7%
university of 5%,
groningen % %

i

University Medical Center Groningen

University of Groningen

Fibroblast Growth Factor 23, Glucose Homeostasis, and Incident Diabetes

van der Vaart, Amarens; Eelderink, Coby; van Beek, André P; Bakker, Stephan J L; van Dijk,
Peter R; de Borst, Martin H

Published in:
Journal of Clinical Endocrinology & Metabolism

DOI:
10.1210/clinem/dgad246

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2023

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

van der Vaart, A., Eelderink, C., van Beek, A. P., Bakker, S. J. L., van Dijk, P. R., & de Borst, M. H. (2023).
Fibroblast Growth Factor 23, Glucose Homeostasis, and Incident Diabetes: Findings of 2 Cohort Studies.
Journal of Clinical Endocrinology & Metabolism, 108(10), e971-e978. Advance online publication.
https://doi.org/10.1210/clinem/dgad246

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 31-10-2023


https://doi.org/10.1210/clinem/dgad246
https://research.rug.nl/en/publications/7709ce88-64d9-4543-a2e3-5a8b6eb72649
https://doi.org/10.1210/clinem/dgad246

The Journal of Clinical Endocrinology & Metabolism, 2023, 108, e971-e978
https://doi.org/10.1210/clinem/dgad246
Advance access publication 4 May 2023

Clinical Research Article ENDOCRINE
SOCIETY

OXFORD

Fibroblast Growth Factor 23, Glucose Homeostasis, and
Incident Diabetes: Findings of 2 Cohort Studies

Amarens van der Vaart,?® Coby Eelderink,'® André P. van Beek,? Stephan J. L. Bakker,’
Peter R. van Dijk,? and Martin H. de Borst’

'Department of Internal Medicine, Division of Nephrology, University Medical Center Groningen, University of Groningen, 9700 RB, Groningen,
the Netherlands
2Department of Endocrinology, University Medical Center Groningen, University of Groningen, 9700 RB, Groningen, the Netherlands

Correspondence: Amarens van der Vaart, MD, Department of Internal Medicine, Division of Nephrology and Endocrinology, University of Groningen, University
Medical Centre Groningen, P.0. Box 30.001, 9700 RB, Groningen, the Netherlands. Email: a.van.der.vaart01@umcg.nl.

Abstract

Context: The phosphate-regulating hormone fibroblast growth factor 23 (FGF23) has been linked to deregulations in glucose metabolism, but its
role is insufficiently understood.

Objective: This study investigates potential crosstalk between FGF23 and glucose homeostasis.

Methods: First, we investigated the effect of glucose loading on plasma C-terminal FGF23 levels and its temporal relationship with changes in
plasma phosphate in 45 overweight (body mass index [BMI] 25-30) individuals using time-lag analyses. Second, we studied cross-sectional
associations of plasma C-terminal FGF23 levels with glucose homeostasis using multivariable linear regression in a population-based cohort.
We also investigated associations of FGF23 with incident diabetes and obesity (BMI > 30) in individuals without diabetes or obesity at
baseline, respectively, using multivariable Cox regression analyses. Finally, we explored whether the association between FGF23 and
diabetes depends on BMI.

Results: After glucose loading, changes in FGF23 preceded changes in plasma phosphate (Pime-ag =-04). In the population-based cohort
(N=5482; mean age 52 years, 52% women, median FGF23 69 RU/mL), FGF23 was associated with plasma glucose (.13 [.03-.23];
P=.01), insulin (3_-.10 [.03-.17]; P<.001), and proinsulin (3 —.06 [0.02-0.10]; P=.01) at baseline. On longitudinal analyses, a higher baseline
FGF23 was independently associated with development of diabetes (199 events [4%]; fully adjusted hazard ratio [HR] 1.66 [95% CI, 1.06-
2.60]; P=.03) and development of obesity (241 events [6%]; fully adjusted HR 1.84 [95% ClI, 1.34-2.50]; P< .001). The association between
FGF23 and incident diabetes lost significance after additional adjustment for BMI.

Conclusion: Glucose loading has phosphate-independent effects on FGF23 and, vice versa, FGF23 is associated with glucose, insulin and
proinsulin levels, and obesity. These findings suggest crosstalk between FGF23 and glucose homeostasis, which may promote susceptibility
to incident diabetes.

Key Words: fibroblast growth factor 23, type 2 diabetes, glucose loading

Abbreviations: BMI, body mass index; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; ELISA, enzyme-linked immunosorbent assay;
FGF23, fibroblast growth factor 23; G6P, glucose-6-phosphate; HDL, high-density lipoprotein; HR, hazard ratio; OGTT, oral glucose tolerance test; PHEX,
phosphate-regulating gene homologous to endopeptidase on X chromosome; PREVEND, Prevention of Renal and Vascular End-stage Disease; PTH,
parathyroid hormone; UAE, urinary albumin excretion.

Several traditional risk factors for the development of type 2 dia-
betes have been identified, including obesity (1). Nevertheless,
the effect of currently available interventions to reduce the preva-
lence of type 2 diabetes has been limited, partly due to insufficient
knowledge on potential risk factors. Therefore, there is a need to
identify additional, potentially modifiable, pathways that con-
tribute to the development of type 2 diabetes.

Emerging evidence suggests that fibroblast growth factor 23
(FGF23) plays a role in the pathophysiology of type 2 dia-
betes. FGF23 is a bone-derived hormone crucial for systemic
phosphate metabolism regulation by inducing renal phospha-
turia. It is a strong predictor of cardiovascular disease and
mortality, especially in patients with chronic kidney disease
(CKD) who display strongly elevated FGF23 levels (2). Of

note, FGF23 ™~ mice display increased peripheral insulin sen-
sitivity, improved glucose tolerance, and reduced whole-body
fat, compared with wild-type littermates (3, 4). In humans,
FGF23 is positively associated with markers of insulin resist-
ance and adiposity (2, 5-7).

Furthermore, plasma FGF23 levels decrease after glucose
and insulin loading (8, 9). Whether glucose-induced changes
in FGF23 are dependent or independent of phosphate remains
unclear. As insulin stimulates intracellular phosphate uptake
for the phosphorylation of glucose to glucose-6-phosphate
(G6P) (10), the subsequent decline in plasma phosphate could
reduce FGF23 secretion. The decrease in FGF23 could also be
a direct result of altered bone cell secretion in response to in-
creased plasma insulin and glucose.
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Here, we hypothesized that there is crosstalk between
FGF23 and glucose homeostasis, where mutual deregulations
may contribute to the etiology of new-onset diabetes.
Therefore, first, we assessed the temporal relationship be-
tween changes in FGF23 and plasma phosphate after a 75-g
oral glucose tolerance test (OGTT). Second, we investigated
whether FGF23 is associated with incident diabetes. Third,
we explored whether FGF23 is associated with future obesity.

Material and Methods

Study Design: Oral Glucose Tolerance Test Study

We performed a post hoc analysis in overweight participants
in a previously published randomized controlled trial
(NTR4899; age 45-65 years, body mass index [BMI] 25-30)
(11). This study was initially conducted to observe metabolic
flexibility and consisted of 2 six-week intervention periods
with either low (<1) or high (5-6 portions) dairy intake per
day. The prescribed dairy portions were 200 g semi-skimmed
yogurt, 30 g reduced fat cheese (30+ cheese made from semi-
skimmed milk containing 30% fat based on dry weight,
~19 g fat/100 g cheese), and 250 mL semi-skimmed milk
and/or buttermilk. The 2 intervention periods were separated
by a washout period of 4 weeks. Detailed information on the
study is provided elsewhere (11). All participants who com-
pleted the 6-week low-dairy period (<1 dairy portion/day)
and subsequent OGTT were included in the present study
(N =45), as this intervention period is most representative
of the dietary intake of the general population (12).

Laboratory Measurements in Oral Glucose
Tolerance Test Study

Blood samples were taken during an OGTT. The OGTT con-
sisted of 75 g dextrose (Natufood) dissolved in 300 mL water,
with the addition of 0.1% of [U-13C]-glucose. To increase
palatability by a slight reduction of intense sweetness,
20 drops of lemon juice were added. The glucose drink had
to be consumed within 5 minutes. During the test day, partic-
ipants were on a bed in a semi-upright position and physical
activity was limited. Water (150 mL) was provided hourly.
A basal blood sample was collected (t=—15 minutes), then
after the OGTT, samples were taken every 15 minutes for
90 minutes, every 30 minutes for an additional 90 minutes,
and then hourly until t =480 minutes. Plasma aliquots were
stored at 80 °C until analysis. Total C-terminal FGF23 levels
were measured in plasma EDTA samples using the FGF23
Multi-Matrix enzyme-linked immunosorbent assay (ELISA)
kit (Biomedica catalog No. BI-20702, RRID:AB_2935690).
This ELISA has interassay and intra-assay coefficients of vari-
ation of less than 10% and less than 12%, respectively (13).
Plasma phosphate was measured on a Roche/Hitachi
Modular automatic analyzer (Roche Diagnostics, Hitachi).
Further details about the OGTT and laboratory procedures
can be found elsewhere (11).

Study Design: Prevention of Renal and Vascular
End-stage Disease Cohort Study

The Prevention of Renal and Vascular End-stage Disease
(PREVEND) study is a large prospective Dutch cohort con-
sisting of 8295 participants. The study was initially initiated
to investigate whether increased urinary albumin excretion
(UAE > 10 mg/L) was associated with future cardiovascular

and renal disease. All individuals living in Groningen,
the Netherlands, between 1997 and 1998, who were then
aged between 28 and 75 years were invited to participate by
filling out a questionnaire and provide early-morning urine.
A total of 6000 individuals with increased UAE and 2592 in-
dividuals with normal UAE were eligible for inclusion, of
whom 297 were excluded because of heart failure, under-
weight, low waist circumference, and missing covariates.
Detailed information about the PREVEND study has been de-
scribed previously (14).

All participants who completed the second screening round
(between 2001 and 2003), had available data on FGF23 and
plasma phosphate levels that were measured at this screening
round, and did not have a defined diabetes status at this screen-
ing round were included in the present study (N = 5482). For
cross-sectional analyses, individuals with missing data regarding
insulin and proinsulin were excluded, leaving 5472 participants
in the analysis. In Cox regression analyses for incident type 2
diabetes, individuals with diabetes at baseline or incomplete
follow-up data were excluded, leaving a total of 4785 individu-
als. In Cox regression analyses for incident obesity, individuals
with obesity at baseline and incomplete follow-up data were ex-
cluded, leaving a total of 4019 individuals.

Laboratory Measurements in Prevention of Renal
and Vascular End-stage Disease Cohort Study

Fasting blood samples were drawn in the morning from fresh
venous blood and stored in —80 °C in aliquots. Total
C-terminal FGF23 levels were measured in plasma EDTA
samples with a human FGF23 ELISA (Quidel catalog No.
60-6100, RRID:AB_2722648) directed against 2 different
epitopes within the C-terminal part of the FGF23 molecule.
This ELISA has interassay and intra-assay coefficients of vari-
ation of less than 5% and less than 16%, respectively (13).
Fasting plasma glucose was determined by dry chemistry
(Eastman Kodak), plasma insulin with immunoturbidimetry
(Diazyme Laboratories), and plasma proinsulin was measured
with U-PLEX platform using ELISA (Metabolic Combo 1,
K15281K, Meso Scale Discovery). Circulating calcium, phos-
phate, parathyroid hormone, creatinine, and blood lipids were
determined using standard methods as described in detail else-
where (15).

Outcomes in Prevention of Renal and Vascular
End-stage Disease Cohort Study

Participants without diabetes at the second survey (considered
as baseline in this study) were prospectively evaluated for the
development of incident type 2 diabetes and obesity. Type 2
diabetes was defined when (1) fasting plasma glucose was
greater than or equal to 7.0 mmol/L, and/or (2) nonfasting
glucose was greater than or equal to 11.1 mmol/L, and/or
(3) self-reported type 2 diabetes, and/or (4) start of glucose-
lowering medication (data retrieved from a central pharmacy
registry). Obesity was defined as a BMI greater than 30.

Statistical Analyses

Normality was checked with histograms and probability
plots. Baseline characteristics are presented as mean + SD. In
case of a skewed distribution, the median (interquartile range;
IQR) was used. Categorical variables are presented as
absolute numbers (percentages). FGF23 was natural
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log-transformed to yield an approximately normal distribu-
tion and to allow for data interpretation per doubling of
FGF23. Missing observations in covariates were multiply im-
puted. Extreme outliers were identified using the standardized
(Z) scores for the variables of interest and excluded if beyond
+2 SD from the mean.

In the OGTT study, time-lag analyses were performed to as-
sess associations between FGF23 and phosphate after glucose
loading. Each lag for 1 variable (=1, —2, —3) represents the de-
lay in time series by shifting the time series of 1 variable (eg,
FGF23) with 1, 2, or 3 measurements, respectively, before
comparing it with the other variable (eg, phosphate). An ad-
vantage of time-lag analyses is that they allow for testing
whether levels of one variable (eg, FGF23) are preceding sub-
sequent changes in another variable (eg, plasma phosphate),
or vice versa.

In PREVEND cross-sectional analyses, we used linear re-
gression analyses to test the association between FGF23 and
glucose, insulin, and proinsulin levels. Multivariable Cox re-
gression models were used to test the association between
FGF23 and incident type 2 diabetes and obesity.
Nonlinearity was tested with natural cubic splines with 2 de-
grees of freedom. Covariates for the multivariable models
were selected if the covariate was considered clinically or bio-
logically relevant. We adjusted for age, sex, plasma calcium,
plasma parathyroid hormone (PTH), plasma vitamin D,
smoking, systolic blood pressure, alcohol use, estimated glom-
erular filtration rate, urine creatinine excretion, high-density
lipoprotein, plasma glucose. In the Cox analyses for incident
type 2 diabetes, we additionally adjust for time-updated
BMI in a separate model to assess whether BMI mediates
the association between FGF23 and incident type 2 diabetes.
A P value less than .05 was considered statistically significant
in all analyses. All statistical analyses were performed with R
version 3.4.2.

Both studies were conducted in accordance with the
Declaration of Helsinki and approved by the medical ethical
committee and the institutional review board of the
University Medical Center Groningen.

Results

Effect of Glucose Loading on Plasma Fibroblast
Growth Factor 23 and Plasma Phosphate

Baseline characteristics of the 45 individuals are presented in
Table 1. After glucose loading, we observed that changes in
plasma FGF23 levels occurred before changes in plasma phos-
phate (Fig. 1). A statistically significant positive correlation
was found between changes in plasma phosphate and prior
changes in plasma FGF23 (lag-1, lag-2, and lag-3), as shown
in Supplementary Fig. S1 (16). On multiple linear regression
analysis with plasma phosphate as response variable and
FGF23 lag-1, lag-2, and lag-3 as predictor variables, FGF23
lag-3 remained statistically significant (P =.04).

Association of Fibroblast Growth Factor 23 With
Incident Type 2 Diabetes and Obesity

Baseline Characteristics

We included 5482 individuals from a general population co-
hort (age 53 + 12 years; 52% women) with a median (IQR)
FGF23 level of 69 RU/mL (57-87 RU/mL) and mean plasma

Table 1. Baseline characteristics of study participants that
underwent oral glucose tolerance test

Total (n =45)
Age, y 58.9+43
Sex (female, %) 25 (55.6)
Smoking (yes, %) 1551 (28)
BMI 28+2
Systolic blood pressure, mm Hg 133+17
HDL cholesterol, mmol/L 1.5+0.4
FGF23, RU/mL 73 (62-85)
Plasma calcium, mmol/L 2.33+0.08
Plasma PTH, pmol/L 4.7 (3.7-5.5)
Plasma vitamin D, nmol/L 57 (38-72)
Plasma glucose, mmol/L 5.5+0.6
Plasma insulin, mU/L 9.1+3.7

Values are means + SD, medians (interquartile range), or proportions (%).
Abbreviations: BMI, body mass index; FGF23, fibroblast growth factor 23;
HDL, high-density lipoprotein; PTH, parathyroid hormone.

phosphate of 1.01 + 0.28 mmol/L. A summary of the relevant
baseline characteristics is presented in Table 2.

Cross-sectional Analyses

First, we analyzed whether FGF23 was associated with pa-
rameters of glucose and insulin homeostasis at baseline.
FGF23 was positively associated with glucose, insulin, and
proinsulin at baseline, independent of potential confounders
(Table 3). Of note, after adjustment for BMI in the final mod-
el, all associations became weaker but remained significant.
FGF23 and BMI were also positively associated at baseline
(Supplementary Table S1) (16).

Longitudinal Analyses

Fibroblast growth factor 23 and incident type 2 diabetes

To investigate whether FGF23 was associated with incident
type 2 diabetes, we subsequently performed Cox regression
analyses in the population-based PREVEND cohort. During
a follow up of 6.7+2.2 years, 199 individuals developed
type 2 diabetes. FGF23 was associated with a higher risk of de-
veloping type 2 diabetes (crude model: hazard ratio [HR] 2.10
[95% CI, 1.40-3.20]; P < .001), Table 4). Adjustment for sev-
eral potential confounders yielded similar results, but add-
itional adjustment for time-updated BMI considerably
affected the HR, which was no longer statistically significant
(HR 1.52 [95% CI, 0.96-2.42]; P =.07).

Fibroblast growth factor 23 and incident obesity

Given the attenuated HR after adjustment for BMI in the as-
sociation between FGF23 and incident type 2 diabetes, we
subsequently investigated whether FGF23 was also associated
with BMI (Supplementary Table S2 (16)) and future obesity.
As shown in Fig. 2, higher FGF23 levels were associated
with a higher fully adjusted risk of developing obesity in
4019 PREVEND participants without obesity at baseline
(fully adjusted HR 1.84 [95% CI, 1.34-2.50]; P <.001).
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Figure 1. Plasma fibroblast growth factor 23 (FGF23), phosphate, insulin, and glucose after glucose loading.

Table 2. Baseline characteristics of the PREVEND cohort

Total (n =5482)

Age,y 52+12
Sex (female, %) 2829 (52)
Smoking (yes, %) 1551 (28)
Alcohol use
No, almost never (%) 1309 (24)
1-4 drinks per mo (%) 917 (17)
2-7 drinks per wk (%) 1766 (32)
1-3 drinks per d (%) 1210 (22)
> 3 drinks per d (%) 233 (4)
BMI 26+4
Systolic blood pressure, mm Hg 125+19
eGFR, mL/min/1.73 m? 94+15

Urine creatinine excretion, mmol/24 h 12+4

HDL cholesterol, mmol/L 1.27+0.31
FGF23, RU/mL 69 (57-87)
Plasma phosphate, mmol/L 1.01+0.28
Plasma calcium, mmol/L 2.30+0.11
Plasma PTH, pmol/L 4.9 (4.1-5.9)
Plasma vitamin D, nmol/L 54 (38-73)
Plasma glucose, mmol/L 4.8+0.6
Plasma insulin, mIU/mL 8.0 (5.7-11.8)
Plasma proinsulin, pmol/L 7 (5-9)

Values are means + SD, medians (interquartile range), or proportions (%).
Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration
rate; FGF23, fibroblast growth factor 23; HDL, high-density lipoprotein;
PREVEND, Prevention of Renal and Vascular End-stage Disease; PTH,
parathyroid hormone.

Discussion

The present study contributes to 3 novel aspects in the litera-
ture that all support the overarching hypothesis that FGF23 is
involved in type 2 diabetes pathophysiology. Our main

finding is that initial changes in FGF23 after glucose loading
were not dependent on prior changes in plasma phosphate.
Second, FGF23 is associated with incident type 2 diabetes,
and third, with incident obesity. To our knowledge, this is
the first study to demonstrate that changes in plasma FGF23
precede changes in phosphate after glucose loading. Also,
our study is the first to report on longitudinal associations
of FGF23 with incident type 2 diabetes and obesity, and to
suggest that the association between FGF23 and diabetes is
driven by an effect on obesity.

Previous studies already reported changes in plasma FGF23
and phosphate levels after glucose loading (9, 17). The loss of
plasma phosphate after glucose loading is a known effect and
is extensively described in the literature (18). This net loss is
caused by transcellular phosphate shifts to the intracellular
compartment as a result of cellular phosphate uptake induced
by insulin. Phosphate is essential for the phosphorylation of
glucose to G6P, the intracellular form of glucose in hepato-
cytes, which can then proceed to several metabolic pathways
(19). This transcellular phosphate shift exceeds the stimulat-
ing effect of insulin on renal tubular phosphate reabsorption
(20). In an elegant study, Ursem et al (9) reported a decrease
in plasma FGF23 and plasma phosphate 60 minutes after
OGTT, as compared to baseline measurements. In the present
study we observed similar results, but we could additionally
time-dependently discriminate changes in FGF23 and phos-
phate. Although we expected that initial changes in FGF23
would be influenced by changes in plasma phosphate, we
surprisingly found that changes in plasma FGF23 occurred
before changes in plasma phosphate, indicating a
phosphate-independent effect. Speculatively, this decrease in
FGF23 might be part of a negative feedback loop to further re-
duce adiposity or increase peripheral insulin sensitivity, as
suggested by animal studies (4, 8). Also, insulin(-like growth
factors) downregulate FGF23 production in osteocytes by in-
hibiting the transcription factor forkhead box protein O1
(FOXO1) through phosphoinositide 3-kinase (PI3K)/protein
kinase B (PKB)/Akt signaling (8) and stimulation of
phosphate-regulating gene homologous to endopeptidase on
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Table 3. Associations of fibroblast growth factor 23 and glucose, insulin, and proinsulin (linear regression)
Glucose P Insulin P Proinsulin P
Estimated B (95% CI) Estimated B (95% CI) Estimated B (95% CI)
Crude 0.23 (0.01-0.13) <.001 0.22 (0.150.29) <.001 0.18 (0.13-0.22) <.001
Model 1 0.14 (0.05-0.24) .01 0.20 (0.13-0.27) <.001 0.15 (0.11-0.19) <.001
Model 2 0.14 (0.05-0.24) .01 0.20 (0.13-0.27) <.001 0.14 (0.10-0.18) <.001
Model 3 0.13 (0.03-0.22) .01 0.20 (0.13-0.26) <.001 0.15 (0.10-0.18) <.001
Model 4 0.16 (0.06-0.26) .01 0.14 (0.07-0.22) <.001 0.09 (0.04-0.13) <.001
Model 5 0.13 (0.03-0.23) .01 0.10 (0.03-0.17) <.001 0.06 (0.02-0.10) .01

Crude: FGF23; model 1: age + sex; model 2: model 1 + plasma calcium + plasma PTH + plasma vitamin D + plasma phosphate; model 3: model 2 + smoking +
systolic blood pressure + alcohol use; model 4: model 3 + eGFR + urine creatinine excretion + HDL; model 5: model 4 + BMI; FGF23, insulin, and proinsulin

were natural log-transformed. A P value less than .05 was considered statistically significant.

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate; FGF23, fibroblast growth factor 23; HDL, high-density lipoprotein; PTH,

parathyroid hormone.

Table 4. Fibroblast growth factor 23 and risk of incident diabetes
(Cox regression)

FGF23®@ P Plasma phosphate® P

n 4785 4785

Events 199 199

Follow-up time, y 6.7 6.7

Crude 2.10 (1.40-3.20) <.001 0.22 (0.08-0.59) .01
Model 1 2.07 (1.36-3.14) <.001 0.39 (0.14-1.10) .07
Model 2 2.00 (1.31-3.05) .001 0.31 (0.10-0.89) .03
Model 3 1.82 (1.19-2.78) .01 0.40 (0.14-1.18) .10
Model 4 1.79 (1.16-2.59) .03 0.68 (0.22-2.12) S1
Model 5 1.66 (1.06-2.60) .03 0.84 (0.27-2.59) 77
Model 6 1.52 (0.96-2.42) .07 0.85 (0.28-2.64) .78

Crude: plasma FGF23(a), plasma phosphate(b); model 1: age + sex; model 2:
model 1 + plasma calcium + plasma PTH + plasma vitamin D + plasma
phosphate(a)/FGF23(b); model 3: model 2 + smoking + systolic blood
pressure + alcohol use; model 4: model 3 + eGFR + urine creatinine
excretion + plasma proinsulin; model 5: model 4 + HDL cholesterol; model
6: model 5 + time updated BMI; FGF23 was natural log-transformed. A

P value less than .05 was considered statistically significant. Values depicted
in bold are statistically significant.

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration
rate; FGF23, fibroblast growth factor 23; HDL, high-density lipoprotein;
PTH, parathyroid hormone.

X chromosome (PHEX) expression (21). Vice versa, mice
with PHEX mutations, leading to FGF23 overexpression,
also displayed hyperglycemia and hypoinsulinemia (22).
Studies in humans with present PHEX mutations (such as in
X-linked hypophosphatemia) do not report an increased dia-
betes risk, and evidence for this is limited to case reports (23).
However, the development of obesity and impaired glucose
metabolism in adults with X-linked hypophosphatemia has
been studied and reported (24). Potentially, the establishment
of unknown adaptive mechanisms in individuals with PHEX
mutations and impaired glucose metabolism is responsible for
preventing them from developing diabetes.

As FGF23 is a phosphaturic hormone, we would expect that
the decrease in FGF23 would in turn cause an increase in plas-
ma phosphate. However, we observed the opposite in the pre-
sent study. A potential explanation could be that the effect of
the transcellular phosphate shift by insulin exceeds the phos-
phaturic effects of FGF23 (9). Therefore, the decrease in
FGF23 prevents plasma phosphate levels from decreasing

even further. In the second part of the curve we first observe
a recovery of plasma FGF23 levels and, subsequently, of plas-
ma phosphate, probably due to a rapid osteocyte and osteo-
blast response to secrete FGF23.

We found a positive association between FGF23 and glu-
cose, proinsulin, and insulin levels in a large population-based
cohort. Several mechanisms may explain the observed associ-
ations between FGF23 and a disturbed glucose homeostasis.
First, FGF23 production is largely triggered by inflammation
(25), and most individuals with prediabetes and/or obesity
are in a proinflammatory state, which could explain higher
FGF23 levels in these individuals. Second, advanced glycation
end production as a result of elevated glucose levels could re-
sult in elevated FGF23 levels, as advanced glycation end pro-
duction also stimulates FGF23 formation (26). Third,
prediabetes and diabetes both are associated with normal to
higher bone mineral density, while their fracture risk is higher
(27-30). The reduced strength of a given bone mineral density
in (pre)diabetes could potentially trigger an increase in
FGF23. Previous studies consistently report positive associa-
tions of FGF23 with markers of insulin resistance (6, 31-33).

Additionally, we found an association between FGF23 and
the development of diabetes and obesity in longitudinal ana-
lyses. FGF23 is found to reduce insulin sensitivity and glucose
tolerance and to induce adiposity, as observed in animal stud-
ies (3, 4). In this study, we extend these findings to long-term
associations of FGF23 with development of incident type 2
diabetes and obesity, thereby supporting the concept that ele-
vated FGF23 levels are not only the effect, but also a trigger,
potentially via deregulated mineral metabolism, in the devel-
opment of metabolic syndrome and type 2 diabetes.

Obesity is one of the major risk factors for the development
of type 2 diabetes. Previous studies showed that FGF23 levels
are positively associated with body weight, fat mass, and dys-
lipidemia (2, 34, 35). The association with development of
obesity in this study strengthens the hypothesis that FGF23
plays a role in the development of adiposity, and is more
than a biomarker of adverse lipid metabolism. In the present
study, we can only speculate whether FGF23 itself plays a
causal role in obesity or that it only represents deregulated
phosphate and vitamin D metabolism that might drive pro-
gressive weight gain. For example, previous studies suggest
that phosphate-lowering therapy with sevelamer resulted in a
better phosphate balance and improved lipid homeostasis
both in healthy individuals and individuals with CKD (36).
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Figure 2. Fibroblast growth factor 23 (FGF23) and incident obesity in individuals without obesity and type 2 diabetes at baseline. FGF23 and incident
obesity in individuals without obesity at baseline. The hazard ratio is shown as a solid line, and the associated pointwise 95% Cls are represented by the
shaded area. The depicted hazard ratio is adjusted for age, sex, plasma phosphate, plasma calcium, plasma parathyroid hormone, plasma vitamin D,
smoking, systolic blood pressure, alcohol use, estimated glomerular filtration rate, urine creatinine excretion, high-density lipoprotein, plasma glucose,

and body mass index.

Additionally, in FGF237~~ ablated mice, the disrupted fat and
glucose homeostasis could largely be reversed on simultaneous
ablation of the vitamin D receptor (3). However, the associ-
ation of FGF23 and incident obesity found in the present study
was independent of plasma phosphate, vitamin D, and cal-
cium. There seems to be an effect of FGF23 on weight gain
that is independent of a disrupted mineral homeostasis.

This study consisted of 2 cohorts with both strengths and lim-
itations. The strength of the OGTT study is the number of re-
peated measurements for each individual that made it possible
to distinguish the sequence of events between FGF23 and phos-
phate in detail. However, since this was a post hoc analysis of a
study that initially examined dairy diets, results might not be ex-
trapolated as such to the general population. However, by per-
forming analyses only in the group using low dairy, this
population is relatively well comparable to the general popula-
tion, as can be found when comparing the dietary intake after
the low-dairy diet intervention to the intake at baseline (11).
Another limitation is the lack of measuring other hormones
related to phosphate metabolism (such as PTH and
25-hydroxyvitamin D). Although FGF23 is considered to be
the main phosphate-regulating hormone, we could not take
into account other hormones that influence phosphate metabol-
ism. The second general population-based cohort is a large, well-
characterized population-based cohort with clinically relevant
outcomes and a variety of data regarding FGF23 metabolism in-
cluding phosphate, calcium, PTH, and vitamin D data.
However, limitations should be mentioned. First, because all
findings were observational, we cannot exclude residual

confounding, precluding firm conclusions regarding causality.
Second, we did not have the possibility of taking into account
changes in FGF23 and phosphate over time, as we were limited
to a single measurement at baseline. However, adjustment for
time-adjusted BMI in survival analyses could at least correct
for the effects of FGF23 on future weight gain. Third, individuals
included in both cohorts were primarily White, limiting general-
izability of the findings to other ethnicities.

In conclusion, we found that changes in FGF23 after an OGTT
were independent of changes in plasma phosphate. Furthermore,
we found that FGF23 is associated with incident type 2 diabetes
and obesity in community-dwelling individuals. Taken together,
these findings suggest a role for FGF23 in type 2 diabetes patho-
physiology, potentially through an effect on obesity affecting in-
sulin sensitivity. Further studies are needed to address potential
mechanisms by which FGF23 might contribute to type 2 dia-
betes. Also, our findings may serve as a rationale to assess the
risk of type 2 diabetes and obesity in populations with patho-
logically elevated FGF23 levels, such as patients with CKD.
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