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Summary

There are emerging data that the skeleton is connected to systemic biological functions through the
release of two osteoblast-/osteocyte-derived hormones, fibroblastic growth factor 23 (FGF23) and
undercarboxylated osteocalcin (Ocn). FGF23 is important in the regulation of phosphate and
vitamin D metabolism, whereas Ocn participates in endocrine networks, coordinating bone and fat
mass, energy metabolism, and sex hormone production. Bone remodeling and mineralization per
se, along with the hormones leptin, insulin, glucocorticoids, PTH, and 1,25(0OH),D, regulate the
release of FGF23 and Ocn, leading to complex cross-talk and coordination between endocrine
networks previously thought to be distinct. These pathways are particularly important in chronic
kidney disease, in which both FGF23 and Ocn are increased. Although these hormones initially
serve an adaptive role, with progressive loss of renal function they show maladaptive effects,
particularly on the cardiovascular system, through multiple mechanisms, including possible cross-
talk with the renin angiotensin system. The complex interconnections between the various
endocrine networks in chronic kidney disease may account for the difficulty in treating the uremic
state.
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Morbidity and mortality are unacceptably high in the end-stage renal disease (ESRD)
population despite efforts to increase dialysis efficiency, improve nutrition, treat anemia,
correct the abnormalities of mineral metabolism, and block the renin angiotensin system
(RAS).1 The reasons for the limited therapeutic success in ESRD are not clear, but may be
owing to the difficulty in fully restoring physiological homeostasis and/or a failure to
recognize key factors contributing to the pathophysiology of the uremic state. Morbidity and
mortality in ESRD, however, potentially are reversible, as shown by the ability of successful
renal transplantation to significantly reduce cardiovascular disease progression.2
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Recently, clinical epidemiologic studies have attributed the increased mortality in chronic
kidney disease (CKD) to nontraditional risks factors.3 Indeed, strong associations exist
between disorders of mineral metabolism and poor outcomes in ESRD, including
correlations between increased mortality and increases of serum concentrations of phosphate
and parathyroid hormone (PTH).# More recently, the bone-derived hormones, fibroblastic
growth factor 23 (FGF23), which regulates phosphate and vitamin D metabolism, and
uncarboxylated osteocalcin (Ocn), which regulates glucose homeostasis and energy
metabolism, have been identified as additional risk factors for increased mortality.> In
addition, treatment with vitamin D analogues and phosphate binders are purported to
improve survival in CKD.87 At present, however, direct roles of any of these factors in
mediating the adverse outcomes in CKD have not been established by prospective controlled
trials.

We typically think of endocrine networks as self-contained feedback or feed-forward loops.
We are at the early stages of understanding the greater complexity of the endocrine pathways
affected by CKD, and in this review we explore potential connections between the pathways
regulating bone and mineral metabolism, energy metabolism and glucose homeostasis, and
the (RAS).

PTH-VITAMIN D AXIS

The PTH-vitamin D endocrine loop consists of the following. First, PTH, a calcemic and
phosphaturic hormone, is secreted by the parathyroid glands (PTGs). Second, PTH activates
PTH receptor (PTHRLY) in kidney and bone. PTHR1 in proximal tubular cells mediates PTH
stimulation of Cyp27b1 expression to increase the production of 1,25(0OH),D and inhibition
of Npt2a and Npt2c brush-border membrane insertion to inhibit phosphate transport. In the
distal tubule it mediates PTH stimulation of calcium reabsorption through TRPV5, and
PTHRL1 in osteoblasts mediates PTH stimulation of bone remodeling and calcium and
phosphate efflux. Third, 1,25(0OH),D, whose production is stimulated by PTH, and which
targets the vitamin D receptor (VDR)/retinoic acid receptor complex, is present in multiple
tissues. In the gastrointestinal tract, 1,25(0OH),D, increases calcium and phosphate
absorption, in osteoblasts it enhances bone resorption and inhibits bone mineralization, and
in PTG it suppresses PTH gene transcription.8 Next is the calcium-sensing receptor (CaSR),
a G-protein—coupled receptor located predominantly in the PTG and kidney distal tubule.
PTH secretion is stimulated by changes in serum calcium through activation of the CaSR in
parathyroid chief cells. Loss of CaSR function in the kidney and excess PTH leads to
hypocalciuria.

The net effect and primary physiological function of PTH is to increase calcium absorption
from the gastrointestinal track and efflux from bone while limiting renal excretion, thereby
maintaining serum calcium levels in a narrow range (Fig. 1A). The phosphaturic actions of
PTH are secondary and permit increments in serum calcium to occur without concomitant
increases of serum phosphate that would occur from 1,25(0OH),D-mediated increases in
phosphate absorption.
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ENDOCRINE FUNCTIONS OF BONE

Bone is a metabolically active tissue that provides structural support and undergoes constant
renewal through the process of bone remodeling. Indeed, both PTH and 1,25(0OH),D target
PTHR1 and VDR:retinoic acid receptor complex in osteoblasts and osteocytes to regulate
osteoblast-mediated bone formation and osteoclast-mediated bone resorption.? In addition,
calcium and phosphate are in equilibrium with extracellular fluids,10 and efflux and influx of
these ions are under both physiochemical and hormonal control.

Bone is also an endocrine organ that releases two hormones, FGF23 and undercarboxylated
Ocn, 1113 which are involved in complex endocrine networks regulating phosphate and
vitamin D metabolism, energy metabolism, and sexual reproduction.8

FGF23 BONE-KIDNEY AXIS

FGF23 is an approximately 32-kDa protein with an N-terminal FGF homology domain and a
novel 71-amino acid C-terminus!* that is a member of the hormone-like FGF genes (e,
FGF-19, FGF-21, and FGF23), which differ from the classic autocrine/paracrine ligands by
their ability to diffuse from tissues into the circulation. The C-terminus! allows FGF23 to
activate FGF receptors independent of heparin, through trimeric complex formation with
FGF receptors!®16 and a-Klotho (KI), a transmembrane B-glucuronidase.1>17” FGF23 is
expressed predominately in osteoblasts and osteocytes in bone (Fig. 1B).18-20 The
physiological targets of FGF23 are organs that co-express FGF receptor (FGFR)/KI
complexes,1>17 including the kidney, parathyroid gland, pituitary gland, and choroid
plexus.1® The principal biological actions of FGF23 in the kidney are to inhibit phosphate
reabsorption by decreasing Na-dependent co-transporters and to suppress 1,25(0OH),D levels
by inhibiting Cyp27b1 (or 1 a-hydroxylase, which converts 25[OH]D to 1,25[0OH],D) and
by stimulating the catabolism of 1,25(0OH),D by activating the 24-hydroxylase
(Cyp24)_21—24

Alterations of circulating FGF23 are both physiologically and clinically important. Increases
of circulating FGF23 concentrations cause hereditary and acquired hypophosphatemic
disorders,22:24-27 whereas reductions in circulating FGF23 concentrations cause familial
tumoral calcinosis.19:21.28-32 FGF23 has essential biological functions because ablation of
FGF23 is lethal in the early postnatal period owing to hyperphosphatemia and excessive
1,25(0H),D production. FGF23 is involved in several endocrine feedback loops.®

FGF23-1,25(0H),D Endocrine Loop

There is strong evidence that FGF23 acts as a counter-regulatory factor for 1,25(0H),D33
(Fig. 2), that is, 1,25-(OH),D stimulates FGF23 production by bone through VDR-
dependent mechanisms and increased circulating FGF23 suppresses 1,25-(0H),D
production in the kidney.3334 The physiological role of FGF23 may be to prevent vitamin D
toxicity. PTH and FGF23 have different effects on 1,25(0OH),D production (ie, increased by
PTH and decreased by FGF23) and 1,25(0OH),D has opposite effects on these hormones (ie,
suppresses PTH and stimulates FGF23).
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FGF23 Regulation of Phosphate Homeostasis?

Although PTH is the calcemic hormone that is tightly regulated by extracellular calcium,
FGF23, which also is called pfhosphatonin because of its effects to cause hypophosphatemia,
is not tightly coupled to serum phosphate in an analogous feedback loop. Indeed, despite a
positive correlation between serum phosphate levels and increases in FGF23 levels in
ESRD, 35 phosphate restriction and/or loading has minimal and/or delayed effects on FGF23
levels in both animal models and clinical settings, both in the presence of normal and
impaired renal function.36-40 At present, direct evidence that phosphate regulates FGF23
gene transcription is lacking.33 Phosphate effects on FGF23 might be mediated indirectly by
bone mineralization, which could account for the delay in the effect of phosphate on FGF23
expression. Indeed, Phex, Dmpl, and ENPP1 mutations, which cause hereditary
hypophosphatemic rickets, are regulators of both bone mineralization and FGF23
production.#? Current evidence supports the presence of a connection between inhibition of
extracellular matrix mineralization and stimulation of FGF23 gene transcription in
osteoblasts/osteocytes, through poorly defined alterations in the matrix milieu that activate
FGFR1-dependent FGF23 gene transcription.#2 The linkage between bone mineralization
and FGF23 secretion creates a bone— kidney axis that may function to balance bone
phosphate uptake or release with renal phosphate handling.33:34:43 |n CKD, impaired
coordination of renal phosphate handling to match bone mineralization may promote
vascular calcifications.1944-46 Defining the relationship between FGF23 and bone
remodeling in CKD may help define the optimal level of bone remodeling.

PTH-FGF23 Endocrine Loop?

PTH, at least under some circumstances, stimulates FGF23 expression in bone, and FGF23
also directly may suppress PTH production by the PTG.47 Both the efferent and afferent
limbs of this parathyroid— bone endocrine network, however, are context-dependent.

Indeed, FGF23 effects on PTGs are controversial. 4849 On the one hand, FGF23 targets
FGFR/KI complexes in PTGs%0 and FGF23 directly suppresses PTH messenger RNA
expression in vitro and decreases serum PTH in vivo.*” However, FGF23 does not prevent
the development of hyperparathyroidism (HPT) in any clinical circumstance and there is a
strong association between increased FGF23 levels and the severity of HPT in CKD and
other disorders,15 suggesting that FGF23 may promote the development of HPT.15:48.49
Recent studies have indicated that resistance to FGF23 develops in uremic PTGs owing to
down-regulation of a-Klotho and FGFR expression,®1:°2 which may explain this paradox.

Effects of PTH to regulate FGF23 expression in bone are also variable. Several studies have
indicated that activation of PTH-dependent pathways stimulate FGF23 secretion by bone.
Activating mutations of the P7HIR and Guanine nucleotide-binding protein, alpha-
stimulating polypeptide (GNAS) genes in human beings, overexpression of a constitutively
active PTH receptor in osteocytes in mice, and continuous exposure to high levels of PTH in
animal models and clinical settings, result in increased FGF23 expression,15:48:49,53-56
PTH-cyclin D1 transgenic mice with primary HPT have increased FGF23 levels that
decrease after PTX.5 In addition, PTX reduces FGF23 levels in CKD.56:58 |n vitro studies
have shown a direct regulation of FGF23 expression by PTH in osteoblasts,5%:57:59 through
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mechanisms involving sclerostin regulation of Wnt signaling. FGF23 could be increased
indirectly by PTH stimulation of 1,25(0OH),D.50

In other studies, however, PTH is inhibitory or fails to stimulate FGF23. PTH did not
directly stimulate FGF23 production in osteoblasts in vitro33 or in normal mice.81 Also,
FGF23 is not increased in patients with primary HPT.62 PTH stimulation of FGF23 also has
been shown to be dependent on calcium and vitamin D status. In VDR™~ mice, FGF23 is
undetectable despite increases of PTH.83 The ability of PTH to regulate FGF23 also is
modified by whether PTH induces a net anabolic or catabolic effect on bone (ie, excessive
bone resorption induced by continuous PTH administration, results in increased FGF23,
whereas the administration of intermittent PTH that leads to a net increase in bone formation
results in reductions in FGF2355:61), Acute administration of PTH even has been shown to
actually suppress FGF23 in normal adults.54 Further studies are needed to understand the
context-dependent regulation of FGF23 by PTH.

OCN/G-PROTEIN COUPLED RECEPTOR C6A BONE ENDOCRINE
NETWORKS

The skeleton also releases the osteoblast-derived hormone Ocn into the circulation to
regulate multiple metabolic processes through activation of its receptor, G-protein coupled
receptor C6a (GPRC6A), which is present in multiple organs (Fig. 2). Ocn is an osteoblast-
specific protein and a major noncollagenous protein in the extra-cellular matrix. Glutamic
acid residues in Ocn undergo post-translational y-carboxylation into y-carboxyglutamic
acid (Gla), which enhances the affinity of Ocn for hydroxyapatite; whereas
undercarboxylated Ocn is released from mineralized bone matrix in response to bone
resorption and acts as a circulating hormone that targets GPRC6A. Detailed saturation
binding kinetics have not been performed of Ocn and GPRC6a, but based on functional data
it is presumed that the undercarboxylated form of Ocn has higher affinity for the receptor.

GPRCB6A is a G-protein—coupled receptor that is formed by the fusion of a periplasmic
nutrient Venus fly trap motif and a classic seven-transmembrane domain. This fusion of the
Venus fly trap motif and seven-transmembrane domain creates the structural basis for both
independent biological and pharmacologic actions of orthosteric ligands and allosteric
modulators with different affinities and efficacies, but also for cooperative interactions
between the orthosteric and allosteric ligand binding sites. Consequently, GPRC6A can
sense basic L amino-acid, various cations, Ocn, and testosterone.

GPRCG6A is highly expressed in B-cells and in other tissues, including brain, white adipose
tissue, skeletal muscle, liver, and bone. The promiscuous expression and multiligand
specificity of GPRC6A provides a means to integrate seemingly disparate biological
processes, ranging from insulin secretion, energy metabolism, sexual reproduction,
hypothalamic-pituitary function, bone formation, and prostate cancer. GPRC6A has been
shown to directly regulate signaling in osteoblasts,5% prostate cells,% Leydig cells,87:68 and
pancreatic S-cells.89 Ocn and GPRCBA are involved in several endocrine loops.
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Bone—-Pancreas Loop

Ocn and GPRCBA are involved in a bone—pancreas endocrine loop. This endocrine network
involves insulin activation of insulin receptors (IRs) in osteoblasts to increase Ocn secretion
and bioactivity; in turn, circulating undercarboxylated Ocn activates GPRC6A in p-cells1269
to regulate insulin secretion and other B-cell functions.”? The existence of this bone—
pancreas network is supported by several findings in mice. First, osteoblast-specific deletion
of the IR results in loss of insulin-mediated release of bioactive Ocn from bone.12 Insulin
stimulates Ocn bioactivity by inhibiting osteoprotegerin, which favors bone resorption, and a
local acidic pH that decarboxylates Ocn. Second, ablation of Ocn (Ocn™") leads to glucose
intolerance in mice and compound heterozygous mutant /R%5-¢0*/~ Ocri*!~ mice display
glucose intolerance similar to /R%-¢k? mice or Ocr™~ mice.87 Third, genetically modified
mice with an increase in uncarboxylated Ocn are protected from type 2 diabetes and
obesity’; and the administration of recombinant Ocn to mice stimulates B-cell functions,
including an increase in B-cell mass (proliferation) and insulin secretion.57:69 The result is a
feed-forward loop, in which insulin signaling in osteoblasts promotes its own secretion by
activating Ocn.

Although speculative, it has been proposed that this feed-forward loop may be regulated
negatively by leptin. Leptin, a hormone produced by white fat, targets the hypothalamus to
suppress appetite and regulates bone metabolism and s-cell function indirectly via activation
of the sympathetic nervous system (which inhibits Ocn and insulin secretion).’2 In addition
to promoting S-cell proliferation and insulin expression and secretion, Ocn increases insulin
sensitivity and energy expenditure, possibly through activation of GPRC6A expressed in
muscle, fat, and liver.

BONE AND ANABOLIC STEROID ENDOCRINE NETWORK

Recombinant Ocn also regulates testosterone production by Leydig cells in the testes and
male fertility through GPRC6A-dependent mechanisms.1! Ocn’s relevance in this endocrine
loop is confounded by the fact that GPRC6A also mediates the nongenomic effects of
testosterone, as evidence by the loss of the rapid signaling responses to testosterone in
Gpre6a™~ mice.”® Testosterone also regulates insulin secretion in g-cells” through
activation of GPRC6A.”3 Thus, GPRC6A may account, at least in part, for testosterone’s
known role in glucose homeostasis, as well as its salutary effects on obesity and lipid
metabolism.89.73.75-77 Thys, testosterone may regulate both insulin sensitivity and insulin
secretion, at least in part through activation of GPRC6A.”8 Because insulin suppresses
testicular steroid production,’8 theoretically a positive feedback loop also may exist linking
testosterone production by Leydig cells with testosterone stimulation of insulin release from
the pancreas. In addition, testosterone also regulates luteinizing hormone (LH) secretion,
also possibly through GPRC6A. Testosterone and Ocn activation of GPRC6A to regulate LH
and testosterone secretion, respectively, may provide a linkage between skeletal growth and
alterations in endocrine functions during puberty in males.”®

Consistent with the existence of even more complex endocrine networks, the complete
absence of GPRC6A in Gprc6a™~ mice results in multiple metabolic abnormalities, some
explained by the bone—pancreas axis, such as obesity, glucose intolerance, hepatic steatosis,
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and insulin resistance, and others explained by the bone—testes axis, such as decreased
circulating testosterone, IGF1, and insulin, and increased estradiol, LH, and growth
hormone, and still others implicating effects on the kidney (ie, hyperphosphatemia) and bone
(ie, osteopenia). Thus, GPRC6A, as the biologically relevant receptor for Ocn, not only
defines a molecular mechanism for linking bone metabolism with metabolic regulation of g
cells and sexual reproduction, but as a common receptor mediating the effects of
testosterone and dietary factors also involved in multiple endocrine networks integrating the
functions of pancreas, muscle, liver, fat, testes, bone, and the hypothalamic—pituitary axis
with alterations in both environmental and endogenous ligands.

LINKAGE BETWEEN Ocn AND FGF-23 ENDOCRINE NETWORKS?

FGF23 and Ocn may be interconnected through leptin, the adipocyte-derived hormone that
regulates appetite.8 Leptin directly stimulates FGF23 expression and there is evidence that
leptin inhibits insulin secretion indirectly through suppression of Ocn release from bone by
actions of leptin to activate the sympathetic nervous system.”2 Leptin, an adipocyte-specific
molecule that targets the hypothalamus to limit appetite and increase energy expenditure,
also acts centrally to reduce bone mass through a complex signaling involving serotonin and
stimulation of the sympathetic nervous system acting through the 2 adrenergic receptor.
Leptin inhibits bone mass accrual and appetite. The leptin receptor belongs to the class |
cytokine receptor superfamily and possesses strong homology to the signal-transducing
subunits of the interleukin-6 receptor.

It has been proposed that leptin, through the suppression of Ocn, acts as a physiological
break on the insulin-induced Ocn feed-forward loop regulating energy metabolism.89 Leptin
directly stimulates FGF23 synthesis in bone cells.81 Thus, leptin regulation of FGF23 and
Ocn are related inversely. Because cellular uptake of phosphate is necessary for energy use
in peripheral tissues, leptin suppression of insulin would decrease insulin-mediated
phosphate uptake into cells and leptin stimulation of FGF23 would lead to an increase in
renal phosphate excretion. The differential regulation of FGF23 and Ocn-mediated insulin
secretion theoretically would allow renal phosphate handling to be coordinated with cellular
uptake of phosphate. This possible endocrine network requires experimental validation.
However, anorexia is a common complication in patients with CKD. Serum leptin
concentrations are increased in patients with CKD82 and uremic serum stimulates the release
of leptin from adipocytes.83 The insulin-responsive serum glucocorticoid-regulated kinase 3
(Sgk3) pathway also regulates FGF23 expression in bone, as evidenced by reduced FGF23
levels in Sgk3 knockout mice.84:85 |n addition, there is a significant inverse correlation
between FGF23 and fasting insulin level, insulin resistance index,8 and metabolic
syndrome.87 FGF23 also may be linked to energy metabolism via its suppression of a-KI
expression,88:89 which can function as a circulating hormone affecting insulin® and Wnt
signaling.®1 A complex network may exist in which insulin regulates FGF23 through
activation of insulin receptor (InsR) in osteoblasts, which secrete FGF23 to regulate kidney
retention of phosphate proportionate to the increased use of phosphate in peripheral tissues
in postprandial states of nutrient excess. FGF23 and Ocn also may be linked through
alterations in bone remodeling and mineralization.
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CLINICAL IMPLICATIONS OF FGF-23 IN CKD

Altered Understanding of the Pathogenesis and Treatment of Secondary
Hyperparathyroidism in CKD

The physiological relevance of the FGF23 endocrine network in human beings is well
established by the effects of high and low FGF23 levels to cause, respectively, hereditary
hypophosphatemic and hyperphosphatemic disorders. The clinical relevance of FGF23 in the
setting of normal renal function is to maintain 1,25(OH),D and phosphate homeostasis, as
noted earlier. In CKD, FGF23 shows both adaptive and maladaptive functions that depend
on the degree of renal impairment and the levels of FGF23. Cross-sectional studies in human
beings show early FGF23 increased in CKD in proportion to reduced glomerular filtration
rate%2 and greater increases in ESRD.32:92:93 FGF23 levels correlate with the degree of
hyperphosphatemia3®93 and predict refractory HPT.52 Before the discovery of FGF23,
secondary HPT in CKD was thought to be caused by a decline in Cyp27b1-mediated
production of 1,25(0H),D by the proximal tubule owing to loss of renal mass.?* There are
emerging data to support the hypothesis that increased FGF23 is the initial event leading to
subsequent reductions in 1,25(0OH),D and increases of PTH in CKD. In this conceptual
framework, CKD does not represent a true vitamin D— deficient state; rather FGF23-
mediated suppression of circulating 1,25(0OH),D levels is an adaptive response, which
protects against hyperphosphatemia through a reduction of 1,25(0OH),D’s effects on
gastrointestinal phosphate absorption and by increasing PTH, which acts in concert with
FGF23 to stimulate phosphaturia. Thus, FGF23 may be an early biomarker for earlier
interventions.

In addition, treatment approaches to prevent the increases of FGF23 may become the initial
therapeutic focus. Treatment with paracalcitol further increases FGF23 in ESRD.%> Because
calcitriol analogues increase FGF23, calcitriol-sparing therapies may be warranted, such as
combined low-dose paracalcitol and calcimimetics, which decreases FGF23 levels in ESRD
patients.96:97 Alternatively, if FGF23-stimulated catabolism of 1,25(OH),D is an important
mechanism for reduced 1,25(0OH),D levels, there may be a role for Cyp24 inhibitors in the
management of CKD mineral and bone disease.

With regard to bone, there is a debate regarding whether FGF23 has direct effects, or
whether the bone changes are caused by PTH. The absence of a-Klotho in bone and other
studies showing correction of defective mineralization in FGF23 null mice by ablation of 1-
a hydroxylase suggests that these changes are secondary. However, increased FGF23 is
associated with fracture healing, suggesting that it is a marker of osteoblast activity.% If so,
FGF23 may be a marker of bone turnover in secondary HPT in ESRD, and FGF23 may be a
bio-marker for bone remodeling. Further studies are needed to define the relationship
between bone turnover and circulating FGF23 levels in CKD.

Role of FGF-23 in Increased Mortality in CKD

Finally, the increase in FGF23, which initially is a positive adaptive response for
maintenance of phosphate balance at the expense of suppressing 1,25(0OH),D production in
early CKD, becomes maladaptive with more advanced CKD. Indeed, epidemiologic studies
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in both ESRD and CKD have found that increased circulating FGF23 levels is a strong
independent risk factor for both renal failure progression and cardiovascular mortality,
independent of serum phosphate levels.%? Increased circulating FGF23 concentrations also
are associated with progression of renal diseasel% and left ventricular hypertrophy, fat mass,
and dyslipidemia in elderly patients.8 This positive correlation between FGF23 and
mortality also is found in the general population with coronary artery disease.> At present, it
is not certain if these untoward effects associated with increases of FGF23 in CKD are
caused FGF23-mediated toxicity or represent epiphenomena of the uremic state.

Currently, the evidence for FGF23 having a causative role in increased cardiovascular
morbidity is indirect, but supported by multiple associative studies and several competing,
but biologically plausible, hypotheses for mechanisms underlying the adverse effects of
FGF23. One possibility is that increased cardiovascular mortality associated with FGF23 is
mediated indirectly by FGF23 suppression of 1,25(0OH),D and effects of this functional
vitamin D—deficient state. The effects of low 1,25(OH),D on the cardiovascular system is
thought to be mediated by activation of the RAS in CKD, leading to hypertension, left
ventricular hypertrophy, and increased cardiovascular mortality (Fig. 3). Involvement of the
RAS is plausible because of activation of the renal RAS in CKD and the beneficial effects of
inhibition of RAS in protection against progressive CKD.

Angiotensin Il is generated in the kidney by a cascade initiated by renin conversion of
angiotensinogen to angiotensin I in the macula densa followed by angiotensin-converting
enzyme (ACE) conversion of Ang | to Ang II, which is the ligand for both AT, and AT,
receptors. ACE inhibitors target ACE, leading to reductions in Ang Il and reduced
stimulation of both AT and AT receptors. In experimental models of chronic kidney
disease the RAS is up-regulated.191 Experimental studies in animals and clinical trials have
shown a beneficial effect of ACE inhibitors and angiotensin-receptor blockers on control of
hypertension, suppression of proteinuria, and the progression of kidney disease. Ang Il is
degraded to ANG-(1-7) by ACE2, which is also highly expressed in the kidney.

This vitamin D-RAS hypothesis is supported by the known effects of 1,25(0OH),D to
suppress renin and the effects of vitamin D deficiency to activate the renin angiotensin
system.192 Moreover, low 25(0H)D and 1,25(0H),D in patients with CKD are associated
with increased all-cause mortality and more rapid progression of kidney disease, and use of
active vitamin D analogues to treat secondary hyperparathyroidism in CKD is associated
with improved survival. However, these associative studies do not prove a cause and effect.
Indeed, additional data challenge the salutary effects of active vitamin D therapy in ESRD.
In this regard, active vitamin D therapy increases serum phosphate as a result of the effects
to enhance phosphate transport and increases serum FGF23 levels as a result of the actions
of active vitamin D analogues to stimulate FGF23 gene transcriptions. Both the resulting
hyperphosphatemia and increased FGF23 are independent risk factors for increased
mortality in CKD. Most importantly, the Paricalcitol Capsule Benefits in Renal Failure—
Induced Cardiac Morbidity (PRIMO) study, a randomized double-blinded trial of
paricalcitol on left ventricular hypertrophy in CKD, failed to identify a significant effect of
active vitamin D treatment on cardiovascular end points.103
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Another possibility is that FGF23 contributes to the increased cardiovascular morality in
CKD. Multiple observational studies show a strong association between increases in
circulating FGF23 concentrations and increased mortality in CKD, as well as in the general
population.®® Whether FGF23-associated mortality represents causation, and, if so, by what
mechanisms, 104 is an area of active investigation.

There are two, not mutually exclusive, mechanisms whereby FGF23 may impact
cardiovascular disease. First, there is evidence that FGF23 may regulate the RAS via
suppression of ACE2 expression in the kidney. In experimental models of FGF23 excess a-
Klotho expression is decreased and there is evidence for direct effects of FGF23 to suppress
a-Klotho message expression through activation of FGFR/a-Klotho complexes (canonical
pathway) in the distal tubule. ACE2 is an important counter-regulatory enzyme in the
intrarenal RAS that may protect against renal injury by reducing kidney levels of ANG 11.105
In a remnant kidney model, a high-phosphate diet further increased activation of the RAS in
association with high FGF23 and low ACE2 expression.191 In mice, the genetic ablation of
ACE?2 leads to glomerulosclerosis, but additional information is needed regarding the
relevance of ACE2 and ANG Il degradation in CKD in human beings. Consistent with an
effect of FGF23 on the cardiovascular system, X-linked hypophosphatemia (XLH) patients
with increased FGF23 levels have a higher prevalence of left ventricular hypertrophy.106
Second, there are data that high levels of FGF23 may directly stimulate myocardial cells,
leading to hypertrophy.107 This effect was observed in isolated neonatal cardiomyocytes that
lack expression of a-Klotho, and only at concentrations greater than 10 ng/mL, a
concentration that exceeds the normal circulating levels of FGF23 (0.05 ng/mL) by 200-fold.
Thus, extremely high FGF23 levels directly activate FGFRs via honcanonical, a-Klotho—
independent pathways. Understanding the cause-and-effect relationship between FGF23 and
adverse outcomes and the mechanism of this effect is of critical importance because
activation of the RAS may be treated by inhibitors of this pathway whereas off-target effects
of FGF23 may require specific inhibition of the FGF23 signaling pathway, either through
blocking antibodies or inhibition of FGF23 production or receptor activation.

There is also a competing hypothesis that activation of RAS inhibits a-Klotho expression in
the kidney, which in turn leads to secondary increments in FGF23 in CKD.108 FGF23 and
1,25(0OH),D, however, suppress and stimulate, respectively, a-Klotho expression through
direct actions on the distal tubule. Thus, the reductions in a-Klotho expression in CKD may
be secondary to primary increases of FGF23 or FGF23-mediated reductions in 1,25(0OH),D,
rather than in response to end-organ resistance to FGF23 caused by renal disease. Further
studies are needed to understand the mechanisms of increased circulating FGF23 in CKD.

UNCERTAIN CLINICAL SIGNIFICANCE OF Onc-GPRC6A ENDOCRINE
NETWORK IN CKD

The clinical significance of the Ocn endocrine networks is less certain and, at present, no
mutations of Ocn have been reported to cause diseases in human beings. Polymorphisms in
the Ocn receptor, GPRCBA, are associated with osteopenia in human beings!3 and the
GPRC6a locus is associated with increased prostate cancer risk in Asian males.1%® Genome-
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wide association studies show that GPRC6A is a genetic locus highly associated with C-
reactive protein levels,210 a heritable marker of chronic inflammation that is associated
strongly with diabetes mellitus!!! and cardiovascular diseases,112:113

Based on our knowledge of the function of GPRC6A derived from mouse genetic studies,
increased uncarboxylated Ocn, and activation of GPRC6A, which is present in multiple
organs, would be predicted to result in increased insulin secretion, improved insulin
sensitivity, increased serum testosterone, and decreased fat mass.114 As noted earlier, Ocn
stimulates insulin secretion and g-cell proliferation via GPRC6A, is lower in patients with
diabetes, who have a low-turnover bone disease, and is a biomarker of insulin resistance in
human beings.67:71:115.116 Ocn is correlated inversely with body mass index, fasting glucose
and insulin, triglycerides, and leptin, and correlated positively with adiponectin.11?
Administration of PTH increases and alendronate decreases Ocn levels and changes in Ocn
are associated with changes in body weight, fat mass, and adiponectin concentrations,
consistent with a role for Ocn in the skeletal regulation of energy metabolism.118 The Ocn
endocrine axis may be particularly relevant to skeletal growth during male puberty. During
rapid skeletal growth, increments in testosterone levels initiated by alterations in the
hypothalamic—pituitary axis may be augmented further by increasing Ocn as a result of
skeletal growth, thereby increasing bone size in males.”®

Ocn is increased in CKD, likely owing to increased bone resorption, but its contribution to
abnormalities in energy metabolism in CKD is not certain. Vitamin K status also determines
the carboxylation of Ocn. Because CKD often is associated with vitamin K deficiency,19
this could contribute to increased uncarboxylated Ocn. CKD is associated with impaired
glucose-mediated insulin secretion, increased insulin resistance, and decreased testosterone
levels,120 alterations that are opposite from those predicted by increased Ocn and activation
of GPRCG6A. Thus, there currently is little evidence for activation of the Ocn—-GPRC6A
endocrine network in CKD. Serum Ocn, however, is associated positively with circulating
adiponectin levels in patients with CKD2! and further studies are needed to understand the
Ocn-GPRCB6A endocrine networks in CKD. Impaired bone resorption results in a decrease
in the uncarboxylated form of Ocn and glucose intolerance in both mice and human beings.
Conversely, the ability of a high-fat diet to induce glucose intolerance in mice is attenuated
by RANK ligand (RANKL)-mediated increases in bone resorption and release of bioactive
Ocn. Recent studies have indicated that increased circulating concentrations of
uncarboxylated Ocn are associated with lower mortality rates in an outpatient population
with coronary artery disease.® Thus, increments in Ocn in CKD may yet prove to have an
important role in regulating energy metabolism.

SYSTEMS BIOLOGY APPROACH?

The depiction of endocrine pathways as bidirectional connections between a few endocrine
pathways (Figs. 1-3) oversimplifies the actual complexity of these networks in CKD. The
complexity of the biological regulatory systems and the new knowledge of genomics and
proteomics necessitate a new way of thinking and testing of hypotheses regarding the
physiology and pathophysiology of CKD. Even with the existing knowledge, more complex
networks can be identified by computational models, such as the Ingenuity Pathway
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Analysis software program (Redwood City, CA). Ingenuity Pathway Analysis, performed on
the genes depicted in Figures 1 through 3, showed that multiple interconnections exist
between the PTH, vitamin D, FGF23, RAS, and Ocn endocrine networks (Fig. 4). The top
networks identified by this analysis are drug metabolism, lipid metabolism, and molecular
transport. Despite the complexity of the networks shown in Figure 4, even more data will be
generated regarding genomic polymorphisms and differences in gene expression profiles, as
well as proteomic, kinomics, and phospho-proteomic analysis of individual tissues in CKD
to create a detailed integrative model of the uremic state. Although less practical in
understanding physiological cause-and-effect relationships, the development of more robust
computational models will provide more informative insights into the pathogenesis of CKD
and lead to more rational, multisystem approaches to manage this disorder. The limited
understanding of the multiple connections between pathways and the fact that treatments are
directed at only some components of these networks may explain why current therapeutic
interventions have not lead to improved survival in the ESRD population.
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Figure 1.
Endocrine networks involved in the pathogenesis of CKD mineral and bone disease. (A)

PTH-vitamin D axis. PTH secreted by the parathyroid glands under control of the CaSR
directly targets PTHR1 in bone and kidney to stimulate, respectively, calcium efflux from
bone, renal conservation of calcium and production of 1,25(0OH),D, the latter targets VDR in
intestines to increase calcium absorption as well as in other tissues to regulate multiple
cellular functions. PTH also has phosphaturic actions on the kidney and in certain settings
also stimulates FGF23 and Ocn secretion from bone. (B) FGF23-bone-kidney axis. FGF23
is secreted by osteoblasts/osteocytes in bone under control of multiple factors, including
1,25(0OH),D, leptin, glucocorticoids, PTH, and bone mineralization/turnover. Circulating
FGF23 targets FGFR/a-Klotho complexes located in the kidney, pituitary, thymus, and
parathyroid glands. The principal biological actions of FGF23 are to suppress circulating
1,25(0OH),D levels, owing to combined actions to decrease Cyp27bl-mediated synthesis and
possibly stimulation of Cyp24-mediated degradation of this active vitamin D sterol, and to
inhibit the renal reabsorption of phosphate leading to phosphaturia. FGF23 also may
suppress PTH secretion. In addition, direct effects of FGF23 on FGFR pathways in the
absence of the co-receptor a-Klotho have been proposed.
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Figure2.

Osteocalcin (Ocn)-GPRCB6A bone endocrine networks. A complex network is depicted
whereby undercarboxylated Ocn is released from bone in response to osteoclast-mediated
bone resorption. Circulating Ocn targets a nutrient G-protein—coupled receptor, with high

homology to CaSR, which is present in multiple organs, including pancreatic g-cells,

adipocytes, skeletal muscle, hepatocytes, osteoblasts, Leydig cells in testes and prostate, as
well as other tissues and cell types. Experimental evidence in the mouse suggests that Ocn is
involved in regulating insulin secretion and insulin sensitivity as well as sexual reproduction
through control of testosterone production in Leydig cells. Insulin may have a feed-forward
loop to stimulate Ocn release from bone. Ocn regulation of testosterone may coordinate

skeletal growth and sex hormone production during skeletal growth. The clinical

significance of these pathways in human beings remains to be established. LH, luteinizing

hormone.
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Figure 3.
The RAS. Angiotensin Il is generated in the kidney by renin-mediated conversion of

Page 21

angiotensinogen to angiotensin followed by ACE conversion of Ang | to Ang I, which
activates AT and AT, receptors in target tissues. The RAS is activated in chronic kidney
disease and contributes to increased cardiovascular mortality and renal failure progression.
RAS is linked to the PTH-vitamin D endocrine network in CKD via effects of reduced

1,25(0OH),D to suppress renin and FGF23 effects to suppress ACE2, but leading to
activation of RAS. LVH, left ventricular hypertrophy.
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Figure 4.
Ingenuity pathway analysis of endocrine networks depicted in Figures 1 through 3. The

Ingenuity Pathway Analysis systems identified multiple connections between these
endocrine networks. Gene products are represented as nodes and biological relationships
between two nodes are represented as a line. Continuous lines indicate direct interactions,
and dashed lines represent indirect connections. Shapes of nodes symbolize functional
classes of gene products. Notable genes identified in the network include ACE2, 5
adrenergic receptor (ADRB), bone gamma-carboxylgutamic acid protein (BGLAP), Ocn,

CASR, CYP24A1, CYP27B1, FGF23, FGFR, GPRC6A, insulin receptor (INSR), KL, leptin

(LEP), leptin receptor (LEPR), PTH, PTH1R, renin (REN), vitamin D receptor (VDR),
SPP1, TRPVS5, uncoupling protein (UCP), phosphate regulating endopeptidase (Phex),
alkaline phosphatase (Alp), glucocorticoid (GC).
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