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It is important to consider whether habitual high phosphorus intake adversely affects bone health, because phosphorus intake has been
increasing, whereas calcium intake has been decreasing in dietary patterns. A higher total habitual dietary phosphorus intake has been
associated with higher serum parathyroid hormone (PTH) and lower serum calcium concentrations in healthy individuals. Higher serum PTH
concentrations have been shown in those who consume foods with phosphorus additives. These findings suggest that long-term dietary
phosphorus loads and long-term hyperphosphatemia may have important negative effects on bone health. In contrast, PTH concentrations did
not increase as a result of high dietary phosphorus intake when phosphorus was provided with adequate amounts of calcium. Intake of foods
with a ratio of calcium to phosphorus close to that found in dairy products led to positive effects on bone health. Several randomized controlled
trials have shown positive relations between dairy intake and bone mineral density. In our loading test with a low-calcium, high-phosphorus
lunch provided to healthy young men, serum PTH concentrations showed peaks at 1 and 6 h, and serum fibroblast growth factor 23 (FGF23)
concentrations increased significantly at 8 h after the meal. In contrast, the high-calcium, high-phosphorus meal suppressed the second PTH and
FGF23 elevations until 8 h after the meal. This implies that adequate dietary calcium intake is needed to overcome the interfering effects of high
phosphorus intake on PTH and FGF23 secretion. FGF23 acts on the parathyroid gland to decrease PTH mRNA and PTH secretion in rats with
normal kidney function. However, increased serum FGF23 is an early alteration of mineral metabolism in chronic kidney disease, causing
secondary hyperthyroidism, and implying resistance of the parathyroid gland to the action of FGF23 in chronic kidney disease. These findings
suggest that long-term high-phosphorus diets may impair bone health mediated by FGF23 resistance both in chronic kidney disease patients
and in the healthy population. Adv. Nutr. 5: 92-97, 2014.

Introduction

Phosphorus intake is necessary for bone growth and miner-
alization. Phosphorus is abundantly supplied in the diet
through meat, grains, and dairy products. In many coun-
tries, dietary intake of phosphorus is higher (1,2) than the
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recommended daily allowance and phosphorus, as phos-
phorus salts, is added to foods as food additives. High phos-
phorus intake has been shown to inhibit the increase in
serum 1,25-dihydroxyvitamin D [1,25(OH),D]° concentra-
tion in response to low dietary calcium intake. Furthermore,
phosphorus is considered to be a major dietary source of
acid (3). It is an ongoing discussion whether a high phos-
phorus intake adversely affects bone mass and density.
Therefore, the role of excess dietary phosphorus intake
from natural foods and processed foods on bone health is
discussed in this review.

© Abbreviations used: BALP, bone-specific alkaline phosphatase; FGF23, fibroblast growth
factor 23; PTH, parathyroid hormone; U-Cr, urinary creatinine excretion; U-NTx, urinary
N-terminal telopeptide of collagen type I; 1,25(0H),D, 1,25-dihydroxyvitamin D.

©2014 American Society for Nutrition. Adv. Nutr. 5: 92-97, 2014; doi:10.3945/an.113.004002.



Current Status of Knowledge

Phosphorus intake and bone health. Approximately 80—
90% of the mineral content of bone is made up of calcium
and phosphorus, and 85% of the phosphorus found in the
body is in the skeleton. Adequate phosphorus intake is es-
sential for many biologic processes, including skeletal min-
eralization, but it is thought that excessive intake can have
deleterious effects on bone. Phosphorus can directly cause
apoptosis in cultured osteoblasts as well as an increase
in parathyroid hormone (PTH) concentrations (4). Diets
high in phosphorus and low in calcium lead to diminished
intestinal calcium absorption, reducing serum calcium con-
centration and stimulating PTH secretion, which, in turn,
causes bone resorption to return serum calcium to homeo-
static concentrations. Intermittent administration of human
PTH increases bone mass in humans and rats (5,6), but con-
tinuously high concentrations of PTH reduce bone mineral
density. High dietary phosphorus has been shown to cause
bone loss in animals (7).

A sustained increase in PTH after the intake of phospho-
rus has been observed in both animal and human studies
(8,9). In addition to several natural sources of phosphorus
in dairy products, meats, whole grains, nuts, and eggs, the
use of phosphorus additives in the food industry is common
and further increases phosphorus intake (10,11). Phospho-
rus from inorganic additives is absorbed almost completely
(12) and may have effects that differ from those of natural
phosphorus (13,14). It has been estimated that phosphorus
additives may add as much as 1 g of phosphorus to the diet,
depending on food choices, in the United States (12). Based
on a recent report, a typical hemodialysis patient in Europe
consumes at least 100-300 mg of extra phosphorus from ad-
ditives (15). Phosphorus directly regulates the production of
1,25(0OH),D by kidney cells in culture (16) and in vivo (17)
(Fig. 1).

Serum fibroblast growth factor 23 (FGF23) is predomi-
nantly secreted by osteocytes and is a major factor in the reg-
ulation of phosphorus homeostasis (18,19). FGF23 achieves
its cellular specificity in the kidney and parathyroid glands
by binding in the presence of its obligatory transmembrane
protein coreceptor Klotho, which increases the affinity of
FGF23 for ubiquitously expressed FGF receptors (20).
FGF23 acts on the kidney to cause phosphaturia, a decreased
synthesis of 1,25(OH),D, and potentially corrects high
phosphorus and 1,25(OH),D concentrations. It has been
shown that the administration of recombinant FGF23 sup-
presses PTH gene expression and secretion in rats with nor-
mal renal function and in vitro in organ cultures of rat
parathyroid glands in rats with normal renal function (21).

Phosphorus loading and bone metabolism. Kemi et al.
(22) reported short-term effects of 4 phosphorus doses on
calcium and bone metabolism in 14 healthy women, 20—
28 y of age, who were randomly assigned to 4 controlled
study days. Participants were served control meals contain-
ing 495 mg phosphorus and 250 mg calcium and different
phosphorus supplement doses of 0 (placebo), 250, 750, or
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FIGURE 1 Phosphorus metabolism in humans. High dietary

phosphorus intake increases serum phosphorus concentrations,
which stimulates PTH secretion and FGF23 secretion. Both PTH
and FGF23 induce phosphaturia. PTH and FGF23 activate and
inhibit 1,25(0H),D synthesis, which increases and decreases the
efficiency of dietary phosphorus absorption in intestine,
respectively. PTH also stimulates FGF23 secretion, whereas
FGF23 inhibits PTH secretion. FGF23, fibroblast growth factor 23;
Pi, inorganic phosphate; PTH, parathyroid hormone; 1,25(0H),D,
1,25-dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D.

1500 mg/d. Serum calcium concentration declined in re-
sponse to phosphorus intake but was significant only after
the 1500-mg phosphorus dose. Serum calcium continued
to decrease after the 1500-mg phosphorus dose on the fol-
lowing morning compared with the morning fasting value
of that study session. Serum PTH concentration increased
in a dose-dependent manner in response to phosphorus in-
take. There was a significant decline in serum bone-specific
alkaline phosphatase (BALP) activity, a marker of bone for-
mation, after the 750- and 1500-mg phosphorus doses. The
24-h urinary excretion of N-terminal telopeptide of collagen
type I (U-NTx), corrected for creatinine excretion (U-Cr;
U-NTx/U-Cr), was affected by phosphorus intake (P = 0.048).
With the 1500-mg phosphorus dose, U-NTx/U-Cr was 33%
(P = 0.06) above that on the control day. U-NTx/U-Cr
tended to correlate with the increase in serum phosphorus
AUC values (r = 0.42, P = 0.13) but not with the increase
in serum PTH AUC values (P = 0.6).

We examined an acute effect of oral phosphorus loading
on PTH and FGF23 to clarify their role in the rapid adjust-
ment of serum phosphorus (23). In the first study, 8 healthy
male volunteers were alternately served 1 of 3 test meals con-
taining 200 mg calcium and different phosphorus amounts
[400 mg (P400), 800 mg (P800), and 1200 mg (P1200)] as
lunch.

Serum phosphorus and urinary phosphorus excretion in-
creased significantly and dose-dependently within 1 h after
P400, P800, and P1200 intake. Serum calcium did not
change as the intake of phosphorus increased. Similarly,
serum calcium declined after an intake of 1995 mg phospho-
rus but did not change after an intake of 1245 mg phospho-
rus (22). Serum PTH concentrations significantly increased
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at 1, 2, and 4 h after the P800 and P1200 meals compared
with those after the P400 meal. Serum PTH showed a
dual-phase curve at 1-2 and 4-6 h after P1200 intake and
was significantly higher than that after P400 intake. Serum
FGF23 increased significantly at 8 h after P1200 intake com-
pared with after both P400 and P800 intakes (23). These
data indicate that PTH may be associated with rapid adapta-
tion of phosphorus homeostasis but that FGF23 may not be.

Calcium and phosphorus loading and bone metabolism.
Animals fed a diet with a low calcium to phosphorus ratio
have been shown to have secondary hyperparathyroidism,
loss of bone, and osteopenia (24). Even high calcium intake
(1680 mg/d) did not counteract the effect of dietary phos-
phorus intake in healthy females (1). In contrast, when
phosphorus intake was above the dietary guidelines (700
mg/d), oral calcium intake decreased serum PTH concentra-
tion and bone resorption, both of which have been induced
by increased phosphorus intake (22). In addition, a high cal-
cium to phosphorus ratio was found to be favorable for bone
mineralization in adult rats and human participants (25—
27). Therefore, the dietary calcium-to-phosphorus ratio is
considered to be a marker for the prediction of bone health
and/or quality, independent of the absolute intake of both
elements separately (1,28).

Therefore, in our second study, the effect of varying cal-
cium intake with high phosphorus intake on serum calcium
and phosphorus homeostasis was investigated by serving
1 of 3 test meals containing 1200 mg phosphorus and vary-
ing calcium intakes [400 mg (Ca400), 600 mg (Ca600), and
1000 mg (Cal000)] (29). Serum phosphorus increased to
the same concentration after ingestion of 3 meals, and high
concentrations were maintained for 8 h after meal intakes.
There were no significant differences in serum 1,25(OH),D
between the calcium-loaded groups. Time-dependent
changes in serum PTH demonstrated a dual-phase curve
with peaks at 1 and 6 h after the intake of Ca400. It is inter-
esting that the second peaks at 6 h of PTH after Ca600 and
Cal000 were significantly suppressed and disappeared when
compared with that after Ca400 (Fig. 2A). These data con-
tradict those of the previous study, which was conducted

in a different ethnic group (1). After the ingestion of each
of the 3 meals, serum FGF23 did not change for 8 h (Fig.
2B). This implies that adequate dietary calcium intake is
needed to minimize the effects of high phosphorus intake
on PTH and FGF23 secretion.

Short-term high phosphorus intake and bone metabo-
lism. Ferrari et al. (30) demonstrated that phosphorus load-
ing for 3 d increased serum FGF23 in the morning after
fasting despite normal serum phosphorus. They also dem-
onstrated that changes in FGF23were positively correlated
with changes in 24-h urinary phosphorus excretion and
were negatively correlated with changes in the maximal
phosphorus reabsorption, although PTH was not. Addition-
ally, serum FGF23 concentrations were not correlated with
fasting morning serum phosphorus.

Recently, Martin et al. (31) demonstrated that the imme-
diate effect of phosphorus on PTH was not dependent on in-
creases in serum phosphorus, suggesting that additional
signals arising from the gastrointestinal tract would contrib-
ute to the rapid response. These factors may also mediate the
first peak of serum PTH in our first study. On the other
hand, the second peak was probably mediated by an increase
in serum phosphorus after dietary phosphorus loading.
Studies that have evaluated the short-term effects of a low-
phosphorus diet or phosphorus supplementation have failed
to find changes in FGF23 in healthy individuals after 6 h (23)
or after 2-3 d (30).

Long-term high phosphorus intake and bone health.
Phosphorus intake has been correlated with bone fragility
fractures in the Brazilian population (32). It was demon-
strated that for every 100 mg phosphorus, the risk of fractures
increased by 9%. Furthermore, higher serum phosphate con-
centrations and lower hip bone mineral density have been
shown to be independent of bone strength and quality and
have been associated with elevated vascular calcification
scores, supporting the search for effective prevention and
treatment strategies that may simultaneously reduce these
modifiable risk factors in older adults (33). These observa-
tions suggest that long-term dietary phosphorus loading
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and long-term hyperphosphatemia may be important nega-
tive regulators of bone health.

High calcium to phosphorus ratio and bone health. PTH
concentrations did not increase as a result of high dietary
phosphorus intake when given together with adequate
amounts of calcium, where the decrease in free ionized cal-
cium was compensated for by the diet (32). The higher the
calcium intake, the less often serum phosphorus exceeded
the upper reference limit. This suggests that phosphorus
absorption diminishes with increasing calcium intake, although
insufficiently to prevent excessive serum phosphorus concen-
trations. In studies in which calcium intake was adequate
(1000 mg) or high (1995 mg), high phosphorus intake did
not increase serum phosphorus concentrations significantly
(34,35). This is probably due to diminished phosphorus ab-
sorption because of the formation of calcium phosphate com-
plex in the gut. Basabe Tuero et al. (36) concluded that high
calcium consumption (>1000 mg/d) and a calcium to phos-
phorus ratio >0.74 are associated with better bone mineral
densities in young women. These findings are in accordance
with earlier epidemiologic studies (37,38). Thus, an adverse ef-
fect on PTH secretion from high phosphorus intake was seen
only when calcium intake was inadequate.

Dairy food intake and bone health. During childhood and
adulthood, intake of foods with a calcium to phosphorus ra-
tio close to that of dairy products led to positive effects on
bone health (39,40). Dairy consumption has been positively
linked to bone health in observational, retrospective, and in-
tervention studies. Two reviews of the literature found that
25 of 32 observational studies and 11 of 11 randomized con-
trolled trials showed a significantly positive association be-
tween dairy food intake and bone mineral density or bone
mineral content (41,42). Milk and cheese, excluding pro-
cessed cheese, are free of phosphate additives but high in
natural phosphate. Those who consumed more milk and
cheese had lower mean serum PTH concentration than
those who consumed less (14). The high calcium content
of milk and cheese probably explains the effect of higher
consumption of these products on serum PTH. High cal-
cium intake hinders the absorption of phosphorus in the
intestine (43), and calcium supplementation has been
found to suppress higher serum PTH concentrations in-
duced by high phosphorus intake in healthy women (1).
Consumption of fermented cheese in a short-term con-
trolled diet decreased serum PTH concentration and
even decreased bone resorption in healthy young women
(13). The long-term beneficial effect of combined cal-
cium-phosphorus salt on fracture prevention could be me-
diated by a reduction in bone resorption, as observed after
short-term consumption of milk or dairy products in
healthy postmenopausal women living in the community
(44) and in institutionalized elderly persons (45,46).
Four additional randomized controlled trials have shown
positive relations between dairy intake and bone mineral
density (47,48).

Processed food intake and bone health. The amount of
phosphorus in the American diet has increased considerably,
primarily from phosphorus-containing additives in conve-
nience and fast foods (49). It is estimated that, depending
on individual food choices, such additives add as much
1000 mg/d of phosphorus to the diet (12). Moreover, phos-
phorus in additives is almost entirely absorbed, whereas only
60% of naturally occurring phosphorus is absorbed (50).
Higher total habitual dietary phosphorus intake was associ-
ated with higher serum PTH and lower serum calcium con-
centrations in healthy individuals, and phosphate additives
containing food had more harmful effects on calcium me-
tabolism than foods containing natural phosphorus. These
effects were seen as higher serum PTH concentrations in
those who consumed phosphorus additive—containing
foods. This difference may be due to the differential bioa-
vailability of phosphorus from phosphorus-containing
food additives and natural phosphorus sources. Phospho-
rus additives are present as phosphate salts. Colas contain
phosphoric acid, which has been shown to interfere with
calcium absorption and to contribute to imbalances that
lead to additional loss of calcium (51). In a large popula-
tion-based cohort, consistent robust associations were ob-
served between cola consumption and low bone mineral
density in women (52,53). Thus, because of the increasing
use of processed foods with phosphorus-containing food
additives, in addition to an increase in the incidence of os-
teoporosis it is important to also focus concern on dietary
phosphorus intakes of and calcium to phosphorus ratios in
diets consumed by Western populations.

FGEF23 resistance by habitual excess phosphorus intake.
The association between previous bone fragility fracture
and higher serum phosphate has been described in individ-
uals with renal failure (54,55). As renal function decreases
and chronic kidney disease develops, increased phosphate
retention results in an increase in serum phosphorus and
FGF23 (56). Meanwhile, a reduction in calcium absorption,
caused by decreased 1,25(OH),D secretion, leads to a de-
crease in serum calcium and an increase in PTH. Thus,
the tendency to develop hyperphosphatemia in chronic kid-
ney disease patients is delayed for a time by high FGF23 and
PTH, which compensate by decreasing renal phosphate re-
absorption and reducing gut phosphate absorption. Eventu-
ally, however, as renal function continues to decrease, frank
hyperphosphatemia develops.

In parathyroid organ culture, FGF23 was shown to de-
crease secreted PTH and PTH mRNA in control or early
chronic kidney disease rats but not in those with advanced
chronic kidney disease (57). Recombinant FGF23 failed to
decrease serum PTH in parathyroid glands of rats with ad-
vanced chronic kidney disease (58). Thus, the increased
FGF23 failed to decrease PTH in established chronic kidney
disease because of a downregulation of its receptor hetero-
dimer complex Klotho-FGFRIc¢ (59). These results demon-
strate the resistance of the parathyroid gland to FGF23 in
advanced chronic kidney disease.
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FIGURE 3 Process leading to FGF23 resistance by habitual
high phosphorus and/or low calcium intakes. Excessive dietary
phosphorus intake may impair bone health mediated by FGF23
resistance. FGF23, fibroblast growth factor 23; Pi, inorganic
phosphate; PTH, parathyroid hormone; 1,25(0H),D, 1,25-
dihydroxyvitamin D.

Conclusions

FGF23 suppresses PTH gene expression and secretion in the
parathyroid gland of rats with normal renal function (21).
Mean serum PTH was almost 2-fold higher and mean serum
calcium concentrations lower among the general population
with the highest total phosphorus intakes compared with
those with the lowest intakes (14). These findings are in ac-
cordance with earlier intervention studies (60,61), suggest-
ing the development of FGF23 resistance by habitual
excess phosphorus intake (Fig. 3). Because of the high die-
tary phosphorus intake and current upward trend in con-
sumption of processed foods in Western countries, these
findings have important public health implications. There-
fore, it is suggested that excessive dietary phosphorus intake
may impair bone health, mediated by FGF23 resistance, in
healthy populations as well as in chronic kidney disease
patients.
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