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Editorial Comments

Does FGF23 toxicity influence the outcome of chronic kidney disease?
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Fibroblast growth factor-23 (FGF23)

Maintenance of physiologic phosphate balance is impor-
tant for essential cellular functions [1]. Dysregulation of
the phosphate balance in the form of hypophosphataemia
can lead to the development of myopathy, cardiac dysfunc-
tion, haematological abnormalities and bone mineralization
defects [1]. In contrast, hyperphosphataemia can cause vas-
cular and soft tissue calcification [2,3]. Studies have con-
vincingly demonstrated that FGF23 is a master regulator of
systemic phosphate homeostasis [4–9].

FGF23 is a 30 kDa protein that is proteolytically pro-
cessed to generate smaller N-terminal (∼18 kDa) and C-
terminal (∼12 kDa) fragments. The N-terminal fragment of
FGF23 contains the FGF receptor-binding domain, while
the C-terminal fragment is proposed to be necessary for
interaction with Klotho (a type 1 membrane protein with
homology to ß-glucosidase), which is believed to be a co-
factor in FGF23–FGF receptor interactions [10]. FGF23 is a
circulating phosphaturic factor that controls systemic phos-
phate homeostasis by regulating renal inorganic phosphate
reabsorption [5]. The expression of members of the sodium
phosphate co-transporter family (Na/Pi-2a and Na/Pi-2c)
that mediate phosphate uptake in proximal tubular epithe-
lial cells can be suppressed by FGF23 [11]. By suppress-
ing Na/Pi co-transporter activity, FGF23 can reduce renal
phosphate reabsorption, thereby increasing urinary phos-
phate excretion. The in vivo phosphaturic effect of FGF23
is convincingly demonstrated in animal studies. For in-
stance, transgenic mice overexpressing human or mouse
FGF23/Fgf23 have severe urinary phosphate wasting due
to the suppression of renal Na/Pi co-transporter activity
[12–14]. Inactivation of Fgf23 function in mice resulted
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in increased serum accumulation of phosphate and ectopic
soft tissue calcification [2,3]. Genetically restoring the sys-
temic actions of human FGF23 in Fgf23 knockout mice
reversed this hyperphosphataemia to hypophosphataemia
and prevented ectopic calcification [15].

The pathologic significance of FGF23 is also demon-
strated in various human diseases; for example, activating
and inactivating mutations in the human FGF23 gene are
associated with autosomal dominant hypophosphataemic
rickets [16] and hyperphosphataemic familial tumoral calci-
nosis, respectively [17]. The clinical features of tumoral cal-
cinosis were also noted in a homozygous loss-of-function
mutation in the Klotho gene, an important molecule nec-
essary for FGF23 function. In a 13-year-old patient, a mu-
tation in the Klotho gene was found to be associated with
ectopic calcification, despite significantly elevated serum
levels of FGF23 [18]. The lack of Klotho function in this
patient could attenuate the ability of FGF23 to exert its
phosphate-lowering effects, which would, in turn, explain
the severe hyperphosphataemia and ectopic calcifications
seen in the patient [18].

Experimental studies have convincingly demonstrated
that Klotho is essential for the FGF23-mediated systemic
regulation of phosphate homeostasis. A major breakthrough
in how FGF23 exerts its bioactivities has been achieved by
the recent demonstration of strikingly similar physical and
biochemical phenotypes of Fgf23 and klotho knockout mice
[19–21]. Such extreme similarity in the phenotypes of both
Fgf23 and klotho knockout mice suggests a functional rela-
tionship between these molecules. These observations have
led to the identification of Klotho as a cofactor for FGF23
and its receptor interactions and subsequent signalling [22].
Human studies have found that the expression of Klotho
mRNA and protein is significantly reduced in chronic kid-
ney disease (CKD) patients [23]. Recent clinical and exper-
imental research works have focused on understanding the
role of FGF23 in the progression of CKD patients [24].

FGF23 and CKD

The main functions of the kidney are to maintain water, elec-
trolyte and mineral ion balance and to eliminate metabolic
waste. Most CKD patients progress to irreversible renal
failure without therapeutic intervention [25–27], where this
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affects water, electrolyte and mineral ion balances. Studies
have shown that the circulating levels of FGF23 are signif-
icantly increased in CKD patients, partly due to decreased
renal clearance of FGF23 [28]. The other cause of increased
levels of FGF23 may be a compensatory phenomenon to
the hyperphosphataemia seen in CKD, given that human
studies have shown that a dietary phosphorus load can in-
crease serum FGF23 levels [29,30]. Calcitriol therapy in
patients with CKD may also contribute to increased serum
levels of FGF23 [31]. There is an inverse in vivo correla-
tion between FGF23 and 1,25-dihydroxyvitamin D. FGF23
can reduce serum levels of 1,25-dihydroxyvitamin D by
suppressing the expressions of a key converting enzyme,
1-alpha hydroxylase [32]; conversely, elevated serum 1,25-
dihydroxyvitamin D can induce an increase in the serum
level of FGF23 [33]. Mice bearing FGF23-expressing Chi-
nese hamster ovary cells have been shown to exhibit sup-
pressed 1-alpha hydroxylase synthesis in the kidney [34].
In contrast, mice lacking Fgf23, klotho or both genes have
higher renal expression of 1-alpha hydroxylase with a con-
comitant increase in serum levels of 1,25-dihydroxyvitamin
D [21]. In a separate study, Saito and colleagues suggested
that both serum phosphorus and 1,25-dihydroxyvitamin D
could regulate circulating FGF23 levels independently of
each other [33].

A deficiency of 1,25-dihydroxyvitamin D and exces-
sive FGF23 are suggested to be associated with in-
creased mortality in CKD patients, while a deficiency of
Fgf23 and excessive 1,25-dihydroxyvitamin D are asso-
ciated with increased mortality in experimental animals
[19,20,35,36]. Such an inverse relationship of FGF23 and
1,25-dihydroxyvitamin D in CKD patients and experimen-
tal animals is typically associated with a common pathol-
ogy, hyperphosphataemia, which is likely to be one of the
important determinants of mortality in these cases, irrespec-
tive of other associated biochemical changes. It is worth
mentioning that serum phosphate levels in chronic renal
diseases can be influenced by numerous factors such as
dietary intake, use of phosphate lowering drugs, abnormal
skeletal conditions, etc. Therefore, serum phosphate could
be misleading for risk assessment, particularly when the
level is within the normal range. Recent studies have sug-
gested that under normophosphataemic conditions, FGF23
may be a better biomarker for risk assessment [37]. The
pathologic importance and prognostic significance of in-
creased serum levels of FGF23 in patients with CKD and
its influence on associated biochemical changes, however,
need additional studies.

Another aspect that requires further study is whether el-
evated serum FGF23 levels can influence increased serum
parathyroid hormone (PTH) levels in patients with CKD.
Phosphate retention and subsequent hyperphosphataemia,
together with decreased production and reduced circulating
levels of 1,25-dihydroxyvitamin D, are the major biochem-
ical changes detected in patients with CKD. PTH normally
guarantees maintenance of phosphate balance, not only by
promoting phosphate excretion but also by reducing uri-
nary calcium excretion and stimulating renal production of
active vitamin D metabolites. However, despite increased
serum levels of PTH in patients with CKD, PTH fails to
reduce serum phosphate towards normal values in the long

term. This results in the development of secondary hyper-
parathyroidism [38]. Interestingly, elevated FGF23 levels
have been suggested to be an important predictor of fu-
ture secondary hyperparathyroidism in patients undergoing
dialysis treatment [39].

As mentioned above, despite the demonstration of ele-
vated serum levels of FGF23 in patients with CKD, the
exact pathological significance of the increase is not clear.
Whether the risk of FGF23 toxicity is independent of other
known risk factors of CKD patients (e.g. race, diabetes,
hypertension and advanced age) needs additional carefully
designed clinical studies. FGF23 has been proposed to be
an important biomarker of mortality in patients with early
renal diseases, particularly in patients where the serum
FGF23 level increased before the development of hyper-
phosphataemia [37]. In a similar line of work, a recent
study suggested that FGF23 toxicity might contribute to
renal death [36].

Elevated serum FGF23 and mortality

Abnormal mineral balance is an early complication in
patients with CKD, where the altered calcium/phosphate
balance is believed to be a risk factor for both cardio-
vascular complications [40] and renal dysfunction [41].
Such mineral ion imbalance favours the progression of
CKD. Studies have convincingly demonstrated that dis-
turbed calcium–phosphate metabolism affects cardiovas-
cular morbidity and mortality in patients with CKD, par-
ticularly in those with end-stage disease [42]. Abnormal
function of vitamin D metabolites, PTH and FGF23 is ac-
tively involved in impaired calcium–phosphate metabolism
in patients with CKD.

Recently, Gutierrez et al. [36] showed that an increased
serum level of FGF23 was associated with increased mor-
tality in a case-control study of 400 incident haemodialysis
patients. The investigators further found that the predictive
value of high serum FGF23 levels was conserved at differ-
ent degrees of hyperphosphataemia, except for the highest
quartile (>5.5 mg/dL), which itself was associated with a
20% increase in adjusted risk of death [36]. Whether the
increase in mortality was due to cardiovascular events re-
quires further evaluation. Although there is a consensus
regarding the phosphaturic effects of FGF23 in man [5], it
is not yet clear whether FGF23 also directly affects cardio-
vascular function.

Available animal models may shed light on the issue of
a possible direct effect of FGF23 on cardiac and/or vascu-
lar morphology and function. Genetic ablation of klotho in
mice (klotho−/−) resulted in increased serum accumulation
of Fgf23, as high as 2000-fold over controls [22], with a
shortened lifespan of around 15 weeks and sudden death.
Studies have linked the early sudden death of klotho−/−
mice to sinoatrial node dysfunction [43]. Whether high
serum Fgf23 levels in klotho−/− mice contribute per sec-
ond to cardiac dysfunction and sudden death remains to be
seen. Molecular insight into the possible direct actions of
FGF23/Klotho at the cardiac and/or vascular level is needed
to explain the pathological events leading to increased mor-
tality in patients undergoing haemodialysis in association
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Fig. 1. Simplified schematic outline of how FGF23 may exert physiolog-
ical and pathological responses. Under physiological conditions, FGF23-
mediated systemic regulation of phosphate homeostasis is a Klotho-
dependent process. Under pathological conditions, however, an excessive
amount of FGF23 may bind its receptors with low affinity without Klotho
to exert non-specific effects that might influence organ functions.

with often dramatically high serum levels of FGF23. It is
worth mentioning that, in the kidneys of patients with CKD,
the expression of Klotho mRNA and protein is significantly
reduced [23].

A detailed molecular, functional and comparative analy-
sis of klotho−/− mice with high serum FGF23 levels relative
to klotho−/− mice with normal or low serum levels may help
us determine the toxic effects of high serum Fgf23 on var-
ious organs and subsequent mortality in klotho−/− mice.
Of relevance, recently generated klotho−/−/Fgf23−/− dou-
ble knockout mice will be helpful in such a comparative
analysis [21]. The initial results with these mice, how-
ever, did not indicate a significant survival advantage of
the double knockout mice over klotho−/− single knock-
out mice [21]. Since klotho−/− mice have extremely high
serum Fgf23 level, any potential toxic effects of Fgf23 in
klotho−/− mice should disappear in klotho−/−/Fgf23−/−
double knockout mice. However, there were no signifi-
cant biochemical and morphological differences between
klotho−/− mice and klotho−/−/Fgf23−/− double knockout
mice [21], ruling out any potential Fgf23 toxicity in these
genetically altered mice. It is worth mentioning that both
klotho−/−/Fgf23−/− and klotho−/− mice develop severe hy-
perphosphataemia [21]. This is likely to influence increased
mortality in these mutant mice, emphasizing that hyper-
phosphataemia is an important determinant of mortality in
these experimental animals, irrespective of serum Fgf23
levels. Despite ruling out the potential adverse effects of

high serum Fgf23 levels in the survival of klotho−/− mice,
the human relevance of the in vivo experimental observa-
tions will require additional studies.

Concluding remarks

How elevated serum levels of FGF23 might exert toxic ef-
fects in CKD patients, whose tissue expression of Klotho
is low, is an unresolved question [23]. One possible expla-
nation may be that, at higher concentrations, FGF23 might
exert non-specific effects without Klotho (Figure 1) via low
affinity binding to its receptors [22]. The potential mecha-
nisms and organs affected by non-specific effects of FGF23
in patients with CKD, however, require additional carefully
designed studies. In view of the fact that there are close
molecular interactions between 1,25-dihydroxyvitamin D,
PTH, phosphate and FGF23, the current approach of reduc-
ing both serum phosphate and PTH and correcting vitamin
D insufficiency/deficiency in patients with CKD may be
more efficient than any one of these approaches alone, pos-
sibly by fine-tuning the activity of FGF23 [44]. Such a
therapeutic approach might also reduce any potential toxic
effects of high serum levels of FGF23 in CKD patients.

Finally, despite a number of studies proposing differential
roles for FGF23 in CKD patients, these studies have gener-
ated as many questions as they have answered. Whether a
compensatory increased level of FGF23 in CKD patients is
a protective response or a harmful response remains an un-
settled issue, and any clinical interventions that manipulate
FGF23 therapeutically require thoughtful consideration.
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