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Phosphorus and the Kidney: What Is Known and
What Is Needed'?
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A major role of the kidneys is to maintain phosphorus homeostasis. High serum phosphorus has been linked to all-cause and cardiovascular
mortality in chronic kidney disease (CKD) both before and after initiation of renal replacement therapy. Considering the clinical implications of

uncontrolled hyperphosphatemia, maintenance of phosphorus concentrations within an optimum range is standard of care in this patient

population. Recently, the epidemiologic associations between serum phosphorus and worse outcome have been extended to the general

population. This becomes even more important in view of the increasing dietary phosphorus intake in the American diet due in large part to the
greater consumption of foods processed with phosphate additives. A greater understanding of mechanisms and epidemiology of altered
phosphorus metabolism and disease in CKD may help clarify the possible role of excess dietary phosphorus as a health risk factor in the general

population. Adv. Nutr. 5: 98-103, 2014.

Introduction

The kidneys play an essential role in the regulation of serum
phosphorus concentration, ensuring that urinary phosphorus
excretion matches the net absorption of phosphorus from the
gastrointestinal tract. In the presence of normal kidney func-
tion, fasting serum phosphorus is maintained within a tight
range despite wide fluctuations in dietary phosphorus intake
through variations in the urinary phosphorus excretion. These
considerations are important because of the evidence that the
phosphorus content of the American diet has been increasing,
mostly due to increased consumption of foods processed with
phosphate additives (1).

Due to the important role of the kidneys in maintaining
phosphorus homeostasis, an elevated serum phosphorus con-
centration is a common manifestation of advanced chronic
kidney disease (CKD)?, which can lead to substantial health
problems in this population, most importantly bone and
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cardiovascular disease (CVD). Moreover, several longitudinal
studies have linked hyperphosphatemia with CKD progres-
sion. In the current review, we discuss all of these areas as
well as their implications for potential health risks in the gen-
eral population.

Association between Serum Phosphorus and
Bone Disease
Because the kidneys are major regulators of phosphorus in
the body and are responsible for maintaining its serum con-
centrations within the physiologic range, it is not surprising
that when renal function begins to decline, this homeostasis
is disrupted and serum phosphorus begins to increase. An
increase in serum phosphorus causes parathyroid hyperpla-
sia leading to secondary hyperparathyroidism and ultimately
bone disease. For some time during the course of renal disease
progression, however, phosphorus retention and its physiologic
effects may develop without overt fasting hyperphosphatemia.
High-turnover bone disease is a known clinical manifes-
tation of advanced CKD resulting from secondary hyperpar-
athyroidism. The term “renal osteodystrophy” was initially
coined to describe this phenomenon. This disease is impor-
tant because eventually it leads to bone fractures, and as a
result, CKD patients have a higher risk of fractures, even in
early stages. A recent report found that white women with
CKD stages 3—4 had 2.5 times as many nonvertebral fractures
as those without CKD, whereas the risk in black women with
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CKD was approximately double compared with those without
CKD (2,3). Of interest, over time, bone biopsies in CKD pa-
tients have shown a shift toward more adynamic bone disease
rather than high-turnover disease (2).

Currently, however, it is clearly recognized that these bone
abnormalities are manifestations of disturbed mineral metab-
olism also affecting extraskeletal sites (vascular calcifications)
and therefore the term “CKD-mineral and bone disorder” is
now frequently used to describe this syndrome, which is
very prevalent in CKD and dialysis patients.

Short-term oral phosphorus loading in healthy volunteers
has shown a marked effect on stimulating release of parathy-
roid hormone, a potential marker of bone disease (4). Further-
more, an increase in dietary phosphorus has been associated
with increased prevalence of bone fractures in the general
population (5).

Association between Serum Phosphorus and
cvD
Advanced CKD, even in young patients, is associated with an
increased propensity for calcifications (6). Although it has
been known for decades that in end-stage renal disease
(ESRD), hyperphosphatemia causes soft tissue calcifica-
tion including vascular calcifications, until recently the
impact of vascular calcification on survival in patients with
CKD had not been appreciated. Currently, it is increasingly
accepted that the presence of excess vascular calcification, par-
ticularly coronary artery calcification may play a pivotal role
in the disproportionately high burden of CVD in this patient
population (7-9). Attention to this problem was first raised by
Block et al. (10) in 1998 when they examined the associations
between serum phosphorus, calcium phosphorus product,
and mortality in 6000 U.S. hemodialysis patients. This study
showed that there was an independent association of serum
phosphorus concentrations =5.5 mg/dL with all-cause and
cardiovascular mortality. This association with mortality is
not limited to hemodialysis patients. A large retrospective co-
hort study in 6730 CKD patients in the Veterans Affairs Med-
ical Centers showed that a serum phosphate concentration
>3.5 mg/dL was independently associated with mortality,
and this risk increased linearly with each subsequent 0.5-
mg/dL increase in concentration (11). This association be-
tween mortality and high phosphorus concentrations has
been shown repeatedly, with a large study in >40,000 he-
modialysis patients showing that serum phosphorus con-
centrations =5 mg/dL are associated with an increased
risk of death (12). These findings have been corroborated
independently in other countries. For example, an Italian
group showed an association between serum phosphorus
and the likelihood of death in >1700 CKD patients (13).
A recent meta-analysis including 47 studies and 327,644
CKD participants further supports the evidence of an as-
sociation between higher serum phosphorus and mortality
in this population (14).

More recently, increasing evidence has extended the epide-
miologic link between elevated serum phosphorus and adverse
outcomes in patients who have only mild to moderate renal

dysfunction or even apparent normal kidney function. In a
post hoc analysis of data from the Cholesterol And Recurrent
Events (CARE) Study, there was a graded independent relation
between elevated phosphorus and risk of death in people with
prior myocardial infarction (15). Interestingly, most of the
participants in this study had baseline serum phosphorus in
the normal range and the baseline estimated glomerular filtra-
tion rate (eGFR) was >60 mL/(min - 1.73 m?) in each group
analyzed. Also, there was a recent study (16) that examined
the relation between time-averaged phosphorus concentra-
tions over 11 y and mortality in participants with eGFR >60
mL/(min - 1.73 m?). It was found that the risk of mortality
increases by 1.09 (HR: 1.09; 95% CI: 1.06, 1.84) with every
mg/dL increase in serum phosphorus.

The mechanism behind the association between hyper-
phosphatemia and adverse cardiovascular outcomes has
been attributed to phosphorus-induced vascular calcifica-
tion, but there may be many other potential explanations.
An acute elevation of serum phosphorus might be associ-
ated with acute endothelial dysfunction. This was shown
in a small group of healthy Japanese men (17). In a double-
blind crossover study, 11 health men were alternately served
1 single meal containing either 400 or 1200 mg of phospho-
rus. Serum phosphorus concentrations and flow-mediated di-
lation of the brachial artery were measured before and 2 h
after the meals. The high dietary phosphorus load increased
serum phosphorus at 2 h (by an average of 0.8 mg/dL) and
significantly decreased flow-mediated dilation (by an average
of 4.5%). Moreover, in vitro experiments showed that high
phosphorus loading inhibited NO production through in-
creased reactive oxygen species production and endothelial
NO synthase inactivation via conventional protein kinase
C (PKC), resulting in impaired endothelium-dependent vaso-
dilation (17). This suggests that a significant, acute post-
prandrial elevation of serum phosphorus secondary to
oral phosphorus loading may be as important in the path-
ogenesis of CVD as average phosphorus concentration.
There are also concerns that phosphorus might induce direct
actions on the myocardium, inducing fibrosis (18). Although
there have been in vitro studies demonstrating this, direct clin-
ical evidence has been provided by studies that have linked
hyperphosphatemia to left ventricular hypertrophy, both in
CKD (19) and ESRD patients (20). There is also an association
between higher serum phosphorus and arterial compliance
(21), which may indirectly lead to left ventricular hypertrophy.

Fibroblast growth factor 23 (FGF23) is a relatively novel
hormonal factor that plays an important role in phospho-
rus homeostasis. FGF23 concentrations increase progres-
sively beginning in early CKD, presumably as a physiologic
adaptation to maintain normal serum phosphate concentra-
tions (22). Increased FGF23 concentrations have emerged
as a risk factor for adverse outcomes including death in
patients with CKD (23,24). Increased FGF23 concentra-
tions have been also associated with higher risk of heart
failure, stroke, and death among individuals with preserved
renal function (25). Whether most of the CVD risk associated
with elevated serum phosphorus could be explained by elevated
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FGF23 remains an area of debate and an exciting area of future
research.

Association between Serum Phosphorus and
Progression of Kidney Dysfunction
Experimentally, high dietary phosphorus has been shown to
initiate and/or worsen progression of kidney dysfunction
(26), whereas dietary phosphate restriction reverses and/or
restricts the dysfunction (27). Although the most common
explanation has been phosphorus-induced calcification, there
are other potential proposed mechanisms including phospho-
rus-dependent podocyte injury due to overexpression of pitu-
itary-specific positive transcription factor 1 (Pit-1) transporter
in rats (28). It is also possible that the deleterious effect of
acute phosphorus loading on systemic endothelial func-
tion described above might also extend to the glomerular
endothelium.

Much less is known clinically about the potential effect of
serum phosphorus concentrations on rate of progression of
CKD, but there have been a few clinical studies on this sub-
ject. O’Seaghdha et al. (29) demonstrated that the relative
risk of developing ESRD was much higher in CKD patients
with serum phosphorus concentrations >4 mg/dL in NHANES
participants. On analysis of historical data by Schwarz et al.
(30) in a cohort of U.S. veterans with CKD, patients with ele-
vated serum phosphorus had a higher risk of developing ESRD
or worsening CKD. In a post hoc analysis of the Ramipril Ef-
ficacy In Nephropathy (REIN) Study, Zoccali et al. (31) found
an independent risk of elevated serum phosphorus with pro-
gression to ESRD or worsening CKD in patients with proteinu-
ric CKD and attenuation of the renoprotective action of
ramipril. Chue et al. (32) showed that increased baseline
serum phosphorus was an independent predictor of both
decline of glomerular filtration rate and progression to
ESRD. In a post hoc analysis of the African American Study
of Hypertension and Kidney Disease (AASK) Study, elevated
baseline serum phosphorus was independently related to de-
cline in glomerular filtration rate and progression to ESRD
(33). In a recent, large multiethnic study in ~ 100,000 patients,
Sim et al. (16) showed that the incidence of ESRD was higher
with higher concentrations of serum phosphorus.

As a counterpoint to these large studies associating phos-
phorus with progression of kidney dysfunction, there was an-
other recent large study (34) using data from the Kidney
Early Evaluation Program (KEEP) Study in which no indepen-
dent association was found between serum phosphorus con-
centrations and progression to ESRD. In 10,672 patients,
there was a higher prevalence of CVD among the highest quar-
tile of serum phosphorus, but there was no increase in all-cause
mortality or progression to ESRD after adjustment for demo-
graphic and clinical data in multivariable analysis. The limita-
tions of this latter study include a shorter follow-up period
compared with other follow-up studies, such as the AASK clin-
ical trial (33), and measurement of serum phosphorus only at
baseline and not averaged over time, such as in Sims et al. (16).

All of these studies have the limitation of being observa-
tional in nature and thus cannot be used to establish causation.
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This applies even for data from randomized controlled trials
(31,33) because the initial randomization was for variables
other than phosphorus.

Interestingly, elevated concentrations of FGF23 have also
been associated with increased progression to ESRD. This
was shown in 2011 in a large prospective study in 3879 par-
ticipants with CKD stages 2—4, which showed that the risk of
all-cause mortality and progression to ESRD increased with
increasing quartiles of FGF23 (35). This association was pre-
viously shown in a smaller cohort of 227 nondiabetic patients
with mild CKD (36). In both of these studies, the association
remained constant despite adjusting for phosphorus concen-
trations, suggesting a more complex interrelation between
FGF23, phosphorus, and CKD progression, which should
be explored in more detail.

Recently, analyses of data from the Multi-Ethnic Study of
Atherosclerosis (MESA) Study showed a strong, independent
association between dietary phosphorus intake and left ven-
tricular mass assessed by magnetic resonance (37). Acute
oral phosphorus loads have been previously linked to im-
paired endothelial function as discussed earlier (17) as
well as elevated FGF23 concentrations (38,39).

A recent study (40) showed a significant increase in FGF23
concentrations with increased dietary phosphorus intake in
community-dwelling adults with preserved renal function.
This is in contrast to another recent study in nearly 4000 par-
ticipants in the Chronic Renal Insufficiency Cohort (CRIC)
Study (41), in which there was no association between dietary
phosphorus intake and FGF23 concentrations. The reasons for
this discrepancy might be that phosphorus intake is more
strongly associated with FGF23 concentrations in individ-
uals with normal kidney function compared with those
with CKD. Another possibility for the different findings
is that a larger proportion of individuals in the CRIC study
were of lower socioeconomic status, who generally consume
higher quantities of foods containing inorganic phosphorus
additives, which are incompletely captured by standard dietary
surveys.

Attention has been called to a potential association between
phosphorus and cancer (42). High dietary phosphorus was
found to promote tumorigenesis and altered protein kinase
B (Akt) signaling in a lung cancer mouse model. The applica-
bility of these experimental findings to the clinical situation,
however, remains undefined. Table 1 summarizes several po-
tential mechanisms that may provide a mechanistic link be-
tween elevations of serum phosphate and tissue injury and
therefore eventual clinical disease.

Do the Risks Associated with High Serum
Phosphorus in CKD Patients Also Apply to the
General Population?

The phosphorus content of the American diet has been in-
creasing, mostly due to the consumption of foods processed
with phosphate additives (1). We know from CKD patients
that increasing serum phosphorus even with normal dietary
phosphorus intake may be associated with worse outcome.
We believe that increased dietary phosphorus intake beyond



TABLE 1

1. Increasing tissue calcification by increasing Ca X P product (26)

2. Increasing tissue calcification indirectly by several mechanisms in-

cluding vascular smooth muscle cell osteoblastic differentiation by

upregulation of transcription factors such as RUNX-2 and MSX2 (53)

Inducing cardiac fibrosis (18)

Increasing Ca X P product, which decreases serum Ca concentration

and therefore increases PTH release (4)

Increasing FGF23 release, which in turn affects other cardiovascular

tissues (25)

6. Increasing oxidative stress, which inhibits NO production leading to
endothelial dysfunction (17)

7. Inducing overexpression of Pit-1 transporter, leading to podocyte
injury (28)

8. Stimulation of Akt signaling, probably favoring tumorigenesis (54)

Postulated potential mechanisms of phosphate toxicity'

W

v

! Akt, protein kinase B; Ca, calcium; FGF23, fibroblast growth factor 23; MSX2, muscle
segment homeobox transcription factor 2; P, phosphorus; Pit-1, pituitary-specific
positive transcription factor 1; PTH, parathyroid hormone; RUNX-2, runt-related tran-
scription factor 2.

nutritional needs seriously disrupts phosphate homeostasis
in healthy individuals, which may have significant potential
public health consequences in terms of bone, cardiovascular,
and kidney disease, even in the presence of normal kidney
function.

A direct relation between dietary intake and serum phos-
phorus can be clearly documented in dialysis patients. Dietary
phosphorus restriction or the use of oral phosphate binders
is clearly followed by a significant fall in serum phospho-
rus (43,44). Therefore, serum phosphorus could be used as
a surrogate of dietary intake in this population. This relation,
however, has not been clearly documented in healthy individ-
uals or CKD patients not yet on dialysis. A cross-sectional
study assessing 15,513 participants in NHANES III showed
a statistically weak but significant association between di-
etary and fasting serum phosphorus concentrations (45).

Several factors may confound the relation between dietary
intake and serum phosphorus concentrations and help explain
the above-described negative findings (45). First, serum phos-
phorus undergoes significant circadian variation. The concen-
tration might vary as much as 2 mg/dL during a 24-h period
(46). The renal handling of dietary phosphorus is so pre-
cise that serum fasting phosphorus concentrations remain
unchanged in the presence of wide variations in intake,
which will be reflected only by repeated measurement of
serum phosphorus throughout the day. Therefore, fasting
serum phosphorus is a very poor indicator of dietary phos-
phorus intake. This does not prevent, however, the possibility
that increased fluctuations of serum phosphorus during the
daytime when an individual is consuming a high-phosphorus
diet (46) would have significant negative effects: for example,
an acute impairment of flow-mediated dilatation of the brach-
ial artery (17).

A second important factor affecting the relation between
dietary phosphorus intake and serum phosphorus is a fact
we have previously reported: the current databases used to es-
timate dietary phosphorus intake might significantly underes-
timate it (1,47). At least part of this underestimation results
from the increasing use of phosphorus-containing ingredients

that are not captured in the national food consumption sur-
veys, including those in NHANES III.

The different bioavailability of phosphorus from various
food sources is an important confounder of the relation be-
tween dietary phosphorus and serum phosphorus. Thus,
phosphorus in cereals will be less absorbed than the same
amount of phosphorus in meat. Yet another confounder is
the ratio between calcium and phosphorus dietary intake.
The lower the calcium:phosphorus ratio, the higher the
chance of adverse events for any dietary phosphorus intake
(48).

What Is Needed Now?
Despite the large number of observational studies on the re-
lation between serum phosphorus and adverse outcomes de-
scribed above, there yet have been no randomized controlled
interventional trials testing directly the effect of modifying
phosphorus serum concentrations/dietary intake on out-
comes. Therefore, it remains undetermined whether phos-
phorus is a passive marker for adverse events or a real toxin.

Although there have been no clinical trials in which re-
ducing dietary phosphorus intake was the primary interven-
tion, indirectly we can look for answers in clinical trials with
dietary protein restriction that is directly linked to phospho-
rus intake. The Modification of Diet in Renal Disease
(MDRD) Study was a large multicenter clinical trial in which
modification of intake of dietary protein, and thus intake of
dietary phosphorus, was the primary intervention. Although
the study failed to achieve its end point of reducing GFR
loss in CKD patients (49), a significant reduction in the risk
of ESRD or death was observed during extended follow-up
of several months in those patients with reduced dietary pro-
tein intake (P = 0.05). In a meta-analysis of 5 studies of non-
diabetic renal disease, a low-protein diet significantly reduced
the risk of renal failure or death (RR: 0.67; 95% CI: 0.50, 0.89)
(50). Also, in a recent prospective randomized study in 82
type 1 diabetic CKD patients followed for 4 y with either a
daily protein intake of 1.02 g/(kg - d) or 0.89 g/(kg - d),
ESRD or death occurred in 27% of patients receiving the
higher protein diet compared with 10% of those consuming
alow-protein diet (log-rank test, P = 0.042) (51). After adjust-
ment for the presence of CVD at baseline, the RR of ESRD or
death was 0.23 (95% CI: 0.07, 0.72) for patients assigned to
the low-protein diet (P = 0.01). Thus, all of these comparisons
of randomized groups are consistent with, but do not prove, a
beneficial effect of either protein restriction or, by extension,
of phosphorus restriction on mortality

A reasonable approach would be to randomly assign a
group of incident dialysis patients to 2 amounts of serum
phosphorus over 1-2 y and then determine the cardiovas-
cular mortality in both groups. Considering the high car-
diovascular mortality in this particular patient population,
conducting such a trial would not need a large sample size.
However, conducting a similar trial in CKD patients or patients
with preserved renal function would require a huge sample size
because the incidence of cardiovascular mortality is much
less. If we found significant results in the dialysis patients,
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we could possibly extrapolate them to the remaining target
populations.

Importantly, even if patients wanted to attempt a tight
control of dietary phosphorus intake, it would be difficult
because the extra phosphorus added for food processing re-
mains unaccounted for. Therefore, an important tool needed
to control dietary phosphorus intake would be the listing of
phosphorus content on the product’s Nutrition Facts panel,
a listing that is currently required for other essential nutrients
and minerals. The FDA has just enacted legislation forcing
food manufacturers to precisely define the gluten content in
foods, an important achievement for the estimated 4 million
patients with celiac disease in this country (52). Because the
CKD population is estimated at ~16 million, it is hoped
that the FDA will eventually enact similar rules to define the
actual content of phosphorus in food, an essential component
of limiting dietary phosphorus intake in this country.

In summary, altered phosphorus homeostasis in CKD is as-
sociated with bad outcomes. Potentially, the same abnormali-
ties could develop in people with normal kidney function, but
consuming unnecessarily large amounts of dietary phospho-
rus. Further research is still needed to precisely delineate the
underlying pathophysiologic mechanisms and, more impor-
tantly, to formulate interventions that would help reduce the
adverse outcomes due to phosphorus.

Acknowledgments
Both authors read and approved the final version of the
manuscript.

Literature Cited

1. Calvo MS, Uribarri J. Public health impact of dietary phosphorus ex-
cess on bone and cardiovascular health in the general population.
Am ] Clin Nutr. 2013;98:6.

2. Ott SM. Bone disease in CKD. Curr Opin Nephrol Hypertens. 2012;21:
376-81.

3. Ensrud KE, Barbour K, Canales MT, Danielson ME, Boudreau RM,
Bauer DC, Lacroix AZ, Ishani A, Jackson RD, Robbins JA, et al. Renal
function and nonvertebral fracture risk in multiethnic women: the
Women’s Health Initiative (WHI). Osteoporos Int. 2012;23:887-99.

4. Calvo MS, Kumar R, Heath H. Persistently elevated parathyroid hor-
mone secretion and action in young women after four weeks of ingest-
ing high phosphorus, low calcium diets. J Clin Endocrinol Metab. 1990;
70:1334-40.

5. Pinheiro MM, Schuch NJ, Genaro PS, Ciconelli RM, Ferraz MB,
Martini LA. Nutrient intakes related to osteoporotic fractures in
men and women—the Brazilian Osteoporosis Study (BRAZOS).
Nutr J. 2009 Jan 29; 8:6,2891-8-6.

6. Goodman WG, Goldin J, Kuizon BD, Yoon C, Gales B, Sider D, Wang Y,
Ching J, Emerick A, Greaser L, et al. Coronary-artery calcification in
young adults with end-stage renal disease who are undergoing dialysis.
N Engl ] Med. 2000;342:1478-83.

7. London GM, Guerin AP, Marchais SJ, Metivier F, Pannier B, Adda H.
Arterial media calcification in end-stage renal disease: impact on
all-cause and cardiovascular mortality. Nephrol Dial Transplant.
2003;18:1731-40.

8. Sigrist MK, Taal MW, Bungay P, McIntyre CW. Progressive vascular
calcification over 2 years is associated with arterial stiffening and in-
creased mortality in patients with stages 4 and 5 chronic kidney dis-
ease. Clin ] Am Soc Nephrol. 2007;2:1241-8.

9. Raggi P, Boulay A, Chasan-Taber S, Amin N, Dillon M, Burke SK,
Chertow GM. Cardiac calcification in adult hemodialysis patients: a

102 Symposium

11.

20.

21.

22.

23.

24.

25.

26.

27.

28.

link between end-stage renal disease and cardiovascular disease? ] Am
Coll Cardiol. 2002;39:695-701.

. Block GA, Hulbert-Shearon TE, Levin NW, Port FK. Association of se-

rum phosphorus and calcium x phosphate product with mortality risk
in chronic hemodialysis patients: a national study. Am ] Kidney Dis.
1998;31:607-17.

Kestenbaum B, Sampson JN, Rudser KD, Patterson D], Seliger SL, Young
B, Sherrard DJ, Andress DL. Serum phosphate levels and mortality risk
among people with chronic kidney disease. ] Am Soc Nephrol. 2005;16:
520-8.

. Block GA, Klassen PS, Lazarus JM, Ofsthun N, Lowrie EG, Chertow

GM. Mineral metabolism, mortality, and morbidity in maintenance he-
modialysis. ] Am Soc Nephrol. 2004;15:2208-18.

. Bellasi A, Mandreoli M, Baldrati L, Corradini M, Di Nicolo P, Malmusi

G, Santoro A. Chronic kidney disease progression and outcome accord-
ing to serum phosphorus in mild-to-moderate kidney dysfunction.
Clin J] Am Soc Nephrol. 2011;6:883-91.

. Palmer SC, Hayen A, Macaskill P, Pellegrini F, Craig JC, Elder GJ,

Strippoli GE. Serum levels of phosphorus, parathyroid hormone,
and calcium and risks of death and cardiovascular disease in individuals
with chronic kidney disease: a systematic review and meta-analysis.
JAMA. 2011;305:1119-27.

. Tonelli M, Sacks F, Pfeffer M, Gao Z, Curhan G; Cholesterol and Recur-

rent Events Trial Investigators. Relation between serum phosphate level
and cardiovascular event rate in people with coronary disease. Circula-
tion. 2005;112:2627-33.

. Sim JJ, Bhandari SK, Smith N, Chung J, Liu IL, Jacobsen SJ, Kalantar-Zadeh

K. Phosphorus and risk of renal failure in subjects with normal renal func-
tion. Am J Med. 2013;126:311-8.

. Shuto E, Taketani Y, Tanaka R, Harada N, Isshiki M, Sato M, Nashiki K,

Amo K, Yamamoto H, al Higashi Y. Dietary phosphorus acutely im-
pairs endothelial function. ] Am Soc Nephrol. 2009;20:1504—12.

. Amann K, Tornig J, Kugel B, Gross ML, Tyralla K, El-Shakmak A, Szabo

A, Ritz E. Hyperphosphatemia aggravates cardiac fibrosis and micro-
vascular disease in experimental uremia. Kidney Int. 2003;63:1296—301.

. Chue CD, Edwards NC, Moody WE, Steeds RP, Townend JN, Ferro CJ.

Serum phosphate is associated with left ventricular mass in patients
with chronic kidney disease: a cardiac magnetic resonance study. Heart.
2012;98:219-24.

Stréozecki P, Adamowicz A, Nartowicz E, Odrowaz-Sypniewska G,
Wlodarczyk Z, Manitius J. Parathormone, calcium, phosphorus, and
left ventricular structure and function in normotensive hemodialysis
patients. Ren Fail. 2001;23:115-26.

Toussaint ND, Lau KK, Strauss BJ, Polkinghorne KR, Kerr PG. Associ-
ations between vascular calcification, arterial stiffness and bone mineral
density in chronic kidney disease. Nephrol Dial Transplant. 2008;23:
586-93.

Wahl P, Wolf M. FGF23 in chronic kidney disease. Adv Exp Med Biol.
2012;728:107-25.

Gutiérrez OM, Mannstadt M, Isakova T, Rauh-Hain JA, Tamez H, Shah
A, Smith K, Lee H, Thadhani R, Jueppner H, et al. Fibroblast growth
factor 23 and mortality among patients undergoing hemodialysis. N
Engl ] Med. 2008;359:584-92.

Seiler S, Reichart B, Roth D, Seibert E, Fliser D, Heine GH. FGF-23 and
future cardiovascular events in patients with chronic kidney disease before
initiation of dialysis treatment. Nephrol Dial Transplant. 2010;25:3983-9.
Parker BD, Schurgers LJ, Brandenburg VM, Christenson RH, Vermeer
C, Ketteler M, Shlipak MG, Whooley MA, Ix J. The associations of fi-
broblast growth factor 23 and uncarboxylated matrix gla protein with
mortality in coronary artery disease: the Heart and Soul Study. Ann In-
tern Med. 2010;152:640-8.

Ibels LS, Alfrey AC, Haut L, Huffer WE. Preservation of function in ex-
perimental renal disease by dietary restriction of phosphate. N Engl J
Med. 1978;298:122-6.

Haut LL, Alfrey AC, Guggenheim S, Buddington B, Schrier N. Renal
toxicity of phosphate in rats. Kidney Int. 1980;17:722-31.

Sekiguchi S, Suzuki A, Asano S, Nishiwaki-Yasuda K, Shibata M, Nagao S,
Yamamoto N, Matsuyama M, Sato Y, Yan K, et al. Phosphate overload



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

induces podocyte injury via type III Na-dependent phosphate transporter.
Am ] Physiol Renal Physiol. 2011;300:F848-56.

O’Seaghdha CM, Hwang SJ, Muntner P, Melamed ML, Fox CS. Serum
phosphorus predicts incident chronic kidney disease and end-stage re-
nal disease. Nephrol Dial Transplant. 2011;26:2885-90.

Schwarz S, Trivedi BK, Kalantar-Zadeh K, Kovesdy CP. Association of
disorders in mineral metabolism with progression of chronic kidney
disease. Clin ] Am Soc Nephrol. 2006;1:825-31.

Zoccali C, Ruggenenti P, Perna A, Leonardis D, Tripepi R, Tripepi G,
Mallamaci F, Remuzzi G; REIN Study Group. Phosphate may promote
CKD progression and attenuate renoprotective effect of ACE inhibi-
tion. ] Am Soc Nephrol. 2011;22:1923-30.

Chue CD, Edwards NC, Davis LJ, Steeds RP, Townend JN, Ferro CJ. Se-
rum phosphate but not pulse wave velocity predicts decline in renal
function in patients with early chronic kidney disease. Nephrol Dial
Transplant. 2011;26:2576-82.

Norris KC, Greene T, Kopple J, Lea ], Lewis J, Lipkowitz M, Miller P,
Richardson A, Rostand S, Wang X, et al. Baseline predictors of renal
disease progression in the African American study of hypertension
and kidney disease. ] Am Soc Nephrol. 2006;17:2928-36.

Mehrotra R, Peralta CA, Chen SC, Li S, Sachs M, Shah A, Norris K,
Saab G, Whaley-Connell A, Kestenbaum M, et al. No independent as-
sociation of serum phosphorus with risk for death or progression to
end-stage renal disease in a large screen for chronic kidney disease. Kid-
ney Int. 2013 Apr 24. doi: 10.1038/ki.2013.145. [Epub ahead of print].
Isakova T, Xie H, Yang W, Xie D, Anderson AH, Scialla J, Wahl P,
Gutierrez OM, Steigerwalt S, He ], et al. Fibroblast growth factor
23 and risks of mortality and end-stage renal disease in patients
with chronic kidney disease. JAMA. 2011;305:2432-9.

Fliser D, Kollerits B, Neyer U, Ankerst DP, Lhotta K, Lingenhel A, Ritz
E, Kronenberg F, Kuen E, Konig P. MMKD Study Group. Fibroblast
growth factor 23 (FGF23) predicts progression of chronic kidney dis-
ease: the Mild to Moderate Kidney Disease (MMKD) Study. ] Am
Soc Nephrol. 2007;18:2600-8.

Yamamoto KT, Robinson-Cohen C, de Oliveira MC, Kostina A,
Nettleton JA, Ix JH, Nguyen H, Eng J, Lima JA, Siscovick DS,
et al. Dietary phosphorus is associated with greater left ventricular
mass. Kidney Int. 2013;83:707—14.

Burnett SM, Gunawardene SC, Bringhurst FR, Juppner H, Lee H,
Finkelstein JS. Regulation of C-terminal and intact FGF-23 by dietary
phosphate in men and women. ] Bone Miner Res. 2006;21:1187-96.
Vervloet MG, van Ittersum FJ, Buttler RM, Heijboer AC, Blankenstein
MA, ter Wee PM. Effects of dietary phosphate and calcium intake on
fibroblast growth factor-23. Clin ] Am Soc Nephrol. 2011;6:383-9.
Gutiérrez OM, Wolf M, Taylor EN. Fibroblast growth factor 23, cardi-
ovascular disease risk factors, and phosphorus intake in the Health Pro-
fessionals Follow-Up Study. Clin ] Am Soc Nephrol. 2011;6:2871-8.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Isakova T, Wahl P, Vargas GS, Gutierrez OM, Scialla J, Xie H, Appleby
D, Nessel L, Bellovich K, Chen J, et al. Fibroblast growth factor 23 is
elevated before parathyroid hormone and phosphate in chronic kidney
disease. Kidney Int. 2011;79:1370-8.

Anderson JJ. Potentail health concerns of dietary phosphorus: cancer,
obesity and hypertension. Ann N Y Acad Sci. 2013; Jul 12. doi:
10.1111/nyas.12208. [Epub ahead of print].

Sullivan C, Sayre SS, Leon JB, Machekano R, Love TE, Porter D,
Marbury M, Seghal AR. Effect of food additives on hyperphosphate-
mia among patients with end-stage renal disease: a randomized con-
trolled trial. JAMA. 2009;301:629-35.

Qunibi WY, Hootkins RE, McDowell LL, Meyer MS, Simon M, Garza
RO, Pelham RW, Cleveland MV, Muenz LR, He DH, et al. Treatment of
hyperphosphatemia in hemodialysis patients: the Calcium Acetate Re-
nagel Evaluation (CARE study). Kidney Int. 2004;65:1914-26.

de Boer IH, Rue TC, Kestenbaum B. Serum phosphorus concentrations
in the Third National Health and Nutrition Examination Survey
(NHANES III). Am J Kidney Dis. 2009;53:399-407.

Portale AA, Halloran BP, Morris RC Jr. Physiologic regulation of the se-
rum concentration of 1,25-dihydroxyvitamin D by phosphorus in nor-
mal men. ] Clin Invest. 1989;83:1494-9.

Calvo MS, Uribarri J. Contributions to total phosphorus intake: all
sources considered. Semin Dial. 2013;26:54-61.

Kemi VE, Karkkainen MU, Rita HJ, Laaksonen MM, Outila TA,
Lamberg-Allardt CJ. Low calcium:phosphorus ratio in habitual diets
affects serum parathyroid hormone concentration and calcium me-
tabolism in healthy women with adequate calcium intake. Br J Nutr.
2010;103:561-8.

Klahr S, Levey AS, Beck GJ, Caggiula AW, Hunsicker L, Kusek JW,
Striker G. The effects of dietary protein restriction and blood-pressure
control on the progression of chronic renal disease. Modification of
Diet in Renal Disease Study Group. N Engl ] Med. 1994;330:877—84.
Kasiske BL, Lakatua JD, Ma JZ, Louis TA. A meta-analysis of the effects
of dietary protein restriction on the rate of decline in renal function.
Am ] Kidney Dis. 1998;31:954-61.

Hansen HP, Tauber-Lassen E, Jensen BR, Parving HH. Effect of dietary
protein restriction on prognosis in patients with diabetic nephropathy.
Kidney Int. 2002;62:220-8.

Food labeling: gluten-free labeling of food [cited 2013 Oct 15]. Avail-
able from: https://www.federalregister.gov/articles/2013/08/05/2013—
18813/food-labeling-gluten-free-labeling-of-foods.

Lau WL, Pai A, Moe SM, Giachelli CM. Direct effects of phosphate on
vascular cell function. Adv Chronic Kidney Dis. 2011;18:105-12.

Jin H, Xu CX, Lim HT, Park §J, Shin JY, Chung YS, Park SC, Chang SH,
Youn HJ, Lee KH, et al. high dietary inorganic phosphate increases lung
tumorigenesis and alters Akt signaling. Am J Respir Crit Care Med.
2009;179:59-68.

Phosphorus and kidney 103



