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Abstract

Background: Cardiovascular diseases (CVDs) are the leading
cause of morbidity and mortality in advanced CKD. The ma-
jor pathological changes of CKD-associated CVD are severe
vascular media calcification, aberrant cardiac remodeling
such as hypertrophy and fibrosis, as well as accelerated ath-
erosclerosis. a-Klotho is proposed as an anti-aging gene,
which is primarily expressed in the kidney. Recent studies
reveal that a-Klotho deficiency is associated with profound
cardiovascular dysfunction. Of note, CKD represents ex-
tremely declined a-Klotho levels, hinting that a-Klotho defi-
ciency may be implicated in the pathogenesis of CKD-asso-
ciated CVD. Summary: Based on the pathogenic mechanism
of a-Klotho deficiency and decreased Klotho levels in the cir-
culation even early in stage 1 of CKD, a-Klotho serves as a
sensitive biomarker for renal insufficiency and also a novel
predictor of risk of overall mortality of CVD events in CKD.
Meanwhile, loss of Klotho resulted from kidney dysfunction
markedly contributes to the progressive development of
CKD and CVD. By contrast, prevention of Klotho decline us-
ing exogenous supplementation or genetically activated

ways by several mechanisms can dramatically mitigate car-
diac dysfunction, prevent vascular calcification, and retard
the progression of CKD-accelerated atherosclerosis. Key
Messages: Klotho deficiency is proposed as a novel predic-
tive biomarker as well as a pathogenic contributor to CVD
eventsin CKD. In the future, Klotho may be a crucial potential
therapeutic strategy to decrease the burden of CVD comor-

bidity with CKD in clinics. ©2020 The Author(s)
Published by S. Karger AG, Basel

Introduction

CKD is a worldwide disease with a high incidence and
prevalence, which puts a huge burden on public health.
CKD is a progressive systemic disease, in which kidney
structure and function are irreversibly damaged. Except
for renal injury, CKD is always accompanied by multiple
pathological changes of other organs, especially cardio-
vascular system [1]. Cardiovascular diseases (CVDs) are
the primary cause of death in advanced CKD. The major
pathological changes of CKD-associated CVD are severe
vascular calcification (VC), aberrant cardiac remodeling
with hypertrophy and fibrosis, and accelerated athero-
sclerosis [2]. Over the past decades, although consider-
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able efforts were devoted to investigate the etiology and
pathogenesis involved in the progression of CVD associ-
ated with CKD, the high-risk factor and its underlying
mechanisms are still far from being elucidated.

The earliest discovered Klotho was named as a-Klotho,
which was found in the animal experiment of primary
hypertension by Kuro-o et al. [3]. Given its robust anti-
aging effect, a-Klotho was initially considered as an anti-
aging gene. a-Klotho is mainly expressed in the kidney,
parathyroid gland, and choroid plexus, where it exists as
a membrane-bound protein. a-Klotho also can be found
as a soluble protein in the blood, urine, and cerebrospinal
fluid. Deficiency of a-Klotho results in VC, atherosclero-
sis, skin atrophy, and osteoporosis, a syndrome resem-
bling human aging. Interestingly, these phenotypes of
a-Klotho deficiency are similar to CKD subjects, suggest-
ing that a-Klotho is tightly related to the pathogenesis
mechanisms of CKD [4]. Meanwhile, many researchers
and our group have found that CKD is a state of severe
a-Klotho deficiency, which is always along with progres-
sive renal insufficiency and an extremely high incidence
of CVD such as VC, cardiac hypertrophy, and uremic
vasculopathy [5-8]. Conversely, exogenous supplement
of a-Klotho protein or genetic overexpression of a-Klotho
can remarkably attenuate renal dysfunction and decline
morbidity and mortality of CVD complications [9], sug-
gesting that a-Klotho might be a predictor and a potential
therapeutic target for renal and extra-renal outcomes in
CKD. Based on the important relationship between
a-Klotho and CKD, we will review the physiopathological
functions and potential applications of a-Klotho in CKD
and its complications below. Hereinafter the term Klotho
is referred to as a-Klotho.

An Introduction of Klotho

Structure of Klotho Protein

Klotho gene consists of 5 exons in both mice and hu-
mans. The Klotho protein is composed of a large extracel-
lular domain and a short C-terminal intracellular region
[10]. The extracellular domain consists of 2 repetitive se-
quences termed as Kl1 and Kl2. The encoded protein of
full-length transcript can be cleaved by a-secretase metal-
loproteinase domain-containing proteins 10 and 17
(ADAM10 and ADAM17) as well as P-secretase [P-site
APP-cleaving enzyme 1 (BACEL). The cleaved Klotho is
composed of Kl1 and KI2, and both Kl1 and KI2 frag-
ments can release into circulation [11]. Secreted Klotho is
synthesized by alternative transcription splicing. Soluble
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Klotho includes cleaved Klotho and secreted Klotho.
Membrane-bound Klotho exerts its functions mainly as
co-receptor of fibroblast growth factor (FGF) family by
increasing affinity of FGF receptors (FGFRs) to FGF [12].
Soluble Klotho acts as a hormone in the circulation to ex-
ert its role on the whole body.

Recently, 2 other homologous types of Klotho, - and
y-Klotho, were identified. f-Klotho contains K11 and KI2
domains and is mainly expressed in liver, gastrointestinal
tract, kidney, and adipose tissue. y-Klotho contains only
Kl1 domain and is expressed in adipose tissue, kidney,
and skin [8]. We only focus on the role of a-Klotho.

Biological Functions of Klotho

Soluble Klotho exerts its broad biological functions on
targets, even several distal organs, as a pleiotropic endo-
crine/paracrine factor or a hormone, while membrane-
bound Klotho always exerts its functions as co-receptors
[13]. Of note, accumulating evidence suggest that soluble
Klotho also can act as co-receptors for some special solu-
ble ligands [14]. Thus, it is necessary to classify the differ-
ent mechanisms underlying the Klotho functions.

Membrane-Bound Klotho Acts as a Co-Receptor

with FGF23

Membrane Klotho mainly forms co-receptors with
FGFRs (FGFRI1c, FGFR3c, and FGFR4) to promote the
binding of FGF23 and FGFRs and regulate calcium and
phosphorus metabolism. FGF23 is a bone-derived growth
factor that belongs to FGF family [15]. Due to lack of a
heparan sulfate-binding domain, FGF23 requires Klotho
to convert the FGFR from canonical form into specific
high-aftinity form to function on target organs such as
kidney and parathyroid glands. In this process, Klotho
serves as a massive scaffold, tethering both FGFR and
FGF23 to itself, enforcing proximity and augmenting
binding affinity between these 2 molecules. The mem-
brane Klotho-FGFRs-FGF23 complex could inhibit
phosphate reabsorption by inhibiting NaPi-IIa in renal
proximal tubule. At the same time, the complex can also
downregulate the expression of renal 1a-hydroxylase. As
a result, the synthesis of 1,25-dihydroxyvitamin D3 (cal-
citriol) decreases, and the intestinal absorption of phos-
phate is reduced [16].

Membrane-Bound Klotho Acts as a Competitor for

Binding Sites

FGF2 was found to be the founding member of the
FGF family, and it was primarily identified as mitogens
promoting proliferation of fibroblasts and vascular endo-
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thelial cells [17]. Unlike FGF23, FGF2 has heparin-bind-
ing domains, through which FGF2 tethers themselves to
heparan sulfate in the extracellular matrices and func-
tions primarily in an autocrine or paracrine manner [18].
Increased FGF2 and reduced Klotho have both been re-
ported to be closely associated with renal fibrosis. Our
group has demonstrated there was a competitive relation-
ship between Klotho and FGF2, increase in FGF2 might
weaken the function of Klotho, whereas the increase in
Klotho would suppress the activity of FGF2 signaling
pathway [19]. In addition, Klotho restrained FGF2-in-
duced tubulo-epithelial plasticity and fibroblast prolifer-
ation and activation. The inhibitory effect of Klotho on
the activity of FGF2 was likely due to its potent ability to
compete with FGF2 binding to FGFRI, suggesting that
there is a negative feedback loop exist between Klotho
depletion and FGF2 activation [19].

Soluble Klotho Acts as a Co-Receptor for Soluble

Ligands

Kusaba et al. [20] suggested that vascular endothelium
in Klotho-deficient mice showed hyperpermeability with
increased apoptosis and decreased vascular endothelial-
cadherin because of an increase in vascular endothelial
growth factor (VEGF)-mediated internal calcium con-
centration Ca?" influx and hyperactivation of Ca?*-de-
pendent proteases. Nevertheless, Klotho supplement
could directly strengthen the binding affinity between
VEGEF receptor 2 and endothelial transient receptor po-
tential canonical Ca** channel 1 (TRPC1) to promote
their co-internalization, the resulting regulating TRPC1-
mediated Ca®" entry to maintain endothelial integrity.

Soluble Klotho Acts as an Enzyme

Previous studies showed that soluble Klotho possessed
sialidase activity and regulated several ion channels via
this activity. Removal of terminal sialic acids from N-gly-
can chains of the epithelial Ca®* channel TRPV5 and the
renal K* channel renal outer medullary potassium chan-
nel 1 (ROMK1) by soluble Klotho exposes the underlying
ligand for galectin-1. Binding to galectin-1 at the extracel-
lular surface prevents internalization and leads to accu-
mulation of the channels on the plasma membrane [21].
Soluble Klotho also downregulates transient receptor po-
tential Ca** canonical isoform 6 (TRPC6)-mediated cal-
cium signaling by binding to a2,3-sialyllactose moiety of
gangliosides in lipid rafts [22]. Recent study has shown
that soluble Klotho downregulated PI3K/Akt signaling
via binding to ganglioside-enriched lipid [23]. These re-
sults suggest that Klotho regulates ion transport by mod-
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ifying sugar moieties of their transporters and affecting
cell surface abundance via sialidase or B-glucuronidase
activity [24].

Soluble Klotho Acts as a Decoy Receptor for Soluble

Factors

Wnt proteins are a large family of highly conserved
signal molecules that involved in process of nephron for-
mation and renal development. Increasing evidence indi-
cates that abnormal activation of Wnt/B-catenin signal-
ing pathways plays a crucial role in renal fibrosis. There
is an inverse correlation between Klotho and canonical
Wnhnt signaling. Soluble Klotho directly inhibits Wnt sig-
naling by binding to several Wnt factors, such as Wntl,
Wnt4, and Wnt7a [25].

Soluble Klotho Decreases Receptor Affinity for

Ligands

Soluble Klotho protein can directly bind to the type-II
TGEF-p receptor (TGFPR2) and inhibit TGF-B1 binding
to cell surface receptors, thereby inhibiting TGF-p1 sig-
naling-induced epithelial-to-mesenchymal transition re-
sponses in cells. In addition to TGF-f1 signaling, soluble
Klotho has been shown to act as a circulating hormone
that binds to a cell surface receptor and represses intracel-
lular signals of insulin and insulin-like growth factor 1
(IGF1), an evolutionarily conserved mechanism for ex-
tending life span [26-28].

Antioxidative Stress and Anti-inflammatory Effects
of Klotho Protein

Oxidative stress results from the imbalance between
excessive oxidant free radicals and insufficient degrada-
tion of these prooxidants by anti-oxidants. CKD is a state
of severe oxidative stress due to decreased antioxidants
and excessive reactive oxygen species (ROS) generation
[29]. Excessive ROS production in CKD state is involved
in many kinds of CKD-associated complication [30]. On
the contrary, controlling ROS is regarded as an effective
way to prevent CKD-induced disease. Klotho is consid-
ered as an important antioxidative factor, and previous
studies have found that there is a close connection be-
tween Klotho and ROS production. Klotho could inhibit
insulin/IGF-1/PI3K signaling, then activating the FoxO
forkhead transcription factors and inducing the expres-
sion of manganese superoxide dismutase to resist oxida-
tive stress [31]. Interestingly, this antioxidative effect in-
duced by Klotho also inhibits the production of mito-
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Table 1. The verified and potential mechanisms for cardiovascular protection of Klotho in CKD

Animal model QOutcome  Mechanism Reference
of CVD
EFmKL46 (Tg-Kl) mice VC Inhibition of Pi influx into VSMC Huetal., 2011 [48]

Klotho™~ mice + rapamycin ~ VC

Inhibition of mammalian target of rapamycin (mTOR)

Zhao et al., 2015 [110]

NaPi2a~'~/Klotho™~ mice vC

Regulating the phosphate associated co-transporter

Ohnishi et al., 2009a [51]

Cyp27bl7/Klotho”~ mice =~ VC

Reducing vitamin D levels through inactivation of Cyp27b1 activity

Ohnishi et al., 2009b [52]

Uremic mice + Klotho i.p. LVH Blocking Nox2/Nox4-derived ROS production and inhibiting p38 and ERK1/2  Yang et al., 2015 [6]
signaling pathways

Diabetic mice + Klotho i.p. LVH Suppressing cardiac inflammatory cytokines and oxidative stress Guo et al., 2018 [68]

Uremic rats + rKlotho LVH Increasing myocardial fibroblast growth factor 21 expression Suassuna et al., 2020 [73]

Mice received subcutaneous ~ LVH Modifying the TGF-B1-miR-132 axis Ding et al,, 2019 [67]

injections of Ang II + Klotho

Klotho™~ mice AS Regulating TRPC-1-mediated Ca?* entry Kusaba et al., 2016 [20]

OLETF rats + Ad-Klotho AS Increasing nitric oxide production Saito et al., 2000 [111]

DKD mice + pcMV-Klotho AS
polarization

Inhibiting macrophage M1 polarization and inducing macrophage M2

Jia et al., 2019 [95]

CKD mice + Klotho i.p. AS

Inhibiting platelet hyperactivity

Yang et al.,, 2017 7]

AS, atherosclerosis; CVD, cardiovascular disease; LVH, left ventricular hypertrophy; VC, vascular calcification.

chondrial-derived ROS and protects mitochondrial
dysfunction [32]. In addition, it has been reported that
increased endogenous ROS production in Klotho-defi-
cient mice and reduced ROS production in Klotho over-
expression are closely related to the regulation of ASK1-
signalosome-p38 MAPK signal pathway [33].

CKD is regarded as a typical example of inflammatory
disease and premature ageing. Plenty of pro-inflammato-
ry factors accumulated during CKD progression. These
inflammatory factors play an important role in CKD-in-
duced complication. There are multiple studies that have
shown a bidirectional relationship between Klotho and
inflammation. On the one hand, inflammation can de-
crease the expression of Klotho through transcriptional
and epigenetic mechanisms [34]. On the other hand,
Klotho is reported to have powerful anti-inflammatory
effect. Our group found that Klotho could inhibit indox-
yl sulfate (IS)-activated RIG-I/NF-kB and the production
of inflammatory factors including IL-6 and TNF-a in cul-
tured monocytes. Interestingly, higher serum levels of
IL-6 and TNF-a were observed in Klotho heterozygous
mice with CKD than that in single CKD group. Converse-
ly, Klotho treatment can dramatically inhibit inflamma-
tion in monocytes. Previous report has shown that sup-
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plementation or overexpression of Klotho in vitro could
suppress NF-kB [35] and RIG-I-mediated inflammation
[36], which is consistent with our results. Moreover, it has
been reported that post-treatment with recombinant
Klotho could suppress the inflammatory responses in ag-
ing endotoxemic mice through modulating levels of heat
shock protein 70 [37]. These findings suggest that Klotho
has a powerful antioxidative stress and anti-inflammato-
ry ability.

The Role of Klotho in CKD-Induced CVD

Physiologically, kidney is the major organ to maintain
soluble Klotho homeostasis. Yet in CKD, a large number
of renal tubular epithelial cells are injured and replaced
by extracellular matrix, and the rest cannot produce and
release enough soluble Klotho into the circulation. There-
fore, CKD is proposed as a state of soluble Klotho defi-
ciency [38]. Even in the younger CKD population such as
children, serum level of Klotho was still lower than in
healthy subjects. As CKD and Klotho-deficient mice have
an extremely high incidence of CVD [4], the morbidity
and mortality of CVD can be repressed by Klotho gene
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CKD progression

Fig. 1. The role of Klotho in CKD-associat-
ed CVD. CKD is a public health epidemic.
CVD, including uremic cardiomyopathy,
vascular calcification, and atherosclerosis,
was found in CKD subjects. Klotho defi- |
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ciency, is always associated with poor out-
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mitigate cardiac dysfunction, prevent vas-
cular calcification, and retard the progres- |

AS and thrombosis

sion of CKD-accelerated atherosclerosis.
AS, atherosclerosis; CVD, cardiovascular
disease; LVH, left ventricular hypertrophy;
VC, vascular calcification.

¥

High morbidity and mortality of CVD

overexpression or protein supplementation in those ani-
mal models [39, 40]. We summarized the in vivo studies
directly related to the protective effects of Klotho (shown
in Table 1). These phenomena suggest that loss of Klotho
is likely to be directly pathogenic and probably a prereq-
uisite for CKD-associated CVD (shown in Fig. 1).

The Role of Klotho in VC

VC is one of the most potent risk factors of cardiovas-
cular mortality and morbidity in CKD patients, and CKD
is often related to vascular media calcification. Even in the
early stage of CKD, the rate of VC increases significantly
[41]. VC is mainly related to the transdifferentiation of
vascular smooth muscle cells (VSMCs) into osteogenic-
like cells. CKD-induced mineral bone disorder syndrome
is a potent contributor to VC [42]. Plenty of evidence re-
vealed that disturbance of serum phosphate and calcium
can directly lead to VC [43, 44]. Previous study has found
that hyperphosphatemia was regarded as a main inducer
for the onset and progression of VC. Under the influence
of CKD, both hyperphosphatemia and VC represent an
extremely higher incidence than the health population.
However, CKD patients with normal serum phosphate
levels still showed severe VC, suggesting that several fac-
tors other than hyperphosphatemia can lead to VC [45].
Recently, the role of Klotho is considered increasingly im-
portant in CKD-induced VC. It has been reported that
either in CKD patients or peritoneal dialysis patients, low
serum levels of soluble Klotho are independently related
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to VC [46, 47]. In CKD mice, Klotho deficiency induces
a higher serum phosphate level and more severe VC than
that in CKD mice. On the contrary, overexpression or
supplementation of Klotho can reduce serum phosphate
level, improve renal function, and protect against VC
[48]. In vitro, using Klotho siRNA pretreatment acceler-
ates CKD-induced VSMCs transformation to a calcifying
phenotype, which is characterized by the loss of inhibi-
tory factors, such as MGP (matrix Gla protein) and OPN
(osteopontin), and upregulation of Runx2 (runt-related
transcription factor 2) [49]. These results suggest that the
deficiency of Klotho is not only a marker CKD, but is also
an important risk factor that contributes to the onset and
progression of VC in CKD.

The mechanism of Klotho deficiency aggravating
CKD-induced VC is closely related to the homeostasis of
phosphorus metabolism. Klotho could regulate phos-
phate metabolism by enhancing phosphaturia and pre-
serving glomerular filtration, as complete Klotho defi-
ciency induces high serum phosphate levels [48]. Previ-
ous studies indicated that restricted dietary phosphate of
Klotho-deficient mice might increase renal expression of
Klotho and partially rescued the ectopic calcification [50,
51]. Besides, it is reported that NaPi2a~'~ Klotho™'~ mice
showed lower phosphate levels and reduced VC, while the
features of VC reestablished as long as the mice were giv-
en the same mice high-phosphate diets [51]. It is therefore
conceivable that in the setting of Klotho deficiency, ele-
vated phosphate is indispensable to VC [52]. In fact, de-
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spite lower phosphate diets, serum phosphate eventually
increased to the point of inducing VC. This may be medi-
ated by increased activation of NaPi2a induced by elevat-
ed FGF23 and lack of compensatory action resulting from
Klotho deficiency. In contrast to low-phosphate diets,
low-calcium diets could effectively restrain the progres-
sion of calcification [53]. These effects suggest that in the
setting of Klotho deficiency, calcium may be another rate-
limiting factor for VC pathophysiology.
Supplementation or overexpression of Klotho could
play a protective role in CKD-induced VC. Hum et al.
[54] reported that injection of recombinant Klotho down-
regulated the expression of renal sodium-phosphate co-
transporter Npt2a, which reduced hyperphosphatemia
and eventually rescued the CKD-associated VC. More-
over, CKD mice with overexpression of Klotho showed a
less severe VC than wild-type CKD mice. In vitro, it has
been found that overexpression of Klotho directly inhib-
ited phosphate influx into VSMC, which in turn sup-
pressed the differentiation of VSMC and rescued the VC
[48]. These results demonstrate that Klotho is an endog-
enous inhibitor of VC [49]. The mechanism of protective
role of Klotho in VC is related to the ability to inhibit the
uptake of phosphate through phosphate sodium-depen-
dent co-transporter in VSMCs [55]. In addition, we have
investigated that local expression of Klotho in artery had
ability to inhibit VC by regulating phosphate uptake. And
the expression of Klotho is decreased with the peroxi-
some proliferator-activated receptor-gamma (PPAR-y)
reduction in VSMCs after high phosphate treatment [56].
Another mechanism is that Klotho has anti-oxidative and
anti-apoptotic effects in VSMCs to decease VC. Oxidative
stress and apoptosis are important factors to induce VC
in CKD [45, 57]. Wang et al. [58] found that Klotho gene
transfer significantly decreased superoxide production
by decreasing the expression of Nox2 in VSMCs in pro-
tein level through inhibiting cAMP-PKA pathway. It has
also been reported that exogenous Klotho ameliorated
the development of VC and ROS generation induced by
salusin-{ [59]. Besides, it has also been found that Klotho
can protect Angll-induced VSMCs apoptosis. Finally,
Klotho can be inducible by other substances and then acts
as an induced protective factor to inhibit VC. Upregula-
tion of Klotho expression by inhibiting mTOR signaling
via oral rapamycin ameliorates VC and protects against
vascular disease in CKD [60]. Another study showed that
intermedin 1-53 attenuates VC in rats with CKD by up-
regulating membrane-bound Klotho expression in the
vessel wall [61]. All of these suggested that Klotho could
be a hopeful therapeutic target for CKD-induced VC and
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whether maintaining or increasing the Klotho level could
improve VC in CKD patients is needed to be proven in
future research.

The Role of Klotho in Left Ventricular Hypertrophy

The epidemiological studies show that the progressive-
ly declined renal function accompanied by a high inci-
dence of left ventricular hypertrophy (LVH), which ac-
counts for nearly 40 and 74% in patients with early stage
of CKD and ESRD, respectively. LVH is the pathological
basis of heart failure or ventricular arrhythmias, which is
regarded as an important independent risk factor in pa-
tients with CKD [62]. Previous studies indicated that pres-
sure and volume overload were the major contributors to
LVH in CKD. However, LVH still develops even after mit-
igating these 2 factors [63]. Recent data prefer to pay more
attention on the role of Klotho in CKD-induced LVH. It
has been reported that maintenance hemodialysis patients
with lower circulating sKlotho levels were more often as-
sociated with larger interventricular septal thickness and
greater ratios of interventricular septal thickness and pos-
terior wall thickness, which are typical indicators of LVH
in patients [64]. Consistently, in a survey of 86 patients
with CKD, we found that increased left ventricular mass
was more apparent in patients with low Klotho level [6].
In mice, it has been reported that Klotho-deficient CKD
mice showed worsening LVH, while LVH in Klotho-over-
expressing CKD mice was relieved [65]. These suggested
that there was an independent association between Klotho
and CKD-induced LVH, and Klotho could be a potential
risk factor of uremic cardiomyopathy. Therefore, discuss-
ing the role of Klotho in this pathological process is help-
ful to understand the underlying mechanism of CKD-in-
duced LVH and find effective treatment.

It has been indicated that administered injections or
genetically active expression of Klotho could apparently
attenuate cardiac remodeling, manifested as reduced ven-
tricular wall thickness, left ventricular internal diameter
at end-diastole (LVIDD), and posterior wall thickness in
mice [6, 65]. The cardioprotective role of Klotho in CKD
is mainly related to its robust antioxidative stress effect.
Recent data showed that Klotho could protect against car-
diomyocyte hypertrophy induced by isoproterenol [66],
Ang II [67], or hyperglycemia [68] by suppressing ROS-
stimulated signaling pathways both in vitro and in vivo
experiments. We proved that Klotho protects IS-induced
LVH by inhibiting oxidative stress signaling pathway in
vivo and in vitro. In detail, we found that IS induced car-
diomyocyte hypertrophy by activating oxidative stress
and its downstream signaling pathways p38 and ERK1/2
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and Klotho showed powerful antioxidative ability to ame-
liorate the pathological changes [6].

Second, Klotho can act as circulating co-receptor that
can bind circulating FGF23 and FGFRs on the cell sur-
face, which makes it possible for Klotho to regulate
FGF23-mediated signaling [69]. As a novel cardiovascu-
lar uremic toxin, FGF23 directly participates in the devel-
opment of LVH in CKD. Evidence showed that FGF23
directly targeted cardiomyocytes by activating FGFR4/
PLCy/calcineurin/NFAT signaling pathway and induced
cardiac hypertrophy [70]. Interestingly, it is suggested
that Klotho can regulate myocardial FGF23 effects by
blocking the binding of circulating FGF23 to FGFR4 on
cardiomyocyte membrane [71, 72]. Besides, Klotho could
also play a role of co-receptor for FGFRIc to redirect the
action of FGF23-induced cardioprotective pathway. One
of the possible protective pathways is to induce the ex-
pression of FGF21 [73]. In addition, Klotho can amelio-
rate cardiac hypertrophy through inhibiting TRPC6 cur-
rents by blocking phosphoinositide-3-kinase-dependent
exocytosis of TRPC6 channels in uremic hearts [74]. Fur-
ther study made it clear that this effect of Klotho-inhibit-
ed TRPC6 was independent of FGF23 [22, 75].

Finally, Klotho can directly prevent cardiac remodel-
ing and fibrosis to protect the heart. Cardiac remodeling
is characterized by cardiomyocyte hypertrophy and fi-
brosis and has been regarded as an important risk factor
for the development of heart failure in CKD [76, 77]. Re-
cent study showed that Klotho protein can protect Ang
II-induced cardiac remodeling through regulating TGF-
B-miR-132 axis. Liu et al. [78] reported that Klotho is ex-
pressed in human atrial appendage tissues. Further,
Klotho knockdown or overexpression in primary human
cardiomyocytes aggravates or mitigates TGF-p1-induced
cardiac fibrosis and activation of the Wnt signaling. These
results suggest that endogenous Klotho in cardiomyo-
cytes plays an important role in CKD-induced cardiac fi-
brosis and subsequent activation of Wnt signaling path-
way. On the contrary, upregulation of endogenous Klotho
can inhibit activation of Wnt signaling pathway induced
by CKD, which may provide a new strategy for the treat-
ment of myocardial fibrosis in CKD patients. All of these
evidence show that Klotho participates in the pathogen-
esis of CKD-associated LVH and treatment with Klotho
is a potential therapy for CKD-induced LVH.

The Role of Klotho in CKD-Accelerated

Atherosclerosis

As a chronic inflammatory disease with complex etiol-
ogy and the most potent pathological basis of multiple
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cardiovascular events, atherosclerosis is seriously harm-
ful to human health. The major clinical outcomes of ath-
erosclerosis, such as myocardial infarction or stoke, are
not a result of gradual narrowing of lumen but rather the
cause of thrombotic events [79]. Of note, atherosclerosis
is the leading cause of cardiovascular morbidity and mor-
tality in CKD patients and its progression is often acceler-
ated [80]. Over the past decades, considerable efforts have
been devoted to investigate the risk factors as well as their
underlying mechanisms that accelerated development
and progression of atherosclerosis in CKD.

As an early predictor of atherosclerosis, lower levels of
Klotho are positively correlated with lower values of flow-
mediated dilation, larger values of epicardial fat thickness
and carotid artery intima-media thickness, all of which
are the admitted predictors of atherosclerosis [81]. More-
over, lower Klotho levels coexist with higher inflamma-
tory status in patients with atherosclerosis [82]. In the
hemodialysis population, Klotho acts as an atherosclero-
sis predictor as well. Increasing numbers of studies
showed that Klotho deficiency can aggravate the progress
of atherosclerosis in CKD, while supplement of Klotho
played a protective role in this process [83]. Therefore, it
is significant to focus on the effects of Klotho in this path-
ological process, and here, we will discuss the role of
Klotho in the pathogenesis of atherosclerosis in CKD to
provide clues for future research.

Protection against Endothelial Dysfunction

Endothelial dysfunction plays a vital role in the onset
and progression of CKD-induced atherosclerosis [84].
Previous study has found that endothelial dysfunction
was a common feature of arteries in Klotho-deficient
mice [20]. Conversely, many endothelial protective fac-
tors such as reduced systolic blood pressure, coronary
perivascular fibrosis, and medial hypertrophy were ob-
served in Klotho transgenic mice [85]. It has been report-
ed that membrane-form Klotho enhanced manganese su-
peroxide dismutase expression by approximately two-
fold, partially via activation of the cAMP/PKA-dependent
pathway and increase of nitric oxide production in hu-
man umbilical vein endothelial cells [86]. This finding
provides new insights into the mechanisms of Klotho ac-
tion and support the therapeutic potential of membrane-
form Klotho to regulate endothelial function. In addition,
Cui et al. [87] suggested that Klotho protected H,O,-in-
duced oxidative injury by activating the PI3K/AKT path-
way in endothelial cells. Similarly, Klotho can attenuate
ox-LDL-induced oxidative stress in human umbilical
vein endothelial cells through upregulating oxidative
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scavengers (superoxide dismutase and NO) via activating
the PI3K/Akt/eNOS pathway and suppressing LOX-1 ex-
pression [88]. Moreover, we demonstrated that Klotho
could attenuate the effects of uremic toxin-induced acti-
vation of p38 MAPK, NF-kB, and ROS production and
protect endothelial cells from the injury [5]. Also, Klotho
had an ability to inhibit endothelial senescence via mito-
gen-activated protein kinase kinase and extracellular sig-
nal-regulated kinase pathways [89]. Besides, Liu et al. [90]
demonstrated that Klotho participated in micro-
RNA335-5p-induced endothelial senescence. These evi-
dence suggested the protective effects of Klotho in pro-
tecting endothelial dysfunction.

Protection against VSMC Injuries

In the early stage of atherosclerosis, the proliferation
and migration of VSMCs dramatically promote the pro-
gression of atherosclerosis [91]. Interestingly, Klotho can
inhibit proliferation and migration of Ang II-induced
VSMCs by regulating NF-kB/p65/Akt/ERK signaling
pathways. Klotho also inhibited the expression of prolif-
eration phenotype marker protein, PCNA, and increased
the expression of contractile phenotype marker proteins,
suggesting that Klotho plays a major role in Ang II-in-
duced phenotype modulation of VSMCs [92]. Moreover,
Klotho was proposed to protect VSMCs by inhibiting ox-
idative stress. It is suggested that VSMCs with overex-
pression of Klotho significantly reduced the expression of
Nox2 and ROS production through regulating cAMP/
PKA pathways [58]. In addition, it has been shown that
Klotho supplement can enhance the expression of oxy-
genase-1 (HO-1) and peroxiredoxin-1 (Prdx-1), which
are powerful antioxidant enzymes to protect against
VSMC dysfunction. During this process, Nrf2 activation
was found after the supplement of Klotho, and silencing
of Nrf2 attenuated the induction of HO-1 and Prx-1 in-
duced by Klotho [93]. These results suggested that Nrf2-
mediated antioxidant roles of Klotho in VSMCs.

Inhibiting Macrophage/Monocyte-Associated

Inflammation and Phenotypic Transition

Recently, we found that lack of Klotho aggravates sys-
temic inflammation in CKD, while supplement of Klotho
might mitigate this process by decreasing the expression
of inflammatory factors or related signaling pathways
[94], which hints that Klotho could prevent atherosclero-
sis progression through inhibiting monocyte-associated
inflammation. In addition, Klotho participated human
serum albumin and MiR-199a-5p induced macrophage
M1 polarization, which is a pro-inflammatory pheno-
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type. Further, Klotho induces macrophage M2 polariza-
tion through the Toll-like receptor 4 pathway both in vivo
and in vitro experiments [95]. These findings hint that
Klotho might be involved in the phenotype modulation
of macrophage and the progression of atherosclerosis. Fi-
nally, researchers suggested that Klotho can inhibit ath-
erosclerosis by lowering lipid. Pretreatment of Klotho
protein before incubating with phorbol myristate acetate
and ox-LDL can significantly decrease total cholesterol
level and suppressing transition of THP-1 macrophages
to foam cells. Furthermore, Klotho-induced upregulation
of reverse cholesterol transport capacity promotes cho-
lesterol efflux and reduces lipid accumulation by sup-
pressing the Wnt/(-catenin pathway in foam cells [96].

Inhibiting Platelet Hyperactivity

Activated platelets are present in the circulating blood
of atherosclerotic individuals throughout the atheroscle-
rotic process, which play an important part in the athero-
sclerotic lesions. Activated platelets prefer to bind leuko-
cytes and form platelet-leukocyte aggregates [97]. In
both in vivo and in vitro studies, it had been proved that
aggregation of the circulating activated platelets and
platelet-leukocyte promoted the development of athero-
sclerosis [98]. In both CKD and IS-treated mice, we
found that the expression of P-selectin and the circulat-
ing level of PMPs were remarkably increased, while acti-
vated GPIIb/IIIa induced by collagen and thrombin was
more obvious and a high tendency of thrombus forma-
tion [7]. These suggested that IS plays an important role
in hyperactivation of platelets and the formation of
thrombosis in CKD. Furthermore, we found that the ac-
tivation of platelets induced by IS in CKD state is caused
by the activation of ROS/p38 MAPK signaling. As ex-
pected, Klotho treatment markedly ameliorated IS-in-
duced platelet hyperactivity through inhibiting IS-in-
duced activation of ROS/p38 MAPK signaling and re-
duced the formation of thrombosis both in vitro and in
vivo [7]. Thus, we concluded that Klotho plays a key pro-
tective role in CKD-induced atherosclerosis and throm-
bosis through inhibiting IS-induced platelet hyperactiv-

ity.

The Prospect of Clinical Application of Klotho in

CKD-Associated CVD

We have discussed the definite protective role and the
underlying mechanisms of Klotho in CKD-associated
CVD. Therefore, the prospect of clinical application of
Klotho is of great concern. CKD-associated CVD is the
main cause of death in patients with CKD, which occurs
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in the early stage of CKD and progresses rapidly. It is very
difficult to make an early and accurate diagnosis. And
there are no biomarkers that are able to be measured eas-
ily, specially, and sensitively, in correlation with CKD-
associated CVD complications [99, 100]. Recently, sev-
eral clinical studies found that there was an excellent cor-
relation between Klotho and cardiovascular events or
mortality in CKD patients. In dialysis patients, Marcais
et al. [101] reported that conservation of serum Klotho
above 280 ng/L is associated with a better 2-year cardio-
vascular protection. This is consistent with a recent pro-
spective study — lower serum level of Klotho is associated
with cardiovascular events in hemodialysis patients
[102]. In CKD patients without dialysis, we demonstrat-
ed that lower serum Klotho levels are independently as-
sociated with overall mortality and CVD events [103].
Collectively, it is clear that Klotho is an independent pre-
dictor of CVD complication and cardiovascular events in
CKD patients. However, large multicenter clinical co-
hort studies are required to determine the cutoft value of
Klotho for predicting the onset of CVD complication in
CKD patients. It is definitely helpful for clinicians to
judge the patient’s cardiovascular-related condition and
prognosis.

In addition, the clinical transformation studies of
Klotho should be carried out in a planned way, and it will
make it clear that whether the increase of serum Klotho
exerts protective effects on cardiovascular events in pa-
tients. Potential drugs to increase the serum Klotho level
include PPAR-y agonists, angiotensin II-type I receptor
antagonists, vitamin D active derivatives, intermedin,
and dihydromyricetin, all of which had been proved to
upregulate the expression of Klotho in vivo and/or in vi-
tro [38, 61, 104-106]. Furthermore, direct supplementa-
tion of soluble Klotho protein is also a hopeful treatment.
However, potential side effects of increasing serum
Klotho level should also be taken into account. Some re-
searchers have reported the potential side effects of
Klotho in inducing insulin resistance and participating
in obesity and obesity-associated complications [107,
108]. Furthermore, mechanism of Klotho mediated-in-
sulin resistance is through prevention of GLUT4 trans-
location and interfering with phosphorylation of Akt,
GSK3p, and PFKf3 intracellular signaling mediators by
insulin [108]. However, this point of view is controver-
sial, as Lorenzi et al. [109] provided evidence against a
direct role of Klotho in insulin resistance in HEK293, L6,
and HepG2 cells. Therefore, more studies are needed to
clearly determine the potential side effects of Klotho pro-
tein.

Klotho in CKD-Associated CVD

Conclusion

The identification of Klotho helps us to understand
more about how Klotho functions as a circulating hor-
mone or local autocrine/paracrine factor. Klotho exerts
pleiotropic functions in body. In future study, the crystal
structure, functional pattern, as well as the regulatory
mechanisms of Klotho are needed to be discovered. What
is more, it is also unclear whether there is a receptor on
the cell membranes that directly binds to Klotho. A large
number of basic and clinical studies have shown that
Klotho is an excellent predictor of CKD-related cardio-
vascular complications. The in-depth researches of the
relation between Klotho and CVD complications in CKD
as well as its potential applications are the potential ther-
apeutic strategies for CKD-associated CVD in the future.
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