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Abstract

Purpose of review—Chronic kidney disease (CKD) is a progressive disorder that is associated
with development of elevated fibroblast growth factor 23 (FGF23) levels and anemia. Here, we
review recent literature that extends our current knowledge on the interactions between FGF23 and
anemia in CKD and the impact of anemia-targeting therapeutics on FGF23 elevation in CKD.

Recent findings—The anemia of CKD is primarily driven by a lack of erythropoietin (EPO)

and iron deficiency. In addition to EPO and iron replacement, novel drug classes to treat

anemia have been approved or are in clinical development. A recent observational study provides
supportive evidence for the hypothesis that FGF23 elevation in CKD mediates adverse effects

of iron deficiency on the cardiovascular system in patients with CKD. Preclinical and clinical
studies revealed that ferric citrate (FC), and hypoxia induced factor-prolyl hydroxylase inhibitor
(HIF-PHI) treatment may reduce elevated FGF23 levels in CKD, suggesting that correcting
anemia in CKD could potentially lower FGF23 levels. However, as we describe, HIF-PHI have
context-dependent effects. Moreover, whether a reduction in FGF23 will improve patient outcomes
in patients with CKD remains to be determined.

Summary—With the emergence of novel therapeutics to treat oxygen and iron utilization
deficits in CKD, studies have investigated the impact of these new drugs on FGF23. Several

of these drugs, including FC and HIF-PHIs, alleviate iron homeostasis alterations in CKD and
are associated with FGF23 reduction. Herein, we review the relationships between oxygen/iron
sensing and FGF23 in CKD, recent findings which link FGF23 with cardiac dysfunction, as well
as future translational and clinical avenues.
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Introduction

Chronic kidney disease (CKD) is a global health concern, affecting between 7-12% of

the world’s population [1, 2], and key pathology-driven mechanisms in CKD are the
decrease of oxygen supply and iron delivery [3]. Previous clinical studies in humans [4]

and translational experiments in mice [5], as well as /n vitro studies on isolated osteoblast/
osteocyte cells [6**], have shown that FGF23 is induced by anemia/hypoxia [5, 7], thus
overlapping mechanisms of phosphate and iron handling exist. The anemia-targeting drug
erythropoietin (EPO) is an FGF23 inducer, as transgenic mice overexpressing EPO, as

well as humans and mice injected with EPO, showed elevated FGF23 [8, 9]. As will be
discussed, these effects are context-dependent as the iron status of pre-clinical models likely
affects responses to iron- and oxygen-controlling therapeutics. Poor iron utilization has been
associated with poor clinical outcomes [10], and recent studies suggest that adverse effects
of iron deficiency on the cardiovascular system in patients with CKD may be mediated by
elevated FGF23 [11**]. Finally, increased circulating FGF23 is an independent risk factor
for mortality in patients undergoing dialysis [12]. Emerging data suggest that therapies that
improve iron handling and oxygenation in CKD may also regulate FGF23. Whether by
reducing FGF23, these therapies lead to beneficial changes in patient outcomes should be
further explored.

Regulation of FGF23 by anemia in rare diseases and in CKD

FGF23 is a hormone produced principally in bone osteoblasts/osteocytes, and controlled

by multiple systemic factors, including elevated phosphate and 1,25(0OH), vitamin D
(1,25D) [13]. Circulating FGF23 binds to an FGF receptor (FGFR) and its co-receptor
alpha-Klotho (KL), which is primarily expressed in the kidney and parathyroid glands.

In renal cells, FGF23 acts as a counter-regulatory hormone to elevated 1,25D via
suppressing the vitamin D 1a-hydroxylase (Cyp27b1), an anabolic enzyme for 1,25D,

and in parallel increasing expression of the vitamin D 24-hydroxylase (Cyp24al), a
catabolic enzyme [13]. These parallel actions decrease 1,25-mediated intestinal phosphate
absorption. FGF23 is also critical for coordinating renal phosphate handling by inhibiting
kidney phosphate reabsorption via post-translational control of proximal tubule sodium
phosphate cotransporters NPT2a and NPT2c [14-17]. During CKD, FGF23 gradually
increases, and the mechanisms for this increase are under active investigation, including
the idea that end-organ resistance due to reduction of kidney KL expression could lead to
compensatory FGF23 increases [18]. At early CKD stages, FGF23 can be a sensitive marker
of disease, and during later stages, FGF23 can reach markedly elevated concentrations

in the ng/mL ranges (typically pg/mL) [19]. During studies defining the underlying
pathogenic mechanisms of autosomal dominant hypophosphatemic rickets (ADHR) [5], an
anemia-FGF23 relationship was discovered through the study of ADHR mice expressing a
human activating point mutation in the Fg723 gene which inhibits intracellular endoplasmic
reticulum-trans golgi network (ER-TGN) proteolytic processing [5]. In ADHR mice fed a
low iron diet to induce iron deficiency anemia (IDA), hypophosphatemia was observed [5].
It was found that the IDA was associated with significantly increased bone Fgf23 mRNA
[5], resulting in elevated serum intact FGF23. Of note, recent clinical trials involving ADHR
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patients demonstrated that low dose iron administration reduced FGF23 and re-balanced
phosphate handling [20**], galvanizing the connection between anemia and FGF23.

During CKD, patients lose the ability to generate erythropoietin (EPO). EPO is necessary
for red blood cell production, and thus proper tissue oxygen and iron delivery [21, 22]. In
addition to loss of EPO, CKD patients develop anemia due to EPO resistance, inadequate
diet and compromised iron absorption, as well as bleeding and chronic inflammation [23].
The prevalence of anemia is raised with the progression of CKD: 8.4% at stage 1 to 53.4%
by stage 5 [24, 25]. FGF23 also progressively increases as glomerular filtration rate falls,
with the highest levels observed among individuals with end-stage renal disease (ESRD)
[26]. In patients with ESKD, FGF23 is primarily produced as the intact form [27], thus the
anemia of CKD may be a strong causative factor of chronically elevated bioactive FGF23,
leading to downstream pathogenic manifestations.

Association of iron deficiency and FGF23 with cardiovascular outcomes

Cardiovascular disease is a severe and multifactorial manifestation of CKD. Elevated FGF23
has been directly linked to the pathogenesis of left ventricular hypertrophy (LVH) [28].
Evidence supports that these actions are KL-independent in cardiac tissue and likely

occur through FGF23-FGFR4 off target binding. Indeed, conditional deletion of FGFR4

in cardiomyocytes using flox-FGFR4 mice offered protective mechanisms against FGF23-
mediated LVH phenotypes [29]. Until recently, however, there has been a gap in our
knowledge on the intersection of iron deficiency and FGF23 and risk of adverse clinical
outcomes in patients with CKD. Using the Chronic Renal Insufficiency Cohort (CRIC)
Study, Mehta et al assigned patients with CKD into subgroups based on iron parameters. In
multivariable-adjusted models, iron deficiency independently associated with mortality and
heart failure. In adjusted analysis, plasma FGF23 concentrations were inversely associated
with iron stores, (highest in those with iron deficiency and lowest in high iron group),

with intermediate iron groups having mid-range FGF23 concentrations. When FGF23 and
the iron exposure groups were included together, the significant effects of FGF23 were
unchanged, but the increased risks of mortality and heart failure in the iron deficiency group
were fully mitigated (mortality: from 1.28 [95% CI] to 0.97 [95% CI]; heart failure: from
1.34 [95% CI] to 0.98 [95% CI]) [11**]. Mediation analyses showed that the effects of

iron deficiency on mortality and heart failure were accounted by FGF23. Similar analyses
of PTH and hemoglobin demonstrated that PTH did not influence outcomes for any group,
whereas hemoglobin concentrations (reduced in CKD) were associated to a lesser degree
than FGF23 with mortality and heart failure in iron deficiency. The findings from this study
suggest that by reducing FGF23, iron repletion therapy in CKD may potentially improve
clinical outcomes in patients with CKD. However, this hypothesis will need to be tested in
future studies.

Ferric citrate and the effects on circulating FGF23 in clinical trials and

pre-clinical models

Ferric citrate (FC) is an iron-based phosphate binder [30] designed to treat multiple
CKD manifestations, including reducing serum phosphate concentrations through inhibiting
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phosphate absorption, and increasing iron in the bloodstream and tissues [30, 31]. FC is
currently FDA approved in the United States: 1) in patients on dialysis, FC is used as a
phosphate binder; and 2) to treat IDA in CKD patients who are not undergoing dialysis [30].
The proposed mechanism for FC’s effects on iron replacement is due to its iron-containing
backbone. To this end, unbound FC (in the ferrous state) is absorbed in the small intestine,
making iron bioavailable for erythropoiesis [30]. Translational and clinical studies [32—34]
have associated decreases in plasma FGF23 with FC treatment [35]. In this regard, 5%
dietary FC was administered to an Alport’s syndrome mouse model that develops CKD [35].
The FC treatment was associated with reductions in FGF23 and serum phosphate, as well

as increased serum iron [35]. Interestingly, early FC intervention in the mice with CKD also
reduced renal fibrosis and proteinuria, improved kidney function, and prolonged life span.

It will be important in translational models to continue test these effects using a dosing
regimen closer to human CKD patients, however this treatment improved kidney fibrosis and
ameliorated adverse cardiac outcomes, providing a strong rationale for longer-term clinical
trials.

In a short-term clinical trial, Block and colleagues [36] compared iron levels in patients
receiving FC to those on placebo over a 12-week period. After the treatment period, patients
provided with FC had an increase in ferritin and TSAT whereas in patients that received

the placebo these values remained unchanged [36]. The placebo treatment group showed
reduced hemoglobin whereas the FC-treated group’s hemoglobin levels increased. The study
authors noted that there was a larger increase in the FC group’s hemoglobin levels than
observed with other oral iron preparations [36]. During this study, patient’s FGF23 levels
were also compared. Whereas both groups showed decreased FGF23 during the time course,
in the FC-treated group FGF23 concentrations were reduced significantly more [36]. In a
clinical trial performed by the same investigators, FGF23 levels were compared between a
standard of care group (control) and an FC treatment group. By the end of the observational
time point (9 months), the FGF23 levels in the control group increased over the study

time course, however the FC group had stable FGF23 levels and with a significantly lower
FGF23 when compared to controls at the endpoint [37]. Both IDA and high levels of
phosphate are drivers of FGF23, thus it is possible that correcting these manifestations were
the source of FC’s suppressive effect on FGF23 [36]. It has been established that high
FGF23 was associated with increased all-cause mortality and poor cardiovascular outcomes
[38], thus a reduction in FGF23 may benefit patients. The elevation of FGF23 in CKD
patients and pre-clinical models treated with ferric citrate is however still markedly above
normal ranges. Therefore, long-term clinical trials which could assess the effects of ferric
citrate therapeutics on improving iron bioavailability associated with reduced circulating
FGF23 are needed. Further, work in mice found that an isolated C-terminal tail of FGF23
[39] improved tissue iron mobilization to the circulation in CKD [40, 41]. Therefore,
translational studies could consider combining FC treatments with other FGF23-related
therapy designs.

A marked reduction of bioactive FGF23 using an anti-FGF23 antibody in rats [42] as well as
deletion of FGF23 in mice leads to hyperphosphatemia and early death [43, 44]. Therefore,

any treatment regimen should consider improvement of oxygen/iron utilization in CKD with
a balance of maintaining FGF23 concentrations high enough that further hyperphosphatemia

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Agoro and White

Page 5

does not develop. Finally, emerging mechanistic data supports that therapeutic preparations
that increase systemic oxygen delivery and improve iron handling may directly influence
HIFla activity and FGF23 synthesis in osteocytes (Fig. 1).

The impact of EPO therapeutics on FGF23 in CKD

Therapeutic regimen consisting of administrating EPO to overcome its deficiency in CKD
patients have been developed and optimized for decades. Although these treatments are
widely used, recent findings raised several concerns regarding the use of high EPO doses
because of its association with increased cardiovascular disease risks and mortality [45,
46**]. Clinical and translational evidence supports a direct effect of EPO on FGF23
induction. In humans, healthy mice, or a mouse model of juvenile cystic kidney disease,
EPO treatment increased FGF23 production and parallel proteolytic cleavage [9, 47].
Injection of rhEPO primarily increased circulating “total” FGF23 (proteolytic fragments
plus intact bioactive hormone) in humans and rodents rather than primarily stimulating the
intact, bioactive form of FGF23 [8, 9]. Further, these pharmacological-driven findings were
confirmed in genetic mouse models as transgenic mice overexpressing EPO had increased
FGF23. However, in a mouse model of “advanced” CKD disease, EPO treatment lowered
FGF23 over 50% [48*], suggesting that the impact of EPO on FGF23 synthesis is context-
dependent and may rely on the disease severity and health status of the models used (Figure
1). These findings suggest that the correction of systemic iron/oxygen handling during
CKD using targeting therapeutics has a stronger influence on suppressing FGF23 than the
stimulatory effects of some of these agents in isolation on osteocytic FGF23 synthesis.

In response to EPO, FGF23 is induced in bone and bone marrow [9]. Emerging data suggest
that the presence of EPO in the marrow compartment drives FGF23 production and may
influence marrow progenitor cells. Ishii et al [49], demonstrated in mice that in response

to Granulocyte colony stimulating factor (G-CSF), erythroblasts produce FGF23 potentially
through hypoxia. Interestingly, the authors found that deleting Fg£23 from hematopoietic
cells blunted Hematopoietic stem and progenitor cell (HSPC) mobilization in response to
G-CSF. Using in vitro evidence, it was suggested that FGF23-induced HSPC maobilization
was a KL-dependent mechanism which impaired CXCL12/CXCR4 interactions [49]. It is
not clear whether FGF23 production by erythroblasts could modulate osteocytic FGF23
production, and the mechanisms linking the activation of FGF23 production through G-CSF
treatment remain to be elucidated.

HIF-PHI therapeutics in clinical trials for the anemia of CKD

A new class of orally administrated drugs, Hypoxia-inducible factor—prolyl hydroxylase
domain inhibitors (HIF-PHISs) are in late-stage global clinical trials, and approved in

some countries for the treatment of CKD anemia. In clinical studies, HIF-PHIs show
potent stimulation of erythropoiesis in patients with anemia of non—dialysis-dependent and
dialysis-dependent CKD (reviewed in [50]). Mechanistically, under normoxia the prolyl
hydroxylase domain dioxygenases (PHDs) utilize oxygen and 2-oxoglutarate as substrates
to regulate the stability of the HIF transcription factors by post-translational hydroxylation
and subsequent degradation [51, 52]. The binding of HIF-PHIs to PHDs is therapeutically
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designed to stabilize HIF protein in tissues, particularly HIF2a in kidney and other tissues,
to drive endogenous EPO production in addition to improving iron metabolism [53**].

In healthy mice, HIF-PHI treatment increases plasma FGF23 levels [9]. A pretreatment

of mice with a neutralizing anti-EPO antibody abrogated FGF23 induction by HIF-PHI,
highlighting an EPO-dependent mechanism [54]. In contrast to the increased FGF23
responses observed in healthy mice in response to HIF-PHIs, in mice with CKD the
inhibition of HIF-prolyl hydroxylases markedly decreased both total and intact FGF23 [6**,
55**]. Thus, similar to parenteral EPO administration, HIF-PHIs may restore oxygen/iron
utilization in models of CKD and thus suppress osteocyte FGF23 production (Figure 1).
This is further supported by findings that osteocytes may directly respond to systemic iron
changes to control FGF23 transcription via interactions with holo-transferrin [6**]. Thus,
similar to iron provision via ferric citrate, the long-term effects of HIF-PHIs should be
studied for impact on circulating FGF23 in CKD patients at different stages of disease.

Conclusions

In summary, recently approved and emerging therapeutics could provide benefit for treating
the often severe manifestations of the anemia of CKD, which are associated with mortality.
The use of these agents in pre-clinical models and as molecular tools in normal mice has
provided critical insight into the interactions between oxygen/iron handling and FGF23, and
their use in vivo are likely iron-status dependent. Further, human studies have shown that
adverse effects of iron deficiency in patients with CKD are mediated by elevated FGF23
levels. Whether some individual or combined therapeutics that might lower FGF23 through
their effects on oxygen/iron handling could provide beneficial outcomes to patients with
CKD in the long term remains to be studied.
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Key points

. CKD-related anemia develops as a consequence of EPO deficiency, iron
deficiency and alterations in oxygen/iron utilization, and is a critical driver of
excessive FGF23 synthesis in CKD.

. Prospective observational studies show that iron deficiency is associated with
adverse cardiovascular risks in patients with CKD, and although further study
is required these findings suggest that therapies targeting anemia such as
ferric citrate (FC) could potentially modulate the adverse outcomes through
reducing FGF23.

. HIF-prolyl hydroxylase inhibitors (HIF-PHIs) are emerging drugs that lower
FGF23 in CKD preclinical models, and the effects of these agents are context
dependent; when used as molecular tools in healthy mice to activate HIF
transcription factors, HIF-PHIs induce FGF23 synthesis.
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Figure 1.
A. In a normal state of oxygen/iron utilization, as a molecular tool to mimic hypoxia,

HIF-PHIs can activate HIF1a in osteocytes to increase FGF23 expression. HIF-PHI also
stimulate HIF2a in kidney and other tissues leading to increased EPO synthesis. In both
erythroblasts and osteocytes, EPO can stimulate FGF23. B. Under states of oxygen/iron
deficiency, HIF-PHIs stimulate EPO, and the correction in systemic oxygen/iron utilization
may suppress HIF1a activity and thus partially reduce FGF23 production in osteocytes.
Similarly, ferric citrate may provide iron to directly act on osteocytes and inhibit FGF23 via
a similar mechanism.
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