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Abstract
Hypophosphatemia due to inappropriate urinary phosphate wasting is a frequent metabolic
complication of the early period following kidney transplantation. Although previously considered
to be caused by tertiary hyperparathyroidism, recent evidence suggests a primary role for
persistently elevated circulating levels of the phosphorus-regulating hormone, fibroblast growth
factors 23 (FGF23). In the setting of a healthy renal allograft, markedly increased FGF23 levels
from the dialysis period induce renal phosphate wasting and inhibition of calcitriol production,
which contribute to hypophosphatemia. While such tertiary FGF23 excess and resultant
hypophosphatemia typically abates within the first few weeks to months post-transplant, some
recipients manifest persistent renal phosphate wasting. Furthermore, increased FGF23 levels have
been associated with increased risk of kidney disease progression, cardiovascular disease and
death outside of the transplant setting. Whether tertiary FGF23 excess is associated with adverse
transplant outcomes is unknown. In this article, we review the physiology of FGF23, summarize
its relationship with hypophosphatemia after kidney transplantation, and speculate on its potential
impact on long term outcomes of renal allograft recipients.

Introduction
The prevalence of end stage renal disease (ESRD) in children has nearly tripled since 1980
(1). With 20-year survival rates greater than 90% (2) compared to only 66% among those
who undergo long-term dialysis (3), kidney transplantation is the preferred treatment for
ESRD in children. Furthermore, between 1987–1990 and 1999–2002, 5-year allograft
survival improved significantly from 75% to 85% in living related donor transplants and
from 55% to 80% in deceased donor transplants (4). This remarkable progress is largely the
result of improved operative techniques, immune suppression regimens, and prophylaxis
against opportunistic infections (5). As a result of improved transplant outcomes, death and
disability due to late complications of de novo diabetes mellitus, hypertension,
cardiovascular disease, and fracture have emerged as the major threats to patients’ long-term
health. These observations have attracted attention to the identification and long-term
management of risk factors for cardiovascular, metabolic and skeletal complications of
kidney transplantation. A growing body of evidence has linked disordered phosphorus
metabolism to increased risk of adverse clinical outcomes in patients with chronic kidney
disease (CKD) and kidney transplant recipients often manifest important alterations in
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phosphorus metabolism. In this review, we explore the potential impact of disordered
phosphorus metabolism on pediatric renal transplant recipients.

Post-transplant hypophosphatemia
Hypophosphatemia due to inappropriate urinary phosphate wasting is a frequent metabolic
complication of the early period following kidney transplantation. Although
hypophosphatemia affects up to 90% of patients (6–8), it is typically self-limited within the
first weeks to months post-transplant in most affected individuals. However, 6–27% of
patients have persistently low serum phosphate levels for months to years (9–11). In these
patients, hypophosphatemia can contribute to complications such as muscle weakness,
osteomalacia and metabolic encephalopathy (12–16).

Tertiary hyperparathyroidism – the persistence of severe secondary hyperparathyroidism
from the dialysis period into the post-transplant period – has been traditionally thought to
drive hypophosphatemia following kidney transplantation but several lines of evidence
argue against a primary role for parathyroid hormone (PTH) (17–20). Inappropriate urinary
phosphate wasting can occur despite low levels of PTH, such as in patients who have
previously undergone parathyroidectomy, and it can persist after elevated PTH levels have
normalized (17,20). Second, the cardinal manifestation of hyperparathyroidism in the setting
of normal renal function is hypercalcemia and, in most cases, hypophosphatemia following
kidney transplantation is isolated and dissociated from concomitant hypercalcemia. Third,
levels of 1,25-dihydroxyvitamin D are often persistently low for several months following
transplantation despite excessive PTH, a healthy allograft and hypophosphatemia, each of
which should stimulate its production (21).

A study by Green et al. cast further doubt on the role of PTH as the primary mediator of
isolated post-transplant hypophosphatemia (17). Compared to sera from healthy volunteers,
sera from kidney transplant recipients and patients with CKD and ESRD stimulated
significantly less flux of phosphate into opossum renal tubular cells, an in vitro cellular
model for tubular sodium-phosphate co-transport. Addition of PTH inhibitors did not
modify these effects. This suggested the presence of a circulating factor other than PTH that
was responsible for phosphaturia in CKD, ESRD and early post-transplant patients.

Immunosuppressive medications, such as glucocorticoids and calcineurin inhibitors were
also hypothesized to contribute to phosphate depletion (22,23). However, the low incidence
of hypophosphatemia following transplantation of other solid organs in which these same
agents are used, often at higher doses, argues against their having a primary role (24,25).
Newer agents such as rapamycin were recently reported to induce renal phosphate wasting
and hypophosphatemia (26) but a high incidence of post-transplant hypophosphatemia was
reported long before this class of drugs was introduced.

The finding of severe hypophosphatemia due to isolated urinary phosphate wasting and
inappropriately low levels of 1,25-dihydroxyvitamin D for the degree of hypophosphatemia
is reminiscent of the clinical phenotype of X-linked hypophosphatemia and related
hereditary rachitic disorders (27). This suggested a common pathogenesis across these
syndromes. The discovery of fibroblast growth factor 23 (FGF23), the characterization of its
physiological effects, and the determination that FGF23 excess is the central mechanism in
the pathogenesis of hereditary hypophosphatemic rickets syndromes suggested novel
mechanisms to explain disordered phosphorus metabolism following kidney transplantation.
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Discovery of FGF23
Fibroblast growth factor 23 is an endocrine hormone that regulates phosphorus and vitamin
D metabolism in conjunction with PTH. FGF23 was discovered in 2000 as the latest
member of the FGF family based on the homology of its N-terminus with other FGFs (28).
FGF23 is transcribed as a 251 amino acid peptide with the first 24 acting as a signal peptide
that is cleaved intracellularly such that secreted FGF23 contains 227 amino acids (29,30). At
the time of its initial discovery, the function of FGF23 and its role in health and human
disease was unknown. Shortly after its discovery, genetic studies of families with autosomal
dominant hypophosphatemic rickets (ADHR) demonstrated mutations in the coding region
of the FGF23 gene on chromosome 12p13 (29). Later it was determined that these mutations
alter the amino acid sequence in the cleavage site of FGF23 thereby protecting it from
degradation (30). Shortly after its strong linkage to ADHR was discovered, high FGF23
expression was identified in mesenchymal tumors that cause tumor-induced osteomalacia
(TIO), a syndrome with a virtually identical phenotype as ADHR: hypophosphatemia,
inappropriate urinary phosphate wasting, inappropriately low levels of 1,25-
dihydroxyvitamin D and osteomalacia (30). In vitro, animal and human studies confirmed
that the physiological actions of FGF23 account for the phenotype in ADHR and TIO (29–
31). Subsequently, inappropriately high FGF23 levels were also reported in X-linked
hypophosphatemia and its animal analog, the Hyp mouse (31–33).

FGF23 and phosphate homeostasis
FGF23 is expressed primarily by osteocytes (34). Due to lower affinity for extracellular
heparan sulfate, FGF23 is free to circulate as an endocrine hormone in contrast to most other
FGFs that bind to matrix and thus exert their actions through paracrine and autocrine
pathways exclusively (35). Although FGF receptors are found on all cells, the specificity of
FGF23 for its target cells is mediated by klotho, which acts as its co-receptor (36,37).
Klotho is primarily expressed in the kidneys and parathyroid glands, which are thus the
primary sites of action of FGF23.

In the kidney, FGF23 inhibits renal tubular phosphate reabsorption by suppressing the
expression of luminal sodium-phosphate co-transporters (NaPi) 2a and 2c (38). FGF23 also
reduces levels of 1,25-dihydroxyvitamin D through its genomic effects on the hydroxylases
involved in vitamin D synthesis and degradation: FGF23 inhibits the anabolic CYP27B1 (1-
α hydroxylase) and stimulates the catabolic CYP24 (24-hydroxylase) (39,40). By lowering
1,25-dihydroxyvitamin D levels, FGF23 likely reduces absorption of dietary phosphate in
the intestine. Thus, states of high FGF23 levels are characterized by phosphaturia and low
serum phosphate and 1,25-dihydroxyvitamin D levels. Under normal conditions, FGF23
binding to klotho-FGF receptor complexes in the parathyroid glands inhibits PTH secretion
(41).

A high dietary phosphorus intake and 1,25-dihydroxyvitamin D stimulate FGF23 secretion
(39,42). The genomic effect of calcitriol acts through a vitamin D-responsive element on the
FGF23 promoter that is mediated by a vitamin D receptor-dependent pathway;
administration of 1,25-dihydroxyvitamin D did not increase FGF23 levels in vitamin D
receptor-null mice (42). Stimulation of FGF23 by 1,25-dihydroxyvitamin D might be
viewed as a counter-regulatory effect to increase renal phosphate clearance in the setting of
enhanced gastrointestinal phosphate absorption stimulated by 1,25-dihydroxyvitamin D. In
addition, the 1,25-dihydroxyvitamin D-stimulated increase in FGF23 inhibits further 1,25-
dihydroxyvitamin D production in a classic negative endocrine feedback loop. The
mechanism and sensing pathway through which a high dietary phosphorus intake stimulates
FGF23 is not clear, but interestingly, does not appear to be mediated by changes in serum
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phosphate levels as might be expected (43,44). Indeed, no studies have proved that serum
phosphate directly regulates FGF23.

Role of FGF23 in disordered mineral metabolism in chronic kidney disease
Levels of FGF23 increase in CKD as early as when the GFR drops below 90 ml/min/1.73m2

(45–47). While it had been controversial whether FGF23 or PTH rise first in CKD, recent
animal models of progressive CKD suggest that increased FGF23 is first (48,49). The
increased FGF23 helped the animals maintain a normal serum phosphate level by increasing
their urinary phosphate excretion but the high FGF23 levels led to reduced 1,25-
dihydroxyvitamin D, a modest reduction in serum calcium, and then, an increase in PTH.
Investigators confirmed the primacy of FGF23 by demonstrating that anti-FGF23
neutralizing antibodies reduced phosphaturia and normalized serum phosphate, 1,25-
dihydroxyvitamin D, calcium and PTH levels in normal animals, Hyp mice and in the
animal model of progressive CKD (49–51).

Early increases in FGF23 explain the predominant phenotype of mineral metabolism in early
CKD: normal serum phosphate levels, high fractional excretion of phosphate, deficiency of
1,25-dihydroxyvitamin D and elevated PTH levels. As GFR progressively declines, FGF23
levels increase sharply to the point that dialysis patients can manifest 100- to 1000- fold
elevations above the normal range (47). Importantly, most if not all of the circulating FGF23
is biologically intact even in dialysis patients (52). The extreme elevations of biologically
intact FGF23 in dialysis patients sets the stage for tertiary FGF23 excess in the event of a
kidney transplant.

FGF23 and hypophosphatemia following kidney transplantation
Several independent groups validated the hypothesis that post-transplant hypophosphatemia
was a syndrome of tertiary FGF23 excess. In the first report, Bhan et al studied 27 recipients
of living donor kidney transplants and followed them prospectively for 3 months during
which time the patients had repeated blood and urine collections (7). Living donors were
chosen to ensure a high likelihood of immediate allograft function that would minimize
potential confounding by delayed graft function. Sample collections were discontinued if a
recipient developed allograft dysfunction. A similar immune suppression strategy was used
in virtually all recipients in this single center study, which further minimized confounding.

Hypophosphatemia (defined as serum phosphate < 2.6 mg/dL) occurred in 85% of patients
and 37% developed severe hypophosphatemia (defined as serum phosphate < 1.5 mg/dL).
Only one recipient had previously undergone parathyroidectomy but that patient
nevertheless developed hypophosphatemia. There were no episodes of hypercalcemia in any
recipient. Each of these simple observations argued against a primary role for PTH in the
hypophosphatemia.

Both FGF23 and PTH levels decreased substantially during the first week following
transplant, but FGF23 levels remained 10 times above normal. A schematic of the serial
change in serum phosphate, PTH and FGF23 is shown in Figure 1. In multivariable-adjusted
analyses, FGF-23 was independently associated with post-transplant serum phosphate levels,
urinary fractional excretion of phosphate and 1,25-dihydroxyvitamin D levels (inversely). In
contrast, PTH was not independently associated with any of these parameters. A persistently
elevated FGF23 level in the early post-transplant period was independently associated with a
5.3-fold relative risk (P = 0.02) of developing severe hypophosphatemia when comparing
recipients whose early post-transplant area under the FGF23 curve was greater than the
median compared to those below the median. The area under the PTH curve was not
associated with hypophosphatemia.
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Dissociating the effects of FGF23 on urinary and serum phosphate from the similar effects
of PTH is challenging in human studies, which cannot use parathyroidectomy to isolate
FGF23. Thus, the most important finding in this study was the strong inverse association
between FGF23 excess and decreased levels of 1,25-dihydroxyvitamin D, which persisted
following transplantation despite excessive PTH, a healthy allograft and hypophosphatemia,
each of which should have stimulated calcitriol production. This finding supports the overall
central role of FGF23 in post-transplant hypophosphatemia.

In another observational study, mineral metabolism was analyzed prior to and 3 months
post-transplant in 41 recipients of deceased donor kidneys (8). 90% of patients developed
hypophosphatemia (defined as serum phosphate < 2.3 mg/dL), and 66% were severe (serum
phosphate <1.5 mg/dL). Serum phosphate levels reached a nadir of 1.5 ± 0.5 mg/dL between
2 – 4 weeks after transplant. An increased pre-transplant FGF23 level was the only
independent predictor of the post-transplant nadir phosphate. Likewise, post-transplant
FGF23 was the only independent predictor of post-transplant phosphaturia but the most
severe phosphaturia was noted in patients who had high levels of both FGF23 and PTH.
Both FGF23 (inversely) and PTH (directly) were independent predictors of 1,25-
dihydroxyvitamin D concentrations. These results are consistent with known physiological
mechanisms and previous studies: both FGF23 and PTH promote phosphaturia but FGF23
inhibits calcitriol production even in the setting of stimulation by PTH. In addition, the
contribution of PTH to ongoing phosphaturia suggests that therapies that target PTH
reduction might attenuate urinary phosphate wasting even if they do not have activity
against high FGF23 levels.

In a subsequent longitudinal study, transplant recipients were followed for 12 months
following transplantation and were compared with GFR-matched CKD patients (10).
Fourteen percent of recipients had persistent hypophosphatemia at one year following
transplant, and mean serum phosphate was significantly lower and PTH persistently higher
among the transplant recipients compared with the CKD patients. In contrast, FGF23 levels
and urinary fractional excretion of phosphate had returned to similar levels as in CKD
patients by one year post-transplant, although these remained significantly elevated
compared to normal volunteers (10). Along with similar findings from an additional study
(11), the data collectively suggest that although FGF23 levels decline to a range that is
comparable to CKD patients, ongoing elevations above the normal range contribute to
changes in serum phosphate and urinary phosphate handling. Whether these changes have an
adverse impact on long-term transplant outcomes is unknown.

FGF23 in pediatric kidney transplant recipients
Although hypophosphatemia following kidney transplantation is common in children (9,53),
there are scant data on the impact of FGF23 in this population. Batchetta et al recently
reported increased serum levels of FGF23 in pediatric kidney transplant recipients compared
to children with comparable renal function and serum phosphate concentrations (54). Since
markedly elevated FGF23 levels were also noted in children with CKD and ESRD (55,56),
it is likely that tertiary FGF23 excess plays a similarly important role in mineral metabolism
in the post-transplant period in children as in adults. Dedicated longitudinal studies of
children are needed to determine the magnitude and duration of persistent FGF23 excess
during the post-transplant period, and to assess the impact on phosphorus and vitamin D
metabolism and clinical outcomes.

Potential impact of FGF23 excess in patient post kidney transplant
Tertiary FGF23 excess accounts for many of the abnormalities in phosphorus handling that
follow kidney transplantation but the impact on hard clinical outcomes of persistently
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elevated FGF23 remains completely unknown in children or adults. Outcomes studies from
patients with ESRD, pre-dialysis CKD and the general population, in which FGF23 was
associated with mortality, cardiovascular disease and progressive CKD, highlight the
importance of understanding the role of FGF23 in kidney transplant recipients. In the
absence of transplant data, we speculate on potential effects of FGF23 that are worthy of
study (Figure 2).

FGF23 and bone disease post-transplant
Persistently high urinary phosphate excretion induced by high FGF23 and PTH could reflect
an appropriate purge of phosphate that accumulated during the period of ESRD. However,
persistently elevated fractional excretion of phosphate could be inappropriate, particularly in
the setting of hypophosphatemia or even a normal serum phosphate if skeletal phosphate
release balances urinary phosphate loss. Thus, one adverse effect of persistent FGF23-
induced urinary phosphate loss could be gradual bone demineralization, which in
combination with steroids, high frequency of vitamin D deficiency, and FGF23-mediated
inhibition of 1,25-dihydroxyvitamin D synthesis could predispose patients to osteomalacia,
osteoporosis and increased risk of fracture. Indeed, the prevalence of mineralization defects
was high in the one bone histomorphometric study of pediatric renal transplant recipients
(57).

The risk of fracture among kidney transplant recipients is significantly greater than in the
general population (58), with hip fracture rates actually higher among transplant recipients
than dialysis patients (59). In children, the incidence of vertebral fracture after kidney
transplantation was approximately 140 times higher than the general population (60).
Although, high FGF23 was associated with increased bone mineralization in a cross-
sectional study of children with ESRD (61), analysis of the relationships between FGF23,
bone histology and fracture risk after transplantation is lacking in children and adults. In
addition to addressing these important questions, a uniquely important question in the area
of pediatric kidney transplantation is whether tertiary FGF23 excess might exert adverse
effects on growth similar to the growth retarding effects of primary FGF23 excess.

FGF23 and long-term allograft function
Increased FGF23 is associated with more rapid progression of CKD in adults but it is
unknown if this represents a direct effect of FGF23 or if the high FGF23 is a biomarker of
phosphorus-related or other toxicity (62,63). A direct effect of phosphorus or FGF23 is
supported by animal and human studies in which dietary phosphorus restriction, which is
known to lower FGF23 levels (64), was associated with slower progression of CKD (48,65).
Some investigators have proposed nephrocalcinosis as a mechanism of phosphorus-
associated renal toxicity (66–68), and post-transplant hypophosphatemia and hypercalcemia
were associated with calcium and phosphate deposition in renal allografts (69). Human data
are conflicting on whether renal calcifications contribute to worse allograft outcomes with
some studies reporting an association with future chronic allograft nephropathy (66,67)
while a pediatric study found no association (68).

Since deficiencies in the vitamin D axis are associated with altered immune regulation,
another mechanism through which tertiary FGF23 excess might be harmful to allografts is
reduction of 1,25-dihydroxyvitamin D levels. Vitamin D receptors and 1-α hydroxylase are
expressed by multiple cells of the immune system (70,71). In vitro and in vivo studies have
shown that 1,25-dihydroxyvitamin D decreases T cell activation and proliferation, and
inhibits dendritic cell differentiation and maturation (72–74) Deficiencies in the vitamin D
axis have been linked to several autoimmune diseases including multiple sclerosis and type
1 diabetes (75). Although data on the immunological impact of vitamin D deficiency in
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kidney transplant recipients are scant, supplementation of calcitriol was associated with
decreased expression of several co-stimulatory molecules in one study (76) and improved
renal function in others (77–79). Animal studies also suggest that calcitriol and vitamin D
analogs may protect renal allografts (80). Combined with the high prevalence of vitamin D
deficiency in renal transplant recipients (81–83), low 1,25-dihydroxyvitamin D
concentrations due to tertiary FGF23 excess could theoretically contribute to worse allograft
outcomes via immunological mechanisms but this has not yet been explored.

FGF23 and cardiovascular disease post-transplant
Cardiovascular disease is the leading cause of mortality in adult renal transplant recipients
(84). Although major cardiovascular events are rare in children, left ventricular hypertrophy
and sub-clinical atherosclerosis are often present even in young kidney transplant recipients
(85,86). Several observational studies in adults suggest that increased FGF23 is
independently associated with mortality, left ventricular hypertrophy, endothelial
dysfunction and atherosclerosis in patients with high or even normal serum phosphate levels
(87–91). In a preliminary study of pediatric hemodialysis patients from our group, increased
FGF23 was associated with elevated left ventricular mass index (92). It is uncertain if the
links between FGF23 excess, cardiovascular disease and death are causal or if FGF23 is a
biomarker of other pathological mechanisms. However, if FGF23 is mechanistically linked
to adverse outcomes independent of serum phosphate, then it would be a novel therapeutic
target for improving outcomes in the post-transplant period. Of course, as allograft function
declines over time, typical risk factors in pre-dialysis CKD patients, such as
hyperphosphatemia, FGF23 excess and deficiency of 25-hydroxyvitamin D and 1,25-
dihydroxyvitamin D (87,91,93–97) will also become relevant to transplant recipients.

Treatment
Unlike post-transplant hypercalcemia due to tertiary hyperparathyroidism for which
parathyroidectomy reverses hypercalcemia (98,99), the management of post-transplant
hypophosphatemia due to tertiary FGF23 excess presents different challenges. Fortunately,
hypophosphatemia resolves on its own in most patients. However, when hypophosphatemia
is severe and protracted, standard therapies such as oral phosphate replacement and
administration of calcitriol may be ineffective because these are the primary stimuli of
FGF23 secretion and would be expected to raise FGF23 levels further. In addition, these
therapies could contribute to diarrhea and hypercalcemia and, theoretically, to
nephrocalcinosis by markedly increasing phosphaturia.

Cinacalcet lowers levels of PTH, 1,25-dihydroxyvitamin D and thus FGF23, and increases
serum phosphate levels (100). A recent report suggested that it might improve the metabolic
parameters and reduce the doses of phosphate and calcitriol required to treat
hypophosphatemia in patients with X-linked hypophosphatemia (101). In hypercalcemic
kidney transplant recipients, cinacalcet lowered serum calcium and raised serum phosphate
levels (102–105). By minimizing PTH-mediated phosphaturia and modestly reducing
FGF23, cinacalcet might be an option in certain kidney transplant recipients. However,
additional studies are needed to determine the long-term efficacy and safety of cinacalcet in
kidney transplant recipients given the population’s high rate of low turnover bone disease
that could be exacerbated by cinacalcet (105,106).

Anti-FGF23 antibodies improve hypophosphatemia and calcitriol deficiency in animal
studies of Hyp mice (50,51). Post-transplant hypophosphatemia would be another interesting
application of these antibodies. Whether FGF23 blockade should be a target of therapy even
in transplant recipients with normal serum phosphate levels would become an important
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question if FGF23 excess is found to contribute directly to bone loss, long-term allograft
dysfunction or cardiovascular disease, as we hypothesized above.

Conclusions
Hypophosphatemia in the early period following kidney transplantation is extremely
common but is often paid little clinical attention. At that time, it is, justifiably, no
competition for the greatest clinical priorities which include post-operative surgical
management, and optimizing immune suppression and infection prophylaxis regimens.
Hypophosphatemia fades further into the background in the next few months as it usually
resolves on its own. Recent data that highlight the role of tertiary FGF23 excess in the
pathogenesis of post-transplant hypophosphatemia and its strong association with adverse
clinical outcomes in dialysis, pre-dialysis and non-CKD populations suggest that perhaps
greater attention to disordered phosphate metabolism might be warranted in kidney
transplant recipients. Whether tertiary FGF23 excess might be linked to adverse outcomes in
transplant recipients is unknown but worthy of dedicated studies in both adults and pediatric
populations. Of course, studying potential effects of FGF23 on growth, bone histology,
fracture risk, cardiovascular parameters and long-term outcomes in children is challenging
given small numbers of patients at individual transplant centers. Like the Chronic Kidney
Disease in Children Study, “CKiD” (107), a network of collaborative sites to recruit and
retain a sufficient sample of pediatric renal allograft recipients for long-term evaluation is
urgently needed.
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Figure 1. Temporal changes in serum phosphate and its regulatory hormones following
successful kidney transplantation
The X axis represents time after kidney transplantation in months. The Y axis represents the
circulating concentration of fibroblast growth factor 23, parathyroid hormone, 1,25-
dihydroxyvitamin D, and serum phosphate (color coded).
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Figure 2. Potential adverse effects of fibroblast growth factor 23 (FGF23) on the skeleton,
allograft, and cardiovascular system in patients after kidney transplantation
Solid lines represent known physiological effects of FGF23 excess and dashed lines
represent speculation regarding potential adverse clinical effects of FGF23.
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