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Roles of phosphate and fibroblast growth
factor 23 in cardiovascular disease
Julia J. Scialla and Myles Wolf
Abstract | Disturbances in phosphate homeostasis are common in patients with chronic kidney disease.
As kidney function declines, circulating concentrations of phosphate and the phosphate-regulatory hormone,
fibroblast growth factor (FGF)-23, rise progressively. Higher serum levels of phosphate and FGF‑23 are
associated with an increased risk of adverse outcomes, including all-cause mortality and cardiovascular
events. The associations between higher FGF‑23 levels and adverse cardiovascular outcomes are generally
independent of serum phosphate levels, and might be strongest for congestive heart failure. Higher serum
phosphate levels are also modestly associated with an increased risk of cardiovascular events even
after accounting for FGF‑23 levels. This observation suggests that FGF‑23 and phosphate might promote
distinct mechanisms of cardiovascular toxicity. Indeed, animal models implicate high serum phosphate
as a mechanism of vascular calcification and endothelial dysfunction, whereas high levels of FGF‑23 are
implicated in left ventricular hypertrophy. These seemingly distinct, but perhaps additive, adverse effects
of phosphate on the vasculature and FGF‑23 on the heart suggest that future population-level and individuallevel interventions will need to simultaneously target these molecules to reduce the risk of associated
cardiovascular events.
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The discovery of fibroblast growth factor (FGF)-23 has
advanced our understanding of the role of phosphate
homeostasis in the pathogenesis of cardiovascular
disease.1 FGF‑23 is a circulating endocrine hormone
that is secreted by osteocytes, primarily in response to
increases in dietary phosphate intake and circulating
concentrations of 1,25(OH)2D3, the hormonally active
form of vitamin D.2,3 The classic actions of FGF‑23 on
mineral metabolism are mediated by binding of FGF‑23
to heterodimeric complexes consisting of FGF receptors and the specific FGF‑23 co-receptor, Klotho. 4
Activation of Klotho–FGF receptor complexes in
the kidney augments urinary phosphate excretion
by downregulating the activity and expression of the
sodium-dependent phosphate transporters NaPi-2a
and NaPi-2c in the proximal tubule apical membrane.
FGF‑23 also inhibits expression of CYP27B1, which
encodes 25-hydroxyvitamin D3 1α-hydroxylase, and
stimulates expression of CYP24A1, which encodes
the catabolic 1,25-(OH) 2 D 3 24-hydroxylase. As a
result, 1,25(OH)2D3 levels are reduced.5,6 By increasing
urinary phosphate excretion and decreasing gastro
intestinal phosphate absorption as a result of lower
1,25(OH)2D3 levels, elevated FGF‑23 levels maintains
serum phosphate levels within the normal range when
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dietary phosphate intake is high. Conversely, reduced
FGF‑23 levels maintain normal serum phosphate levels
when dietary phosphate intake is low (Figure 1).7–10
Levels of FGF‑23 rise progressively in patients with
chronic kidney disease (CKD) as their glomerular filtration rate (GFR) falls.11,12 Although the mechanisms
are incompletely understood, rising FGF‑23 levels help
patients with CKD to maintain normal serum phosphate
levels until their kidney function becomes critically low.
Despite the important physiological effect of FGF‑23 to
maintain phosphate homeostasis in the context of differences in diet and kidney function, a growing body
of evidence suggests that higher FGF‑23 levels are a
risk factor for cardiovascular disease, and are possibly a modifiable mechanism of disease.13–17 However,
since higher serum phosphate levels are also linked to
an increased risk of cardiovascular disease and mortality,18–22 therapies that target FGF‑23 alone and precipitate worsening of hyperphosphataemia could be
harmful.23 To design effective therapeutic strategies, a
detailed understanding of the complex interrelationships between phosphate, FGF‑23 and c ardiovascular
disease is required.
In this Review, we discuss relevant data from epi
demiological, physiological and experimental studies
that evaluate phosphate and FGF‑23 as cardiovascular
risk factors. We consider to what extent the relationships
between FGF‑23, phosphate and cardiovascular disease
are distinct and, most importantly, whether or not they are
modifiable targets to prevent cardiovascular disease.
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Key points
■■ Higher circulating levels of phosphate and fibroblast growth factor (FGF)-23 are
associated with increased risk of cardiovascular disease in populations with or
without chronic kidney disease
■■ Higher phosphate concentrations induce vascular calcification and endothelial
dysfunction in vitro and in animal models; observational studies in humans
have corroborated these findings
■■ Higher levels of FGF‑23 might have direct hypertrophic effects on cardiac
myocytes, which could explain their association with left ventricular hypertrophy
and congestive heart failure in patients
■■ Simultaneous control of FGF‑23 and serum phosphate levels might be useful
strategies to reduce cardiovascular disease in at-risk populations, including
those with chronic kidney disease
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Figure 1 | The physiology of phosphate homeostasis in the context of lowphosphate and high-phosphate diets. a | In response to high dietary phosphate
loads, levels of FGF‑23 rise, which leads to inhibition of 25-hydroxyvitamin‑D3
1α-hydroxylase expression and a reduction in 1,25(OH)2D3 (the hormonally active
form of vitamin D) levels. Normally, 1,25(OH)2D3 suppresses PTH release and
stimulates intestinal absorption of phosphate; thus, FGF‑23-mediated decreases
in 1,25(OH)2D3 levels raise PTH levels and reduce phosphate absorption. High PTH
and FGF‑23 levels stimulate phosphaturia, which minimizes the effect of a highphosphate diet on serum phosphate levels. Dark coloured boxes denote increased
level, light coloured boxes denote decreased level. b | Diets that are low in
phosphate result in reduced FGF‑23 levels and increased 1,25(OH)2D3 levels, which
suppress PTH release and augment phosphate absorption in the intestine. Under
both dietary conditions, the changes in serum phosphate levels are small, and are
generally maintained within the normal range (0.74–1.52 mmol/l). Additional
feedback loops involving FGF‑23, PTH and Klotho are not depicted. According to the
dietary reference intake, adequate intake for phosphorus in healthy nonpregnant
adults is 700 mg per day127 and typical intake in the USA is in the approximate range
800–1,600 mg per day.128 Dark coloured boxes denote increased level, light
coloured boxes denote decreased level. Abbreviations: FGF‑23, fibroblast growth
factor 23; Pi, inorganic phosphate; PTH, parathyroid hormone.

Epidemiological data
Phosphate levels and cardiovascular disease
Hyperphosphataemia was first identified as a risk factor
for increased mortality in patients undergoing haemodialysis.24 Multiple subsequent studies confirmed these
findings, and similar results were reported for patients
with less-advanced CKD who were not on dialysis.25–30
Higher serum phosphate levels have also been consistently linked to higher rates of cardiovascular events or
cardiovascular-disease-related mortality in the general
population,18–21 and in individuals with underlying coronary artery disease.22 In most of the studies outside the
dialysis population, serum phosphate levels were predominantly normal, yet higher levels were associated

with adverse outcomes independent of kidney function and traditional cardiovascular risk factors,18–22 and
the findings were detectable among subpopulations
with unequivocally normal GFR (for example, ≥90 ml/
min/1.73 m2).18,19 These findings suggest existence of a
biological dose–response relationship between cardiovascular disease and serum phosphate levels across the
normal and high ranges—analogous to other classic
cardiovascular risk factors, such as blood pressure.18,19,22,29
The relationships between serum phosphate levels and
distinct subtypes of cardiovascular events have not been
extensively studied, but higher serum phosphate levels
are independently associated with stroke, 20 fatal and
nonfatal myocardial infarction22 and congestive heart
failure.18,22 The finding that higher serum phosphate
levels are not linked to one specific subtype of cardiovascular event might suggest an underlying mechanism
that involves multiple vascular beds. Alternatively, this
lack of specificity raises the possibility that residual confounding factors resulting from incompletely captured
differences in patients’ health status or kidney function,
might explain the findings.
Another gap in the literature is the shortage of studies
focused on the relationship between serum phosphate
levels and incident cardiovascular disease. Prospective
cohort studies that exclusively assess incident cardio
vascular events, as opposed to those that are inclusive
of participants with prevalent cardiovascular disease,
would provide stronger evidence that serum phosphate
levels clearly precede the initial manifestations of disease.
The Framingham Offspring Study investigators reported
that higher serum phosphate levels were associated prospectively with increased risk of the composite end point
of incident coronary artery disease, stroke, peripheral
vascular disease and congestive heart failure,19 but this
relationship was not confirmed in a case–control study in
the prospective Health Professionals Follow-Up Study.31
Finally, FGF‑23 levels were not measured in all of the
studies that investigated serum phosphate levels and
cardiovascular disease, which renders it difficult to determine the magnitude of risk that is directly attributable to
serum phosphate levels versus FGF‑23.

FGF‑23 levels and cardiovascular disease
Higher serum levels of FGF‑23 are consistently associated
with a graded increase in all-cause mortality in prospective studies of various populations of patients, either with
or without CKD.15,16,32–34 Increased cardiovascular mortality has been proposed to account for this association,
based on the results of studies in elderly adults and kidney
transplant recipients, in whom higher serum FGF‑23
levels are associated with an increased risk of death from
cardiovascular causes.35,36 Similar to the literature regarding serum phosphate, few studies have examined whether
or not higher FGF‑23 levels are exclusively associated
with cardiovascular causes of death, rather than with
other leading causes, such as cancer and infection.
The results of several studies revealed associations
between higher FGF‑23 and an increased risk of cardio
vascular events, which was independent of kidney
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function13–16,37–39 and serum levels of other mineral meta
bolites.13,15,16,39 In the Heart and Soul Study, higher FGF‑23
was associated with increased risk of a composite of myocardial infarction, stroke, transient ischaemic attack and
hospitalization for congestive heart failure in participants
with a history of stable coronary artery disease.15 In that
study, higher FGF‑23 was also associated with increased
risk of stroke or transient ischaemic attack and congestive
heart failure as distinct end points.15 In the Homocysteine
in End-stage and Advanced Kidney Disease study, which
included patients with advanced CKD and end-stage
renal disease (ESRD), higher FGF‑23 was associated
with a composite of atherosclerotic events, including
myocardial infarction, amputation and stroke, but heart
failure events were not evaluated.16
In other studies, atherosclerotic and congestive heart
failure events were considered as distinct end points on
the basis of differences in their pathophysiology.13–15
In these studies, higher FGF‑23 was more robustly
associated with congestive heart failure than with athero
sclerotic events.13–15 In a study of 3,860 participants with
CKD from the Chronic Renal Insufficiency Cohort
(CRIC) study, our own research group reported that participants with FGF‑23 levels in the highest quartile had
an approximate threefold higher risk of adjudicated congestive heart failure hospitalization than did those with
levels in the lowest quartile, after adjustment for kidney
function and traditional cardiovascular risk factors.13
This association was stronger than that described
between FGF‑23 levels and atherosclerotic events.13
Although classification of congestive heart failure can
be difficult in the setting of advanced CKD, which is
also characterized by volume retention, the results of
the CRIC study were similar in subsets of patients with
early stage CKD (for example, estimated GFR ≥45 ml/
min/1.73 m2) and low-grade proteinuria, and even when
we exclusively considered cardiovascular events that met
the more-stringent adjudication criteria for classifying
congestive heart failure as definite. By contrast, elevated
FGF‑23 levels were not significantly associated with
definite atherosclerotic events in the CRIC study.
Other reports suggest that FGF‑23 is expressed by
cardiac myocytes under conditions of stress and in athero
sclerotic plaques,40,41 and that FGF‑23 levels are elevated
in patients with systolic heart failure.42–44 These findings
raise the possibility of reverse causality, meaning that
heart failure could be a cause rather than a consequence
of the elevation in FGF‑23 levels. To address this possibility, our group carried out a time-lagged analysis of the
CRIC study data, which demonstrated that higher baseline FGF‑23 levels were associated with incident heart
failure events that occurred ≥1 year after FGF‑23 levels
were measured. This finding indicates that the elevation in FGF‑23 levels probably preceded even the early,
subclinical phase of cardiac dysfunction that can occur
before incident heart failure becomes clinically evident.13
Higher FGF‑23 levels were also strongly associated with
incident heart failure in an elderly population in the
Cardiovascular Health Study (≥65 years of age),14 and,
similar to the findings in the CRIC study, higher FGF‑23
270 | MAY 2014 | VOLUME 10

was not associated with incident atherosclerotic events in
the Health Professionals Follow-Up Study.13,31
In contrast to early outcome studies that focused exclusively on serum phosphate levels because FGF‑23 had not
yet been discovered, subsequent outcome studies have
simultaneously investigated both FGF‑23 and serum phosphate levels as potential risk factors. In most studies of
mortality and cardiovascular events, the magnitude of the
effects of FGF‑23 was larger than that of serum phosphate
and was independent of serum phosphate.13,15,16,32,34,35
However, in some studies, serum phosphate was also
an independent, albeit modest, predictor of adverse
outcomes even after adjusting for FGF‑23 levels. For
example, in the CRIC study, each 0.16 mmol/l increment
in serum phosphate concentration was associated with
a 9% increase in the risk of atherosclerotic events and a
10% increase in the risk of congestive heart failure events,
independent of FGF‑23.13 Serum phosphate levels were
also modestly associated with the cardiovascular composite end point in the Homocysteine in End-stage and
Advanced Kidney Disease study, after adjustment for
FGF‑23.16 These data suggest the possibility of indepen
dent effects of higher levels of phosphate and FGF‑23
on cardiovascular disease, perhaps mediated by distinct
pathophysiological mechanisms.

Interpreting the data
The strong associations between serum phosphate,
FGF‑23 and cardiovascular disease raise the provocative
question of whether or not these represent causal relation
ships that justify embarking on interventional studies.
However, confirming causality is a major challenge in
epidemiological research. Principles initially proposed
by Sir Bradford Hill45 provide a useful framework for
considering the likelihood that a collective body of epidemiological evidence supports causality, although these
factors are not absolute criteria per se and neither are they
all necessary nor sufficient to invoke causality.46
Acknowledging these caveats, several characteristics of
the epidemiological data suggest that serum phosphate
and FGF‑23 levels might be causally implicated in cardio
vascular events (Figure 2). In particular, researchers have
described consistent findings across populations (consistency) and dose–response relationships (biological
gradient); biological plausibility has been established in
experimental animal data (plausibility); and these biochemical factors are aligned with existing knowledge
of risk factors for CKD, such as poor diet and poverty
(coherence). The magnitude of the effect linking higher
FGF‑23 levels with cardiovascular disease is greater than
that of serum phosphate, which provides reassurance that
residual confounding factors are less likely (strength).
However, the substantial diurnal variation in serum phosphate levels can result in an underestimation of its effect.47
Further data are needed to confirm that serum phosphate
and FGF‑23 levels are specifically associated with cardiovascular events rather than other adverse events, which
would strengthen the claim that they are not merely
markers of overall poor health status (specificity). The
results of several prospective studies demonstrate that
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Figure 2 | Qualitative interpretation of the evidence supporting causal relationships
between circulating levels of phosphate and FGF‑23 with CVD. Eight major
characteristics of causality as initially outlined by Sir Bradford Hill (centre column) 45
are considered, in turn, for serum phosphate levels (left column) and FGF‑23 (right
column). Abbreviations: CKD, chronic kidney disease; CVD, cardiovascular disease;
FGF‑23, fibroblast growth factor 23.

both FGF‑23 and serum phosphate levels are associated with future cardiovascular events, but given the
expected latency of these factors in the pathogenesis of
cardiovascular disease and the possibility that they might
instead be markers of already established disease,41 more
analyses of incident events are needed (temporality). In
aggregate, however, compelling, albeit preliminary, evidence indicate that higher serum phosphate and FGF‑23
levels might be modifiable risk factors for cardiovascular
disease, particularly in CKD. Data from randomized controlled clinical trials—or the evaluation of ‘natural experiments’, such as changes in food policy or other factors that
affect either FGF‑23 levels or dietary intake of phosphate
at the population level—would strengthen this body of
evidence (experiment).
Other noncausal constructs that could also explain
the epidemiological data must be noted. For example, the
adverse effects of higher FGF‑23 or serum phosphate
levels could be epiphenomena attributable to other factors,
such as Klotho deficiency or decreased kidney function.
Klotho deficiency is a consequence of CKD, and might
also promote cardiovascular disease.5,48–50 However, the
lack of validated assays for measuring circulating Klotho
levels is a barrier to investigation of this hypothesis in
humans,51 and limits our understanding of the extent
to which circulating Klotho levels correlate with tissue
expression of the membrane-bound form.49 Preliminary
data on associations between soluble Klotho levels and

clinical outcomes are limited and conflicting;52,53 thus,
indirect evidence has been used to invoke a p ossible
role for Klotho deficiency in cardiovascular disease.
For example, many studies have demonstrated stronger
relationships between higher serum FGF‑23 levels and
adverse outcomes in patients with CKD than in those
without CKD.14,35,54–56 The stronger associations in CKD
might relate to Klotho deficiency, which could either
accentuate Klotho-independent toxic effects of FGF‑23,17
or eliminate Klotho-dependent protective effects.50
In addition, the association between higher serum FGF‑23
levels and cardiovascular events was especially strong in
patients with low fractional excretion of phosphate, which
could indicate tubular cell resistance to the actions of
FGF‑23 due to underlying Klotho deficiency.57
As circulating levels of FGF‑23 and phosphate rise with
the progression of CKD,12 another alternative interpretation of the epidemiological data is that higher FGF‑23
and serum phosphate levels indicate greater impairment
in kidney function that is not entirely captured by the
measurement or estimation of GFR. Indeed, FGF‑23
levels increase extremely early in the course of progressive
CKD and in mouse models of acute kidney injury, suggesting an exquisite sensitivity of FGF‑23 levels to even
subtle changes in kidney function.58,59 Ultimately, definitive evidence of causal links between FGF‑23, phosphate
and cardiovascular disease in humans can only be derived
from a randomized clinical trial demonstrating that
lowering FGF‑23 and serum phosphate levels reduces the
risk of adverse cardiovascular outcomes. In the interim,
however, animal data can provide additional insight.

Potential mechanisms
Vascular calcification
Animal studies
A major mechanism linking abnormal phosphate homeostasis to cardiovascular disease might be the promotion
of vascular calcification. Incubation of human vascular
smooth muscle cells (VSMCs) in media with increasing concentrations of phosphate results in transition
from a smooth muscle to a mineralizing phenotype.60,61
In explanted human blood vessels, high phosphate conditions stimulate apoptosis of VSMCs and the release
of calcifying vesicles.62 Similarly, vascular calcification
can be induced in rodent models by high-phosphate
diets 63 and other experimental manipulations that
result in hyperphosphataemia, including genetic del
etion of Klotho or FGF‑23,6,48 and blocking the actions
of FGF‑23 using inhibitory antibodies.23 A central role
for excess phosphate in vascular calcification is supported
by experiments in which deletion of NaPi-2a normalizes
serum phosphate levels, reverses calcification and restores
normal lifespan in Klotho-deficient (Klotho–/–) mice, that
otherwise exhibit severe hyperphosphataemia.64
The role of FGF‑23 in vascular calcification has not
been studied as extensively as that of phosphate. Studies
in vitro indicate that FGF‑23 does not potentiate calcification in human VSMCs or mouse aortic rings under
normal or high phosphate conditions, nor does it potentiate intracellular uptake of phosphate even in VSMCs
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incubated with soluble Klotho.60 Another group reported
that although FGF‑23 does not promote calcification of rat
aortic rings under normal phosphate conditions, in highphosphate conditions, FGF‑23 may potentiate calcification
of rat aortic rings or VSMCs that express membranebound Klotho.65 Conversely, other investigators report that
FGF‑23 can actually mitigate calcification in the vasculature when Klotho is present, possibly by inhibiting cellular phosphate uptake.50 A central role of phosphate rather
than FGF‑23 in vascular calcification is also supported by
mouse models of FGF‑23 overexpression,66–68 which do
not exhibit vascular calcification, and mouse models of
Klotho and FGF‑23 deletion, which exhibit both severe
hyperphosphataemia and extensive calcification.6,48

acetylcholine 84 and inhibits angiogenic behaviour. 83
Analogous to the effects of high phosphate conditions
on VSMCs,86 many of these effects can be blocked by
inhibiting cellular uptake of phosphate,82,84 suggesting that high intracellular phosphate is a key mediator
that directly induces endothelial cell dysfunction. High
phosphate conditions also induce vasoconstriction and
impair relaxation in intact aortic rings, suggesting that
the results observed in vitro translate to intact vessels
ex vivo.56 In contrast to the proapoptotic effects of phosphate, FGF‑23 inhibits apoptosis and stimulates proliferation of endothelial cells and VSMCs in vitro,50,87
suggesting that FGF‑23 might have counter-regulatory
effects against the actions of phosphate.

Human studies
Data from epidemiological studies support the concept
that high serum phosphate levels are a risk factor for
vascular calcification. In a subgroup of 641 patients with
CKD who took part in the Multiethnic Study of Athero
sclerosis, higher serum phosphate concentrations were
independently associated with an increased number of
calcified cardiovascular sites, including the coronary
arteries, thoracic aorta and mitral and aortic valves.69
Other studies have confirmed the association between
higher phosphate and valvular calcification or sclerosis,70
and linked these anatomical changes with functional
measures of calcification, such as increased peripheral
arterial stiffness as indicated by an ankle b
 rachial p
 ressure
index score >1.30.71,72
Although the results of several small observational
studies showed links between higher FGF‑23 levels and
vascular calcification,73–78 most did not fully adjust for
serum phosphate, GFR or length of time on dialysis in
patients with ESRD, and other groups have reported conflicting results.79–81 In one of the largest vascular calcification studies to date, our research group reported that
higher serum phosphate levels, but not higher FGF‑23
levels, were associated with an increased prevalence and
severity of coronary artery calcification, independent of
kidney function and other traditional cardiovascular risk
factors, in approximately 1,500 CRIC participants with
CKD stages 2–4.60 To our knowledge, our study was the
first to demonstrate a statistically significant association
between serum phosphate levels and vascular calci
fication that is independent of FGF‑23 levels, which is
important given that previous landmark studies of the
effect of serum phosphate on vascular calcification did
not measure FGF‑23 levels. Our findings are consistent
with the in vitro data and strongly favour elevated serum
levels of phosphate, but not FGF‑23, as a major risk factor
for vascular calcification in CKD.

Human studies
In observational studies, higher serum phosphate levels
are associated with an increased extent of coronary 79,88
and carotid89 atherosclerosis. Although most studies in
this area were cross-sectional, one prospective cohort
study of 3,015 healthy young adults showed that baseline
serum phosphate levels >1.26 mmol/l (normal range 0.74–
1.52 mmol/l) were associated with an increased risk of
atherosclerosis, ascertained by CT 15 years later.88 Higher
FGF‑23 levels were associated with greater severity of
atherosclerosis as detected using angiography in some,55,90
but not all studies.79 To date, these data are too sparse to
determine whether or not an elevation in FGF‑23 levels
clearly precedes the development of atherosclerosis, or is
simply a marker of established disease.41
In a small observational study of patients with CKD
stages 3–4, but without cardiovascular disease or diabetes
mellitus, higher levels of FGF‑23 were independently
associated with decreased flow-mediated dilatation,
which is a clinical measure of endothelial function.91
Lower FGF‑23 levels have also been associated with
increased endothelium-dependent and endothelium-
independent vasodilatation in individuals aged
≥70 years, most of whom had normal kidney function.92
Similarly, the dramatic fall in FGF‑23 levels and amelioration of other alterations in mineral metabolism that
occur after renal transplantation correlate with improved
endothelial function.93
Preliminary evidence suggests that manipulation of
dietary phosphate intake to decrease circulating levels
of phosphate or FGF‑23 may affect cardiovascular risk
factors. In a study of 11 healthy adult men, a high-
phosphate meal substantially lowered flow-mediated
dilatation within 2 h, compared with a low-phosphate
meal. In patients with CKD, lowering of serum phosphate and FGF‑23 levels, accomplished by 8 weeks of
treatment with the phosphate-binding agent, sevelamer,
improved flow-mediated dilatation.94 By contrast, treatment with calcium acetate, another phosphate-binding
agent, lowered serum phosphate levels only modestly,
did not lower FGF‑23 levels and did not improve flow-
mediated dilatation. The benefits associated with sev
elamer treatment might be due to its more-effective
lowering of FGF‑23 or phosphate levels, other pleiotropic
effects or a combination thereof.94 More work is needed

Endothelial dysfunction and atherosclerosis
Animal studies
Hyperphosphataemia might also have adverse effects on
endothelial cells. Incubating cultured endothelial cells
in high phosphate concentrations induces apoptosis,82–84
stimulates production of reactive oxygen species,82,85
impairs secretion of nitric oxide (NO) in response to
272 | MAY 2014 | VOLUME 10
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Figure 3 | Proposed mechanisms through which higher circulating levels of
phosphate and FGF‑23 might contribute separately and additively to clinical CVD
events in patients with CKD. Experimental evidence from cell culture and animal
models suggests that FGF‑23 directly targets the heart to promote left ventricular
hypertrophy and phosphate directly induces calcification and dysfunction of the
vasculature.17, 61 Together, these insults increase the risk of clinical CVD events.
Abbreviations: CKD, chronic kidney disease; CVD, cardiovascular disease; FGF‑23,
fibroblast growth factor 23.

to pinpoint the mechanisms underlying how phosphate
homeostasis alters endothelial function, and the relative
contributions of its many components, including dietary
phosphate intake, serum phosphate levels, FGF‑23,
1,25(OH)2D3, parathyroid hormone, Klotho and perhaps
other c urrently undiscovered factors.

Ventricular hypertrophy
Animal studies
Activation of canonical FGF receptors by FGF‑2, the
prototypical FGF, is a fundamental molecular mechanism of left ventricular hypertrophy. This finding stimu
lated the hypothesis that other FGFs, such as FGF‑23,
have roles.17 After reporting results in cross-sectional
human studies,95 our group demonstrated that ascending concentrations of FGF‑23 stimulated hypertrophic
growth of cultured neonatal rat ventricular myocytes,
and activated the transcription of genes involved in
pathological cardiac hypertrophy.17 Consistent with these
findings, another group demonstrated that ascending
concentrations of FGF‑23 increased intracellular calcium
levels and the contractility of adult mouse ventricular
muscle strips, and activated the expression of various
genes linked to cardiac hypertrophy.96 In both studies,
the hypertrophic effects of FGF‑23 were mediated by
Klotho-independent signalling through FGF receptors.
Intramyocardial and intravenous injection of FGF‑23
induced left ventricular hypertrophy in wild-type mice,
and Klotho –/– mice with markedly elevated FGF‑23
levels developed severe left ventricular hypertrophy.
Furthermore, global blockade of FGF receptors using
a small-molecule inhibitor prevented left ventricular
hypertrophy in uraemic rats, without lowering blood
pressure.17 These data suggest direct hypertrophic effects
of FGF‑23; however, it is important to acknowledge that

the inhibitor used does not specifically block FGF‑23
signalling, and so the hypertrophic effects of other FGFs
could have been blocked.
Experiments designed to test the effects of parathyroid
hormone on cardiac function and serum phosphate levels
provide additional, albeit indirect, support for a role of
FGF‑23 in cardiac hypertrophy.97 Parathyroidectomized,
uraemic rats were treated with either a physiological or
supraphysiological replacement dose of parat hyroid
hormone, in conjunction with a high-phosphate or
low-phosphate diet. Interpretation of the results is
clouded by the array of metabolic derangements in these
animals; however, myocyte diameters were largest in
the animals that exhibited the highest FGF‑23 levels.97
Feeding animals high-phosphate diets that are known
to raise both phosphate and FGF‑23 levels, promotes
increased left ventricular mass and myocardial interstitial fibrosis.98,99 Although treatment with phosphate
binders can mitigate these changes,100 in the absence of
measurement of FGF‑23 levels, these studies were unable
to address the relative contributions of phosphate and
FGF‑23 or those of other factors.
In contrast to these findings, uraemic rats treated
with FGF‑23-neutralizing antibodies did not show a
decrease in heart mass or decreased expression of cardiac
hypertrophy markers, although these results should be
interpreted cautiously because the overall rate of left
ventricular hypertrophy in the control group was far less
than expected.23 Additional studies are needed to investi
gate the effects of FGF‑23 on cardiac myocytes, and to
determine whether or not FGF‑23 also affects myocardial
fibroblasts, given the prominence of fibrosis in uraemic
cardiomyopathy.99 If toxic effects of FGF‑23 are confirmed, further experimental studies will be needed to
define the exact FGF receptors and signalling pathways
involved so that therapies can be designed to target the
adverse effects of FGF‑23 without interfering with its
desired physiological effects to m
 aintain normal serum
phosphate levels.
Human studies
In clinical studies, higher serum levels of both phosphate
and FGF‑23 are associated with increased left ventricular mass and an increased prevalence of left ventricular
hypertrophy independent of kidney function in a wide
range of settings.17,18,54,95,101–106 In one prospective study,
higher FGF‑23 levels at baseline were associated with
the development of incident left ventricular hypertrophy
during follow-up monitoring in patients with CKD.17
Although associations between higher levels of FGF‑23
and increased left ventricular mass were independent of
serum phosphate levels, most human studies of serum
phosphate as a risk factor for left ventricular hypertrophy
have not incorporated measurement of FGF‑23. Occult
elevation of FGF‑23 levels might, therefore, account for
the association of higher serum phosphate with left ventricular hypertrophy and increased ventricular mass.
However, elevated serum phosphate levels might also
contribute to left ventricular hypertrophy indirectly by
increasing left ventricular pressure overload owing to
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Figure 4 | Potential interventions to target phosphate homeostasis at the population, patient and molecular levels.
Approaches to reduce phosphate and FGF‑23 levels could engage health policy (regulation of the food industry, subsidies
for healthy food), public health (public education, informative food labelling) and clinical medicine (patient education,
pharmaceutical development). Abbreviations: FGF‑23, fibroblast growth factor 23; FGFR, fibroblast growth factor receptor.

reduced vascular compliance and valvular heart disease
as a result of vascular calcification.69,70,100
High dietary intake of phosphate raises serum levels of
both phosphate and FGF‑23, but currently only limited
data from human studies relate phosphate intake to
cardiovascular disease. Data from an observational study
showed that a high phosphate intake was associated with
increased left ventricular mass in a population of healthy
adults.107 These intriguing results should, however, be
interpreted with caution, given the strong correlations
between phosphate intake and total energy intake, as well
as intakes of other nutrients, such as sodium, that could
affect cardiac mass.

Therapeutic strategies
The existing body of evidence suggests that higher serum
phosphate levels are strongly associated with athero
sclerosis and endothelial dysfunction, and higher FGF‑23
levels are strongly associated with left ventricular hypertrophy and congestive heart failure (Figure 3). These data
emphasize the need to focus on treatment strategies that
can simultaneously control both factors, instead of targeting one at the expense of the other—as demonstrated in
the case of treatment with anti-FGF‑23 antibodies, which
can precipitate severe hyperphosphataemia.23

Dietary approaches
Restricting dietary phosphate intake or p
 reventing
its absorption may be a good strategy to target elevated
levels of both serum phosphate and FGF‑23. In short-term
studies, restricting dietary phosphate intake decreased
serum levels of both phosphate7,8 and FGF‑23,7–9 whereas
dietary phosphate loading raised FGF‑23 levels7–10 and,
occasionally, also raised serum phosphate levels.10 The
majority of studies that investigated the effects of augmented phosphate intake have used supplementation
with fairly high doses of inorganic phosphate, which
is almost completely absorbed in the gastrointestinal
tract. 7–9 Supplementation with modest quantities of
phosphate, and differences in phosphate intake resulting
274 | MAY 2014 | VOLUME 10

from variation in naturally occurring dietary phosphate
sources that are not as readily absorbed, have been studied
less extensively.
A major source of naturally occurring organic phosphate is dietary protein. In a crossover study of 19 healthy
participants, the percentage of calories from protein was
altered in successive feeding periods, without resulting in a
change in FGF‑23 levels.108 In other studies, severe restriction of protein intake decreased FGF‑23 levels.109 However,
the source of dietary phosphate also determines the extent
of its absorption. Phosphate absorption from plant proteins may be lower than from animal proteins, because
phosphate in plant proteins is bound within a complex ring
structure known as phytate, which is poorly digested in the
human gastrointestinal tract. Indeed, a crossover study of
nine patients with CKD showed that both phosphate and
FGF‑23 levels decreased significantly while the patients
were consuming diets containing predominantly plant
protein, compared with periods when they were consuming animal-protein-based diets despite an identical phosphate content.110 The wider applicability of this finding is
supported by similar results in a large observational cohort
study of patients with CKD, in whom a higher proportion
of protein intake from plant-based sources was independently associated with lower serum FGF‑23 levels.111 In
another large observational study of male health-care professionals, serum FGF‑23 levels were modestly increased
among those consuming larger amounts of phosphate
than others, as assessed by a food intake questionnaire.112
Although the magnitudes of associations were small in
these observational studies, the true associations might
have been underestimated because of imprecision in
dietary reporting and failure of nutritional databases to
comprehensively account for phosphate intake from food
additives and for differences in phosphate absorption
attributable to different protein sources.113,114
Therapeutic approaches to reduce dietary phosphate
intake, and thereby lower serum phosphate and FGF‑23
levels simultaneously, could target the absolute amount
of dietary phosphate intake, the amount of phosphate
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additives in the diet, or the proportions of animal versus
plant sources of dietary protein (Figure 4). Reducing
dietary phosphate intake could be a useful clinical strategy in individual patients, but could also be used to
target populations more broadly through public health
approaches. For example, regulation could limit the
amount of phosphate added to processed foods or require
reporting of the phosphate content on food labels. Other
public-health initiatives could include the promotion of
plant-rich diets, and enhancing access and affordability
of healthy foods, including nonprocessed foods, fruits and
vegetables, in communities at high risk of CKD. These
types of population-based preventative approaches have
the advantage of placing minimal risks and burdens on
individual patients, but their efficacy and feasibility need
to be proven.

anti-FGF‑23 antibodies in uraemic rats caused severe
hyperphosphataemia, hypercalcaemia related to hyper
vitaminosis D, severe calcification and premature
death.23 These data caution against direct inhibition of
FGF‑23 without also targeting the distinct adverse effects
of high serum phosphate. Anti-FGF‑23 antibodies and
FGF receptor blockers could still be useful, either in
conjunction with serum phosphate-lowering therapy or
in patients with ESRD, in whom renal phosphate excretion does not usually contribute substantially to serum
phosphate levels. Furthermore, if distinct FGF receptors
mediate the desired renal actions of FGF‑23, namely,
regulating serum phosphate, versus its off-target effects,
it might be possible to design molecules that selectively
block the unwanted effects of FGF‑23.

Pharmacological approaches
Alternative approaches to reducing serum phosphate
levels could be blocking dietary phosphate absorption
pharmacologically, or blocking the actions of FGF‑23
directly (Figure 4). To date, the results of some, 115–119
but not all,120–122 short-term studies of patients with CKD
support the efficacy of treatment with phosphate binders,
with or without dietary phosphate restriction, to reduce
both FGF‑23 levels and 24 h urinary phosphate excretion,
a biomarker of absorbed phosphate. However, the major
challenges for these pharmacological strategies will be to
determine whether their effects are sufficiently sustainable and acceptable to patients for long-term use,116,119
and whether they can mitigate cardiovascular disease.
Nonetheless, these approaches represent potential strat
egies to treat individual patients with moderate to severe
CKD—who are at risk of cardiovascular complications
due to high serum phosphate and FGF‑23 levels.
Several other pharmacological approaches are under
clinical investigation. Nicotinamide inhibits intestinal
NaPi-2b, thereby limiting phosphate absorption in the
gastrointestinal tract and reducing serum phosphate
levels.123,124 The effect of nicotinamide on FGF‑23 levels
is unknown, and no studies of nicotinamide therapy in
combination with a phosphate binder have been conducted. This approach could boost their individual
effects, as might be hypothesized from the synergistic effects of NaPi-2b deletion and sevelamer treatment
in a mouse model of CKD.125
Biological agents that directly target FGF‑23 are also
in development.23,126 Preclinical studies of inhibitory

A strong body of evidence links elevated serum phosphate
levels to vascular injury, including vascular and valvular calcification and atherosclerosis. By contrast, initial
evidence in the much younger field of FGF‑23 research
points to direct effects of FGF‑23 on the heart that pro
mote myocardial hypertrophy and clinical heart failure.
The adverse cardiovascular effects of high levels of phosphate and FGF‑23 are probably distinct, which is not only
intriguing scientifically, but could also have profound
implications for therapeutically targeting the phosphate
axis. Ultimately, targeting serum phosphate and FGF‑23
levels may be possible through public health policies,
patient education and pharmaceutical agents. Although
the remaining challenges are substantial, the compelling evidence that serum phosphate and FGF‑23 levels
are modifiable risk factors for cardiovascular disease, in
patients with or without CKD, should continue to drive
this field forward.

ADHR Consortium. Autosomal dominant
hypophosphatemic rickets is associated with
mutations in FGF23. Nat. Genet. 26, 345–348
(2000).
Saito, H. et al. Circulating FGF‑23 is regulated by
1α,25-dihydroxyvitamin D3 and phosphorus
in vivo. J. Biol. Chem. 280, 2543–2549 (2005).
Saji, F. et al. Fibroblast growth factor 23
production in bone is directly regulated by 1α,25dihydroxyvitamin D, but not PTH. Am. J. Physiol.
Renal Physiol. 299, F1212–F1217 (2010).
Urakawa, I. et al. Klotho converts canonical FGF
receptor into a specific receptor for FGF23.
Nature 444, 770–774 (2006).

5.

6.

7.

Conclusions

Review criteria
Articles were identified by searching the PubMed database
using a combination of keywords and MeSH terms,
including “cardiovascular disease”, “cardiovascular
diseases”, “abnormalities, cardiovascular”, “abnormality,
cardiovascular”, “congestive heart failure”, “heart
failure, congestive”, “cardiovascular events”, ”fibroblast
growth factor 23”, “disorder, phosphorus metabolism”,
“metabolism disorders, phosphorus”, “phosphorus” and
“phosphate”. Additional relevant articles were identified
from the reference lists of key articles. All reviewed papers
were available in English.

Hu, M., Shiizaki, K., Kuro‑o, M. & Moe, O.
Fibroblast growth factor 23 and Klotho:
physiology and pathophysiology of an endocrine
network of mineral metabolism. Annu. Rev.
Physiol. 75, 503–533 (2013).
Shimada, T. et al. Targeted ablation of Fgf23
demonstrates an essential physiological role
of FGF23 in phosphate and vitamin D
metabolism. J. Clin. Invest. 113, 561–568
(2004).
Burnett, S. et al. Regulation of C‑terminal and
intact FGF‑23 by dietary phosphate in men and
women. J. Bone Miner. Res. 21, 1187–1196
(2006).

NATURE REVIEWS | NEPHROLOGY

8.

Ferrari, S. L., Bonjour, J.‑P. & Rizzoli, R. Fibroblast
growth factor‑23 relationship to dietary
phosphate and renal phosphate handling in
healthy young men. J. Clin. Endocrinol. Metab. 90,
1519–1524 (2005).
9. Antoniucci, D. M., Yamashita, T. & Portale, A. A.
Dietary phosphorus regulates serum fibroblast
growth factor‑23 concentrations in healthy men.
J. Clin. Endocrinol. Metab. 91, 3144–3149
(2006).
10. Vervloet, M. G. et al. Effects of dietary phosphate
and calcium intake on fibroblast growth
factor‑23. Clin. J. Am. Soc. Nephrol. 6, 383–389
(2011).

VOLUME 10 | MAY 2014 | 275
© 2014 Macmillan Publishers Limited. All rights reserved

REVIEWS
11. Isakova, T. et al. Fibroblast growth factor 23 is
elevated before parathyroid hormone and
phosphate in chronic kidney disease. Kidney Int.
79, 1370–1378 (2011).
12. Scialla, J. et al. Mineral metabolites and chronic
kidney disease progression in African
Americans. J. Am. Soc. Nephrol. 24, 125–135
(2012).
13. Scialla, J. et al. Fibroblast growth factor 23 and
cardiovascular events in chronic kidney disease.
J. Am. Soc. Nephrol. 113, 561–568 (2013).
14. Ix, J. H. et al. Fibroblast growth factor‑23 and
death, heart failure, and cardiovascular events
in community-living individuals: CHS
(Cardiovascular Health Study). J. Am. Coll.
Cardiol. 60, 200–207 (2012).
15. Parker, B. D. et al. The associations of fibroblast
growth factor 23 and uncarboxylated matrix Gla
protein with mortality in coronary artery disease:
the Heart and Soul Study. Ann. Intern. Med. 152,
640–648 (2010).
16. Kendrick, J. et al. FGF‑23 associates with death,
cardiovascular events, and initiation of chronic
dialysis. J. Am. Soc. Nephrol. 22, 1913–1922
(2011).
17. Faul, C. et al. FGF23 induces left ventricular
hypertrophy. J. Clin. Invest. 121, 4393–4408
(2011).
18. Dhingra, R. et al. Relations of serum
phosphorus levels to echocardiographic left
ventricular mass and incidence of heart failure
in the community. Eur. J. Heart Fail. 12,
812–818 (2010).
19. Dhingra, R. et al. Relations of serum phosphorus
and calcium levels to the incidence of
cardiovascular disease in the community.
Arch. Intern. Med. 167, 879–885 (2007).
20. Foley, R., Collins, A., Ishani, A. & Kalra, P.
Calcium-phosphate levels and cardiovascular
disese in community-dwelling adults: the
Atherosclerosis Risk in Communities (ARIC)
Study. Am. Heart J. 156, 556–563 (2008).
21. Dominguez, J. et al. Relationship between serum
and urine phosphorus with all-cause and
cardiovascular mortality: the osteoporotic
fractures in men (MrOS) study. Am. J. Kidney Dis.
61, 555–563 (2013).
22. Tonelli, M. et al. relation between serum
phosphate level and cardiovascular event rate
in people with coronary disease. Circulation 112,
2627–2633 (2005).
23. Shalhoub, V. et al. FGF23 neutralization improves
chronic kidney disease-associated
hyperparathyroidism yet increases mortality.
J. Clin. Invest. 122, 2543–2553 (2012).
24. Block, G. A., Hulbert-Shearon, T. E., Levin, N. W.
& Port, F. K. Association of serum phosphorus
and calcium × phosphate product with mortality
risk in chronic hemodialysis patients: a national
study. Am. J. Kidney Dis. 31, 607–617 (1998).
25. Block, G. A. et al. Mineral metabolism, mortality,
and morbidity in maintenance hemodialysis.
J. Am. Soc. Nephrol. 15, 2208–2218 (2004).
26. Lertdumrongluk, P. et al. Association of serum
phosphorus concentration with mortality in
elderly and nonelderly hemodialysis patients.
J. Ren. Nutr. 23, 411–421 (2013).
27. Voormolen, N. et al. High plasma phosphate as
a risk factor for decline in renal function and
mortality in pre-dialysis patients. Nephrol. Dial.
Transplant. 22, 2909–2916 (2007).
28. Kestenbaum, B. et al. Serum phosphate levels
and mortality risk among people with chronic
kidney disease. J. Am. Soc. Nephrol. 16,
520–528 (2005).
29. Eddington, H. et al. Serum phosphate and
mortality in patients with chronic kidney disease.
Clin. J. Am. Soc. Nephrol. 5, 2251–2257 (2010).

276 | MAY 2014 | VOLUME 10

30. Palmer, S. C. et al. Serum levels of phosphorus,
parathyroid hormone, and calcium and risks of
death and cardiovascular disease in individuals
with chronic kidney disease. JAMA 305,
1119–1127 (2011).
31. Taylor, E., Rimm, E., Stampfer, M. & Curhan, G.
Plasma fibroblast growth factor 23, parathyroid
hormone, phosphorus, and risk of coronary
heart disease. Am. Heart J. 161, 956–962
(2011).
32. Gutierrez, O. M. et al. Fibroblast growth factor 23
and mortality among patients undergoing
hemodialysis. N. Engl. J. Med. 359, 584–592
(2008).
33. Jean, G. et al. High levels of serum fibroblast
growth factor (FGF)‑23 are associated with
increased mortality in long haemodialysis
patients. Nephrol. Dial. Transplant. 24,
2792–2796 (2009).
34. Isakova, T. et al. Fibroblast growth factor 23 and
risks of mortality and end-stage renal disease in
patients with chronic kidney disease. JAMA 305,
2432–2439 (2011).
35. Arnlov, J. et al. Higher fibroblast growth factor‑23
increases the risk of all-cause and
cardiovascular mortality in the community.
Kidney Int. 83, 160–166 (2013).
36. Baia, L. et al. Fibroblast growth factor 23
and cardiovascular mortality after kidney
transplantation. Clin. J. Am. Soc. Nephrol. 8,
1968–1978 (2013).
37. Seiler, S. et al. FGF‑23 and future cardiovascular
events in patients with chronic kidney disease
before initiation of dialysis treatment. Nephrol.
Dial. Transplant. 35, 3983–3989 (2010).
38. Nakano, C. et al. Intact fibroblast growth
factor 23 levels predict incident cardiovascular
event before but not after the start of dialysis.
Bone 50, 1266–1274 (2012).
39. Arnlov, J. et al. Serum FGF23 and risk of
cardiovascular events in relation to mineral
metabolism and cardiovascular pathology.
Clin. J. Am. Soc. Nephrol. 8, 781–786 (2013).
40. Richter, M. et al. Oncostatin M induces FGF23
expression in cardiomyocytes. J. Clin. Exp.
Cardiolog. S9, 1–6 (2012).
41. Voigt, M., Fischer, D.‑C., Rimpau, M.,
Schareck, W. & Haffner, D. Fibroblast growth
factor (FGF)‑23 and fetuin‑A in calcified carotid
atheroma. Histopathology 56, 775–788 (2010).
42. Gruson, D. et al. C‑terminal FGF23 is a strong
predictor of survival in systolic heart failure.
Peptides 37, 258–262 (2012).
43. Plischke, M. et al. Inorganic phosphate and
FGF‑23 predict outcome in stable systolic heart
failure. Eur. J. Clin. Invest. 42, 649–656 (2012).
44. Zittermann, A. et al. Parameters of mineral
metabolism predict midterm clinical
outcome in end-stage heart failure patients.
Scand. Cardiovasc. J. 45, 342–348 (2011).
45. Hill, A. The environment and disease:
association or causation? Proc. R. Soc. Med. 58,
295–300 (1965).
46. Lucas, R. & McMichael, A. Association or
causation: evaluating links between
“environment and disease”. Bull. WHO 83,
792–795 (2005).
47. Isakova, T. et al. Daily variability in mineral
metabolites in CKD and effects of dietary
calcium and calcitriol. Clin. J. Am. Soc. Nephrol. 7,
820–828 (2012).
48. Kuro‑o, M. et al. Mutation of the mouse klotho
gene leads to a syndrome resembling ageing.
Nature 390, 45–51 (1997).
49. Hu, M. C. et al. Klotho deficiency causes
vascular calcification in chronic kidney
disease. J. Am. Soc. Nephrol. 22, 124–136
(2011).



50. Lim, K. et al. Vascular klotho deficiency
potentiates the development of human artery
calcification and mediates resistance to
fibroblast growth factor 23. Circulation 125,
2243–2255 (2012).
51. Devaraj, S., Syed, B., Chien, A. & Jialal, I.
Validation of an immunoassay for soluble Klotho
protein: decreased levels in diabetes and
increased levels in chronic kidney disease.
Am. J. Clin. Pathol. 137, 479–485 (2012).
52. Seiler, S. et al. Plasma klotho is not related to
kidney function and does not predict adverse
outcome in patients with chronic kidney disease.
Kidney Int. 83, 121–128 (2013).
53. Kim, H. et al. Circulating α‑klotho levels in CKD
and relationship to progression. Am. J. Kidney
Dis. 61, 899–909 (2013).
54. Mirza, M., Larsson, A., Melhus, H., Lind, L. &
Larsson, T. Serum intact FGF23 associate with
left ventricular mass, hypertrophy and geometry
in an elderly population. Atherosclerosis 207,
546–551 (2009).
55. Mirza, M. A. et al. Relationship between
circulating FGF23 and total body atherosclerosis
in the community. Nephrol. Dial. Transplant. 24,
3125–3131 (2009).
56. Six, I. et al. Effects of phosphate on vascular
function under normal conditions and influence
of the uremic state. Cardiovasc. Res. 96,
130–139 (2012).
57. Dominguez, J., Shlipak, M., Whooley, M. & Ix, J.
Fractional excretion of phosphorus modifies the
association between fibroblast growth factor‑23
and outcomes. J. Am. Soc. Nephrol. 24, 647–654
(2013).
58. Christov, M. et al. Plasma FGF23 levels increase
rapidly after acute kidney injury. Kidney Int. 84,
776–785 (2013).
59. Stubbs, J. et al. Longitudinal evaluation of
FGF23 changes and mineral metabolism
abnormalities in a mouse model of chronic
kidney disease. J. Bone Miner. Res. 27, 38–46
(2012).
60. Scialla, J. et al. Fibroblast growth factor 23 is not
associated with and does not induce arterial
calcification. Kidney Int. 83, 1159–1168 (2013).
61. Jono, S. et al. Phosphate regulation of vascular
smooth muscle cell calcification. Circ. Res. 87,
e10–e17 (2000).
62. Shroff, R. et al. Chronic mineral dysregulation
promotes vascular smooth muscle cell
adaptation and extracellular matrix calcification.
J. Am. Soc. Nephrol. 21, 103–112 (2010).
63. El-Abbadi, M. et al. Phosphate feeding induces
arterial medial calcification in uremic mice: role
of serum phosphorus, fibroblast growth
factor‑23, and osteopontin. Kidney Int. 75,
1297–1307 (2009).
64. Ohnishi, M. & Razzaque, M. Dietary and genetic
evidence for phosphate toxicity accelerating
mammalian aging. FASEB J. 24, 3562–3571
(2010).
65. Jimbo, R. et al. Fibroblast growth factor 23
accelerates phosphate-induced vascular
calcification in the absence of klotho deficiency.
Kidney Int. http://dx.doi.org/10.1038/
ki.2013.332 (2013).
66. Saito, H. et al. human fibroblast growth factor‑23
mutants suppress na+-dependent phosphate cotransport activity and 1, 25-dihydroxyvitamin D3
production. J. Biol. Chem. 278, 2206–2211
(2003).
67. Larsson, T. et al. transgenic mice expressing
fibroblast growth factor 23 under the control
of the α1 collagen promoter exhibit growth
retardation, osteomalacia, and disturbed
phosphate homeostasis. Endocrinology 145,
3087–3094 (2004).

www.nature.com/nrneph
© 2014 Macmillan Publishers Limited. All rights reserved

REVIEWS
68. Shimada, T. et al. FGF‑23 transgenic mice
demonstrate hypophosphatemic rickets with
reduced expression of sodium phosphate
cotransporter type IIa. Biochem. Biophys. Res.
Commun. 314, 409–414 (2004).
69. Adeney, K. L. et al. Association of serum
phosphate with vascular and valvular
calcification in moderate CKD. J. Am. Soc.
Nephrol. 20, 381–387 (2009).
70. Linefsky, J. et al. Association of serum
phosphate levels with aortic valve sclerosis
and annular calcification. J. Am. Coll. Cardiol. 58,
291–297 (2011).
71. Kendrick, J., Ix, J. H., Targher, G., Smits, G.
& Chonchol, M. Relation of serum phosphorus
levels to ankle brachial pressure index (from the
Third National Health and Nutrition Examination
Survey). Am. J. Cardiol. 106, 564–568 (2010).
72. Ix, J. et al. Serum phosphorus concentrations
and arterial stiffness among individuals with
normal kidney function to moderate kidney
disease in MESA. Clin. J. Am. Soc. Nephrol. 4,
609–615 (2009).
73. Masai, H., Joki, N., Sugi, K. & Moroi, M.
A preliminary study of the potential role of
FGF‑23 in coronary calcification in patients
with suspected coronary artery disease.
Atherosclerosis 226, 228–233 (2013).
74. Nasrallah, M. et al. Fibroblast growth factor‑23
(FGF‑23) is independently correlated to aortic
calcification in haemodialysis patients. Nephrol.
Dial. Transplant. 25, 2679–2685 (2010).
75. Srivaths, P., Goldstein, S., Krishnamurthy, R.
& Silverstein, D. High serum phosphorus and
FGF 23 levels are associated with progression
of coronary calcifications. Pediatr. Nephrol. 29,
103–109 (2013).
76. Nakayama, M. et al. Fibroblast growth factor 23
is associated with carotid artery calcification in
chronic kidney disease patients not undergoing
dialysis: a cross-sectional study. BMC Nephrol.
14, 22 (2013).
77. Desjardins, L. et al. FGF23 is independently
associated with vascular calcification but not
bone mineral density in patients at various CKD
stages. Osteoporos. Int. 23, 2017–2025 (2012).
78. Jean, G. et al. Increased levels of serum
parathyroid hormone and fibroblast growth
factor‑23 are the main factors associated with
the progression of vascular calcification in longhour hemodialysis patients. Nephron Clin. Pract.
120, 132–138 (2012).
79. Cancela, A. et al. Phosphorus is associated
with coronary artery disease in patients with
preserved renal function. PLoS ONE 7, e36883
(2012).
80. Roos, M. et al. Relation between plasma
fibroblast growth factor‑23, serum fetuin‑A levels
and coronary artery calcification evaluated by
multislice computed tomography in patients
with normal kidney function. Clin. Endocrinol. 68,
660–665 (2008).
81. Inaba, M. et al. Role of fibroblast growth
factor‑23 in peripheral vascular calcification
in non-diabetic and diabetic hemodialysis
patients. Osteoporos. Int. 17, 1506–1513
(2006).
82. Di Marco, G. et al. Increased inorganic
phosphate induces human endothelial cell
apoptosis in vitro. Am. J. Physiol. Renal Physiol.
294, F1387–F1387 (2008).
83. Di Marco, G. et al. High phosphate directly
affects endothelial function by downregulating
annexin II. Kidney Int. 83, 213–222 (2013).
84. Peng, A. et al. Adverse effects of simulated
hyper- and hypo- phosphatemia on endothelial
cell function and viability. PLoS ONE 6, e23268
(2011).

85. Shuto, E. et al. Dietary phosphorus acutely
impairs endothelial function. J. Am. Soc. Nephrol.
20, 1504–1512 (2009).
86. Crouthamel, M. et al. Sodium-dependent
phosphate cotransporters and phosphateinduced calcification of vascular smooth muscle
cells: redundant roles for PiT‑1 and PiT‑2.
Arterioscler. Thromb. Vasc. Biol. 33, 2625–2632
(2013).
87. Medici, D. et al. FGF‑23‑Klotho signaling
stimulates proliferation and prevents vitamin D‑
induced apoptosis. J. Cell Biol. 182, 459–465
(2008).
88. Foley, R., Collins, A., Herzog, C. A., Ishani, A.
& Kalra, P. Serum phosphorus levels associate
with coronary atherosclerosis in young adults.
J. Am. Soc. Nephrol. 20, 397–404 (2009).
89. Ruan, L. et al. Relation of serum phosphorus
levels to carotid intima-media thickness in
asymptomatic young adults (from the Bogalusa
Heart Study). Am. J. Cardiol. 106, 793–797
(2010).
90. Kanbay, M. et al. Fibroblast growth factor 23
and fetuin A are independent predictors for the
coronary artery disease extent in mild chronic
kidney disease. Clin. J. Am. Soc. Nephrol. 5,
1780–1786 (2010).
91. Yilmaz, M. et al. FGF‑23 and vascular
dysfunction in patients with stage 3 and 4
chronic kidney disease. Kidney Int. 78,
679–685 (2010).
92. Mirza, M. A. I., Larsson, A., Lind, L. &
Larsson, T. E. Circulating fibroblast growth
factor‑23 is associated with vascular dysfunction
in the community. Atherosclerosis 205, 385–390
(2009).
93. Yilmaz, M. et al. Longitudinal analysis of
vascular function and biomarkers of metabolic
bone disorders before and after renal
transplantation. Am. J. Nephrol. 37, 126–134
(2013).
94. Yilmaz, M. et al. Comparison of calcium acetate
and sevelamer on vascular function and
fibroblast growth factor 23 in CKD patients:
a randomized clinical trial. Am. J. Kidney Dis. 59,
177–185 (2012).
95. Gutierrez, O. M. et al. Fibroblast growth factor 23
and left ventricular hypertrophy in chronic kidney
disease. Circulation 119, 2545–2552 (2009).
96. Touchberry, C. et al. FGF23 is a novel regulator of
intracellular calcium and cardiac contractility in
addition to cardiac hypertrophy. Am. J. Physiol.
Endocrinol. Metab. 304, E863–E873 (2013).
97. Custodio, M. et al. Parathyroid hormone and
phosphorus overload in uremia: impact on
cardiovascular system. Nephrol. Dial. Transplant.
27, 1437–1445 (2012).
98. Neves, K. et al. Adverse effects of
hyperphosphatemia on myocaridal hypertrophy,
renal function, and bone in rats with renal
failure. Kidney Int. 66, 2237–2244 (2004).
99. Amann, K. et al. Hyperphosphatemia aggrevates
cardiac fibrosis and microvascular disease in
experimental uremia. Kidney Int. 63, 1296–1301
(2003).
100. Maizel, J. et al. Effects of sevelamer treatment
on cardiovascular abnormalities in mice with
chronic renal failure. Kidney Int. 84, 491–500
(2013).
101. Saab, G., Whooley, M., Schiller, N. & Ix, J.
Association of serum phosphorus with left
ventricular mass in men and women with stable
cardiovascular disease: data from the heart and
soul study. Am. J. Kidney Dis. 56, 496–505
(2010).
102. Foley, R., Collins, A., Herzog, C., Ishani, A. &
Kalra, P. Serum phosphate and left ventricular
hypertrophy in young adults: the coronary artery

NATURE REVIEWS | NEPHROLOGY

risk development in young adults study.
Kidney Blood Press Res. 32, 37–44 (2009).
103. Seeherunvong, W. et al. Fibroblast growth
factor 23 and left ventricular hypertrophy in
children on dialysis. Pediatr. Nephrol. 27,
2129–2136 (2012).
104. Kirkpantur, A. et al. Serum fibroblast growth
factor‑23 (FGF‑23) levels are independently
associated with left ventricular mass and
myocardial performance index in maintenance
haemodialysis patients. Nephrol. Dial.
Transplant. 26, 1346–1354 (2011).
105. Hsu, H. & Wu, M. Fibroblast growth factor 23:
a possible cause of left ventricular hypertrophy
in hemodialysis patients. Am. J. Med. Sci. 337,
116–122 (2009).
106. Seiler, S. et al. The phosphatonin fibroblast
growth factor 23 links calcium-phosphate
metabolism with left-ventricular dysfunction and
atrial fibrillation. Eur. Heart J. 32, 2688–2696
(2011).
107. Yamamoto, K. et al. Dietary phosphorus is
associated with greater left ventricular mass.
Kidney Int. 83, 707–714 (2013).
108. Kremsdorf, R. et al. Effects of a high-protein diet
on regulation of phosphorus homeostasis.
J. Clin. Endocrinol. Metab. 98, 1207–1213
(2013).
109. Di Iorio, B. et al. Acute effects of very‑low‑protein
diet on FGF23 levels: a randomized study. Clin. J.
Am. Soc. Nephrol. 7, 581–587 (2012).
110. Moe, S. et al. Vegetarian compared with meat
dietary protein source and phosphorus
homeostasis in chronic kidney disease. Clin. J.
Am. Soc. Nephrol. 6, 257–264 (2011).
111. Scialla, J. et al. Plant protein intake is
associated with fibroblast growth factor 23
and serum bicarbonate levels in patients with
chronic kidney disease: the Chronic Renal
Insufficiency Cohort study. J. Ren. Nutr. 22,
379–388 (2012).
112. Gutierrez, O., Wolf, M. & Taylor, E. Fibroblast
growth factor 23, cardiovascular disease risk
factors, and phosphorus intake in the Health
Professionals Follow-up Study. Clin. J. Am. Soc.
Nephrol. 6, 2871–2878 (2011).
113. Barrett-Connor, E. Nutrition epidemiology: how
do we know what they ate? Am. J. Clin. Nutr. 54,
182S–187S (1991).
114. Gutiérrez, O. Sodium- and phosphorus-based
food additives: persistent but surmountable
hurdles in the management of nutrition in
chronic kidney disease. Adv. Chronic Kidney Dis.
20, 150–156 (2013).
115. Covic, A. et al. A comparison of the calcium
acetate/magnesium carbonate and sevelamerhydrochloride effects on fibroblast growth
factor‑23 and bone markers: post hoc evaluation
from a controlled, randomized study. Nephrol.
Dial. Transplant. 28, 2383–2392 (2013).
116. Chue, C. et al. Cardiovascular effects of
sevelamer in stage 3 CKD. J. Am. Soc. Nephrol.
24, 842–852 (2013).
117. Gonzalez-Parra, E. et al. Lanthanum carbonate
reduces FGF23 in chronic kidney disease
stage 3 patients. Nephrol. Dial. Transplant. 26,
2567–2571 (2011).
118. Isakova, T. et al. Effects of dietary phosphate
restriction and phosphate binders on FGF23
levels in CKD. Clin. J. Am. Soc. Nephrol. 8,
1009–1018 (2013).
119. Block, G. et al. Effects of phosphate binders
in moderate CKD. J. Am. Soc. Nephrol. 23,
1407–1415 (2012).
120. Seifert, M. et al. Effect of phosphate binder
therapy on vascular stiffness in early-stage
chronic kidney disease. Am. J. Nephrol. 38,
158–167 (2013).

VOLUME 10 | MAY 2014 | 277
© 2014 Macmillan Publishers Limited. All rights reserved

REVIEWS
121. Spatz, C., Roe, K., Lehman, E. & Verman, N.
Effect of a non‑calcium‑based phosphate binder
on fibroblast growth factor 23 in chronic kidney
disease. Nephron Clin. Pract. 123, 61–66
(2013).
122. Isakova, T. et al. Pilot study of dietary
phosphorus restriction and phosphorus binders
to target fibroblast growth factor 23 in patients
with chronic kidney disease. Nephrol. Dial.
Transplant. 26, 584–591 (2011).
123. Ix, J., Ganjoo, P., Tipping, D., Tershakovec, A. &
Bostom, A. Sustained hypophosphatemic effect
of once-daily niacin/laropiprant in dyslipidemic
CKD stage 3 patients. Am. J. Kidney Dis. 57,
963–965 (2011).
124. Maccubbin, D., Tipping, D., Kuznetsova, O.,
Hanlon, W. & Bostom, A. Hypophosphatemic

278 | MAY 2014 | VOLUME 10

effect of niacin in patients without renal failure:
a randomized trial. Clin. J. Am. Soc. Nephrol. 5,
582–589 (2010).
125. Schiavi, S. et al. Npt2b deletion attenuates
hyperphosphatemia associated with CKD.
J. Am. Soc. Nephrol. 23, 1691–1700 (2012).
126. Wöhrle, S. et al. Pharmacological inhibition of
fibroblast growth factor (FGF) receptor signaling
ameliorates FGF23-mediated hypophosphatemic
rickets. J. Bone Miner. Res. 28, 899–911 (2013).
127. Institute of Medicine (US) Standing Committee
on the Scientific Evaluation of Dietary Reference
Intakes. Dietary reference intakes for calcium,
phosphorus, magnesium, vitamin D, and fluoride
(National Academies Press, 1997).
128. Chang, A., Lazo, M., Appel, L., Gutierrez, O.
& Grams, M. High dietary phosphorus intake



is associated with all-cause mortality: results
from NHANES III. Am. J. Clin. Nutr. 99, 320–327
(2014).
Acknowledgements
J.J.S. is supported by grant K23DK095949 from the
National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK). M.W. is supported by
grants R01DK076116, R01DK081374,
R01DK094796, K24DK093723 and U01DK099930,
all from the NIDDK.
Author contributions
J.J.S. and M.W. researched the data for the article,
provided substantial contributions to discussions of
its content, wrote the article and undertook review
and/or editing of the manuscript before submission.

www.nature.com/nrneph
© 2014 Macmillan Publishers Limited. All rights reserved

