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Abstract

Background

Increased fibroblast growth factor 23 (FGF23), a bone-derived hormone involved in the
regulation of phosphate and vitamin D metabolism, has been related to the development of
cardiovascular disease (CVD) in chronic kidney disease patients and in the general popula-
tion. However, what determines higher FGF23 levels is still unclear. Also, little is known
about the influence of diet on FGF23. The aim of this study was therefore to identify demo-
graphic, clinical and dietary correlates of high FGF23 concentrations in the general
population.

Methods

We performed a cross-sectional analysis within a randomly selected subcohort of the Euro-
pean Prospective Investigation into Cancer and Nutrition (EPIC)-Germany comprising 2134
middle-aged men and women. The Human FGF23 (C-Terminal) ELISA kit was used to
measure FGF23 in citrate plasma. Dietary data were obtained at baseline via validated food
frequency questionnaires including up to 148 food items.

Results

Multivariable adjusted logistic regression showed that men had a 66% lower and smokers a
64% higher probability of having higher FGF23 (> 90 RU/mL) levels compared, respectively,
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with women and nonsmokers. Each doubling in parathyroid hormone, creatinine, and C-reac-
tive protein was related to higher FGF23. Among the dietary factors, each doubling in calcium
and total energy intake was related, respectively, to a 1.75 and to a 4.41 fold increased proba-
bility of having higher FGF23. Finally, each doubling in the intake of iron was related to an
82% lower probability of having higher FGF23 levels. Results did not substantially change
after exclusion of participants with lower kidney function.

Conclusions

In middle-aged men and women traditional and non-traditional CVD risk factors were
related to higher FGF23 concentrations. These findings may contribute to the understand-
ing of the potential mechanisms linking increased FGF23 to increased CVD risk.

Introduction

Fibroblast growth factor 23 (FGF23) is a phosphatonin involved in the regulation of phosphate,
calcium, parathyroid hormone and vitamin D metabolism [1]. Higher FGF23 levels have been
related to the development of cardiovascular disease (CVD) in chronic kidney disease patients
[2]. Furthermore, in patients undergoing coronary angiography circulating FGF23 concentra-
tions have been related to the severity and extent of coronary artery stenosis in the coronary
angiographic patients [3]. However, FGF23 recently emerged as a non-traditional CVD risk
factor also in the general population with normal renal function [4]. In both human [5] and
experimental studies [6] higher FGF23 levels have been related to left ventricular hypertrophy
(LVH). Since LVH is an independent risk factor, among others, for coronary heart disease
(CHD), heart failure and stroke [7] epidemiologic studies have investigated possible relation-
ships between FGF23 and major CVD endpoints in the general population. In particular, sig-
nificant associations between higher FGF23 concentrations and increased risk of heart failure
[8-13], total [8, 9, 14, 15] and hemorrhagic stroke [16, 17] myocardial infarction [17], CHD
[11], all cause [9] and cardiovascular mortality [11, 13] emerged. These findings were recently
confirmed in a meta-analysis of prospective cohort studies showing increased FGF23 levels
related to an increased risk of all-cause mortality, CVD events, cardiovascular mortality, stroke,
heart failure [18].

So far, less is known about factors that can modulate the plasma concentration of FGF23 in
the general population.

Previous studies have shown associations between higher FGF23 levels and smoking, dysli-
pidemia, obesity [8, 19, 20], as well as higher age, dietary phosphorus intake, history of hyper-
tension, and higher levels of PTH, serum phosphate, triglycerides, uric acid, interleukine-6,
vascular cell adhesion molecule-1, and soluble tumor necrosis factor receptor 1 [21]. However,
these relationships were observed in elderly [19, 20] and male subjects [20, 21], and in patients
with stable coronary artery disease [8]. It remains unknown if these findings are generalizable
to different populations and settings. Besides, little is known about the influence of diet on
FGF23. Increased FGF23 could be the consequence of a prolonged exposure to high dietary
phosphorus levels [22]. Yet, whether a low-phosphorus diet can prevent FGF23 elevation is
unknown since available evidence are inconsistent and unlikely conclusive [23].

In the present study we aimed to identify demographic, clinical and dietary correlates of
FGF23 and of high FGF23 concentrations in the general population. For this purpose we
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performed a cross-sectional analysis of the European Prospective Investigation into Cancer
and Nutrition (EPIC)-Germany comprising middle-aged men and women.

Methods
Study population and design

EPIC-Germany comprises two cohorts at the study centres in Potsdam (27,548 participants:
16,644 women and 10,904 men; 5th and 95th age percentiles: 36-64) and Heidelberg (25,543
participants: 13,614 women and 11,929 men; 5th and 95th age percentiles: 37-63). Participants
were recruited from the local general populations between 1994 and 1998 [24, 25].

For the present analyses a cross-sectional study design was chosen. The study sample con-
sisted of a subcohort randomly selected from the original EPIC-Germany cohort [26]
(n = 2172 participants).

Ethics Statement

Study procedures have been approved by the Ethics Committee of the Medical Association of
the State of Brandenburg and by the Ethics Committee of the Heidelberg University Medical
School, respectively for Potsdam and Heidelberg. All participants gave their written informed
consents prior their inclusion in the study.

Exposure and covariate measurements

At baseline, a blood sample was drawn, processed and stored in liquid nitrogen at =196 C [25,
27].In 2011, FGF23, PTH, and 25-hydroxyvitamin D3 [25(OH)D3] were measured in the
Institute of Agricultural and Nutritional Science, University of Halle, Germany. The Human
FGF23 (C-Terminal) enzyme-linked immunosorbent assay (ELISA) kit (Immutopics, San Cle-
mente, CA, USA) was used to measure FGF23 concentrations in citrate plasma [28]. Our
choice to measure the C-Terminal FGF23 rather than the intact FGF23 was driven by the sig-
nificant diurnal variation of the latter, considering that a stable concentration during the entire
day [29] and over time [28], as shown for the C-Terminal FGF23, is a prerequisite of a reliable
marker.

Plasma PTH (intact) was measured by an ELISA Kit (Biomerica, Irvine, CA, USA). The
plasma concentration of 25(OH)D3 was analysed by LC-MS/MS as described previously [30,
31]. The lower limit of quantification (LOQ) was 10 RU/mL, 10 pg/mL, and 4.6 ng/mL respec-
tively for FGF23, PTH, and 25(OH)D3.

In Potsdam high-density lipoprotein cholesterol (HDL), total cholesterol and C-reactive
protein (CRP) were measured with an automatic analyzer (ADVIA 1650, Siemens Medical
Solutions, Erlangen, Germany) in 2007 at the Department of Internal Medicine of the Univer-
sity of Ttibingen, Germany, while plasma creatinine was measured in 2008. In Heidelberg
plasma creatinine was measured at the Stichting Huisartsen Laboratorium (Breda, The Nether-
lands). The Chronic Kidney Disease Epidemiology Collaboration equation (CKD-EPI) was
used to estimate glomerular filtration rate (eéGFR) [32]. To account for citrate’s dilution factor
biomarkers’ concentrations were multiplied by 1.1.

Lifestyle characteristics, including sports activity and smoking history were documented at
baseline by trained interviewers during PC-guided interview [24]. Total physical activity was
assessed with the Cambridge Physical Activity Index [33]. In particular, this index combines
self-reported occupational activity, categorized as sedentary, standing, manual, or heavy man-
ual occupation, with time participating in cycling and sports. The sum of hours per week spent
on cycling and sports were categorized in four levels and participants divided into four
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mutually exclusive categories, i.e. inactive (sedentary job and no recreational activity), moder-
ately inactive, moderately active, and active (sedentary job with >1 h recreational activity per
day, standing or physical job with some recreational activity, or a heavy manual job). Education
was categorized into none, vocational school or less, technical school, secondary school, and
university. Prevalent hypertension, hyperlipidemia, and diabetes were self-reported at baseline.

Anthropometric measures. Weight and height were measured with participants not wear-
ing shoes. In Heidelberg, waist circumference was measured at the narrowest circumference of
the torso, while in Potsdam at the midpoint between the lower ribs and iliac crest. Hip circum-
ference was measured over the buttocks. To reduce heterogeneity due to protocol differences
corrected measures of each participant’s body weight, waist and hip circumference were used.
Body mass index (BMI) was defined as weight in kg divided by the square of the height in
meters (kg/mz).

Dietary information. Dietary information was obtained with a food frequency question-
naire (FFQ) in the baseline assessment of EPIC-Germany, including up to 148 food items [25].
The optical readable FFQ was designed to capture the usual food and nutrient intake of indi-
viduals during the past 12 months.

Statistical analysis

Right skewed variables were natural log-transformed. Analysis of covariance was used to com-
pare the general characteristics including selected biomarkers according to quartiles of FGF23
concentrations.

FGF23, PTH and 25(OH)D3 values below or above the limit of quantification (LOQ) were
substituted with the LOQ and a multivariable multiple imputation was used to impute missing
values for the remaining variables [34] (S1 Table for the amount of missing data). SAS PROC
MI with the Markov Chain Monte Carlo method for arbitrary missing patterns was used to
generate 20 imputed datasets. The logarithmic transformation was taken for all the continuous
right skewed variables. SAS PROC MIANALYZE was used to combine the results of the analy-
ses on 20 imputed datasets and to generate valid statistical inferences.

To identify FGF23 correlates a regression analysis based on the best subsets regression
procedure was applied, with FGF23 concentrations as dependent variable and two categories
of independent variables (dietary and non-dietary covariates). Independent variables were
selected based on a priori knowledge: age, sex, BMI, waist circumference, prevalent hyperten-
sion, hyperlipidemia, diabetes, and cardiovascular disease, educational attainment, physical
activity, smoking status, parathyroid hormone, 25(OH)D3, creatinine, total and HDL-choles-
terol, C-reactive protein (CRP), season of blood draw, intakes of total dietary fat, carbohydrate,
protein and fibre, phosphorus, calcium, potassium, magnesium, iron, alcohol, energy, and use
of calcium supplements. Both physical activity and dietary total protein intake were categorized
into quartiles to take nonlinear relationships into account. To estimate the inorganic phospho-
rus intake as a potential predictor of FGF23 we calculated the ratio of phosphorus to total pro-
tein intake as this ratio reflects the amount of inorganic phosphorus from food additives best
[35].

The best subsets regression procedure was performed on each multiply imputed dataset.
FGF23 correlates were kept in the final model, chosen based on the Mallow's C,-statistic and
Akaike‘s Information criterion, as identified in each multiply imputed dataset. A multivariable
linear regression analysis was then used to investigate the relations between plasma FGF23 and
the identified best set of correlates. Furthermore, a logistic regression model was performed to
determine the correlates associated with higher FGF23 levels using a cut-off point of 90 RU/
mL (n =269) [16, 17]. Results were expressed as Odds Ratio (OR) and 95% confidence interval
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(95% CI). For a better interpretation of the results, both biomarkers and dietary data were log
base 2 transformed and results interpreted as OR per 2-fold increase in predictors.

Analyses were performed with SAS 9.4 (SAS Institute, Cary, NC). Statistical tests were two-
sided and P values <0.05 considered statistically significant.

Exclusion criteria

38 participants in the lowest and highest first percent distribution of the ratio of total energy
intake to energy requirement were excluded from the analyses, leaving a final sample of 2,134
subjects.

Sensitivity analysis

Analyses were repeated after exclusion of 73 participants with eGFR <60 mL/min/1.73m* due
to concern of renal function-related increase in FGF23 concentrations.

Results

Of the study population (n = 2,134) 44.1% were male and 55.9% were female with a median
age of 51.7 years, interquartile range [(IQR): 43.7-58.3)]. Overall, median FGF23 concentra-
tions were 53.7 RU/mL, IQR: 39.9-71.5. Tables 1 and 2 show, respectively, demographic, life-
style, clinical, and dietary characteristics of the EPIC-Germany participants by quartiles of
FGF23concentrations. Individuals with higher FGF23 levels (median in the highest FGF23
quartile: 90.3 RU/mL, interquartile range: 78.3-120.0) were more likely to be women with
higher waist circumference, to have higher BMI and to be smokers. Increasing quartiles of
FGF23 were associated with higher creatinine, PTH and CRP levels, but not 25(OH) D3
(Table 1). Regarding diet, participants in the upper FGF23 quartile had higher intakes of phos-
phorus, calcium, phosphorus to protein ratio and total energy intake (Table 2).

The best subset of FGF23correlates is shown in Table 3. In the multivariable linear regres-
sion model, based on the best subset in which each predictor was mutually adjusted for each
other, significant associations were observed between FGF23 and sex, smoking, PTH, creati-
nine, total cholesterol, CRP, intakes of calcium, iron, alcohol and total energy (Table 3).

Results from a multivariable logistic regression analysis indicate that men had a 66% lower
probability and smokers a 64% higher probability of having FGF23 levels higher than 90 RU/
mL (Table 4). Furthermore, each doubling in PTH, creatinine, and CRP was related to a higher
probability of having increased FGF23. Among the dietary factors, each doubling in dietary
calcium and total energy intake was related, respectively, to a 1.75 and to a 4.41 fold increased
probability of having higher FGF23; in contrast, each doubling in iron intake was related to an
82% lower probability.

The same subset of FGF23 predictors was identified after exclusion of participants with
eGFR <60 mL/min/1.73 m? and results did not substantially change after multivariable linear
and logistic regression analyses (Tables 3 and 4).

When the same analyses were repeated including the ratio between phosphorus and total
protein as potential FGF23 predictor results were highly comparable to those reported in
Table 3, with the dietary phosphorus to protein ratio emerging as a new predictor of FGF23
instead of calcium intake (S2 and S3 Tables).

Discussion

In this cross-sectional analysis of middle-aged participants, sex, physical activity, smoking,
PTH, creatinine, total- and HDL-cholesterol, CRP, total protein, calcium, iron, alcohol and
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Table 1. Demographic, lifestyle, and clinical characteristics (potential predictors) of EPIC-Germany participants, overall and according to sex spe-
cific quartiles (Q) of FGF23 levels.

Characteristics

n
Age, yrs 2

Body mass index, kg/m? @
Waist circumference, cm 2

Men
Women

Prevalent Comorbidities, % °
Cardiovascular disease

Hypertension
Hyperlipidemia
Diabetes

High educational level, % °
High physical activity, % °

Smokers, % °
Markers 2

PTH, pg/mL
25(0OH)D3, ng/mL
Creatinine, mg/dL

Total cholesterol, mg/dL

HDL, mg/dL

All

2134
51.1 (50.7-51.5)
26.1 (25.9-26.3)

95.6 (95.0-96.3)
80.7 (80.0-81.4)

3.3

33.8
31.6
3.7

34.4
19.9
21.0

27.0 (18.1-39.0)
17.6 (12.5-23.5)
0.82 (0.82-0.83)
220.4 (218.0-222.7)
56.6 (55.8-57.4)

Q1

533
50.6 (49.9-51.3)
25.7 (25.3-26.0)

94.3 (93.0-95.6)
79.4 (78.1-80.7)

3.0

33.0
29.3
3.6

37.7
16.1
18.8

24.8 (26.3-26.0)
16.6 (16.0-17.2)
0.80 (0.78-0.82)
213.4 (209.0-218.2)
57.2 (55.7-58.7)

Q2

534
51.1 (50.3-51.8)
26.3 (26.0-26.7)

96.2 (94.9-97.5)
80.3 (79.0-81.7)

3.4

32.8
32.2
4.1

35.2
20.4
17.0

26.1 (24.9-27.4)
16.8 (16.2-17.5)
0.82 (0.81-0.84)
223.7 (219.0-228.4)
57.2 (55.7-58.7)

Q3

533
51.1 (50.3-51.8)
26.0 (25.7-26.4)

95.7 (94.4-97.0)
80.8 (79.5-82.1)

3.2

32.3
33.4
3.0

33.0
22.7
21.2

26.5 (25.3-27.9)
17.0 (16.3-17.6)
0.83 (0.81-0.84)
221.3 (216.7-225.9)
56.2 (54.7-57.7)

Q4

534
51.6 (50.9-52.4)
26.6 (26.1-26.9)

96.3 (95.0-97.6)
82.2 (80.9-83.4)

3.7

37.1
31.4
4.3

31.8
20.2
27.0

29.6 (28.2-31.1)
17.0 (16.3-17.7)
0.85 (0.83-0.87)
2228 (218.1-227.5)
55.8 (54.3-57.3)

Data are expressed as:
& Mean and 95% Confidence Interval (Cl)
b Percentage.

doi:10.1371/journal.pone.0133580.t001

total energy intake were identified as main potential predictors of FGF23. In particular, when
these correlates were then studied in relation to FGF23 concentrations, mutually adjusted for
each other, female sex, smokers, PTH, creatinine, and CRP, were all independently and posi-
tively associated with higher plasma FGF23 concentrations. In addition, intakes of calcium and
total energy were positively related to higher FGF23 concentrations. Interestingly, iron intake
was inversely related to higher FGF23.

Opverall, our findings regarding positive associations between smoking, PTH, creatinine,
CRP and higher FGF23 concentrations are in line with other epidemiologic studies conducted
on the topic. However, these previous studies were mainly conducted in men [21, 36], elderly
[8, 19, 36], or patients with coronary artery disease [8]. As such, the current study supports and
generalizes the previous findings to a population of Caucasian middle aged men and women.
In addition, the present findings expand our knowledge of FGF23 correlates by showing male
sex and iron intake to be negatively related to higher FGF23 concentrations, and calcium and
total energy to be positively related to higher FGF23 concentrations.

In line with another study, women had higher FGF23 levels than men [37]. Since increased
FGF23 has been related to increased risk of major CVD, as also shown in our previous studies
[12] [17], interestingly this finding may contribute to increase our understanding on why the
risk of CVD in middle-aged women begins to approach the male risk [37]. Also smokers had
higher FGF23 concentrations in our study population. There is no clear explanation on how
smoking might influence FGF23 levels. However, a recent experimental study observed
increased plasma FGF23 levels in mice after injection of cadmium [38]. Since smokers have
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Table 2. Dietary characteristics (potential predictors) of EPIC-Germany participants according to sex specific quartiles (Q) of FGF23 levels.

Dietary variables

n
Median (IQR)?
Macronutrients, %EI°
Carbohydrate

Total protein

Animal protein

Plant protein

Fat

Fibre

Alcohol

Minerals, mg/day®
Phosphorus

Calcium

Potassium
Magnesium

Phosphorus to protein ratio, mg/g
Intake calcium preparation, %°
Total energy intake, kcal/day

Data are expressed as:

& Median and interquartile range (IQR)

® Percentage

¢ Mean and 95% Confidence Interval (CI).

doi:10.1371/journal.pone.0133580.1002

al

533
31.2 (25.3-35.9)

43.9
15.3
8.1
4.4
35.1
22
8.7

1340 (1304—1375)
884.6 (854.6-914.6)
3085(3011-3158)
375 (366-384)

17.7 (17.5-17.9)
3.8

2027 (1973-2081)

Q2

534
46.5 (43.3-50.3)

44.4
15.1
7.8
45
35.0
22
55

1327 (1291-1362)
871.6 (841.7-901.5)
3114 (3041-3188)
379 (370-388)

17.8 (17.6-18.0)
45

2029 (1975-2083)

Q3

533
61.5 (57.5-66.1)

44.8
15.1
7.9
4.5
35.1
22
5.0

1354 (1318-1389)
879.9 (850.0-909.9)
3132 (3059-3206)
382 (372-391)

17.9 (17.7-18.1)
5.6

2056 (2002-2111)

Q4

534
90.3 (78.3-120.0)

445
14.9
7.7
4.4
35.4
2.1
5.2

1396 (1361-1432)

940 (910-970)

3170.5 (3097.2-3243.9)
386 (377-395)

18.2 (18.0-18.5)

5.1

2104 (2050-2158)

markedly increased cadmium levels in their blood [39] this might explain the observed positive
association with higher FGF23.

To the best of our knowledge, this is the first observational study reporting relationships
between higher FGF23, and dietary intakes of calcium, iron, and total energy.

Calcium has been suggested to modulate FGF23 production [40]. The hypocalcemia
observed in Wistar rats with normal kidney function, fed with a low-calcium/low-vitamin D
diet, was associated with lower FGF23 levels. Interestingly, the same authors observed that an
increase in dietary calcium intake in parathyroidectomized rats increased serum calcium and
FGF23, decreased calcitriol levels and did not change the phosphorus levels [40]. Furthermore,
in an open-label crossover study, subjects adhering to the high phosphate/calcium diet had
increased serum FGF23 levels [41]. Overall, these findings suggest that calcium deficiency
might reduce circulating FGF23 levels.

Despite high dietary phosphorus intake has been suggested to increase FGF23 levels [42,
43], in the present study it was not identified as a significant positive predictor. Though our
findings are in line with those of the Chronic Renal Insufficiency Study [44], in which in stage
2-4 CKD patients no significant association was observed between FGF23 and dietary phos-
phorus intake, in the Health Professionals Follow-up Study each 500 mg increase in dietary
phosphorus intake was associated with 3.4 RU/mL higher serum FGF23 levels[45]. Yet,
whether a low dietary phosphorus diet can prevent FGF23 elevation is unknown since available
evidence are inconsistent and unlikely conclusive. Also, no human clinical trials confirming or
refuting this hypothesis exist [23]. Even so, whether FGF23 levels change after a dietary phos-
phate load, how this might occur is still not entirely understood [42, 46].
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Table 3. Multivariable linear regression for the associations between FGF23 concentrations and the best subset of FGF23 correlates, mutually

adjusted for each other.

Parameter

Men

Physical activity, Q2
Physical activity, Q3
Physical activity, Q4
Smokers

PTH, pg/mL®
Creatinine, mg/dL?
Total cholesterol, mg/dL
HDL-cholesterol, mg/dL

C-reactive protein, mg/dL®

Total protein intake, Q2
Total protein intake, Q3
Total protein intake, Q4
Calcium intake, mg/dL®
Iron intake, mg/d®
Alcohol intake, g/d®
Energy intake, kcal/d®

Whole study population

B coefficient (95% ClI)

n=2134
-0.21 (-0.28:-0.14)
-0.0004 (-0.07;0.07)
-0.01 (-0.08;0.07)

0.07 (-0.01;0.15)

0.12 (0.06;0.18)

0.13 (0.08;0.17)

0.28 (0.14;0.41)

0.001 (0.00003;0.001)
-0.002 (-0.003;-0.0001)
0.03 (0.01;0.05)

0.04 (-0.04;0.11)

-0.03 (-0.11;0.06)

-0.04 (-0.12;0.05)

0.10 (0.03;0.18)

-0.25 (-0.42;-0.08)
-0.02 (-0.04;-0.002)
0.25 (0.08;0.42)

P value?®

<0.001
0.99
0.89
0.08
<0.001
<0.001
<0.001
0.04
0.06
0.01
0.37
0.41
0.42
0.01
0.005
0.03
0.003

Exclusion eGFR < 60 mL/min/1.73m?

B coefficient (95% CI)

n = 2061
-0.22 (-0.30;-0.15)
-0.003 (-0.07;0.07)
-0.01 (-0.08;0.07)

0.08 (-0.01;0.16)

0.12 (0.06;0.19)

0.13 (0.08;0.16)

0.27 (0.11;0.43)

0.001 (0.0001;0.001)
-0.002 (-0.003;-0.0001)
0.02 (-0.001;0.04)

0.02 (-0.06;0.10)

-0.05 (-0.13;0.03)
-0.05 (-0.15;0.04)

0.04 (-0.07;0.15)

-0.29 (-0.47;-0.12)
-0.02 (-0.04;-0.001)
0.21 (0.01;0.40)

P value?

<0.001
0.93
0.89
0.07

<0.001

<0.001
0.001
0.01
0.04
0.07
0.63
0.21
0.23
0.45
0.001
0.07
0.03

eGFR stands for estimated glomerular filtration rate; Q2, Q3, Q4 stand for quartile 2, 3 and 4.
@ Based on mutual adjustment.
® Natural log transformed.

doi:10.1371/journal.pone.0133580.t003

Table 4. Odd ratios (OR) and 95% Confidence Intervals (Cl) for the associations between high FGF23 (> = 90 RU/mL) and the best subset of its sig-
nificant correlates, mutually adjusted for each other.

Whole study population Exclusion eGFR < 60 mL/min/1.73m?

Predictors OR (95%Cl) P value?® OR (95%Cl) P value®
FGF23>90 RU/mL n =269 n = 256

Men 0.34 (0.24-0.49) <0.001 0.28 (0.18-0.42) <0.001
Smoking 1.64 (1.21-2.25) 0.002 1.62 (1.18-2.22) 0.003
PTH, pg/mL°® 1.29 (1.10-1.50) 0.001 1.27 (1.08-1.49) 0.004
Creatinine, mg/dL°® 2.17 (1.34-3.51) 0.002 2.29 (1.21-4.33) 0.01
C-reactive protein, mg/L® 1.16 (1.03-1.20) 0.005 1.10 (1.02-1.19) 0.01
Total cholesterol, mg/dL 1.00 (1.00-1.00) 0.47 1.00 (1.00-1.00) 0.82

Calcium intake, mg/d°® 1.48 (1.11-1.96) 0.007 — —
Iron intake, mg/d°® 0.30 (0.16-0.57) <0.001 0.30 (0.16-0.57) <0.001
Alcohol intake, g/d° 0.94 (0.88-1.01) 0.07 0.95 (0.89-1.02) 0.17
Energy intake, g/d® 2.80 (1.50-5.20) 0.001 3.71 (2.03-6.79) <0.001

& Based on mutual adjustment for the whole study population (n = 2134).
® Based on mutual adjustment after exclusion of participants with estimated glomerular filtration rate (€GFR) < 60 mL/min/1.73m? (n = 2061).
° Log base 2 transformed.

doi:10.1371/journal.pone.0133580.1004

PLOS ONE | DOI:10.1371/journal.pone.0133580 July 20, 2015 8/13



@’PLOS ‘ ONE

FGF23 and lts Correlates

Besides calcium and phosphorus, an emerging area of investigation is represented by the
potential regulatory role of iron on FGF23 levels [47, 48]. In the present study, each doubling
in iron intake was related to an 82% lower probability of having higher FGF23 levels. The pres-
ent finding supports the results of a recent study showing increased FGF23 levels in elderly
subjects with low iron levels [49]. As reviewed by Bhattacharyya and colleagues [47], and later
also by Gutierrez [50], there could be a clear involvement of iron in the FGF23 expression and/
or secretion [51, 52].

To our knowledge, no studies so far have identified energy intake as a significant predictor
of FGF23 concentrations. Although the role of energy intake in modulating FGF23 concentra-
tions cannot be ruled out in this cross-sectional study, we could speculate that this finding
might involve a dysregulation of a-klotho expression, the FGF23 regulating hormone and co-
receptor [53], with a mechanism similar to that inducing klotho expression by calorie restric-
tion [54].

Opverall, these findings make the link between FGF23 and diet even more biologically plausi-
ble. Yet, further studies are warranted to determine the underlying mechanism of these
relationships.

Limitations of our study include the cross-sectional design which does not enable determi-
nation of causality. FFQ may have underestimated the intake of phosphorus and protein. Hid-
den sources of phosphate added to foods in form of additives are usually not included in the
food composition tables. However, considering that phosphorus is naturally found in protein-
rich foods the ratio between phosphorus and protein has been suggested as a more appropriate
method for estimating phosphorus intake from foods [35]. Besides, this method would ensure
the computation of the protein content of a given food with the lowest possible phosphorus
amount. Furthermore, this ratio has been found to be independent of the portion consumed
and less influenced by systematic underestimation of total food consumption [55]. Interest-
ingly, in a parallel analysis using the dietary phosphorus to protein ratio as FGF23 correlates
we observed a 5.4 fold increased probability of having FGF23 levels higher than 90 RU/mL.
Yet, this observation might add further strength to the hypothesized role played by dietary
phosphorus intake on FGF23. Nevertheless, since large quantities of phosphate can originate
from membrane phospholipids and in order to better estimate dietary phosphorus intake it
would have been useful to analyse the amount of phosphate in the 24-h-urine. However, urine
phosphate, as well as blood calcium and phosphorus levels, was not available in the present
study. Another limitation is that data used for this investigation were collected about two
decades ago; therefore nutritional intakes in particular may have changed since then. However,
although absolute food intake may be different in the long run, the relation between dietary
data and FGF23 concentrations is assumed to be similar over time. Finally, because this study
was not designed to investigate biological mechanisms, further studies are necessary to under-
stand at which level the identified correlates influence FGF23 concentrations.

Conclusions

The observed associations between higher FGF23 and other traditional and non CVD risk fac-
tors may help to shed light on the possible pathophysiological mechanisms linking increased
FGF23 to increased cardiovascular risk in the general population.

Supporting Information

S1 Table. Percentage and number of missing data in 27 variables used in imputation.
(DOCX)

PLOS ONE | DOI:10.1371/journal.pone.0133580 July 20, 2015 9/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133580.s001

@’PLOS ‘ ONE

FGF23 and lts Correlates

S2 Table. Multivariable linear regression for the associations between FGF23 concentra-
tions and the best subset of FGF23 correlates, including phosphorus to protein ratio, mutu-
ally adjusted for each other.

(DOCX)

S$3 Table. Odd ratios (OR) and 95% Confidence Intervals (CI) for the associations between
high FGF23 (> = 90 RU/mL) and the best subset of its significant correlates, including

phosphorus to protein ratio, mutually adjusted for each other.
(DOCX)

Acknowledgments

We are indebted to Ellen Kohlsdorf (data management) in EPIC Potsdam, and to Jutta Schmitt
(data management) in EPIC-Heidelberg.

Author Contributions

Conceived and designed the experiments: RAG HB RK CW. Performed the experiments: RAG
TK. Analyzed the data: RdG. Contributed reagents/materials/analysis tools: FH AF RK HB GIS
CW. Wrote the paper: RdG. Interpretation and critical revision of the manuscript: RAG TK FH
BB JD AF RK HB GIS CW.

References

1. Fukumoto S. [Regulation of phosphorus-vitamin D metabolism by FGF23]. Nihon Naika Gakkai Zasshi.
2007; 96(4):719-24. PMID: 17506310.

2. Jimbo R, Shimosawa T. Cardiovascular Risk Factors and Chronic Kidney Disease-FGF23: A Key Mole-
cule in the Cardiovascular Disease. International journal of hypertension. 2014; 2014:381082. doi: 10.
1155/2014/381082 PMID: 24678415; PubMed Central PMCID: PMC3941790.

3. XiaoY, Peng C, Huang W, Zhang J, Xia M, Zhang Y, et al. Circulating fibroblast growth factor 23 is
associated with angiographic severity and extent of coronary artery disease. PLoS One. 2013; 8(8):
€72545. doi: 10.1371/journal.pone.0072545 PMID: 24015259; PubMed Central PMCID: PMC3755980.

4. Larsson TE. FGF23 beyond mineral metabolism: a bridge to cardiovascular disease. Clinical journal of
the American Society of Nephrology: CJASN. 2011; 6(12):2735-7. Epub 2011/12/14. doi: 10.2215/
CJN.10711011 PMID: 22157705; PubMed Central PMCID: PMC3255380.

5. Gutierrez OM, Januzzi JL, Isakova T, Laliberte K, Smith K, Collerone G, et al. Fibroblast growth factor
23 and left ventricular hypertrophy in chronic kidney disease. Circulation. 2009; 119(19):2545-52.
Epub 2009/05/06. doi: 10.1161/CIRCULATIONAHA.108.844506 PMID: 19414634; PubMed Central
PMCID: PMC2740903.

6. Faul C, Amaral AP, Oskouei B, Hu MC, Sloan A, Isakova T, et al. FGF23 induces left ventricular hyper-
trophy. The Journal of clinical investigation. 2011; 121(11):4393-408. Epub 2011/10/12. doi: 10.1172/
JCI46122 PMID: 21985788; PubMed Central PMCID: PMC3204831.

7. Bots ML, Nikitin Y, Salonen JT, Elwood PC, Malyutina S, Freire de Concalves A, et al. Left ventricular
hypertrophy and risk of fatal and non-fatal stroke. EUROSTROKE: a collaborative study among
research centres in Europe. Journal of epidemiology and community health. 2002; 56 Suppl 1:i8—13.
Epub 2002/01/30. PMID: 11815638; PubMed Central PMCID: PMC1765512.

8. ParkerBD, Schurgers LJ, Brandenburg VM, Christenson RH, Vermeer C, Ketteler M, et al. The associ-
ations of fibroblast growth factor 23 and uncarboxylated matrix Gla protein with mortality in coronary
artery disease: the Heart and Soul Study. Ann Intern Med. 152(10):640-8. PMID: 20479029. doi: 10.
7326/0003-4819-152-10-201005180-00004

9. IxJH, Katz R, Kestenbaum BR, de Boer IH, Chonchol M, Mukamal KJ, et al. Fibroblast growth factor-23
and death, heart failure, and cardiovascular events in community-living individuals: CHS (Cardiovascu-
lar Health Study). Journal of the American College of Cardiology. 2012; 60(3):200-7. Epub 2012/06/19.
doi: 10.1016/j.jacc.2012.03.040 PMID: 22703926; PubMed Central PMCID: PMC3396791.

10. Kestenbaum B, Sachs MC, Hoofnagle AN, Siscovick DS, Ix JH, Robinson-Cohen C, et al. Fibroblast
growth factor-23 and cardiovascular disease in the general population: the Multi-Ethnic Study of

PLOS ONE | DOI:10.1371/journal.pone.0133580 July 20, 2015 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133580.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133580.s003
http://www.ncbi.nlm.nih.gov/pubmed/17506310
http://dx.doi.org/10.1155/2014/381082
http://dx.doi.org/10.1155/2014/381082
http://www.ncbi.nlm.nih.gov/pubmed/24678415
http://dx.doi.org/10.1371/journal.pone.0072545
http://www.ncbi.nlm.nih.gov/pubmed/24015259
http://dx.doi.org/10.2215/CJN.10711011
http://dx.doi.org/10.2215/CJN.10711011
http://www.ncbi.nlm.nih.gov/pubmed/22157705
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.844506
http://www.ncbi.nlm.nih.gov/pubmed/19414634
http://dx.doi.org/10.1172/JCI46122
http://dx.doi.org/10.1172/JCI46122
http://www.ncbi.nlm.nih.gov/pubmed/21985788
http://www.ncbi.nlm.nih.gov/pubmed/11815638
http://www.ncbi.nlm.nih.gov/pubmed/20479029
http://dx.doi.org/10.7326/0003-4819-152-10-201005180-00004
http://dx.doi.org/10.7326/0003-4819-152-10-201005180-00004
http://dx.doi.org/10.1016/j.jacc.2012.03.040
http://www.ncbi.nlm.nih.gov/pubmed/22703926

@’PLOS ‘ ONE

FGF23 and lts Correlates

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Atherosclerosis. Circulation Heart failure. 2014; 7(3):409—-17. Epub 2014/03/29. doi: 10.1161/
CIRCHEARTFAILURE.113.000952 PMID: 24668259; PubMed Central PMCID: PMC4031265.

Lutsey PL, Alonso A, Selvin E, Pankow JS, Michos ED, Agarwal SK, et al. Fibroblast growth factor-23
and incident coronary heart disease, heart failure, and cardiovascular mortality: the atherosclerosis risk
in communities study. Journal of the American Heart Association. 2014; 3(3):e000936. Epub 2014/06/
13. doi: 10.1161/JAHA.114.000936 PMID: 24922628.

di Giuseppe R, Buijsse B, Hirche F, Wirth J, Arregui M, Westphal S, et al. Plasma fibroblast growth fac-
tor 23, parathyroid hormone, 25-hydroxyvitamin D3, and risk of heart failure: a prospective, case-cohort
study. The Journal of clinical endocrinology and metabolism. 2014; 99(3):947-55. doi: 10.1210/jc.
2013-2963 PMID: 24423292.

Udell JA, Morrow DA, Jarolim P, Sloan S, Hoffman EB, O'Donnell TF, et al. Fibroblast growth factor-23,
cardiovascular prognosis, and benefit of angiotensin-converting enzyme inhibition in stable ischemic
heart disease. Journal of the American College of Cardiology. 2014; 63(22):2421-8. Epub 2014/04/15.
doi: 10.1016/j.jacc.2014.03.026 PMID: 24727254; PubMed Central PMCID: PMC4213068.

Panwar B, Jenny N, Howard V, Wadley V, Muntner P, Judd S, et al. Abstract T P134: Fibroblast Growth
Factor 23 and Risk of Incident Stroke in the Regards Study. Stroke. 2014; 45(Suppl 1):ATP134-ATP.

Lutsey PL, Selvin E, Misialek JR, Michos ED, Rebholz CM, Gottesman RF, et al. Abstract P222: Serum
fibroblast growth factor-23 and risk of incident stroke: The Atherosclerosis Risk in Communities Study
(ARIC). Circulation. 2014; 129(Suppl 1):AP222-AP.

Wright CB, Dong C, Stark M, Silverberg S, Rundek T, Elkind MS, et al. Plasma FGF23 and the risk of
stroke: The Northern Manhattan Study (NOMAS). Neurology. 2014. Epub 2014/04/08. doi: 10.1212/
WNL.0000000000000410 PMID: 24706015.

di Giuseppe R, Kuhn T, Hirche F, Buijsse B, Dierkes J, Fritsche A, et al. Plasma fibroblast growth factor
23 and risk of cardiovascular disease: results from the EPIC-Germany case-cohort study. European
journal of epidemiology. 2014. doi: 10.1007/s10654-014-9982-4 PMID: 25527370.

Krupp K, Madhivanan P. FGF23 and risk of all-cause mortality and cardiovascular events: A meta-anal-
ysis of prospective cohort studies. International journal of cardiology. 2014; 176(3):1341-2. Epub 2014/
08/15. doi: 10.1016/j.ijcard.2014.07.142 PMID: 25115265.

Mirza MA, Alsio J, Hammarstedt A, Erben RG, Michaelsson K, Tivesten A, et al. Circulating fibroblast
growth factor-23 is associated with fat mass and dyslipidemia in two independent cohorts of elderly indi-
viduals. Arterioscler Thromb Vasc Biol. 31(1):219-27. PMID: 20966399. doi: 10.1161/ATVBAHA.110.
214619

Marsell R, Mirza MA, Mallmin H, Karlsson M, Mellstrom D, Orwoll E, et al. Relation between fibroblast
growth factor-23, body weight and bone mineral density in elderly men. Osteoporos Int. 2009; 20
(7):1167-73. PMID: 18974917. doi: 10.1007/s00198-008-0780-2

Gutierrez OM, Wolf M, Taylor EN. Fibroblast Growth Factor 23, Cardiovascular Disease Risk Factors,
and Phosphorus Intake in the Health Professionals Follow-up Study. Clin J Am Soc Nephrol. PMID:
22034506.

Ortiz A, Massy ZA, Fliser D, Lindholm B, Wiecek A, Martinez-Castelao A, et al. Clinical usefulness of
novel prognostic biomarkers in patients on hemodialysis. Nature reviews Nephrology. 2012; 8(3):141—
50. Epub 2011/11/03. doi: 10.1038/nreph.2011.170 PMID: 22045239.

Moe SM, Zidehsarai MP, Chambers MA, Jackman LA, Radcliffe JS, Trevino LL, et al. Vegetarian com-
pared with meat dietary protein source and phosphorus homeostasis in chronic kidney disease. Clinical
journal of the American Society of Nephrology: CJASN. 2011; 6(2):257—-64. Epub 2010/12/25. doi: 10.
2215/CJN.05040610 PMID: 21183586; PubMed Central PMCID: PMC3052214.

Boeing H, Korfmann A, Bergmann MM. Recruitment procedures of EPIC-Germany. European Investi-
gation into Cancer and Nutrition. Ann Nutr Metab. 1999; 43(4):205—-15. PMID: 10592369.

Boeing H, Wahrendorf J, Becker N. EPIC-Germany—A source for studies into diet and risk of chronic
diseases. European Investigation into Cancer and Nutrition. Ann Nutr Metab. 1999; 43(4):195-204.
Epub 1999/12/11. 12786. PMID: 10592368.

InterAct Consortium, Langenberg C, Sharp S, Forouhi NG, Franks PW, Schulze MB, et al. Design and
cohort description of the InterAct Project: an examination of the interaction of genetic and lifestyle fac-
tors on the incidence of type 2 diabetes in the EPIC Study. Diabetologia. 2011; 54(9):2272-82. Epub
2011/07/01. doi: 10.1007/s00125-011-2182-9 PMID: 21717116; PubMed Central PMCID:
PMC4222062.

Danesh J, Saracci R, Berglund G, Feskens E, Overvad K, Panico S, et al. EPIC-Heart: the cardiovascu-
lar component of a prospective study of nutritional, lifestyle and biological factors in 520,000 middle-
aged participants from 10 European countries. European journal of epidemiology. 2007; 22(2):129—41.
Epub 2007/02/14. doi: 10.1007/s10654-006-9096-8 PMID: 17295097.

PLOS ONE | DOI:10.1371/journal.pone.0133580 July 20, 2015 11/13


http://dx.doi.org/10.1161/CIRCHEARTFAILURE.113.000952
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.113.000952
http://www.ncbi.nlm.nih.gov/pubmed/24668259
http://dx.doi.org/10.1161/JAHA.114.000936
http://www.ncbi.nlm.nih.gov/pubmed/24922628
http://dx.doi.org/10.1210/jc.2013-2963
http://dx.doi.org/10.1210/jc.2013-2963
http://www.ncbi.nlm.nih.gov/pubmed/24423292
http://dx.doi.org/10.1016/j.jacc.2014.03.026
http://www.ncbi.nlm.nih.gov/pubmed/24727254
http://dx.doi.org/10.1212/WNL.0000000000000410
http://dx.doi.org/10.1212/WNL.0000000000000410
http://www.ncbi.nlm.nih.gov/pubmed/24706015
http://dx.doi.org/10.1007/s10654-014-9982-4
http://www.ncbi.nlm.nih.gov/pubmed/25527370
http://dx.doi.org/10.1016/j.ijcard.2014.07.142
http://www.ncbi.nlm.nih.gov/pubmed/25115265
http://www.ncbi.nlm.nih.gov/pubmed/20966399
http://dx.doi.org/10.1161/ATVBAHA.110.214619
http://dx.doi.org/10.1161/ATVBAHA.110.214619
http://www.ncbi.nlm.nih.gov/pubmed/18974917
http://dx.doi.org/10.1007/s00198-008-0780-2
http://www.ncbi.nlm.nih.gov/pubmed/22034506
http://dx.doi.org/10.1038/nrneph.2011.170
http://www.ncbi.nlm.nih.gov/pubmed/22045239
http://dx.doi.org/10.2215/CJN.05040610
http://dx.doi.org/10.2215/CJN.05040610
http://www.ncbi.nlm.nih.gov/pubmed/21183586
http://www.ncbi.nlm.nih.gov/pubmed/10592369
http://www.ncbi.nlm.nih.gov/pubmed/10592368
http://dx.doi.org/10.1007/s00125-011-2182-9
http://www.ncbi.nlm.nih.gov/pubmed/21717116
http://dx.doi.org/10.1007/s10654-006-9096-8
http://www.ncbi.nlm.nih.gov/pubmed/17295097

@’PLOS ‘ ONE

FGF23 and lts Correlates

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

di Giuseppe R, Hirche F, Montonen J, Buijsse B, Dierkes J, Stangl Gl, et al. Reliability of plasma fibro-
blast growth factor 23 as risk biomarker in epidemiological studies measured over a four-month period.
Annals of clinical biochemistry. 2012; 49(Pt 6):542-5. Epub 2012/09/25. doi: 10.1258/acb.2012.
011273 PMID: 23002133.

Smith ER, Cai MM, McMahon LP, Holt SG. Biological variability of plasma intact and C-terminal FGF23
measurements. J Clin Endocrinol Metab. 2012; 97(9):3357-65. doi: 10.1210/jc.2012-1811 PMID:
22689697.

Kuhn T, Kaaks R, Teucher B, Hirche F, Dierkes J, Weikert C, et al. Plasma 25-hydroxyvitamin D and its
genetic determinants in relation to incident myocardial infarction and stroke in the European prospec-
tive investigation into cancer and nutrition (EPIC)-Germany study. PLoS One. 2013; 8(7):€69080. Epub
2013/08/13. doi: 10.1371/journal.pone.0069080 PMID: 23935930; PubMed Central PMCID:
PMC3723816.

Buijsse B, Boeing H, Hirche F, Weikert C, Schulze MB, Gottschald M, et al. Plasma 25-hydroxyvitamin
D and its genetic determinants in relation to incident type 2 diabetes: a prospective case-cohort study.
European journal of epidemiology. 2013; 28(9):743-52. Epub 2013/09/05. doi: 10.1007/s10654-013-
9844-5 PMID: 24002339.

Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman Hl, et al. A new equation to esti-
mate glomerular filtration rate. Ann Intern Med. 2009; 150(9):604—12. Epub 2009/05/06. PMID:
19414839; PubMed Central PMCID: PMC2763564.

Wareham NJ, Jakes RW, Rennie KL, Schuit J, Mitchell J, Hennings S, et al. Validity and repeatability of
a simple index derived from the short physical activity questionnaire used in the European Prospective
Investigation into Cancer and Nutrition (EPIC) study. Public health nutrition. 2003; 6(4):407—13. Epub
2003/06/11. doi: 10.1079/PHN2002439 PMID: 12795830.

Blankenberg S, Zeller T, Saarela O, Havulinna AS, Kee F, Tunstall-Pedoe H, et al. Contribution of 30
biomarkers to 10-year cardiovascular risk estimation in 2 population cohorts: the MONICA, risk, genet-
ics, archiving, and monograph (MORGAM) biomarker project. Circulation. 2010; 121(22):2388-97.
Epub 2010/05/26. doi: 10.1161/CIRCULATIONAHA.109.901413 PMID: 20497981.

Barril-Cuadrado G, Puchulu MB, Sanchez-Tomero JA. Table showing dietary phosphorus/protein ratio
for the Spanish population. Usefulness in chronic kidney disease. Nefrologia. 2013; 33(3):362—71. doi:
10.3265/Nefrologia.pre2013.Feb.11918 PMID: 23640120.

Marsell R, Grundberg E, Krajisnik T, Mallmin H, Karlsson M, Mellstrom D, et al. Fibroblast growth fac-
tor-23 is associated with parathyroid hormone and renal function in a population-based cohort of elderly
men. Eur J Endocrinol. 2008; 158(1):125-9. PMID: 18166826. doi: 10.1530/EJE-07-0534

Ix JH, Chonchol M, Laughlin GA, Shlipak MG, Whooley MA. Relation of sex and estrogen therapy to
serum fibroblast growth factor 23, serum phosphorus, and urine phosphorus: the Heart and Soul Study.
American journal of kidney diseases: the official journal of the National Kidney Foundation. 2011; 58
(5):737—-45. Epub 2011/08/23. doi: 10.1053/j.ajkd.2011.06.011 PMID: 21855188; PubMed Central
PMCID: PMC3199317.

Kido S, Fujihara M, Nomura K, Sasaki S, Mukai R, Ohnishi R, et al. Molecular mechanisms of cad-
mium-induced fibroblast growth factor 23 upregulation in osteoblast-like cells. Toxicological sciences:
an official journal of the Society of Toxicology. 2014; 139(2):301-16. Epub 2014/03/13. doi: 10.1093/
toxsci/kfu043 PMID: 24614234,

Sanchez-Rodriguez JE, Bartolome M, Canas Al, Huetos O, Navarro C, Rodriguez AC, et al. Anti-smok-
ing legislation and its effects on urinary cotinine and cadmium levels. Environmental research. 2014;
136C:227-33. Epub 2014/12/03. doi: 10.1016/j.envres.2014.09.033 PMID: 25460641.

Rodriguez-Ortiz ME, Lopez |, Munoz-Castaneda JR, Martinez-Moreno JM, Ramirez AP, Pineda C,

et al. Calcium deficiency reduces circulating levels of FGF23. J Am Soc Nephrol. 2012; 23(7):1190-7.
Epub 2012/05/15. doi: 10.1681/ASN.2011101006 PMID: 22581996; PubMed Central PMCID:
PMC3380648.

Vervloet MG, van Ittersum FJ, Buttler RM, Heijboer AC, Blankenstein MA, ter Wee PM. Effects of die-
tary phosphate and calcium intake on fibroblast growth factor-23. Clin J Am Soc Nephrol. 6(2):383-9.
PMID: 21030580. doi: 10.2215/CJN.04730510

Nishida Y, Taketani Y, Yamanaka-Okumura H, Imamura F, Taniguchi A, Sato T, et al. Acute effect of
oral phosphate loading on serum fibroblast growth factor 23 levels in healthy men. Kidney Int. 2006; 70
(12):2141-7. PMID: 17063170.

Takeda E, Yamamoto H, Yamanaka-Okumura H, Taketani Y. Increasing dietary phosphorus intake
from food additives: potential for negative impact on bone health. Advances in nutrition. 2014; 5(1):92—
7. doi: 10.3945/an.113.004002 PMID: 24425727; PubMed Central PMCID: PMC3884105.

Isakova T, Wahl P, Vargas GS, Gutierrez OM, Scialla J, Xie H, et al. Fibroblast growth factor 23 is ele-
vated before parathyroid hormone and phosphate in chronic kidney disease. Kidney international.

PLOS ONE | DOI:10.1371/journal.pone.0133580 July 20, 2015 12/183


http://dx.doi.org/10.1258/acb.2012.011273
http://dx.doi.org/10.1258/acb.2012.011273
http://www.ncbi.nlm.nih.gov/pubmed/23002133
http://dx.doi.org/10.1210/jc.2012-1811
http://www.ncbi.nlm.nih.gov/pubmed/22689697
http://dx.doi.org/10.1371/journal.pone.0069080
http://www.ncbi.nlm.nih.gov/pubmed/23935930
http://dx.doi.org/10.1007/s10654-013-9844-5
http://dx.doi.org/10.1007/s10654-013-9844-5
http://www.ncbi.nlm.nih.gov/pubmed/24002339
http://www.ncbi.nlm.nih.gov/pubmed/19414839
http://dx.doi.org/10.1079/PHN2002439
http://www.ncbi.nlm.nih.gov/pubmed/12795830
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.901413
http://www.ncbi.nlm.nih.gov/pubmed/20497981
http://dx.doi.org/10.3265/Nefrologia.pre2013.Feb.11918
http://www.ncbi.nlm.nih.gov/pubmed/23640120
http://www.ncbi.nlm.nih.gov/pubmed/18166826
http://dx.doi.org/10.1530/EJE-07-0534
http://dx.doi.org/10.1053/j.ajkd.2011.06.011
http://www.ncbi.nlm.nih.gov/pubmed/21855188
http://dx.doi.org/10.1093/toxsci/kfu043
http://dx.doi.org/10.1093/toxsci/kfu043
http://www.ncbi.nlm.nih.gov/pubmed/24614234
http://dx.doi.org/10.1016/j.envres.2014.09.033
http://www.ncbi.nlm.nih.gov/pubmed/25460641
http://dx.doi.org/10.1681/ASN.2011101006
http://www.ncbi.nlm.nih.gov/pubmed/22581996
http://www.ncbi.nlm.nih.gov/pubmed/21030580
http://dx.doi.org/10.2215/CJN.04730510
http://www.ncbi.nlm.nih.gov/pubmed/17063170
http://dx.doi.org/10.3945/an.113.004002
http://www.ncbi.nlm.nih.gov/pubmed/24425727

@’PLOS ‘ ONE

FGF23 and lts Correlates

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

2011;79(12):1370-8. Epub 2011/03/11. doi: 10.1038/ki.2011.47 PMID: 21389978; PubMed Central
PMCID: PMC3134393.

Gutierrez OM, Wolf M, Taylor EN. Fibroblast growth factor 23, cardiovascular disease risk factors, and
phosphorus intake in the health professionals follow-up study. Clinical journal of the American Society
of Nephrology: CJASN. 2011; 6(12):2871-8. Epub 2011/10/29. doi: 10.2215/CJN.02740311 PMID:
22034506; PubMed Central PMCID: PMC3255372.

Larsson T, Nisbeth U, Ljunggren O, Juppner H, Jonsson KB. Circulating concentration of FGF-23
increases as renal function declines in patients with chronic kidney disease, but does not change in
response to variation in phosphate intake in healthy volunteers. Kidney Int. 2003; 64(6):2272—9. PMID:
14633152.

Bhattacharyya N, Chong WH, Gafni Rl, Collins MT. Fibroblast growth factor 23: state of the field and
future directions. Trends in endocrinology and metabolism: TEM. 2012; 23(12):610-8. Epub 2012/08/
28. doi: 10.1016/j.tem.2012.07.002 PMID: 22921867; PubMed Central PMCID: PMC3502714.

Fernandez-Real JM, Puig J, Serrano M, Sabater M, Rubio A, Moreno-Navarrete JM, et al. Iron and obe-
sity status-associated insulin resistance influence circulating fibroblast-growth factor-23 concentra-
tions. PLoS One. 2013; 8(3):€58961. doi: 10.1371/journal.pone.0058961 PMID: 23555610; PubMed
Central PMCID: PMC3605441.

Bozentowicz-Wikarek M, Kocelak P, Owczarek A, Olszanecka-Glinianowicz M, Mossakowska M,
Skalska A, et al. Plasma fibroblast growth factor 23 concentration and iron status. Does the relationship
exist in the elderly population? Clinical biochemistry. 2015. doi: 10.1016/j.clinbiochem.2014.12.027
PMID: 25583093.

Gutierrez OM. The connection between dietary phosphorus, cardiovascular disease, and mortality:
where we stand and what we need to know. Advances in nutrition. 2013; 4(6):723-9. doi: 10.3945/an.
113.004812 PMID: 24228204; PubMed Central PMCID: PMC3823521.

Braithwaite V, Prentice AM, Doherty C, Prentice A. FGF23 is correlated with iron status but not with
inflammation and decreases after iron supplementation: a supplementation study. Int J Pediatr Endocri-
nol. 2012; 2012(1):27. doi: 10.1186/1687-9856-2012-27 PMID: 23098062; PubMed Central PMCID:
PMC3523041.

Imel EA, Peacock M, Gray AK, Padgett LR, Hui SL, Econs MJ. Iron modifies plasma FGF23 differently
in autosomal dominant hypophosphatemic rickets and healthy humans. The Journal of clinical endocri-
nology and metabolism. 2011; 96(11):3541-9. doi: 10.1210/jc.2011-1239 PMID: 21880793; PubMed
Central PMCID: PMC3205884.

Juppner H, Wolf M. alphaKlotho: FGF23 coreceptor and FGF23-regulating hormone. The Journal of
clinical investigation. 2012; 122(12):4336-9. doi: 10.1172/JCI67055 PMID: 23187136; PubMed Central
PMCID: PMC3533569.

Miyazaki T, Takenaka T, Inoue T, Sato M, Hanyu M, Eiki Y, et al. Klotho expression is induced by calo-
rie restriction in adult male rats. Trace Nutr Res 2010; 27:92-6

Noori N, Kalantar-Zadeh K, Kovesdy CP, Bross R, Benner D, Kopple JD. Association of dietary phos-
phorus intake and phosphorus to protein ratio with mortality in hemodialysis patients. Clin J Am Soc
Nephrol. 2010; 5(4):683-92. Epub 2010/02/27. doi: 10.2215/CJN.08601209 PMID: 20185606; PubMed
Central PMCID: PMC2849686.

PLOS ONE | DOI:10.1371/journal.pone.0133580 July 20, 2015 13/13


http://dx.doi.org/10.1038/ki.2011.47
http://www.ncbi.nlm.nih.gov/pubmed/21389978
http://dx.doi.org/10.2215/CJN.02740311
http://www.ncbi.nlm.nih.gov/pubmed/22034506
http://www.ncbi.nlm.nih.gov/pubmed/14633152
http://dx.doi.org/10.1016/j.tem.2012.07.002
http://www.ncbi.nlm.nih.gov/pubmed/22921867
http://dx.doi.org/10.1371/journal.pone.0058961
http://www.ncbi.nlm.nih.gov/pubmed/23555610
http://dx.doi.org/10.1016/j.clinbiochem.2014.12.027
http://www.ncbi.nlm.nih.gov/pubmed/25583093
http://dx.doi.org/10.3945/an.113.004812
http://dx.doi.org/10.3945/an.113.004812
http://www.ncbi.nlm.nih.gov/pubmed/24228204
http://dx.doi.org/10.1186/1687-9856-2012-27
http://www.ncbi.nlm.nih.gov/pubmed/23098062
http://dx.doi.org/10.1210/jc.2011-1239
http://www.ncbi.nlm.nih.gov/pubmed/21880793
http://dx.doi.org/10.1172/JCI67055
http://www.ncbi.nlm.nih.gov/pubmed/23187136
http://dx.doi.org/10.2215/CJN.08601209
http://www.ncbi.nlm.nih.gov/pubmed/20185606

