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Klotho is a membrane-bound or soluble antiaging protein, whose protective activity is essential for a proper function of many
organs. In 1997, an accidental insertion of a transgene led to creation of transgenicmicewith several age-related disorders. InKlotho-
deficient mice, the inherited phenotypes closely resemble human aging, while in an animal model of Klotho overexpression, the
lifespan is extended. Klotho protein is detected mainly in the kidneys and brain. It is a coreceptor for fibroblast growth factor and
hence is involved in maintaining endocrine system homeostasis. Furthermore, an inhibition of insulin/insulin-like growth factor-
1 signaling pathway by Klotho regulates oxidative stress and reduces cell death. The association between serum Klotho and the
classic risk factors, as well as the clinical history of cardiovascular disease, was also shown. There are a lot of evidences that Klotho
deficiency correlates with the occurrence and development of coronary artery disease, atherosclerosis, myocardial infarction, and
left ventricular hypertrophy. Therefore, an involvement of Klotho in the signaling pathways and in regulation of a proper cell
metabolism could be a crucial factor in the cardiac and vascular protection. It is also well established that Klotho protein enhances
the antioxidative response via augmented production of superoxide dismutase and reduced generation of reactive oxygen species.
Recent studies have proven an expression of Klotho in cardiomyocytes and its increased expression in stress-related heart injury.
Thus, the antioxidative and antiapoptotic activity of Klotho could be considered as the novel protective factor in cardiovascular
disease and heart injury.

1. Introduction

The leading cause of death among Europeans and around
the world is cardiovascular disease (CVD) [1]. There are
well-established risk factors for cardiovascular damage and
coronary artery disease such as diabetes, dyslipidemia, hyper-
tension, and obesity. However, the susceptibility, severity,
and progression of heart disorders are not fully understood
[2]. Given importance to assess and control pathological
process in heart tissue, focusing on finding new markers and
treatment of myocardial damage seems to be necessary.

Klotho protein is associated with aging and the name of
gene comes from Greek mythology [3]. Clotho, one of the
Three Fates, was responsible for spinning the thread of human
life. In recent years, there is quite a lot of interest in Klotho

protein and some diseases. Scientists are trying to define the
function of Klotho and its role in the dysfunction of many
organs. Understanding the mechanism of Klotho protection
can provide information on the most prevalent disorders,
such as cardiovascular disease.

2. The Structure of Klotho Protein

Klotho (kl) gene spans approximately 50 kbp and is composed
of 5 exons. Its two transcripts encodemembrane and secreted
proteins [4]. Kl gene highly correlates with the suppression
of several ageing phenotypes [3, 5]. It has been identified
for the first time in 1997, when Kuro-o et al. showed that
an insertion of a transgene led to a syndrome resembling
ageing in Klotho-deficient mice (kl-/kl-) [3]. The insertional
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Figure 1: The scheme of membrane-bound and soluble (shed and secreted) forms of 𝛼Klotho. (a) Membrane-bound 𝛼Klotho is created by 3
domains: cytoplasmic (CYT), transmembrane (TM), and ectodomain. The ectodomain has two internal repeats, KL1 and KL2. Membrane-
bound 𝛼Klotho is subjected to shedding of ectodomain by ADAM 10 or 17 protease in two ways to release three shed 𝛼Klotho.The alternative
transcriptional termination of kl gene expression leads to generation of secreted 𝛼Klotho. (b) Membrane-bound 𝛼Klotho forms a complex
with FGFR to create a high-affinity binding site for FGF23. ADAM, a disintegrin and metalloproteinase domain-containing protein; FGFR,
fibroblast growth factor receptor; FGF23, fibroblast growth factor 23.

mutation was located in the 5’ flanking region and resulted
in an 8 kbp deletion, 6 kbp upstream of a transcription
start site. Therefore, the coding structure of kl gene was
not disrupted, but the expression was reduced and the loss
of Klotho mRNA was observed [3, 4]. The disturbances of
kl gene expression in mice were accompanied by a short
lifespan, infertility, and several age-related disorders such as
atherosclerosis, osteoporosis, age-related skin changes, and
ectopic calcifications [3, 4]. At the age of 3 to 4 weeks, the
animal models show growth retardation and they usually
die at 8–9 weeks of age [3]. The expression of kl gene is
observed mainly in the kidneys and brain, as well as in the
pituitary gland, placenta, skeletal muscle, urinary bladder,
aorta, pancreas, testis, ovary, colon, and thyroid gland [3, 4,
6].

Kl gene encodes a single-pass transmembrane glycopro-
tein type 1 (1014 and 1012 amino acids in both mouse and
human), which is expressed in the cell membranes and Golgi
apparatus [4, 7]. The molecular weight of Klotho is 135
kDa and its value is influenced by N-glycosylation [8–11].
Two internal repeats (termed mKL1 and mKL2), about 450
amino acids long each, create the extracellular domain which
shows a high homology to the family 1 of 𝛽-glucosidases.
Those glucosidases hydrolyze a 𝛽-glycosidic linkage in the
saccharides, glycoproteins, and glycolipids [3, 7, 12].

The main type of Klotho protein is called 𝛼Klotho
(Klotho) (Figure 1(a)).There are two types of soluble 𝛼Klotho
protein: shed and secreted. Three forms of shed 𝛼Klotho
are formed as a consequence of the membrane proteases
ADAM10 and ADAM17 (a disintegrin and metallopro-
teinase domain-containing proteins 10 and 17) activity. They

cleave Klotho fragments from the extracellular domain of
membrane-bound Klotho into the blood, urine, and cere-
brospinal fluid [7, 12–14]. ADAM10 and 17 cut the Klotho in
two ways to generate the molecules of 130 kDa (the major
product of shedding) and 68 kDa, respectively [8, 15]. First
cut occurs just behind the transmembrane domain and the
product (130 kDa) contains both KL1 and KL2 fragments.
Second cut is localized within the connecting segment of KL1
and KL2 domains and releases protein (68 kDa) containing
only KL1 domain [8, 12, 13]. When the cleavage occurs in
both sides, KL1 and KL2 domains are released separately [12].
Additionally, the alternative transcriptional termination of
kl gene leads to the generation of secreted Klotho (about
65 kDa). The transcript contains 3 exons in mice (lacking
exons 4 and 5) and 5 exons in humans [4, 5, 15]. KL gene
transcript of secreted form of Klotho protein predominates
over the membrane form in human [5]. This form of Klotho
protein includes 549 amino acid residues, corresponds to the
KL1 fragment, and has an additional C-terminal sequence
[4, 7, 12, 13]. It is found in the blood, urine, and cerebrospinal
fluid and its level declines with age [4, 16].

Based on the sequence similarity, two other Klotho-
related genes which encode 𝛽-Klotho and 𝛾-Klotho proteins
have been described. 𝛽-Klotho and 𝛾-Klotho are the single-
pass transmembrane glycoproteins type 1 likewise [7, 14, 17].
It was demonstrated that 𝛽-Klotho is composed of KL1 and
KL2 domains, shares 41% amino acid identity with 𝛼-Klotho,
and is primarily expressed in the liver, gastrointestinal tract,
spleen, kidney, and adipose tissue. 𝛾-Klotho is composed of
KL1 domain only and can be found mainly in the adipose
tissue, eyes, and kidneys [2, 7, 14].
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It should be noted that there are some difficulties in the
measurement of soluble Klotho in serum or urine. In 2010,
Yamazaki et al. tested antibodies specifically recognizing
an extracellular domain of human serum 𝛼Klotho. As a
result, they established ELISA test for detection of circulating
soluble 𝛼Klotho protein for the first time [18]. However,
due to the highly conserved sequences between different
Klotho forms, it is difficult to differentiate full-length soluble
𝛼-Klotho from other short forms (KL1 or KL2 domains)
and secreted Klotho, present in the body fluids. Likewise,
in 2000, Kato et al. established the anti-Klotho monoclonal
antibodies, KM2119, with recognition site for KL2 domain,
and KM2076 and KM2365 with recognition site for KL1
domain [19]. Nevertheless, using currently available antibod-
ies or commercial tests for the quantitative measurement of
𝛼Klotho in the body fluids, it is possible to measure only
total soluble 𝛼Klotho. It is difficult to characterize detected
forms of 𝛼Klotho (full-length Klotho, KL1 or KL2 fragments).
Moreover, it is demanding tomake a distinction between shed
or secreted Klotho. A specific antibody against the variant
peptide fragment may help resolve this problem, for exam-
ple, polyclonal antibody against an additional C-terminal
sequence in measurement of secreted Klotho. We expect
technical advances will allow these key details to be filled in
the future.

3. The Biological Functions of Klotho Protein

The membrane-bound Klotho protein is needed to increase
an affinity of endocrine fibroblast growth factor (FGF) to
FGF receptors (FGFR) at their target organs. Twenty-two
members of FGFs have been identified, a large superfamily of
peptides which impact a wide range of biological processes
in human. FGFs bind to FGFRs to form a complex which
functions as a paracrine/autocrine factor [14]. FGF19, FGF21,
and FGF23 are classified as a FGF19 subfamily and act as the
endocrine factors or hormones in the regulation of energy
and mineral metabolism [14].

The main function of membrane-bound Klotho is to
form a complex with FGFR1c, FGFR3c, and FGFR4 and to
convert their canonical forms into the specific receptors for
FGF23, a bone-derived phosphaturic hormone (Figure 1(b))
[7, 14, 17]. It is well known that FGF23 inhibits the phosphate
transporters NaP𝑖-IIa and downregulates the reabsorption
of inorganic phosphate (P𝑖) in the renal proximal tubules
[7, 14, 20]. In the renal distal tubules, FGF23 stimulates
the reabsorption of calcium (Ca2+) via transient recep-
tor potential vallinoid-5 channel (TRPV5) and regulates
Ca2+ homeostasis [7, 21]. Moreover, FGF23 downregulates
the expression of 1𝛼-hydroxylase (CYP27B1) in the renal
proximal tubules and consequently suppresses the synthesis
of biologically active 1,25-dihydroxyvitamin D3 (calcitriol).
Calcitriol is responsible for absorption of intestinal and renal
phosphate and calcium. An elevated level of calcitriol in kl-
/kl- mice led to increased plasma Ca2+ and P𝑖 levels, as well
as to vascular calcification [20, 22]. Hence, FGF23 induces a
negative phosphate and calcium balance by promoting their
excretion into urine and by inhibition of their absorption
in the intestine [7, 14, 20, 22]. It should be mentioned that

the parathyroid gland presents high expression of Klotho
and is another target for FGF23. Studies have established
clearly that FGF23 reduces the secretion of parathyroid
hormone, which is involved in the maintaining of phosphate
and calcium balance [23]. For this reason, membrane-bound
Klotho acts as an obligatory coreceptor for FGF23, thus
regulating mineral metabolism [7, 17].

It needs to be pointed that soluble form of Klotho can
maintain the ion homeostasis independently of FGF23.
Klotho shows the 𝛽-glucuronidase and sialidase activity and
modifies the function of renal and intestinal transporters
[7, 24, 25]. The reabsorption of renal Ca2+ and secre-
tion of potassium (K+) are regulated by TRPV5 and renal
outer medullary potassium channel 1 (ROMK1), respec-
tively. TRVP5 is found predominantly along the distal
tubules and ROMK1 is expressed in the distal and collecting
tubules [26–29]. It is known that N-glycans are covalently
attached to protein at asparagine residues, and sialic acid
(N-acetylneuraminic acid) can be attached to the terminal
galactose of N-glycans by 𝛼2,3, 𝛼2,6, or 𝛼2,8 linkage [30, 31].
It has been reported that soluble Klotho removes terminal
𝛼2,6-linked sialic acids from TRPV5 and ROMK1 N-glycan
chains and uncovers the underlying disaccharide, galactose-
N-acetyloglucosamine (LacNAc). LacNAc is a ligand for
galactose-binding lectin, galectin-1. It is crucial that galectin-
1 binds LacNAc and 𝛼2,3-sialylated LacNAc, but not 𝛼2,6-
sialylated LacNAc. Therefore, removal of terminal 𝛼2,6-
linked sialic acid (but not 2,3-linked sialic acid) from N-
glycans of TRPV5 and ROMK1 by Klotho exposes underlying
LacNAc for binding to galectin-1 on the extracellular side
of cell membrane. Then, the channels are accumulated on
the plasmamembrane because of binding to galectin-1 lattice
at the extracellular surface. It prevents the TRPV5 and
ROMK1 endocytosis. Consequently, the abundance of cell-
surface TRPV5 and ROMK1 is increasing, and the renal
reabsorption of calcium and the secretion of potassium into
urine are enhanced [32–37]. It was found that full-length
soluble Klotho, as well as purified KL1 and KL2 domains,
each can regulate ROMK1 [32]. Moreover, high K+ intake
increases the activity of ROMK1 in the apical membrane of
cortical collecting duct cells, to secrete more K+ into the
urine and maintain K+ balance. Experimental data showed a
defect in secretion of K+ and hyperkalemia in Romk1−/− mice
under high K+ diet [28].The regulation of K+ homeostasis by
Klotho was examined by Cha et al. (2009). The intravenous
administration of soluble Klotho in rats increased urinary K+
excretion. It was due to enhanced net tubular secretion of
K+. They found that soluble Klotho appeared in urine, which
supports the thesis that Klotho regulates ion channels from
the luminal side [32]. Surprisingly, Klotho administration did
not alter the plasma K+ level [32]. It may be because Klotho
increases resistance to insulin on the peripheral tissues, which
leads to increase in extracellular K+ [32, 38–40]. However,
the association betweenKlotho, ROMK1, and plasmaK+ level
needs to be further investigated. It also remains unclear how
injected Klotho reaches urinary space. Hu et al. (2016) pro-
posed that Klotho is expressed in the kidney, released into the
systemic circulation by secretases-mediated shedding, and
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cleared from blood through the kidney into the urine. They
showed that Klotho traffics across renal proximal tubules by
transcytosis and is secreted into the urinary lumen [41]. Other
possibilities include shedding ofmembrane Klotho expressed
in the apical membrane of tubular cells [32]. It should be
also mentioned that soluble Klotho can act as a phosphaturic
factor and inhibits phosphate transporters NaP𝑖-IIa in the
renal proximal tubules. Through its 𝛽-glucuronidase activity,
Klotho modifies NaP𝑖-IIa glycans and leads to their inter-
nalization from the apical membrane leading to decreased
absorption of phosphates, also independently of FGF23 [7,
42].
𝛽Klotho, the another Klotho family member, is a core-

ceptor for FGF15/19 and FGF21 and influences energy
metabolism [7, 43]. Postprandial, bile acids induce the expres-
sion of FGF15/19 in the intestine and then FGF15/19 interacts
with 𝛽Klotho and FGFR4 in the liver. In consequence, the
gluconeogenesis and synthesis of bile acids are suppressed
(negative feedback loop), while the production of hepatic
glycogen and proteins is increased [7, 14]. By contrast, FGF21
is secreted from the liver upon fasting state and creates a
complex with 𝛽Klotho and FGFR1c in the white adipose
tissue and consequently promotes the lipolysis. FGF21 also
stimulates a glucose uptake in the adipocytes and induces an
insulin synthesis in the pancreatic 𝛽 cells [7, 14, 43–45]. The
recent investigation of Lan et al. (2017) reported that neuronal
𝛽-Klotho is necessary for FGF19 and FGF21 to regulateweight
loss and glycemia [46]. Based on the report, 𝛽Klotho, FGF19,
and FGF21 activate the sympathetic nervous system and
then metabolism of the brown adipose tissue. Therefore, the
enhanced insulin sensitivity and thermogenesis are observed
[46].

4. The Role of Klotho Protein in Oxidative
Stress and Cell Apoptosis

Soluble form of Klotho is recognized as having the activity
of endocrine, autocrine, and paracrine hormone. It has been
shown that Klotho is involved in the regulation of oxida-
tive stress, inflammation, and fibrosis by the inhibition of
insulin/insulin-like growth factor-1 (IGF-1) and transforming
growth factor-𝛽1 (TGF-𝛽1) signaling pathways [7, 11, 37, 47–
49].

It is well documented that the forkhead box protein O
transcription factors (FoxOs) are suppressed through phos-
phorylation by the phosphatidylinositol 3-kinase (PI3K)/
serine-threonine kinase (Akt) signaling pathway. FoxOs con-
trol genes which are involved in the cellular differentiation,
growth and survival, cell cycle, glucose and lipid metabolism,
and detoxification of reactive oxygen species (ROS) [37,
50]. The suppression of insulin/IGF-1/PI3K signaling path-
way leads to activation of FoxOs and enhanced expression
of manganese superoxide dismutase (MnSOD), superoxide
neutralizer. Consequently, the inhibition of insulin/IGF-
1/PI3K signaling by Klotho results in an oxidative stress
resistance and contributes to an antiaging mechanism [37,
47, 50]. More recently, Takenaka et al. (2017) revealed an
alleviation of blood pressure, albuminuria, and oxidative
stress in diabetes after the supplementation of exogenous

Klotho protein in mice [51]. The authors also proposed an
administration of recombinant Klotho to inhibit insulin/IGF-
1 signaling pathway and to affect diabetic nephropathy [51].

In 2017 Lim et al. analyzed the tacrolimus-induced oxida-
tive stress in mice [52]. They demonstrated the functional
and histological improvements of renal tissue after Klotho
administration. Moreover, mitochondrial production of ROS
and mitochondrial dysfunction caused by tacrolimus were
diminished by means of Klotho. Data has proven that Klotho
negatively regulated the PI3K/Akt pathway and subsequently
enhanced FoxO-mediated expression of MnSOD. Finally,
Klotho led to diminution of oxidative stress in mice [52].
Similarly, the antioxidative action of Klotho was notified in
a model of paraquat treated HeLa cells [47]. Paraquat is a
kind of herbicides which generates superoxide production.
The results showed the abolished apoptosis and attenuated
oxidation of lipids in living cells after their incubation with
soluble recombinant Klotho [47]. Moreover, urinary level of
8-hydroxy-2-deoxyguanosine (a biological marker of in vivo
oxidative DNA damage) of long-lived Klotho-overexpressing
transgenic mice was reduced. It suggests the Klotho-induced
prevention of oxidative DNA damage [47].

There are speculations that expression of Klotho is
decreased under the sustained stress conditions [49, 53]. The
suppression of klotho gene was disclosed in the study of
mouse inner medulla collecting duct 3 (mIMCD3) cells that
have undergone an oxidative stress. An oxidation was caused
by an exposure to hydrogen peroxide (H2O2). Surprisingly,
an insertion of exogenous kl gene intomIMCD3 cells resulted
in the significantly diminished H2O2-induced apoptosis.This
confirms that Klotho may protect cells from death caused
by oxidative stress [53]. Similar remarks were proclaimed
in a rat model of ischemia-reperfusion (I/R) kidney injury.
The ischemic acute renal failure was exacerbated through
the downregulation of renal Klotho, whereas an induction
of kl gene expression protected tissue from I/R injury [54].
Similarly, in 2015 Oh et al. observed patients with end-stage
renal disease (ESRD) and showed that Klotho deficiency was
related to an enhanced oxidative stress and inflammation
in ESRD [55]. Therefore, taking into account the fact that
the development of cardiovascular disease in ESRD patients
is common, Klotho protein could provide the protection of
vasculature and cardiac tissue [55].

5. KLOTHO Gene Polymorphism

More than 10 mutations or single nucleotide polymorphisms
(SNPs) in human KLOTHO (KL) gene were recently shown.
They are characterized by their large degree of pleiotropic
associations, especially with the kidney diseases, coronary
artery disease, stroke, and bone mineral density [56, 57].

KL-VS, an allele ofKLOTHO gene, is a commonhaplotype
in general population. It was defined by the presence of 6
SNPs in exon 2 and flanking sequence.Threemutations ofKL
gene in exon 2 include two amino acid substitutions (F352V,
C370S) and one silent mutation (K385K).KL-VS allele affects
the metabolism and activity of Klotho, contributes to the
human age-related phenotypes, and is connected with a
reduced lifespan in homozygosity [58–62]. It also influences
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an intelligence and cognition in human [59, 60]. It is worthy
to mention that KL-VS could be a marker of enhanced risk
for the development of cardiovascular diseases [62, 63]. The
investigators emphasize the relevance of this polymorphism
on an occurrence of early-onset coronary artery disease
(CAD). Moreover, KL-VS is related to an enhanced level of
serum high-density lipoprotein, systolic blood pressure, and
an augmented risk of stroke. This supports the hypothesis of
Klotho association with atherosclerosis [62, 63]. In addition,
data affirmed the relationship between rs650439 (intron 4),
the other representative single nucleotide polymorphism of
KL gene, and carotid atherosclerosis in hypertensive patients
[64].

The single nucleotide polymorphisms G395A located in
the promotor and C1818T in exon 4 are other, well-studied,
variants of human KL gene. They are recognized as being
associated with hypercalcemia, hypophosphatemia, phos-
phaturia, and low bone mineral density [60, 65, 66]. It has
been established that G395A polymorphism can be an inde-
pendent risk factor for the development of coronary artery
disease [67]. Interestingly, more frequent presence of G395A
allele did not occur in patients with vasospastic angina, indi-
cating that the polymorphism may be associated with CAD
due to atherosclerosis [67]. Similarly, there was an association
between the variant of the KL gene and cardiovascular risk
factors in an examination of healthy Korean females [68].
The analysis revealed higher mean systolic blood pressure
in carriers of G395A and higher plasma glucose level in
carriers of C1818T allele which constitutes an increased peril
of CVD [68]. Moreover, the recent study of Elghoroury et
al. (2018) proclaimed the link between G395A polymorphism
and cardiovascular complications [56]. It is known that end-
stage renal disease (ESRD) results in the several cardiac
disorders.The research group included the pediatric patients
with chronic kidney disease (CKD), in which cardiovascular
disease was studied in relation to the prevalence of left
ventricular hypertrophy (LVH), severe LVH, and dilated
cardiomyopathy [56]. The outcomes disclosed significantly
higher frequency of A allele of G395A in ESRD patient with
LVH [56]. Substantially, these findings affirmed the relevance
of G395A polymorphism on the development of ESRD and
CVD [56].

To conclude, the presented data showed the impor-
tance of KLOTHO gene polymorphisms and occurrence of
atherosclerosis, coronary artery disease, or left ventricular
hypertrophy. Thus, the allele A of KL gene could be consid-
ered as the cardiovascular risk factors.

6. Klotho Deficiency and Risk for
Cardiovascular Disease

Taking into account the fact that Klotho is involved in a
resistance to oxidative stress, some scientists have focused
on the role of Klotho in the development of cardiovascular
diseases (Figure 2).

The first investigation of plasma Klotho in the aspect of
CVDwas performed in 2011 by Semba et al. [69].The analysis
included the common cardiovascular risk factors such as
age, sex, total cholesterol, HDL cholesterol, systolic blood

pressure, and diabetes. Interestingly, the risk of CVD in adults
with higher plasma Klotho was lower [69]. Similarly, there
was an association between plasma Klotho and CVD in fifty
healthy volunteers without any known risk factors for car-
diovascular disorders [70]. Early predictors of atherosclerosis
such as the thickness of carotid artery intima-media, flow-
mediated dilation of the brachial artery, and the thickness
of epicardial fat were explored [70]. The results showed that
low serum Klotho level was associated with larger thickness
of epicardial fat and carotid artery intima-media and lower
flow-mediated dilation of the brachial artery. Thus, lower
levels of serum Klotho should be considered as an early
predictor of atherosclerosis [70].

Based on the previous studies proclaiming a potentially
positive effect of Klotho in CVD, in 2016 Corsetti et al.
assessed that Klotho is expressed in myocardial tissue and
proved its association with the prevalence of CVD [2]. The
right atrium biopsy samples of thirty patients at high and
low risk for atherosclerotic cardiovascular disease (ASCVD)
were examined. Research showed that Klotho, 𝛽-Klotho,
FGF21, and FGF23 proteins are expressed in cardiomyocytes
and subjects at higher cardiovascular risk had a reduced
expression of cardiac Klotho and an elevated expression
of cardiac FGFs [2]. The analysis of cardiomyocytes from
patients at high risk for ASCVD also revealed an aug-
mented expression of glucose-regulated protein 78 (GRP78),
a marker of endoplasmic reticulum (ER) stress, and super-
oxide dismutase 1 (SOD1), an oxygen free radicals scavenger
[2]. It is also known that high level of nitric oxide (NO)
triggers an inflammation in cardiac tissue and disrupts its
contractile function [71]. An expression of inducible nitric
oxide synthase (iNOS) and subsequent NO formation can be
induced by the agents such as inflammatory cytokines and
endotoxins. It is also mediated through cytokine-inducible
transcription factors like nuclear factor-kappa-B (NF-𝜅B),
which is accountable for the inflammatory responses to a
variety of signals [72–75]. Therefore, an excessive activation
of NF-𝜅B and overexpression of iNOS in cardiomyocytes
lead to the cellular dysfunction and damage and, hence,
result in the cardiomyopathy, bradyarrhythmia, and sudden
cardiac death [72–74]. Importantly, the immunoreactivity of
these molecules was increased in cardiomyocytes obtained
from subjects at high risk for ASCVD, confirming the
active inflammation and apoptosis of these cells [2]. On
the contrary, endothelial nitric oxide synthase (eNOS) is
expressed constitutively and participates in the vasodila-
tion, blood pressure, vasoprotection, and antiatherosclerotic
action [72, 73]. An expression of cytoplasmic eNOS in
cardiomyocytes of patients at high risk for ASCVD was
significantly decreased and hence led to disruption of cellular
energetic metabolisms and mitochondrial biogenesis [2].
Authors also emphasized higher expression of TGF-𝛽1 inten-
sified fibrosis [2]. On this basis, there is a deep suggestion
that depletion of Klotho can promote prooxidative, proin-
flammatory, and proapoptotic activity in cardiomyocytes,
leading to their damage in patients at higher risk of cardio-
vascular diseases. Thus, expression of cardiac Klotho might
improve the ability of cells to withstand the stress conditions
[2].
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Figure 2: The scheme of an expected mechanism by which Klotho protein is involved in cardiovascular diseases. (a) Local deficiency of
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6; + , induction; - , reduction.

There is a link between Klotho deficiency and CKD, renal
disorders, and kidney damage. Several studies mentioned
that Klotho can protect the kidneys against decline of their
function [76, 77]. In the research including patients with
CKD undergoing hemodialysis, an expression of Klotho was
significantly reduced. It should be noted that high serum level
of Klotho was associated with the low risk of cardiovascular
events and death during chronic dialysis [78]. It has become
clear that CKD is associated with the cardiovascular episodes,
so the repletion of Klotho synthesis could provide renal

protection and thus counteracts the accidents of cardiovas-
cular mortality [78, 79].

Interestingly, Klotho protein was also found in the sinoa-
trial node pacemaker cells in mice [80]. An in vivo research
of Klotho-deficient mice (kl-/kl-) subjected to restraint stress
showed that kl-/kl-mice died more frequently than wild-type
animals. The sinoatrial conduction block or sinus arrest in kl-
/kl- mice (shown as bradyarrhythmias) was observed [80].
Therefore, data confirmed that sinoatrial node dysfunction
and sudden death were observed in Klotho-deficient mice.
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Taking into account the previous results and an impact of
Klotho deficiency on heart function, it explains that Klotho
expression is essential for the proper and robust pacemaking
activity of sinoatrial node [80].

The above data showed that Klotho deficiency is indepen-
dently related to the development of cardiovascular disease
and its proper expression could provide the cardiovascu-
lar protection. An intracellular distribution of Klotho in
myocardium is necessary for appropriate metabolism of car-
diomyocytes and heart physiology.

7. Protective Role of Klotho Protein in
Ischemic Injury

Experimental studies of Klotho protein in ischemic tissues
have apparently affirmed its protective role in several animal
models. Zhou et al. (2018) investigation of ischemic injury in
murine brain proclaimed the neuroprotection and inhibition
of neuropathological changes after an induced overexpres-
sion of Klotho [81]. Similarly in another research, it has
been confirmed that the repletion of Klotho restrained the
progression of acute kidney injury (AKI) to CKD in a mouse
model of renal I/R injury [82]. Taking into account the fact
that kidney disorders are an independent risk factor for the
development of CVD, some further studies focused on its
association with CVD. In 2017 Hu et al. explored that, in the
state of CKD and uremic cardiomyopathy, the treatment with
recombinant Klotho may affect prophylactic and therapeutic
[77]. The supplementation of Klotho after I/R counteracted
the progression of AKI to CKD in a mouse model. Moreover,
they noticed that injection of Klotho after the onset of CKD
retards the development of disease. It had also an impact
on the kidney and heart morphology [77]. The clinicians
emphasize that Klotho is associated with reduction of renal
fibrosis, cardiac hypertrophy, and remodeling [77]. For these
reasons Klotho may serve as a beneficial factor in the kidney
diseases and in the uremic cardiomyopathy as well [77, 83].

Klotho has been widely studied due to its protective role
in toxemic heart damage [84].HSP70 is an anti-inflammatory
molecule, induced during cell stress to protect tissues from
an injury and to affect apoptosis. HSP70 can also interact
with NF-𝜅B and block its activation and can modulate the
response to inflammatory cytokines [75, 84]. In the study
of aging endotoxemic mouse heart, the heart damage and
cardiac dysfunction were generated by administration of
lipopolysaccharide as a proinflammatory agent. As a result,
mice developed endotoxemic left ventricular dysfunction.
The injury was more severe and sustained in older animals.
Endotoxemia also caused the depletion of cardiac Klotho and
HSP70, but administration of recombinant Klotho preserved
the myocardial expression of HSP70 and improved the car-
diac function in aging subjects. Hence, HSP70 was involved
in the anti-inflammatory action of Klotho. It should be also
noted that Klotho mitigated the activation of myocardial
NF-𝜅B and led to decreased production of proinflammatory
mediators. These novel findings suggest that the inflamma-
tory response and disrupted cardiac function are associated
with Klotho deficiency. Nevertheless, Klotho may serve as a

therapeutic factor in the amelioration of endotoxemic cardiac
disturbances related to aging [84].

In 2018, Guo et al. presented a study of cardioprotection
by Klotho in a hyperglycemia-induced injury of hearts in
diabeticmice, as well as in cells subjected to high glucose [85].
Regarding the diabetes-stimulated mouse heart, an improve-
ment of cardiac function and mitigation of cardiac oxidative
stress, decreased cell death, and remodeling after the Klotho
injection were observed. Moreover, the treatment of rat
ventricular cells (H9c2) and neonatal rat cardiomyocyteswith
Klotho reduced inflammation, generation of ROS, apoptosis,
mitochondrial dysfunction, fibrosis, and hypertrophy. The
analysis of proinflammatory factors in these cells showed
reduced activation of NF-𝜅B, confirming suppressed inflam-
matory responses. The antioxidative effect of Klotho was also
constituted through the augmented expression of nuclear fac-
tor erythroid 2-related factor 2 (Nrf2), which plays a pivotal
role in the regulation of oxidative stress [85]. Activation of
Nrf2-antioxidant response signaling pathway is crucial in a
cellular defense [86]. Considering an induction of apoptosis
in the above cells, Klotho pretreatment decreased the activity
of caspase-9 and caspase-3 and protected against cell death.
This confirms the beneficial influence of Klotho on cell
metabolism and survival [85]. For this reason, it is suggested
that Klotho could be a therapeutic factor in the development
and treatment of diabetic cardiomyopathy [85].

The above findings constitute the importance of Klotho in
reduction of cardiac dysfunction andmorphological changes.
Klotho is highly involved in cell defense against the oxidative
stress and may induce the restoration of cardiac function in
response to myocardial injury. Klotho could be tested as a
potential therapeutic factor in myocardial tissue impairment.

8. 𝛽Klotho as a Coreceptor for Fibroblast
Growth Factor 21 in Myocardium

The protective role of 𝛽Klotho in cardiac tissue is based
on its interaction with FGF21 as a coreceptor (Figure 3)
[43]. The main site of production and release of FGF21 into
the blood is considered to be the liver and adipose tissue
[87, 88]. Data showed that FGF21 is expressed and released
also by cardiomyocytes in animals and humans. More-
over, FGF21 receptor, FGFR1, and 𝛽-Klotho were present
at protein level in cardiac cells [2, 89]. Different cardiac
stress stimuli, such as cardiac hypertrophy, transverse aortic
constriction, and myocardial infarction, induced expression
of FGF21 mRNA in the mouse heart. The isolation of
cardiac cells from adult mice confirmed that FGF21 is pro-
duced mainly by cardiomyocytes. They showed that isolated
neonatal mouse cardiomyocytes secreted FGF21 protein into
the cell culture medium. Furthermore, FGF21 level was
increased in response to cardiac stress stimuli [89]. The
expression of FGF21 was also shown in cardiomyocytes of
adult rats. Obese animals had significantly higher level of
cardiac FGF21 [45]. Similarly, the expression of cardiac FGF21
was increased after induced endoplasmic reticulum stress
and in prooxidative/proinflammatory conditions [90, 91].
An enhanced production of FGF21 in cardiomyocytes was
also shown in a mouse model of type 1 diabetes, as well as
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Figure 3: Schematic representation of FGFR1/FGF21/𝛽Klotho complex actions in the cardiomyocytes. (a) FGF21 is produced mainly in
the liver and adipose tissue. (b) Different cardiac stress stimuli activate Sirt1-PPAR𝛼 pathway in the heart. It leads to production of FGF21
in the cardiomyocytes in an autocrine manner. (c) FGF21 creates a complex with membrane-bound 𝛽Klotho and FGFR1 in the cardiac
cells. Activation of FGFR1/FGF21/𝛽Klotho network induces cardioprotection. (d) The activation of cell survival PI3K/Akt1 pathway leads
to phosphorylation of BAD. It exerts the separation of antiapoptotic proteins Bcl-XL and Bcl-2 and inhibits the activity of caspase-3. As a
result, the apoptosis of cardiac cells is reduced. (e) FGFR1/FGF21/𝛽Klotho signaling regulates genes encoding proteins involved in antioxidant
pathways: UCP3 and SOD2. It decreases ROS production and oxidative stress in cardiac cells. (f) The main intracellular pathway responsible
for FGFR1/FGF21/𝛽Klotho action is ERK. PGC1𝛼 is a transcriptional coactivator of PPAR𝛾, involved in the control of energy metabolism
and oxidative stress. The activation of PGC1𝛼 represses expression of proinflammatory cytokines by targeting NF-𝜅B signaling. It also
enhances energy supply by regulation of cardiac lipid metabolism. BAD, Bcl-2-associated death promoter; ER, endoplasmic reticulum; ERK,
extracellular signal regulated kinase; FGF21, fibroblast growth factor 21; FGFR1, fibroblast growth factor receptor 1; NF-𝜅B, nuclear factor-
kappa-B; PGC1𝛼, PPAR𝛾 co-activator-1 𝛼; PI3K/Akt1, phosphatidylinositol 3-kinase/Akt serine/threonine kinase 1; PPAR𝛼, peroxisome
proliferator-activated receptor-𝛼; ROS, reactive oxygen species; Sirt1, Sirtuin 1; SOD2, superoxide dismutase 2; UCP3, uncoupling protein
3; +, upregulation/increase; -, downregulation/decrease.

upon fasting in healthy mice. It indicates a role of FGF21 in
energy metabolism under pathological and nonpathological
conditions [91, 92]. Interestingly, the expression of FGF21 was
found in human heart and it was specifically upregulated in

patients at higher cardiovascular risk and during heart failure
[2, 90].

Insight into the regulation of FGF21 gene expression in
the heart showed that Sirt1-PPAR𝛼 is a pivotal mechanism
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[89, 90]. It was shown that the activation of Sirt1 (Sirtuin
1) pathway prevents the development of cardiac hyper-
trophy and protects cardiac cells from inflammation and
metabolic dysregulation. It was mediated through the activa-
tion of PPAR𝛼 (peroxisome proliferator-activated receptor-
𝛼), a major controller of cardiac lipid metabolism [93].
Interestingly, the heart can be both a target and a source of
FGF21. Planavila et al. (2013) demonstrated that Sirt1 induces
expression of FGF21 gene in the heart after cardiac stress.
They proposed that cardiomyocytes locally generate FGF21
in response to Sirt1. Thus, FGF21 production in an autocrine
manner serves as a compensatory mechanism to mitigate
the initial damage under cardiac stress [89]. Moreover, an
autocrine-acting FGF21 released by cardiomyocytes pre-
vented ROS accumulation and functioned as an antioxidant
factor in the heart [90]. In addition to the systemic circulating
FGF21, a potential autocrine loop for FGF21 may serve as an
endogenous, autoregulatory, cardioprotective pathway.

Some scientists induced the myocardial I/R injury in
mice by the occlusion of left anterior descending coronary
artery. Interestingly, they tested the signaling mechanism
which mediates the FGF21-based myocardial protection. An
enhanced production and release of FGF21 from the hepatic
cells and adipocytes during cardiac I/R were observed [44].
Data also showed that FGF21 interacted with FGFR1 in car-
diomyocytes in the presence of membrane-bound 𝛽Klotho
[44]. Activation of FGFR1/FGF21/𝛽Klotho network induced
the phosphorylation of cell survival PI3K/Akt1 pathway.
Then, Akt1 (Akt serine/threonine kinase 1) phosphorylated
the Bcl-XL/Bcl-2-associated death promoter (BAD), and
finally it exerted the separation of antiapoptotic proteins
Bcl-XL and Bcl-2, which inhibited the activity of caspase-3
and subsequently apoptosis [44, 84, 94]. As a result of this
pathway, the reduction of cell death and improvement of
myocardial function were observed [44]. This confirms that
𝛽Klotho is associated with FGFR1/FGF21 signaling in cardiac
tissue. Moreover, FGFR1/FGF21 interaction was declined due
to suppressed expression of𝛽Klotho, and deficiency of FGF21
led to high abundance of apoptotic cells in I/R model [44].

The stimulation of cell survival pathways by FGFR1/
FGF21/𝛽Klotho complex was also proved in the study of
Liang et al. (2017) [95]. Tunicamycin-induced endoplasmic
reticulum (ER) stress resulted in the compensatory enhanced
level of FGF21 and 𝛽Klotho in H9c2 rat myoblasts. Moreover,
the induction of cell survival ERK1/2 (extracellular signal-
regulated kinase 1/2) signaling pathway by FGF21 abolished
ER stress-induced injury of cardiomyocytes, increased cell
viability, and reduced apoptosis [95]. The activation of
ERK1/2 signaling by FGF21 and then cardioprotection was
also confirmed in a diabetic mouse model [92]. Similar
observations were reported in the study of doxorubicin-
induced cardiotoxicity in H9c2 cells. The FGF21 treatment
counteracted the oxidative stress, inflammation, and cell
death [96].

It was reported that the administration of recombinant
FGF21 led to inhibition of inflammation and prooxidative sig-
naling [89, 97]. As previously mentioned, 𝛽Klotho functions
as a coreceptor for FGF21. 𝛽Klotho and FGFR1 are present
in the plasma membrane of cardiomyocytes. The reaction of

FGFR1 and 𝛽-Klotho is necessary for FGF21 sensitivity and
ability to activate intracellular signaling pathways [43, 98].
FGFR1/FGF21/𝛽Klotho signaling induces cell survival and
antioxidative mechanisms and recovery of energy supply in
cardiac cells [89, 97]. What is important, the administration
of recombinant FGF21 and high expression of 𝛽-Klotho in
cardiac cells improve the function of left ventricular cells. It
suggests the beneficial impact of FGF21 and 𝛽Klotho [45].

The cardioprotective role of FGF21 and 𝛽Klotho has
been confirmed in the hearts of lean and obese rats that
were perfused with Langendorff method [45]. After the
global ischemia and further reperfusion, the samples of Lan-
gendorff coronary effluent, the suspension of isolated car-
diomyocytes, and heart tissue were analyzed. Importantly, an
infusion of FGF21 protein to rat hearts led to an improve-
ment of myocardial function after injury. Data showed the
autocrine/paracrine “positive feedback” loop effect: FGF21
autostimulated the FGF21 production and its secretion from
cardiomyocytes in response to obesity and hypoxia [45]. It
is possible that the mechanism of cardioprotection is based
on an activation of cell survival pathways PI3K/Akt, ERK1/2
(extracellular signal regulated kinase 1/2), and AMPK (AMP-
activated protein kinase), via FGFR1/FGF21/𝛽Klotho [45,
95]. However, obesity is characterized by FGF21 resistance,
increased level of FGF21, and decreased expression of 𝛽-
Klotho in adipose tissue and liver [99, 100]. It has been
proposed that TNF-𝛼 inhibits the expression of 𝛽-Klotho
in adipocytes and impairs FGF21 action. As a result, cells
lacking 𝛽-Klotho were unable to respond to FGF21 [101]. The
beneficial effect of FGF21 was impaired in obese rat model.
Similarly, obese mice responded poorly to exogenous FGF21
[100]. It was related to the diminished level of 𝛽Klotho in
obese animals, which may account for “FGF21 resistance”
and disruption in the FGFR1/FGF21/𝛽Klotho signaling [45].
Thus, the proper expression of cardiac 𝛽Klotho is crucial
in cardioprotective effect of FGF21 administration. What is
more, FGF21 resistance could also be due to decreased expres-
sion of both 𝛽Klotho and FGF receptors [100]. Tanajak et al.
(2016) studied a high-fat diet-induced obese, insulin-resistant
rat model.They showed the improvement of cardiometabolic
regulation and left ventricular function after long-term
FGF21 administration [102]. It decreased metabolic distur-
bance, systemic and cardiac oxidative stress, cardiac mito-
chondrial redox dyshomoeostasis, and structural changes.
Moreover, long-term administration of FGF21 improved
FGF21 sensitivity and attenuated resistance of FGF21 and
insulin. Importantly, they showed that FGF21-resistant state
could be also represented by increased level of plasma FGF21
and decreased cardiac expression of FGFR1, whereas expres-
sion of 𝛽Klotho remained unaltered [102]. These findings
indicate a role of FGF21 in heart function under different
𝛽Klotho background.

FGF21 and𝛽Klotho could be involved in the protection of
cardiac cells from I/R. The cardioprotective effect of FGF21
was shown in the mouse model of myocardial infarction
caused by the permanent ligation of the left anterior descend-
ing coronary artery (LAD). The treatment with intramus-
cularly injected adenoviral vectors expressing FGF21 led
to mitigation of left ventricular systolic dysfunction and
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dilatation after LAD ligation [103]. The main intracellular
pathway responsible for FGF21 actions was extracellular
signal-regulated kinase (ERK). Planavila et al. (2013) found
that treatment of cardiomyocytes in culture with FGF21
activated ERK signaling [89]. The inhibitory action of FGF21
on cardiac hypertrophy and inflammation was associated
with the induction of PPAR𝛾 co-activator-1 𝛼 (PGC1𝛼).
PGC1𝛼 is a transcriptional coactivator, involved in the control
of energy metabolism and oxidative stress in several tissues
[89, 104–106]. Importantly, PPAR𝛾 represses expression of
proinflammatory cytokines by targeting NF-𝜅B signaling
[107]. So, the activation of PGC-1𝛼 axis by FGF21 could be
envisioned as a new therapeutic target in metabolic disorders
and heart disfunction. Interestingly, in 2015 Planavila et al.
revealed new action of FGF21 in prevention of ROS produc-
tion in cardiac cells [90]. They showed that FGF21 regulates
genes encoding proteins involved in antioxidant pathways,
uncoupling protein 3 (UCP3) and superoxide dismutase 2
(SOD2). In light of these findings, the administration of
FGF21 could inhibit prooxidative/proinflammatory pathways
in the heart [90].

The potential impact of these investigations is that FGF21
can improve the function of left ventricular cells and may be
considered as a therapeutic agent. It should be emphasized
that the cardioprotective action of FGF21 is possible only
in the proper expression of FGFR1 and 𝛽Klotho. Thus,
the modulation of FGFR1/FGF21/𝛽Klotho signaling pathway
could be a novel strategy in cardioprevention.

9. Klotho Protein in Cardiac
Hypertrophy and Remodeling

Cardiac hypertrophy and remodeling occur in response to
various pathogenic stimuli, such as chronic pressure over-
load, chronic volume overload, or myocardial infarction.
Consequently, the pathological alterations of heart structure
and function are observed [108, 109]. It is well established
that ER stress results in the apoptosis of cardiomyocytes and
therefore is involved in the heart remodeling [108, 109]. The
study of animal model revealed that Klotho-deficient mice
developed an exaggerated pathological cardiac hypertrophy
and remodeling after an overstimulation by isoproterenol
(ISO) [110]. It was associated with an increased expression
of transient receptor potential canonical 6 (TRPC6) channels
due to stressful conditions [110]. TRPC, the Ca2+-permeable
cation channels, are expressed in heart and mediate in the
Ca2+-dependent signal transduction [110–113]. Their cardiac
activity is very low in the physiological state, whereas the
stressful factors cause an upregulation of TRPC and abnor-
mal intracellular Ca2+-signaling. It is elucidated that TRPC
channels, including TRPC1, 3, 4, 5, and 6, promote the cardiac
hypertrophy by an activation of calcineurin, nuclear factor of
activated T cells (NFAT), the Ca2+-dependent hypertrophy-
inducing pathway [110–112]. It was shown that administration
of soluble Klotho inhibited TRPC6 heart channels and
protected hearts from stress-induced cardiac fibrosis [110].
Additionally, the ISO-induced myocardial changes were sup-
pressed in transgenic mice overexpressing Klotho. These

novel findings provide compelling evidence that Klotho
downregulates TRPC6 channels and rejects the pathological
heart alterations [110].

ThemechanismofKlotho cardioprotection inmyocardial
impairment is also based on its antioxidative activity. In
2015 Yang et al. tested an influence of indoxyl sulfate (IS), a
uremic toxin, and Klotho protein on the heart function and
their association with left ventricular hypertrophy [114]. It
is known that IS has the prooxidative and prohypertrophic
impact, and its serum level is raised in CKD [114, 115]. Serum
Klotho and IS levels were analyzed in patients with chronic
kidney disease. It was detected that the low serum Klotho
and elevated IS levels were associated with an increased mass
of left ventricle [114]. It suggests that both IS and Klotho
have an influence on development of LVH in the state of
CKD. Similar results were observed in a mouse model. An
injection of exogenous IS induced LVH and decreased the
expression of renal Klotho in mice.The scientists created also
a mouse model of CKD-associated LVH and then supplied
animals with the exogenous Klotho protein. Interestingly, the
administration of Klotho resulted in the alleviation of LVH
[114]. What is more, pretreatment of cultured neonatal rat
cardiomyocytes with Klotho led to reduction of IS-related
ROS. The research also revealed that ROS overproduction
and cardiac hypertrophy arose froman activation ofmitogen-
activated protein kinase (MAPK) signaling pathway and
phosphorylation of MAPK (p38 and ERK1/2) was signif-
icantly reduced by exogenous Klotho [114]. Summarizing,
Klotho supply leads to the amelioration of LVH due to
the inhibition of p38 and ERK1/2 and downregulation of
ROS production in cardiomyocytes. For this reason, Klotho
protein may initiate the new preventive and therapeutic
strategy in left ventricular hypertrophy [114].

In favor of a rationale that supports the compensatory
action of Klotho, an association between serum Klotho
level and classic risk factors, as well as a clinical history of
cardiovascular diseases, has also been investigated.The exam-
ination group included 168 older adults with the prior
coronary artery disease, myocardial infarction, and stroke
[116]. Surprisingly, there was higher concentration of serum
Klotho in patients with myocardial infarction in the past. It
suggests the compensatory mechanism of Klotho to prevent
the development of pathological heart hypertrophy due to the
cardiac damage [116]. Interestingly, the compensatory pro-
duction of Klotho and thus renoprotection has not been
noticeable in renal dysfunctions. It is known that Klotho is
expressed mainly in the kidney and kidney disorders may
contribute to disrupted expression of renal Klotho. The first
report of CKD and depletion of Klotho level in the kidney,
plasma, and urine was presented in 2011 by Hu et al. [117]. At
present, there are a lot of evidences indicating the deficiency
of endocrine and renal Klotho due to CKD in humans and
in rodent models [118–120]. Downregulation of Klotho is
recognized also as an early biomarker for kidney damage
and plays a pathogenic role in the progression of CKD [117].
Further, a remarkable reduction of renal Klotho occurred in
a swine kidney model after I/R or in rats under sustained
circulatory stress [121, 122]. Surprisingly, the level of Klotho
mRNA in the kidney was significantly lower in long-term
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hypertension, diabetes mellitus, and chronic renal failure,
but not after acute myocardial infarction [122]. The potential
impact of these investigations is compensatory action of
Klotho in ischemic heart to prevent cardiac hypertrophy
and remodeling. It suggests that renoprotection has not been
observed in CKD because of reduced expression of renal
Klotho. Notwithstanding, Klotho protein may serve as a
potential renoprotective humoral factor by reducing mito-
chondrial oxidative stress and apoptosis. The replacement of
Klotho could be therapeutic in CKD and thus in CVD. An
overexpression of Klotho may lead to the compensative
amelioration of renal and cardiac injury [54, 123].

It has become clear that hypertensive heart disease is
associated with the cardiac fibrosis. Myofibroblasts, the phe-
notypically transformed fibroblasts, are present in heart due
to injury and tissue repair. However, myofibroblasts are also
involved in cardiac remodeling and thus contribute to heart
disorders [124–126]. In 2016, Liu et al. examined the role of
soluble Klotho in the myocardial fibrosis and hypertension
[125]. They incubated the cultured myofibroblasts with solu-
ble Klotho, the 130 kDa and 65 kDa isoforms, respectively. As
a result of the treatment with 130 kDa Klotho, an intensified
proliferation of myofibroblasts and an enhanced synthesis
of type I collagen of tested cells were observed. It should
be emphasized that raised level of phosphorylated ERK and
the MAP kinase was observed [125]. 130 kDa Klotho is a
coreceptor for FGF23 and an activation of FGFR pathway
leads to the phosphorylation of ERK [7, 125]. So, upregula-
tion of myofibroblasts activity due to Klotho treatment was
mediated via the FGFR pathway. Conversely, 65 kDa Klotho
suppressed the proliferation and production of collagen in
myofibroblasts. These findings were also confirmed in in vivo
study of mice with hypertension. There was more intensive
cardiac interstitial fibrosis in the 130 kDa Klotho differen-
tiation of myofibroblasts, whereas 65 kDa isoform has the
antifibrotic effect [125]. This novel finding shows that soluble
Klotho isoforms have the opposite regulatory role in cardiac
fibrogenesis and open new capabilities in the therapy of heart
diseases. Firstly, myofibroblasts appear during myocardial
remodeling after cardiac damage and repair injured tissue.
They play a role in collagen turnover and scar contraction.
Myofibroblasts can also prevent dilatation of the infarct area
by maintaining the extracellular matrix in the scar [127]. So,
the administration of 130 kDa soluble Klotho enhances the
proliferation and differentiation of myofibroblasts and leads
to improvement of cardiac function [125]. The stimulatory
role of 130 kDa Klotho on cell proliferation has been also
reported in other types of cells, like MC3T3.E1 (mouse
osteoblastic cell line) and renal PTEC (proximal tubule
epithelial cells) [128, 129]. In another hand, the deposition of
extracellular matrix at sites remote from the infarct area can
lead to cardiac stiffness and the development of heart failure
[127]. Therefore, the treatment with 65 kDa Klotho inhibits
myofibroblast proliferation and collagen synthesis and could
exert antifibrotic effect in cardiac injury [125]. It should be
also mentioned that only few experimental works on Klotho
account for differential impact of the soluble 130 kDa and
65 kDa isoforms. It was reported that Klotho is expressed in
the mouse pancreatic islets of Langerhans with an apparent

molecular weight of 65 kDa. A short-form Klotho could
bind to the cell membrane and enhance glucose-induced
secretion of insulin. It was due to upregulated membrane
levels of transient receptor potential V2 (TRPV2), which
increases glucose-induced calcium responses [130].Then, the
effect of recombinant short-form Klotho (65 kDa) and full-
length Klotho (130 kDa) protein on function of 𝛽-cell in
𝛽-islets was assessed. As a result, only short-form Klotho
promoted insulin secretion in 𝛽-islets. The full-length 130
kDa Klotho did not have obvious effect [131]. The production
of 65 kDa Klotho was found also in adipose-derived stem
cells (ADSCs), whereas 130 kDa Klotho was not detectable.
Interestingly, the deficiency of 65 kDa Klotho suppressed
proliferation potential of ADSC and attenuated adipogenic
differentiation. It supports the hypothesis of various impacts
of Klotho isoforms [132]. However, how soluble 65 kDa
Klotho exerts opposite effect to the 130 kDa Klotho in myofi-
broblasts needs to be studied.Themechanism responsible for
the inhibitory and antifibrotic role of 65 kDa isoform remains
unknown. Further investigations are needed to unravel the
receptors for soluble 65 kDa Klotho. Aditionally, it is difficult
to differentiate full-length soluble 𝛼-Klotho from short frag-
ments, as well as shed from secreted Klotho.This could be the
reason why investigators do not make a distinction regarding
the treatment with Klotho isoforms and do not account for
their suspected differential effect. They mostly describe the
administration just of recombinant Klotho. The work of Liu
et. al. (2016) highlighted the advantageous usage of soluble
isoforms of Klotho as a potential strategy for the development
of novel therapeutic interventions in cardiology.

Summing up, there is a rational basis for Klotho admin-
istration in the event of heart injury to restrain the further
pathological modifications in cardiac tissue. The myocardial
protection of Klotho is based on its contribution in the
multifarious mechanism. However, it should be considered
that the isoforms of Klotho may act as a counter-regulatory
factor in the cardiac fibrogenic responses.

10. Klotho Protein in Vascular Disorders

It might be important to consider that significant reduction
of Klotho expression in vascular wall is associated with
the development of artery dysfunction. An expression of
endogenous Klotho in the human aortic smooth muscle cells
(HA-SMCs) and in the medial layer of renal and epigastric
arteries from healthy and CKD patients was described [133].
It was proclaimed that the local deficiency of vascular-derived
Klotho led to the calcification of HA-SMCs in procalcific
stress conditions [133, 134]. As previously mentioned, Klotho
is a coreceptor for FGF23which induces a negative phosphate
and calcium balance. FGFR/FGF23 signaling is necessary to
prevent the hyperphosphatemia and thus the calcification
[7, 133]. In the state of CKD, Klotho deficiency and elevated
level of FGF23 may be developed. Therefore, low level of
Klotho is associated with the FGFR/FGF23 resistance, which
in turn dismisses the anticalcific effects of FGF23 [133, 134].
In addition, given that FGF23 suppresses the synthesis of
biologically active 1,25-dihydroxyvitamin D3, it was proved
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that vitamin D receptor (VDR) ligands render the cardiovas-
cular survival benefits [20, 22, 133]. An activation of VDR
resulted in the restoration of Klotho expression and hence
the FGFR response. So, it provided the protection against the
proliferation of HA-SMCs and pathological calcific changes
in vascular wall. For this reason, vascular Klotho can act as an
endogenous inhibitor of calcification and mediates between
FGF23 and vascular cells [133].

A large number of studies over the last decade have
greatly enriched our knowledge of the antioxidative activity
of Klotho and its correlation with an endothelium function.
In 2016, Richter et al. analyzed an influence of synthesis of NO
mediated by FGF23 and oxidative stress on human coronary
artery endothelial cells (HCAEC) [135]. Asmentioned before,
the binding affinity of FGF23 to its receptors, FGFR1c, 3c,
and 4, is enhanced by Klotho protein [7, 14]. Data showed
an enhanced expression of membrane-bound Klotho and
FGFR1, 2, and 4 in HCAEC. Moreover, Klotho and FGFR1
were expressed also in human coronary arteries. FGF23 stim-
ulation in HCAEC resulted in the activation of FGFR1 signal-
ing, as well as in the shedding of soluble Klotho viaADAM17
protease [135]. Afterwards, the FGFR1/FGF23/Klotho com-
plex caused an activation of the Akt/eNOS signaling pathway
in HCAEC. Finally, eNOS engendered the production of NO,
which is a known vasodilative factor improving the function
of endothelial cells [135].

It is also suggested that an activity of NADPH oxidase 2
(Nox2) leads to the generation of ROS, while MnSOD and
catalase detoxify ROS. The investigation showed that FGF23
increases the expression of Nox2 and antioxidant proteins
[135]. Essentially, the positive effect of FGF23 was associated
with Klotho protein. The balance between formation and
degradation of ROS stimulated by FGF23 was maintained
only in the presence of Klotho. What is important, in absence
of Klotho the production of ROS was enhanced, while the
ROS detoxification and NO synthesis were blunted. Thus,
Klotho deficiency and FGF23 overexpression led to imbal-
ance between Klotho and FGF23 and then to the oxidative
stress and endothelial complications [135].

Reduction of oxidative stress may contribute to the devel-
opment of effective treatment strategies for atherosclerosis.
In 2017 Yao et al. analyzed an association between Klotho
and atherogenesis in an ox-LDL-induced endothelial cell
injury model with human umbilical vein endothelial cells
(HUVECs) [136]. HUVECs were treated with the different
concentrations of recombinant human Klotho and oxidized
low-density lipoprotein (ox-LDL). Ox-LDL is recognized as a
proinflammatory and atherogenic factor. Then, intracellular
production of ROS and NO and the activity of SOD were
measured. Interestingly, Klotho averted the cytotoxicity of
ox-LDL and improved cell viability. It was associated with
lower production of ROS and induction of SOD activity
in HUVECs [136]. Data also indicated that Klotho protein
ameliorated the ox-LDL-induced endothelial dysfunction via
an activation of PI3K/Akt/eNOS pathway. Consequently, the
enhancement of eNOS activity and production of NO were
observed [136].

Klotho treatment also reduced the expression of lectin-
like oxidized low-density lipoprotein receptor-1 (LOX-1).

LOX-1 is a major ox-LDL receptor in endothelial cells, which
is a crucial factor in the pathogenesis of atherosclerosis [136].
Thus, the inhibition of the LOX-1 pathway byKlotho restrains
the inflammatory response and atherogenesis [136].

To conclude, the presence of Klotho protein in vascular
wall is necessary for the functional amelioration of vascula-
ture and protects against the procalcific processes.

11. Conclusion

There are many well documented evidences indicating the
antioxidative and antiapoptotic activity of Klotho protein. It
is also well established that Klotho plays an important role
in the prevention of cardiovascular diseases, particularly in
the maintaining of appropriate cardiac and vascular func-
tion. Klotho is involved in mechanisms of defense against
the development of heart hypertrophy and remodeling, as
well as the vascular calcification and atherogenesis. Many
studies showed that Klotho deficiency or KLOTHO gene
polymorphism can be the risk factors for the most prevalent
cardiovascular diseases.Thus, the regulation of serumKlotho
and FGFs level and their expression in cardiomyocytes could
be essential for the cell metabolism, proper heart function,
and protection in some disorders. Given the apparent impor-
tance of Klotho, it may be considered as a novel vital factor
in the ischemic heart injury, such as myocardial infarction.
Conclusively, it appears plausible that an activity of Klotho
could be protective in a damaged myocardial tissue and open
new path for the treatment of cardiovascular diseases.
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