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Abstract

Aims Fibroblast growth factor 23 (FGF-23) is known to be elevated in patients with congestive heart failure (CHF). As FGF-23
is expressed in the bone but can also be expressed in the myocardium, the origin of serum FGF-23 in CHF remains unclear. It is
also unclear if FGF-23 expressed in the bone is associated with outcome in CHF. The aim of the present study was to investi-
gate FGF-23 levels measured in bone marrow plasma (FGF-23-BM) and in peripheral blood (FGF-23-P) in CHF patients to gain
further insights into the heart—bone axis of FGF-23 expression. We also investigated possible associations between FGF-23-BM
as well as FGF-23-P and outcome in CHF patients.

Methods and results We determined FGF-23-P and FGF-23-BM levels in 203 CHF patients (85% male, mean age 61.3 years)
with a left ventricular ejection fraction (LVEF) <45% and compared them with those of 48 healthy controls (48% male, mean
age 39.2 years). We investigated the association between FGF-23-BM and FGF-23-P with all-cause mortality in CHF patients, 32
events, median follow-up 1673 days, interquartile range [923, 1828]. FGF-23-P (median 60.3 vs. 22.0 RU/mL, P < 0.001)
and FGF-23-BM (median 130.7 vs. 93.1 RU/mL, P < 0.001) levels were higher in CHF patients compared with healthy controls.
FGF-23-BM levels were significantly higher than FGF-23-P levels in both CHF patients and in healthy controls (P < 0.001). FGF-
23-P and FGF-23-BM correlated significantly with LVEF (r = —0.37 and r = —0.33, respectively), N terminal pro brain natriuretic
peptide levels (r = 0.57 and r = 0.6, respectively), New York Heart Association status (r = 0.28 and r = 0.25, respectively), and
estimated glomerular filtration rate (r = —0.43 and r = —0.41, respectively) (P for all <0.001) and were independently associ-
ated with all-cause mortality in CHF patients after adjustment for LVEF, estimated glomerular filtration rate, New York Heart
Association status, and N terminal pro brain natriuretic peptide, hazard ratio 2.71 [confidence interval: 1.18-6.20], P = 0.018,
and hazard ratio 2.80 [confidence interval: 1.19-6.57], P = 0.018, respectively.

Conclusions In CHF patients, FGF-23 is elevated in bone marrow plasma and is independently associated with heart failure
severity and all-cause mortality. The failing heart seems to interact via FGF-23 within a heart—bone axis.
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expression is stimulated by high serum phosphate or high
vitamin D levels.”? In patients with chronic kidney disease
(CKD), circulating FGF-23 is elevated.®*

Introduction

Fibroblast growth factor 23 (FGF-23) plays an important
role in phosphate and vitamin D homeostasis and bone min-
eralization. FGF-23 is expressed in the bone by osteocytes
and osteoblasts, and, in a so-called bone—kidney axis, its

An association between increased FGF-23 levels and mor-
tality in patients suffering from CKD is well appreciated,™®
and several authors observed an association between
FGF-23 and outcome in the general population”® and under
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several pathological conditions, including congestive heart
failure (CHF).5™*

The underlying mechanism resulting in increased FGF-23
levels in CHF patients, the origin of FGF-23 in CHF (bone vs.
myocardium), and the effect of FGF-23 on the cardiovascular
system are incompletely understood.>™' While Klotho is
essential for the effects of FGF-23 on the kidney, the effects
of FGF-23 on the heart seem to be Klotho independent. Klotho
itself is not associated with outcome in CHF patients.*%*?714

To gain further insights into the origin and effect of FGF-
23 in CHF patients, this study investigated the distribution of
FGF-23 levels both in peripheral blood (FGF-23-P) and in
bone marrow plasma (FGF-23-BM) in CHF patients compared
with healthy controls. Further, potential correlations be-
tween FGF-23-P or FGF-23-BM and CHF severity and the
association between FGF-23-P or FGF-23-BM and all-cause
mortality were evaluated. We hypothesized that FGF-23
levels are increased in CHF patients and associated with
unfavourable outcome, while there are no associations
between Klotho and outcome in CHF patients.

Methods
Study sample

The study sample of this retrospective analysis comprised 237
patients with systolic CHF [defined as left ventricular ejection
fraction (LVEF) <45%] and 50 healthy individuals (controls)
who were enrolled in the Frankfurt Bone Marrow-Derived
Cell Therapy Registry. The patients and controls were in-
cluded in studies assessing the effect of intracoronary bone
marrow-derived mononuclear cell infusion for treatment of
chronic heart failure (ClinicalTrials.gov; accession numbers:
NCT 00289822, NCT 00284713, NCT 00326989, and NCT
00962364).

All patients gave written informed consent. The local ethics
committee approved the study protocols, and the study was
conducted in accordance with the Declaration of Helsinki.

Of the 237 CHF patients, 34 were excluded due to missing
FGF-23 levels, leaving 203 CHF patients who were eligible for
further analysis. Of the 50 control individuals, one individual
was excluded due to missing FGF-23-P levels and one due
to missing information on sex. Forty-eight controls were
eligible for further analysis.

Follow-up and clinical characteristics

Patients were followed up by annual telephone contact or
outpatient visit. The primary endpoint was defined as all-
cause mortality and was confirmed by reviewing death certif-
icates or contacting relatives or family physicians as

previously described.> Median follow-up was 1673 days,
interquartile range (IQR) [923, 1828].

The clinical characteristics obtained at baseline presenta-
tion were age, sex, height, weight, presence of hypertension,
presence of hypercholesterolaemia, presence of diabetes,
smoking status, and New York Heart Association (NYHA)
class. LVEF was assessed by quantitative echocardiography
as previously described.®

Laboratory analysis

Standard assays were applied to measure plasma cholesterol,
triglycerides, HDL, LDL, creatinine, glutamic-oxaloacetic
transaminase, glutamate pyruvate transaminase, and lactate
dehydrogenase. The estimated glomerular filtration rate
(eGFR) was calculated based on the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation.’” N termi-
nal pro brain natriuretic peptide (NT-proBNP) was mea-
sured by commercially available standard assays
(ELECSYS2010 analyser; F. Hoffmann-La Roche Diagnostics,
Basel, Switzerland) as described previously.®

Analysis of fibroblast growth factor 23 and Klotho

Bone marrow plasma and peripheral blood samples were
obtained as described previously.*® C terminal FGF-23-BM
and FGF-23-P were measured by ELISA [Immutopics Inc.
(San Clemente, California, USA) 2nd Generation Human
Fibroblast Growth Factor 23 ELISA Kit; Reader: Biotek Synergy
HT (Biotek Instruments, Inc., Winooski, Vermont, USA) with
detection range of 1.5-1375 RU/mL]. FGF-23-P levels under
the limit of detection were imputed with 0.005 RU/mL
(n = 15 controls). For some analyses, we calculated the ratio
between FGF-23-BM and FGF-23-P levels (FGF-23-BM/P). In
controls, FGF-23-P levels under the limit of detection were
excluded in calculating this ratio.

Klotho-BM and Klotho-P were measured by ELISA [IBL
(Immuno-Biological Laboratories Co., Ltd, Japan) Human
soluble alpha-Klotho ELISA Kit; Reader: Biotek Synergy HT
(Biotek Instruments, Inc.) with detection range of 93.75-
6000 pg/mL]. FGF-23 and Klotho measurements were carried
out using frozen samples by experienced technical staff
blinded to patient’s characteristics.

Statistical analysis

Baseline characteristics with normal distribution were charac-
terized by arithmetic mean and standard deviation (SD),
whereas skewed variables were described by median and
IQR. FGF-23-BM, FGF-23-P, Klotho-BM, and Klotho-P levels
were compared between controls and patients and between
location of assessment (Mann—Whitney U test). Pearson’s
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rank correlations analysis was used to investigate correlations
between FGF-23-BM, FGF-23-P, Klotho-BM, and Klotho-P
and several covariates (age, sex, Klotho-P, Klotho-BM, LVEF,
eGFR, NYHA class, NT-proBNP levels, hypertension, smoking,
and diabetes).

Cut-offs representing the 97.5% percentile or 2.5% percen-
tile were derived based on the bone marrow plasma and
peripheral blood levels of FGF-23 and Klotho of healthy
controls. Kaplan—Meier estimator analysis was carried out to
estimate event-free survival in CHF patients stratified by the
cut-off levels derived from healthy controls.

For linear regression and Cox regression analyses, we
created a complete cases subsample of 146 CHF patients with
all used covariates (see succeeding texts). FGF-23-BM, FGF-
23-P, Klotho-BM, and Klotho-P levels were transformed with
natural logarithms due to their skewed distribution and
standardized (to a mean of 0 and an SD of 1). We examined
the associations between covariates showing a significant
correlation with FGF-23-P or FGF-23-BM using linear regres-
sion, and based on the number of covariates, the P-value
was corrected for multiple testing (Bonferroni).

The association between FGF-23-BM and FGF-23-P as
categorical variables (cut-offs as described earlier) with
all-cause mortality was examined using multivariable propor-
tional hazards regression (Cox) models. Cox regression
analysis was carried out unadjusted, adjusted for age and
sex, and adjusted for age, sex, and additional covariates
(LVEF, eGFR, NYHA class, and NT-proBNP) and in a fully
adjusted model (adjusted for all covariates).

In multiple hypothesis testing (FGF-23-BM and FGF-23-P), a
Bonferroni-corrected P-value <0.025 (P < 0.05/2) was
considered significant. Secondary analyses were carried out
for FGF-23-P and FGF-23-BM per SD increase and for
FGF-23-BM/P, Klotho-P, and Klotho-BM.

If not stated differently, P values <0.05 were considered
significant. All analyses were carried out using the R 3.4.1
software package (R Foundation for Statistical Computing,
Vienna, Austria).

Results
Baseline clinical characteristics

The clinical characteristics of 203 patients with CHF included
in the study are presented in Table 1. The majority of CHF
patients were male (85%), and they presented with a mean
age of 61.3 years, a mean LVEF of 30.8%, and a median
NT-proBNP level of 954 ng/L (Table 1).

In contrast to CHF patients, men and women were equally
distributed in control subjects (48% male, P < 0.001), and
controls were significantly younger than CHF patients (mean
age 39.2 years, P < 0.001).

Table 1 Clinical characteristics

Data Systolic heart

Characteristics available (n) failure patients
Age (years) 202/203 61.3(12.2)
Male sex 203/203 85%
Height (cm) 183/203 174.0 (8.2)
Weight (kg) 183/203 84.5 (16.7)
Hypertension 199/203 73%
Hypercholesterolaemia 194/203 73%
Diabetes 198/203 34%
Smoking 196/203 21%
NYHA class 200/203

NYHA | 22%

NYHA Il 39.5%

NYHA 11l 34.5%

NYHA IV 4%
LVEF (%) 181/203 30.8 (9.9)
eGFR (mL/min) 201/203 68.62 [50.54, 88.44]
NT-proBNP (ng/L) 166/203 954 [426, 1995]
Cholesterol (mg/dL) 187/203 163 [131, 187]
LDL (mg/dL) 173/203 79 [60, 109]
HDL (mg/dL) 181/203 45 [38, 54]
TG (mg/dL) 186/203 125 [95, 181]
GOT (U/L) 194/203 29 [25, 37]
GPT (U/L) 189/203 29 [21, 42]
LDH (U/L) 198/203 211 [181, 250]

Clinical characteristics of 203 patients suffering from systolic con-
gestive heart failure. Continuous variables summarized by mean
(SD) or median [interquartile range] as appropriate; binary
variables presented as percentage. eGFR, estimated glomerular
filtration rate; GOT, glutamic-oxaloacetic transaminase; GPT, gluta-
mate pyruvate transaminase; LDH, lactate dehydrogenase; LVEF,
left ventricular ejection fraction; NT-proBNP, N terminal pro brain
natriuretic peptide; NYHA, New York Heart Association heart
failure class; TG, triglycerides.

Fibroblast growth factor 23 and Klotho in
peripheral blood vs. bone marrow plasma

In both patients and controls, FGF-23 levels measured in
bone marrow plasma were higher than the levels measured
in peripheral blood (P < 0.001 for both) (Table 2). There were
no differences in Klotho levels measured in peripheral blood
or bone marrow plasma in CHF patients (P = 0.09) or healthy
controls (P = 0.135) (Supporting Information, Table S1).

Fibroblast growth factor 23 and Klotho in patients
vs. controls

Congestive heart failure patients had significantly higher FGF-
23 levels in plasma (median 60.3 vs. 22.0 RU/mL, P < 0.001)
and bone marrow (median 130.7 vs. 93.1 RU/mL, P < 0.001)
than controls (Figure 1A, Supporting Information, Figure S1).
In CHF patients, the FGF-23-BM levels were approximately
2.4 times higher than the FGF-23-P levels, median ratio 2.4,
IQR [1.9, 3.3], whereas in controls, the FGF-23-BM levels
were 3 times higher than the FGF-23-P levels, median ratio
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Table 2 FGF-23-P and FGF-23-BM levels in congestive heart failure patients and healthy controls

Peripheral blood Bone marrow plasma P-value
FGF-23 (patients) (RU/mL) 60.3 [37.1, 103.6] 130.7 [97.1, 210.8] <0.001
FGF-23 (controls) (RU/mL) 22.0[10.1, 33.5] 93.1[77.4,111.1] <0.001

Fibroblast growth factor 23 (FGF-23) levels measured in bone marrow plasma compared with levels measured in peripheral blood in pa-
tients with systolic congestive heart failure and healthy control individuals (controls). Data are displayed as median [interquartile range].

Figure 1 Distribution of fibroblast growth factor 23 (FGF-23) (A) levels
measured in bone marrow plasma (BM) and peripheral blood (P) as well
as FGF-23-BM/P ratio (B) in patients with systolic congestive heart failure
(CHF patients) compared with healthy control individuals.
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3.0, IQR [2.6, 4.4]. This difference in the FGF-23-BM/P ratio
between CHF patients and controls was statistically signifi-
cant (P = 0.005, Figure 1B).

Congestive heart failure patients had significantly lower
Klotho-P levels (674 vs. 903 pg/mL, P < 0.001) and significantly
lower Klotho-BM levels (634.12 vs. 851.78 pg/mL, P < 0.001)
than controls (Supporting Information, Figures S1 and S2).

Clinical characteristics stratified by fibroblast
growth factor 23 and Klotho levels

We stratified the clinical characteristics of CHF patients based
on elevated or lowered FGF-23 and Klotho levels. The used
threshold levels for FGF-23-P (73.75 RU/mL) and FGF-23-BM
(158.07 RU/mL) represent the 97.5% percentile and for
Klotho-P (509.2 pg/mL) and Klotho-BM (471.1 pg/mL) as
well as for the FGF-23BM/P ratio (1.54) represent the 2.5%
percentile concentration derived from our healthy controls.

Patients with increased FGF-23-P and FGF-23-BM levels
were older, presented with higher NT-proBNP levels, had a
lower LVEF, and had impaired renal function (Supporting
Information, Table S2A). Patients who presented with an
FGF-23-BM/P ratio less than 1.54 had higher NT-proBNP
and FGF-23-P levels (Supporting Information, Table S2B).

Congestive heart failure patients with higher Klotho-P
levels had higher Klotho-BM levels, and there were slightly
more patients with lower Klotho-P levels in NYHA class II.
Aside from these findings, however, there were no other
differences between CHF patients with respect to Klotho-P
or Klotho-BM levels (Supporting Information, Table S3).

Analysis of fibroblast growth factor 23 and Klotho
by Pearson’s correlation

FGF-23-P and FGF-23-BM levels were highly correlated, but
only FGF-23-P correlated with the FGF-23-BM/P ratio. None
of the measurements for FGF-23 correlated with either
Klotho-P or Klotho-BM (Table 3). FGF-23-P and FGF-23-BM
levels did not correlate with sex, hypertension, smoking, or
diabetes and only weakly with age. We observed stronger
correlations with impaired renal function measured by eGFR,
NT-proBNP, LVEF, and NYHA class (Table 3). Klotho-P and
Klotho-BM were strongly correlated with each other and
showed a weak correlation with eGFR but not with any of
the other covariates (Supporting Information, Table S4).

Association between elevated fibroblast growth
factor 23 and covariates

FGF-23-P and FGF-23-BM levels above the defined cut-off
values were associated with an older age, impaired renal
function, higher NT-proBNP levels, and impaired LVEF and
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Table 3 Correlation analysis between FGF-23-P, FGF-23-BM, and
patients

FGF-23-BM/P levels and clinical variables in congestive heart failure

FGF-23-P FGF-23-BM Ratio
r P-value r P-value r P-value
FGF-23-P 1 <0.0001 0.87 <0.0001 -0.20 0.004
FGF-23-BM 0.87 <0.0001 1 <0.0001 0.01 0.86
Klotho-P 0.02 0.79 0.04 0.53 —-0.05 0.45
Klotho-BM -0.02 0.84 0.04 0.60 -0.02 0.82
Age 0.18 0.0090 0.22 0.002 0.06 0.41
Sex 0.01 0.86 —0.001 0.99 -0.1 0.15
LVEF -0.37 <0.0001 -0.33 <0.0001 0.06 0.40
eGFR -0.43 <0.0001 —-0.41 <0.0001 0.04 0.55
NYHA 0.28 <0.0001 0.25 <0.0001 -0.07 0.33
NT-proBNP 0.57 <0.0001 0.60 <0.0001 0.03 0.75
Hypertension 0.05 0.51 0.06 0.44 0.02 0.76
Smoking -0.06 0.40 -0.07 0.32 -0.07 0.32
Diabetes 0.05 0.46 0.07 0.30 -0.05 0.47

Partial correlation coefficients (r) showing the correlations between FGF-23-P, FGF-23-BM, and FGF-23-BM/P ratio and several covariates.
eGFR, estimated glomerular filtration rate; FGF-23-BM, fibroblast growth factor 23 measured in bone marrow plasma; FGF-23-P, fibro-
blast growth factor 23 measured in peripheral blood; Klotho-BM, alpha Klotho measured in bone marrow plasma; Klotho-P, alpha Klotho
measured in peripheral blood; LVEF, left ventricular ejection fraction; NT-proBNP, N terminal pro brain natriuretic peptide; NYHA, New
York Heart Association heart failure class; Ratio, fibroblast growth factor 23 measured in bone marrow plasma/fibroblast growth factor
23 measured in peripheral blood. P-value considered significant (P < 0.05) are bolded.

were also correlated with age, eGFR, NT-proBNP, and LVEF.
We investigated whether FGF-23-P and FGF-23-BM were
independently associated with these covariates in a linear re-
gression. FGF-23-P was independently associated with eGFR,
which was statistically significant (Supporting Information,
Table S5). There was also an association with LVEF and NT-
proBNP, not reaching statistical significance after adjusting
for multiple testing. In contrast, FGF-23-BM was indepen-
dently and statistically significant associated with eGFR, LVEF,
and NT-proBNP (Supporting Information, Table S5).

Association between fibroblast growth factor 23
and prognosis

In Kaplan—Meier estimator analysis stratified by cut-offs de-
rived from our healthy controls, CHF patients with elevated
FGF-23-P and FGF-23-BM had a lower survival probability
(Figure 2A and B). There were no differences in survival with
respect to Klotho-P, Klotho-BM, or the FGF-23-BM/P ratio
(Figure 2C, Supporting Information, Figure S3).

Therefore, Cox regression analysis was carried out in pri-
mary analysis for FGF-23-P and FGF-23-BM only (n = 145,
events = 32).

FGF-23-P and FGF-23-BM were both associated with all-
cause mortality (treated as a categorical variable) when unad-
justed and when adjusted for age and sex (Table 4).
After additional adjustment for LVEF, eGFR, NYHA status,
and NT-proBNP, FGF-23-P and FGF-23-BM remained signifi-
cantly associated with all-cause mortality. Even in the fully
adjusted model that included all covariates jointly, both
FGF-23-P and FGF-23-BM remained significantly associated

with all-cause mortality (using the Bonferroni corrected P-
value for multiple testing).

Treated as continuous variables, FGF-23-P and FGF-23-BM
showed a weaker association with all-cause mortality per SD
increase in a secondary analysis (Supporting Information,
Table S6). We also investigated the associations between
the FGF-23-BM/P ratio (Supporting Information, Table S7)
and Klotho-P and Klotho-BM levels (Supporting Information,
Table S8) and all-cause mortality in secondary analyses but
did not observe significant associations.

Discussion

We evaluated FGF-23 levels in peripheral blood and in bone
marrow plasma of CHF patients compared with healthy indi-
viduals. We confirmed previous reports that FGF-23 levels in
peripheral blood are increased in CHF patients”***® and
showed for the first time that FGF-23 levels measured in
bone marrow plasma are also elevated in CHF patients.

FGF-23-P and FGF-23-BM levels correlated with markers of
heart failure severity (NYHA class, NT-proBNP, and LVEF) and
of renal dysfunction (eGFR) and were both strong and inde-
pendent risk predictors for all-cause mortality in CHF pa-
tients, especially if cut-off levels derived from healthy
controls were used to stratify CHF patients.

In contrast, the FGF-23-BM/P ratio was not correlated or
associated with markers of renal dysfunction, heart failure se-
verity, or outcome in CHF patients. Similarly, neither Klotho-P
nor Klotho-BM was associated with heart failure severity
or outcome, which is in line with previous reports and under-
lines observations that FGF-23 effects on the heart are Klotho
independent.1%1%14:19,20
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Figure 2 Kaplan—Meier curves showing event-free survival (all-cause mortality). N = 145, events N = 32. (A) Patients stratified by fibroblast growth
factor 23 (FGF-23) levels measured in peripheral blood (FGF-23-P). Cut-off derived from healthy control individuals. FGF-23-P levels <73.75 RU/mL,
n =89 (n =9 events); FGF-23-P levels >73.75 RU/mL, n = 56 (n = 23 events). (B) Patients stratified by FGF-23 levels measured in bone marrow plasma
(FGF-23-BM). Cut-off derived from healthy control individuals. FGF-23-BM levels <158.07 RU/mL, n =91 (n =9 events); FGF-23-BM levels >158.07 RU/mL,
n =54 (n =23 events). (C) Patients stratified by FGF-23-BM/FGF-23-P ratio. Cut-off derived from healthy control individuals. FGF-23-BM/FGF-23-P ratio
<1.54, n =13 (n = 4 events); FGF-23-BM/FGF-23-P ratio >1.54, n = 132 (n = 28 events).
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Table 4 Associations between FGF-23-P and FGF-23-BM and all-cause mortality

FGF-23-P FGF-23-BM

HR (95% Cl) P-value HR (95% Cl) P-value
Unadjusted 4.88 (2.25-10.56) <0.001* 5.11 (2.36-11.05) <0.001*
Age, sex 4.51 (2.05-9.90) <0.001* 4.77 (2.16-10.53) <0.001*
Age, sex, LVEF 3.23 (1.47-7.13) 0.004* 3.14 (1.39-7.133) 0.006*
Age, sex, eGFR 4.04 (1.75-9.29) 0.001* 4.28 (1.87-9.78) <0.001*
Age, sex, NYHA 3.76 (1.68-8.41) 0.002* 4.29 (1.92-9.56) <0.001*
Age, sex, NT-proBNP 4.06 (1.81-9.09) <0.001* 4.29 (1.90-9.92) <0.001*
Fully adjusted 2.71 (1.18-6.20) 0.018* 2.80 (1.19-6.57) 0.018*

Risk estimates for FGF-23-P and FGF-23-BM treated as a categorical variable (stratified by cut-off levels derived in a healthy population)
unadjusted and adjusted for age and sex and additional covariates with respect to all-cause mortality; n = 145, events = 32. Cl,
confidence interval; eGFR, estimated glomerular filtration rate; FGF-23-P, fibroblast growth factor 23 measured in peripheral blood;
FGF-23-BM, fibroblast growth factor 23 measured in bone marrow plasma; LVEF, left ventricular ejection fraction; NT-proBNP, N terminal
pro brain natriuretic peptide; NYHA, New York Heart Association heart failure class; HR, hazard ratio.

*Indicates Bonferroni corrected P-value (for multiple testing) considered significant P < 0.025 (P < 0.05/2).

It was surprising that the FGF-23-BM/P ratio was lower in
CHF patients than in controls, as FGF-23 is primarily expressed
in the bone.™? This might indicate that the organs other than
the bone express FGF-23 in CHF, leading to relatively higher
levels of FGF-23 in the circulation. Leifheit-Nestler et al.
showed that the myocardium in patients with end-stage
renal disease expresses FGF-23, and Richter et al. showed that
FGF-23 production in cardiomyocytes can be stimulated
in vitro.*>** In contrast, in a small study conducted by Ander-
sen et al., FGF-23 expression in the myocardium was similar
in patients with acute heart failure and in healthy controls,
causing the authors to speculate that the bone might be the
origin of increased FGF-23 levels in patients with acute
heart failure due to a heart—bone feedback mechanism.*

In our investigation, the FGF-23-BM/P ratio was not
correlated with markers of heart failure severity. Thus, even
if FGF-23 expression takes place in the heart in CHF patients,
leading to a smaller FGF-23-BM/P ratio, this expression is not
correlated with heart failure severity. As FGF-23 in bone mar-
row plasma was significantly higher than FGF-23 in peripheral
blood and was associated with heart failure severity, we hy-
pothesize that the main origin of FGF-23 in CHF patients in
our study was still the bone.

These results raise the question of how the heart ‘talks’ to
the bone, leading to an increased expression of FGF-23 in CHF
patients. It is possible that the increase in FGF-23 levels in
CHF patients simply mirrors a worsened renal circulation.
In a study of patients with systolic heart failure, FGF-23 levels
were associated with an impaired glomerular perfusion, and
the authors suggested that FGF-23 might be increased due
to venous stasis in the kidney leading to an increase in FGF-
23 levels in CHF patients, even in patients with a
normal eGFR.*°

Even though FGF-23-P and FGF-23-BM levels were corre-
lated with each other and were associated with a lower eGFR
in our investigation, they were also associated with a wors-
ened LVEF and increased NT-proBNP levels independent of
eGFR and, therefore, might—at least partly—reflect a wors-
ened cardiac function independent of an impairment of renal
function, which is supported by previous investigations. In

humans, FGF-23 levels increase shortly after patients go into
cardiogenic shock and predict outcome in these patients.?* In
rodents, FGF-23 increases to a high level after myocardial in-
farction, whereas serum phosphate and parathyroid hor-
mone levels do not change, and vitamin D decreases.”®
Under these conditions, FGF-23 expression in rodents was
up-regulated in the bone and—to a lesser extent—in the
myocardium. The findings that FGF-23 increases shortly after
cardiogenic shock independent of phosphate, parathyroid
hormone, and vitamin D levels and that the FGF-23 expres-
sion is increased in the bone indicate that in heart failure,
the heart might directly stimulate FGF-23 expression in the
bone independent of renal dysfunction.

Two recently published review articles have proposed a
potential heart-bone feedback mechanism for FGF-23, by
which the injured heart might increase FGF-23 expression in
the bone via pro-inflammatory cytokines.*>?® Another possi-
ble pathway by which the heart stimulates FGF-23 expression
in the bone might be sympathetic activation.?’

Although it is not yet clear why FGF-23 levels are increased
in CHF patients, these increased FGF-23 levels are associated
with poor outcome. The underlying mechanisms are still
a matter of debate; some authors speculate that FGF-23 re-
flects imbalances in bone mineralization and is therefore
related to worse outcome in CHF patients’ or that FGF-23
only reflects high serum phosphate and low vitamin D levels
that are responsible for the worsened outcome.*®

Previous investigations, however, showed that FGF-23 is
not associated with bone disease in CHF patients and its
association with outcome is independent of serum phosphate
and vitamin D levels,’®'%?® so FGF-23 might target the heart
directly. In fact, FGF-23 causes left ventricular hypertrophy in
animal models'®?° and is independently associated with
incidence and prevalence of ventricular hypertrophy in CKD
patients’®?® and in elderlies.°

We demonstrated here that FGF-23 levels are associated
with NT-proBNP and LVEF in an independent manner and
that FGF-23 is a prognostic indicator of all-cause mortality
in CHF patients. This indicates that FGF-23 has a direct effect
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on the cardiovascular system in CHF patients; however, fur-
ther investigations are needed to uncover underlying patho-
physiological mechanisms.

To the best of our knowledge, our study is the first to de-
rive cut-off levels for FGF-23 in healthy controls. Interestingly,
applying these cut-offs in CHF patients yielded a better pre-
dictive value than if FGF-23 had been used as a continuous
variable per SD increase. As FGF-23 seems to be a better risk
predictor if treated categorically, it might be of interest in fu-
ture investigations to derive FGF-23 cut-off levels in larger
populations, e.g. population-based cohorts.

The study has several potential limitations. The sample size
of the healthy controls was small, so the cut-off levels derived
here may not be representative of the general population;
also, as the CHF patients were older than the controls, the
FGF-23 levels might only be partially comparable between
the two groups. There is also a lack of a control group of
CHF patients not undergoing cell therapy. Furthermore, be-
cause only 15% of the CHF patients were women, our results
might not be representative for women. Of note, the per-
centage of men in previous studies investigating FGF-23 levels
in CHF patients was also high and similar to the percentage in
our study.>*°

It has to be considered that by drawing bone marrow
plasma, peripheral blood is also drawn, and therefore, the
FGF-23 levels measured in bone marrow plasma might be
contaminated by FGF-23 in peripheral blood.

However, as the FGF-23-BM levels were significantly
higher than FGF-23-P levels, at least a significant proportion
of the FGF-23 was probably derived from the bone marrow
plasma itself. It would have been of interest if FGF-23-P and
FGF-23-BM are associated with cardiovascular outcomes as
well. Unfortunalty, we were not able to investigate further
endpoints. FGF-23 is known first and foremost as a marker
of phosphate and vitamin D metabolism and is closely
linked to parathyroid hormone levels.*? Unfortunately, we
were not able to investigate the association between FGF-
23 and these parameters; however, previous studies have
indicated that FGF-23 is associated with outcome indepen-
dent of phosphate and vitamin D.***® Our study could
not add information on a potential mechanistic link be-
tween FGF-23-P and FGF-23-BM. It is also unclear if FGF-
23-BM is only secreted by osteocytes and osteoblasts or
might also be secreted by bone marrow mononuclear cells.
Further investigations are needed to analyse the mechanis-
tics in FGF-23 secretion in the bone.

Conclusion

Fibroblast growth factor 23 levels are increased in CHF pa-
tients, they are higher if measured in bone marrow plasma
than in peripheral blood, and they are independently

associated with all-cause mortality. Our data suggest that
the failing heart leads to increased bone FGF-23 expression.
As FGF-23 is independently associated with an unfavourable
outcome in CHF patients, this heart-bone axis might be
explored as a target of therapeutic agents in future studies.
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