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Abstract

Elevated levels of the phosphate-regulating hormone fibroblast growth factor 23 (FGF23) have 

been linked to greater risk of fractures in some studies, especially among individuals with chronic 

kidney disease (CKD). We evaluated FGF23 as a risk factor for bone loss and fractures in the 

Health, Aging, and Body Composition (Health ABC) study, which is a prospective biracial cohort 

of well-functioning adults aged 70 to 79 years recruited at two clinical centers in the United States. 

The sample for the bone mineral density (BMD) analysis consisted of 2234 participants who had 

at least two serial total hip areal BMD measures. The fracture analysis included 2786 participants, 

567 of whom sustained a fracture during a median follow up of 4.95 years. Linear mixed-effects 

models were used for longitudinal measurements of total hip areal BMD and the proportional 

subdistribution hazard regression model subject to competing risks of death was used for risk of 

fracture. The median FGF23 was 46.7 (interquartile range [IQR] 36.7 – 60.2) pg/mL. The mean 

annualized percent change in total hip areal BMD did not vary significantly according to FGF23 

quartile in all participants (P for trend=0.70), but the effect was modified by CKD status (adjusted 

P for interaction < 0.001). Among participants with CKD, the unadjusted mean annualized percent 

change in total hip areal BMD was greater with higher levels of FGF23 (unadjusted P for 

trend=0.02), but the trend was attenuated with adjustment for estimated glomerular filtration rate 

and parathyroid hormone (adjusted P for trend=0.30). FGF23 was not significantly associated with 

fracture risk in crude (hazard ratio [HR] per doubling of FGF23, 0.97; 95%CI 0.85 – 1.12) or 

adjusted models (HR per doubling of FGF23, 1.02; 95%CI 0.86 – 1.22), and these findings were 

not modified by gender or CKD status. FGF23 levels are not associated with bone loss or fracture 

risk in older adults with low prevalence of CKD.

Introduction

Fractures result in substantial morbidity, shortened lifespan and increased health care 

expenditures (1–4). Bone mineral density is an established intermediate measure of bone 

fragility, and it reliably predicts fracture risk in most clinical scenarios (5). Identification of 

modifiable factors that contribute to accelerated bone loss and fracture risk in older adults 

may suggest novel strategies to reduce fracture rates in this high-risk population.

Fibroblast growth factor 23 (FGF23) is an endocrine hormone that regulates serum 

phosphate levels (6). FGF23 is secreted by osteocytes in response to high phosphate diet and 

states of impaired phosphate excretion, such as chronic kidney disease (CKD) (6–8). In 

these settings, elevated FGF23 maintains normal serum phosphate by stimulating urinary 

phosphate excretion (6). FGF23 also reduces the efficiency of phosphate absorption in the 

gut by impairing production and accelerating degradation of the active form of vitamin D (9, 

10). In primary disorders of FGF23 excess, including tumor induced osteomalacia, the 

FGF23-induced phosphate leak and calcitriol deficiency cause profound bone loss and lead 

to bone pain and fractures as the primary clinical presentation (11, 12). Data on the 
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relationship between FGF23 elevation secondary to early CKD and fracture risk are 

inconsistent (13–15). Some reports demonstrate an independent association between higher 

FGF23 levels and greater fracture risk in elderly men, especially among those with 

decreased estimated glomerular filtration (eGFR) (14, 15). Cross-sectional studies 

examining the association of FGF23 with bone mineral density have also yielded mixed 

findings (13, 16, 17), with most reporting no significant relationships (13, 17). However, 

data on FGF23 and longitudinal trajectories in change in bone mineral density in individuals 

with and without CKD are not available. We tested the hypothesis that an elevated baseline 

FGF23 level would be associated with longitudinal bone loss and incident fractures in the 

Health, Aging, and Body Composition (Health ABC) study, a prospective biracial cohort of 

community-dwelling well-functioning older adults.

Materials and Methods

Study Population

The Health ABC Study is a prospective cohort study that began in 1997 and enrolled 3075 

well-functioning black and white adults aged 70 to 79 years who lived in Memphis, 

Tennessee, or Pittsburgh, Pennsylvania (18). Individuals were excluded if they reported 

difficulties performing activities of daily living, walking a quarter of a mile, or climbing 10 

steps without resting. Enrolled participants had to be free of life-threatening cancers and 

plan to remain within the study area for at least 3 years. During the year 1 visit, baseline data 

were recorded, including demographics, medical and medication history, and physical exam 

findings. Participants then returned for yearly follow up visits and underwent biannual 

telephone interviews to update their health status and undergo additional measurements. The 

institutional review boards of the participating clinical centers (University of Pittsburgh and 

the University of Tennessee, Memphis) and the coordinating center (University of 

California, San Francisco) approved the study, and all participants provided written informed 

consent.

We analyzed data from 2786 of the Health ABC Study participants who had year 2 FGF23 

measurements.

Exposure

The primary exposure was year 2 FGF23 level, which was measured with an intact assay 

(Kainos Laboratories Tokyo, Japan) that exclusively detects the intact hormone because the 

two epitopes recognized by the ELISA flank the proteolytic cleavage site of FGF23 (19). 

Samples were shipped on dry ice to Department of Laboratory Medicine at the University of 

Washington, where they remained at −70°C until analysis. The FGF23 assay has a limit of 

detection of 3 pg/mL and the coefficient of variation (between-batch) was 6.1–10.7% across 

the analyses, which spanned two months.

Outcome

The primary outcomes were change in total hip areal BMD over time and incident vertebral 

and non-vertebral fractures. Total hip areal BMD was measured using dual energy X-ray 

absorptiometry (QDR 4500A; software version 9.03; Hologic, Bedford, MA, USA). Both 
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study sites conducted quality-assurance procedures, which were monitored by the 

coordinating center to ensure scanner reliability and identical scan protocols. A hip phantom 

was scanned once per week to assess longitudinal performance of the scanners. In the parent 

study, serial measures of total hip areal BMD were performed at years 1, 3, 5, 8, and 10; 

participants were asked about fractures every 6 months, and reported fractures were 

validated by radiology reports. Since for our study FGF23 levels were measured at year 2, 

we used repeated measures of total hip areal BMD at years 3, 5, 8, and 10 and fracture 

events that occurred after year 2. The sample BMD analysis consisted of 2234 participants 

who had at least two serial total hip areal BMD measures.

Assessment of Covariates

Covariates obtained at the year 1 baseline examination included: smoking, alcohol use, and 

the following comorbid medical conditions (diabetes, hypertension, ischemic heart disease, 

heart failure, any fracture after age 45). With the exception of measures of kidney function, 

which were performed at year 1, all laboratory measurements and other covariates (age, sex, 

race, education, medication use, systolic blood pressure, BMI, dietary intake, functional 

status, and history of falls within past 12 months) were ascertained at year 2. Serum 

creatinine was measured on the Kodak Ektachem 700 Analyzer (Eastman Kodak, Rochester, 

NY). Serum cystatin C was measured by a particle-enhanced immunonephelometric assay 

(N Latex Cystatin C) using a BNII nephelometer (Dade Behring Inc). Urinary albumin and 

creatinine were measured by immunoturbidimetry and colorimetric enzyme assay, 

respectively, using a Siemens Dimension Xpand plus HM clinical analyzer. We estimated 

GFR at year 1 using the 2012 CKD-EPI creatinine and cystatin C equation (20). CKD at 

year 1 was defined as presence of an eGFR <60 ml/min per 1.73 m2 or urine albumin to 

creatinine ratio (UACR) > 30 mg/g. Serum 25-hydroxyvitamin D was measured using a two-

step RIA (25-hydroxyvitamin D 125I RIA Kit; DiaSorin, Stillwater, MN). Intact parathyroid 

hormone (PTH) was measured in EDTA plasma using a two-site immunoradiometric assay 

kit (N-tact PTHSP; DiaSorin). Serum calcium and phosphate levels were measured using 

direct quantitative colorimetric determination (Stanbio Laboratory, Boerne, TX, USA).

Statistical Analysis

We examined participant characteristics by quartiles of FGF23 levels. FGF23 was skewed 

and was therefore natural log transformed or modeled in quartiles. Linear mixed-effects 

models were used for longitudinal measurements of total hip areal BMD to estimate the 

effect of FGF23 on the average annualized percentage change in total hip areal BMD. 

Adjusted models included terms for age, sex, race, BMI, eGFR, PTH, and the interaction 

between time and each variable. All models included a random intercept for each subject 

and a random slope for time as a continuous variable to account for within-subject 

correlation. We estimated the average crude and adjusted mean percent change in total hip 

areal BMD annually by FGF23 quartiles in the entire study sample and according to CKD 

status at baseline. We determined the P value for trend across the quartiles.

Time-to-incident bone fracture according to FGF23 was analyzed. The association between 

bone fracture and FGF23 was assessed using the proportional subdistribution hazard 

regression model subject to competing risks of death (21), adjusting for age, sex, black race; 
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and clinical risk factors for fracture, including comorbidities, functional status, history of 

falls, fractures; and laboratory values, including eGFR, serum phosphate, calcium, vitamin 

D, PTH, and year 3 total hip areal BMD. This survival analysis was performed using SAS 

macro %PSHREG. The hazard ratios (HR) with 95% confidence intervals (CI) for fracture 

were estimated with the lowest FGF23 quartile as the reference category. We performed sex-

specific analyses and tested for effect modification by gender and baseline CKD status by 

including interaction terms between FGF23 and gender and FGF23 and baseline CKD status 

in the fully adjusted models. Incidence densities were calculated using the R packages epiR 

and fsmb. All the statistical analyses were performed by using SAS version 9.4 (SAS 

Institute Inc, Cary, NC) and R version 3.1.3 (2015-03-09; http://cran.r-project.org).

Results

Table 1 presents the participant characteristics for the entire analytic sample and by FGF23 

quartiles. The mean ± standard deviation eGFR at the baseline visit was 70.6 ± 16.0 

mL/min/1.73 m2. The median FGF23 level was 46.7 pg/mL (interquartile range [IQR], 

36.7–60.2 pg/mL), which is within the reported limit of FGF23 levels in healthy adults, in 

whom levels ranged from 8.2 to 54.3 pg/mL (22). Thirty four percent of Health ABC 

participants had FGF23 levels above 54.3 pg/mL. Compared to participants with FGF23 

levels in the lowest quartile, participants with higher FGF23 levels had higher BMI and 

higher total hip areal BMD, were more often diabetic and hypertensive, had greater 

prevalence of ischemic heart disease and heart failure, and had lower eGFR and higher 

UACR.

Crude and adjusted mean annualized percent changes in total hip areal BMD according to 

FGF23 levels in the entire study population are summarized in Table 2. The mean total hip 

areal BMD declined during follow up. However, there was no difference in total hip areal 

BMD loss over time according to FGF23 levels (P for lnFGF23 × time interaction in the 

fully adjusted model = 0.93). Per each doubling in FGF23 levels, the adjusted % change in 

total hip areal BMD (95%CI) was −0.65 (−1.42; 0.04), and there was no significant trend 

across quartiles of FGF23 (P for trend in adjusted models = 0.70).

Because baseline CKD status modified the relationship between FGF23 and total hip areal 

BMD loss (P for lnFGF23 × time × CKD interaction < 0.001, in the model adjusted for 

demographics, BMI and eGFR), we performed stratified analyses. In participants without 

CKD, crude and adjusted % change in total hip areal BMD did not vary significantly 

according to FGF23 levels (P for trend in unadjusted model = 0.18, and P for trend =0.16 in 

the model adjusted for demographics, BMI and eGFR). In contrast, among those with CKD, 

the unadjusted % change in total hip areal BMD was greater with higher levels of FGF23 (P 

for trend =0.02 in unadjusted model, Table 3). However, this trend was attenuated with 

adjustment for eGFR and PTH (P for trend = 0.30 in the model adjusted for demographics, 

eGFR, PTH, and BMI, Table 3). In the final multivariable model, PTH, but not eGFR, 

remained a significant independent predictor of bone loss in the CKD subgroup.

During a median follow-up of 4.95 years, 567 participants (20.9/1000 person-years, 95% CI 

19.2 – 22.7) sustained a new fracture. There were no significant differences in FGF23 levels 
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between participants with and without a fracture (46.4 versus 46.7 pg/ml, P=0.40). FGF23 

was not associated with risk of fracture in either crude or adjusted models (Table 4). Per 

each doubling in FGF23 levels, the adjusted HR (95%CI) for fracture was 1.02 (0.86, 1.22). 

Compared to participants with FGF23 in the lowest quartile, participants with FGF23 in the 

highest quartile had an adjusted HR (95%CI) for fracture that was 1.15 (0.87, 1.55). There 

was no effect modification by gender (P for interaction in the fully-adjusted model = 0.28) 

or by baseline CKD status (P for interaction in the fully-adjusted model = 0.22). Sex-specific 

analyses confirmed absence of a significant association between elevated FGF23 and risk of 

fracture (data not shown).

Discussion

In a prospective biracial cohort of community-dwelling well-functioning older adults with 

relatively normal levels of FGF23 and other mineral metabolism markers, we showed that 

there were no differences in FGF23 levels between individuals who fractured and those who 

did not, and that FGF23 levels were not associated with bone loss or fracture risk during a 

median follow-up period of 4.95 years. Among participants with CKD, median FGF23 

levels were elevated and higher levels were associated with more rapid decline in total hip 

areal BMD, but this trend was attenuated with adjustment for eGFR and PTH. The results 

suggest that higher FGF23 levels within the normal range are not associated with greater risk 

of fracture or bone loss in the general population. Additional studies are needed to determine 

whether an elevated FGF23 level is associated with bone outcomes in individuals with CKD 

whose progressive disease course is frequently complicated by abnormal mineral 

metabolism and FGF23 excess.

Since the initial discovery of a circulating hormone as the causative factor in hereditary 

hypoposphatemic rickets and tumor-induced osteomalacia (23, 24), a large body of 

experimental evidence has demonstrated that FGF23 regulates phosphate homeostasis by 

inducing phosphaturia, inhibiting PTH secretion and decreasing calcitriol levels (9, 10, 25, 

26). Human and animal studies have also established that FGF23 levels increase with dietary 

phosphate loading (19, 27, 28) and as kidney function declines (29–32). In CKD, elevated 

FGF23 maintains normal serum phosphate levels at the expense of FGF23-mediated 

suppression of calcitriol, which leads to secondary hyperparathyroidism (33). Furthermore, 

observational studies consistently suggest that FGF23 excess contributes to risk of 

cardiovascular disease and mortality both in the CKD and in the general population (32, 34–

36).

The data on the association of FGF23 elevation secondary to early stage CKD with bone 

outcomes are less well-developed. Findings from animal models of hereditary 

hypophosphatemic rickets implicate FGF23-mediated hypophosphatemia as one mechanism 

of abnormal bone mineralization (37–39). Of greater relevance to our analyses of 

normophosphatemic individuals is the evidence in support of phosphate-independent effects 

of FGF23 on bone metabolism (40–43). These direct actions of FGF23 on bone may include 

effects on bone cell differentiation, number and activity, and on bone turnover and 

mineralization (40–43). Therefore, it is reasonable to speculate that secondary elevation in 
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FGF23 in normophosphatemic patients with early stage CKD may be associated with bone 

loss and fracture risk.

The few observational studies that examined FGF23 as a predictor of fracture risk in the 

general population yielded conflicting results (13–15). Two of the cohorts were composed of 

older men (14, 15), and when BMD was available, it was only examined at one time point 

(13). While our study is also limited by low prevalence of CKD and FGF23 excess, the 

Health ABC cohort included men and women, and we were able to perform longitudinal 

analyses of change in total hip areal BMD. Consistent with a prior report from the 

Cardiovascular Health Study, we found no association between the FGF23 level and risk of 

fracture (13). Though our fracture finding was not modified by baseline presence of CKD or 

by gender, dedicated studies of CKD patients are needed to determine whether an elevated 

FGF23 level may be associated with fracture risk in the population that has a high 

prevalence of FGF23 excess.

We found no relationship between FGF23 and total hip bone loss in the entire study. 

Although in crude and demographics-adjusted models there was a trend toward faster bone 

loss among individuals with CKD who had the highest FGF23 levels, this relationship was 

attenuated in models that adjusted for eGFR and PTH. Moreover, an elevated PTH was an 

independent predictor of bone loss in the multivariable model. Therefore, we conclude that 

secondary hyperparathyroidism and other CKD-related factors that we did not measure, 

including microvascular disease, metabolic acidosis and inflammation, contributed to bone 

loss in the CKD subgroup (44–47).

Our study has several strengths. We analyzed data from a large well-characterized biracial 

community-based cohort study that prospectively ascertained and formally adjudicated 

fractures and had repeated assessments of BMD. However, we were limited by single 

measurements of FGF23 and by low prevalence of severe CKD and FGF23 excess in the 

study population. Thus, our results are not generalizable to individuals with markedly 

reduced eGFR and high FGF23 levels. Given that participants who did not have repeated 

BMD measures may have been too frail to come in for serial study visits and could have 

been the ones to experience the greatest loss in BMD, by excluding these 552 individuals, 

our analysis of BMD loss may have underestimated the true change in BMD over time in the 

study population. Assessments of kidney function were available only at the year 1 visit, 

whereas FGF23 measurements were done at year 2, and serial BMD measures at year 3 and 

thereafter were examined. While dyssynchronous assessments of eGFR, FGF23 and BMD 

may have affected our analyses, the low prevalence of CKD in Health ABC makes it 

unlikely that eGFR and FGF23 levels changed markedly between visits. Serum creatinine 

was not measured by a method with calibration traceable to an isotope dilution mass 

spectrometry (IDMS), but we relied on a validated IDMS-traceable equation for GFR 

estimation.

In this community-based study population of well-functioning black and white older adults, 

FGF23 levels were not associated with bone loss or fracture risk. Given our finding in 

minimally adjusted models of a trend toward faster bone loss among participants with CKD 

who have the highest FGF23 levels and prior reports of elevated FGF23 predicting fracture 
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risk in the CKD subgroup (15), dedicated studies of patients with CKD are warranted to 

determine whether elevated FGF23 is associated with bone outcomes in this population with 

high prevalence of FGF23 excess.

Acknowledgments

TI was supported by K23DK087858 and by the Carl W. Gottschalk Research Scholar Grant from the American 
Society of Nephrology Foundation for Kidney Research. MGS, MS and JHI and FGF23 measurements were 
supported by a grant from the National Institutes on Aging (R01AG027002). The Health ABC Study was supported 
by National Institute on Aging (NIA) Contracts N01-AG-6-2101; N01-AG-6-2103; N01-AG-6-2106; NIA grant 
R01-AG028050, and NINR grant R01-NR012459. This research was supported in part by the Intramural Research 
Program of the NIH, National Institute on Aging.

References

1. Magaziner J, Simonsick EM, Kashner TM, Hebel JR, Kenzora JE. Predictors of functional recovery 
one year following hospital discharge for hip fracture: a prospective study. J Gerontol. 1990; 
45:M101–7. [PubMed: 2335719] 

2. Lu-Yao GL, Baron JA, Barrett JA, Fisher ES. Treatment and survival among elderly Americans with 
hip fractures: a population-based study. Am J Public Health. 1994; 84:1287–91. [PubMed: 
8059887] 

3. Ray NF, Chan JK, Thamer M, Melton LJ 3rd. Medical expenditures for the treatment of osteoporotic 
fractures in the United States in 1995: report from the National Osteoporosis Foundation. J Bone 
Miner Res. 1997; 12:24–35. [PubMed: 9240722] 

4. Bass E, French DD, Bradham DD. A national perspective of Medicare expenditures for elderly 
veterans with hip fractures. J Am Med Dir Assoc. 2008; 9:114–9. [PubMed: 18261704] 

5. Cosman F, de Beur SJ, LeBoff MS, et al. Clinician’s Guide to Prevention and Treatment of 
Osteoporosis. Osteoporos Int. 2014; 25:2359–81. [PubMed: 25182228] 

6. Wolf M. Forging forward with 10 burning questions on FGF23 in kidney disease. J Am Soc 
Nephrol. 2010; 21:1427–35. [PubMed: 20507943] 

7. Isakova T, Wahl P, Vargas GS, et al. Fibroblast growth factor 23 is elevated before parathyroid 
hormone and phosphate in chronic kidney disease. Kidney Int. 2011; 79:1370–8. [PubMed: 
21389978] 

8. Ferrari SL, Bonjour JP, Rizzoli R. Fibroblast growth factor-23 relationship to dietary phosphate and 
renal phosphate handling in healthy young men. J Clin Endocrinol Metab. 2005; 90:1519–24. 
[PubMed: 15613425] 

9. Shimada T, Kakitani M, Yamazaki Y, et al. Targeted ablation of Fgf23 demonstrates an essential 
physiological role of FGF23 in phosphate and vitamin D metabolism. J Clin Invest. 2004; 113:561–
8. [PubMed: 14966565] 

10. Shimada T, Hasegawa H, Yamazaki Y, et al. FGF-23 is a potent regulator of vitamin D metabolism 
and phosphate homeostasis. J Bone Miner Res. 2004; 19:429–35. [PubMed: 15040831] 

11. Zimering MB, Caldarella FA, White KE, Econs MJ. Persistent tumor-induced osteomalacia 
confirmed by elevated postoperative levels of serum fibroblast growth factor-23 and 5-year follow-
up of bone density changes. Endocr Pract. 2005; 11:108–14. [PubMed: 15901526] 

12. Bergwitz C, Collins MT, Kamath RS, Rosenberg AE. Case records of the Massachusetts General 
Hospital. Case 33–2011. A 56-year-old man with hypophosphatemia. N Engl J Med. 2011; 
365:1625–35. [PubMed: 22029985] 

13. Jovanovich A, Buzkova P, Chonchol M, et al. Fibroblast growth factor 23, bone mineral density, 
and risk of hip fracture among older adults: the cardiovascular health study. J Clin Endocrinol 
Metab. 2013; 98:3323–31. [PubMed: 23771921] 

14. Mirza MA, Karlsson MK, Mellstrom D, et al. Serum fibroblast growth factor-23 (FGF-23) and 
fracture risk in elderly men. J Bone Miner Res. 2011; 26:857–64. [PubMed: 20928885] 

Isakova et al. Page 8

J Bone Miner Res. Author manuscript; available in PMC 2017 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



15. Lane NE, Parimi N, Corr M, et al. Association of serum fibroblast growth factor 23 (FGF23) and 
incident fractures in older men: the Osteoporotic Fractures in Men (MrOS) study. J Bone Miner 
Res. 2013; 28:2325–32. [PubMed: 23677793] 

16. Manghat P, Fraser WD, Wierzbicki AS, Fogelman I, Goldsmith DJ, Hampson G. Fibroblast growth 
factor-23 is associated with C-reactive protein, serum phosphate and bone mineral density in 
chronic kidney disease. Osteoporos Int. 2010; 21:1853–61. [PubMed: 20012018] 

17. Desjardins L, Liabeuf S, Renard C, et al. FGF23 is independently associated with vascular 
calcification but not bone mineral density in patients at various CKD stages. Osteoporos Int. 2012; 
23:2017–25. [PubMed: 22109743] 

18. National Institute on Aging. National Institutes of Health. Health ABC. 2015. http://
www.grc.nia.nih.gov.turing.library.northwestern.edu/branches/leps/healthabc/index.htm

19. Burnett SM, Gunawardene SC, Bringhurst FR, Juppner H, Lee H, Finkelstein JS. Regulation of C-
terminal and intact FGF-23 by dietary phosphate in men and women. J Bone Miner Res. 2006; 
21:1187–96. [PubMed: 16869716] 

20. Inker LA, Schmid CH, Tighiouart H, et al. Estimating glomerular filtration rate from serum 
creatinine and cystatin C. N Engl J Med. 2012; 367:20–9. [PubMed: 22762315] 

21. Fine JP, Gray RJ. A proportional hazards model for the subdistribution of a competing risk. J Am 
Stat Assoc. 1999; 94:496–509.

22. Yamazaki Y, Okazaki R, Shibata M, et al. Increased circulatory level of biologically active full-
length FGF-23 in patients with hypophosphatemic rickets/osteomalacia. J Clin Endocrinol Metab. 
2002; 87:4957–60. [PubMed: 12414858] 

23. White KE, Evans WE, O’Riordan JLH, et al. Autosomal dominant hypophosphataemic rickets is 
associated with mutations in FGF23. Nat Genet. 2000; 26:345–8. [PubMed: 11062477] 

24. Jonsson KB, Zahradnik R, Larsson T, et al. Fibroblast growth factor 23 in oncogenic osteomalacia 
and X-linked hypophosphatemia. N Engl J Med. 2003; 348:1656–63. [PubMed: 12711740] 

25. Wolf M. Forging forward with 10 burning questions on FGF23 in kidney disease. J Am Soc 
Nephrol. 2010; 21:1427–35. [PubMed: 20507943] 

26. Ben-Dov IZ, Galitzer H, Lavi-Moshayoff V, et al. The parathyroid is a target organ for FGF23 in 
rats. J Clin Invest. 2007; 117:4003–8. [PubMed: 17992255] 

27. Ferrari SL, Bonjour J-P, Rizzoli R. Fibroblast growth factor-23 relationship to dietary phosphate 
and renal phosphate handling in healthy young men. J Clin Endocrinol Metab. 2005; 90:1519–24. 
[PubMed: 15613425] 

28. Antoniucci DM, Yamashita T, Portale AA. Dietary phosphorus regulates serum fibroblast growth 
factor-23 concentrations in healthy men. J Clin Endocrinol Metab. 2006; 91:3144–9. [PubMed: 
16735491] 

29. 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; 64:2272–9. 
[PubMed: 14633152] 

30. Shigematsu T, Kazama JJ, Yamashita T, et al. Possible involvement of circulating fibroblast growth 
factor 23 in the development of secondary hyperparathyroidism associated with renal insufficiency. 
Am J Kidney Dis. 2004; 44:250–6. [PubMed: 15264182] 

31. Gutierrez O, Isakova T, Rhee E, et al. Fibroblast growth factor-23 mitigates hyperphosphatemia but 
accentuates calcitriol deficiency in chronic kidney disease. J Am Soc Nephrol. 2005; 16:2205–15. 
[PubMed: 15917335] 

32. Ix JH, Katz R, Kestenbaum BR, et al. Fibroblast growth factor-23 and death, heart failure, and 
cardiovascular events in community-living individuals: CHS (Cardiovascular Health Study). J Am 
Coll Cardiol. 2012; 60:200–7. [PubMed: 22703926] 

33. Hasegawa H, Nagano N, Urakawa I, et al. Direct evidence for a causative role of FGF23 in the 
abnormal renal phosphate handling and vitamin D metabolism in rats with early-stage chronic 
kidney disease. Kidney Int. 2010; 78:975–80. [PubMed: 20844473] 

34. Parker BD, Schurgers LJ, Brandenburg VM, et al. The associations of fibroblast growth factor 23 
and uncarboxylated matrix Gla protein with mortality in coronary artery disease: the Heart and 
Soul Study. Ann Intern Med. 2010; 152:640–8. [PubMed: 20479029] 

Isakova et al. Page 9

J Bone Miner Res. Author manuscript; available in PMC 2017 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.grc.nia.nih.gov.turing.library.northwestern.edu/branches/leps/healthabc/index.htm
http://www.grc.nia.nih.gov.turing.library.northwestern.edu/branches/leps/healthabc/index.htm


35. Isakova T, Xie H, Yang W, et al. Fibroblast growth factor 23 and risks of mortality and end-stage 
renal disease in patients with chronic kidney disease. JAMA. 2011; 305:2432–9. [PubMed: 
21673295] 

36. Scialla JJ, Xie H, Rahman M, et al. Fibroblast growth factor-23 and cardiovascular events in CKD. 
J Am Soc Nephrol. 2014; 25:349–60. [PubMed: 24158986] 

37. Sitara D, Razzaque MS, Hesse M, et al. Homozygous ablation of fibroblast growth factor-23 
results in hyperphosphatemia and impaired skeletogenesis, and reverses hypophosphatemia in 
Phex-deficient mice. Matrix Biol. 2004; 23:421–32. [PubMed: 15579309] 

38. Liu S, Tang W, Zhou J, Vierthaler L, Quarles LD. Distinct roles for intrinsic osteocyte 
abnormalities and systemic factors in regulation of FGF23 and bone mineralization in Hyp mice. 
Am J Physiol Endocrinol Metab. 2007; 293:E1636–44. [PubMed: 17848631] 

39. Aono Y, Yamazaki Y, Yasutake J, et al. Therapeutic effects of anti-FGF23 antibodies in 
hypophosphatemic rickets/osteomalacia. J Bone Miner Res. 2009; 24:1879–88. [PubMed: 
19419316] 

40. Wang H, Yoshiko Y, Yamamoto R, et al. Overexpression of fibroblast growth factor 23 suppresses 
osteoblast differentiation and matrix mineralization in vitro. J Bone Miner Res. 2008; 23:939–48. 
[PubMed: 18282132] 

41. Sitara D, Kim S, Razzaque MS, et al. Genetic evidence of serum phosphate-independent functions 
of FGF-23 on bone. PLoS Genet. 2008; 4:e1000154. [PubMed: 18688277] 

42. Shalhoub V, Ward SC, Sun B, et al. Fibroblast growth factor 23 (FGF23) and alpha-klotho 
stimulate osteoblastic MC3T3.E1 cell proliferation and inhibit mineralization. Calcif Tissue Int. 
2011; 89:140–50. [PubMed: 21633782] 

43. Allard L, Demoncheaux N, Machuca-Gayet I, et al. Biphasic Effects of Vitamin D and FGF23 on 
Human Osteoclast Biology. Calcif Tissue Int. 2015; 97:69–79. [PubMed: 25987164] 

44. Burkhardt R, Kettner G, Bohm W, et al. Changes in trabecular bone, hematopoiesis and bone 
marrow vessels in aplastic anemia, primary osteoporosis, and old age: a comparative 
histomorphometric study. Bone. 1987; 8:157–64. [PubMed: 3606907] 

45. Manolagas SC. Role of cytokines in bone resorption. Bone. 1995; 17:63S–7S. [PubMed: 8579900] 

46. Chen W, Melamed ML, Abramowitz MK. Serum bicarbonate and bone mineral density in US 
adults. Am J Kidney Dis. 2014 In Press. 

47. Nickolas TL, Stein EM, Dworakowski E, et al. Rapid cortical bone loss in patients with chronic 
kidney disease. J Bone Miner Res. 2013; 28:1811–20. [PubMed: 23456850] 

Isakova et al. Page 10

J Bone Miner Res. Author manuscript; available in PMC 2017 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Isakova et al. Page 11

Ta
b

le
 1

Pa
rt

ic
ip

an
t c

ha
ra

ct
er

is
tic

s 
ac

co
rd

in
g 

to
 F

G
F2

3 
le

ve
ls

F
G

F
23

 (
pg

/m
l)

, m
ed

ia
n 

(I
Q

R
)

A
ll

46
.7

 (
36

.7
 –

 6
0.

2)
N

=2
78

6

Q
1

30
.6

 (
26

.2
 –

 3
4.

1)
N

=6
97

Q
2

41
.7

 (
39

.2
 –

 4
4.

4)
N

=6
98

Q
3

52
.1

 (
49

.3
 –

 5
6.

2)
N

=6
98

Q
4

73
.3

 (
65

.1
 –

 8
6.

4)
N

=6
93

A
ge

 (
ye

ar
s)

74
.7

 ±
 2

.9
74

.5
 ±

 2
.9

74
.6

 ±
 2

.8
74

.8
 ±

 3
.0

74
.8

 ±
 2

.8

Fe
m

al
e 

ge
nd

er
, n

 (
%

)
14

26
 (

51
.2

)
38

7 
(5

5.
5)

36
2 

(5
1.

9)
32

8 
(4

7.
0)

34
9 

(5
0.

4)

B
la

ck
 r

ac
e,

 n
 (

%
)

11
06

 (
39

.7
)

30
5 

(4
3.

8)
26

1 
(3

7.
4)

26
0 

(3
7.

3)
28

0 
(4

0.
4)

E
du

ca
tio

n 
<

hi
gh

 s
ch

oo
l, 

n 
(%

)
66

7 
(2

4.
0)

18
2 

(2
6.

2)
15

6 
(2

2.
5)

16
0 

(2
2.

9)
16

9 
(2

4.
5)

C
ur

re
nt

 s
m

ok
in

g,
 n

 (
%

)
26

7 
(9

.6
)

85
 (

12
.2

)
61

 (
8.

7)
60

 (
8.

6)
61

 (
8.

8)

C
ur

re
nt

 a
lc

oh
ol

 u
se

, n
 (

%
)

13
90

 (
50

.1
)

33
8 

(4
8.

6)
36

7 
(5

3.
0)

35
6 

(5
1.

2)
32

9 
(4

7.
6)

D
ia

be
te

s,
 n

 (
%

)
40

3 
(1

4.
5)

83
 (

11
.9

)
88

 (
12

.6
)

10
4 

(1
4.

9)
12

8 
(1

8.
5)

H
yp

er
te

ns
io

n,
 n

 (
%

)
14

03
 (

50
.4

)
30

5 
(4

3.
8)

31
8 

(4
5.

6)
36

5 
(5

2.
3)

41
5 

(5
9.

9)

Is
ch

em
ic

 h
ea

rt
 d

is
ea

se
, n

 (
%

)
31

6 
(1

1.
4)

65
 (

9.
3)

62
 (

8.
9)

83
 (

11
.9

)
10

6 
(1

5.
3)

H
ea

rt
 f

ai
lu

re
, n

 (
%

)
76

 (
2.

7)
9 

(1
.3

)
11

 (
1.

6)
14

 (
2.

0)
42

 (
6.

1)

U
se

 o
f 

hy
po

gl
yc

em
ic

 m
ed

ic
at

io
ns

, n
 (

%
)

36
2 

(1
3.

0)
76

 (
10

.9
)

80
 (

11
.5

)
92

 (
13

.2
)

11
4 

(1
6.

5)

U
se

 o
f 

or
al

 s
te

ro
id

s,
 n

 (
%

)
74

 (
2.

7)
23

 (
3.

3)
15

 (
2.

2)
15

 (
2.

2)
21

 (
3.

0)

U
se

 o
f 

in
ha

le
d 

st
er

oi
ds

, n
 (

%
)

77
 (

2.
8)

23
 (

3.
3)

21
 (

3.
0)

13
 (

1.
9)

20
 (

2.
9)

U
se

 o
f 

lo
op

 d
iu

re
tic

s,
 n

 (
%

)
20

6 
(7

.4
)

30
 (

4.
3)

32
 (

4.
6)

44
 (

6.
3)

10
0 

(1
4.

5)

U
se

 o
f 

th
ia

zi
de

 d
iu

re
tic

s,
 n

 (
%

)
54

5 
(1

9.
6)

10
7 

(1
5.

4)
11

8 
(1

7.
0)

13
9 

(1
9.

9)
18

1 
(2

6.
2)

Sy
st

ol
ic

 b
lo

od
 p

re
ss

ur
e 

(m
m

H
g)

13
3.

7 
±

 2
0.

9
13

3.
3 

±
 1

9.
7

13
3.

2 
±

 2
0.

4
13

3.
3 

±
 2

0.
8

13
4.

9 
±

 2
2.

5

B
M

I 
(k

g/
m

2 )
27

.2
 ±

 4
.8

26
.6

 ±
 4

.6
26

.8
 ±

 4
.7

27
.4

 ±
 4

.7
28

.0
 ±

 5
.1

To
ta

l h
ip

 B
M

D
 (

gm
/c

m
2 )

0.
89

  ±
 0

.1
7

0.
86

  ±
 0

.1
6

0.
88

  ±
 0

.1
7

0.
90

  ±
 0

.1
7

0.
91

  ±
 0

.1
7

H
ea

lth
 A

B
C

 p
er

fo
rm

an
ce

 s
co

re
 (

0–
4)

2.
2 

±
 0

.5
2.

2 
±

 0
.5

2.
3 

±
 0

.5
2.

3 
±

 0
.5

2.
1 

±
 0

.6

T
im

e 
sp

en
t w

al
ki

ng
 (

m
in

/w
ee

k)
40

 (
0 

– 
17

5)
43

 (
0 

– 
17

8)
45

 (
0 

– 
18

0)
50

 (
0 

– 
18

0)
30

 (
0 

– 
14

0)

A
ny

 f
al

ls
 in

 p
as

t 1
2 

m
on

th
s,

 n
 (

%
)

63
8 

(2
3.

6)
16

7 
(2

4.
4)

15
2 

(2
2.

5)
15

1 
(2

2.
1)

16
8 

(2
5.

4)

A
ny

 f
ra

ct
ur

e 
af

te
r 

ag
e 

45
 y

ea
rs

, n
 (

%
)

61
7 

(2
2.

2)
15

9 
(2

2.
8)

17
5 

(2
5.

1)
15

1 
(2

1.
6)

13
2 

(1
9.

1)

D
ie

ta
ry

 c
al

ci
um

 in
ta

ke
 (

m
g)

71
6 

(5
15

 –
 9

71
)

70
2 

(5
06

 –
 9

44
)

71
9 

(5
16

 –
 9

78
)

71
2 

(5
25

 –
 9

93
)

73
1 

(5
17

 –
 1

00
0)

C
al

ci
um

 s
up

pl
em

en
t i

nt
ak

e,
 n

 (
%

)
58

6 
(2

1.
1)

15
0 

(2
1.

5)
14

6 
(2

1.
0)

15
9 

(2
2.

8)
13

1 
(1

9.
0)

J Bone Miner Res. Author manuscript; available in PMC 2017 August 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Isakova et al. Page 12

F
G

F
23

 (
pg

/m
l)

, m
ed

ia
n 

(I
Q

R
)

A
ll

46
.7

 (
36

.7
 –

 6
0.

2)
N

=2
78

6

Q
1

30
.6

 (
26

.2
 –

 3
4.

1)
N

=6
97

Q
2

41
.7

 (
39

.2
 –

 4
4.

4)
N

=6
98

Q
3

52
.1

 (
49

.3
 –

 5
6.

2)
N

=6
98

Q
4

73
.3

 (
65

.1
 –

 8
6.

4)
N

=6
93

V
ita

m
in

 D
 s

up
pl

em
en

t i
nt

ak
e,

 n
 (

%
)

28
9 

(1
0.

4)
71

 (
10

.2
)

67
 (

9.
6)

95
 (

13
.6

)
56

 (
8.

1)

eG
FR

 (
m

l/m
in

 p
er

 1
.7

3 
m

2 )
70

.5
 ±

 1
6.

3
74

.8
 ±

 1
4.

4
74

.8
 ±

 1
4.

0
69

.7
 ±

 1
4.

5
63

.0
 ±

 1
8.

0

U
A

C
R

 (
m

g/
g)

8.
5 

(4
.6

 –
 2

1.
2)

7.
8 

(4
.4

 –
 1

7.
0)

7.
4 

(4
.4

 –
 1

7.
6)

7.
8 

(4
.1

 –
 1

9.
6)

10
.3

 (
5.

4 
– 

34
.1

)

PT
H

 (
pg

/m
l)

33
.7

 (
25

.1
 –

 4
5.

8)
31

.7
 (

23
.5

 –
 4

1.
9)

31
.2

 (
24

.0
 –

 4
1.

4)
34

.4
 (

26
.1

 –
 4

5.
6)

38
.5

 (
27

.9
 –

 5
6.

0)

25
-h

yd
ro

xy
vi

ta
m

in
 D

 (
ng

/m
l)

25
.8

 ±
 1

1.
4

23
.9

 ±
 1

1.
7

25
.6

 ±
 1

0.
2

26
.7

 ±
 1

1.
0

27
.1

 ±
 1

2.
4

Ph
os

ph
at

e 
(m

g/
dl

)
3.

6 
±

 0
.5

3.
5 

±
 0

.4
3.

5 
±

 0
.5

3.
5 

±
 0

.5
3.

7 
±

 0
.5

C
al

ci
um

 (
m

g/
dl

)
8.

9 
±

 0
.4

8.
8 

±
 0

.4
8.

8 
±

 0
.4

8.
9 

±
 0

.4
9.

0 
±

 0
.5

A
bb

re
vi

at
io

ns
: B

M
I,

 b
od

y 
m

as
s 

in
de

x;
 B

M
D

, b
on

e 
m

in
er

al
 d

en
si

ty
; e

G
FR

, e
st

im
at

ed
 g

lo
m

er
ul

ar
 f

ilt
ra

tio
n 

ra
te

; U
A

C
R

, u
ri

ne
 a

lb
um

in
 to

 c
re

at
in

in
e 

ra
tio

; F
G

F2
3,

 f
ib

ro
bl

as
t g

ro
w

th
 f

ac
to

r 
23

; P
T

H
, 

pa
ra

th
yr

oi
d 

ho
rm

on
e

V
al

ue
s 

ar
e 

N
 (

%
),

 m
ea

ns
 ±

 s
ta

nd
ar

d 
de

vi
at

io
n,

 o
r 

m
ed

ia
ns

 (
in

te
rq

ua
rt

ile
 r

an
ge

).

eG
FR

 a
nd

 U
A

C
R

 v
al

ue
s 

ar
e 

fr
om

 th
e 

ye
ar

 1
 v

is
it.

J Bone Miner Res. Author manuscript; available in PMC 2017 August 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Isakova et al. Page 13

Table 2

FGF23 and mean annualized percent change in total hip areal BMD

Mean annualized % change in total hip areal BMD Lower
95% CI

Upper
95% CI p trend

Unadjusted

 FGF23 Quartile 1 −0.69 −0.78 −0.59 0.31

 FGF23 Quartile 2 −0.60 −0.69 −0.51

 FGF23 Quartile 3 −0.65 −0.73 −0.56

 FGF23 Quartile 4 −0.69 −0.79 −0.60

Demographics adjusted

 FGF23 Quartile 1 −0.70 −0.79 −0.61 0.43

 FGF23 Quartile 2 −0.62 −0.71 −0.53

 FGF23 Quartile 3 −0.65 −0.74 −0.56

 FGF23 Quartile 4 −0.69 −0.79 −0.60

Demographics, BMI and eGFR adjusted

 FGF23 Quartile 1 −0.72 −0.81 −0.62 0.99

 FGF23 Quartile 2 −0.64 −0.73 −0.55

 FGF23 Quartile 3 −0.64 −0.72 −0.55

 FGF23 Quartile 4 −0.67 −0.76 −0.57

Demographics: age, sex, black
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Table 3

FGF23 and mean annualized percent change in total hip areal BMD in participants with CKD (N=715)

Mean annualized % change in total hip areal BMD Lower
95% CI

Upper
95% CI p trend

Unadjusted

 FGF23 Quartile 1 −0.59 −0.81 −0.37 0.02

 FGF23 Quartile 2 −0.75 −0.99 −0.51

 FGF23 Quartile 3 −0.63 −0.81 −0.44

 FGF23 Quartile 4 −0.90 −1.06 −0.74

Demographics adjusted

 FGF23 Quartile 1 −0.59 −0.81 −0.38 0.02

 FGF23 Quartile 2 −0.79 −1.03 −0.55

 FGF23 Quartile 3 −0.64 −0.82 −0.45

 FGF23 Quartile 4 −0.91 −1.07 −0.75

Demographics and eGFR adjusted

 FGF23 Quartile 1 −0.63 −0.84 −0.41 0.10

 FGF23 Quartile 2 −0.82 −1.06 −0.58

 FGF23 Quartile 3 −0.62 −0.81 −0.44

 FGF23 Quartile 4 −0.88 −1.04 −0.72

Demographics and PTH adjusted

 FGF23 Quartile 1 −0.67 −0.89 −0.45 0.16

 FGF23 Quartile 2 −0.81 −1.04 −0.57

 FGF23 Quartile 3 −0.63 −0.81 −0.45

 FGF23 Quartile 4 −0.87 −1.03 −0.72

Demographics, eGFR and PTH adjusted

 FGF23 Quartile 1 −0.68 −0.90 −0.47 0.28

 FGF23 Quartile 2 −0.82 −1.06 −0.58

 FGF23 Quartile 3 −0.62 −0.80 −0.44

 FGF23 Quartile 4 −0.85 −1.01 −0.70

Demographics, eGFR, PTH and BMI adjusted

 FGF23 Quartile 1 −0.70 −0.91 −0.48 0.30

 FGF23 Quartile 2 −0.83 −1.07 −0.59

 FGF23 Quartile 3 −0.62 −0.80 −0.44

 FGF23 Quartile 4 −0.86 −1.02 −0.70

Demographics: age, sex, black
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