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Klotho is a single-pass transmembrane protein that performs biological functions. Membrane-bound Klotho
acts as coreceptor for the major phosphatonin, fibroblast growth factor 23 (FGF23), while soluble Klotho func-
tions as an endocrine substance. In addition to being abundantly expressed in the distal nephron, Klotho is pre-
sent in the lumen of proximal tubules, where it inhibits renal inorganic phosphate (Pi) excretion by modulating
Na-coupled Pi transporters via enzymatic glycan modification of the transporter proteins, an effect that is com-
pletely independent of its role as the FGF23 coreceptor. Acute kidney injury (AKI) and chronic kidney disease
(CKD) are states in which there is a systemic Klotho deficiency, making Klotho a very sensitive biomarker of im-
paired renal function, and the Klotho deficiency exacerbates the impaired decreases in renal function in both
AXKI and CKD. Decreases in the vitamin D receptor, Ca-sensor receptor, and Klotho-FGF receptor complex in the
parathyroid gland facilitate the development of secondary hyperparathyroidism, soft tissue calcification is a ma-
jor complication of CKD, and is associated with high mortality. Klotho protects against the soft tissue calcification
by at least three mechanisms: phosphaturia, preservation of renal function, and a direct effect on vascular smooth
muscle cells by inhibiting phosphate uptake and dedifferentiation. In summary, Klotho is a critical molecule in a
wide variety of renal diseases and has great potential as a diagnostic and prognostic biomarker as well as for re-

placement therapy.
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Introduction

The klotho gene, named after a Greek goddess
who spins the thread of life, was originally identified
as a mutated gene in a mouse strain that inherits a
premature-aging syndrome in an autosomal reces-
sive manner”. At around 3-4 weeks after birth mice
defective in klotho gene expression being to develop
multiple aging-like phenotypes, including growth
retardation, hypogonadotropic hypogonadism, rapid
thymus atrophy?, skin atrophy, sarcopenia, vascu-
lar calcification, ostopenia®, pulmonary emphy-
sema”, impaired conition”, a hearing disturbance?,
and motor neuron degeneration”, and they die at
around 2 months of age. By contrast, transgenic
mice that overexpress Klotho live longer than wild-
type mice®. Thus, the klotho gene may be an aging
suppressor gene that extends the life span when
overexpressed and accelerates aging when dis-

rupted”.
The klotho gene encodes a single-pass transmem-
brane protein that belongs to a family 1 glycosi-

“dase™ and is primarily expressed in the renal tu-

bules in the kidney and in the choroids plexus in the
brain”. In addition to its transmembrane form,
Klotho occurs in a soluble secreted form™" that is
derived from an alternatively spliced transcript or
cleaved by the Disintegrin and Metalloproteinases
(ADAM) family of secretases™. Klotho circulates as
a soluble protein in the body fluids including blood,
urine, and cerebrospinal fluid". The fact that intra-
venous injection of Klotho regulates inorganic phos-
phate (Pi) supports its endocrine actions™. The
above findings suggest that Klotho may function as
an endocrine, paracrine, and autocrine substance.

/

The phenotypes of klotho '™ mice" and fibroblast

growth factor 23 (Fgf23)”'~ mice'” are very similar,
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Fig. 1 Direct and indirect actions of Klotho
FGF, fibroblast growth factor; FGFR, FGF receptor; NaPi, sodium-dependent phosphate co-
transporter; OHase, hydroxylase (Modified from ref.20).

which strongly suggests that the molecules en-
coded by these genes share a common signaling

™ As shown in Fig. 1, it is well recognized

pathway
that membrane Klotho functions as a coreceptor for
FGF 23 that amplifies and confers specificity of
FGF23 action™®. By contrast, soluble Klotho pro-
tein functions independently of FGF23™ and plays
an important role in the modulation of ion transport-

? Secreted Klotho functions as a hu-

ers or channels
moral factor that regulates activity of multiple gly-
coproteins on the cell surface, including ion chan-
nels and growth factor receptors such as insulin/
insulin-like growth factor-1 receptors. Potential con-
tribution of these activities of Klotho protein to ag-
ing processes has been discussed in a recent re-

®_ Even though Klotho seems to be associated

view
with many organ’s function, we decided to focus on
the role of Klotho in the kidney. The purpose of this
article is to review recent progress in our under-
standing of the regulation of Pi metabolism by the
Klotho-FGF23 axis and to discuss the potential role
of Klotho in the pathophysiology of kidney disease.
Role of Klotho in Pi Metabolism
Hyperphosphatemia 1S a prominent feature of
klotho™’~ mice”, and administration of recombinant
Klotho causes the serum Pi level to decrease to

/

within the normal range. klotho™' ™ mice display in-

creased Na-coupled Pi (NaPi) cotransport activity

and increased the expression of NaPi-2a and NaPi-
2c¢ cotransporter proteins in comparison with wild-
type (WT) mice®. To better understand how Klotho
affects Pi transport by the renal proximal tubule,
Hu et al. detected Klotho expression in the proximal
convoluted tubule in addition to a stronger expres-

¥ As shown in

sion in the distal convoluted tubule
Fig. 2, Klotho is found in proximal tubule cells, their
brush border, and the urinary lumen, where Pi ho-
meostasis, which provides direct accessibility to the
Na-coupled transporters NaPi-2a, NaPi-2c and Pit2®.
Vitamin D positively regulates the FGF23 gene ex-
pression in bone, injection of 1,25-dihydroxyvitamin
(OH).Ds increases the serum FGF23 concentration®.
Binding of 1,25-(OH),D; to the nuclear vitamin D re-
ceptor (VDR) induces heterodimerization with an-
other nuclear receptor, RXR, and the VDR-RXR
heterodimer binds to the promoter region of the
FGF23 gene and transactivates its expression. FGF
23 secreted by osteocytes reaches the Klotho-FGF
receptor (FGFR) complex in the kidney and trans-
mits signals that suppress the synthesis and pro-
mote the inactivation of 1,25-(OH).Ds;, thereby clos-
ing a negative feedback loop (Fig. 2).

Transgenic Klotho-overexpressing mice (Tg-Klotho)
have low serum Pi level, and their renal fractional
excretion of Pi (FE,..} is increased, indicating a renal
leak of Pi*. Injection of soluble Klotho significantly
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Fig. 2 The bone-kidney axis that regulates phosphate and vitamin D homeostasis
NaPi, sodium-dependent phosphate co-transporter; FGFR, fibroblast growth factor receptor;
VDR, vitamin D receptor; RXR, retinoid X receptor; Cyp27bl, cholesterol 27-B hydroxylase

(Modified from ref.23)

increases FE.., and decreases the blood Pi level in
normal rats. This phosphaturic action is FGF 23-
independent, because Klotho protein efficiently in-
duces phosphaturia and leads to hypophosphatemia

15}

even in Fgf23™'~ mice™. The high FE,.. is proximal
in origin, because the Pi flux significantly decreased
in Tg-Klotho mice in comparison with WT mice,
when a microdissected single proximal convoluted
tubule was microperfused in vitro™. The direct ac-
tion of Klotho was further demonstrated in a kidney
proximal tubule cell line by addition of Klotho in the
absence of FGF23". Klotho has also been found to
inhibit NaPi cotransport activity in brush border
membrane vesicles, a cell-free system.

The extracellular domain of Klotho contains 2
tandem repeats that have 20-40% amino acid iden-
tity with members of the glycosidase family, includ-
ing B-glucosidase, and it has B-glucuronidase-like en-
zymatic activity”. NaPi-2a is a glycosylated pro-
tein®. Direct inhibition of NaPi transport by Klotho
is mimicked by recombinant B-glucuronidase but
not by sialidase™. The inhibitory effect of Klotho on
NaPi transport is blocked by the B-glucuronidase in-
hibitor, D-saccharic acid-1,4-lactone but not by the
sialidase inhibitor, deoxy-N-acetyl-neuraminic acid.
This puts glucoronate removal as a key mechanism
and raises the question of how this glycan modifica-

tion alters transport activity. Klotho shifts NaPi-2a
from the full-length form to smaller peptides, and
deglycosylation of NaPi-2a facilitates its proteoly-
sis™®. Protease inhibitors prevent the proteolysis,
but do not reverse the Klotho-induced inhibition of
transport. These findings indicate that Klotho-
induced deglycosylation is sufficient to suppress Na-
dependent Pi transport and that subsequent prote-
olysis is not required. Thus, Klotho modulates NaPi-
2a in a biphasic fashion by two distinct mechanisms.

Hyperphosphatemia is universally observed in

29)

chronic kidney disease (CKD) patients™ and is a po-

tent predictor of cardiovascular morbidity and mor-

®_ Controlling serum Pi by restriction of in-

tality
take™ and treatment with a phosphate binder®®
improves the clinical outcome of CKD patients.
Lack of the phosphaturic action of Klotho protein is
an important pathogenic factor in CKD.
Klotho Deficiency and Kidney Disease

Klotho has been shown to be a cytoprotective
protein that protects against oxidative stress and
ischemia-reperfusion injury (IRI)*®. We have re-
ported finding that Klotho protein and transcript
levels in kidneys and kidney cell lines are decreased
by exposure to oxidative stress or IRI®*, Increas-
ing evidence suggests a relationship between oxida-
tive stress and kidney disease™ ™. Levels of Klotho
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Fig. 3 Urinary Klotho excretion by chronic kidney
disease (CKD) patients®®

protein and transcripts are decreased in kidneys
and kidney cell lines by angiotensin II infusion®*
and hypertension®. In addition, renal Klotho de-
creased in CKD in humans* and in several experi-
mental animal models of CKD®*. Since the kidney
is the major organ in which Klotho is expressed,
perhaps it is not surprising that Klotho expression
is decreased when the kidney is severely diseased.
The question is whether there is endocrine Klotho
deficiency that can potentially have far-reaching ef-
fects. Until recently, there have been no data on
blood Klotho in acute or/and chronic kidney damage.

Two recent studies reported the blood Klotho

47)48)

levels of rodents . After acute kidney injury
(AKI) rodents develop rapid, severe reductions in
Klotho levels in the blood, kidney, and urine, but
this reduction is fully reversible upon recovery of
kidney function, indicating that AKI is a transient
state of endocrine Klotho deficiency™. The mecha-
nism of the Klotho down-regulation in AKI is not
known. The rapid, severe decrease may not stem
only from reduction of Klotho mRNA, as Klotho
transcripts are only down-regulated to 50% of base-
line”. In addition, Klotho down-regulation occurs
before changes in other markers of kidney dam-
age™. Oxidative stress has been shown to cause de-
creases in Klotho mRNA and protein in a cultured
cell line®. Tumor necrosis factor (TNF) and
interferon-y (IFN-y) reduce renal Klotho mRNA and
protein®. Whether the increased TNF and IFN-y

13

levels in AKI lead to Klotho down-regulation re-
mains to be investigated®™.

* have re-

End-stage CKD patients® and animals
duced Klotho levels in their kidneys, but there were
no data on their blood or urine Klotho levels until a
recent study showed very low blood, kidney and
urine Klotho levels in a murine model of CKD and
the investigators postulated that CKD is a state of

® That study measured

“pan-deficiency” of Klotho
urinary Klotho in CKD patients as a surrogate and
found that CKD patients have reduced urinary
Klotho levels (Fig. 3). Klotho deficiency occurs as
early as stage 1 and 2 CKD, and the degree of the
decreases in both rodent and human CKD are
closely correlated with the size of decreases in esti-
mated glomerular filtration rate. Thus, the urinary
Klotho concentration is an extremely sensitive and
early marker of CKD, and its decline parallels the
loss of kidney function®. The mechanism of the
Klotho down-regulation in AKI and CKD needs to
be determined, because may generate treatment
modalities to restore endogenous Klotho expression.
Renoprotective Effects of Klotho

Based on experimental and human data, Klotho
levels are closely correlated to kidney function, sug-
gesting that Klotho is a useful novel biomarker for
presence of renal disease. However, the fundamen-
tal question of enormous biologic and clinical signifi-
cance is whether Klotho deficiency contributes to
the pathogenesis and complications of kidney dis-
ease. Hu et al”*® induced AKI and CKD in mice that
had different Klotho levels: low Klotho levels (het-
erozygous Klotho haplodeficiency, klotho™' "), normal
(WT), and high Klotho levels (transgenic overex-
pression of Klotho, Tg-Klotho). In the AKI model, the
klotho*’~ mice had low Klotho protein levels in
plasma, kidney, and urine at baseline, and they be-
came undetectable after the AKI induction, as they
developed more severe renal dysfunction. Con-
versely, the Tg-Klotho mice had high renal, plasma,
and urinary Klotho levels at baseline, and were
more resistant to an IRI insult than WT AKI mice.
These findings indicate that Klotho deficiency exac-
erbates and Klotho overexpression ameliorates ro-
dent AKI, suggesting that Klotho is useful as a
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biomarker. We have demonstrated a protective ef-
fect of Klotho on AKI using adenovirus delivery of
the klotho gene before IRI*, whereas Hu et al. ad-
ministered recombinant Klotho protein 30-60 min-
utes after the IRI and demonstrated reduction of
histologic damage and impaired function®. This evi-
dence is of more practical value, because practitio-
ners are rarely able to interfere with AKI prior to
the insult. The prospect of using Klotho is to reduce
kidney damage and promote kidney recovery. The
mechanisms by which Klotho protects the kidney
from injury are unknown, but may include an-
tiapoptosis and antisenescence®.

It is also necessary to examine the relationship
between Klotho deficiency and the pathogenesis of
CKD. The results of studies of different animal mod-
els of CKD performed in several laboratories sup-
port a beneficial effect of Klotho on CKD. Viral de-
livery of the klotho gene leads to better maintenance
of kidney function, a decrease in urinary protein,
and amelioration of the tubulointerstitial changes
induced by chronic angiotensin II infusion®. Viral
delivery of Klotho decreases blood pressure, im-
proves kidney histology, and inhibits oxidation in
spontaneously hypertensive rats®. Moreover, resto-
ration of Klotho in immune-mediated glomeru-
lonephritis by transfection with an overexpressing
klotho gene has been shown to suppress oxidation,
decrease kidney damage, and increase survival®.
Another study used a model of CKD created by
uninephrectomy plus contralateral IRI and demon-
strated hypertension, anemia, decreased creatinine
clearance, increased proteinuria, and much more se-
vere interstitial fibrosis and glomerular sclerosis in
klotho”’~ CKD mice in comparison with WT CKD
mice. Conversely, all of these changes were much
less severe in the Tg-Klotho CKD mice. Thus,
Klotho has been shown to be a renoprotective agent
in animal models of CKD.

Relation Between Klotho and Soft Tissue
Calcification in CKD

Hyperphosphatemia accelerates complications of
CKD, such as hyperparathyroidism and cardiovas-
cular calcification®, and control of the blood Pi con-
centration ameliorates these serious complica-

®. The decrease in serum calcium (Ca) in CKD

tions
is crucial to the development of secondary hyper-
parathyroidism and is secondary to Pi retention and
low levels of 1,25-(0OH).Ds. Pi retention increases
FGF23 secretion, which in conjunction with its co-
factor, Klotho, decreases the activity of the 1o-
hydroxylase and increases the activity of the 24 o-
hydroxylase, which, in turn, results in a decrease in
the level of circulating 1,25-(OH).D.. In addition, Pi
retention posttranscriptionally increases the syn-
thesis of parathyroid hormone (PTH), independent
of the decrease in Ca, and 1,25-(OH).Ds, suppresses
transcription of the PTH gene, independent of Ca.
Decreases in the VDR, Ca-sensor receptor, and
Klotho-FGFR complex in the parathyroid gland ac-
celerate the development of secondary hyperpara-
thyroidism (Fig. 4)*.

The fact that the CKD-associated vascular calcifi-

"~ and WT mice is com-

cation observed in Klotho~
pletely prevented in Tg-Klotho mice supports the
paradigm that Klotho suppresses ectopic calcifica-
tion”. While there is severe calcification in the sev-
eral organs of both WT and Klotho"’~ CKD mice,
there is very little or no calcification in the organs of
Tg-Klotho CKD animals®. The Ca content of the aor-
tas and kidneys of both WT and klotho”~ CKD mice
is higher than sham. This increase is ameliorated by
overexpression of Klotho®. The elevation of PTH in
WT CKD mice is blunted by Klotho overexpression
and aggravated by Klotho deficiency.

One determinant of soft tissue calcification is the
plasma Pi concentration. Both Kiotho"~ and WT ani-
mals with CKD have high blood Pi levels. By con-
trast, Tg-Klotho CKD mice show less hyperphos-
phatemia®™. Since Klotho is a potent phosphaturic
substance, a second mechanism by which Klotho
decreases soft tissue calcification is by the lowering
plasma Pilevels by promoting phosphaturia.

The Na-coupled Pi transporters Pitl and Pit2 are
key modulators of the Pi influx into vascular smooth
muscle cells (VSMCs) and play a pathogenic role in

¥~ Up-regulation of Runx2, a

vascular calcification
marker of an osteoblast-like phenotype, and down-
regulation of SM22, a marker of contractile smooth

muscle cells, are typically seen in vascular calcifica-
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Fig. 4 Factors involved in the pathogenesis of secondary hyperparathyroidism®).

tion®™. Pit1, Pit2 and Runx2 mRNAs are increased
and SM22 is decreased in klotho™’~ mice, while over-
expression of Klotho has the opposite effect. Klotho
may control the balance between differentiation
and dedifferentiation of VSMCs®. CKD induces a
pattern similar to the pattern senn in Klotho defi-
ciency, and Klotho overexpression has been found
to completely block the changes induced by CKD.
When VSMCs are grown in vitro, Klotho inhibits
the Na-dependent Pi influx and minimizes the min-
eralization induced by high ambient Pi®. Taken to-
gether, the above findings indicate that Klotho ex-
erts its anticalcification effect by at least three
mechanisms: phosphaturia, preservation of kidney
function, and a direct effect on vascular smooth
muscle.
Conclusion

AKIT is followed by a transient, severe renal and
endocrine Klotho deficiency, while CKD is a sus-
tained state of systemic Klotho deficiency. Klotho is
not merely a sensitive early biomarker of kidney
disease, but plays a pathogenic role in the progres-
sion of kidney disease, disturbed mineral metabo-
lism, and vascular calcification in CKD. Early ad-
ministration of exogenous Klotho protein or stimu-
lation of expression of endogenous Klotho may im-
prove kidney function in both AKI and CKD. The
potential utility of Klotho in clinical practice is at
least twofold. First, Klotho could serve as a sensi-
tive early biomarker of kidney disease. Second,

Klotho supplementation may provide a novel ther-
apy for AKI by limiting damage and promoting re-
covery, and for CKD by slowing progression and
preventing and reversing complications.
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Klotho i34 MERZE T 5 —REEBHOEH TH 5. FEHEEIO Klotho 1%, EEZ) VHABEFTH A

flbroblast growth factor 23 (FGF23) DAL LTH X, WHEEIZNSWME L LTEHL TS, BoRME
BIZLRBBELTWEY, EMEMEOBEMIDOFET 5. ﬂimmﬂﬂ%’sa_m\ X, ;MY AERER) v

;t—%‘ﬁ%_ﬁ:%cﬁbf, B0 VHEERE 2T o Twh. ZOMERE, FGF23 E &M L72%E LTHBEL T
5. BNEEEPLEBEERRE (CKD) X, £5817% Klotho DRZRETH Y, Klotho AEFEEDEE % FHT 5
BEENL I = —THAHILERETSH. CKDIZBWTI, BIFRBRCBIAEYI VD ZEME vy

ABRZHZEMAB L U Klotho-FGF23 A RO REIULT 2%, ZRERIF R TTEEOERICHE L Twa. F
7z, Klotho iZEREHMROAIRALE IHIT 2B 2 BT 5%, U VHEEOFE, BHREORES X O HEHML~

EEERALZYE, PREEDBIDDEENELLNTVE. ZALDZ EH 5, Klotho IXBRFHEOREICBIT S
BEPEBLIHNTELTEREINTEY, BEEONA I —BIOHEBFEEL LTOWREEZHMOTVS.
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