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Abstract
Increases in the serum concentrations of parathyroid hormone (PTH), fibroblast growth factor 23
(FGF-23), and ultimately phosphate and decreases in 1,25-dihydroxyvitamin D are thought to play
a central role in the progressive nature of kidney disease and the development of cardiovascular
disease in patients with CKD. The initial changes in PTH and FGF-23 are adaptive to maintain the
serum concentration of phosphate and the phosphate load within defined levels by increasing the
urinary excretion of phosphate. Less well appreciated is the unanticipated finding that the
absorption of phosphate from the gastrointestinal tract is not down-regulated in CKD. This
maladaptive response maintains higher levels of phosphate absorption thereby contributing to the
phosphate burden. Moreover, in response to a low phosphate diet, as is often prescribed to such
patients, gut phosphate absorption may be enhanced, undermining the potential beneficial effects
of this intervention. Given the poor response to limiting phosphate intake and the use of phosphate
binders, we suggest that research efforts be oriented toward a better understanding of the factors
that affect the absorption of phosphate in the gastrointestinal tract and the development of agents
that directly inhibit the phosphate transporters in the small intestine and/or their associated binding
proteins.
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Background
The purpose of this brief review is to highlight how the maladaptive responses of the
gastrointestinal tract contribute to the progressive nature of kidney disease and the
development of cardiovascular disease. These processes may also undermine some of the
therapeutic strategies used in the management of patients with chronic kidney disease
(CKD). There is a strong association between the presence of kidney disease and the
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development of an accelerated form of vascular disease characterized by alterations in both
endothelial and vascular smooth muscle cells; the latter resulting in the development of
arterial medial calcification (1,2). The presence of hypertension, abnormalities in lipid
metabolism, and glucose intolerance in this patient population appears to provide only a
partial explanation for the high prevalence of cardiovascular disease, and the presence of
other non-traditional risk factors has been proposed. Attempts to link the progressive nature
of kidney disease and the development of cardiovascular disease have begun to shift
research efforts from the study of individual metabolic pathways that may be inappropriately
regulated to other adaptations. A major emphasis of these investigations relates to
abnormalities in phosphate balance, and the possibility that increases in the body burden of
inorganic phosphate and ultimately hyperphosphatemia is the primary abnormality linking
the progression of CKD to the development of cardiovascular disease (2,3,4).

Case Vignette
A 38-year-old hypertensive man with end-stage renal disease due to malignant hypertension
returns to the dialysis unit after a recent hospitalization for acute chest pain. During the
hospitalization, a non-enhanced ECG-gated spiral CT of the heart revealed previously
unappreciated coronary calcification. Exercise stress test was unremarkable. Pertinent
laboratory values included a serum calcium of 9.5 mg/dL, phosphate 7.0 mg/dL, 25-
hydroxyvitamin D 30 ng/mL, intact PTH 900 pg/mL, and an alkaline phosphatase reading
less than 1.5 times the reference value. Further review of the laboratory trends over the 12
months on hemodialysis identified that the hyperphosphatemia was never adequately
controlled despite administration of phosphate binders and education about adhering to a
low phosphate diet.

Pathogenesis
In the early stages of CKD, the plasma concentration of phosphate is maintained within the
normal range by increases in the serum concentration of parathyroid hormone (PTH) and
fibroblast growth factor 23 (FGF-23), which serve to increase the urinary excretion of
phosphate, and decreases in the serum concentration of 1,25-dihydroxyvitamin D
(1,25(OH)2D), which decreases phosphate absorption from the gastrointestinal tract. In more
advanced stages of kidney disease, the changes in PTH, FGF-23, and 1,25(OH)2D are no
longer sufficient and hyperphosphatemia ensues (Figure 1). These four parameters (called
mineral bone disorder) collectively and/or individually, correlate with the development of
progressive kidney disease and cardiovascular disease (5,6,7). Moreover, there is a
pathophysiologic basis for the effects of elevated levels of PTH, FGF-23, and phosphate and
decreased levels of 1,25(OH)2D on cardiovascular structure and function. Vitamin D
deficiency is associated with activation of renin, increases in kidney and systemic levels of
angiotensin II, and the development of left ventricular hypertrophy (8,9). PTH has been
found to activate ossification pathways that recruit vascular smooth muscles cells to function
as adult mesenchymal stem cells and result in vascular calcification (10,11). FGF-23 has
been shown to cause hypertrophy of isolated rat cardiac myocytes, as well as left ventricular
hypertrophy when injected into normal animals; an effect attenuated by a FGF-23 receptor
blocker (12,13). Elevations in phosphate concentration have been demonstrated to increase
proliferation of both endothelial and vascular smooth muscle cells (14,15). Thus, both
clinical association data as well as results from animal and cell studies support the
hypothesis that the mineral bone disorder resulting from CKD contributes to the
development of cardiovascular disease (Figure 2). While the progressive decline in kidney
function ultimately limits the urinary excretion of phosphate despite the stimulation of two
powerful phosphaturic hormones, namely PTH and FGF-23, we propose that the failure to
down-regulate the absorption of phosphate from the gastrointestinal tract sustains hormone
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secretion, thus impairing hydroxylation of 25-hydroxyvitamin D, increasing the phosphate
burden, and resulting in hyperphosphatemia.

In individuals with normal kidney function, the absorption of dietary phosphate is balanced
by relatively rapid adjustments in the urinary excretion to maintain tissue, cell, and serum
phosphate concentrations (collectively called the phosphate burden) within a defined and
narrow range. The rate limiting step in intestinal phosphate absorption is the sodium-
dependent phosphate transporter 2b (Npt2b, or, in humans, NPT2b [which is encoded by the
SLC34A2 gene]) located in the apical membrane of small intestinal cells (Figure 3) (16).
From studies in conditional Npt2b knockout mice, it is estimated that 50% or more of
phosphate absorption is mediated by the Npt2b transporter (17). A small percent of
phosphate transport in the gut is likely absorbed by the Pit1 transporter, while the remaining
transport is believed to occur via a passive paracellular route.

Npt2b is a unique gene product that differs significantly from the related kidney transporters
Npt2a and Npt2c (18). The abundance of Npt2b is regulated by hormones such as vitamin D,
which increases, and FGF-23, which decreases, the expression of Npt2b in the apical
membrane of small intestinal cells and phosphate absorption in the gut (19,20,21). The
effect of FGF-23 on the apical membrane expression of Npt2b has been associated with
FGF-23-mediated decreases in 1,25(OH)2D levels. The regulation of Npt2b, however, is
likely more complex. For example, FGF-23 administration had no effect on Npt2b
expression in Npt2a knockout, Npt2c knockout, or Npt2a/Npt2c double knockout mice,
although FGF-23 decreased the elevated 1,25(OH)2D levels in all these mutant mice (20).
These findings provide evidence that intestinal Npt2b protein levels may be regulated by
FGF-23 independent of changes in 1,25(OH)2D, and that there is cross talk between the
renal Npt2a and Npt2c transporters and the gastrointestinal Npt2b transporter.

It is theorized that there are additional but as yet unknown factors that are important in
linking the control of phosphate transport in the kidney and gastrointestinal tract, and that
these factors may be operative in other circumstances such as the adaption to a low
phosphate diet (20). When the kidney fails, however, the balance between gastrointestinal
tract absorption and urinary excretion is impaired, and increases in the plasma and tissue
concentrations of phosphate ensue. It is now well established that the fractional excretion of
phosphate in the urine is increased in CKD; an early adaptive response that maintains near
normal serum concentrations of phosphate until the level of kidney function is less than 10%
of normal (21,22). It would have been reasonable to predict that an adaptive response to
decrease phosphate absorption from the gastrointestinal tract would also be evident.
Surprisingly, however, the absorption of phosphate from the gut has been found to be near-
normal in patients with end stage renal disease and in animal models of CKD (21,22,23,24).
In work published in the early 1990s, Loghman-Adham and colleagues demonstrated normal
rates of sodium-dependent phosphate transport in brush border membranes from the
intestine of rats that had undergone 5/6 nephrectomy, a model of CKD, one week prior to
study (21,22). In these same studies, phosphate transport in kidney brush border membranes
was significantly lower in the CKD animals. The experimental techniques used in these
studies measures the component of phosphate absorption mediated by the sodium-dependent
phosphate transporters. Gut perfusion studies by Marks et al found that phosphate transport
in the gastrointestinal tract was not different between control animals and animals who had
undergone a 5/6 nephrectomy 5 weeks before study (23). The perfusion technique measures
both the facilitated as well as the paracellular transport of phosphate. When considered
together, CKD did not affect either the facilitated or passive paracellular pathways of
phosphate absorption in the small intestine of animals with CKD. Small intestine perfusion
studies by Fordtran and co-workers showed only a modest decrease in phosphate transport in
dialysis patients as compared to controls (24). When treated with vitamin D, the difference
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between controls and dialysis patients was no longer evident. In all of these studies, it would
be predicted that FGF-23 levels were increased. We would suggest, therefore, that the
inhibitory effect of FGF-23 on gastrointestinal phosphate absorption is blunted in CKD, and
that the failure of the gastrointestinal tract to decrease phosphate absorption plays a critical
role in the increase in the body burden of phosphate and the development of
hyperphosphatemia.

Another factor that affects the absorption of phosphate in the gastrointestinal tract is the
dietary intake of phosphate. In response to a low phosphate diet, there is an increase in the
fractional absorption of phosphate in the gut associated with recruitment of additional
phosphate transporters to the apical membrane of the cells of the small intestine (19). The
effect of CKD on the adaptive response to a low phosphate diet has not been extensively
studied. There was an increase observed in the uptake of phosphate in small intestinal brush
border membrane vesicles from CKD rats adapted to a low phosphate diet in the studies of
Loghman-Adham, but an absence of adaptation in the studies of Marks et al (22,23).

Recent Advances
Therapeutic approaches to treatment of the mineral bone disorder of patient with advanced
kidney disease involve restriction of the dietary phosphate intake and the use of phosphate
binders. As part of the strategy to limit the dietary phosphate intake, it is often suggested
that the protein content of the diet be reduced. While seemingly logical, aspects of this
approach are of potential concern. First, modest limitation of phosphate intake is unlikely to
be effective given that phosphate absorption in the gut is not down-regulated in CKD
patients (21,22,23,24). More severe restriction of protein raises the potential concern of
inducing negative protein balance in these patients. It has been suggested that this latter
concern might be obviated, at least in part, by increased education of health care providers
about the relation between the protein and phosphorus content of food, the enhanced
phosphate content of some processed foods, and the obstacles to patient compliance related
to the absent or obscure labeling of the phosphate content of foods (25) (Box 1).

Box 1

Suitability of foods for CKD patients, sorted by available phosphate content

• Avoid

– “Enhanced” meats and poultry

– Cured or marinated meats and poultry

– Processed foods, juices and drinks

– Chips, crackers, cereals

– Baked foods with baking powder

– American cheese food

– Colas

– Purgatives

• Limit

– Meat

– Diary

• Favor

– Grains

– Legumes

– Soy
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– Nuts

Second, in response to a low phosphate diet, there is up-regulation of the NPT2b transporter
and an increase in the fractional absorption of phosphate in the small intestine, at least in
normal subjects (21). While there is conflicting evidence that patients and animals with
CKD can up-regulate phosphate absorption from the gastrointestinal tract in response to
restriction of the dietary phosphate intake, any up-regulation would tend to negate the
potential beneficial effects of a low phosphate diet (22,23). Finally, in animals and humans
adapted to a low phosphate diet, the acute ingestion of a high phosphate meal is associated
with a rapid and significant increase in total phosphate absorption and a significant rise in
the serum concentration of phosphate (26,27). In patients whose eating patterns are irregular
and whose compliance to dietary restrictions is intermittent, it is easy to envision
circumstances where patients adapted to a low phosphate diet would have periodic surges in
the serum phosphate concentration as a consequence of dietary indiscretion. The clinical
consequences of relatively sudden but significant rises in the serum phosphate
concentration, however, remain to be determined.

The second approach to managing the phosphate burden and hyperphosphatemia in patients
with CKD is the use of phosphate binders. Phosphate binders are recommended when there
is a clear elevation in the serum concentration of phosphate. In the early stages of kidney
disease, values in the normal range are sustained at a cost of elevated levels of PTH and
FGF-23. This “tradeoff” may contribute to continuing fibrosis of the kidney and
arteriosclerosis. As in the case vignette, use of phosphate binders has not proven to be
uniformly effective. It is possible, although as yet not studied, that phosphate binders result
in up-regulation of the gastrointestinal absorption of phosphate in a manner analogous to
limiting the dietary intake of phosphate. A recently published study showed no change in
FGF-23 levels and a paradoxical increase in vascular calcification in patients with moderate
to advanced CKD treated with a variety of phosphate binders for up to 9 months (28). It
should be noted that in this study, increased calcification was mainly seen in patients treated
with calcium containing phosphate binders. In accord with this observation, other studies
have shown that administration of some non-calcium based phosphate binders to CKD
patients was associated with decreases in the serum concentration of FGF-23. In this regard,
Eto and co-workers have demonstrated that nicotinamide inhibits intestinal phosphate
reabsorption that is associated with a decrease in the abundance of Npt2b in the small
intestine of rats (29,30,31,32).

Despite attempts to limit the dietary intake of phosphate and the use of phosphate binders, it
would appear that many dialysis patients fail to achieve the recommended serum
concentration of phosphate (<5.5 mg/dl). What is even more abundantly clear is that only a
small percent of dialysis patients achieve serum phosphate concentrations in the normal
range (< 4.5 mg/dl) with present management protocols. Moreover, in patients with CKD,
these same management strategies do not regularly normalize the abnormalities in the
phosphate burden, or the serum concentrations of Vitamin D metabolites, PTH, and FGF-23.

Summary
In our view, treatment plans for the mineral bone disorder of CKD are in flux. Initial
evaluation of strategies to decrease the concentrations or activities of PTH or FGF-23 has
not been definitive. For example, recent studies suggest that inhibition of PTH with
cinacalcet had only a small effect on all-cause mortality or first non-fatal cardiovascular
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events despite improved biochemical parameters in dialysis patients (33). Furthermore,
blocking the effects of FGF-23 increased aortic calcification and decrease survival in a
mouse model of CKD (34). From a number of perspectives, correction of deficiencies of 25-
hydroxyvitamin D and 1,25(OH)2D would be a desired therapeutic goal. On the other hand,
vitamin D also increases gut absorption of phosphate, thereby nullifying some of the more
beneficial effects of vitamin D repletion.

Central to the hypothesis that the abnormalities in mineral and bone metabolism are
causative factors in the progression of decreased kidney function and the development of
cardiovascular disease is the continuing stimulus provided by the increase in the phosphate
burden. Since there are no current strategies available to further increase the urinary
excretion of phosphate in CKD patients, the major focus of current therapy is targeted to
decrease the gastrointestinal absorption of phosphate. The clinical response to a low
phosphate diet and phosphate binders has been sub-optimal, at best. The reasons for this
limited response are likely multifactorial, and include poor patient compliance and poor
understanding of the phosphate content of food. We would suggest, however, that the
maladaptation of the gastrointestinal tract to low phosphate diets and, perhaps to phosphate
binders in CKD patients, may contribute to the relative ineffectiveness of the current
treatment protocols. We propose that other therapeutic strategies need to be explored and
recommend that future research efforts be directed at understanding why there is failure to
down-regulate gastrointestinal absorption of phosphate in the presence of decreased kidney
function and to determine if gut transport of phosphate is up-regulated by a low phosphate
diet and/or the use of phosphate binders in CKD patients. Phosphate absorption in the
gastrointestinal tract has received limited attention, and additional experiments are required
to understand the factors that regulate Npt2b and, perhaps, other phosphate transporters.
Finally, there is a need to develop new therapies targeted to directly inhibit these
transporter(s) and/or disrupt their association with transporter binding-proteins such as the
sodium-hydrogen exchanger regulatory factor 1 (NHERF-1) (35). Schiavi et al recently
reported studies in CKD mice in which the Npt2b gene was silenced, and demonstrated
decreases in the serum concentrations of phosphate and FGF-23 (36). Moreover, treatment
of these mice with sevelamer further decreased the serum concentration of phosphate. These
studies would suggest that treatment strategies directed at inhibiting proteins involved in the
facilitated absorption of phosphate in the gastrointestinal tract, with or without dietary
phosphate restriction and the use of phosphate binders, might be of value in the treatment of
patients with advancing kidney and cardiovascular disease.
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Figure 1.
A propose schema of the development of mineral bone disorder in patients with CKD. A
diseased kidney is unable to excrete (UPV) absorbed dietary phosphate, resulting in
increased serum inorganic phosphate (Pi). This triggers an increase in parathyroid hormone
(PTH) and fibroblast growth factor 23 (FGF-23), both of which inhibit renal tubular
phosphate absorption, and increase phosphate excretion. In addition, FGF-23 inhibits
intestinal phosphate absorption, helping to mitigate the increase in the phosphate burden.
Abbreviation: GI, gastrointestinal.
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Figure 2.
The pathogenesis of cardiovascular disease caused by mineral bone disorder in CKD.
Elevated phosphorus and PTH result in vascular calcification through effects on vascular
smooth muscle cells (SMC) and endothelial cells (EC). This, in turn, leads to vascular
stiffness and left ventricular hypertrophy (LVH). Elevated fibroblast growth factor 23
(FGF-23) lowers 1,25-dihydroxyvitamin D (1,25(OH)2D) level by inhibiting 1α-
hydroxylase and activating 24-hydroxylase, the elimination pathway for 25-hydroxyvitamin
D (25(OH)D). Vitamin D deficiency results in increased renin and hypertension which, in
turn, results in LVH. FGF-23 itself can also cause LVH. Abbreviations: HTN, hypertension;
Pi, inorganic phosphate.
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Figure 3.
Pathways for phosphate absorption in the small intestine. In addition to passive paracellular
transport, two transporters, sodium-dependent phosphate transporter 2b (Npt2b) and Pit1,
account for 50% or more of phosphate absorption. Npt2b is down-regulated by fibroblast
growth factor 23 (FGF-23), and up-regulated by 1,25-dihydroxyvitamin D (1,25(OH)2D)
and a low phosphate (P) diet. Little is known about the regulation of the Pit1 transporter at
the present time. Abbreviation: Pi, inorganic phosphate.
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