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Role of Klotho in the Development of Essential
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ABSTRACT: Klotho has antiaging properties, and serum levels decrease with physiological aging and aging-related diseases,
such as hypertension, cardiovascular, and chronic kidney disease. Klotho deficiency in mice results in accelerated aging
and cardiovascular injury, whereas Klotho supplementation slows down the progression of aging-related diseases. The
pleiotropic functions of Klotho include, but are not limited to, inhibition of insulin/IGF-1 (insulin-like growth factor 1) and
WNT (wingless-related integration site) signaling pathways, suppression of oxidative stress and aldosterone secretion,
regulation of calcium-phosphate homeostasis, and modulation of autophagy with inhibition of apoptosis, fibrosis, and cell
senescence. Accumulating evidence shows an interconnection between Klotho deficiency and hypertension, and Klotho gene
polymorphisms are associated with hypertension in humans. In this review, we critically review the current understanding of
the role of Klotho in the development of essential hypertension and the most important underlying pathways involved, such as
the FGF23 (fibroblast growth factor 23)/Klotho axis, aldosterone, Wntba/RhoA, and SIRT1 (Sirtuin1). Based on this critical
review, we suggest avenues for further research.
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a crucial public health burden at a global level. It is

estimated that 29% of the world adult population
(1.56 billion) will have this condition by 2025."? Hyper-
tension significantly contributes to the development of
cardiovascular and kidney disease and represents a
major modifiable risk factor for morbi-mortality due to
ischemic heart disease and stroke. These were the lead-
ing causes of death globally in 2010 and are projected
to remain so in 2030.2 While secondary hypertension has
a specific underlying cause, primary (essential) hyperten-
sion, which constitutes almost 95% of adult hypertensive
cases, has a multifactorial origin stemming from a com-
plex interplay between susceptibility genes and environ-
mental factors. Despite extensive research for decades,
the mechanisms underlying the susceptibility and the
progression of essential hypertension are not fully
understood. The understanding of the pathogenesis of
essential hypertension has evolved from a hemodynamic
phenomenon related to defective kidney sodium excre-
tion to a complex syndrome including genetic, metabolic,

Hypertension is a prevalent disease that determines

and immune system abnormalities that include abnormal
fat tissue distribution, over-activation of the sympathetic
nervous system and endothelial dysfunction.*® The huge
financial and physical burden of essential hypertension
on the health care system justifies the continued focus
on finding new management and treatment strategies.
Klotho protein was named after the Greek goddess
Clotho, who was thought to spin the thread of life and
control the destiny of humans.” It was first described in
1997, when Kuro-o et al® reported that an insertional
mutation of a transgene in mice led to an extreme prema-
ture aging phenotype by disrupting the Kl gene encoding
Klotho. Decreased Kl gene expression results in accel-
erated aging and shortened life span, whereas Kl over-
expression slows down the progression of aging-related
diseases and prolongs life span in mice.® The discovery
of Klotho was part of a broader approach which was
meant to investigate the mechanisms of human aging, to
slow down or even stop the development of age-related
diseases?® Its strong aging-suppressing properties trig-
gered a great interest and extensive research about its
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Nonstandard Abbreviations and Acronyms

AMPK-a  AMP-activated protein kinase a
AT1R angiotensin Il type-1 receptor
CCR2 CC chemokine receptor 2

CKD chronic kidney disease

eNOS endothelial NO synthase

ERK extracellular signal-regulated kinase
FGF23 fibroblast growth factor 23

GFR glomerular filtration rate

HFTC3 hyperphosphatemic familial tumoral

calcinosis type 3
HIF hypoxia-inducible factor
IGF-1 insulin-like growth factor 1

KLPH Klotho/lactase-phlorizin hydrolase-
related protein

LDL low-density lipoprotein

MCP monocyte chemotactic protein

MMP matrix metalloproteinase

mTOR mammalian target of rapamycin

NO nitric oxide

PPAR-y  peroxisome proliferator-activated
receptor-y

ROS reactive oxygen species

RUNX2  runt-related transcription factor 2

SGKi1 serum/glucocorticoid-regulated kinase 1

SIRT1 Sirtuin-1

SNPs single-nucleotide polymorphisms

SOD2 superoxide dismutase 2

TGF transforming growth factor

VSMCs  vascular smooth muscle cells

WNK4 with-no lysine kinase 4

WNT wingless-related integration site

functions has been made. It has been noted that serum
Klotho levels decrease in humans both with aging,'® as
well as with several comorbidities such as cardiovas-
cular diseases (including hypertension), chronic kidney
disease (CKD), cancer, or Alzheimer disease.'" In addi-
tion, various physiological and pathological conditions
modulate Klotho expression. For instance, FGF23 (fibro-
blast growth factor 23) or estrogen deficiency upregu-
lates Klotho expression, whereas inflammation, oxidative
stress, angiotensin I, aldosterone, and albuminuria sup-
press Klotho expression.'?'?

The role of Klotho in the pathophysiology of second-
ary hypertension was also investigated. In a study that
included patients with renovascular hypertension (N=1 2),
essential hypertension (N=12), and healthy volunteers
(N=12), Klotho levels were decreased in the first 2 cat-
egories but were normal in the nonhypertensive group,
even after adjustment for glomerular filtration rate (GFR).
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Lower Klotho levels in both renovascular and essential
hypertension, together with the direct correlation of
Klotho with GFR levels, points toward an important renal
component in essential hypertension. This could suggest
that Klotho could serve as an useful biomarker for early
detection of subclinical kidney injury in hypertension.™
Several studies have proven that Klotho levels are also
correlated with the risk of preeclampsia, the most com-
mon hypertensive disease in pregnancy. Additionally, they
suggested that both placental and serum levels of Klotho
could represent a potential biomarker for predicting the
risk of developing preeclampsia.'®'®

However, Klotho deficiency could hide behind an
essential hypertension and partially explain the high
prevalence of this disease. Understanding the nature of
the causal relationship between Klotho deficiency and
hypertension could provide insights into the pathogen-
esis of essential hypertension as well as new horizons in
its management and treatment.

THE STRUCTURE AND FUNCTIONS OF
KLOTHO

Detailed information about Klotho's structure and func-
tions has been extensively discussed elsewhere.'®!17%18
Thus, we will only reiterate the main features that support
the relationship between Klotho and hypertension.

The human Klotho gene, KL, encodes a-Klotho and
belongs to a superfamily that also comprises KLB encod-
ing B-Klotho and lactase-like protein (LCTL) encoding
KLPH (Klotho/lactase-phlorizin hydrolase-related protein;
KLrP or y-Klotho).'® In the present article, unless other-
wise specified, the term Klotho is used to refer to a-Klotho.

Three forms of Klotho have been detected in humans
and mice: the full-length transmembrane, the secreted,
and the shed form.”® The full-length transmembrane
Klotho is composed of an extracellular domain consist-
ing of 2 internal repeats (KL1 and KL2), a single-pass
membrane domain and an intracellular domain. The main
activity and functions of Klotho depend on the KL1 and
KL2 extracellular domains'®'” (Figure 1A). Secreted
Klotho is the major product of the KL gene in humans
and its main source is the kidney.'®'®

Since the different forms of Klotho have highly simi-
lar sequences, currently available antibodies and com-
mercial tests may recognize different forms of shed and
secreted Klotho.2%?' This contributes to the ambiguity in
the literature with only a few articles assessing different
Klotho molecules. We prefer using the terms circulating
or soluble Klotho to refer to both secreted and all shed
forms of Klotho. Future studies are warranted to eluci-
date whether physiological functions of different circu-
lating Klotho proteins (secreted or shed) differ and how
their concentrations change under different pathophysi-
ological conditions.

March 2021 741




Kanbay et al Klotho and Hypertension
A B
Full-length Shed Secreted
Transmembrane a-Klotho a-Klotho
a-Klotho

—

Extracellular Domain
>
o
>
=

W
mRNA

Cell
Membrane

Klotho-dependent signaling
pathways differ from
Klotho-independent pathways

" Extra tail

Figure 1. Schematic representation of full-length transmembrane and circulating (shed and secreted) forms of a-Klotho.

A, The full-length transmembrane o-Klotho consists of 3 domains: cytoplasmic (CYT), transmembrane (TM), and extracellular. The extracellular
domain has 2 internal repeats, KL1 and KL2. The extracellular domain of a-Klotho is cleaved by a disintegrin and metalloproteinase (ADAM)
10 and 17 from 2 different points to release 3 types of shed a-Klotho. Alternative mRNA splicing leads to the formation of secreted a-Klotho.
B, Full-length transmembrane a-Klotho or soluble KL1-KL2 (130 kDa) Klotho form a complex with FGFR (fibroblast growth factor receptor) to

create a high-affinity binding site for an FGF (fibroblast growth factor)23.

Full-length  transmembrane Klotho and soluble
130 kDa Klotho function as obligatory coreceptors for
FGF23.22 Klotho increases the affinity of FGFRs selec-
tively to FGF23 at target organs, by forming a com-
plex with FGFR1¢c, FGFR3c, and FGFR4. Thus, Klotho
converts canonical FGFRs into a specific receptor for
FGF23'" (Figure 1B). Through this interaction, Klotho is
involved in the metabolism of phosphate, calcium, and
vitamin D. The key mineral metabolism effect is the pro-
motion of a negative phosphate balance through actions
on kidney proximal tubular cells.'” In Klotho-deficient
mice, FGF23 resistance promotes the development of
ectopic calcifications of blood vessels and soft tissues as
a result of high serum levels of calcitriol which increase
the absorption of dietary Ca?* and P, from the gut and
impair urine excretion of phosphate.?® Murine studies
identified impaired urine phosphate excretion as a key
driver of accelerated aging in Klotho-deficient mice since
this was improved by proximal tubule deficiency in the
main phosphate transporter NaPi2a and worsened by
excess dietary phosphate.?* Unfortunately, blood pres-
sure was not assessed.
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Similar physical and biochemical phenotypes are
observed in Klotho-deficient mice and FGF23-knock-
out mice suggesting the function of FGF23 heavily
depends on Kilotho. Indeed, FGF23 was devoid of any
impact on phosphate homeostasis in the absence of
Klotho.?® Klotho is also highly expressed in the parathy-
roid glands, another FGF23 target, leading to the sup-
pression of parathyroid hormone secretion.?® Klotho and
FGF23 have additional actions on several organ systems
by modulating inflammation and insulin resistance, iron
metabolism, and erythropoiesis.?”

Klotho likely has FGF23-independent actions since
circulating forms of Klotho without FGFRs do not have
a high affinity for FGF23." However, no binding site
or receptor for circulating Klotho has been identified.
Circulating or urinary Klotho could regulate calcium-
phosphate metabolism independently of FGF23 by
modifying glycans via its B-glucuronidase activity.
This modification possibly leads to the internalization
of phosphate transporters from the apical membrane,
which results in decreased transporter activity and
tubular phosphate reabsorption.'”?82° Future studies
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Figure 2. Mechanisms by which Klotho deficiency is involved in the development of hypertension.

Klotho deficiency is association with the following molecular consequences that overall promote arterial stiffening, vascular aging, and
endothelial dysfunction which cumulatively contribute to the development of hypertension: (A) Activation of vascular ROCK (Rho kinase) via
the noncanonical Wnt pathway and (B) activation of the CCR2 (CC chemokine receptor 2)-mediated inflammatory processes contribute to
salt-sensitive hypertension. C, The upregulation of autophagy increases MMP (matrix metalloproteinase)-9 and scleraxis activities contributes
to arterial stiffening and hypertension. D, Vascular calcification and increased oxidative stress due to FGF23 (fibroblast growth factor 23)
resistance. E, Downregulation of SIRT1 (Sirtuin1) activity decreases endothelial nitric oxide (NO) production and increases prooxidative,
proinflammatory, and proapoptotic activities. FGFR indicates fibroblast growth factor receptor; MCP-1, monocyte chemotactic protein-1; NO,
nitric oxide; RBF, renal blood flow; ROS, reactive oxygen species; and TPR, total peripheral resistance.

should further characterize the mechanism of action of
circulating Klotho.

Although Klotho is mainly expressed in certain organs
(the kidney's distal tubules, the choroid plexus of the
brain, the parathyroid glands and is also detectable in
the bone, placenta, prostate, and small intesting'?182?),
Klotho gene mutations cause dysfunctions in almost all
organs and tissues. These pleiotropic actions with multi-
systemic effects of Klotho deficiency imply that circulat-
ing Klotho could act on several organ systems and may
have direct actions on cells that do not express Klotho.

Besides the coreceptor function of full-length trans-
membrane or soluble 130 kDa Klotho to regulate ion
metabolism, Klotho could also inhibit insulin/IGF-1,
Wnt signaling pathways and suppress oxidative stress
and aldosterone synthesis.'®?? Klotho increases the
expression of SOD (superoxide dismutase) by activating
forkhead transcription factors, which are normally sup-
pressed by insulin/IGF-1 signaling. Thus, Klotho inhi-
bition of insulin/IGF-1 signaling increases resistance
to oxidative stress® Klotho's antioxidant properties
potentially contribute to its antiaging effect. Additional
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beneficial actions of Klotho include promotion of nitric
oxide (NO) production, inhibition of apoptosis, suppres-
sion of fibrogenesis, induction of autophagy, and pres-
ervation of stem cells.'” These effects could contribute
to the beneficial impact of Klotho on the progression of
acute kidney injury to CKD, of cardiovascular diseases,
and atherosclerosis.®

ASSOCIATION OF KL GENE
POLYMORPHISMS WITH HYPERTENSION

Single-nucleotide polymorphisms (SNPs) in the KL
gene were associated with increased risk of cardio-
vascular disease, stroke, and hypertension in different
populations.®'3* One well-studied KL SNP is the func-
tional KL-VS variant which holds 2 amino acid changes
(F352V; rs9536314 and C370S; rs9527025) that alter
the metabolism and distribution of secreted Klotho®®
KL-VS was an independent risk factor for early-onset
coronary artery disease and was associated with tradi-
tional cardiovascular risk factors, including high systolic
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blood pressure®' In this regard, the rs9536314 SNP
was associated with salt-sensitive hypertension in treat-
ment-naive hypertensive patients, and the G allele was
associated to a less steep pressure-natriuresis curve.
Thus, in carriers of the G allele, a higher blood pressure
was needed to excrete the same quantity of salt as in
salt-resistant subjects.®

The G-395A SNP (rs1207568) in the promoter
region of the KL gene was associated with essential
hypertension among 435 Chinese Han, especially in
those aged over 60 years.®' Specifically, the —395A
allele was associated with a lower adjusted odds ratio
of essential hypertension (0.593, P=0.024) and in vitro
it showed a higher promoter activity than the —395G
allele.®” By contrast, in 251 healthy Korean women,
the A allele was associated with higher mean systolic
blood pressure than noncarriers, although both mean
values were within the normotensive range.® No sig-
nificant associations were found between the C1818T
SNP (rs564481) in exon 4 of the KL gene with hyper-
tension in 286 Iranians suspected of having coronary
artery disease, although some statistically significant
differences were found in certain subanalyses.®” How-
ever, Japanese women over 60 years of age who were
T carriers of C1818T had significantly higher systolic
blood pressure in another study, and similar findings
were observed in Korean women, although statistical
significance was lost after adjusting for confound-
ers.32® These apparently contradictory results illus-
trate the need for large cohorts to confirm the impact
of the genetic background on phenotypes.

In a 13-year-old patient, homozygous KL mutations
caused HFTCS3 (hyperphosphatemic familial tumoral cal-
cinosis type 3), characterized by childhood osteopenia,
calcifications of the dura and arteries, hyperphosphate-
mia, hypercalcemia and increased calcitriol, FGF23, and
parathyroid hormone levels. At the age of the diagnosis,
the patient was normotensive, but unfortunately, no later
report on outcomes and evolution could be found.®

KLOTHO DOWNREGULATION: AN EARLY
EVENT IN CKD PROGRESSION

CKD and hypertension have a bidirectional relationship.
Hypertension is a well-established cause of kidney dis-
ease, although its impact as a cause of end-stage kid-
ney disease is likely overestimated.*® On the contrary, the
contribution of CKD to essential hypertension is likely
underestimated. In this regard, the concept that second-
ary hypertension (among others, CKD-related hyperten-
sion) represents around 5% of hypertensive individuals
dates back to the 20th century, well before the CKD
concept was developed. CKD encompasses either a
decreased estimated GFR (below 60 mL/min per 1.73
m?, ie, a milder loss of kidney function than that inherent
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to the serum creatinine values used for the diagnosis of
chronic renal insufficiency in the 20th century) or evi-
dence of kidney injury, such as pathological albuminuria
or altered kidney imaging.*' Thus, CKD can be diagnosed
(and contribute to hypertension) in the presence of a
perfectly normal GFR. Indeed, the concept of CKD play-
ing a role in the development of what is now considered
essential hypertension is supported by necropsy data
from young Europeans killed in traffic accidents: indi-
viduals with essential hypertension had roughly half the
total number of glomeruli, and glomeruli had evidence
of compensatory hypertrophy when compared with nor-
motensive individuals.*? This compensatory hypertrophy
was likely sufficient to maintain normal estimated GFR
values. Since Klotho production is one of the first kidney
functions to be lost, starting with CKD category G1 (ie,
preserved estimated GFR),* acquired Klotho deficiency
is well suited to be one of the drivers of hypertension in
early CKD stages, in which hypertension may be con-
sidered essential. At this stage, Klotho downregulation
is likely driven by pathological albuminuria and local
inflammation, and not by loss of tubular cell mass.'34445
In this regard, serum Klotho levels are decreased in long-
term hypertension as well as in conditions associated
with hypertension such as diabetes and CKD and other
chronic conditions.46=48

THE ROLE OF KLOTHO DEFICIENCY IN
THE DEVELOPMENT OF HYPERTENSION

As we already mentioned, essential hypertension is
a worldwide prevalent disorder*® and its prevalence
increases with age. In addition, salt intake is a signifi-
cant environmental modifiable risk factor for developing
hypertension.®® Factors contributing to the increase in
blood pressure with aging include salt-induced increase
in total peripheral resistance, impairment of kidney
sodium excretion, vascular aging (eg, arterial stiffen-
ing), endothelial dysfunction, and increased aldosterone
levels.57%8 Serum Klotho levels are inversely associated
with blood pressure salt sensitivity in patients with hyper-
tension, and recent studies support an interplay between
Klotho and hypertension in which Klotho deficiency facil-
itates the development of salt sensitivity, vascular aging,
and endothelial dysfunction.5°%°

Salt Sensitivity

In humans, after the age of 40, the salt sensitivity of
blood pressure increases while circulating Klotho lev-
els decreasef® This age-associated increased salt
sensitivity is thought to result from a combination of
sodium retention through impaired urinary sodium excre-
tion and increased total peripheral resistance through
vasoconstriction.

Hypertension. 2021;77:740-750. DOI: 10.1161/HYPERTENSIONAHA.120.16635



Kanbay et al

The increase in total peripheral vascular resistance
through vasoconstriction involves both the G -G, and
G,,-G,,-LARG mediated signaling pathways The G,
GH pathway is mainly responsible for the a1 adreherg|c
effects on vascular smooth muscle cells (VSMC) to
maintain baseline blood pressure. Meanwhile, the Gm-
G,,/RhoA pathway is responsible for the effects of
angiotensin Il, endothelin 1, and thromboxane A,, which
are closely related to salt-induced hypertension, without
affecting baseline blood pressure regulation.t” Angioten-
sin ll=induced activation of the Wntba/RhoA pathway is
suppressed by Klotho in human cultures of VSMCs.%? In
both Klotho-deficient aged mice and young K~ mice,
a high-salt diet magnified renal blood flow reduction
and blood pressure elevation in response to the intra-
arterial injection of angiotensin Il and a thromboxane A,
analog.?? Klotho supplementation by gene overexpres-
sion reversed those responses in both groups of mice
and prevented the increase in blood pressure, suggest-
ing that in Klotho deficiency, an enhanced response to
angiotensin Il is associated with salt-induced hyperten-
sion. The Wnt inhibitor LGK974 and the Wntba antago-
nist boxb also reduced salt-induced hypertension in both
groups of mice. Thus, Klotho deficiency caused aging-
related salt-sensitive hypertension through activation
of the noncanonical Wntba/RhoA pathway leading to
decreased renal blood flow and increased total periph-
eral resistance via vasoconstriction.5?

In K~ mice, high salt intake increased the kidney
expression of MCP-1 (monocyte chemotactic protein-1)
and the infiltration by macrophages and T cells, as well
as blood pressure. These responses were abolished by
inhibiting the MCP-1 receptor CCR2 (CC chemokine
receptor 2) with INCB3284. Thus, Klotho deficiency
could contribute to the development of salt-sensitive
hypertension also via the activation of CCR2-mediated
inflammation in the kidney.®®

Silencing of brain Klotho in rats via small interference
hairpin RNA, increased endothelin production and sym-
pathetic nervous activity, potentiating cold-induced blood
pressure elevation.®®

Vascular Aging

Vascular calcification and arterial stiffness are 2 inter-
related vascular aging processes potentially modulated
by Klotho availability.

Arterial stiffness is an independent predictor of poor
cardiovascular outcomes such as stroke, myocardial
infarction, and hypertension, representing an aging-
related process associated with the replacement of elas-
tin fibers by stiffer collagen fibers.24¢* Stiffness of large
arteries such as the aorta preceded the development of
hypertension in the Framingham study.®®

Human aortic VSMCs and the medial layer of both
kidney and epigastric arteries express Klotho. Klotho
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deficiency in human aortic-VSMC increases the sen-
sitivity to vascular calcification.® Thus, vascular Klotho
expression is crucial to prevent pathological vascular cal-
cification. High levels of FGF23 have off-target actions
by activating FGFR in the absence of Klotho. Indeed,
high FGF23 levels are an independent risk factor for car-
diovascular disease in patients with renal failure and are
related to coronary artery disease, heart failure, and car-
diovascular mortality even in patients with normal kidney
function.b%® In Klotho-deficient mice, the administration
of magnesium® or eicosapentaenoic acid™ prevented
vascular calcifications.

There are observational clinical links between Klotho
expression and arterial stiffness as well as preclinical evi-
dence of a cause-and-effect relationship. Serum Klotho
levels were reduced by 45% in patients with arterial stiff-
ness and hypertension® and low serum soluble Klotho was
independently associated with arterial stiffness in patients
with CKD." In this regard, aortas of Kl haplodeficient
(KI-) mice had increased levels of B-gal and pb3 sug-
gesting that Klotho deficiency promotes vascular aging*®
and arterial stiffness, a process regulated by increased
autophagy and SIRT1 (Sirtuin-1) downregulation.“8™

Klhaplo deficiency may facilitate hypertension through
induction of autophagic activity leading to arterial stiffen-
ing. Autophagy is significantly increased in the aortas of
Klotho-deficient mice as evidenced by high light chain
3b-ll expression and autophagy flux.*® Autophagy is
thought to contribute to arterial stiffening by increasing
MMP (matrix metalloproteinase)-9 activity, the expres-
sion of TGF (transforming growth factor)-p1 and the tran-
scription factors RUNX2 (runt-related transcription factor
92) and scleraxis. The latter is a promoter of collagen
expression since suppression of autophagy with chloro-
quine abolished both these molecular changes and also
Klotho deficiency-induced arterial stiffness and hyper-
tension within 2 weeks in K~ mice. This time-course
suggests a very active ongoing process. However, chloro-
quine increases lysosomal pH, thus potentially interfering
with other lysosomal functions. Studies in cultured murine
VSMC confirmed a direct activity of soluble Klotho in pre-
venting autophagy and identified beclin-1 upregulation as
the trigger of autophagy when soluble Klotho was absent
from the cell culture medium. Thus, Klotho deficiency
could enhance autophagy in the vasculature, promoting
arterial stiffening and hypertension through modulation of
MMP-9 activity and scleraxis expression.*®

SIRT1 is a nicotinamide adenine dinucleotide-depen-
dent deacetylase with antiinflammatory, antioxidant, and
antiapoptotic effects on the endothelium that prevents
endothelial senescence and dysfunction.” SIRT1 over-
expression suppresses angiotensin Il-induced vascular
remodeling and hypertension in mice.” However, SIRT 1
expression and activity are reduced in the aorta of K~
mice.®* Moreover, pharmacological activation of SIRT1
by SRT1720 suppresses the elevation in blood pressure
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within 3 days, decreases arterial collagen deposition
and elastin degradation, and increases AMPK-a. (AMP-
activated protein kinase a) and eNOS (endothelial NO
synthase) activity®* Thus, the downregulation of SIRT1
activity in endothelial and VSMC by Klotho deficiency
could contribute to the development of arterial stiffness
and hypertension. However, the rapid onset of the blood
pressure-lowering effect of SRT1720 suggests a func-
tional rather than structural impact on vascular wall com-
position as a key driver of the response.

Endothelial Dysfunction

Klotho antioxidant function may improve endothe-
lial function. Human coronary artery endothelial cells
express Klotho and FGFR1.* FGF23 activation of
FGFR1/Klotho activates the Akt/eNOS signaling path-
way in these cells, leading to the production of NO, a
key vasodilator factor. FGF23 increases the expression
of NADPH oxidase 2, which contributes to the gen-
eration of reactive oxygen species (ROS) and oxidative
stress and of SOD2 and catalase, which contribute to
ROS degradation. Klotho inhibition interferes with Akt/
eNOS activation and NO synthesis, blocks SOD2 and
catalase, while the activity of NADPH oxidase 2 remains
unchanged suggesting that FGF23-induced ROS pro-
duction is counterbalanced by increased ROS degrada-
tion in the presence of Klotho.” However, overproduction
of ROS is not counterbalanced by ROS degradation in
Klotho deficiency, and FGF23-induced NO synthesis by
eNOS is blunted.™ Thus, high FGF23 concentrations in
the settings of Klotho deficiency induce oxidative stress
and contribute to endothelial dysfunction. Another study
confirmed that Klotho could strengthen antioxidant
defenses through SOD and eNOS via PI3K/Akt/eNOS
pathway activation as Klotho suppressed oxidized-LDL
(low-density lipoprotein)-induced oxidative stress in
human umbilical vein endothelial cells.”™

All'in all, the presence of Klotho in the vascular wall
is an important element for maintaining their integrity by
preventing pathological calcification, arterial stiffness
and endothelial dysfunction, key processes for the devel-
opment of hypertension.

Hyperaldosteronism

Aging is associated with increased aldosterone-pro-
ducing cell clusters, autonomous aldosteronism, and
decreased suppression of aldosterone by high salt intake
as well as poor response to low dietary salt.®” Hyperaldo-
steronism is closely linked to salt sensitivity™® and there
is evidence for a close link between Klotho and aldoste-
rone regulation. On one hand, aldosterone significantly
decreases Klotho transcription and protein expression in
HEK293 cells.”” On the other, Klotho deficiency leads to
hyperaldosteronism.
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Haplodeficient KI*~ mice have increased plasma
aldosterone by 16 weeks of age, which leads to sponta-
neous and persistent hypertension.” This is associated
with increased adrenal expression of Cyp11b2 encoding
aldosterone synthase, a direct effect of Klotho deficiency
as judged by Klotho regulation of CYP11B2 expression
in human adrenocortical cells through the coordinated
modulation of the transcription factors steroidogenic
factor-1, a negative regulator of CYP11B2, and ATF2, a
positive regulator. The mineralocorticoid receptor antag-
onist eplerenone reverses Klotho deficiency-induced
hypertension and attenuates kidney damage.” Further-
more, eplerenone abolishes Klotho deficiency-induced
arterial stiffening in K~ mice as well as vessel wall
upregulation of MMP-9, TGF-f31, scleraxis, and evidence
of autophagy and increases collagen-1 expression and
decreased elastin levels, respectively.”

By contrast, Klotho-hypomorphic mice (kI/kl), the
original model in which Klotho function was described
and that is not completely Klotho deficient (it is not
KF-)? also suffer from hyperaldosteronism, excessive
vascular calcification, accelerated aging, and early death.
Spironolactone decreases vascular and soft tissue cal-
cification and increases the life span, without significant
effects on 1,25(0H)2D3, FGF23, calcium, phosphate
plasma concentrations, or blood pressure (which was low
in this model).° In this model, decreased plasma volume,
dependent on high calcitriol levels, appears to be a driver
of hyperaldosteronism.®'

Hyperaldosteronism was also noted in Six2-KI7~
mice, which were deficient in kidney Klotho and, as con-
sequence, had an *80% reduction in circulating Klotho 82

Further insights into the relationship between Klotho
and hyperaldosteronism are derived from the trans-
genic a-Klotho longevity mouse model?? In this model,
both membrane Klotho and soluble 130 kDa Klotho are
increased. Membrane Klotho (but not soluble Klotho)
increases FGF23 levels, favoring hypertension develop-
ment despite low aldosterone levels, which explained why
the mice were protected from left ventricular hypertrophy.
Mechanistically, membrane Klotho and soluble Klotho
130 kDa are essential cofactors for FGF23-mediated
ERK (extracellular signal-regulated kinase) activation
but inhibit FGF23 stimulation of PLC-y and PISK/AKT
signaling. Thus, even when the simultaneous increase
in membrane and soluble Klotho resulted in increased
FGF23 and hypertension, mice were protected from tar-
get organ damage and lifespan increased.?? Additionally,
we have to keep in mind that any therapeutic interven-
tion that increases Klotho levels uses genetic means
to increase soluble 130 kDa Klotho or actually provide
recombinant soluble 130 kDa Klotho, which is devoid
of the effect to increase FGF23 levels. In this regard,
FGF23 directly upregulates the membrane abundance of
the Na(+):Cl(—) cotransporter NCC in distal renal tubules
by a signaling mechanism involving the FGFR/a-Klotho
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complex, ERK1/2, SGK1 (serum/glucocorticoid-reg-
ulated kinase 1), and WNK4 (with-no lysine kinase 4).
Thus, FGF23 increases distal tubular Na(+) reabsorption
leading to volume expansion, hypertension, and heart
hypertrophy in presence of high dietary salt®®

Klotho Deficiency and Metabolic Disorders in
Hypertension

Data about the impact of Klotho deficiency on the
development of hypertension in the setting of a meta-
bolic disorder points towards 2 other metabolic path-
ways, the 5 AMPK and the PPAR-y (peroxisome
proliferator-activated receptor-y) pathways®* In ani-
mal studies, Klotho deficiency promotes arterial stiff-
ening and hypertension in mice fed a high-fat diet by
inhibiting the AMPK and without affecting the meta-
bolic parameters.® Additionally, Klotho promotes the
expression of adipogenic factors, adipocyte matura-
tion and it may have a role in intracellular lipid accu-
mulation.®%8 This hypothesis is further supported by
the fact that in leptin-deficient and obese mice, Klotho
inhibition reduces both the body weight and the vis-
ceral fat®” A recent study on 2238 subjects with CKD
showed that serum levels of Klotho are inversely asso-
ciated with the presence of metabolic syndrome.®®
Thus, Klotho deficiency may represent a cornerstone
imbalance in the pathophysiology of metabolic syn-
drome and hypertension.

In conclusion, there is convincing data suggesting that
low levels of Klotho predispose to the development of
hypertension by influencing several pathological path-
ways, as mentioned above. Still, a cause-and-effect rela-
tionship between Klotho and hypertension needs further
validation in large clinical studies.

THE BENEFICIAL EFFECTS OF KLOTHO
SUPPLEMENTATION

Overexpression of the Kl gene is associated with a
longer lifespan and slows down the progression of
aging-related conditions in mice. Exogenous Klotho
supplementation to stroke-prone spontaneously hyper-
tensive rats reduced both blood pressure and angioten-
sin Il levels in plasma and kidney. Klotho suppressed
the activity of the renin-angiotensin system by inhibit-
ing the Wnt signaling pathway and increasing AT1R
(angiotensin Il type-1 receptor) internalization.*® Klotho
supplementation also enhanced pressure natriuresis
and reduced blood pressure by inhibiting HIF (hypoxia-
inducible factor)-1a activation and limiting medullary
fibrosis. Furthermore, it restored the autoregulation of
GFR and decreased kidney hypertrophy by inhibiting
Akt-mTOR (mammalian target of rapamycin) signaling.*®
Klotho supplementation also reduced blood pressure
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and albuminuria in db/db diabetic mice and DBA/2-pcy
polycystic kidney disease mice.8°

Adenovirus-mediated Klotho gene delivery to Otsuka
Long-Evans Tokushima Fatty rats, an experimental model
for atherosclerotic disease, promoted NO production and
endothelial-dependent aortic dilation, improving endo-
thelial dysfunction and decreasing blood pressure.®!
An adeno-associated virus carrying mouse Klotho full-
length cDNA increased Klotho expression in sponta-
neous hypertensive rats, which display a spontaneous
suppression of Klotho expression. Additionally, a single
dose of adeno-associated virus carrying mouse Klotho
full-length cDNA prevented the development of sponta-
neous hypertension and renal damage in spontaneously
hypertensive rats for 12 weeks (length of study).®® Sol-
uble Klotho also reduced serum phosphate levels and
reduced aortic calcification in murine models.®® To our
knowledge, there are no studies that analyze the impact
of Klotho administration on different age groups.

CONCLUSIONS

Recent studies have linked Klotho to essential hyperten-
sion. As the mechanisms of essential hypertension have
not been fully clarified, current treatment focuses on
lowering blood pressure rather than targeting the cause.
Preclinical studies on diverse animal models of hyper-
tension support a complex interaction between Klotho
and blood pressure, in which Klotho deficiency may have
a possible causal relationship with essential hyperten-
sion, and Klotho supplementation may be therapeutic.

Table. Current Research Needs Regarding the Relationship
of Klotho to Hypertension

Assess the relationship between Klotho deficiency in early human CKD or
in patients with eGFR below 90 m/min per 1.73 m? or reduced nephron
number (eg, low birth weight or born prematurely) and hypertension

Assess the relationship between Klotho deficiency in early human CKD or
in patients with eGFR below 90 m/min per 1.73 m? or reduced nephron
number (eg, low birth weight or born prematurely) and Klotho-related path-
ways that regulate blood pressure and have been characterized in preclini-
cal animal models

Assess the impact of recently characterized nephroprotective drugs that
also lower blood pressure on circulating, urinary or kidney tissue Klotho.
Examples include SGLT2 inhibitors and novel mineralocorticoid receptor
antagonists

Develop therapeutic modalities to increase Klotho levels in humans, either
through increased endogenous production or by means of gene therapy
or genetic/epigenetic modulation or administration of recombinant human
Klotho proteins

Assess both the acute and chronic impact of such therapies on healthy vol-
unteers in phase 1 clinical trials

Incorporate blood pressure as a secondary outcome measure in any phase
2 or 3 clinical trial of therapeutic approaches to increase Klotho availability

Characterize molecular mechanisms by which increased Klotho availability
modulates blood pressure in such clinical studies and compare with pre-
clinical evidence on the topic

CKD indicates chronic kidney disease; and eGFR, estimated glomerular filtra-
tion rate.
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These observations bring to the forefront of hyperten-
sion research once more the potential causative role of
subclinical kidney dysfunction, evidenced by Klotho defi-
ciency even before estimated GFR decreases. Future
research should unravel the role of Klotho deficiency
as observed in early CKD in human hypertension and
its impact on sympathetic nervous system activation,
the renin-angiotensin-aldosterone system, salt sensitiv-
ity, and circadian blood pressure control. Recombinant
Klotho proteins for human use or further modalities of
therapy that increase Klotho expression should be devel-
oped to test their impact on human hypertension. The
possibilities range from genetic engineering® to drug
repurposing.®® A key research need arising from the suc-
cessful use of Sodium-glucose Cotransporter-2 inhibi-
tors to improve kidney and cardiovascular outcomes®
is to unravel the interaction between Sodium-glucose
Cotransporter-2 inhibitors, their cardio- and renal-pro-
tective effects, their blood pressure-lowering effect and
Klotho regulation. The Table lists current research needs
regarding the relationship of Klotho to hypertension.
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