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Disorders of phosphorus metabolism are independent risk factors for cardiovascular disease. Because excess dietary phosphorus intake is
common in the general population and plays a central role in disturbances in phosphorus homeostasis, these findings have fueled interest in
restricting phosphorus intake as a potential therapy for improving cardiovascular outcomes. Although experimental and observational data
support this possibility, current limitations in the assessment of dietary phosphorus consumption in free-living populations and the lack of
reliable biomarkers of the effects of dietary phosphorus on cardiovascular health pose major barriers to the design and conduct of trials assessing
the efficacy of phosphorus restriction in improving cardiovascular health. Fibroblast growth factor 23 and Klotho are novel mediators of
phosphorus metabolism that are tightly linked to dietary phosphorus intake and show promise as integrated biomarkers of phosphorus excess
and its long-term health consequences. Advances in the understanding of how these hormones are associated with diet and phosphorus
metabolism will likely bolster future efforts to assess the true health consequences of excess phosphorus intake and whether restricting
phosphorus intake has salutary effects on cardiovascular health. Adv. Nutr. 4: 723-729, 2013.

Introduction

Phosphorus is an essential micronutrient involved in a num-
ber of key biological processes. Disturbances in systemic
phosphorus homeostasis have been associated with cardiovas-
cular disease events and death, particularly among individuals
with chronic kidney disease (CKD)* (1-4). Although the
mechanisms for these associations remain incompletely
understood, a considerable body of data implicates local
and systemic alterations in phosphorus metabolism in the
pathogenesis of cardiovascular disease (5-10). Because excess
dietary phosphorus intake is common in individuals consum-
ing Westernized diets (11) and can lead to disturbances in
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phosphorus metabolism, these findings have fueled interest
in dietary phosphorus restriction as a potential therapy for
improving cardiovascular outcomes. Although intriguing,
epidemiologic data linking dietary phosphorus intake and
cardiovascular outcomes have been weak or inconclusive, in
large part because of the difficulty in ascertaining phosphorus
consumption in large cohort studies and the lack of reliable
biomarkers of the effects of dietary phosphorus on cardiovas-
cular health. The relatively recent discovery of novel media-
tors of phosphorus metabolism such as fibroblast growth
factor 23 (FGF23) and Klotho may help to address these de-
ficiencies and provide the necessary tools needed to examine
the association of dietary phosphorus with cardiovascular
outcomes. The focus of this section will be to review the ev-
idence supporting this possibility and consider the next steps
required to establish the efficacy and feasibility of dietary
phosphorus restriction for cardiovascular protection.

Current Status of Knowledge

Role of diet in maintenance of phosphorus metabolism.
Serum phosphorus concentrations represent a highly dy-
namic balance of dietary phosphorus absorption, urinary
phosphorus excretion, and exchanges with bone, soft tissue,
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and intracellular stores (11). The kidneys are the primary or-
gans that regulate this balance by modulating urinary phos-
phorus excretion in response to changes in diet intake and
bone/soft tissue turnover, with diet intake making up the
majority of the obligate phosphorus load that the kidneys
must eliminate on a daily basis to maintain phosphorus
balance (12).

Dietary phosphorus is well absorbed across the entire
intestinal tract by a combination of passive paracellular
diffusion and active transport across luminal sodium-
phosphorus cotransporters (13). Active phosphorus trans-
port is primary regulated by the secosteroid hormone
1,25-dihydroxyvitamin D [1,25(OH),D], which enhances
intestinal phosphorus absorption by stimulating phospho-
rus transport across gut epithelial cells (14). Most circulating
inorganic phosphorus is freely filtered in renal glomeruli and
enters renal proximal tubules. Under typical dietary condi-
tions, 80-90% of the filtered load is reabsorbed across so-
dium-phosphorus cotransporters in proximal tubular cells
and the rest is excreted in the urine (15). Parathyroid hor-
mone and FGF23 are the primary hormones that regulate
the fraction of filtered phosphorus that is reabsorbed in renal
proximal tubules by downregulating sodium-phosphorus co-
transporters in renal proximal tubule cells (12,16). FGF23
also limits dietary phosphorus absorption by lowering 1,25
(OH),D concentrations via inhibition of 25-hydroxyvitamin
D-la-hydroxylase and stimulation of 24-hydroxylase, the
major catabolic pathway for 1,25(OH),D (16).

The secretion of FGF23 is strongly influenced by die-
tary phosphorus intake (Fig. 1). Excess dietary phosphorus
consumption results in increased FGF23 secretion as a com-
pensatory response to help prevent hyperphosphatemia by
enhancing urinary phosphorus excretion and limiting die-
tary phosphorus absorption (17-19). Similarly, the secretion
of FGF23 is suppressed by dietary phosphorus restriction to

FIGURE 1 Bone cells are the primary cells
that synthesize and secrete FGF23. Increased
dietary phosphorus absorption and increased

1,25(0H),D concentrations are 2 of the best- Dietary
characterized systemic stimuli (+) of FGF23 phosphorus
intake

secretion. A number of other factors may also
stimulate FGF23 secretion, including
parathyroid hormone, calcium, iron, leptin,
serum phosphorus, and circulating Klotho,
though the evidence supporting the
stimulatory effects of some of these systemic

preserve phosphorus balance by reducing phosphorus excre-
tion in the urine and enhancing dietary phosphorus reab-
sorption. Consistent with this, animal and human studies
have shown that restriction of dietary phosphorus absorp-
tion decreased FGF23, whereas oral phosphorus loading
stimulated secretion of FGF23 in healthy volunteers (20—
22). These findings indicate that FGF23 is pivotal for main-
taining normal phosphorus homeostasis in response to
changes in dietary phosphorus intake.

Klotho plays a complementary role to FGF23 in mediat-
ing phosphorus balance. Klotho was first identified as an
anti-aging protein, resulting in its being named after 1 of
the 3 Greek goddesses that controlled the length of life,
and exists in 2 major forms: a transmembrane form and a
secreted form (23). The transmembrane form serves as the
critical cofactor required for FGF23 to bind to its cognate re-
ceptor in the kidney and parathyroid glands with adequate
affinity to effect signal transduction. The circulating form
is derived from alternative RNA splicing or cleavage of the
extracellular domain and has a variety of systemic effects,
including regulation of phosphorus and calcium metabo-
lism (23-25). Because transmembrane Klotho is needed
for FGF23 to bind to fibroblast growth factor receptor
(FGFR) with high affinity, decreases in Klotho expression
contribute to lower FGF23 binding to FGFR, with attendant
consequences such as lower urinary phosphorus excretion.
The importance of this is evidenced by Klotho knockout
mice that develop severe hyperphosphatemia, widespread
vascular calcification, and premature death due to impaired
regulation of phosphorus metabolism (26). Circulating Klo-
tho also directly induces phosphaturia (25), indicating that
Klotho regulates renal phosphorus handling independent
of FGF23. These actions collectively support the notion
that Klotho plays an important role in regulating phospho-
rus metabolism.
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cotransporters in renal proximal tubular cells. In addition, FGF23 inhibits the synthesis of 25-hydroxyvitamin D-1a-hydroxylase and

upregulates 24-hydroxylase, both of which serve to decrease circulating 1,25(0H),D concentrations. In the parathyroid glands, FGF23
inhibits both the synthesis and secretion of parathyroid hormone. Transmembrane Klotho is needed for FGF23 to bind to its receptor in
the kidney and parathyroid glands with adequate affinity to effect signal transduction. FGF23, fibroblast growth factor 23; 1,25(0H),D,

1,25-dihydroxyvitamin D.
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Disorders of phosphorus homeostasis and cardiovascular
disease. Phosphorus excess has been implicated in the path-
ogenesis of adverse cardiovascular outcomes. A large body
of literature has shown that excess phosphorus promotes
pathologic calcification of vascular media and heart valves
(5,6,9,10,27), helps to induce cardiomyocyte hypertrophy
(28-30), and impairs vascular reactivity by inhibiting NO
synthesis in animals and humans (8,31,32). Together, these
findings provide direct mechanistic evidence that excess
phosphorus can initiate or accelerate cardiovascular disease.
In addition, higher serum phosphorus was associated with
inflammatory cytokines (33), and restriction of gut phos-
phorus absorption reduced biomarkers of inflammation in
CKD patients (34-36), linking excess phosphorus intake to
inflammation, itself an important mediator of cardiovascu-
lar disease.

The clinical relevance of experimental data linking excess
phosphorus with cardiovascular disease is supported by ob-
servational studies showing that elevated serum phosphorus
is associated with vascular calcification in individuals across
the spectrum of kidney function (37-39). In addition, stud-
ies have linked higher serum phosphorus concentrations
with surrogate measures of vascular calcification such as
increased arterial stiffness, higher left ventricular mass in-
dex, and carotid vessel disease (8,40-46). Higher serum
phosphorus concentrations have also been associated with
kidney injury. Studies have shown that higher serum phos-
phorus concentrations were associated with faster kidney
disease progression and higher risk of incident end-stage
renal disease independently of established risk factors, in-
cluding lower baseline estimated glomerular filtrate rate
(eGFR) (47-51). Even among individuals with normal kid-
ney function and serum phosphorus concentrations within
the normal range, a higher serum phosphorus concentration
at baseline was independently associated with higher risk of
incident CKD (51), suggesting that excess serum phospho-
rus may impair renal health at all levels of kidney function.

Dietary phosphorus, serum phosphorus, and adverse out-
comes: do the dots connect? The experimental and epide-
miologic data reviewed above provide biological plausibility
for a pathophysiological link between dietary phosphorus
excess and cardiovascular disease vis-a-vis increased serum
phosphorus concentrations. However, to date, convincing ev-
idence linking excess dietary phosphorus intake and cardio-
vascular disease has been weak at best. There are a number
of reasons for this. First, with the possible exception of in-
dividuals with CKD, the magnitude of the effect of dietary
phosphorus intake on serum phosphorus concentrations
appears to be relatively small. In the largest observational
study to examine this issue, de Boer et al. (52) examined
the associations of dietary phosphorus intake with serum
phosphorus in 15,513 participants of the Third NHANES.
Utilizing 24-h dietary recall and 1-mo food frequency
data, these investigators found a weak but significant associ-
ation of dietary phosphorus intake with serum phosphorus
concentrations. Specifically, they found that each 500-mg

greater intake of phosphorus was associated with 0.03-mg/
dL higher serum phosphorus concentrations after adjust-
ment for age, sex, race/ethnicity, time of blood draw, and
fasting status. When the authors coupled these data with a
Spanish study showing similar results (53), they interpreted
the data to suggest that dietary intake only minimally affects
serum phosphorus concentrations, because phosphorus bal-
ance is tightly regulated within a narrow range despite wide
variations in dietary intake. Taking this argument to its log-
ical conclusion, this would serve to undercut the notion that
excess dietary phosphorus intake contributes to cardiovas-
cular disease by raising serum phosphorus concentrations,
at least in individuals with normal kidney function.

Several limitations to these studies deserve consideration
prior to drawing broader conclusions on the effect of dietary
phosphorus intake on serum phosphorus. First, given that
phosphorus-based food additives contribute substantially
to total daily phosphorus intake in individuals consuming
typical Westernized diets (54), a number of investigators
have questioned whether dietary instruments used by
NHANES and other large population-based studies ade-
quately capture true dietary phosphorus intake, because
standard dietary surveys may not properly account for the
additive content of food (55). If not, then it is possible
that the association of dietary phosphorus intake with serum
phosphorus is weak because of incomplete ascertainment of
dietary phosphorus intake and not because of a small mag-
nitude of effect of excess dietary phosphorus intake on se-
rum phosphorus.

In addition, observational studies such as NHANES pri-
marily measured serum phosphorus concentrations in
morning fasting samples. Serum phosphorus displays natu-
ral diurnal variation, with concentrations reaching a nadir
in the morning and rising gradually throughout the day,
with a peak concentration normally in the mid-afternoon
(56). Detailed feeding studies involving healthy volunteers
have demonstrated that, when measured in fasting morning
blood samples, serum phosphorus concentrations were
minimally different in participants undergoing dietary phos-
phorus loading compared with individuals consuming a
standard phosphorus diet (56-58). However, when compar-
ing mean serum phosphorus concentrations averaged dur-
ing 24 h (capturing the diurnal variation throughout the
day), phosphorus-loaded participants had significantly
higher serum phosphorus than controls, primarily because
of greater diurnal increases in serum phosphorus during af-
ternoon/evening hours in the loaded group. These studies
clearly demonstrate that dietary phosphorus loading can
meaningfully increase time-averaged serum phosphorus
concentrations, an effect that is missed in population-based
studies, which normally only obtain single morning fasting
serum phosphorus concentrations. It is important to note,
however, that the magnitude of increase in time-averaged se-
rum phosphorus observed in these studies was relatively
modest (on the order of 0.5-1.0 mg/dL). Whether such
small increases are enough to mediate cardiovascular disease
is unclear and requires further study.

Diet phosphorus and cardiovascular disease 725



A second factor undermining the evidence linking dietary
phosphorus intake with cardiovascular disease is the scarcity
of epidemiologic data associating excess dietary phosphorus
consumption itself (and not surrogate markers such as se-
rum phosphorus) with adverse cardiovascular outcomes.
In one of the largest studies examining the relation between
dietary phosphorus intake and cardiovascular disease,
Alonso et al. (59) analyzed the associations of diet phospho-
rus (as assessed by validated FFQs) with blood pressure at
the baseline visit and incidence of hypertension in 13,444
participants from the Atherosclerosis Risk in Communities
and the Multi-Ethnic Study of Atherosclerosis cohorts.
These investigators found that, compared with individuals
in the lowest quintile of phosphorus intake, those in the
highest quintile had lower systolic and diastolic blood pres-
sures after adjustment for potential confounders. Further,
higher dietary phosphorus intake was associated with lower
risk of development of future hypertension after adjustment
for nondietary confounders, though this association was no
longer significant after adjustment for dietary factors. These
findings suggest that at best there is no association of dietary
phosphorus intake with hypertension, with a possible signal
for a protective effect of higher phosphorus intake against
developing hypertension.

In a more recent study using the Osteoporotic Fractures
in Men study cohort, Dominguez et al. (60) examined the
relation between 24-h urinary phosphorus:creatinine ratio
and fractional excretion of phosphorus with all-cause and
cardiovascular disease-related death. A large part of the
motivation for conducting this study was the hypothesis
that urinary measures of phosphorus excretion may be
more accurate markers of true dietary phosphorus con-
sumption than estimates from dietary surveys. Nonethe-
less, in multivariable adjusted models, these investigators
found no associations of urinary phosphorus excretion
measures with all-cause or cardiovascular disease-related
death, undermining the notion that dietary phosphorus in-
take associates with adverse cardiovascular outcome.

The association of dietary phosphorus and outcomes has
also been examined in the population in which excess phos-
phorus intake should be most deleterious for cardiovascular
health, namely those with underlying kidney disease. Using
data from NHANES, Murtaugh et al. (61) examined the as-
sociation of dietary phosphorus intake (using 24-h dietary
recalls) and all-cause mortality in 1105 individuals with
CKD defined as an eGFR <60 mL/(min - 1.73 m?). In unad-
justed analyses, higher dietary phosphorus intake was associ-
ated with lower risk of death. However, after adjustment for
demographics, comorbid conditions, eGFR, and other con-
founders, the inverse association of dietary phosphorus in-
take with mortality was attenuated and no longer significant.

In contrast to the studies above, Yamamoto et al. (62)
demonstrated a direct association of phosphorus intake
with cardiovascular disease. These investigators examined
the association of dietary phosphorus intake (as assessed
by FFQ) and left ventricular mass in 4494 participants of
the Multi-Ethnic Study of Atherosclerosis. After adjustment
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for demographics, diet confounders, and established risk
factors for left ventricular hypertrophy, they found that
higher dietary phosphorus intake was associated with higher
left ventricular mass index in both men and women and
greater odds of left ventricular hypertrophy in women but
not men. Although these findings suggest that excess dietary
phosphorus intake may contribute to heart disease, when
combined with the studies showing negative or reverse asso-
ciations reviewed above, the plurality of current epidemio-
logic data does not support an association of excess
dietary phosphorus intake with development of cardiovas-
cular disease.

Diet phosphorus, FGF23, Klotho, and cardiovascular
outcomes: the missing link? While the evidence linking ex-
cess dietary phosphorus with adverse cardiovascular out-
comes has been weak at best, it remains unclear whether
this is because phosphorus consumption truly has a minimal
impact on cardiovascular health or because prior studies
have failed to adequately assess the primary exposure of in-
terest, namely phosphorus intake. As mentioned above, as-
sessment of dietary phosphorus intake in free-living adults
is hampered by the lack of dietary instruments specifically
designed to capture phosphorus in foods in all its forms,
particularly inorganic sources from phosphorus-based
food additives. Thus, it is quite possible that incomplete as-
certainment of true phosphorus intake may at least partly
explain the lack of evidence linking dietary phosphorus
with poor outcomes. In addition, reliable markers of dietary
phosphorus intake beyond dietary survey estimates are lack-
ing. Serum phosphorus concentrations are poor biomarkers
of dietary phosphorus intake, even when obtaining time-
averaged measurements throughout the day; even though
urinary phosphorus excretion should theoretically serve as
a better marker of daily phosphorus absorption, it is unclear
how well these measures capture actual dietary phosphorus
intake, especially in older adults.

For these reasons, the discovery and characterization of
newer markers of phosphorus balance such as FGF23 and
Klotho may provide desperately needed alternative measures
of phosphorus excess. As reviewed above, dietary phospho-
rus intake is one of the most important systemic modulators
of FGF23 secretion, with oral phosphorus loading stimulat-
ing FGF23 secretion and diet phosphorus restriction doing
the opposite. Although there are relatively few data concern-
ing the impact of dietary phosphorus on Klotho expression,
one recent study showed that renal Klotho expression in-
creased in an animal model of CKD following severe dietary
phosphorus restriction (63). Given that diminished Klotho
expression has been associated with cardiovascular and kid-
ney disease, this suggests that lower phosphorus consump-
tion may be able to reverse the pathophysiological effects
of decreased Klotho expression observed in kidney injury
and other disease conditions (64).

The importance of these findings for cardiovascular
health is supported by experimental and observational
data showing that excess FGF23 and Klotho deficiency are



strongly associated with cardiovascular disease and mortal-
ity. Higher FGF23 concentrations have been independently
associated with higher risk of cardiovascular disease events
(particularly those related to congestive heart failure) and
death in individuals across the spectrum of kidney function
(65-70). Though the mechanisms for these associations
remain unclear, higher FGF23 concentrations are strongly
associated with greater left ventricular mass and higher
prevalence of left ventricular hypertrophy (71-73). In addi-
tion, FGF23 has been shown to induce hypertrophy of
cardiomyocytes in vitro and in vivo (71), both through
FGFR-mediated stimulation of hypertrophy and specific ef-
fects on calcium handling in the cardiomyocyte (74).

Klotho also has an important role in cardiovascular
health. Circulating Klotho increases NO synthesis in endo-
thelial cells (75,76). The importance of this was shown in
Klotho-deficient mice that had impaired vasodilation in re-
sponse to acetylcholine challenge compared with wild-type
controls (75). Further, overexpression of Klotho in an ani-
mal model of atherogenesis improved vascular endothelial
dysfunction, increased NO production, and reduced ele-
vated blood pressure (77), and Klotho knockdown accel-
erated vascular calcification, whereas overexpression of
Klotho inhibited vascular calcification in an animal model
of CKD (78). To date, epidemiologic data linking Klotho
and adverse cardiovascular outcomes has lagged behind
FGF23, and more studies are needed to determine whether
experimental data linking Klotho with cardiovascular dis-
ease translates into worse outcomes in population-based
studies.

Importantly, the magnitude and strength of the associa-
tion of FGF23 with adverse outcomes have proven to be
greater than that of serum phosphorus itself, suggesting
that FGF23 may be a better biomarker of disturbances of
phosphorus homeostasis in general. Given that dietary
phosphorus is such a strong determinant of FGF23, this
may suggest that excess FGF23 may better capture multiple
risk elements related to excess phosphorus consumption and
its downstream consequences, such as disturbances in total
body phosphorus balance. Moreover, plasma FGF23 con-
centrations manifest much less random variation than other
markers of phosphorus metabolism such as serum phospho-
rus concentrations (79), suggesting that FGF23 may be a
more stable, long-term marker of phosphorus intake, akin
to the difference between serum glucose and hemoglobin
AIC (79). It is important to keep in mind, however, that a
number of recent studies have shown that FGF23 may also
be influenced by factors apart from dietary phosphorus in-
take, such as calcium and iron intake and disturbances in
metabolic health (80), all of which are tightly linked with
diet. Thus, future studies will need to determine whether
specifically targeting dietary phosphorus intake can meaning-
fully reduce FGF23 concentrations in community-dwelling
individuals and, if so, whether this has a salutary effect on
cardiovascular health.

In conclusion, given the central role of dietary phospho-
rus intake in the pathogenesis of disturbances of phosphorus

homeostasis and the strong link between disordered phos-
phorus metabolism and cardiovascular disease, restriction
of phosphorus consumption may represent an effective in-
tervention for mitigating adverse cardiovascular outcomes
in the general population. Although both experimental
and human data support this possibility, the lack of reliable
biomarkers of phosphorus intake and, by extension, the
dearth of appropriate targets for gauging the efficacy of die-
tary phosphorus restriction beyond serum phosphorus con-
centrations complicate the design and initiation of clinical
trials to test this possibility. With the emergence of novel
regulators of phosphorus metabolism that may be more spe-
cific markers of excess dietary phosphorus exposure like
FGF23 and Klotho, exciting new avenues are emerging for
assessing the efficacy of phosphorus restriction in individual
patients. Given the markedly high phosphorus content of
Westernized diets, these studies should be a high priority
in future research.
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