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Abstract

Hypertension (HTN) and chronic kidney disease (CKD) are increasingly recognized in pediatric patients and represent risk
factors for cardiovascular morbidity and mortality later in life. In CKD, enhanced tubular sodium reabsorption is a leading cause
of HTN due to augmented extracellular fluid volume expansion. The renin-angiotensin-aldosterone system (RAAS) upregulates
various tubular sodium cotransporters that are also targets of the hormone fibroblast growth factor 23 (FGF23) and its co-receptor
Klotho. FGF23 inhibits the activation of 1,25-dihydroxyvitamin D that is a potent suppressor of renin biosynthesis. Here we
review the complex interactions and disturbances of the FGF23—Klotho axis, vitamin D, and the RAAS relevant to blood pressure
regulation and discuss the therapeutic strategies aimed at mitigating their pathophysiologic contributions to HTN.
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Introduction

Chronic kidney disease (CKD) and its associated cardiovas-
cular (CV) complications are increasingly prevalent in chil-
dren [1]. Global prevalence of hypertension (HTN) in the
general pediatric population has increased over the last 2 de-
cades [2] and in children with CKD the prevalence of HTN
ranges between 24 and 47% [3]. Clinical observations have
described associations between higher blood pressure (BP)
and fibroblast growth factor 23 (FGF23) levels, and experi-
mental investigations have shown direct participation of
FGF23 and its cofactor Klotho in the pathogenesis of HTN,
although the results have not been consistent. Furthermore,
higher FGF23 concentrations are strongly associated with
higher left ventricular mass independently of BP and kidney
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function [4]. These associations and the mechanisms by which
FGF23 induces hypertrophy of cardiomyocytes in vivo and
in vitro have been previously reviewed in this journal [5].
Recent preclinical observations have demonstrated direct ef-
fects of FGF23 on the distal convoluted tubule resulting in
increased sodium (Na) reabsorption, blood volume expansion,
and HTN [6]. However, clinical studies in patients with mod-
erate CKD do not support the notion that FGF23 exerts a
clinically significant role as an important Na-retaining hor-
mone causing HTN [7, 8]. The present article will attempt to
clarify some of these discrepancies; summarize the complex
relationships between the FGF23—Klotho axis, alterations of
vitamin D metabolism, and the renin-angiotensin-aldosterone
system (RAAS); and review therapeutic options directed at
attenuating the described disturbances causing HTN.

Brief overview of the FGF23-Klotho axis
FGF23 characteristics and function

FGF23 is produced by the bone osteoblasts and osteocytes,
signals through four FGF receptors (FGFR 1, 2, 3, and 4), and
requires membrane-bound Klotho for binding in target tissues
[9]. FGFR1 is the predominant receptor mediating phospha-
turia in vivo [10]. The major cellular source of circulating
FGF23 is the bone (osteocytes and osteoblasts) [9]; however,
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other cell types such as immune cells may become relevant
sources of circulating FGF23 in systemic inflammatory pro-
cesses [11]. In the kidney, its key target organ, FGF23 binds to
the tubular Klotho. The FGFR1/Klotho complex activates var-
ious kinases, including serum glucocorticoid-regulated ki-
nase-1 (SGK1), and suppresses the reabsorption of phosphate
(Pi) through downregulation of the type II sodium-dependent
phosphate (NaPi) cotransporters NaPi 2a and NaPi 2c in the
proximal tubule [12]. FGF23 also suppresses 1 o-hydroxylase,
the key enzyme for production of the biologically active
1,25(0OH),D, and downregulates the secretion and synthesis
of parathyroid hormone (PTH). Thus, FGF23 not only in-
creases urinary Pi excretion but indirectly suppresses intestinal
Pi absorption by downregulating the production of
1,25(0OH),D. Conversely, PTH increases FGF23 directly by
acting on osteoblasts/osteocytes, and indirectly by increasing
1,25(OH),D that stimulates bone FGF23 transcription in the
gene promoter region [13]. FGF23 can also be regulated by
PTH or calcium (Ca) through pathways independent of
1,25(0OH),D and the vitamin D receptor (VDR), as demon-
strated in VDR-ablated animals [14] and in patients with vita-
min D—dependent rickets type 1 that are unable to synthesize
1,25(0OH),D [15]. The sympathetic nervous system can also
stimulate FGF23 production in bone by (3-adrenergic signal-
ing pathways and contribute to circulating FGF23 levels [16].
Finally, changes in serum or dietary Pi may also modulate
FGF23 production by as yet undetermined mechanisms [9].
Thus, three hormones that control mineral metabolism, i.e.,
PTH, 1,25(0OH),D, and FGF23, are interconnected to each
other establishing a feedback loop between kidney, bone, the
intestinal tract, and the parathyroid gland [9, 10, 12, 13, 15].

Evaluating circulating levels of FGF23 requires recogniz-
ing differences in the FGF23 assays currently in use by ELISA
kits. The Intact ELISA uses two antibodies that recognize the
N-terminal and C-terminal regions and therefore only recog-
nizes the full, intact FGF23 hormone prior to proteolytic
cleavage. The two antibodies used in the C-terminal ELISA
detect epitopes within the C-terminal region and therefore this
assay recognizes both the intact hormone and the C-terminal
fragment [9]. The C-terminal assay has better stability than the
intact assay, and correlation between the assays is not consis-
tent [11]. Therefore, differences in the assays should be con-
sidered when interpreting the meaning and relevance of the
associations of FGF23 levels with BP or other CV disease
markers [17].

Klotho characteristics and function

The klotho gene is situated on the large arm of human chro-
mosome 13 and is expressed mostly in both distal and proxi-
mal tubules of the kidney but also in other tissues like the
choroid plexus and parathyroid glands [12]. Klotho is cleaved
and released from the kidney into circulation as a full-length
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protein or as KL1 and KL2 fragments; these circulating iso-
forms are collectively called “soluble” Klotho (sKL) [9, 12].
Membrane Klotho cleavage is mediated by the A disintegrin
and metalloprotease containing proteins 10 and 17 (ADAM
10 and ADAM 17, respectively) [18]. Klotho expression is
stimulated by VDR activators that bind to vitamin D—
responsive elements in the Klotho gene promoter [19].
Erythropoietin, rapamycin, statins, fosinopril, and losartan
are all reported to increase Klotho mRNA expression, but
the underlying mechanisms remain unclear [20]. Factors that
suppress Klotho gene transcription include angiotensin II
(Ang II), FGF23, inflammation, oxidative stress, uremic
toxins, epigenetic methylation, and hypoxia, frequently in-
volving upregulation of the Wnt/3 catenin pathway and
transforming growth factor-3 (TGF-3) [21]. Klotho attenu-
ates HTN and is involved in reno-protective mechanisms
demonstrated in several preclinical models [22], but a specific
receptor for Klotho has not been identified.

Klotho plays a key role in the FGF23-mediated effects on
distal tubular Na transport and BP regulation [6]. It was be-
lieved that Klotho was only expressed in the distal tubule, but
using an antibody directed against the membrane-bound
Klotho isoform, Klotho protein expression was detected in
both proximal and distal tubules, thus providing an explana-
tion for the activity of circulating FGF23 on the proximal
tubule downregulating the NaPi 2a and promoting phospha-
turia in a Klotho-dependent fashion [12]. The role of Klotho as
a co-receptor with FGFR1 and the importance of FGFR1 as
the main FGF receptor mediating the phosphaturic effect of
FGF23 on the proximal tubule are strongly supported by ex-
perimental observations demonstrating hyperphosphatemia
and resistance to the phosphaturic effect of FGF23 in mice
with a specific deletion of fgfi/ in proximal kidney tubules
[10]. However, complete abolishment of phosphaturia re-
quires abolishment of fgfrr/ and fgfr4 indicating that the
FGFR4 activity plays some role, albeit less prominent, for
FGF23-mediated regulation of Pi by the kidney [23].
However, Klotho may exert phosphaturic properties not only
as a co-receptor for FGF23 but as an FGF23-independent
hormone as evidenced by intact phosphaturia following injec-
tion of soluble Klotho in the FGF23—/— mouse and in cultured
cells in the complete absence of FGF23 [24].

Thus, Klotho is a central player in the suppression of NaPi
activity [12] and increases the cell-surface abundance of outer
medullary potassium (K) channels (ROMK) thus promoting
phosphaturia and increased tubular secretion of K, resulting in
kaliuresis [25]. Additional actions of Klotho in the kidney
include stimulation of the transient receptor potential channel
of the vanilloid family (TRPVS) in distal tubules that are es-
sential for Ca transport, regulation of Na reabsorption, and
protection of the kidney from oxidative injury [6, 9, 12]. To
exert its action, Klotho needs to be cleared from the circulation
and enter the tubular lumen by transcellular trafficking
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(transcytosis) from the basolateral to the apical membrane of
the tubular cell and is then secreted across the apical mem-
brane into the urinary lumen [26]. Thus, detection of Klotho in
the urine has been demonstrated by some [26], but not by
others [27]. Since the kidney is the main source of circulating
Klotho, it is not surprising that CKD is a state of Klotho
deficiency. Reduced circulating levels and suppressed renal
Klotho expression may [28] or may not [29] be associated
with adverse outcomes in CKD patients. Discrepancies in
the results may in part be due to technical issues concerning
handling of the specimens and the high variability in results
obtained with commercial ELISA assays [30]. Poor interassay
and intra-assay agreement have been shown employing differ-
ent currently available commercial Klotho ELISA assays, and
measurement of soluble Klotho using commercial ELISA is
highly unstable in human urine even when stored at — 80 °C
[31]. Therefore, variance in sample type, quality, collection
and processing methods, vintage and conditions of storage,
and number of freeze-thaw cycles can all drastically affect
assay performance and yield widely disparate results. In a
recent study, immunoprecipitation-immunoblot compared
with ELISA exhibited a stronger direct correlation with esti-
mated glomerular filtration rate (eGFR), better recovery
(capture) of added exogenous Klotho, less susceptibility to
variability from sample additives (protease inhibitors), and
much better differentiation across different kidney disease
groups, including AKI and CKD, in reference to healthy vol-
unteers. The immunoprecipitation-immunoblot assay perfor-
mance also declined after multiple freeze-thaw cycles, favor-
ing the use of never-thawed samples when measuring soluble
Klotho [30].

FGF23, Klotho, and phosphate associations
with hypertension

FGF23 and hypertension

The association between elevated levels of FGF23 with BP
levels have clinical implications for individuals with and with-
out CKD. Genetic factors may determine associations of
FGF23 with HTN. Polymorphisms located near genes
encoding enzymes and transporters involved in vitamin D
metabolism and tubular transport of Pi and Na and of the
FGF23 gene are associated with the risk of developing prima-
ry HTN [32, 33].

Although racial differences may affect both FGF23 and BP
levels, whether FGF23 is associated with rising BP and racial
differences in prevalent or incident HTN remains unclear.
African Americans have earlier onset and higher prevalence
of HTN than Whites [34], and African Americans and
Hispanic patients with CKD and HTN (on dialysis or not)
did have higher BP but lower FGF23 levels than comparable

White patients [35]. Similarly, in healthy young adults, higher
FGF23 levels were independently associated with rising BP
over time and with an increased risk of incident HTN, but
without racial differences in HTN rates; these findings do
not explain the disparate burden of HTN in African
Americans [36]. In patients with reduced GFR, higher
FGF23 levels were demonstrated in patients with HTN and
moderate CKD [37]. In children and adolescents with CKD,
higher systolic BP z-scores were associated with higher
FGF23 levels [38], but the association of high FGF23 and
high BP is not consistent, and other investigations found a
weak association between FGF23 levels and HTN which
was further attenuated after adjusting for kidney function
[39]. Of interest, CKD patients randomized to intensive BP
lowering compared with those in the standard regimen group
sustained a significant increase in FGF23 levels after 1 year of
observation, highlighting that changes in FGF23 and BP did
not trend in the same direction [40]. A strong evidence against
direct effects of FGF23 on BP comes from studies in a model
of X-linked hypophosphatemic rickets in mice with a mis-
sense mutation in the phosphate-regulating gene with homol-
ogies to endopeptidase on the X chromosome. This particular
model is characterized by increased production and secretion
of bone FGF23 and high FGF23 levels and does not have
HTN [41].

FGF23 and tubular handling of sodium

The activity of FGF23 on the distal convoluted tubule (DCT)
[6] may have clinical implications and merit a concise sum-
mary of tubular Na handling.

The thiazide-sensitive sodium-chloride-cotransporter
(NCC) expressed in the DCT is responsible for a large fraction
of the net Na and chloride (Cl) reabsorption [42]. The DCT is
divided into two regions: the DCT1 or “early” DCT in which
Na reabsorption is solely due to the NCC, and the DCT2, or
“late” DCT, where Na reabsorption occurs through both the
NCC and the epithelial sodium channel (ENaC) [42], the latter
largely by the actions of aldosterone on the mineralocorticoid
receptor [43]. Loss of function mutations in SLCI2A3, the
gene encoding the NCC, causes Gitelman’s syndrome charac-
terized by salt-wasting, K loss, and low BP [44], and increased
NCC activity results in familial hyperkalemic hypertension
(FHHY), also known as pseudohypoaldosteronism type II or
Gordon syndrome [45]. Thiazide diuretics block the NCC and
mimic Gitelman’s syndrome. NCC function requires phos-
phorylation of various kinases, including a family of serine/
threonine kinases lacking the catalytic lysine, “with no lysine
K/kinase” (WNKSs), known as WNK1 to WNK4; WNK mu-
tations result in increased salt reabsorption and HTN and
cause FHHt [45]. In addition to genetic mutations, multiple
factors increase the activity of the NCC by direct or indirect
mechanisms, including Ang II, aldosterone, insulin,
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vasopressin, Ca, reduced Cl, and K depletion with hypokale-
mia [42, 45]. The role of WNKs activation in FGF23 signaling
was initially demonstrated by modifying the expression of the
WNK pathway [46] and by genetically ablating the NCC gene
[47]. Elevation of both FGF23 and aldosterone levels in NCC
null mice (a model of mild volume depletion) suggested an
aldosterone-dependent effect as the result of volume deple-
tion, since this hormone was increased, and the increased
FGF23 levels declined after treatment with the mineralocorti-
coid receptor blocker eplerenone [47]. Upregulation of ex-
pression and transcription of osteoblast FGF23 induced by
aldosterone may be the result of increased cytosolic Ca, me-
diated by SGK1 and store operated Ca entry [48].

In the most extensive study about the effects of FGF23 on
the NCC activity, both FGF23—/— VDR—/—, and double
Klotho—/— VDR—/— knockout mice exhibited a Na wasting
phenotype, volume depletion, reduced BP, and increased al-
dosterone secretion [6]. The NCC expression was downregu-
lated and the ENaC was upregulated without significant
changes in serum K. Surprisingly, despite salt-wasting, low
blood volume, and reduced BP, the plasma renin activity
(PRA) did not change, and serum K remained unchanged or
was lower. Additionally, recombinant FGF23 administration
decreased urinary salt excretion, increased BP, and suppressed
aldosterone levels without changes in PRA, while NCC phos-
phorylation (activity) was increased. The increased BP in-
duced by FGF23 administration was abrogated by chlorothi-
azide, a known blocker of NCC. Increased activity of NCC
and ENaC by FGF23 is likely mediated by an increase in
SGK1, with subsequent activation of the WNK1/4-STE20/
SPS-1-related proline/alanine-rich kinase (SPAK) signaling
axis leading to the luminal abundance of NCC [6, 27].

The proposal that FGF23 induces HTN by promoting an
increase in NCC activity through the WNK4-SPAK pathway
[6] does not conform with well-established mechanisms of
NCC regulation. Any primary activation of NCC is associated
first with hyperkalemia and then with salt-sensitive increased
BP, associated with increased aldosterone secretion and sup-
pression of renin activity [47, 48]. Plasma K was not reported
in the mice treated with FGF23, but the finding that aldoste-
rone secretion was reduced is difficult to reconcile with
hypokalemia-induced phosphorylation of NCC as the main
mechanism leading to Na retention and HTN resulting from
overactivity of NCC. Of note, wild-type mice treated with
recombinant FGF23 displayed a reduction in serum and uri-
nary aldosterone, as well as downregulation of the kidney
expression of ENaC. These findings are opposite to those seen
in CKD [49]. Because FGF23 induces phosphaturia and af-
fects the Pi and Ca metabolism, and the NCC activity can be
modulated by activation of the Ca sensing receptor [50], acti-
vation of the NCC could be in part mediated by changes in
serum Ca. The effect of FGF23 on BP was more prominent in
mice fed a low-salt diet, an observation that is counterintuitive
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with the proposal that hypertensive effects of FGF23 are me-
diated by increased activity of the NCC. The BP increase
resulting from NCC overactivity is salt-sensitive and usually
is decreased by low-salt diet, not increased. Finally, in two
recent studies of adult [7] and pediatric [8] patients with a
wide range of kidney function, FGF23 levels were positively
correlated with the fractional excretion of sodium (FENa),
arguing against salt retention induced by FGF23.

The formulation that the FGF23 effects on the NCC pro-
vided an explanation for the volume-dependent HTN and sub-
sequent left ventricular hypertrophy (LVH) in CKD is based
on experiments in non-uremic models [6] and may assume a
decreased FENa as CKD progresses. This contradicts seminal
studies in animals and patients with CKD demonstrating an
increase in FENa proportional to the decline in GFR to main-
tain Na balance [51-53]. Increased natriuresis was achieved
through a reduction in either proximal [53] or distal tubular Na
reabsorption [54]. Increased FENa was associated with re-
duced expression of proximal tubule Na transporters and in-
creases of NCC in the DCT [49], the latter interpreted as
compensatory to increased delivery of NaCl from the proxi-
mal tubule and higher aldosterone levels. Other studies have
demonstrated variable expression of proximal and distal Na
transporters depending on the chronicity of CKD, with
marked reductions of both the proximal tubule sodium—
hydrogen exchanger 3 (NHE3) and the distal NCC at later
stages [55]. In a model of proteinuria with moderate CKD
and increased FGF23 levels, tubular NCC expression was
similar to that in control animals with normal FGF23 levels
[56], suggesting that factors other than the prevailing concen-
trations of FGF23 may determine NCC activity in the DCT.
Notwithstanding differences in the experimental conditions of
the mentioned studies, the collective evidence discussed ear-
lier is not consistent with universal NCC upregulation in ex-
perimental CKD.

Data on renal tubular handling of Na with simultaneous
FGF23 and BP measurements in patients with moderate
CKD are scanty. In both studies previously mentioned [7,
8], FENa was indeed associated positively with FGF23 levels
(Fig. 1a), challenging the notion that FGF23 causes clinically
significant Na retention. In addition, FENa correlated posi-
tively with FEPi (Fig. 1b) and negatively with eGFR (Fig.
1¢), consistent with the possibility that FGF23 is involved in
maintaining not only Pi but also Na homeostasis as GFR pro-
gressively declines. Furthermore, children with lower GFR
showed significantly higher PRA values, a finding not expect-
ed with volume expansion (Fig. 1d), FENa did not correlate
with PRA, and FGF23 was not associated with BP [8]. Of
note, in the alluded study of adults [7], the weak positive
correlation of systolic BP with FGF23 by univariate analysis
disappeared after multivariate adjustment. The relationships
observed in our cohort of children, particularly the negative
association of FENa with eGFR and the positive association
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with FEPi, suggest that FENa and FEPi increase as kidney
function declines, in agreement with the original observations
in uremic patients [52]. In an attempt to reconcile the obser-
vations in the non-uremic animal model with the mentioned
studies in CKD, it may be suggested that in earlier stages of
CKD, downregulation of proximal Na (and Pi) reabsorption
described above and discussed in a subsequent section (see
below) may counteract the activation of distal FGF23 salt-
retentive mechanisms. The pathophysiological complexities
of human CKD may affect the various biochemical measure-
ments at different times and are further discussed in the sub-
sequent sections.

Klotho and hypertension

Several Klotho gene polymorphisms have been recognized
and linked to kidney diseases. Klotho gene deficiencies in
animals [57] and polymorphisms in humans [58] are associat-
ed with salt-sensitive HTN. Genetic polymorphisms have
been associated with mortality on hemodialysis [59], with
higher risk of developing kidney failure (CKD stage 5) in
children with CKD [60], and with HTN and higher 24-h uri-
nary Na excretion in adolescents [61]. Circulating Klotho
levels are reduced in children with CKD [62, 63] and in pa-
tients with primary HTN [64], and urinary Klotho levels were
correlated with higher BP [65]. Downregulation of Klotho has
been found in experimental HTN [66] and the silencing of the

Klotho gene results in HTN and increased aldosterone synthe-
sis in human adrenocortical cells [67].

Phosphate and hypertension

Phosphate may be a contributor to or an independent cause of
HTN. High Pi diets increase Pi, FGF23 levels, and BP, with
persistent HTN after normalization of FGF23, without chang-
es in urinary Na, PRA, or aldosterone levels [68]. These find-
ings coincided with increases of urinary metanephrine and
normetanephrine suggesting Pi- mediated sympathetic activa-
tion and raise the possibility that factors independent of
FGF23 play a role in the modulation of BP [68]. Similarly,
in patients with moderate CKD (mean eGFR 71 £ 22 ml/min/
1.73 m?), those who simultaneously had high FGF23 levels
and significantly higher serum Pi displayed the highest all-
cause mortality and CV disease events [69].

Of interest, Pi depletion or hypophosphatemia have the oppo-
site effects and can decrease BP and cardiac index [70].
Overexpression of FGF23 leads to marked hypophosphatemia,
cardiac hypertrophy, and hypotension, with activation of the
RAAS and the sympathetic nervous system, all of which are
corrected by diet-induced elevation of Pi [71]. However, in chil-
dren with hypophosphatemia, BP can be normal [72] and con-
ceivably the chronicity of the hypophosphatemia [71] could help
explain the contrasting findings in children with lifelong
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hypophosphatemia [72] and the findings in short-term
hypophosphatemia [73].

In patients with X-linked hypophosphatemia (XLH), HTN
was detected in those with hyperparathyroidism that could stim-
ulate aldosterone secretion and elevate BP [74], and in a recent
study, HTN was observed only in a minority of children (2/23)
with elevated FGF23 levels [75], in keeping with most prior
studies that failed to document overt HTN in XLH [72, 76]. In
this study, FGF23 levels were not measured [76], and other
factors mentioned earlier, like the severity and chronicity of
hypophosphatemia, could explain some of these discrepancies.
Conceivably, deleterious effects of FGF23 on CV and kidney
health, particularly in conditions with preserved GFR, may re-
quire a “second hit” such as RAAS dysregulation [15].

Thus, while there may be increased risks of HTN and CV
changes in some patients with XLH, it remains to be shown
that these abnormalities are related to elevated FGF23 levels
or changes in serum Pi. The association of FGF23 with CV
risks continues to be an open question, and causality is yet to
be proven [17].

FGF23 and Klotho interactions with the RAAS
and Vitamin D

In the classical RAAS, angiotensin-converting enzyme (ACE)
removes two peptides from Ang I and generates Ang II, a
potent vasoconstrictive octapeptide that directly increases
BP and stimulates aldosterone, an additional cause of HTN
[77]. Another axis of the RAAS depends on ACE2 that gen-
erates Ang-(1-7), a peptide with vasodilatory, anti-prolifera-
tive, and reno-protective effects via its G-protein-coupled re-
ceptor Mas [78]. Thus, ACE2/Ang-(1-7) counterbalances bi-
ological and hemodynamic actions of ACE/Ang II [79].
FGF23 is known to suppress renal ACE2 [80, 81] and thus
promotes the increased prohypertensive and inflammatory ef-
fects of Ang I [79].

FGF23 levels are increased in heart failure, acute kidney
injury (AKI), and CKD [5, 38, 82]. Patients with heart failure
display progressively elevated PRA and FGF23 levels as the
GFR decreases, in association with progressive decline of BP
[83]. Elevated FGF23 expression was documented in the
myocardium of young deceased patients with history of
CKD [84]. Whether the elevated FGF23 levels contribute to
myocardial failure by direct cardiotoxicity [4] or by driving
volume expansion [85], or whether the failing heart maybe a
source of circulating FGF23 [86], is not clear.

FGF23 can induce angiotensinogen (AGT) expression and,
in turn, Ang I is a stimulus for FGF23 production [5, 84] and
its expression with the co-receptor Klotho in the heart, which
normally does not express FGF23 or Klotho in physiological-
ly relevant levels [80]. Ang II can upregulate bone expression
of FGF23 [48] and increase circulating FGF23 levels, with
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additive effects on HTN [80]. In addition, stimulation of aldo-
sterone also stimulates bone expression of FGF23 [48].
Aldosterone levels correlated positively with left ventricular
mass index and BP changes in children with treatment-naive
HTN of which 2/3 were obese [87], and in a multiethnic co-
hort of children with primary HTN and with a similar preva-
lence of obesity, baseline PRA and aldosterone levels predict-
ed the changes in left ventricular mass index and BP z-scores
over time while under treatment mostly with RAAS inhibitors
[88]. It is noteworthy that the observed negative correlations
of the baseline PRA and aldosterone measurements with the
outcome changes after treatment were more robust in White
patients than in Hispanic and Black patients [88], suggesting
that other factors may contribute to the HTN and treatment
response in non-White patients. Leptin, produced by adipo-
cytes, can increase bone FGF23 expression [89] and also up-
regulate aldosterone secretion by stimulating leptin receptors
in the adrenal gland cortical cells [90]. Both FGF23 and leptin
levels are elevated in patients with obesity [91], and obese
children frequently develop HTN, as illustrated in a study that
showed 35% of 260,000 overweight and obese children had
HTN [92]. FGF23 levels are higher in normotensive obese
children, highlighting that FGF23 elevations are not necessar-
ily accompanied by increases in BP and raising the possibility
that FGF23 may contribute to cardiac hypertrophy in children
with obesity before they develop HTN [93].

Since FGF23 inhibits 1-« hydroxylase activity [13], the
resulting reduced 1,25 (OH),D levels favor renin upregulation
with activation of the ACE/Ang II arm of the RAAS [94] and
reduction of ACE2/Ang-(1-7) [80, 81], thus contributing to
HTN. In contrast, VDR activation by paricalcitol suppresses
the expression of RAAS genes in the kidney and the heart and
improves kidney function, proteinuria, and cardiac hypertrophy
in CKD. These effects are associated with minimal or no effects
on BP [95, 96]; nevertheless, BP can be inversely correlated with
levels of 1,25(0OH),D [97]. Paricalcitol also downregulates AGT
[96], and increases renal ACE2 and Ang-(1-7) expression [98]
and, therefore, it appears that several mechanisms are operative
in the modulation of the RAAS by FGF23 and vitamin D.

Reduced urinary Klotho levels were correlated with lower
urinary Ang-(1-7) levels [65] and Klotho is downregulated by
Ang II that can be attenuated by ATIR blockade [99].
Conversely, Klotho downregulates RAAS activity as the re-
sult of suppressing the stimulatory effects of the Wnt/f3-
catenin pathway on the RAAS. This effect results in amelio-
ration of HTN induced by Klotho in experimental CKD [100].

These complex interactions of FGF23, Klotho, vitamin D,
and the RAAS form a feedback loop in CKD and HTN.
Reduction in Klotho restrains the formation of the FGFR1-
Klotho complex; FGF23 resistance drives the increment in
FGF23 levels which contribute to accentuate deficiency of
vitamin D and ACE2. Reduction in vitamin D and ACE2
results in relative Ang Il overactivity that, in turn, accentuates
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Klotho deficiency [101]. These interactions as well as their
links with FGF23-mediated renal Na regulation are outlined
in Fig. 2.

Therapeutic interventions

Nonpharmacologic interventions

Sodium restriction and FGF23 changes

Sodium restriction remains a cornerstone in the management
of HTN mostly by attenuating volume expansion [102].

CKD

N

Sodium-induced changes in FGF23 levels may be linked to
plasma volume changes, and higher FGF23 levels were asso-
ciated with a reduced antiproteinuric response to dietary Na
restriction and RAAS blockade [103]. FGF23 levels have
been associated with markers of volume status in kidney trans-
plant recipients [104], and in patients on hemodialysis [105].
However, in non-dialysis patients, neither acute volume ex-
pansion nor severe Na restriction (resulting in lower BPs)
induced significant changes in circulating FGF23 concentra-
tions [85]. These latter observations did not support a direct
feedback loop between volume status and FGF23 in patients
with HTN and incipient CKD. However, in normal individ-
uals, the change from a low- to a high-Na diet associated with

M Circulating FGF23

L

J ACE2--Ang-(1-7)
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b M (Ang Il /Ang-(1-7) A
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J'NaPi2a
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‘M Na reabsorption
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HYPERTENSION

Fig. 2 Excess FGF23 and Klotho insufficiency links to vitamin D, the
RAAS, sodium homeostasis, and hypertension in CKD. Augmented
FGF23 production by the bone results in elevated circulating FGF23
levels. FGF23 effects in the kidney are mediated by activation of the
FGFR1/Klotho complex and result in reduced 1,25(0OH)2D synthesis,
upregulated renin with increased ACE/Ang II, and reduced ACE2/Ang-
(1-7) formation, leading to an elevated Ang II/Ang-(1-7) ratio, which
contribute to sodium retention, kidney damage, and hypertension.
Membrane-bound Klotho is normally induced by 1,25(0OH)2D, therefore
reduced 1,25(0OH)2D, and elevated Ang II (via the Ang Il type 1 receptor,
not shown), both suppress Klotho production. The latter contributes to
FGF23 resistance further augmenting FGF23 levels. FGF23 also acts
separately on both the renal proximal and the distal tubules mostly in a
Klotho-dependent fashion but by distinctly different signaling systems
(not shown). In the proximal tubule (blue), FGF23 inhibits the re-

uptake of phosphate by regulating the sodium phosphate transporter
NaPi 2a (and NaPi 2¢, not shown). Since NaPi 2a transports three sodium
ions together with phosphate, FGF23-mediated inhibition of this trans-
porter causes natriuresis. In the distal tubule (light brown), FGF23 acti-
vates the NCC to increase reabsorption of sodium and ultimately pro-
motes volume retention thus contributing to hypertension. While upreg-
ulation of the NCC favors hypertension, concurrent inhibition of the NaPi
2a may counterbalance these sodium-retentive effects on vascular homeo-
stasis and attenuate hypertension. The reduced Klotho expression in CKD
restrains the formation of the FGFR1-Klotho complex; the ensuing
FGF23 resistance, and the increased circulating Ang II and aldosterone,
contribute to the increment in FGF23 secretion. The higher FGF23 levels
contribute to accentuate deficiency of vitamin D and ACE2, which, in
turn, drive Ang II overactivity that further accentuates Klotho deficiency
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the expected increase in BP and resulted in a significant de-
cline of FGF23 levels [106], thus supporting the notion that
changes in Na intake induce opposing regulatory changes in
FGF23.

Dietary phosphate modulation and FGF23 changes

Dietary interventions directed to reduce Pi load, aiming to
modify FGF23 levels in patients with CKD, have demonstrat-
ed inconsistent results, with either reduced [107] or un-
changed FGF23 levels [108]. Randomized, controlled trials
are needed to define potential CV benefits of lowering
FGF23 through reduction of gastrointestinal absorption of
Pi. As discussed above, BP changes following elevations of
Pi are the result of sympathetic activation and did not associate
with fluctuations in FGF23 levels [68].

Pharmacologic interventions
Thiazide diuretics

Because thiazides are diuretics that act directly on the NCC at
the DCT, they are considered appropriate agents to offset the
Na retention in CKD [109]. In patients with incipient CKD
treated with hydrochlorothiazide, the reduction in systolic BP
was unrelated to changes in circulating FGF23 levels or
changes in natriuresis [85]. Further details on the use of thia-
zide diuretics in children have been previously discussed in
this Journal [110] and are beyond the scope of the present
review.

NaPi 2a modulation

Oral administration of a NaPi 2a inhibitor (NI) to 5/6
nephrectomized rats resulted in phosphaturia, decreased se-
rum Pi, and a rapid decline of PTH and FGF23. Levels of
PTH, FGF23, and Pi were noted to rebound with significantly
higher values after 24 h, when the NI effect had presumably
ceased. In addition to phosphaturia, natriuresis also had a
dose-dependent increase with NI administration. Similar ef-
fects, but with reduced magnitude, were observed in the ure-
mic group (FGF23 levels were not measured) [111]. Of inter-
est, the reduction in the proximal tubule expression of NaPi 2a
was not associated with changes in NHE3, the major proximal
tubule Na transporter. NaPi 2a is electrogenic, transporting
three Na ions into the cell for one Pi ion, and the described
findings suggest that the marked natriuresis resulted largely
from inhibition of the NaPi 2a [111]. Notwithstanding differ-
ences in the experimental models, the lack of data on NCC,
ENaC expression, and BP measurements [111], and the per-
sistent natriuresis in 5/6 nephrectomized animals while FG23
levels are expected to be elevated, are contrary to the stimula-
tion of Na reabsorption attributed to FGF23 by other
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investigators, as discussed earlier. Along the same lines, the
lack of changes in the NHE3 expression following NI admin-
istration differs from the reduced NHE3 expression of uremic
animals shown by others [49, 55].

Studies in uremic animals that relate BP, FGF23 levels, and
kidney expression levels of FGFRs and Na-regulating
cotransporters in the proximal and DCT have not, to our
knowledge, been reported and may clarify some of the dis-
crepancies listed earlier. It is conceivable that elevated FGF23
levels in moderate CKD, by their effects on the NaPi
cotransporters, may contribute to the increases in the FENa,
and function as an intrarenal homeostatic loop opposing the
described Na reabsorption of the DCT (see Fig. 2). The direct
correlation of FENa and FEPi (Fig. 1) in our patients with
moderate CKD stages 2 and 3 and with elevated FGF23 levels
[8] supports this possibility.

RAAS modulation

As mentioned earlier, FGF23 contributes to RAAS activation
and Ang II increases FGF23 bone expression and circulating
levels [48, 84]; therefore, both FGF23 and Ang II pathways
contribute to HTN. Of note, FGF23 blunts the nephro-
protective effects of ARBs, inhibits the ARB-mediated gene
expression of Klotho in the kidney, and attenuates the expres-
sion of anti-inflammatory genes [112]. Clinically, BP control
was similar in patients receiving either ramipril or amlodipine,
but proteinuria declined more markedly and FGF23 levels fell
significantly only in those receiving ramipril [113].
Proteinuria interferes with FGF23 signaling via decreased
Klotho expression, and children with normal GFR and ne-
phrotic syndrome during relapses of proteinuria display high
plasma FGF23 levels that drop and normalize during remis-
sion [56]. Although BP changes were not reported in these
children [56], in adults with CKD stages 1 to 4 due to IgA
nephropathy, FGF23 levels increased in parallel with albu-
minuria and significantly predicted CKD progression inde-
pendently of BP changes [114]. Thus, the reduction of
FGF23 levels following RAAS inhibitors may contribute to
the established benefits of suppression of the RAAS in pa-
tients with CKD, proteinuria, and HTN.

As previously discussed, FGF23 reduces ACE2 and
Ang-(1-7) levels [80, 81] and prevents ARB-mediated in-
creased kidney ACE2 mRNA expression [112], which drives
Ang II/ATIR predominance. Therefore, antagonizing the
FGF23-mediated reduction of ACE2/Ang-(1-7) may provide
a strategy to reduce Ang II activity. Reduction of renal ACE2
can be minimized with the VDR activator paricalcitol that
blocks tubular ACE2 shedding by metallosecretases [98].
Excess FGF23, elevated Ang II, and reduction of
ACE2/Ang-(1-7) are therefore desirable targets of ACEI and
ARB therapy. Inflammation resulting from infection stimu-
lates bone FGF23 production leading to elevated FGF23
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circulating levels [11]. Therefore, one could speculate that
FGF23 by reducing ACE2, the receptor that facilitates the
cellular entry of viral particles such as SARS-CoV-2 [115],
may further promote Ang II-mediated effects on target tissues
and affect BP regulation. This would also support the current-
ly recommended guidelines of maintaining the treatment with
ARBs and ACE inhibitors, when medically indicated, in pa-
tients with SARS-CoV-2 infection [116-118].

The exogenous administration of human recombinant
ACE2 (rACE2) increases serum ACE2 activity with degrada-
tion of circulating Ang II and attenuation of Ang II-mediated
HTN [119]. In patients affected by pulmonary HTN, a com-
mon complication of patients with advanced CKD 5D, rACE2
infusion resulted in significant reductions of systemic BP and
a decreased plasma Ang II/Ang-(1-7) ratio, suggesting effec-
tive ACE2 augmentation [120]. Thus, rACE2 is a novel ther-
apeutic option with potential beneficial effects in conditions
involving excess FGF23.

Bone production of FGF23 can also be upregulated by
aldosterone [48], and both aldosterone and FGF23 levels are
elevated in obese children with HTN [87, 91]. Since the
aldosterone-mediated upregulation of FGF23 can be reversed
by mineralocorticoid receptor blockers like spironolactone
and eplerenone [48], therapeutic agents suppressing aldoste-
rone activation (i.e., mineralocorticoid receptor antagonists)
should be considered an option in children with HTN and
obesity [121].

Vitamin D and calcimimetics
Vitamin D

Vitamin D insufficiency is very prevalent in children with
CKD [122] and is associated with HTN [123]. Nutritional
vitamin D oral supplementation reduces circulating RAAS
levels and improves HTN [124].

Of note, VDR agonists stimulate bone production of
FGF23 and can further elevate circulating FGF23 levels in
CKD [125]. However, a significant direct relationship of BP
with FGF23 levels was not observed in young patients with
CKD [8, 96]. Furthermore, VDR agonists reduce aldosterone
secretion and circulating levels [126], preserve ACE2 [98],
and prevent renal Klotho reduction [127] and thus may indi-
rectly attenuate hypertension.

Calcimimetics

Calcimimetics (cinacalcet and etelcalcetide) enhance the
calcium-sensing-receptor sensitivity for extracellular Ca, and
induce reduction in serum PTH, Ca, and P levels [128, 129].
Calcimimetics consistently lower the circulating FGF23
levels, largely mediated by reductions of Ca, Pi, and CaxP
product, independently of changes in PTH [130]. However,

data on the relationships of FGF23 with BP and Na homeo-
stasis during treatment with calcimimetics in young patients
with CKD are virtually non-existent. In a single study of chil-
dren on dialysis treated with cinacalcet, systolic and diastolic
BP levels remained unchanged after 3 months of therapy, but
FGF23 levels were not measured [131]. In the EVOLVE trial
of adult patients with CKD 5D, cinacalcet resulted in signifi-
cantly lower systolic and diastolic BP compared with placebo
and may have contributed to a better cardiovascular outcome
[132]. However, the precise mechanisms by which
calcimimetics exert changes on BP regulation in patients with
HTN are not clear.

FGF23 blocking agents

As discussed earlier, FGF23 signals through FGFRs, mainly
through FGFR1 and FGFR4 in the kidney and heart, respec-
tively. Although pan-FGFR blocking agents or FGFR4-
specific blocking agents can attenuate kidney dysfunction
and cardiac hypertrophy in experimental uremia, their effects
on HTN are modest at best [4, 96]. Furthermore, global effects
of pan-FGFR blockers or FGFR1 blockers may have undesir-
able consequences such as blunting the FGFR1-mediated
phosphaturic effect of FGF23 with subsequent
hyperphosphatemia, vascular calcification, and increase in
mortality [133].

Similarly, treatment with an anti-FGF23 monoclonal anti-
body such as burosumab [134] may cause enhanced proximal
tubular Pi reabsorption and increased serum Pi and
1,25(0OH),D in earlier stages of CKD. This therapy may be
less risky in patients with CKD 5D when hyperphosphatemia
management is not dependent on increased phosphaturia, and
its use to attenuate cardiac hypertrophy may be considered a
justifiable endpoint for future clinical trials. Burosumab is the
first treatment that specifically addresses the underlying path-
ophysiology of XLH rickets through blockade of excess cir-
culating levels of FGF23, thereby increasing renal Pi reab-
sorption and normalizing hypophosphatemia [134]. As men-
tioned in a section above, HTN is present in a minority of
pediatric patients with XLH [74, 75]. Future studies with
burosumab will be helpful to define whether long-term block-
ade of systemic FGF23 in patients with XLH rickets may
result in cardiac or BP changes. A list of currently in use
and preclinical therapeutic strategies aimed at interfering di-
rectly or indirectly with the effects of FGF23 homeostatic
disturbances in CKD is listed in Table 1.

Klotho reactivation and exogenous administration
Prevention of Klotho decline, reactivation of endogenous

Klotho production, and supplementation of exogenous
Klotho are therapeutic strategies worth considering in CKD.
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Table 1

FGF23-targeted therapeutic strategies to improve hypertension in CKD

Intervention

FGF23-Klotho-linked effects

Thiazide diuretics and sodium restriction

Dietary phosphate restriction and phosphate
binders

Oral blocking agent of tubular phosphate
reabsorption (preclinical phase)

RAAS inhibition (ACEL, ARB)

INCC, |sodium reabsorption Tnatriuresis, | volume expansion, vasodilation — | BP

|FGF23, | sympatoadrenergic activity, | vascular mineralization — | BP and cardioprotection
| NaPi 2a activity, Tphosphaturia, |serum phosphate — |FGF23

1Sodium reabsorption, tACE2/Ang-(1-7) (relative to ACE/Ang II) interferes with FGF23 effects,

|bone FGF23 secretion, tKlotho, fcardio-kidney protection — |BP

Mineralocorticoid receptor blockers in obesity
Dietary vitamin D and VDR activators
Calcimimetics

Humanized anti-FGF23 monoclonal antibody

(burosumab) in XLH.

|Leptin, |aldosterone, |FGF23 — |BP

|Renin and ACE/Ang II, 1 ACE2/Ang-(1-7), 1Klotho, fcardio-kidney-protection — | BP (indirectly)
|PTH, |FGF23 (long-term salutary effects?)

Blocks FGF23 activation on receptor. Improves hypophosphatemia, bone, and growth derangements

Unknown effects on BP and cardiac hypertrophy in CKD

Recombinant ACE2 (preclinical and early
clinical)

Exogenous Klotho administration

1Serum ACE2, tdegradation of Ang II
1Ang-(1-7) — |systemic BP, |pulmonary BP. Attenuates kidney damage

L Ang II levels, TKlotho kidney expression, tkidney perfusion, | BP

FGF23, fibroblast growth factor 23; BP, blood pressure; NCC, sodium chloride cotransporter; NaPi 2a, sodium phosphate cotransporter; RAAS, renin-
angiotensin-aldosterone system; ACE, angiotensin-converting enzyme; ACE?2, angiotensin-converting enzyme 2; ACEI, ACE inhibitor; ARB, angioten-
sin receptor blocker; Ang 11, angiotensin II; Ang-(1-7), angiotensin-(1-7); XLH, X-linked hypophosphatemia. For corresponding references, see text

Reactivation of endogenous Klotho can be achieved by
various strategies. In the ESCAPE trial of children with
CKD, patients treated with ramipril compared with baseline
displayed significantly higher Klotho and lower BP levels
[135], and VDR activators upregulate Klotho in the kidneys
[127] that attenuates HTN [100]. Exogenous Klotho supple-
mentation suppresses proximal tubule epithelium NaPi 2a
levels in the absence of membrane-bound Klotho and reduces
hyperphosphatemia [136], and may provide the potential for
enhancing Klotho activity or its downstream pathways in dis-
orders characterized by reduced membrane-bound and circu-
lating Klotho levels, with increased Pi and Na reabsorption,
hyperphosphatemia, and HTN, such as CKD [62, 63].
Clinically, patients with CKD and elevated FGF23 levels
may show a wide distribution of FEPi at any given FGF23
concentration, suggesting that kidney tubules may not always
respond as expected to a high FGF23 stimulus [69]. This
relative kidney tubule resistance to FGF23 resulting in higher
FGF23 levels in an attempt to further increase Pi excretion
[69] may be in part due to reduced kidney expression of the
co-receptor Klotho [22, 26, 28], and additional studies evalu-
ating Klotho exogenous administration may be considered.
Similar studies are needed to evaluate whether FGF23-
mediated Klotho-dependent effects on tubular Na transporters
and FENa can be observed following exogenous Klotho ad-
ministration in CKD. Klotho is known for its multiple pleio-
tropic actions including cytoprotection through its ability to
confer anti-oxidation, protection of vasculature, and anti-
senescence among others [22]. Maternal vascular
malperfusion, frequently associated with small for gestational
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age preterm infants, results in placental aging and may affect
Klotho production by the placenta; cord blood Klotho levels
were measured in a case-control study and, compared to nor-
mal controls, were found to be significantly lower in infants
born prematurely and with placental vascular findings consis-
tent with accelerated aging that contributed to intrauterine
growth retardation [137]. Prematurity and other perinatal ex-
posures are associated with increased risks of cardiometabolic
risk factors, CKD, HTN, and CV disease that are likely due to
multiple intrauterine and extrauterine factors that may alter
kidney, cardiac, and vascular structure and function [138,
139]. These alterations affecting perinatal programming may
alter the RAAS, with lower Ang-(1-7) and a higher Ang I/
Ang-(1-7) ratio that may persist and contribute to higher BPs
later in life, as documented in adolescents with a history of
premature birth [140]. Of interest, these adolescents upon sub-
sequent reevaluation as young adults displayed reduced uri-
nary Klotho levels that were associated negatively with the
urinary Ang II/Ang-(1-7) ratio and a higher BP [65].

We recently studied the effects of Klotho administration in
rodents with hyperoxia-induced pulmonary and kidney dam-
age. The rodents displayed reduced kidney Klotho expression,
glomerulomegaly, and tubular injury, and exogenous Klotho
administration improved kidney perfusion, increased
intrarenal antioxidant capacity, and reduced kidney injury
[141]. There was also improved lung vascular development,
attenuated vascular remodeling, and reduced pulmonary hy-
pertension and cardiac biventricular hypertrophy [142]. These
findings may be clinically relevant because blood Klotho
levels were reduced in preterm infants [142] who
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subsequently developed bronchopulmonary dysplasia and
pulmonary hypertension.

Conclusions

Although FGF23 is mainly involved in regulating phosphate
homeostasis, advances in experimental and clinical research
over recent years have uncovered links between FGF23 with
hemodynamic and cardiovascular changes potentially affect-
ing BP. These links involve direct and indirect mechanistic
connections between the FGF23-Klotho axis, vitamin D, and
the RAAS. Excess FGF23, insufficient Klotho availability,
and reduced 1,25(OH),D synthesis engage in a cross-talk with
the RAAS and modulate kidney Na reabsorption, blood vol-
ume balance, hormonal disturbances, oxidative stress, and
mineral metabolism homeostasis. These interactions contrib-
ute cooperatively to elevate BP, promote progressive kidney
and vascular damage, facilitate vascular calcification, alter
myocardial structure and function, and thus play a pivotal role
in the high rates of cardiovascular morbidity and mortality in
patients with CKD. We have discussed discrepancies in ex-
perimental and clinical studies concerning the ability of
FGF23 to augment sodium tubular reabsorption and sug-
gested alternative explanations for those differences. Some
therapeutic advances outlined in this review may open new
research avenues aimed at arresting kidney, pulmonary, and
CV pathological conditions in CKD and in preterm infants.
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