrophy of the myocardium
with the subsequent fibrosis in the klotho-deficient mice younger than 12 weeks.
Depletion of klotho was caused by a genetic defect, high phosphate consumption, aging,
and CKD. The degrees of heart hypertrophy and fibrosis did not depend on the cause of
deficiency but positively correlated with the phosphate concentration and were inversely
proportional to the -klotho level in plasma. In vitro the protein inhibited TGF-1- and
angiotensin II-induced hypertrophy and fibrosis of cardiomyocytes or fibrosis caused by
high phosphate level [87].
The origins of the discrepancies in the results have to be clarified. Probably the
differences are caused by genetic variances between the mouse strains including stress
tolerance or some other reasons.

KLOTHO PARTICIPATION IN HEART AND VASCULAR REMODELING AND
HEART FAILURE

In the rat model of heart failure induced by intraperitoneal injection of
isoproterenol, klotho transfection promoted increased ejection rate, speed of contraction
and relaxation (± dP/dt max), as well as notable alleviation of fibrosis and remodeling
of the myocardium compared to the non-transfected animals [88]. Probably the
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cardioprotective effect of -klotho is related to its ability to regulate the level of
intracellular calcium, one of the culprits of the changes in myocardium, mentioned
above. Tang, G. et al. (2018) demonstrated that -klotho modulates activity of the
Na+/Ca2+-exchange and Na+/K+-ATPase in H9C2 cells, treated with isoproterenol [89].
In vitro experiments revealed that -klotho inhibits angiotensin II-induced
hypertrophy and proliferation of cardiomyocytes, and fibrosis in the cells of the cardiac
connective tissue. These effects of angiotensin II are mediated by activation of the TGF1 signaling pathway. TGF-1 is a dimeric polypeptide secreted by a number of cell
types including activated monocytes and macrophages, fibroblasts, endotheliocytes,
mast cells, and others. Of five known isoforms of this protein, TGF-1 is expressed
notably more than others and plays an essential role in remodeling and fibrosis of blood
vessels and myocardium. At the early stage of myocardial infarction, it is engaged in
inflammation and later it participates in remodeling of the left ventricular by activation
of fibroblasts and hypertrophy of the intact myocardium [90]. Its serum level is related
to the rate of myocardial fibrosis in the left atrium of the patients with paroxysmal atrial
fibrillation [91]. Post-surgical relapse of the myocardial ischemia is associated with the
elevated level of TGF-1 [92]. Interaction of TGF-1 with its receptor type II (TGFRII) induces phosphorylation of several Smad-proteins (Smad and Mad related
proteins). The classic signal cascade includes heterodimerization of Smad2/3, its
interaction with Smad4, and nuclear translocation. Smad proteins act as pro-fibrotic
transcription factors activating COL1A1- (collagen I gene) and ACTA2 (Alpha-smooth
muscle actin, -SMA). They also activate expression of the prohypertrophic genes
NPPA encoding for atrial natriuretic peptide, ANP, and MYH7 for the myosin heavy
chain beta, MHC-.
Soluble klotho can directly bind to TGFR-II hindering its interaction with
TGF-1. This inhibits signal transduction through this pathway and suppresses
expression of the angiotensin II receptor type 1 (AT1R) [11]. Klotho inhibits both
expression of TGF-1 and TGF-1-dependent phosphorylation of Smad2/3 (canonical
signaling pathway of TGF-1) in the angiotensin II-infused cardiac tissues and
angiotensin II-stimulated cultured cardiomyocytes and fibroblasts.
In addition, klotho inhibits expression of FGF23 in the heart with angiotensin IIinduced hypertrophy and fibrosis in vivo and in vitro. FGF-23 is generated in bones. It
plays an important role in the regulation of phosphate metabolism in blood, decreases
its reabsorption in the proximal kidney tubules, and decreases its clearance. Multiple
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studies prove that high level of FGF-23 is a clinically-important risk factor for the
development of severe complications, including cardiac morbidity and mortality. High
level of FGF23 is linked to the increased mass and hypertrophy of the left ventricle; it
correlates with lethality in the patients with terminal stage of renal failure and coronary
disease [93]. Klotho involvement in the suppression of these pathological processes
could be schematically described as follows. By decreasing the amount of TGF-1, klotho indirectly inhibits expression of microRNA-132 (figure; [94]), which suppresses
transcription factor FOXO3, essential for the expression of atrogin-1. This F-box
protein activates ubiquitination and degradation of calcineurin-A in cardiomyocytes,
while excessive calcineurin-A stimulates NFAT and activates expression of pro-fibrotic
and pro-hypertrophic genes downstream of NFAT. Thus, by inhibiting microRNA-132
klotho limits the development of fibrosis and hypertrophy of the myocardium [95].
Wnt signaling pathway is also essential for the heart remodeling. It has been
found that endothelial cells of endocardium can become progenitors of pericytes and
myocytes, which are able to migrate into myocardium, differentiate, and integrate into
the newly formed vascular wall. Wnt/Frizzled4, -catenin, and Wnt ligands generated
by the endothelial cells play a key role in these processes [96]. -Klotho protein inhibits
this signaling pathway, and this theoretically may slow down remodeling. On the other
hand, pro-fibrotic activity of Wnt is neutralized by -klotho and the net result of the
klotho intervention could be positive, although this should be confirmed experimentally.

GENETIC PREDISPOSITION TO CARDIO-VASCULAR DISEASES LINKED TO
THE KLOTHO POLYMORPHISM

Cardio-vascular diseases have multifactorial etiology, and genetic predisposition
to them is not uncommon. Cross-sectional studies revealed a link between the allele KLVS and early coronary disease. Regression analysis demonstrated that KL-VS was an
independent risk factor for coronary diseases, while the risk is modulated by a number
of modifiable factors: hypertension masks, high density lipoproteins diminish, and
smoking increases the risk [97]. There is a link between the KL-VS allele and ischemic
stroke. Moreover, the homozygous patients in a younger group (< 40 years old) were at
higher risk of the disease onset than the heterozygous patients. This association in the
group older than 40 was insignificant [98].
Other types of klotho polymorphism were also found. They are associated with
17

various deviations from the physiological norm. Thus, it has been found that a singlenucleotide polymorphism Kl rs650439 is significantly linked with the medium thickness
of intima-media and atherosclerosis of the carotid artery in patients with
hypertension [99].
Another polymorphism, G395A, in the promoter sequence of the human Kl gene
may be a genetic risk factor for coronary heart disease and is independent on
vasospastic angina [100].
Polymorphism C1818T in the exon 4 of Kl is associated with higher systolic
blood pressure than the variant C1818C. It is likely related to the effect of C1818T on
NO synthesis, which declines in people older than 40 years of age, bearers of this
polymorphism. Low bioavailability of NO promotes endothelial dysfunction,
vasoconstriction, thrombosis, and cardio-vascular diseases [101, 102]. Presumably,
replacement therapy with klotho protein could be beneficial in the treatment of the
pathologies mentioned above.

MODULATION OF KLOTHO ACTIVITY IS A NEW APPROACH TO THE
THERAPY OF CARDIO-VASCULAR DISEASES

While therapeutic agents designed purposely for modulation of klotho activity
currently do not exist, some of the approved drugs either increase klotho expression or
limit the decline in its synthesis in the pathologies, mentioned above. Thus,
isoproterenol-caused intoxication decreased the heart rate, expression of klotho and
HCN4 (hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. These
integral proteins are non-selective ligand-dependent cation channels in the plasma
membrane of heart and brain. HCN are also called pacemaker channels, because they
are involved in generation of the rhythmic activity of the cardiac and brain cells [103]. It
has been found that the flavonoid astragaloside IV elevated expression of -klotho,
which in turn increased expression of HCN and f-channels and normalized heart rate.
This finding may be just the first in the series of discoveries of the klotho-modulating
drugs, which could be used to treat heart rhythm disorders [103].
Angioprotective effect of statins (atorvastatin and pitavastatin) is probably
related to -klotho through inactivation of RhoA [104]. Statins elevate expression of klotho mRNA in the cultured IMCD3 (Mouse internal medulla collecting duct epithelial
cells) in a dose-dependent manner by inhibiting RhoA. The protein, in turn, regulates
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calcium metabolism and protects blood vessels against calcification, which increases
their rigidity [104].
It has been demonstrated that inhibitors of the angiotensin-converting enzyme
and blockers of the angiotensin II receptors induce expression of -klotho due to the
suppression of renin-angiotensin-aldosterone system, which inhibits synthesis of this
protein [105].
Hypoglycemic drugs rosiglitazone and thiazolidinedione modulate expression of
-klotho in the vascular smooth muscle cells (VSMCs) because they stimulate PPAR,
a factor that activates its transcription. These drugs prevent tissue calcification probably
by increasing the level of -klotho [106].
Vascular calcification exacerbates ischemia in myocardium. It is the main risk
factor of cardio-vascular mortality in patients. Considering that -klotho plays a critical
role in limiting calcification caused by the immunosuppressant rapamycin in vitro and
in vivo through inhibition of mTOR [84], it could be a potential target in the search of
therapeutic agents that limit pathological changes in blood vessels. A well-known
inductor of -klotho is vitamin D, whose excessive intake also causes calcification of
blood vessels and internal organs. Many positive effects of this vitamin are probably
linked to -klotho, which, in turn, regulates the level of vitamin D and prevents its side
effects [107].
Thus, we present the data indicating that drugs elevating expression of klotho
may be valuable therapeutic agents, because this protein modulates a number of
processes important for the development of cardio-vascular diseases. It suppresses lipid
peroxidation and inflammation, prevents endothelial damage, atherosclerosis,
calcification of blood vessels, inhibits heart and vascular fibrosis, and reduces vascular
rigidity. While considering feasibility of the therapeutic applications of klotho we need
to take into account possible side effects. They may be predicted from the analysis of
the signaling mechanisms regulated by klotho. Thus, potential overdose may possibly
lead to hypotension, hypophosphatemia, hypocalciemia, since the tandem of klotho and
FGF23 promotes excretion of phosphate and calcium, although systemic administration
of klotho in animal experiments caused neither of these effects. On the contrary,
insufficient expression of klotho combined with the excessive level of FGF23 in fact
leads to hypophosphatemia and hypocalciemia. As we have mentioned before,
hypotensive effect of klotho is caused by increased elasticity of blood vessels and
antagonism between the klotho and renin-angiotensin-aldosterone system. Another
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possible side effect may be caused by the interaction with insulin receptors, which may
theoretically lead to insulin resistance. This possibility was tested in the experimental
model and was rejected, since the protein did not participate directly in the induction of
tolerance to insulin [108]. Pre-clinical studies cannot give final answers to the questions
about the possible side effects in humans because of differences between the species.
However, the clinically-tested inductors of klotho can be used for preliminary
estimation. Thus, statins and vitamin D are used in clinical practice and their prolonged
consumption did not cause the mentioned side effects. This indirectly indicates that
elevation of the klotho concentration or its systemic intervention are probably safe.
Unfortunately, rosiglitazone has a number of unwanted side effects, which are
obviously not related to the increased synthesis of klotho protein [109, 110]. Hence,
induction of klotho expression may have some limitations, but the systemic therapy
with recombinant protein is devoid of them. Clinical testing may provide a final answer
to this question, but this has not been performed yet.

CONCLUSION

For a long time, molecular pathogenetic mechanisms of cardio-vascular diseases
continue to attract significant attention of scientific community. Studies of the role of
protein-protein interaction in pathological processes may shed light on the origin of the
heart and vascular pathologies and provide new opportunities for the discovery of
therapeutic agents and new treatments for these diseases. Klotho protein plays an
essential role in the mechanisms protecting cardio-vascular systems against functional
disruption and development of cardiomyopathy, heart failure, arterial hypertension.
Pleiotropic properties of klotho underlie its involvement in multiple cardioprotective
mechanisms and their interaction. Regulation of its level in serum and its expression in
cardiomyocytes by therapeutic agents may be of great importance in cellular
metabolism and may become a perspective target for treatment of cardio-vascular
diseases.
We already mentioned some unresolved issues (the differences between
membrane-bound and soluble forms of klotho, enzymatic mechanisms, different
functions of KL1 and KL2). Function of klotho in cytoplasm, where it may bind to the
proteins other than chaperones or FGH has not been investigated yet, and this topic
should be added to the list of the warranted studies. It is likely that it is precisely
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intracellular klotho that modulates gene expression by itself or with assistance of other
proteins. This attracts attention to the origin of the cytoplasmic klotho and the routes of
its possible internalization, for instance by co-endocytosis with the receptor proteins
interacting with klotho. It is likely that klotho could participate in the fine tuning of the
life-long homeostasis by interacting with canonical receptors and modulating their
function. For example, high activity of canonical mechanisms of FGF and Wnt plays an
important role in organogenesis at early stages of life. Adult organism maintains its
homeostasis using various regulatory mechanisms, including gene expression and
proteolytic degradation of proteins. Modulation of the activity of existing signaling
pathways by klotho is yet another such mechanism. For example, the loss of such
klotho-mediated control is accompanied by pathologies similar to the case when the
excess of FGF23 and klotho deficiency are observed in the coronary heart disease.
Insufficient control by klotho and high activity of Wnt, IGF1, TGF1 pathway promotes
fibrosis and cancer development. It could be suggested that this tuning defines
physiological meaning of klotho. Its role as a potential regulator and synchronizer of
homeostasis has not been studied yet. Finally, majority of the published works are
focused on -klotho, and not on its paralogs  and , hence, this is another issue
waiting to be clarified.
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