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ABSTRACT

Klotho is a membrane-bound protein acting as an obligatory coreceptor for fibroblast growth factor 23 (FGF23) in the kidney
and parathyroid glands. The extracellular portion of its molecule may be cleaved and released into the blood and produces
multiple endocrine effects. Klotho exerts anti-inflammatory and antioxidative activities that may explain its ageing
suppression effects evidenced in mice; it also modulates mineral metabolism and FGF23 activities and limits their negative

impact on cardiovascular system. Clinical studies have found that circulating Klotho is associated with myocardial
hypertrophy, coronary artery disease and stroke and may also be involved in the pathogenesis of salt-sensitive
hypertension with a mechanism sustained by inflammatory cytokines. As a consequence, patients maintaining high serum
levels of Klotho not only show decreased cardiovascular mortality but also non-cardiovascular mortality. Klotho genetic
polymorphisms may influence these clinical relationships and predict cardiovascular risk; rs9536314 was the
polymorphism most frequently involved in these associations. These findings suggest that Klotho and its genetic
polymorphisms may represent a bridge between inflammation, salt sensitivity, hypertension and mortality. This may be
particularly relevant in patients with chronic kidney disease who have decreased Klotho levels in tissues and blood.
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Patients with chronic kidney disease (CKD) are characterized by
an increased risk of both cardiovascular and all-cause mortality
that are 8.8 and 8.1 times higher, respectively, in dialysis
patients than the general population [1, 2]. Alterations of min-
eral metabolism typical of CKD, hyperphosphataemia, second-
ary hyperparathyroidism, fibroblast growth factor 23 (FGF23)
hyperproduction and 1,25-dihydroxyvitamin D (1,25(0H),D) de-
ficiency have been identified as non-classical risk factors for
cardiovascular mortality and morbidity [3]. Among these varia-
bles, FGF23 acquired a negative prognostic value because of its
association with cardiomyocyte hypertrophy and vascular calci-
fication observed in clinical and laboratory studies [4]. Serum

FGF23 was also associated with non-cardiovascular mortality in
CKD patients, and this association was attributed to the pro-
inflammatory effects of FGF23 [5, 6]. The activity of FGF23 in the
parathyroid glands and kidney is mediated by its cell membrane
receptor(FGFR) and its obligatory membrane-bound coreceptor
Klotho, necessary for the organ-specific activity of FGF23 [7].
Studies in mice identified Klotho as a novel ageing suppressor
[8]. Accordingly, studies in humans showed that Klotho may be
involved in a variety of features typical of ageing, such as vascu-
lar calcification, atherosclerosis, osteomalacia, osteoporosis, in-
sulin resistance, cardiovascular and metabolic alterations and
resistance to oxidative stress [8, 9].
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This issue of CKJ includes a study by Cambray et al. [10]
reporting the association of genetic single-nucleotide polymor-
phisms (SNPs) of the Klotho gene (KL) with non-cardiovascular
mortality in a group of Spanish patients with CKD Stages 3-5d.
This article provides us the opportunity to focus on the role of
Klotho in human physiology and physiopathology. Klotho pro-
teins are a family of proteins including «-, - and y-Klotho. In
this article, we consider only «-Klotho (hereafter Klotho), which
is the only circulating form of Klotho proteins and was the sub-
ject of the study of Cambray et al. [10].

KLOTHO BIOLOGY

Klotho is a 140-kDa protein (1.012 amino acids) encoded by the
KL gene (13q13.1), having a high homology with g-glucosidases
[8]. Two different Klotho protein types may be detectable in
humans: the first type is a full-length single-pass transmem-
brane protein located in the cell plasma membrane that con-
sists of an N-terminal signal sequence, a large extracellular
domain (130kDa, 950 amino acids) and a short intracellular do-
main. The other one is soluble Klotho, circulating in blood and
including both a cleaved soluble and a secreted Klotho. Cleaved
soluble Klotho is generated by cleavage of the entire extracellu-
lar portion of membrane-bound Klotho by «- and f-secretases
and the activity of which is stimulated by insulin, while the se-
creted Klotho results from an alternative transcript splicing at
exon 3 [11]. Membrane-bound Klotho is mainly expressed in
kidney tubules, mostly in distal segments, parathyroid glands,
choroid plexus, the sinoatrial node and minimally in bones and
cartilage [12]. As a consequence of this distribution, a large pro-
portion of soluble Klotho is released into the systemic circula-
tion by secretase-mediated shedding in kidney tubular cells.
Klotho expression in the kidney is enhanced by 1,25(0H),D and
blunted by aldosterone and angiotensin II, as well as by albu-
minuria and inflammation mediators [13, 14]. Soluble Klotho
acts as a hormone having its targets in tissues not expressing
Klotho [15] and regulating ion reabsorption through autocrine
and paracrine effects (Table 1) [11, 15]. Serum levels of Klotho
decrease with ageing [16] and in patients with CKD because of a
reduction of the nephron mass and 1,25(0H),D synthesis. For
these same reasons, membrane-bound Klotho expression is
also downregulated in the kidney and parathyroid glands of
CKD patients [17, 18].

KLOTHO IN MINERAL AND ION METABOLISM

In the proximal tubule, Klotho acts in concert with FGF23
(Figure 1). The complex FGF23-Klotho-FGFR causes inhibition of
phosphate reabsorption through internalization of the inward so-
dium-phosphate cotransporter type Ila (NPT2a) [11, 15]. This com-
plex can also downregulate 1,25(0OH),D synthesis through the
inhibition of renal 1-a-hydroxylase activity. In distal convoluted tu-
bular cells (Figure 1), the cooperative activity of FGF23 and Klotho
induces the phosphorylation of kinases (SGK1 and WNK4) upregu-
lating the expression of epithelial sodium channel(ENaC), sodium
chloride cotransporter (NCC) and transient receptor potential cal-
cium channel(TRPV5), and thus sodium and calcium reabsorption
[15, 19, 20]. Soluble Klotho may also directly activate rectifier potas-
sium channel 1 (ROMK) and TRPV5 channels for calcium transport
through the apical membrane of distal convoluted tubular cells
[19, 20]. The effects on ROMK and TRPVS5 might be due to the siali-
dase activity of soluble Klotho that may influence the glycosylation
state of these channels (Figure 1), thus preventing their internali-
zation and upregulating their membrane expression in tubular
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Table 1. Activities of soluble Klotho

Anti-ageing activities

Inhibition of insulin/IGF-1 signalling pathway
Regulation of calcium and phosphate metabolism
Suppression of oxidative stress

Suppression of inflammation

Inhibition of tissue fibrosis after inflammatory disorders
Regulation of blood pressure response to NaCl load
Protective activity against myocardial hypertrophy
Protection against coronary artery disease
Protection against stroke

Decrease in blood pressure

Prevention of artery wall calcification
Anti-osteoporosis effects

Anti-cancer activity

Anti-obesity activity

cells [15]. The hypophosphataemic rickets developed by patients
carrying the KL gene translocation suggest that soluble Klotho may
directly downregulate expression of the phosphate carrier NPT2a
in the proximal tubule [21]. Klotho activities in phosphate metabo-
lism also include the inhibition of phosphate transporter 1 (PiT1;
encoded by SLC20A1) activity expressed in vascular smooth muscle
cells (VSMCs), tubular cells and osteoblasts. Phosphate entry
through PiT1 induces transformation of VSMCs in osteoblast-like
cells (Figure 2) that are able to produce bone matrix proteins and
deposit hydroxyapatite crystals in the artery wall [22]. Through the
inhibition of PiT1, Klotho may protect against the degenerative
process of artery wall calcification and stiffening, whereas Klotho
deficiency amplifies vascular calcification risk in CKD patients [22,
23]. Soluble Klotho may also sustain FGF23 production by osteo-
cytes (Figure 1) and thus Klotho supports the hypophosphataemic
effect of FGF23 and exerts a direct vascular intervention to protect
against artery calcification risk [24].

KLOTHO AND THE RENIN-ANGIOTENSIN-
ALDOSTERONE SYSTEM

In vitro and in vivo studies showed that blockade of the renin-an-
giotensin-aldosterone system (RAAS) may increase soluble
Klotho levels [13, 15]. Valsartan treatment significantly in-
creased mean soluble Klotho levels compared with amlodipine
in diabetic patients [25]. By 16 weeks of age heterozygous
Klotho-deficient mice (KL™~) developed spontaneous and per-
sistent elevation of blood pressure along with increased aldo-
sterone plasma levels not coupled with an increase in renin and
angiotensin II but due to the upregulation of the expression of
enzymes involved in aldosterone synthesis [25]. Blockade of al-
dosterone actions by eplerenone reversed hypertension and at-
tenuated the kidney damage [26]. This study further showed
that upregulation of aldosterone levels was responsible for the
inflammation seen in KL*/~ mice because blockade of aldoste-
rone receptors abolished leucocyte infiltration and cytokine
releases in the kidney [26]. These studies suggested Klotho’s
role in the control of blood pressure.

KLOTHO, INFLAMMATION AND OXIDATIVE
STRESS
Compelling evidence indicates the antioxidative and anti-

apoptotic activities of Klotho protein and its role in preventing
inflammation and fibrosis by the inhibition of insulin/insulin-
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FIGURE 1: Effects of soluble Klotho and transmembrane Klotho in proximal and distal tubular cells. In proximal cells, transmembrane Klotho, included in a complex
with FGF23 and FGFR, inhibits phosphate reabsorption and 1«-hydroxylation of 25-hydroxyvitamin D [25(OH)D]. In distal convoluted tubular cells, Klotho stimulates
the phosphorylation of WNK4 and SGK1 and the expression of the sodium channel ENaC, potassium channel ROMK, NCC and calcium channel TRPVS. As a result,
Klotho activates sodium and calcium reabsorption and potassium excretion through these carriers. Klotho sialidase activity was hypothesized to increase membrane
expression of TRPVS and ROMK in distal tubular cells. In addition, soluble Klotho increases FGF23 production in osteocytes. Arrows indicate activation and lines with a

flat end indicate inhibition of the considered activity.

like growth factor-1 (IGF-1) and transforming growth factor-$1
(TGEF-p1) signalling pathways and suppression of the the release
of pro-inflammatory cytokine interleukion 6 (IL-6) [27-29].
Inhibition of the insulin-IGF-1 signalling pathway and its down-
stream phosphatidylinositol 3-kinase (PI3K)-serine-threonine
kinase (Akt) signalling pathway leads to activation of the fork-
head box protein O transcription factors (FoxOs) and enhanced
the expression of manganese superoxide dismutase, a superox-
ide neutralizer. FoxOs control genes involved in the cellular dif-
ferentiation, growth and survival, cell cycle, glucose and lipid
metabolism and detoxification of reactive oxygen species [27,
30]. Consequently, negative regulation of the PI3K-Akt pathway
by Klotho results in an oxidative stress resistance that contrib-
utes to anti-ageing mechanisms, including the prevention of
oxidative DNA damage [31]. Klotho deficiency causes CKD

patients to lose protective mechanisms against oxidative stress
and inflammation that predisposes them to cardiovascular
events [32].

The fibrogenic effect of TGF-p1 was abolished by soluble
Klotho in mice kidneys, as it was directly bound to type II TGF-§
receptor and inhibited TGF-f1 binding [27]. Downregulation of
the TGF-p1 pathway by Klotho was also observed in renal and
myocardial tissues of angiotensin Il-infused mice in which
Klotho prevented angiotensin II-induced cardiac remodelling
and dysfunction [28].

In primary human umbilical vascular endothelial cells and
mononuclear cells from atherosclerotic patients, Klotho overex-
pression had a potent role in inhibiting IL-6 production, an im-
portant mechanism leading to protection of the cardiovascular
system [29].
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FIGURE 2: Klotho may suppress inflammation and oxidative stress in VSMCs and endothelial cells. Phosphate entry in VSMCs through PiT1 carrier stimulates the pro-
duction of reactive oxygen species such as superoxide (O;) and hydrogen peroxide (H,0,). These compounds activate nuclear factor-xB signalling pathways and in-
crease the expression of osteogenic factors in VSMCs that are stimulated to develop an osteoblast-like phenotype. Thus these cells can release membrane vesicles
containing hydroxyapatite crystals and cause artery wall calcification. In addition to these mechanisms, sodium overload increases sodium content in the artery wall.
This causes local inflammation and production of ROS and O, in endothelial cells, impairing nitric oxide synthesis and its vasodilating activity.

Pro-inflammatory cytokines such as TGF-$1 and tumuor ne-
crosis factor-«(TNF-«) were observed to decrease renal expres-
sion of Klotho through epigenetic mechanisms in animal
models with kidney injury. Albuminuria was also observed to
decrease renal Klotho expression through epigenetic mecha-
nisms, but it also decreased renal Klotho expression through
the activation of interstitial inflammation [14, 33]. Findings in
KL*/~ mice proposed a relevant connection between inflamma-
tion and hypertension, as theCC chemokine receptor 2-medi-
ated inflammatory process was involved in salt(NaCl)-sensitive
hypertension developed in these mice [34]. Renal structural in-
jury and functional impairment resulting from this process
were sustained by inflammatory cytokine activation and cell in-
filtration upregulating SGK1-NCC signalling in the kidney in re-
sponse to high salt loading. Hypertension was abolished by
administration of a specific chemokine antagonist [34]. The
combination of these data suggests that Klotho may be a crucial
node in the link between sodium handling, blood pressure,
RAAS, inflammation and ageing.

KL POLYMORPHISMS, CARDIOVASCULAR
OUTCOME AND MORTALITY

Different polymorphisms in the KL gene were tested before the
article by Cambray et al. [10]. The so-called KL-VS is a haplotype
of the KL gene including six SNPs in a region of 800bp in exon 2
and flanking sequence. These SNPs were in complete linkage
disequilibrium and one of them, F352V (rs9536314 T>G), which
causes amino acid substitution, was used to tag the KL-VS hap-
lotype. The G allele was associated with lower human longevity
[35] and was an independent risk factor for coronary artery dis-
ease in healthy siblings of patients with early-onset coronary
artery disease [36] and withhigh-density lipoprotein cholesterol,
systolic blood pressure, stroke and mortality in individuals >75
years of age after adjustment for traditional risk factors [37].
More recently, an Italian study associated F352V with salt-
sensitive hypertension, as patients carrying the G allele were
more represented among hypertensive patients who were salt-
sensitive [38]. Carriers of the G allele also showed higher sodium
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excretion in Italian adolescent students, suggesting an early
contribution of Klotho to sodium metabolism and blood pres-
sure control [39].

Another intronic Klotho variant (rs577912, C>A) was linked
to the 1-year risk of all-cause mortality in incident chronic hae-
modialysis patients. The CC genotype-associated increase of
mortality risk was not detected in patients treated with active
vitamin D, suggesting that this therapy could modify the risk of
death. A study of the CC genotype in lymphoblastoid cell lines
observed that it caused a 16-21% decrease in Klotho expression
compared with the AA/AC genotype. [40]. Finally, the KL gene
SNP G395A, located in the promoter region of the gene, was pro-
posed as a risk factor of coronary artery disease in the Asian
population [41].

KLOTHO, CARDIOVASCULAR OUTCOME AND
MORTALITY

Non-genetic studies confirmed that Klotho deficiency is an in-
dependent predictor of cardiovascular and all-cause mortality
in chronic haemodialysis patients and the elderly population
[15, 42]. Experiments in laboratory animals indicated a direct
protective effect of soluble Klotho on the cardiovascular system.
Klotho-deficient mice exhibited calcification of the artery walls
[8] and cardiac dysfunction, characterized by hypertrophy and
fibrosis, while an increase in soluble Klotho alleviated cardiac
remodelling induced by FGF23, a high-phosphate diet and CKD
[43]. Elevated serum levels of FGF23 and reduced serum levels of
soluble Klotho may contribute to uraemic cardiomyopathy in a
synergistic manner. Klotho was shown to decrease FGF23 ex-
pression and cardiac remodelling in angiotensin II-infused mice
with a pathway involving TGF- 1 expression [27, 28]. As already
reported, Klotho is involved in the control of blood pressure,
probably through its influence in sodium handling, inflamma-
tory cytokine activation, tissue cell infiltration and response to
salt [34, 38, 39]. In addition, Klotho gene delivery increased nitric
oxide production and thus reduced blood pressure values and
vascular endothelial dysfunction in rats with multiple athero-
sclerosis risk factors [44].

KLOTHO AND NON-CARDIOVASCULAR
OUTCOMES

The study by Cambray et al. [10] genotyped a group of Spanish
patients with CKD Stages 3-5d for 11 polymorphisms of the KL
gene selected according to the findings of the National
Observatory of Atherosclerosis in Nephrology study and ana-
lysed for the first time [10]. Three of these SNPs, 1s562020 (A>G),
152320762 (T>G) and rs2283368 (T>C), were associated with
non-cardiovascular mortality. These SNPs were intronic and
their effect on gene expression was not investigated, therefore
Cambray et al. [10] did not identify a pathogenetic link between
Klotho and this outcome. It is noteworthy that the patients’
mean age was lower in this study than in others in CKD [1-3],
thus representing a useful condition to identify the role of
Klotho in mortality before the development of cardiovascular
disease.

Previous studies in haemodialysis patients associated all-
cause mortality with low serum levels of Klotho and a minor al-
lele at SNP rs577912, decreasing Klotho expression in lympho-
blastoid cells [40, 42]. These findings could be explained with
the anti-ageing activity of Klotho [14, 34]. The phenotype of
transgenic mice carrying a loss-of-function mutation of the KL

gene was characterized by a short lifespan, infertility, arterio-
sclerosis, skin atrophy, hypertension, atrophy of the thymus
and gonads, cardiac hypertrophy and fibrosis, sarcopaenia, ec-
topic calcifications, osteoporosis and emphysema [8]. This com-
plex phenotype, which may be overall defined as early ageing,
was alleviated by Klotho overexpression with a mechanism in-
volving insulin-IGF-1-PI3K signalling [9].

The renoprotective activity of Klotho was observed in animal
models of acute kidney injury and CKD. Mice with glomerulone-
phritis carrying a Klotho transgene improved their survival and
renal functions, decreased morphological lesions at both the tu-
bular and glomerular level and reduced cytochrome c oxidase
activity, f-galactosidase activity (a senescence-associated pro-
tein), mitochondrial DNA fragmentation, superoxide anion gen-
eration, lipid peroxidation and apoptosis [45]. The
renoprotective effect of Klotho was also found in mice develop-
ing renal fibrosis after wunilateral ureteral obstruction.
Treatment of these mice with Klotho protein suppressed the
process of fibrosis and prevented the epithelial-mesenchymal
transition associated with fibrosis. Soluble Klotho also sup-
pressed TGF-f1 signalling and WNT3 and WNT4 activity, which
were inducers of the epithelial-mesenchymal transition [27, 28].

Soluble Klotho may protect against non-cardiovascular
effects of FGF23, which may exert its noxious properties when
serum Klotho is reduced [15]. The weight of FGF23 as a potential
cause of death in CKD patients may be due to its pleiotropy, as
it was associated with the risk of end-stage renal disease and
acute kidney injury, bone fractures, severe infections and in-
flammation and even progression of cancer [6, 15].

Serum phosphate and phosphate intake, as food additives or
phosphate-rich foods, were linked to all-cause mortality and
could negatively influence health in CKD and non-CKD patients
[46]. Klotho-deficient mice increased their serum levels of phos-
phate and developed ageing symptoms, including emphysema,
which might be alleviated by feeding these mice a low-phos-
phate diet [15]. Phosphate was able to directly induce oxidative
injury of the lungs through increased DNA oxidative stress and
apoptosis, while Klotho exerted antioxidant effects protective of
lung injury induced by phosphate, hyperoxia and acute Klotho
deficiency [47].

INDICATIONS FOR THE NEXT FUTURE

This FGF23-Klotho system potentially contributes to the patho-
physiology of multiple disorders in humans, including CKD, ar-
teriosclerosis, cardiac hypertrophy, hypertension, diabetes,
obesity and a few types of cancer. Interventions to activate the
endocrine effects of soluble Klotho could represent a new ap-
proach for the treatment of these ageing-related disorders
(Table 1). According to Hu et al. [48], the use of recombinant
Klotho indicated that its deficiency is pathogenetic for CKD and
that its replacement with recombinant Klotho may be a feasible,
safe and efficacious therapy not only against the progression of
acute CKD, but also against cardiac remodelling in post-acute
kidney injury. Moreover, Klotho therapy may protect against
phosphotoxic insults, correct oxidative stress and decrease or-
gan inflammation and fibrosis. These effects may be healthy for
many organs, but they appeared to be specifically beneficial for
the lungs, for unclear reasons [15]. Oxidative stress and inflam-
mation related to Klotho deficiency were recently associated
with hypertension and albuminuria in diabetic mice and could
be determined by phosphate retention in CKD [49]. The KL gene
variants may be associated with salt-sensitive hypertension,
which may represent an abnormal blood pressure response to
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sodium load in order to maintain normal plasma volume and
sodium chloride balance mainly due to blunted renin-angioten-
sin, even though no difference in the RAAS was found according
to genotype [38]. KL polymorphisms could cause alterations of
vascular systems and inflammatory-immune responses, which
may lead to the development of sodium sensitivity in young
subjects and predispose to an inflammatory state in adulthood,
predisposing elderly patients to cardiovascular risk [S0].
Therefore salt sensitivity associated with Klotho pathways may
be proposed as a bridge between cardiovascular and non-
cardiovascular mortality. Several articles support the role of the
anti-inflammatory effect of Klotho in the relationship between
salt and inflammation [51]. Patients with unfavourable KL poly-
morphisms or low plasma levels of Klotho could develop a posi-
tive sodium balance over the course of years, leading to a
chronic inflammatory condition and an increase in blood pres-
sure values (Figure 2). This process could be of particular inter-
est in CKD patients who progressively decrease their serum
levels of Klotho earlier than subjects with normal renal function
and could explain the increase in non-cardiovascular mortality
in adulthood and the development of hypertension that con-
tributes to cardiovascular mortality in the elderly. Thus the
therapeutic activity of Klotho in CKD patients represents a fasci-
nating and promising perspective for future studies.
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