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Abstract

Background—rFibroblast growth factor 23 (FGF23) has been associated with death in dialysis
patients. Since FGF23 shares structural features with FGF19-subfamily members that exert
hormonal control of fat mass, we hypothesized that high circulating FGF23 concentrations would
be associated with the development of a uremic lipid profile and lower body mass index.

Methods—This study was conducted among 654 patients receiving chronic hemodialysis. C-
terminal FGF23 concentrations were measured in stored plasma samples. Linear regression was
used to examine the cross-sectional associations of plasma FGF23 concentrations with body mass
index (BMI), total cholesterol (TC), low-density lipoprotein-cholesterol (LDL-C), high-density
lipoprotein-cholesterol (HDL-C) and triglycerides (TG). Cox-proportional hazard models were
used to examine the association between FGF23 concentrations and all-cause mortality.

Results—~Participants had a mean age of 60 + 11 years and a median [IQR] FGF23 concentration
of 4212 [1411-13816] RU/mL. An increase per SD in logig FGF23 was associated with lower
BMI (B=-1.11; p=0.008), TC (p= —6.46; p=0.02), LDL-C (p= —4.73; p=0.04) and HDL-C (p=
-2.14; p=0.03); after adjusting for age, gender, race, cardiovascular risk factors, serum albumin,
markers of mineral metabolism, and use of lipid lowering drugs. The association of FGF23 with
death was attenuated after adjustment for HDL-C (HR of highest quartile 1.53, 95% CI 1.06-2.20
compared to lowest quartile).
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Conclusion—These results indicate that higher plasma FGF23 levels are associated with lower
BMI and dyslipidemia in dialysis patients. The association between FGF23 and death may be
mediated through unexplored metabolic risk factors unrelated to mineral metabolism.
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INTRODUCTON

Bone derived fibroblast growth factor 23 (FGF23) is a phosphaturic hormone that has
recently emerged as a key regulator in the body’s complex axis of mineral metabolism [1].
In concert with the klotho protein, FGF23 induces urinary phosphate excretion via signaling
through the fibroblast growth factor receptor 1 (FGFR1) in renal proximal tubular cells
[2,3]. By directly inhibiting La-hydroxylase expression, FGF23 also acts as a counter-
regulatory hormone to 1,25-dihydroxyvitamin D (1,25(OH),D) production [1].

Discovery of FGF23 and its biologic effects has refocused attention on the complex
dysregulation of mineral metabolism appreciated in patients with chronic kidney disease
(CKD). Several epidemiological studies have observed the relationship between declining
kidney function and rising FGF23 concentrations [4,5]. In addition, increased circulating
FGF23 appears to portend adverse outcomes in patients with CKD [5-8]. As a harbinger of
poor outcomes, FGF23 joins an already robust group of established metabolic risk factors
afflicting patients with end stage renal disease (ESRD). Much of the focus on FGF23 has
attempted to establish a link between the hormone and maladaptive changes in phosphate
homeostasis. However, recent investigators have attempted to shed light on novel
associations between FGF23 and factors unrelated to mineral metabolism [9].

A recent publication demonstrated that rising FGF23 concentrations correlate with the
development of dyslipidemia in patients with normal kidney function [9]. In this study, it
was proposed that FGF23 could exert hormonal control on fat mass and glucose metabolism,
since it shares structural similarities with the other FGF subfamily members (FGF15/19 and
FGF21) that are involved in carbohydrate and lipid metabolism [10]. Given that uremic lipid
patterns and lower body mass index (BMI) have been linked with increased mortality in
patients with advanced kidney disease requiring chronic dialysis [11-13], exploration of a
potential interrelationship between FGF23 and these risk factors remains an attractive field
for research.

We conducted a cross-sectional study to test the hypothesis that higher FGF23
concentrations are independently associated with dyslipidemia and low BMI in a large
cohort of patients requiring chronic dialysis utilizing The Homocysteine in Kidney and End
Stage Renal Disease (HOST) Study infrastructure [14].

SUBJECTS AND METHODS

Study Participants

Details of the HOST study have been described previously [14]. Briefly, the HOST study
was a multicenter, prospective, randomized, double-blind, placebo controlled trial
examining the effects of high doses of folic acid, pyridoxine hydrochloride (vitamin Bg), and
cyanocobalamin (vitamin B1) on death and cardiovascular events in patients with advanced
kidney disease and elevated homocysteine concentrations. The trial enrolled 2,056
participants aged 21 years of age or older with ESRD receiving either maintenance
hemodialysis or peritoneal dialysis (h=751), or with an estimated creatinine clearance
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(calculated by the Cockcroft-Gault formula) of less than 30 mL/min (n=1,305) not requiring
chronic dialysis from 36 Veterans Affairs medical centers between September 2001 and
October 2003. A plasma homocysteine concentration of 15 pmol/L or higher was also an
inclusion criterion.

For the purpose of this analysis, we included only patients with ESRD among the HOST
population for the following reasons: 1) we expected less variability in the individual lipid
patterns in patients with ESRD as compared with the overall CKD not on dialysis
population, 2) we were mostly interested in exploring the association between FGF23
concentrations with BMI and high density lipoprotein-cholesterol (HDL-C), given that a
decrease in BMI and a low HDL-C concentration are important risk factors for all-cause
mortality in chronic dialysis patients, and 3) FGF23 levels are significantly higher in
patients on dialysis as compared with CKD, which may lend an understanding of novel
signaling mechanisms in these patients.

Primary predictor and outcome

The primary predictor was circulating FGF23 concentration. Stored
ethylenediaminetetraacetic acid (EDTA) plasma samples were drawn from each of the study
participants. Measurements of plasma C-terminal FGF-23 concentrations were performed
using a two-site second-generation enzyme-linked immunosorbent assay (ELISA) kit
(Immutopics, San Clemente, CA) [15]. Analytical measurement range for this assay was 3.0
— 2300 RU/mL. The intra-assay coefficients of variations (CVs) were 2.6% and 1.4% at 32.1
and 299.2 RU/mL respectively. Inter-assay CVs were 3.4% and 4.4% at 32.1 and 299.2 RU/
mL respectively. Laboratory measurements were performed at Associated Regional
University Pathologists (ARUP) Laboratories at the University of Utah, with permission
from the HOST executive committee and Cooperative Studies Program (CSP) of the
Department of Veterans Affairs.

BMI and lipid profile were the outcomes selected for analysis. BMI was calculated in
standard fashion, with weight in kilograms divided by the square of height in meters. Lipid
measurements were drawn at baseline as fasting samples of serum total cholesterol, low
density lipoprotein-cholesterol (LDL-C), HDL-C, and triglycerides, reported in mg/dL.
Measurements were performed at individual participating VA laboratories using institution-
designated parameters.

Other Measurements

Demographic data, history of hypertension, diabetes, cardiovascular disease, use of lipid
lowering therapies, and dialysis vintage were obtained at enrollment by the original HOST
investigators. Serum albumin, calcium, and phosphorus were measured locally using
standard techniques.

Plasma levels of 25-hydroxyvitamin D (25(OH)D), 1,25(0OH),D, and intact parathyroid
hormone (iPTH) were obtained using stored EDTA plasma samples. Commercial
competitive immunoassays were used to measure both 25(0OH)D and 1,25(0OH),D levels
(Diasorin, Stillwater, MN). 25(OH)D level was measured using the LIAISON 25 OH
Vitamin D chemiluminescent immunoassay. Analytical measurement ranges for the
25(0OH)D assay were 7-150 ng/mL. The intra-assay coefficients of variations (CVs) were
5.6% and 4.5 % at 11 and 28 ng/mL, respectively. The inter-assay CVs were 9.1% and 5.6%
at 16 and 51 ng/mL, respectively. 1,25(0OH),D levels were measured using a double
antibody radioimmunoassay with a range of 5 - 200 pg/mL. The intra-assay CV was 12.6%
and 9.7% at 13 and 45 pg/mL, respectively. The inter-assay CVs were 21.4% and 14.7% at
25 pg/mL and 56 pg/mL, respectively. iPTH was measured using a ROCHE E170
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electrochemiluminescent immunoassay with a reference interval of 15-65 pg/mL. The intra
and interassay CVs were both less than 5%.

Statistical Analysis

Subjects were excluded if EDTA-plasma samples were not available for FGF23
measurements (n=97) resulting in a final sample of 654 ESRD subjects for the present study.
Univariate associations of clinical and demographic variables were compared across
quartiles of FGF23 concentrations through the use of the chi-square test for categorical data,
ANOVA for continuous variables that are approximately normally distributed, and the
Kruskall-Wallis test for skewed continuous variables. Graphical methods, measures of
skewness and kurtosis were used to determine the distribution of FGF23 concentrations in
the plasma samples. Given the positively skewed distribution of FGF23 concentrations, the
values were transformed to the log base of 10. Spearman correlations were used to
investigate the correlation of calcium, phosphorus, 25(0OH)D, 1,25(0H),D, iPTH and
FGF23 concentrations with one another.

The cross-sectional relationship of plasma FGF23 concentrations with BMI and the different
components of the lipid profile were assessed with generalized linear regression models. All
analyses evaluated FGF23 as a continuous predictor variable after log;q transformation.
Covariates were included in the final models if they were significantly correlated with
abnormalities of mineral metabolism and were deemed to be biologically plausible. The
initial models in all analyses were adjusted for age, gender and race (Model 1). The
multivariable-adjusted models further included hypertension, diabetes, history of
cardiovascular disease, time on dialysis, serum albumin, calcium, phosphorus, 25(OH)D,
1,25(0OH),D, iPTH and lipid lowering drugs (Model 2).

The longitudinal associations between higher FGF23 concentrations with death after
adjustment for potential confounders were evaluated using Cox proportional hazards
models. The proportional hazards assumptions were confirmed using log-log plots. We
considered a priori variables that may be associated with FGF23 concentrations and death as
potential confounders in multivariate models, including important clinical variables,
cardiovascular risk factors and biochemical measures. In model 1 we included age, gender,
race, smoking status, treatment arm, time on dialysis, history of hypertension, diabetes and
cardiovascular disease and albumin. In addition to the variables in Model 1, subsequent
models included BMI, total cholesterol, LDL-C, HDL-C and triglycerides.

Two-tailed values of £<0.05 were considered statistically significant. All statistical analyses
were performed with SAS software, version 9.13 (SAS Institute, Cary, NC).

RESULTS

Baseline Characteristics

A total of 654 patients requiring chronic hemodialysis who had plasma FGF23
determinations from the HOST cohort were available for this analysis. Participants had a
mean (SD) age of 60 = 11 years and 98% were male. The majority were black, smokers and
had a history of hypertension, cardiovascular disease, and diabetes. Etiology of chronic
dialysis included the following: diabetes (41%), hypertension (30%), glomerulonephritis
(8%), polycystic kidney disease (5%), renovascular disease (2%) and obstructive
nephropathy (2%). The remaining 12% had either unknown causes of kidney disease, or
causes other than those listed. The median dialysis vintage was 1.4 years.

Participants had a median (IQR) plasma FGF23 concentration of 4212 [1411-13816] RU/
mL. Mean serum calcium, phosphorus, intact parathyroid hormone (iPTH), 25-
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hydroxyvitamin D (25(OH)D), and 1,25(OH),D levels were 9.1+0.9 mg/dL, 5.6+1.8 mg/dL,
2844283 pg/mL, 18422 ng/mL, and 14+10 pg/mL, respectively.

Baseline characteristics of the study population across FGF23 quartiles are depicted in Table
1. Participants in the highest plasma FGF23 quartile tended to be younger, were less likely
to have diabetes, used lipid-lowering medications less frequently, spent more days on
dialysis, and had HDL-C concentrations than participants in the lowest quartile. In addition,
higher plasma FGF23 concentrations were significantly associated with higher serum
calcium and phosphorus and plasma iPTH concentrations. No discernable relationship was
observed between higher plasma FGF23 with 25(OH)D and 1,25(0OH),D concentrations. Of
note, plasma FGF23 concentrations correlated with serum phosphorus (r=0.42) and plasma
iPTH (r=0.24) concentrations.

FGF23 and Body Mass Index

Participants had a mean BMI of 27+6 kg/m2. Using linear regression modeling, we found no
relationship between higher FGF23 concentrations and lower BMI in unadjusted analyses
and after controlling for patient age, gender and race (Model 1, Table 2). However, further
adjustments for hypertension, diabetes, history of cardiovascular disease, dialysis vintage,
albumin, calcium, phosphorus, 25(0OH)D, 1,25(0OH),D, iPTH and usage of lipid lowering
drugs (Model 2) yielded a statistically significant association between higher FGF23 and
lower BMI (B=-1.11 95% CI -1.91, -0.31; p=0.008) per SD increase in logig FGF-23
(Table 2).

FGF23 and Dyslipidemia

The mean serum total cholesterol, LDL-C, HDL-C, and triglycerides were 156+39 mg/dL,
84+32 mg/dL, 41+14 mg/dL and 160+107 mg/dL, respectively. Across higher FGF23
quartiles, study participants had significantly lower serum HDL-C (p = 0.016) (Figure 1).
The unadjusted and multivariate relationship between higher plasma FGF23 concentration
and the different components of the lipid profile is depicted in Table 2. In the age, gender,
and race-adjusted model (Model 1), we found a statistically significant inverse relationship
between FGF23 and HDL-C measurements (f= —2.24 95% CI -3.95, —0.53; p=0.01 per SD
increase in logig FGF23). Similarly, in the fully adjusted model (Model 2), higher
log;oFGF-23 concentrations were associated with lower total cholesterol (= —6.46 95% Cl
-11.96, —-0.96; p=0.02), LDL-C (= -4.73 95% CI -9.23, -0.10; p=0.04) and HDL-C (B=
-2.14 95% CI -4.09, -0.19; p=0.03). No significant relationship was observed between
FGF23 and triglycerides concentrations in unadjusted and adjusted models (p > 0.50 for all).

Sensitivity Analyses

To address the clinical relevance of these findings we examined the relationship between
higher FGF23 concentrations with all-cause mortality in the HOST patients receiving
chronic dialysis when adjusted for BMI and components of the lipid profile (Table 3).
During a median follow-up of 2.9 years, 262 (40%) patients died from any cause. In a model
1 we initially adjusted for age, gender, race, smoking status, treatment arm, time on dialysis,
history of hypertension, diabetes and cardiovascular disease and albumin. Candidate
mediators (i.e., BMI, total cholesterol, LDL-C, HDL-C and triglycerides) were added
individually to the model to determine if they attenuated the association of higher FGF23
concentrations with death. We observed no significant attenuation when BMI, total
cholesterol, LDL-C, and triglycerides were included in the model. Interestingly, we did
notice a moderate attenuation by HDL-C, which diminished the association for death, but
the point estimate for hazards among the highest quartile remained 1.5 fold higher than the
lowest quartile for death. With the adjustment for HDL-C the association remained
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statistically significant for all-cause mortality for the highest quartile but became not
significant for the 2" and 3" FGF23 quartiles.

DISCUSSION

We report that higher plasma FGF23 concentrations are independently associated in
unadjusted and multivariate analyses with lower HDL-C and with lower total cholesterol,
LDL-C and BMI only after controlling for age, gender, race, cardiovascular risk factors, use
of lipid lowering drugs, albumin, and other markers of mineral metabolism in a cohort of
predominantly older male patients requiring chronic dialysis. Interestingly, the association
between higher plasma FGF23 concentrations with all-cause mortality was attenuated after
adjustment by HDL-C concentrations. These findings suggest that HDL-C may lie on the
causal pathway between FGF23 with death in patients requiring chronic dialysis.

Recently, Mirza et al. examined the association between FGF23 concentrations and markers
of the metabolic syndrome in two cohorts of predominantly older Caucasian patients from
the Osteoporotic Fractures in Men Study (MrOS) and Prospective Investigation of the
Vasculature in Uppsala Seniors (PIVUS) study [9]. Lower serum HDL-C and apoAl, along
with higher triglycerides were found among patients with higher FGF23 measurements.
Interestingly, BMI and measurements of obesity positively correlated with FGF23 in these
studies. Overall, the investigators documented a trend towards high FGF23 concentration
and presence of the traditionally defined metabolic syndrome.

The observations made amongst our cohort seem somewhat contradictory, as we observed a
statistically significant trend towards decreasing BMI among participants in higher FGF23
quartiles. However, the PIVUS and MrOS cohorts included only individuals with normal
kidney function (mean estimated glomerular filtration rate of 71 £ 19 and 77 = 20 mL/min/
1.73m2, respectively) who had significantly lower median FGF23 concentrations (42.1
[25.8, 69.4] and 42.3 [26.3, 70.4] pg/mL, respectively) than participants from HOST (4212
[1411, 13816] RU/mL). Of note, in the PIVUS and MrOS cohorts the FGF-23
concentrations were measured using an ELISA (Kainos Laboratories International; Tokyo
Japan), which only recognizes the biologically active intact FGF23 and in the HOST
participants the assay used only detected the C-terminal FGF23 [8,9]. Although, it has been
shown that both assays correlate well (r=0.74, P<0.001) in chronic dialysis patients it is
plausible that the different results observed across cohorts could be explained by the
differences in the assay [6].

In regard to anthropomorphic measurements, patients on maintenance dialysis have a
markedly dissimilar body mass phenotype compared with age and sex matched controls in
the general population [16]. Decreased BMI has been shown to correlate with poor
outcomes in patients requiring chronic dialysis [12,14,16-18]. A survival advantage among
the obese is not observed in patients with normal kidney function, but is observed in patients
requiring dialysis [18,29]. The exact mechanism of this “reverse epidemiological” paradox
remains a mystery; but many implicate a combination of protein energy malnutrition and
altered inflammatory cascades among other causative factors.

More relevant to our data are observations made in a separate study by Ashikaga et al.,
comparing the impact of FGF23 concentrations on lipids and carotid intima medial thickness
(CIMT) in a subset of 196 ESRD patients requiring chronic hemodialysis [20]. The authors
discovered a negative relationship between FGF23 and serum total cholesterol, non-HDL-C,
and maximal CIMT. No relationship was appreciated between FGF23 with HDL-C or LDL-
C. Surprisingly, the authors noted improvement in nutritional status as measured by the
geriatric nutritional risk index and increased BMI across higher FGF23 tertiles. We describe
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similar results with regard to total cholesterol, but also observed a significant inverse
association between FGF23 and BMI, LDL-C, and HDL-C concentrations that persisted
after multivariate analysis. There are several potential explanations for these disparate
results. We were able to include substantially more patients from the HOST study (N=654)
compared with the study by Ashikaga et al (N=196), thus improving the statistical power of
our results. Those authors also report on non-fasting lipid profiles, which is not the ideal
method of obtaining these measurements. Furthermore, investigators in that study plotted
nutritional indices and BMI measurements against FGF23 changes in unadjusted analysis
and the investigators did not attempt to control for several potential known confounders of
these nutritional indexes. Moreover, lack of control for vitamin D in the report’s statistical
analysis weakens the interpretability of the obtained lipid values. Evidence currently
supports a significant association between 1,25(0OH),D with lipid metabolism in patients
with CKD [21,22]. In our study, we were able to measure each participant’s stored fasting
25(0OH)D and 1,25(0OH),D concentrations, and incorporate these into the analysis, thus
strengthening our reported associations.

There is currently a paucity of evidence to support a biochemical mechanism by which
FGF23 might control lipid regulation. An attractive theory is that FGF23 can signal through
multiple FGFRs previously thought limited to other FGF19 subfamily members. In fact,
FGF23 is closely related in structural homology to both FGF15/19 and FGF21 [10].
FGF-15/19 signaling is primarily implicated in bile acid metabolism and gallbladder filling,
while experimental data supports a role for FGF21 in regulation of lipolysis [23]. Though
FGF23 has been shown to signal primarily through FGFR 1c, 3c, and 4c in the kidney,
parathyroid gland, and choroid plexus of the brain [24], in vitro studies demonstrate that
FGF23 can signal through multiple FGFRs [25]. Additionally, patients with advanced CKD
have concentrations of FGF23 that are several fold higher than those appreciated in the
general population [4,5]. The potential biochemical effects of such high circulating FGF23
concentration have not been fully elucidated. Therefore, it remains plausible that FGF23 has
as-yet-to-be determined actions unrelated to its established role in regulating mineral
metabolism in these patients.

This study has several strengths worth mentioning. A robust number of patients were
enrolled from the HOST trial, with similar baseline characteristics to the general dialysis
population. We were also able to measure and adjust for several potential known
confounders, strengthening the analysis. In addition, all of the stored plasma samples were
performed in one laboratory decreasing the chance of variability in the interpretation of
results. Our data is limited by the fact that it is a cross-sectional analysis of one plasma
sample in time. Thus we cannot prove a direction to the association between FGF23 with
dyslipidemia and lower BMI. Participants were on average older, and the majority were
black males, therefore, caution must be exercised before extrapolating our results to the
general population. Among the HOST participants, we did not have access to the
measurements of patient’s truncal fat mass, lean muscle mass, and protein intake, which
would have potentially yielded more compelling data. Additionally, we were not able to
control for administration of vitamin D analogues.

In conclusion, we report an independent association between higher FGF23 concentrations
with lipid disturbances and lower BMI in a cohort of male patients requiring chronic
dialysis. Our study should spark interest into research aimed at further elucidating additional
mechanisms by which high FGF23 concentrations result in poor outcomes in patients with
advanced CKD.
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Figure 1.

Plasma high density lipoprotein cholesterol levels across FGF 23 quartiles Q1 = quartile 1, <
1411 RU/mL; Q2 = quartile 2, 1412-4207 RU/mL; Q3 = quartile 3, 4208-13816 RU/mL; Q4
= quartile 4, > 13817 RU/mL
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Table 2

Associations between Plasma FGF-23 Concentrations with Body Mass Index and Dyslipidemia

Predictor: Log;oFGF-23 B (95% ClI) t-value P-value
BMI
Unadjusted -0.32 (-1.03, 0.39) -0.89 0.37
Model 1 -0.47(-1.19,0.25)  -1.27 0.20
Model 2 -1.11 (-1.91, -0.31) -2.68 0.008

Total Cholesterol

Unadijusted -472(-9.62,0.18)  -187 0.6

Model 1 -448(-9.43,050) -176  0.08

Model 2 -6.46 (-12.0,-0.90) -2.29  0.02
LDL-C

Unadjusted -320(-7.28,0.88) -153 0.2

Model 1 -299(-7.16,1.17)  -142 0.6

Model 2 -4.73(-9.36,-0.10) -2.01  0.04
HDL-C

Unadjusted —248(-4.22,-0.74)  -279 001

Model 1 -2.24(-3.95,-053) -2.56 0.1

Model 2 -2.14 (-4.09,-0.19) -2.15  0.03

Triglycerides

Unadjusted 465(-9.27,1857)  0.66 051
Model 1 2.16 (-11.80,16.02)  0.31 0.76
Model 2 -2.04 (-17.54,13.50) -0.26  0.80

Model 1: Adjusted for age, race, gender

Model 2: Adjusted for model 1 plus hypertension, diabetes, history of cardiovascular disease, time on dialysis, serum albumin, calcium,
phosphorus, 25-hydroxyvitamin D, 1,25-dihydroxyvitamin D, intact parathyroid hormone levels and lipid lowering drugs
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Table 3

Associations of Plasma FGF23 Concentrations with All-Cause Mortality

FGF-23 concentrations Q1 Q2 Q3 Q4
<1411 1412-4207 4208- 13816 213817
RU/mL RU/mL RU/mL RU/mL

All-Cause Mortality
Hazard Ratio (95% CI)

Model 1 100  150(0.95-2.21) 1.65(1.10-2.46) 1.72(1.18- 2.50)
Model 2 100  153(0.97-2.28) 166 (L14-241) 1.69 (1.16- 2.46)
Model 3 100  1.36(0.94-1.98) 1.42(0.96-2.09) 153 (1.06- 2.20)

Model 1: age, age, gender, race, smoking status, treatment arm, time on dialysis, history of hypertension, diabetes and cardiovascular disease and
albumin

Model 2: Model 1 + body mass index, total cholesterol, low-density lipoprotein cholesterol and triglycerides

Model 3: Model 2 + high-density lipoprotein cholesterol
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