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Abstract

Purpose of review—To review data on the epidemiology of fibroblast growth factor 23
(FGF23) and adverse clinical outcomes in chronic kidney disease (CKD) and introduce recent
insights into the pathophysiology behind the observed relationships.

Recent findings—End-stage renal disease and cardiovascular disease are frequent events in
patients with CKD, in whom cardiovascular disease is the leading cause of death. Elevated levels
of FGF23, a phosphate and vitamin D regulating hormone, have been associated with risks of end-
stage renal disease, cardiovascular disease and mortality. FGF23 excess has also been linked with
left ventricular hypertrophy, and innovative translational experiments have recently established
direct end-organ toxicity of FGF23, which induced left ventricular hypertrophy in animals.

Summary—FGF23 is emerging as a novel risk factor in CKD. Future studies should determine
whether interventions that lower FGF23 levels improve clinical outcomes in CKD.
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Introduction

Chronic kidney disease (CKD) is a common medical problem with recent estimates from the
Third National Health and Nutrition Examination Survey suggesting that its prevalence in
the US has increased significantly over the last decade [1]. With nearly 23 million
Americans affected, exorbitant healthcare costs are consumed in the course of delivering
care for this condition. Patients with CKD experience substantial morbidity as they progress
to end stage renal disease (ESRD), and mortality rates remain high, with the leading cause of
death attributed to cardiovascular disease [2]. While the coexistence of traditional
cardiovascular risk factors, such as hypertension and diabetes, in patients with CKD
explains some of the excess risk for adverse clinical outcomes, epidemiologic data suggest
that the presence of CKD itself may independently confer risk [3,4]. Several possible
mechanisms for the consistent association between CKD and cardiovascular disease have
been put forth [5,6]. The focus of this review is to highlight the evidence in support of the
potential role of fibroblast growth factor 23 (FGF23) excess as a mediator of poor outcomes
in CKD.

Adverse Clinical Outcomes in CKD

The presence of CKD, as defined by reduction in estimated glomerular filtration rate (eGFR)
alone or in combination with proteinuria, markedly increases risks of kidney failure and
cardiovascular mortality [3,4]. Prior studies suggest that the rate of cardiovascular disease
events in patients with CKD is two to three-fold higher compared to patients without CKD
[7], with risk already increasing below eGFR of 60 ml/min/1.73m2, even more so below
eGFR of 45 ml/min/1.73m?2 and a graded relationship over the remaining eGFR spectrum
[3]. Rates of CKD progression to ESRD appear to vary by case-mix of study population.
While among patients with diabetes and older individuals cardiovascular death is the most
common CKD outcome [8,9], progression to ESRD prevails among younger CKD patients
[10,11]. Moreover, close examination of these and other studies reveals that some patients
with CKD maintain stable kidney function over time without experiencing major
cardiovascular events. These observations emphasize the urgent need to develop risk
stratification strategies in CKD that provide additional information beyond that which is
obtained from assessment of eGFR and proteinuria.

Contribution of Established and CKD-specific Risk Factors

Identification of therapeutic approaches aimed at improving CKD outcomes and reducing
costs is another research priority in nephrology. Efforts to address the high prevalence of
traditional cardiovascular risk factors, which also contribute to CKD progression, thus far
have been met with limited success [12-14]. These disappointing results combined with
accumulating literature on the existence of additional CKD-specific risk factors have
stimulated prospective investigations of these putative novel risk factors in CKD, with the
goal of identifying appropriate interventions for future multi-center clinical trials. The
findings for one such risk factor, FGF23 excess, and its associations with intermediate
cardiovascular outcomes and hard clinical endpoints are discussed here.

FGF23 and Adverse Clinical Outcomes in CKD

The discovery and rapid characterization of FGF23 has had important implications for future
research direction and perhaps clinical care in CKD. Brief summary of these physiologic
findings precedes a review of the recent observational data relating FGF23 to outcomes in
CKD.

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2013 May 01.
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Brief Overview of FGF23 Physiology

Death

FGF23 is secreted by osteocytes and regulates phosphate and vitamin D metabolism [15]. It
induces phosphaturia through internalization and degradation of sodium-phosphate co-
transporter, NPT2a; inhibits parathyroid hormone secretion; and decreases levels of
calcitriol (1,25D) by inhibiting renal 1-a hydroxylase and stimulating the catabolic 24-
hydroxylase [16-18]. FGF23 levels increase in health with phosphate loading [19] and in
CKD as urinary phosphate excretion declines [20]. In these settings, high FGF23 maintains
phosphate balance by increasing phosphate excretion and reducing dietary phosphate
absorption via reduced 1,25D [15]. FGF23 levels rise progressively as eGFR declines
beginning in CKD stage 2 [20,21], and levels of the biologically intact hormone can reach
1000-fold above normal in ESRD [22,23].

The first epidemiologic study to report on the association between FGF23 and mortality was
performed in the dialysis setting. A prospective nested case-control study of 400 incident
hemodialysis patients showed that increased FGF23 levels at the initiation of dialysis were
independently associated with significantly increased risk of subsequent mortality during the
first year on dialysis: individuals with FGF23 levels in the highest quartile were found to be
at nearly six times greater adjusted risk of death compared to those with FGF23 levels in the
lowest quartile [24]. The results were independent of serum phosphate and demonstrated a
strong graded relationship such that ascending quartiles of FGF23 were associated with a
linear increase in the risk of mortality (Figure 1).

To date, this initial compelling observation has been confirmed by several other reports,
including studies of pre-dialysis CKD, post-kidney transplant and non-CKD patients [25-
28]. We tested the hypothesis that an elevated FGF23 is independently associated with
greater risks of ESRD and mortality in the Chronic Renal Insufficiency Cohort (CRIC)
study, which is a prospective, multi-center, observational study of risk factors for CKD
progression and cardiovascular disease in CKD patients with baseline eGFR of 20-70 (mean
42.8 + 13.5) ml/min/1.73m?2 [29,30]. We found that the median FGF23 level among the
3,879 CRIC participants with CKD stages 2—4 was 145 RU/ml and that 72% had FGF23
levels above 100 RU/mI [21], a cut-off previously associated with adverse clinical outcomes
in CKD [31]. Moreover, elevated baseline FGF23 was independently associated with greater
risk of mortality (Figure 2) over a median follow-up time of 3.5 years, with patients in the
highest quartile of FGF23 being at 3-fold greater adjusted risk of death compared to patients
in the lowest. Importantly, FGF23 excess was the strongest predictor of mortality, stronger
than eGFR and proteinuria, which were not significantly associated with risk of death in the
final adjusted models. The robust association persisted across examined eGFR cut-points
(Figure 3) [25], and was independent of serum phosphate or parathyroid hormone.

Kendrick et al [26] performed a similar evaluation using stored samples from 1,099
participants in the Homocysteinemia in Kidney and End Stage Renal Disease (HOST) study,
a multicenter, randomized, double-blind, placebo-controlled trial of folic acid and B
vitamins in a population with advanced CKD [32]. The investigators likewise found a strong
independent direct association between baseline FGF23 levels and all-cause mortality
among participants with stage 4-5 CKD (mean eGFR of 18 ml/min/1.73m?2; median FGF23
of 392 RU/ml), such that individuals in the highest quartile of FGF23 had a 2.2-fold greater
adjusted risk of death than patients in the lowest quartile during a median follow-up of 2.9
years. Notably, adjustment for other markers of mineral metabolism, including serum
calcium, phosphate, parathyroid hormone and vitamin D levels, did not alter these findings.

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2013 May 01.
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Kidney Disease Progression

Two small studies have previously suggested that elevated FGF23 could be an independent
risk factor for more rapid loss of kidney function in CKD [31,33]. One was a prospective
study of 177 non-diabetic CKD patients, and it examined the association between FGF23
levels and kidney disease progression defined as doubling of serum creatinine and/or
terminal kidney failure. During a median follow up of 53 months, FGF23 levels > 104 RU/
ml compared to lower levels were associated with more rapid progression of CKD,
independent of age, gender, baseline eGFR, proteinuria, and serum levels of calcium,
phosphate, and parathyroid hormone [31]. The second study was conducted in 55 patients
with diabetic nephropathy, in whom elevated FGF23 was associated with the composite
primary outcome of death, doubling of serum creatinine, or dialysis [33]. These early
findings were recently supported by the observations in the CRIC study, in which elevated
FGF23 was an independent risk factor for ESRD in patients with relatively preserved kidney
function (eGFR = 30 ml/min/1.73m?), but not in those with eGFR < 30 ml/min/1.73m?2 [25].
Moreover, in the HOST study elevated FGF23 levels were independently associated with
risk of chronic dialysis initiation [26]. Notably, several independent reports show that
FGF23 levels correlate with proteinuria [25,33] in CKD. Finally, a recent study of 701 older
women suggested that elevated FGF23 may independently predict the onset of incident
CKD, though the study was limited by use of the modified Modification of Diet in Renal
Disease estimating equation to define CKD in the elderly population [34].

Cardiovascular Disease

FGF23 appears to be a risk factor for cardiovascular disease events in CKD, as has been
demonstrated in a study of 149 CKD patients, in whom an elevated baseline FGF23 level
predicted subsequent myocardial infarction, coronary, carotid and lower limb artery
interventions, non-traumatic lower extremity amputation, or death [35]. In the secondary
analysis of 1099 HOST study participants Kendrick et al also found a strong relationship
between higher FGF23 levels and greater risks of acute myocardial infarction and lower
extremity limb amputations [26]. Similarly, in a cohort of 833 patients with stable coronary
artery disease but low prevalence of decreased eGFR, elevated FGF23 predicted future risk
of a composite of cardiovascular disease events that included myocardial infarction, stroke,
transient ischemic attack, and heart failure [27]. Importantly, when the components of the
composite were considered individually, the authors found significant associations between
doubling of FGF23 levels and risks of heart failure and stroke or transient ischemic attack,
but not risk of myocardial infarction. Likewise, a recent report of a nested case-control study
in the Health Professionals Follow-up Study found no significant association between
baseline FGF23 levels and future risk of nonfatal myocardial infarction and fatal coronary
heart disease [36]. Notably, congestive heart failure and stroke were not evaluated in this
latter study. Whether these disparate findings point to specificity of FGF23 effect requires
further investigation. However, the association of FGF23 with markers of myocardial injury
(brain natriuretic peptide [37] and troponin [38,39]) and with left ventricular hypertrophy (as
described below) potentially point to such targeted toxicity of FGF23.

Left Ventricular Hypertrophy

Several recent studies support a relationship between FGF23 and left ventricular
hypertrophy (LVH). In the first study of 124 prevalent hemodialysis patients, higher FGF23
but not serum phosphate levels were independently associated with LVH and increased left
ventricular mass index (LVMI) [40]. A second study showed that elevated FGF23 levels
were associated with increased LVMI and increased prevalence of LVH in 162 pre-dialysis
CKD patients, independent of traditional risk factors and serum phosphate levels, which
were not associated with LVMI or LVVH [41]. Other recent studies have confirmed initial
reports [37,42—-45]. The largest of these was performed in the CRIC study, in which 3070

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2013 May 01.
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stage 2—-4 CKD patients had baseline FGF23 measurements and underwent echocardiograms
one year later [45]. Consistent with prior reports, the investigators showed that ascending
quartiles of FGF23 were significantly associated with increased LVMI and greater
prevalence of concentric and eccentric LVH, independent of demographic, clinical and
laboratory covariates, including eGFR, hemoglobin, alouminuria, parathyroid hormone, and
serum phosphate. Importantly, the investigators were also able to prospectively examine the
association between elevated FGF23 and incident LVH in 411 CRIC participants who had
normal left ventricular geometry on their baseline echocardiogram and had follow-up
echocardiograms available at a subsequent study visit. This analysis showed that elevated
FGF23 levels at baseline were associated with increased future risk of incident LVH,
supporting a possible causal link between FGF23 excess and LVH, which was confirmed in
animal and in vitro experiments (see below).

Vascular Calcification

The results for vascular calcification are conflicting. While several investigators were not
able to find a significant relationship between FGF23 and vascular calcification measured
radiographically in individuals with healthy kidney function [46], dialysis patients [47], and
patients with earlier stages of CKD [41], others did report an association with coronary
calcification scores in the dialysis setting [48] and with other measures of vascular disease in
the general population and in those with reduced eGFR [49,50]. For example, higher FGF23
levels were independently associated with impaired vasoreactivity in 759 patients with
normal kidney function and with arterial stiffness in 208 patients with eGFR < 60 mL/min/
1.73m2 [50]. Most recently, another report of 142 patients with CKD stages 2-5, including
patients on dialysis, found that elevated FGF23 levels were associated with higher aortic
calcification scores independent of CKD stage and age [51]. Larger studies are needed to
confirm or refute these findings.

Pathophysiology of FGF23 Toxicity

Elevated FGF23 is independently associated with LVVH in CKD, but a causal relationship
cannot be established with observational studies. To bridge this gap, Faul et al performed a
series of translational studies to determine whether FGF23 contributes directly or is simply a
biomarker of toxicity of other pathogenetic factors that are important in CKD [45]. First, the
investigators showed that FGF23 causes pathological hypertrophy of isolated cardiac
myocytes in vitro via FGF receptor-dependent activation but independent of klotho, the co-
receptor for FGF23 in the kidney and parathyroid glands. Second, intra-myocardial or
intravenous injection of FGF23 in wild-type mice resulted in LVVH, and klotho deficient and
klotho heterozygous mice demonstrated both elevated FGF23 levels and LVVH in a gene-
dose-dependent pattern. Finally, administering an FGF receptor blocker to the 5/6
nephrectomy rat model of CKD that is known to develop LVH, severe hypertension, and
elevated FGF23, attenuated LVH without reduction in blood pressure or FGF23. Taken
together, these results provide the first evidence of a klotho-independent, causal role for
FGF23 in the pathogenesis of LVVH, and suggest that chronically elevated FGF23 levels may
contribute directly to high prevalence of LVH in CKD. Given that cardiovascular disease is
the primary cause of death in CKD, and LVH is an important mechanism of this relationship
[52,53], these experimental findings provide support for a causal relationship between
FGF23 and mortality in this population.

Implications for Therapy

The identification of elevated FGF23 as a potent risk factor and potential mechanism of
adverse outcomes in CKD emphasizes the critical need to investigate therapeutic strategies
to lower FGF23. Early physiologic studies performed in healthy volunteers suggested that

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2013 May 01.
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FGF23 levels may be modifiable with use of dietary phosphate restriction and phosphate
binders [19,54]. Clinical data regarding the impact of binders on FGF23 levels in dialysis
and in stage 3—4 CKD is beginning to accumulate [55-57]. For example, following four
weeks of treatment with sevelamer hydrochloride and calcium carbonate FGF23 levels
decreased significantly from pretreatment levels in patients undergoing dialysis [58].
Oliveira et al showed that FGF23 levels decreased by 50% in normophosphatemic patients
with CKD stages 3—4 following six weeks of sevelamer hydrochloride therapy [55].
Similarly, use of lanthanum carbonate for four weeks resulted in 22% reduction in FGF23
levels in patients with stage 3 CKD and baseline serum phosphate < 4.5 mg/dl [56]. There
appears to be a hint of lack of efficacy on FGF23 lowering with calcium-based binders in
both the dialysis setting [58] and in CKD [55], but larger studies are needed to verify this
early signal. Finally, two weeks of lanthanum carbonate therapy in a pilot study of
normophosphatemic stage 3—4 CKD did not result in change in FGF23 [57], suggesting that
studies of longer duration are needed to manifest efficacy. While data on dietary
interventions are less readily available, a recent a crossover trial in nine patients with a mean
eGFR of 32 ml/min showed that one week of vegetarian diet significantly lowered FGF23
levels [59]. Additional therapeutic approaches might emerge from further investigation of
the specificity of the cardiac FGF receptors, as suggested by Faul et al [45], and from
ongoing clinical studies of the efficacy and safety of FGF23 antibodies in the treatment of
X-linked hypophosphatemia [60].

Conclusions

A substantial body of observational data has now established elevated FGF23 as a strong
independent risk factor for adverse outcomes in CKD. This predictive ability positions it as a
novel biomarker that could help identify which of the millions of patients who are newly
diagnosed with CKD will progress to ESRD or die prematurely. Moreover, emerging data
on the toxic effects of FGF23 on the myocardium suggest that FGF23 excess in CKD is a
novel therapeutic target worthy of further experimental work. Human studies should
evaluate the efficacy of existing and novel treatments to safely lower FGF23 levels and the
resultant effects on intermediate cardiovascular and renal outcomes. Randomized clinical
trials will then be needed to determine whether FGF23 lowering strategies will improve hard
clinical end points in CKD.
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Figure 1. Crude, case-mix-adjusted, and multivariable-adjusted oddsratio of mortality
according to quartiles of cFGF23

The case-mix-adjusted analysis included the following variables: age, sex, race, ethnicity,
blood pressure, body mass index, standardized mortality rate, vascular access, history of
diabetes, and congestive heart failure. The multivariable-adjusted analysis included the case-
mix variables plus phosphate, calcium, log parathyroid hormone, albumin, creatinine, and
ferritin. Quartile 1 is the reference group in all models (Quartile 1, < 1090 RU/ml; Quartile
2,1090-1750 RU/ml; Quartile 3, 1751-4010 RU/ml; Quartile 4, > 4010 RU/ml). Vertical
lines represent 95% confidence intervals. This figure is reproduced from Gutiérrez et al [24],
with permission from the Massachusetts Medical Society. Copyright ¢ [2008] Massachusetts
Medlical Society. All rights reserved.
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Figure 2. Multivariable-adjusted hazard function for death according to FGF23 levels

The median FGF23 level within the lowest FGF23 quartile (74 RU/ml) served as the
referent value (hazard = 1). The model was stratified by center and adjusted for age, sex,
race, ethnicity, estimated glomerular filtration rate, natural log-transformed urine albumin-
to-creatinine ratio, hemoglobin, serum albumin, systolic blood pressure, body mass index,
diabetes, smoking, low density lipoprotein, history of coronary artery disease, congestive
heart failure, stroke, and peripheral vascular disease, and use of aspirin, beta-blockers,
statins, and angiotensin converting enzyme inhibitors or angiotensin receptor blockers, and
serum calcium, phosphate and natural log-transformed parathyroid hormone. Tick marks on
the x axis indicate individual observations at corresponding levels of FGF23. This figure is
reproduced from Isakova et al [25], with permission from the American Medical
Association. Copyright ¢ [2011] American Medical Association. All rights reserved.
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Figure 3. FGF23 levelsand risks of ESRD and death according to baseline kidney function
Multivariable-adjusted risks of ESRD and death per unit increment in standard deviation
(SD) of natural log-transformed (In) FGF23 in all participants and according to categories of
baseline estimated glomerular filtration rate (eGFR). Models were stratified by center and
adjusted for age, sex, race, ethnicity, natural log-transformed urine albumin-to-creatinine
ratio, hemoglobin, serum albumin, systolic blood pressure, body mass index, diabetes,
smoking, low density lipoprotein, history of coronary artery disease, congestive heart
failure, stroke, and peripheral vascular disease, and use of aspirin, beta-blockers, statins, and
angiotensin converting enzyme inhibitors or angiotensin receptor blockers, and serum
calcium, phosphate and natural log-transformed parathyroid hormone. Error-bars indicate
95% confidence intervals. The number of participants (No.), their median FGF23 levels,
total number of events, and the unadjusted event rate, expressed per 1000 person-years, are
presented for the categories of baseline eGFR. Abbreviations: ESRD, end-stage renal
disease; HR, hazard ratio; SD, standard deviation. 7#is figure is reproduced from Isakova et
al 25], with permission from the American Medical Association. Copyright ¢ [2011]
American Medical Association. All rights reserved.
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