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Abstract

The metabolically active and perpetually remodeling calcium phosphate-based endoskeleton in
terrestrial vertebrates sets the demands on whole-organism calcium and phosphate homeostasis
that involves multiple organs in terms of mineral flux and endocrine cross talk. The fibroblast
growth factor (FGF)-Klotho endocrine networks epitomize the complexity of systems biology, and
specifically, the FGF23-aKlotho axis highlights the concept of the skeleton holding the master
switch of homeostasis rather than a passive target organ as hitherto conceived. Other than serving
as a coreceptor for FGF23, aKlotho circulates as an endocrine substance with a multitude of
effects. This review covers recent data on the physiological regulation and function of the complex
FGF23-aKlotho network. Chronic kidney disease is a common pathophysiological state in which
FGF23-aKlotho, a multiorgan endocrine network, is deranged in a self-amplifying vortex
resulting in organ dysfunction of the utmost severity that contributes to its morbidity and
mortality.
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BONE-KIDNEY-INTESTINAL HOMEOSTATIC NETWORK

This review covers recent advances in fibroblast growth factor (FGF) 23 and Klotho and
discusses bone, kidney, and intestine as homeostatic partners in regulating mineral
metabolism. The terms bone-kidney axis and bone-intestinal axis seem to be in vogue in
biomedical parlance. With the fashionable appeal of the term axis aside, it is not so clear
what criteria must be satisfied before two (or more) organs or hormones actually constitute
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an axis in biology. It seems that because all organs and hormones function in concert in
systems biology, axes are the rule rather than the exception. Nevertheless, there is a
multitude of reasons and evidence for coordinated and interactive functions of the bony
skeleton, intestine, and kidney. The intestine and kidney are archaic absorptive and
excretory organs that confer to the organism critical interfaces with the external world so
that their collusion in a network seems quite logical. In contrast, the bony skeleton appeared
much later in higher vertebrates and is traditionally considered to be an organ that provides
physical structure to support and enable locomotion.

Evolutionary Origin

The FGF23-Klotho system is part of a major milestone in vertebrate evolution that started in
the ocean when the early piscine ancestors acquired the bony endoskeleton. The first fish,
and indeed the first vertebrates, were the ostracoderms, which emerged in the Cambrian
Period some 510 Mya and by the end of the Devonian Period, some 350 Mya, slipped into
extinction. The ostracoderms are believed to be the progenitors of the later bony fish. The
sharks and rays of the class Chondrichthyes, with their cartilaginous skeletons, appeared
approximately 370 Mya in the middle Devonian Period. Cartilage-based skeletons are vastly
different from human bones in terms of structure and constituents. Most likely,
approximately 390 Mya in the late Silurian or early Devonian Period, the modern bony
fishes of the class Osteichthyes made their debut, probably in parallel rather than
orthologous to the cartilaginous fish.

The bony endoskeleton brought about revolutionary changes in organ physiology. Various
necessities of this massive and important organ mandate complex coordinations with the rest
of the organism. Another major landmark occurred when some crossopterygian fish crawled
out of the water on the Devonian shorelines to become the first proto-amphibians to explore
and subsequently inaugurate terrestrial life. Terrestrial existence imposes extraordinary
demands on all the systems compared with life in aquatic habitats. Gas exchange with low
gaseous air fluxes across the alveoli is challenging compared with high water flux of soluble
gases across the gill. On land, the disappearance of an omnipresent food supply in the water
mandates fast versus famine physiology to facilitate caloric storage. The loss of buoyancy
introduces new stresses on support structures, and locomotion on land is radically different
from propulsion in water. One of the most formidable challenges confronting the early
ancestors had to have been the kidneys' task to conserve water while at the same time
excreting large quantities of waste. Of all the solutes harbored in the mandatory highly
concentrated urine, calcium (Ca2*) and phosphate (P;) are the most menacing in terms of
risk of precipitation. Although humans have evolved the ability to render our urine sodium
(Na™) free, there is an obligatory amount of calcium phosphate (CaPi) turnover for the sake
of maintenance of the skeleton.

Tri-Organ Calcium Phosphate Regulation

Another truly beguiling aspect of the endoskeleton of higher vertebrates is its inorganic
constituents, which distinguish it from the calcareous skeletons of virtually all other
metazoans (arthropods, mollusks, and echinoderms). The rigid, inorganic component of
bone is primarily CaPi in the form of crystalline calcium hydroxyapatite
(Ca1g[PO4]6Ca[OH]>). In contrast, the mineral ground substance of almost all calcareous
invertebrate endo- or exoskeletons since the early Cambrian Period is principally calcium
carbonate as crystalline calcite or aragonite (CaCO3) (1). This deliberate and complete
transition has never been adequately explained. Several hypotheses have been submitted,
including a sink for P; disposal (2), long-term P; storage, and P; homeostasis by provision of
an exchangeable pool (3, 4). Ruben & Bennett (5) proposed a rather different model of
superior postactivity acid buffering by CaPi compared with calcium carbonate. Regardless
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of the reason(s) for a hydroxyapatite skeleton, its existence places Ca2* and P; in the center
stage of bone biology and mandates the integration of the major organs of Ca2* and P; flux
into one network with bone.

The impact of the bony skeleton on organ physiology can be illustrated by hormones that
regulate caloric homeostasis. Osteocyte-derived leptin that controls caloric intake is also a
key regulator of bone remodeling, albeit via convoluted mechanisms (6). Bone-derived
osteocalcin is a major regulator of insulin secretion, sensitivity, and energy expenditure (7).
Karsenty & Ferron (8) elegantly articulated the logic and evidence for the central role of the
bone in the physiology of energy expenditure and that the coappearance of the adipogenic
hormone leptin with the bony skeleton in evolution precisely coordinates caloric regulation
with bone formation and remodeling.

In the realm of Ca2* and P;, the apatite-based bony endoskeleton basically sets the stage for
and assumes fundamental roles in Ca2*-P; homeostasis (see Supplemental Figure 1; follow
the Supplemental Material link from the Annual Reviews home page at http://
www.annualreviews.org). The skeleton has an absolute requirement for Ca2* and P; in an
exact stoichiometry to maintain structural integrity. It is also the largest pool for chronic
storage and acute buffering of Ca2* and P;. In the intravascular compartment, Ca2* exits as
ionized, complexed, and albumin-bound forms, but P; exists in multiple complex forms (see
Supplemental Figure 2). The intestine and kidney are the two principal organs that control
external balance (Supplemental Figure 1). It will indeed be shocking if there is no
coordination among these three organs in terms of flux. The flux across the intestine and
kidney has to be concerted to establish positive, negative, or zero external balance. The
skeleton is also a master orchestrator for internal balance, as any influx of Ca* and P; has to
go where it belongs (i.e., bone) and any ectopic CaPi deposition is emphatically deleterious.
In addition to synchronization of flux, there has to be bidirectional hormonal cross talk so
that these organs can communicate with each other. Serum Ca2* and P; levels can constitute
some but cannot be the sole transorgan signaling mechanisms; there undoubtedly has to be
hormonal cross talk. The evolution of FGF23, an osteogenic calciophosphoregulatory
hormone, in conjunction with the intestine and kidney is akin to osteocalcin's role as an
osteogenic, caloric regulatory hormone evolving in conjunction with the pancreas and
adipocytes.

FGF FAMILY

FGFs are a large superfamily of peptides that exert pleiotropic effects on an extremely broad
range of biological processes, including development, organogenesis, and metabolism,
through binding and activation of FGF receptor (FGFR) tyrosine kinases (9, 10). Twenty-
two FGF members, classified in seven subfamilies on the basis of phylogeny, have been
identified in humans (11) (Figure 1). Two prototypical FGFs, FGF1 and FGF2 (also known
as acidic FGF and basic FGF, respectively), form the FGF1 subfamily. FGFs in the FGF1,
FGF4, FGF7, FGF8, and FGF9 subfamilies function basically as paracrine/autocrine factors.
The FGFs in the FGF11 subfamily, however, are thought to function as intracellular
mediators without binding to FGFRs and are termed nuclear FGFs (12). Of particular
interest in this review are the FGFs in the FGF19 subfamily, all of which function as
circulating factors and are collectively termed endocrine FGFs.

Endocrine FGFs

The FGF19 subfamily consists of FGF19, FGF21, and FGF23 (12). It is prudent to point out
that FGF15 is the murine ortholog of human FGF19 (13). Distinct from all the other FGFs
that are paracrine/autocrine substances, these FGFs exert their specific physiological
activities in the regulation of energy and mineral metabolism as endocrine factors or
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hormones (14). FGF15/19, FGF21, and FGF23 are expressed primarily in small intestine,
liver, and bone, respectively (15) (Figure 2). A unique structural feature of these endocrine
FGFs is their lack of a heparin-binding domain that is conserved in all paracrine/autocrine
FGFs (16). This heparin-binding domain is critical for FGF function in two ways: First, it
binds to heparan sulfate (HS) in the extracellular matrix, thereby posing some restriction to
the secretion of FGFs and increasing their local concentration to support the paracrine/
autocrine mode of action (16). Second, HS is essential for FGFR activation, which requires
formation of the 2:2:2 complex of HS, FGF, and FGFR (10). Thus, lack of the heparin-
binding domain in endocrine FGFs may be advantageous for facilitating release from their
production source but is disadvantageous for FGFR activation at their target organs.
Endocrine FGFs overcome this handicap by using Klotho proteins instead of HS to enhance
receptor binding (Figure 3). The Klotho family of membrane proteins may have evolved
partially to fulfill the need to increase the affinity of endocrine FGFs to FGFRs at their
target organs.

Like osteocalcin, FGF23 is a genuine osteogenic endocrine hormone. FGF23 is secreted
from the bone (osteocytes and osteoblasts) and acts on kidney to promote excretion of P;
into urine (phosphaturia) and suppression of active vitamin D (1,25-dihydroxyvitamin D3, or
calcitriol) synthesis and intestinal P; absorption, thereby promoting negative external P;
balance. The FGF23 gene encodes a 32-kDa glycoprotein of 251 amino acids, which consist
of a hydrophobic signal sequence (24 amino acids), an N-terminal FGF core homology
domain (155 amino acids), and a C-terminal domain unique to FGF23 (72 amino acids) (16)
(Figure 3). The C-terminal domain is essential for interaction with the FGFR-Klotho
complex (17) (Figure 3). Between the N- and C-terminal domains, there is a proteolytic
cleavage site (}’SRXXR179). FGF23 is inactivated when processed at this cleavage site by a
protease(s) yet to be identified, resulting in two inactive N- and C-terminal fragments
(Figure 3). Of note, the C-terminal fragment competes with intact FGF23 for binding to the
FGFR-Klotho complex and has the potential to function as a competitive inhibitor for its
parent FGF23 (17).

FGF23 was originally identified as a factor causing P; wasting, including autosomal
dominant hypophosphatemic rickets (ADHR) (18) and tumor-induced osteomalacia (T10)
(19). ADHR patients carry missense mutations at the proteolytic cleavage site of FGF23
(AT8RXXR179), which confers resistance to inactivation by proteolytic cleavage (20). As a
result, ADHR patients exhibit increased blood levels of intact FGF23 and P;-wasting
phenotypes with inappropriately low blood vitamin D levels. P; wasting in TIO patients is
due to FGF23-producing tumors and is cured by removing the tumors.

FGF23 Ligand-Receptor Complex

Identification of Klotho as an obligate coreceptor for FGF23 was prompted by the fact that
mice lacking FGF23 (Fgf23~ mice) (21) and Klotho (K/otho™'~ mice) (22) exhibited
almost identical phenotypes (23): abnormal mineral metabolism characterized by increased
blood P;, Ca2*, and vitamin D levels associated with aging-like features, including shortened
life span, growth retardation, hypogonadism, cognition impairment, hearing loss, vascular
calcification, cardiac hypertrophy (24), osteopenia (25), dilatation of airspace (26), and
atrophy of thymus, fat, and skeletal muscle. Klotho protein forms constitutive binary
complexes with FGFR1c, FGFR3c, and FGFRA4 to increase the affinity of these FGFRs
selectively to FGF23 (23) (Figure 3). Klotho is required for FGF23 to activate FGFRs and
their downstream signaling molecules, including FGF receptor substrate-2a and mitogen-
activated protein kinases (MAPKS) such as extracellular signal-regulated kinases (ERK1/2)
(23). Klotho™~ mice exhibit extremely high levels of blood FGF23, most likely due to end-
organ resistance (27).
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Because FGFRs are quite ubiquitous but Klotho expression is restricted, it seems that
Klotho's presence governs whether a cell is an FGF23 target. It is currently unclear whether
circulating Klotho can serve the role of coreceptor for FGFR, but soluble Klotho is not
likely to be an efficient coreceptor for FGFR. One interesting consideration is how the
FGFR-Klotho complex sustains FGF23 action on the proximal tubule. FGF23 induces
phosphaturia by suppressing P; reabsorption at the renal proximal tubules (28) via inhibition
of Na*-dependent P; cotransporters (NaPi-2a, NaPi-2c, and possibly Pit-2) on the apical
brush border membrane of proximal tubular cells (29). FGF23 also lowers blood vitamin D
levels by downregulating Cyp27b1 expression and upregulating Cyp24 expression in renal
proximal tubular cells (30). Cyp27b1 encodes 1a-hydroxylase, required for active vitamin D
synthesis, whereas Cyp24 encodes 24a-hydrolase that degrades vitamin D (31). Thus,
FGF23 suppresses synthesis and promotes degradation of vitamin D. Although all the
FGF23 actions seem proximal, Klotho expression is higher in the distal tubules (22, 32).
Because proximal tubules also express Klotho, albeit in lower quantities (28), FGF23 may
signal directly in proximal tubules to regulate their function with a small number of FGFR-
Klotho complexes. Another possibility is that FGF23 acts on distal convoluted tubules
where Klotho is most abundantly expressed (32) and initiates release of a paracrine factor(s)
that acts on adjacent proximal tubules. These two possibilities are not mutually exclusive
and remain to be tested. The parathyroid gland also expresses high levels of Klotho (33),
indicating that it is another target organ of FGF23. Indeed, FGF23 suppresses synthesis and
secretion of parathyroid hormone (PTH) in an ERK1/2-dependent manner (33, 34).

KLOTHO FAMILY

Klotho Paralogs in the Genome

Klotho was originally identified as an aging suppressor gene in mice that extends life span
when overexpressed (35) and induces a premature aging-like syndrome when disrupted (22).
Two proteins share homology to Klotho, which are termed fKlotho (36) and Klotho/lactase-
phlorizin hydrolase-related protein (Klph) (37), also known as lactase-like protein (Lctl). To
distinguish the founder Klotho from BKlotho and Kiph/Lctl, Klotho is often termed aKlotho.
These three Klotho family members are also termed aKlotho, fKlotho, and yKlotho (Figure
3). Although endocrine FGFs have very low affinity to FGFRs or Klothos individually (23,
38-40), they have high affinity to the FGFR-Klotho complexes (23, 39, 40). Because most
tissues and cells express FGFRs, tissue-specific expression of Klotho determines target
organs of endocrine FGFs (14). aKlotho is expressed in the kidney and parathyroid glands,
where it forms complexes with FGFR1c, FGFR3c, and FGFR4 and serves as the high-
affinity receptor for FGF23 (23) (Figure 2). fKlotho forms complexes with FGFR1c and
FGFRA4 (40); it supports FGF15/19 and FGF21 signaling and is expressed in the liver and fat
(39, 40). yKlotho forms complexes with FGFR1b, FGFR1c, FGFR2c, and FGFR4 (15); it
increases FGF19 activity and is expressed in the eye, fat, and kidney. The aK/otho and
BKlotho genes encode type-I single-pass transmembrane proteins with 41% amino acid
identity to each other (Figure 3). Their intracellular domains are very short and have no
identifiable functional domains. In contrast, the extracellular domain has two tandem repeats
of B-glucosidase-like domains that are also termed Kl domains (22, 36) (Figure 3). They
Klotho gene encodes a shorter type-I single-pass transmembrane protein with a single p-
glucosidase-like extracellular domain and a similarly short cytoplasmic tail (37) (Figure 3).

As the rest of the review focuses much on aKlotho, a brief note on fKlotho is in order to put
the two isoforms in perspective. fKlotho contributes to the regulation of energy metabolism
as the coreceptor for FGF15/19 and FGF21, analogous to the role of aKlotho for FGF23
(Figure 2). Expression of FGF15/19 in intestine is regulated by bile acid (41). After feeding,
bile acid released into the intestinal lumen binds to farnesoid X receptor, which
transactivates the FGF15/19 gene (41) (Figure 2). The FGF15/19 peptide secreted from the
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intestine acts on the liver, where BKlotho and FGFR4 are coexpressed, and suppresses
expression of the Cyp7al gene (39), which codes for the rate-limiting enzyme of bile acid
synthesis. This negative feedback loop is indispensable for proper production of bile acid,
because mice lacking pKlotho (42), FGFR4 (43), or FGF15 (41) exhibit increased bile acid
synthesis associated with Cyp7al overexpression. fKlotho is also expressed in gallbladder
(44). Both FGF157~ and pK/otho™'~ mice exhibit empty gallbladders. Injection of FGF19
induces gallbladder relaxation and filling not only in wild-type mice but also in FGFR47/~
mice, suggesting that the FGFR1c-BKlotho complex can mediate FGF19-induced
gallbladder relaxation (44). Thus, the FGF15/19-fKlotho endocrine axis is essential for the
postprandial negative feedback regulation of bile acid synthesis and release. Recent studies
have indicated that overexpression and/or administration of FGF15/19 increases hepatic
glycogen and protein synthesis (45) and induces a lean phenotype in mice, including high
metabolic rate, improvement of glucose tolerance and insulin sensitivity, increase in brown
adipose tissue, and suppression of gluconeogenesis by inhibiting hepatic expression of
PGC1a (peroxisome proliferator—activated receptor gamma coactivator protein-1 alpha) (46,
47). Together with its ability to induce postprandial negative feedback of bile acid synthesis,
FGF15/19 may be regarded as a satiety hormone (48).

In contrast, FGF21 can be considered a fasting hormone (49). FGF21 is secreted from liver
upon starvation and acts on white adipose tissue, where pKlotho and FGFR1c are
coexpressed (40). FGF21 expression is also induced by ketogenetic diet and peroxisome
proliferator-activated receptor alpha (PPARQ) agonists (50, 51). Overexpression and/or
administration of FGF21 in mice induces resistance to growth hormone and torpor
(temporary hibernation) and promotes fatty acid oxidation, gluconeogenesis, and
ketogenesis in the liver. In white adipose tissue, FGF21 promotes lipolysis, mitochondrial
respiration, and “browning” of white adipose tissues for thermogenesis (51-54). Recent
studies revealed that FGF21 induces these metabolic responses to fasting by increasing
hepatic PGC1la expression (50, 53). Presently, little is known about the function of yKlotho
except that it supports FGF19 signaling in cultured cells (15). The discovery of endocrine
FGFs and Klotho has led to the identification of multiple novel endocrine axes that regulate
various metabolic processes.

Transmembrane Versus Soluble aKlotho

Judging from the extremely short intracellular domain of Klotho, it is most unlikely that this
tail can sustain any signal transduction function. As such, one may conclude that membrane
Klotho solely serves auxiliary functions to FGFRs. However, through alternative splicing of
the Klotho gene at exon 3, another shorter-length Klotho protein encompassing only KI1 of
the extracellular domain is released from cells and exists as a soluble extracellular protein
(55) (Figure 3).

Alternative splicing is not the only mechanism to produce soluble Klotho. Another unique
feature of aKlotho is that it is subjected to ectodomain shedding and its entire extracellular
domain is secreted into blood, urine, and cerebrospinal fluid (56), thereby functioning as a
humoral factor independently of FGF23 (35). aKlotho is cleaved on the cell surface by
membrane-anchored proteases, including ADAM10 (a desintegrin and metalloproteinase
10), ADAM17, and beta-site amyloid precursor protein—cleaving enzyme 1 (BACEL1) (57,
58) (Figure 3). Presently, only aKlotho has been shown to be released from the cell into the
extracellular fluid, including plasma, cerebrospinal fluid (CSF), and urine (28, 56, 59); there
are no data on soluble forms BKlotho and yKlotho. In the plasma, the concentration is
approximately 10-50 nM, with urine levels being higher (59); the level in CSF has not been
determined. There are some unknown but critical factors: What are the upstream regulators
of Klotho shedding? What is the afferent mechanism of sensing and controlling circulating
Klotho levels? What are the functions of soluble Klotho? There are some data on the last
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question. Currently, it is unclear whether soluble Klotho can function as a coreceptor for
FGF23. In the CKD model and genetic manipulations, membrane Klotho and soluble Klotho
tend to change in unison. We do not yet know if this concordance is universally true.

FGF23-Independent Effects of aKlotho as a Soluble Enzyme

Secreted Klotho has a putative enzymatic activity as sialidase (60), which removes terminal
sialic acids from N-linked glycans of several glycoproteins on the cell surface. Secreted
Klotho prevents endocytosis of transient receptor potential cation channel, subfamily V,
member 5 (TRPV5) (60, 61) and renal outer medullary potassium channel 1 (ROMK1) by
modifying their N-linked glycans on the cell surface, resulting in increases in Ca2* and
potassium (K*) currents, respectively. In contrast, secreted Klotho promotes endocytosis and
inactivation of NaPi-2a by modifying glycans (28). Furthermore, secreted Klotho suppresses
activity of insulin, insulin-like growth factor-1 (IGF-1) (35), Wnt (62), and TGF-p1 (63) by
interacting with these growth factors or their receptors. The physiological significance of
these pleiotropic activities of secreted Klotho remains to be determined.

The fact that the injection of soluble Klotho into an intact animal produces biological effects
supports the notion that circulating Klotho carries regulatory functions (28, 64). Presently,
no receptor for circulating Klotho has been identified, although soluble Klotho can
theoretically bind to FGFR or self-dimerize with transmembrane Klotho. However, there is
no evidence that this type of binding initiates any signaling events. In the absence of a
genuine signal-transducing receptor, it is not yet legitimate to term Klotho an endocrine
“hormone.” However, there is ample evidence that circulating Klotho functions as a glycan-
modifying enzyme. From the time of the cloning of Klotho, bioinformatic analysis
suggested possible lactose-phlorizin hydrolase and p-glucosidase activity, but the
glucosidase activity was not confirmed by biochemical activity assays (22, 65).

PHYSIOLOGY

Although there is no doubt that both Ca2* homeostasis and P; homeostasis are equally
important for organisms with apatite skeletons, due to the predominance of recent data on P;
and space considerations, the discussion from here on focuses more on P;. This should in no
way diminish the importance of Ca2*. In fact, FGF23—considered by many as the ultimate
hormone dedicated to P; homeostasis—is likely also regulated by Ca2* (66, 67), and thus it
may be another calciophosphoregulatory hormone. Given the importance of P;, a short
discussion about its various forms in the extracellular fluid is in order and is provided in the
Supplemental Text and Supplemental Figure 2.

FGF23 Production in Bone

FGF23 is synthesized by osteocytes (68) and osteoblasts (69), and the present known
regulators are PHEX, dentin matrix protein (DMP)-1, sustained P; load, high 1,25 VD3, low
Klotho, PTH, and the recently proposed serum Ca%* (66, 67, 70). This transforms FGF23
from what was touted as a pure phosphoregulatory hormone into a dual
calciophosphoregulatory hormone. Mutations in the Phex gene (a Pj-regulating gene with
homology to endopeptidase on the X chromosome) (71-73) and the Dmp-1 (dentin matrix
protein-1) gene (74) increase FGF23 expression and induce renal P; wasting in mice and
humans. Activation of FGFR in osteocytes/osteoblasts stimulated FGF23 expression (75)
and was required for the Phex and Dmp-1 mutants to increase FGF23 expression (76). PTH
stimulates synthesis and secretion of FGF23 through activation of PTH/PTHrP receptor on
osteocytes/osteoblasts (68, 77). Quite contrary to FGF23, PTH acts on the kidney to
upregulate Cyp27b1 expression and increase blood active vitamin D levels (78). Similar to
but independent of FGF23, PTH has phosphaturic activity (79), which prevents positive P;
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balance due to increased vitamin D. Other factors that regulate FGF23 expression include
vitamin D and P;.

Vitamin D increases FGF23 expression in a vitamin D receptor (VDR)-dependent manner
(80). Pj increases blood FGF23 levels independently of vitamin D (81). Importantly, an
acute increase in blood P;j levels by intravenous P;j injection does not increase FGF23 (82),
whereas sustained dietary P; overload increases FGF23 without changes in plasma P; levels
in humans (83). These observations suggest that it is not plasma P; that regulates FGF23
expression. The mechanism by which osteocytes/osteoblasts sense a state of P; metabolism
is not understood.

Extremely high plasma FGF23 is observed in primary Klotho deficiency (genetic deletion or
mutational hypomorph) (22, 84) and the much more common secondary Klotho deficiency
in chronic kidney disease (CKD) (59, 85-88). There are no in vitro data to date to support a
direct effect of Klotho on FGF23 production, but results from in vivo experiments suggest
that Klotho influences FGF23 production in bone (Figure 4). Similar phenotypes were found
in Klothodeficient and FGF23-deficient mice (89). Two in vivo models with high blood
FGF23—transgenic mice overexpressing FGF23 (90) and Hyp mice with a spontaneously
inactivating mutation in the Phex gene (91)—have biochemical and skeletal phenotypes
similar to those of Klotho-deficient mice. One explanation is that FGF23-induced signal
activation is dependent on the presence of membrane Klotho (23).

FGF23-Klotho Actions

On the basis of indirect evidence, FGF23 has been proposed to be a regulator of Klotho
expression in the kidney. Marsell et al. (93) compared the transcriptome profile of kidneys
from FGF23 transgenic mice with that of wild-type littermates. In the transgenic mice, the
expression levels of Pj-regulating genes such as Ajpt2aand Klotho were decreased. This
study relied on chronic, sustained systemic elevation of FGF23 and did not examine soluble
Klotho in the blood, nor did this study address whether the FGF23 effect is direct. One study
reported normal levels of Klotho in the blood of patients with X-linked hypophosphatemia
(XLH) with high FGF23 and hypophosphatemia (92). Thus, whether FGF23 increases
soluble Klotho in the blood and whether FGF23 directly or indirectly suppresses K/lotho
mRNA expression are unclear (93). Other physiological effects of FGF23 are better studied.
FGF23 acts as a phosphaturic hormone (17, 72), inhibits vitamin D production in the kidney
(30) to prevent hypercalcemia (3), and suppresses PTH production in the parathyroid gland
(33) to limit P; wasting.

Modulation of PTH production—KIlotho indirectly regulates PTH production through
modulation of plasma levels of active vitamin D, P;, and FGF23. In addition, membrane
Klotho may have a direct effect on PTH production and release (Figure 4). Membrane
Klotho is expressed in the parathyroid gland with FGFR1 and FGFR3 (22, 33, 94),
suggesting that the parathyroid gland is a target organ of FGF23 and that Klotho is a
prerequisite for FGF23 action (33). In a physiological setting with normal Klotho and FGFR
expression, FGF23 decreases PTH production, increases expression of both the parathyroid
Ca%*-sensing receptor and the VDR (both of which contribute to suppression of PTH), and
decreases cell proliferation (33, 95). Interestingly, FGF23 seems to also increase Klotho in
the parathyroid gland, which positively facilitates FGF23's suppression of PTH production
(33). Pit-1, a NaPi-3 isoform, was found in parathyroid gland and was upregulated by
vitamin D and low-P; diet and downregulated by vitamin D—deficient diet (96). Klotho
suppresses the activity and expression of Pit-1 in rat vascular smooth muscle cells in vitro
(59), but to date there is no evidence for an effect of Klotho on Pit-1 in the parathyroid
gland.
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lonized Ca?* activity is a key modulator of PTH synthesis and release. An intriguing
alternative mode of Klotho action on the parathyroid cells was proposed in which
intracellular Klotho binds to Na/K-ATPase to form a complex in response to low
intracellular [Ca?*] and to bring Na/K-ATPase to the cell surface (97). However, how the
Klotho-Na/K-ATPase complex is formed in response to low [Ca2*], how Na/K-ATPase
activity is stimulated, and what intracellular signal is required to couple Na/K-ATPase to
PTH release remain to be defined.

On the one hand, Klotho stimulates PTH production in the parathyroid glands; on the other
hand, Klotho protein expression in the kidney is dependent on PTH levels (66). Lopez et al.
(66) found reduced renal Klotho protein in parathyroidectomized rats compared with sham
rats and found that low Klotho is reversed by PTH supplementation (66). However, one
could not rule out the possibility of this regulatory effect of PTH on Klotho expression in the
kidney via a concomitant effect of PTH on vitamin D (Figure 4).

Modulation of vitamin D production—Extremely high plasma levels of active 1,25
vitamin D were noted in homozygous Klotho-deficient (K/otho™'~) mice (98) due to
upregulation of 1a-hydroxyase and downregulation of 24-hydrolase (98) (Figure 4).
Moreover, normal responses to vitamin D supplementation, such as downregulation of the
la-hydroxylase gene and upregulation of 24-hydroxylase and VDR transcripts, were
impaired in the K/otho™'~ mice (99, 100). However, vitamin D supplementation upregulates
renal Klotho expression in wild-type mice (100); such expression is dependent on VDR
(101). Several vitamin D-responsive elements were identified in the vicinity of both the
mouse and the human K/otho genes starting —31 to —46 kb from the K/otho transcriptional
start site (101), but whether this is a direct transcriptional effect has not yet been proved. For
example, the upregulation of Klotho expression in the kidney by vitamin D was not
observed in parathyroidectomized rats, suggesting that the presence of PTH is required for
vitamin D-stimulated Klotho expression in the kidney (66).

It is proposed that the phosphatemic actions of vitamin D are opposed by the combined
phosphaturic effects of FGF23 and K/otho (101). Like FGF23, which counteracts vitamin D
(75), Klotho also forms a negative feedback control loop. High vitamin D levels increase
Klotho expression, which in turn promotes phosphaturia and suppresses 1,25 VD3
production (Figure 4).

PATHOPHYSIOLOGY OF PHOSPHATE EXCESS
Concept of Phosphotoxicity

The nephrotoxic potential of enteric P; overload has been unequivocally demonstrated in
animals (102, 103). In humans, acute kidney injury followed by CKD occurs after use of
oral Na*-P; solutions for bowel cleansing (104). A single dose (11.5 g P;) can push a person
with normal kidney function to stages 3-5 CKD in the course of several months, indicating
that enteric P; overload can cause de novo CKD in humans. However, one does not know
whether chronic dietary P; overload at lower doses would increase CKD incidence and/or
exacerbate existing CKD. Because hyperphosphatemia is a risk factor for mortality (105,
106), P;j-lowering therapy is prescribed for hyperphosphatemia in CKD and has
demonstrated improved clinical outcomes (107). Notably, dietary phosphorus consumption
per capita in the United States has continuously increased in the past four decades,
exceeding 260% of the recommended intake level (108). Large-scale epidemiological
studies have never been performed to confirm the link between dietary phosphorus intake
and CKD prevalence/progression. There are several confounding obstacles.
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Estimation of dietary phosphorus intake is inaccurate in existing nutrition surveys, e.g., the
National Health and Nutrition Examination Survey, which does not account for the large,
poorly specified, and variable amounts of added phosphorus (primarily as P;) in processed
foods (meats, cheeses, dressings, colas, bakery products, fast foods, etc.) for preservation,
leavening, buffering, emulsification, color maintenance, flavor enhancement, and
cryoprotection (109). Current regulations do not require the amounts of phosphorus-
containing additives to be revealed, and such additives can increase phosphorus intake by as
much as 1.0 g day™1 (109). In addition, phosphorus intake does not correlate with net
phosphorus absorption from intestine. Phosphorus in natural foods exists as various forms of
organic Pj, and its bioavailability varies from 0% to 60% (110). In contrast, phosphorus in
food additives is universally inorganic P; and 100% absorbable. At zero balance, P;
absorption from intestine is equal to excretion into urine, but 24-h urine data are rarely
available in epidemiological studies.

Another impediment is the fact that we do not know what to measure to evaluate kidney
damage induced by dietary P; overload. Effects of dietary P; overload on kidney have been
studied in rodents since the 1930s (102). Dietary P; loading induces tubulointerstitial
fibrosis, tubular atrophy, and tubular dilatation in normal animals and, to a more severe
extent, in uninephrectomized mice, suggesting that kidney damage correlates with P; load
excreted per nephron (103). Evidence for kidney damage, even without decreases in
glomerular filtration rate (GFR), can be associated with increased mortality in humans
(111). Sensitive and accurate biomarkers for histological kidney damage and dietary P;
intake, respectively, must be established before launching epidemiological studies to explore
links between dietary P; intake and CKD prevalence/progression.

Histological renal damage occurs when the estimated P; excretion per nephron exceeds ~1.0
ug day~1 for several weeks, which is achievable in aged and CKD patients. Normal adults
ingesting a “normal” diet excrete 0.8-1.5 g day ™! of P; into urine (112). With the nephron
number normally at ~0.9-1 million per kidney (the full range is 0.2 to 2.5 million) (113), P;
excretion is estimated at 0.64 pg day~1 nephron=1 in healthy young adults. A decrease in the
nephron number by 36% increases P; excretion to 1.0 pg day~! nephron=1, a level that can
induce kidney damage in rodents. A decrease in the nephron number by 36% also occurs
during normal aging in humans: The nephron number of humans >55 years old is 30-46%
less than that of people <45 years old (114). It is plausible that P; excretion per nephron in
CKD patients is higher than 1.0 g day~1. The mechanism by which increased P; induces
kidney damage remains to be determined. One hypothesis is that P; in the luminal fluid of
renal tubules is deleterious. This can be shown in cell culture by increasing P; concentrations
in the medium. When P; concentrations are increased from 1 to 2.0-5.0 mM, various cellular
responses can be induced, including activation of MAPKSs, increases in reactive oxygen
species, calcification, cell cycle arrest, and cell death (115, 116). In cultured vascular
smooth muscle cells, increased P; uptake via type 111 Na-dependent P; transporters (Pit-1)
was shown to be essential for in vitro calcification induced by high-P; medium (117). Recent
studies demonstrated that high extracellular P; triggered cell death and calcification only
when P; formed insoluble nanocrystals with Ca2* when Ca?* and P; concentrations exceeded
the solubility limit. CaPi crystals of a particular size (<1,000 nm) are highly bioactive that
can promote calcification by inducing expression of osteopontin and bone morphogenic
protein-2 (118). These cellular responses were abolished by pyrophosphate, an inhibitor of
CaPi crystal formation. Phosphonophormic acid (PFA) also interferes with CaPi crystal
formation and calcification (119) but has been erroneously used as an inhibitor for Pit-1.
PFA has dual activity that inhibits CaPi crystal formation and type 11 Na*-dependent P;
cotransporters but not Pit-1 (119).
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CaPi nanocrystals can be endocytosed and dissolved in lysosomes, resulting in Ca?* leak
into cytosol and induction of apoptosis. In renal proximal tubular cells, CaPi crystals
induced production of reactive oxygen species and oxidative cellular damage (115). P;
concentrations in tubular fluid measured by micropuncture in rats predicted that
supersaturation of Ca2* and P; would occur in the proximal tubular lumen when P; excretion
per nephron is increased (120). CaPi crystals cause oxidative damage and induce expression
of monocyte chemotactic protein-1 in proximal tubular cells (121), which promotes
leukocyte infiltration and release of inflammatory cytokines. If this cascade of events indeed
takes place in vivo, it may contribute to renal fibrosis induced by increased P; excretion per
nephron.

Phosphate and Aging

An important concept to at least entertain is whether individuals with normal renal function
suffer any ill effects from dietary P;j loading. Serum P; levels positively correlate with all-
cause mortality in the general population, even when levels are within the normal range
(105). Mice lacking FGF23 (Fgf23~ mice) (21) or Klotho (K/otho '~ mice) (22) suffer a
syndrome resembling human aging and abnormal mineral metabolism characterized by high
blood levels of P;, Ca2*, and vitamin D. The critical question is: Who is the guilty party?
Vitamin D—deficient diet (100, 122) or disruption of the VDR (123) or Cyp27b1 gene (124,
125) rescued many aging-like features in £gf23~ and/or Klotho™'~ mice. This suggests that
vitamin D intoxication might be responsible for the premature aging syndrome in Fgf237/~
and K/otho™~ mice. These interventions reduced not only blood vitamin D levels but also
blood Ca2* and P; levels, which raised the possibility that Ca2* and/or P; might be the true
culprit(s). However, P;-deficient diet (122) or induction of renal P; wasting by disruption of
the Ajpt2a gene (126) also rescued the aging-like features in Fg£237/~ and/or Klotho™'~ mice.
These interventions reduced blood P; levels but increased vitamin D and Ca?* levels. P;
deficiency caused by either low intake (dietary restriction) or high excretion (Apt2a
knockout) increases vitamin D, which also increases intestinal Ca2* absorption and results in
increased blood Ca2* levels. Despite the high blood vitamin D and Ca?* levels, these
interventions rescued the Fgf23~ and/or K/otho™~ mice. Furthermore, Npt2a™~ Klotho '~
double-knockout mice regained the aging-like phenotypes by dietary P; overload (126).
These observations provide unequivocal evidence that P; retention can induce a premature
aging syndrome in mice and revealed an unexpected link between P; and aging. It remains to
be determined whether a certain level of Ca2* and/or vitamin D is a prerequisite for P; to
induce a premature aging syndrome.

CHRONIC KIDNEY DISEASE: A SPECIAL SCENARIO

CKD is a global public health problem affecting 5-10% of the world's population. Because
the components of the bone-kidney-intestine network are inseparable in vertebrates with
hydroxyapatite skeletons, as kidney function declines, there is unavoidable progressive
derangement in mineral homeostasis, with a disruption of both blood and tissue
concentrations of P; and Ca2* and changes in circulating levels of calciophosphotropic
hormones. The term chronic kidney disease—mineral and bone disease (CKD-MBD) refers
to a constellation of features due exclusively to renal dysfunction and is used to describe (&)
the broader clinical syndrome encompassing altered levels of Ca2*, phosphorus, PTH, and
vitamin D; (4) disturbances in bone modeling and remodeling, with the associated
development of fractures or impaired linear bone growth (in children); and (¢) extraskeletal
calcification in soft tissues and arteries (127).

In early CKD with decline in Klotho, compensatory mechanisms in the form of elevated
FGF23 occur and, in patients with advanced CKD, elevated PTH, and decreased calcitriol
levels, result in normal to near-normal blood Ca2* and P; levels. These compensatory

Annu Rev Physiol. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hu et al. Page 12

mechanisms become overwhelmed in end-stage CKD, eventually resulting in a group of
abnormalities encompassed by CKD-MBD (128).

Mineral Disturbances and Morbidity and Mortality

Current evidence is still largely associative in nature in terms of mineral disturbance and
high morbidity and mortality in CKD. The severity and number of each component of CKD-
MBD increase with advancing CKD. Numerous cohort studies have shown associations
between parameters of deranged mineral metabolism with fractures, cardiovascular disease,
and overall mortality in CKD (129, 130). At this point, the epidemiological database will
keep growing and is no doubt informative, but what the field needs direly is the
identification of pathophysiological mechanisms that establish causality between mineral
disturbances and cardiovascular disease and mortality.

CKD-MBD Complex: An Evolving Concept

Although an official definition for this entity exists, the full scope of its constitution is still
evolving. The hormonal disturbances include PTH, vitamin D and its metabolites, FGF23,
and growth hormone (127). It was recommended that the term renal osteodystrophy be
restricted to bone histopathology associated with CKD. An expanded classification system
was developed on the basis of parameters of bone turnover, mineralization, and volume
(127). The mineral and endocrine functions disrupted in CKD are critically important in the
regulation of both initial bone formation during growth (bone modeling) and bone structure
and function during adulthood (bone remodeling). As a result, bone abnormalities are found
universally in patients with CKD requiring dialysis and in the majority of patients with CKD
stages 3-5.

Cardiovascular disease is a leading cause of mortality in CKD, and cardiovascular
calcification is universal in cardiovascular disease in CKD (131, 132). Cardiovascular
calcification is a heterogeneous disorder with overlapping yet distinct mechanisms of
initiation and progression (133, 134). Vascular calcification is a dynamic process resulting
from the imbalance between promoters and inhibitors (133, 135). In addition to traditional
factors, FGF23 and Klotho are novel contributors to ectopic calcification in soft tissues,
including cardiac valves and aorta (22, 59, 89). In rats with CKD induced by adenine and
high protein diet, severe bone loss is associated with medial calcifications in the aorta (136).
An intriguing finding is that cortical rather than trabecular bone loss correlated more with
the severity of vascular calcification in CKD rats (136). It is proposed that Ca2* and P;
release from disturbed PTH, low 1,25 VD3, high FGF23, and low soluble Klotho may
trigger or accelerate vascular calcification (136).

Perhaps it is appropriate that the CKD-MBD complex be broadened to include organs other
than bone, serum chemistry, and soft tissue. It is increasingly convincing that the
cardiovascular disturbances of CKD are coupled to mineral disturbances. In fact, CKD-
MBD may very well encompass the bulk of the metabolic abnormalities and end-organ
damage seen in uremia, including those affecting the heart. Regardless of how one defines
CKD-MBD, one certain fact is the necessity to understand the underlying causes of this
syndrome. We commence this exercise by considering Klotho.

CKD: A State of Klotho Deficiency

As a general principle, if the organ of origin of an endocrine substance is diseased, it is
logical to suspect that endocrine deficiency of that substance will ensue. There are many
similar features between the clinical manifestations of CKD and the phenotype of Klotho™
mice (Table 1). Experimental data from in vivo and in vitro studies and clinical findings
have, by and large, supported this view (87, 88, 137-141) (Table 2).
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Thus far, measurements of renal Klotho mRNA and protein in human CKD have been
limited. Renal expression of the K/otho gene is markedly decreased in patients with CKD
with different etiologies (88, 142) (Table 2). In the last two to three years, data on plasma
Klotho levels in human CKD have begun to emerge (86) by using a recently generated
ELISA (143). The initial data showed that plasma Klotho correlated with serum creatinine,
blood urea nitrogen, and FGF23, suggesting that plasma Klotho might be affected by renal
function, even though that study did not enroll any CKD patients (143). However, soluble
plasma Klotho assayed with the same kit was three- to fourfold higher in CKD patients
compared with healthy volunteers (144) (Table 2). Although reproducible and valid clinical
data in human plasma Klotho are yet to be acquired, urinary Klotho levels in CKD patients
were shown to decrease at very early stages and were sustainably reduced with the
progression of CKD (59) (Table 2). In a rodent CKD model, Klotho levels in plasma, urine,
and kidney are decreased in parallel (59) (Table 1). This relationship remains to be defined
in humans. Furthermore, almost all CKD models, including renal tissue ablation,
glomerulonephritis, nephrotoxin, diabetic nephropathy, and hypertensive kidney damage,
show considerable downregulation of Klotho mRNA and protein in the kidney with low
levels of soluble Klotho in plasma or in urine (Table 2). Whether plasma Klotho is also
decreased in patients with early CKD who have decreased Klotho expression in the kidney
remains to be confirmed. Animal experiments have clearly and consistently shown that CKD
is a state of systemic and renal Klotho deficiency and that maintenance of higher Klotho
levels by genetic means is overall beneficial (59) (Table 2).

Mineral Parameters in CKD Progression

Determination of blood-soluble Klotho has several potential uses in CKD. The first is to
simply understand its pathophysiology and how downregulation of circulating Klotho
triggers disturbs mineral metabolism and causes imbalance of calciophosphotropic
hormones (PTH, FGF23, and 1,25 VVD3). In addition, plasma Klotho may be an early,
sensitive, and specific diagnostic biomarker for kidney disease and may also bear prognostic
value in predicting progression and complications of CKD. The most promising data thus far
are that urinary Klotho is reduced at a very early stage of CKD (stages 1 and 2) and its levels
are progressively lowered with declining estimated glomerular filtration rate (eGFR) (59).
Figure 5 illustrates a hypothetical model. Systemic Klotho declines very early in CKD.
Rodent data indicate that the lower is the Klotho level, the more severe is the soft tissue
calcification (59), suggesting that Klotho may be a useful prognostic factor. A cross-
sectional observational study showed that plasma Klotho is decreased in stage 2 CKD and is
negatively correlated with eGFR (85).

In autosomal dominant polycystic kidney disease patients with low Klotho, the high FGF23
does not lead to the expected phosphaturia despite normal renal function (86). As more
functional nephrons are lost during the progression of CKD, Klotho in the kidney, blood,
and urine decreases further, causing further FGF23 elevation. Increasing blood levels of
FGF23 will suppress active vitamin D synthesis in the kidney. Decreases in functional
nephrons also contribute to decreases in blood 1,25 VDs. In fact, decreases in Klotho,
increases in FGF23, and decreases in vitamin D precede overt hyperphosphatemia during the
progression of CKD (Figure 5). Because 1,25 VDs is a potent stimulator of Klotho (100),
decreases in 1,25 VD3 can further reduce Klotho expression. Because 1,25 VD3 also
functions as a potent suppressor of PTH (31), decreases in 1,25 VD3 can increase PTH (31),
which may be synergistically enhanced by low Klotho expression and FGFR expression in
the parathyroid (145). Serum PTH levels increase prior to increases in serum P; levels (146).
Increases in PTH can further increase FGF23 (77, 147). The ability of the kidneys to
appropriately excrete a P; load is diminished, leading to hyperphosphatemia, elevated PTH,
and decreased vitamin D with further increases in blood FGF23. The kidney fails to respond

Annu Rev Physiol. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hu et al.

Page 14

adequately to PTH or to FGF23, which normally enhances P; excretion. In addition, there is
evidence at the tissue level of downregulation of VDR and of resistance to the actions of
PTH. Once hyperphosphatemia sets in, it exacerbates all the other abnormalities. Thus, these
changes in Pj-regulating hormones and Klotho form a vicious positive feed-forward
downhill cycle, leading to high FGF23, high PTH, low vitamin D, and low Klotho in
patients with end-stage renal disease (Figure 64). Klotho deficiency may initiate or
aggravate dysregulated mineral metabolism, including high FGF23, high PTH, low vitamin
D, and hyperphosphatemia. All these abnormalities contribute to CKD progression and
development of extrarenal complications (148) (Figure 60).

Klotho Deficiency: A Principal Perpetrator in CKD-MBD

Secondary hyperparathyroidism is an important component of the CKD-MBD spectrum
(149). The low circulating Klotho might be a novel pathogenic contributor to secondary
hyperparathyroidism in addition to the other mineral disturbances (150, 151), causing failure
of FGF23 to inhibit PTH production in parathyroid gland in the uremic setting (95, 145).
CKD patients have low FGFR1 and Klotho expression in parathyroid gland (145). FGF23
fails to suppress PTH in rats with advanced CKD (152). This is further compounded by the
low expression of Ca2*-sensing receptor and VDR (Figure 65).

PTH may play a role in upregulation of blood FGF23 because parathyroidectomy decreases
blood Ca2* and FGF23 but parathyroid glands do not express FGF23, suggesting that PTH
is involved in modulation of FGF23 production in bone (147, 153). Direct addition of PTH
to osteoblast-like UMR106 cells increased FGF23 mRNA levels (77). The effect of PTH on
FGF23 completes a bone-parathyroid endocrine feedback loop (Figure 4).

Vascular calcification is prominent in mice with K/otho gene deletion, similarly to CKD
subjects (Table 1). Vascular calcification observed in K/otho™'~ mice is reversed by Klotho
overexpression through adenoviral delivery of K/otho gene (154). In addition, recombinant
Klotho protein suppresses Pitl expression and P; uptake induced by a high-P; medium in rat
vascular smooth cells (59). The suppressive influence of Klotho on vascular calcification is
multifactorial, including the indirect effect of phosphaturia. In addition, there are direct
effects of Klotho on the vasculature independent of systemic effects. High P; uptake induces
vascular smooth muscle cell reprogramming to osteoblasts/osteochondrocytes through the
NaPi-3 transporters Pit-1 or/and Pit-2, and Klotho inhibits all these changes (155). Klotho
also suppresses cell senescence, apoptosis, and death in vascular endothelial cells and
smooth muscle cells induced by a variety of insults, including P; (59, 156, 157). Finally,
Klotho serves as an anti-inflammatory modulator and restricts the inflammatory process to
protect the vasculature (139). All these experiments of direct Klotho addition in vitro
occurred in the absence of FGF23.

The fact that Klotho-deficient mice have high blood FGF23 and ectopic calcification in soft
tissues brought forth the hypothesis that vascular calcification might be an off-target effect
of FGF23 in CKD (158, 159). Lim et al. (158) proposed that CKD is a state of vascular
Klotho deficiency that potentiates the development of accelerated calcification through a
Runx2- and myocardin-serum response factor—dependent pathway. Vascular cells may be a
Klotho-dependent target tissue for FGF23 because Klotho knockdown abrogated FGF23-
mediated cell signaling and proliferative effects. The restoration of Klotho and FGFRs by
VDR activators renders human vascular smooth muscle cells FGF23 responsive, which may
exert anticalcification effects (158).

Uremic cardiomyopathy is characterized by cardiac hypertrophy and fibrosis and is a
principal pathological feature of cardiovascular complications in CKD. Clinically, uremic
cardiomyopathy is characterized by cardiac arrest or sudden death, left ventricular
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hypertrophy, diastolic dysfunction, and congestive heart failure, which is in addition to and
distinct from hypertensive and ischemic cardiomyopathy (160). Novel risk factors in CKD
include inappropriate activation of the reninangiotensin-aldosterone system (RAS) (161),
vitamin D deficiency (162), high plasma FGF23 (24, 163), and more recently, low plasma
Klotho in blood (24) (Figure 64). Klotho-deficient mice have left ventricular hypertrophy
(24). Because there is normally no Klotho expression in the ventricles, the cardiac
phenotype in K/otho '~ mice is due to other abnormal parameters brought about by
deficiency of circulating Klotho. Left ventricular hypertrophy in CKD appears to be FGF23
dependent because intramyocardial and intravenous administration of FGF23 results in
cardiac hypertrophy in wild-type mice, and an FGFR blocker attenuates cardiac hypertrophy
in 5/6 nephrectomized CKD but does not change blood pressure (24).

Metabolic bone disease is the skeletal component of CKD-MBD and is characterized by
either high or low turnover and either the presence or absence of mineralization defect in
CKD patients (164, 165). Secondary hyperparathyroidism, low blood Ca?*, P; retention,
deficiency of vitamin D, high FGF23, and low Klotho may all potentially contribute to
CKD-MBD (166) (Figure 6 4). Klotho™'~ mice have abnormal elongation of the trabecular
bone(s) in the epiphyses of long bones, with lower density compared with the wild type.
Cancellous bone volume in the epiphyses of K/otho™'~ mice is three times that of the wild-
type mice, suggesting that the elongation of the trabecular bone apparently results from the
relatively low levels of bone resorption. Therefore, bone turnover is low in K/otho™'~ mice
(167). A direct effect of Klotho on osteoblast was shown in mouse osteoblast cell line
MC3T3.E1. Shalhoub et al. (168) proposed that soluble Klotho enables FGF23 signaling,
likely through FGFRL1 in physiological condition, whereas supraphysiological FGF23 can
directly impair bone independently of soluble Klotho. This result supports the hypothesis
that elevated FGF23 with low blood Klotho in CKD may contribute to bone pathologies by
direct action on bone cells (168).

Future Therapeutic Strategies in CKD

The proposed model in Figure 6 predicts that a number of abnormalities in CKD amplify
themselves; hence, beyond a certain stage, even if the original insult is ameliorated or
removed, this downhill spiral will bring about the eventual demise of the kidney and various
extrarenal sites. On the basis of this paradigm, it is important to interrupt this vortex early
and, most desirably, at multiple loci because a single manipulation is much less likely to
forestall or stop this vortex. P; binders have been used for a long time, and their scope is
being broadened, at least in terms of a variety of blockers. The clinical benefits of P; binders
have been verified (107, 169), and hopefully, with the advent of intestinal transport
inhibitors, this mode of therapy will be more effective. Vitamin D replacement is
successfully instituted to treat both the vitamin D deficiency itself and the secondary
hyperthyroidism, and its positive impact has been documented (170, 171).
Hyperparathyroidism can also be controlled with calcimimetics (172, 173). The spiral
presented in Figure 6 is admittedly too simple, but even with this caveat, there are still two
remaining culprits, namely, high FGF23 and low Klotho. Pharmacological or peptide
blockade of FGF23 is being studied in the preclinical stage (17, 174). The use of therapeutic
anti-FGF23 monoclonal antibodies was founded on the assumption that high FGF23 is
detrimental in CKD. The animal data thus far show that complete neutralization of FGF23
improved serum and bone mineral parameters (175, 176) but considerably worsened
vascular calcification and mortality (176). This study illustrates that, although high FGF23
may very well be harmful, complete annihilation is clearly not the solution (176).

The last component of the downward spinning vortex proposed in Figure 6 is Klotho
deficiency, which may well be one of the earliest events. Thus far, no study has directly
documented the therapeutic effect of Klotho in humans. Establishing whether Klotho protein
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has therapeutic potential for CKD and its complications is a critical next step. Because
Klotho is a multifunctional protein, its action on CKD may result from modulation of
circulating hormone or/and mineral parameters or from its direct influence on target organs.
The potential favorable effects of Klotho on CKD are related to induction of phosphaturia,
restoration of the on-target effect of FGF23, anti—soft tissue calcification, antifibrosis,
antioxidation, anti—cell senescence, and antagonism of angiotensin 1l effects.

Administration of exogenous recombinant Klotho to CKD patients is one simple and
effective means to correct an endocrine deficiency similar to the replacement of
erythropoietin and active vitamin D. Klotho administration has proved successful in acute
kidney injury in animals, which is a state of acute Klotho deficiency induced by ischemia-
reperfusion injury (177) and by unilateral ureteral ligation (178), and also in CKD in mice
that have systemic and renal Klotho deficiency induced by unilateral nephrectomy and
contralateral ischemia-reperfusion (59). Furthermore, Klotho may potentially reverse or
retard the progression of CKD. Even in advanced stages of CKD, Klotho supplementation
may alleviate extrarenal complications of CKD. In addition to Klotho protein replacement,
stimulation or reversal of suppression of endogenous Klotho production may be an
alternative to increase Klotho expression in the kidney. Furthermore, strategies to increase
extrarenal Klotho production will be of more particular importance for end-stage renal
disease patients whose functional kidney tissue is totally lost. Thus far, the possible
strategies that can be used to increase endogenous Klotho include control of
hyperphosphatemia (179), vitamin D repletion (100), angiotensin Il blockade (180), and the
use of PPARy agonists (181).

EPILOGUE

The FGF23-Klotho system represents a highly specialized endocrine network that evolved
under the demand of the apatite endoskeleton to maintain skeletal health and external and
internal Ca2* and P; balance. This network involves the calciophosphoregulatory fluxes in
the intestine, bone, and kidney and invokes multiple feedback loops that transcend many
organs. In addition to serving as an obligatory coreceptor for FGF23, the soluble form of
Klotho also carries a multitude of functions that are above and beyond those of a coreceptor
for FGF23. It is unclear at the moment whether functional soluble Klotho pre- or postdated
the FGF23-FGFR-Klotho complex in evolution. As there is no identified receptor for soluble
Klotho, it is enigmatic how this circulating protein exerts its effects, other than through the
known glycan-modifying properties of Klotho. How can such far-reaching effects of soluble
Klotho be achieved without some form of intracellular signal transduction?

Derangements of mineral metabolism can have universal impact on all cell functions. The
most subtle form can be witnessed in conditions that fall on the borderline between health
and disease, such as accelerated aging from very subtle but chronic, sustained Ca2* and/or P;
overload. The elucidation of possible causality is clearly worthwhile.

Although the impact of mineral derangement on healthy subjects remains to be proved,
CKD represents the most common and blatant state of severe and global alterations in
mineral metabolism. If the term CKD-MBD was intended to embrace the spectrum of
mineral disorders, it may in fact end up encompassing most of the morbid conditions seen in
uremia, perhaps with the exception of Na* and K* overload. Single disturbances in mineral
regulation do not produce multisystemic catastrophes even near the magnitude of CKD.
Vitamin D deficiency causes rickets or osteomalacia; monogenic causes of high FGF23 lead
to P; wasting and osteomalacia; and primary hyperparathyroidism causes osteitis fibrosa
cystica, hypercalcemia, and hypercalciuric urolithiasis. The combinatorial defects and self-
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amplifying nature of the ensemble of mineral disturbances in CKD are what beget the
disastrous calamity.

If

evolution of the apatite skeleton endowed us with the intestine-bone-kidney network of

mineral metabolism, CKD exemplifies the delicacy and consequence of disruption of this
system. Treatment requires sound knowledge of the physiology so that specific interventions

of

Supplement

each pathophysiological derangement can be deployed.
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Figurel.

Phylogenetic tree of human fibroblast growth factor (FGF). Branch lengths represent the
evolutionary distance between each gene. Gray represents the paracrine/autocrine
subfamilies. Blue denotes the FGF11 subfamily of intracellular mediators that work
independently of FGF receptors. Red represents the endocrine subfamily where the peptide
hormone circulates. Adapted from Itoh & Ornitz (182).
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Figure 2.

The endocrine fibroblast growth factor (FGF)-Klotho axes. The FGF15/19-Klotho axis is
essential for postprandial negative feedback regulation of bile acid synthesis and release.
FGF15/19 increase hepatic glycogen and protein synthesis (183), induce a lean phenotype
(45, 46), and exert postprandial negative feedback of bile acid synthesis, functioning as a
satiety hormone (47). In contrast, FGF21 is a fasting hormone (48). FGF21 is secreted from
liver upon starvation and acts on white adipose tissue where fKlotho and FGFR1c are
coexpressed (39). FGF21 expression is stimulated by ketogenic diet and peroxisome
proliferator-activated receptor alpha (PPARQ) agonists (49, 50). FGF21 induces resistance
to growth hormone and torpor and promotes fatty acid oxidation, gluconeogenesis, and
ketogenesis in the liver by increasing hepatic PGC1la expression (49, 52, 53). In white
adipose tissue, FGF21 promotes lipolysis, mitochondrial respiration, and thermogenesis
(50-53). FGF23 biology primarily concerns mineral metabolism by acting on the kidney and
parathyroid glands. Abbreviations: FGFR, fibroblast growth factor receptor; FXR, farnesoid
X receptor; P;j, phosphate; PTH, parathyroid hormone; VDR, vitamin D receptor.
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Figure 3.

Fibroblast growth factor (FGF) 23, Klotho family members, and the FGF23-FGF receptor
(FGFR)-Klotho complex. (&) Structure of FGF23 showing the three main domains of this
small polypeptide. The N terminus shares homology with other FGFs, whereas the C
terminus is unique and binds to its cognate receptor (green). FGF23 circulates in the blood
as both intact (full-length) and physiologically cleaved fragments. The C terminus binds but
does not transactivate the FGFR-Klotho complex and can potentially function as a
competitive antagonist. (6) Klotho family showing the three members identified to date in
the mammalian genome, all of which are single-transmembrane proteins of varying lengths.
Homologous motifs termed Kl domains are conserved. Soluble forms of aKlotho can be
generated by alternative splicing of its transcript or by proteolytic cleavage of the
transmembrane form by B-secretases into various body fluids. The major organs of
expression of aKlotho, fKlotho, and yKlotho are shown in bold. (¢) 2FGF23: 2FGFR:
2aKlotho complex. The FGFR (b/ue) has three immunoglobulin-like domains (D1, D2, D3)
that are stabilized by internal disulfide bridges. The heparin-binding region in the generic
FGFR is shown (purple). For the endocrine FGF ligands, the coreceptor function of heparan
sulfate is replaced by Klotho. aKlotho forms complexes with FGFR1c, FGFR3c, and
FGFR4 and serves as the high-affinity receptor for FGF23. The ligand-binding region
(green) interacts with the C terminus of FGF23. Klotho has a negligible intracellular region,
whereas the FGFR has two kinase domains that sustain signal transduction. Abbreviations:
Gl, gastrointestinal; RHTR, arginine-histidine-threonine-arginine.
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Figure4.

Endocrine regulation of phosphate (P;) and calcium metabolism. (&) Multiple negative
feedback loops between the principal regulators of mineral metabolism: parathyroid
hormone (PTH), fibroblast growth factor (FGF) 23, Klotho, and vitamin D. The kidney is a
major contributor to circulating blood Klotho. Klotho is postulated to suppress FGF23
production from bone. Klotho functions as a coreceptor of FGFR allowing FGF23 to
suppress PTH. PTH increases plasma levels of FGF23 and vitamin D. Increased vitamin
further stimulates FGF23 and directly and indirectly suppresses PTH. Increased vitamin D
also stimulates Klotho production in the kidney. Through several negative or positive
feedback loops, Klotho functions as both a Pj-regulatory hormone and a calcium-regulatory
hormone. (5) A change in one parameter triggers a cascade of events starting with
hypocalcemia. lonized calcium usually inhibits PTH secretion (Z). When plasma-ionized
calcium levels are low, PTH is stimulated, which promotes synthesis of active vitamin D (2),
which in turn increases intestinal absorption of calcium and P; (3). PTH also leads to renal
calcium retention (4) and increased bone turnover (5). These act in concert (3-5) to restore
plasma ionized calcium. When blood P; levels and/or P; intake is increased, FGF23 is
increased (6). FGF23 suppresses vitamin D directly (7) and indirectly by suppressing PTH
(2, 8 in a Klotho-dependent manner. Together with its phosphaturic activity (9), FGF23
induces negative P; balance. FGF23 is also increased by vitamin D (10) and PTH (12),
thereby closing negative feedback loops between FGF23, PTH, and vitamin D.
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Figure5.

Proposed time profile of changes in blood phosphate (P;), calcium, Klotho, and hormones
relevant to mineral metabolism in chronic kidney disease (CKD). The decrease in Klotho
protein in the kidney and blood is an early event in CKD and is sustainably and
progressively reduced along with the decline of renal function. Low Klotho partially induces
fibroblast growth factor (FGF) 23 resistance, causing an initial compensatory increase in
blood FGF23 to maintain P; homeostasis. Increase in FGF23 decreases vitamin D levels and
is followed by elevation of parathyroid hormone (PTH). Hyperphosphatemia is a relatively
late event in advanced CKD; normal range is shown in gray. The scale is hot meant to be
truly proportionate; e.g., the elevation of FGF23 is massive in CKD compared with the
elevation of parathyroid hormone. The xaxis represents decline in renal function from stage
1 to 5 of CKD based on estimated glomerular filtration rate (eGFR).
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Figure6.

Pathophysiological role of Klotho deficiency in disturbed mineral metabolism and
complications of chronic kidney disease-mineral and bone disease (CKD-MBD). (a) A
sequence of events that constitutes a positive feedback, self-exacerbating downhill spiral. In
CKD and end-stage kidney disease, the normal interactive network is deranged. Each of the
hormonal disturbances is amplified by phosphate (P;) loading (b/ue asterisks). Both renal
and plasma Klotho are decreased. The downregulation of Klotho increases fibroblast growth
factor (FGF) 23 production, which in turn suppresses vitamin D production in the kidney.
Low blood Klotho will blunt the suppressive effect of FGF23 on parathyroid hormone
(PTH) production. In addition, decreased FGFR1 and Klotho in the uremic parathyroid
gland render the gland resistant to the suppressive effect of FGF23 and triggers and/or
promote secondary hyperparathyroidism. High blood PTH further stimulates FGF23
production. Hyperphosphatemia amplifies the high FGF23 and PTH and low Klotho. Low
vitamin D downregulates renal Klotho expression directly and indirectly via intrarenal
angiotensin Il (Ang I1), which further reduces renal Klotho production. (5) High plasma
PTH, P;, and FGF23 and low plasma vitamin D and Klotho contribute in concert to the
development of complications such as metabolic bone disease, secondary
hyperparathyroidism, cardiomyopathy, and vascular calcification. Dashed lines depict
proposed but unproven roles of the metabolic disturbances.
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Comparison of phenotypes between primary (genetic loss-of-function mutation) and secondary (chronic

Table 1

kidney disease) states of Klotho deficiencya

Phenotype |

Klotho deficiency

| Chronic kidney disease

Blood chemistry

Phosphate Extreme increase Increase

GFR Mild increase Decrease with stage

FGF23 Extreme increase Severe increase

Renal Klotho Disappear Decrease with decline in GFR
Systemic Klotho | Disappear Decrease with decline in GFR
Gross phenotype

Body weight Severe decrease Decrease

Growth
Physical activity
Fertility

Life span

Severe retardation
Severe decrease
Lost

Much shorter

Retardation mainly in children
Decrease
Decrease

High mortality

Cardiovascular disease

Heart
Vasculature

Blood pressure

Hypertrophy and fibrosis
Calcification

Mild hypertension

Hypertrophy and fibrosis
Calcification

Severe hypertension

Atherosclerosis Mild Moderate or severe
Anemia | Mild | Severe
Bone | Osteoporosis | Renal bone disease

Abbreviations: eGFR, estimated glomerular nitration rate; FGF23, fibroblast growth factor 23.

aData are from References 22, 59, 84, 85, 87, and 88.
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Table 2

Summary of evidence for systemic and renal Klotho deficiency in chronic kidney disease

Page 35

Renal Klotho Systemic Klotho
Etiology Protein | mRNA | Plasma | Urine | Comment Reference

Animal model

CKD Npx + IRI ! ! 1 ! Klotho protein assayed by 1B 59

CKD 5/6 Npx 1 Assayed by NB 88

CKD ICGN 1 Assayed by RT-gPCR 138

CKD Npx ! ! ! Subtotal Npx in gpo-£7"~ mice 184
Plasma Klotho assayed by ELISA

DM Streptozotocin 1 Assayed by RT-gPCR 142

DM OLETF | Assayed by NB 141

DM ab/db 1 1 Klotho decreases inflammation in the kidney 139
of ab/db

Hypertension SHR 1 Assayed by NB 141

Hypertension DOCA ! Assayed by NB 141

Hypertension Ang Il 1 1 Klotho mRNA assayed by NB 180

Hypertension Ang Il ! ! Klotho mRNA assayed by RT-qPCR 185

Hypertension SHR 1 1 Klotho gene delivery decreases blood pressure 140

Human subject

CKD CGN ! ! Etiologies are not shown; assayed by NB, IB, 88
and IHC

CKD DN 1 1 Assayed by NB, IB, and IHC 88

Graft rejection | CGR 1 1 Assayed by NB, IB, and IHC 88

CKD N/A L Assayed by ELISA and starts to reduce in 85
early CKD

CKD N/A ) Assayed by ELISA and increases in early 144
CKD

CKD N/A ) Assayed by ELISA and increases in CKD 186

CKD DN ! Assayed by ELISA 186

CKD N/A ! Assayed by 1B and starts to decrease in early 59
CKD

CKD DN 1 RT-gPCR and starts to decrease in early CKD 142

CKD 1gA nephropathy 1 Only in advanced CKD 142

CKD MCD 1 Only in advanced CKD 142

ADPKD L Assayed by ELISA and starts to reduce in 86
early CKD

CKD N/A - No reduction in early CKD 86

Abbreviations: ADPKD, autosomal dominant polycystic kidney disease; Ang I, angiotensin Il; apo-E, apolipoprotein E; CKD, chronic kidney
disease; CGN, chronic glomerulonephritis; CGR, chronic glomerulonephritis; DM, diabetes mellitus; DN, diabetic nephropathy; DOCA,
deoxycorticosterone acetate; ELISA, enzyme-linked immunosorbent assay; 1B, immunoblot; ICGN, Institute for Cancer Research—derived
(spontaneous) glomerulonephritis; IgA, immunoglobulin A; IHC, immunohistochemistry; IRI, ischemia-reperfusion injury; MCD, minimal change
disease; N/A, no information available; NB, Northern blot; Npx, nephrectomy; OLETF, Otsuka Long-Evans Tokushima fatty (rat); RT-qgPCR,
reverse transcription quantitative polymerase chain reaction; SHR, spontaneous hypertension.
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