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Aims: Immune activation and disturbances of vitamin D metabolism are frequently encountered in patients
with heart failure. Elevated fibroblast growth factor 23 (FGF23) levels as well as immune activation have
been associated with a worse outcome in patients with heart failure. We evaluated the relationship of vitamin
D metabolism and FGF23 levels with immune activation and its association with cardiac function and
outcome in patients with heart failure.
Methods and Results: In 149 patients with heart failure caused by nonischaemic cardiomyopathy,
parameters of vitamin D metabolism (vitamin D, parathormone, phosphate, C-terminal FGF23, calcium),
inflammation (hsCRP, neopterin) and cardiac function were investigated. Patients with elevated
inflammatory parameters had significantly higher Ct-FGF23 levels (37.33 RU/mL vs. 17.60 RU/mL, p <
0.001). The highest Ct-FGF23 and phosphate levels were found in patients with elevated neopterin and
hsCRP levels as well as in in patients with progressive heart failure. Patients with high Ct-FGF23 and
neopterin levels (Ct-FGF23 > 22.60 RU/mL, neopterin > 6.90 nmol/L) had a significantly higher risk for
adverse events compared to patients with low Ct-FGF23 and neopterin levels (HR 7.386, [95%CI 2.543 —
21.447], p < 0.001).
Conclusions: Our study indicates a strong relationship of vitamin D metabolism, especially FGF23, with
Th; immune activation in patients with heart failure. Elevated Ct-FGF23 and neopterin levels are additive
predictors for adverse cardiovascular events in patients with heart failure.

© 2020 Gerhard Pélzl. Hosting by Science Repository.

Introduction

P; excretion [4, 5]. However, only the intact, biologically active FGF23
(iIFGF23) and not the cleaved N-terminal (nFGF23) or C-terminal

Disturbances of vitamin D metabolism, such as low vitamin D
concentrations or elevated levels of fibroblast growth factor 23 (FGF23),
are common in patients with heart failure (HF) and have been associated
with adverse outcomes in patients with chronic heart failure (CHF) [1,
2]. FGF23 has been identified as central regulator of vitamin D and
phosphate homeostasis [3]. It is mainly secreted by osteoblasts and
osteocytes in the bone marrow in response to 1,25(0OH), vitamin Ds,
parathormone (PTH) or elevated serum phosphate (P;) levels. FGF23 is
the key regulator of P; homeostasis by inhibiting renal P; reabsorption
independent of PTH and 1,25(OH), vitamin D3. This mechanism seems
to be a protective response to decreased kidney function with impaired

FGF23 (cFGF23) fragments have an effect on P; homeostasis [6, 7].
Thus, proteolytic cleavage maintains normal circulating iFGF23 levels
in case of FGF23 overproduction [7-9].

Recent studies have demonstrated that elevated levels of FGF23
correlate with disease severity and adverse outcome in patients with HF
[2, 10]. Higher FGF23 levels were independently associated with
reduced left ventricular ejection fraction (LV-EF), left ventricular
hypertrophy (LVH) and left ventricle (LV) mass index [11-14]. In vitro
experiments indicate that FGF23 impacts on cardiac remodelling
independent of Klotho, the coreceptor of FGF23 in the kidney and
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parathyroid glands, by inducing hypertrophy [15]. Short-term exposure
of the myocardium to FGF23 significantly increases intracellular Ca?*
levels, thus improving cardiac contractility, while persistent presence of
FGF23 raises basal levels of Ca?* and induces cardiac hypertrophy [16-
19]. Additionally, FGF23 excess promotes myocardial fibrosis via up-
regulation of active §-catenin in vitro and in animal experiments [20].

In patients with chronic kidney diseases (CKD), FGF23 has also been
linked to inflammation and immune function: Clinical observations and
laboratory investigations indicate that FGF23 directly modulates
leukocyte activation and recruitment, thus impairing the host defence
against bacterial infections [21]. FGF23 was found to be positively
associated with high sensitivity C-reactive protein (hsCRP), tumor
necrosis factor alpha (TNF-a), Interleukin-6 (IL-6) and IL-10 [22, 23].
Conversely, inflammation appears to upregulate FGF23 production [6,
24]. In fact, CHF often goes along with a chronic low-grade
inflammation, which is associated with an increased rate of adverse
events [25-27].

The objective of our study was to investigate the relationship between
vitamin D metabolism, especially Ct-FGF23, and immune activation and
their relation to adverse outcomes in patients with chronic HF.

Methods
I Study Population

We retrospectively analyzed a data set of 475 Caucasian patients with
HF due to nonischaemic cardiomyopathy (CMP) who underwent right
and left heart catheterization between 2009 and 2014 at Innsbruck
Medical University. The diagnosis of HF was made according to the
presence of current or previous symptoms or characteristic clinical signs
and evidence of left ventricular (LV) dysfunction. Patients with acute
HF, coronary artery disease on coronary angiography, or vitamin D or
calcium supplementation within the last 6 months were excluded from
the analysis.

Patients were treated according to CHF guidelines. Data of all HF
patients with available parameters of inflammation (hsCRP, neopterin)
and vitamin D metabolism (including Ct-FGF23 levels) were analyzed
(n =149).

The final study population consisted of 98 men and 51 women. The study
conformed with the principles outlined in the Declaration of Helsinki
and was approved by the local ethics committee of Innsbruck Medical
University. All patients were > 18 years of age and consented to
participate in the study (written consent).

11 Follow-up Analysis

Patients were followed up from invasive diagnosis and laboratory testing
until the first event of the combined endpoint that included
hospitalisation for acute heart failure (HF), heart transplantation (HTXx),
left ventricular assist device (LVAD) implantation and death from any
cause. Follow-up was closed in May 2017. Information on events was
obtained from the local mortality registry, hospital charts and from the
patients’ relatives.
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111 Measurements

Fasting blood samples were drawn in all patients at study entry and
stored at- 80° until analysis. All routine laboratory variables were
measured at our central laboratory that undergoes regular internal and
external quality audits. FGF23 was determined using an FGF23 assay
(Immutopics Inc., San Clemente, CA, USA, interassay coefficient of
variation <5%) that detects epitopes within the carboxyl-terminal
domain of FGF23 (Ct-FGF23) with polyclonal antibodies. Therefore, the
test used in this study detects both cFGF23 and iFGF23. Circulating
levels of Ct-FGF23 are expressed as relative units per millilitre
(RU/mL). PTH was detected with an electrochemiluminescence
immunoassay based on monoclonal antibodies, which detect both the N-
terminal fragment and the C-terminal fragment of parathormone (PTH;
Modular, Roche Diagnostics GmbH, Mannheim, Germany; interassay
coefficient of variation < 7 %). A standard colorimetric method
(Modular, Roche Diagnostics GmbH, Mannheim, Germany; interassay
coefficient of variation < 2 %) was used for phosphate determination.
Quantification of 25-hydroxyvitamin D (25(0OH)D) was performed by
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
(Chromsystems, Munich, Germany; interassay coefficient of variation
<6 %, limit of quantification 12 nmol/L; standardized with NIST
reference material). Both isoforms, 25(0OH), vitamin D, and 25(0OH),
vitamin D3, were measured, and their sum was reported as total 25(OH),
vitamin D. Glomerular filtration rate (GFR) was estimated using the
IDMS-traceable MDRD study equation (estimated glomerular filtration
rate [eGFR] [mL/min/1.73 m2] = 175 x [serum creatinine] - 1.154 x age
— 0.203 [x 0.742 if female]). For measurement of neopterin
concentration, an enzyme-linked immunosorbent assay was used (IBL
International GmbH, Hamburg, Germany). Quantification of high-
sensitive C-reactive protein (hsCRP) was made with an immuno
turbidimetry test (Roche, Mannheim, Germany). Normal values of
hsCRP were considered < 0.5 mg/L and normal values of neopterin < 8.7
nmol/L. The pulmonary capillary wedge pressure (PCWP), right atrial
pressure (RAP), mean pulmonary artery pressure (mean PAP) and the
cardiac output (CO) was obtained using right heart catheterisation. Left
ventricular  ejection  fraction (LV-EF) was measured by
echocardiography and cardiac index (Cl) calculated by CO body surface
area.

1V Statistical Analysis

Data are appropriately presented as median (25", 75" percentile) or n
(%). Shapiro—Wilks test was used to test whether included parameters
are normally distributed or not. Non-normally distributed parameters are
expressed as median and were compared by non-parametric tests (Mann-
Whitney U, Kruskal-Wallis). Spearman rank correlation analysis was
used to assess correlations between the investigated parameters.
Potential predictors for an adverse outcome were analysed with
proportional hazard regression analysis. To perform optimal regression
analysis, parameters that showed a skewed distribution were
logarithmized. P-values < 0.05 were considered to indicate statistical
significance. Statistical analysis was performed using SPSS 24.0 for
Macintosh (IBM Corp., Armonk, NY, USA).
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Table 1: Demographic and clinical characteristics, laboratory measurements and haemodynamics.

Total Ct-FGF23 tertiles [RU/mL] Sig.
n =149 <15.70 15.71-37.10 >37.10
Median (IQR) Median Median Median p-Value
Demographic and clinical characteristics
Age [years] 49.7 (38.5-61.7) 50.2 49.4 49.7 0.983
BMI [kg/m?] 24.81 (22.00 — 27.74) 25.47 25.80 24.20 0.183
Sex, men [%] 65.3 54.0 75.0 67.3 0.088
Syst. BP [mmHg] 120 (110 - 132) 120 121 120 0.291
Heart rate [bpm] 71 (60-82) 70 67 76 0.103
NYHA class | 22.8 30.0 255 125 -
NYHA class I 43.4 50.0 48.9 313 -
NYHA class llI/IV 33.8 20.0 255 56.3 0.001
Laboratory measurements
NT-proBNP [ng/L] 1340 (501 — 3266) 903 986 3028 <0.001
eGFR [mL/min/1.73m?] 73.78 (58.31 — 90.20) 80.59 73.78 61.06 <0.001
< 60 mL/min/1.73m? [%] 26.8 10.0 25.0 46.9 <0.001
<45 mL/min/1.73m? [%)] 47 0.0 2.1 12.2 0.010
Neopterin [nmol/L] 6.90 (5.00 —9.70) 5.60 6.50 8.80 <0.001
hsCRP [mg/L] 0.20 (0.10 - 0.63) 0.16 0.17 0.35 0.033
Phosphate [mmol/L] 1.10 (0.97 - 1.22) 1.07 1.08 117 0.002
PTH [ng/L] 37.91 (27.28 - 53.67) 35.57 34.87 48.05 0.050
Vitamin D [nmol/L] 46.4 (29.3-67.1) 49.1 37.7 485 0.732
Haemodynamics
LV-EF [%] 37.0 (25.7 - 49.7) 40.5 42.0 31.0 0.254
mean PAP [mmHg] 26 (19— 33) 24 23 31 0.011
RAP [mmHg] 9(6-12) 9 8 11 0.013
PCWP [mmHg] 17 (12 - 25) 16 15 21 0.007
Cardiac index [L/min/m?] 1.93 (1.68 —2.42) 2.08 1.98 1.78 0.013

Data from 149 patients are presented as median (interquartile range) in the total study population and within the Ct-FGF23 tertiles.

Sig: significance; BMI: body mass index; syst. BP: systolic blood pressure; bpm: beats per minute; NYHA: new 3ork heart association; NT-proBNP: N-
terminal prohormone of brain natriuretic peptide; eGFR: estimated glomerular filtration rate; hsCRP: high sensitive C-reactive protein; Ct-FGF23: C-
terminal fibroblast growth factor 23; PTH: parathormone; LV-EF: left ventricular ejection fraction; mean PAP: mean pulmonary artery pressure; RAP: right

atrial pressure; PCWP: pulmonary capillary wedge pressure.
Results

Demographic and clinical characteristics, laboratory measurements and
haemodynamics are listed for the whole study population and for each
Ct-FGF23 tertile in (Table 1).

| Relations Between Vitamin D Metabolism and Heart Failure
Severity

Interestingly, Ct-FGF23 was the only parameter of vitamin D
metabolism that was associated with HF severity. Ct-FGF23 levels were
positively associated with escalating NYHA classes (p < 0.001, Table 1)
and correlated with NT-proBNP (rs =0.414, p<0.001, Figure 1A),
mean PAP (rs = 0.215, p = 0.011), RAP (rs = 0.194, p = 0.021), PCWP
(rs = 0.248, p = 0.003) and cardiac index (rs = - 0.303, p < 0.001, Figure
1B).

Cardiovasc Dis Med doi:10.31487/j.CDM.2020.01.04

Il Relations Between Vitamin D Metabolism and Immune
Activation

Positive correlations were found between increasing tertiles of FGF23
with neopterin and hsCRP levels (Table 1). Patients with elevated
inflammatory parameters (neopterin elevated, hsCRP elevated or both
elevated) had significantly higher Ct-FGF23 levels (37.33 RU/mL vs.
17.60 RU/mL, p<0.001). Ct-FGF23 levels did not differ between
patients with isolated elevations of hsCRP (30.17 RU/mL) and neopterin
(40.93RU/mL) and patients with both parameters elevated
(36.25 RU/mL) (p = 0.360).

Ct-FGF23 was positively correlated with hsCRP levels (rs =0.250,
p=0.002) and even stronger with neopterin levels (rs=0.380,
p <0.001, Figure 1C). Neopterin levels were furthermore associated
with P; (rs = 0.196, p = 0.022) and PTH levels (rs = 0.340, p = 0.002).
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Figure 1: Ct-FGF23, heart failure severity and immune activation: Ct-FGF23 levels positively correlated with NT-proBNP levels (A) and negatively
correlated with the cardiac index (B). Moreover, Ct-FGF23 positively correlated with neopterin (C).

111 Relations Between FGF23, Neopterin and Heart Failure
Outcomes

Median follow-up was 58 months. Death was registered in 19 (12.8 %)
patients, HTx in five (3.4 %), LVAD implantation in two (1.3 %), and
HF hospitalization in 21 (14.1 %) patients. Median baseline Ct-FGF23
levels for patients with an event within 5 years were 44.70 RU/mL vs.
20.30 RU/mL in patients without an event (p < 0.001). Patients with an
event also had higher P; levels (1.09 mmol/L vs. 1.17 mmol/L,
p =0.017), higher PTH levels (49.51 mmol/L vs. 34.87 mmol/L,
p =0.027) and lower vitamin D levels (30.80 nmol/L vs. 50.10 nmol/L,
p =0.010).

In Cox regression analysis stratified for sex and adjusted for age and
eGFR, increased Ct-FGF23 levels were associated with an increased risk
of the combined endpoint (HR 1.632 [95%Cl 1.215 —2.193], p = 0.001).
In tertile-based analyses, patients with Ct-FGF23 levels in the highest
tertile (> 37.11 RU/mL) showed a more than fourfold higher risk for an
event within 5 years compared to patients with Ct-FGF23 levels in the
lowest tertile (<15.70 RU/mL) (HR 4.356 [95%CI 1.874 — 10.124],
p =0.001). Moreover, higher P; levels (HR 6.625 [95%CI 1.557 —
28.197], p = 0.010) and lower vitamin D levels (HR 0.476 [95%CI 0.255

Cardiovasc Dis Med doi:10.31487/j.CDM.2020.01.04

—0.890], p = 0.020) were predictive for an adverse outcome in univariate
Cox regression analysis but not in Cox regression analysis stratified for
sex and adjusted for age and eGFR. PTH levels neither predictive in
univariate nor in multivariate Cox regression analysis (HR 1.646
[95%CI 0.921 — 2.942], p = 0.093).

To test for a potential additive effect of neopterin in the prediction of
event-free survival, patients were classified according to their neopterin
and FGF23 values (using combined cut-off levels at the median of each
parameter: Ct-FGF23 < 22.60 RU/mL, neopterin < 6.90 nmol/L). The
estimated 5-year event rate in patients with both parameters below the
cut-off (n =51) was 7.8 %, compared with 49.2 %, when both markers
were elevated (n = 47) (Figure 2). In both univariate as well as in the
Cox regression analysis stratified for sex and adjusted for age and eGFR
patients with Ct-FGF23 and neopterin elevated had significantly higher
risk for adverse events compared to patients with both parameters below
the cut-off (HR 3.520 [95%CI 1.390 — 8.913], p = 0.008). Interestingly,
event rates in patients with increased levels of either neopterin (30.4 %)
or Ct-FGF23 (33.8 %) were comparable but significantly higher when
compared to patients having both parameters below the median
concentrations (Figure 2).
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Figure 2: Ct-FGF23, neopterin and outcome of heart failure patients: The highest event rate was found in patients with high neopterin and high Ct-FGF23
levels, while the lowest event rate was found in patients with low neopterin and low Ct-FGF23 levels.

Discussion

This study demonstrates that elevated Ct-FGF23 concentrations are
associated with the Th; immune activation marker neopterin in HF
patients. Our data also corroborate previous studies showing a predictive
role of Ct-FGF 23 in CHF. Patients with a concomitant increase
neopterin and Ct-FGF23 are at highest risk for poor outcomes.
Therefore, our study indicates that a combined neopterin and Ct-FGF23
detection is suited very well for risk-stratification in patients with HF. In
the last years, several studies have shown a relation between increased
FGF23 levels and cardiovascular event rates in the general population,
in patients with chronic kidney disease as well as in CHF [2, 28, 29].
FGF23 induces pathological hypertrophy in cardiomyocytes by
activation of the calcineurin-NFAT signalling pathway via FGFR4 [11,
15, 30]. Also, long lasting immune activation causes myocardial damage
and consecutive LV dysfunction and adverse LV remodelling [27].
Therefore, these data suggest that FGF23 and inflammation impact HF
pathophysiology, independent of each other. Previous studies, however,
indicated that FGF23 metabolism also interacts with immune
activation [31]. In line with this data, Ct-FGF23 levels were strongly
correlated with neopterin levels and to a lesser extent, with hsCRP levels
in our population of HF patients. The correlation of neopterin with PTH
and P;, also fits well with the hypothesis that Th; immune activation goes
along with alterations of vitamin D metabolism.

Thy immune response induces interferon gamma (IFN-y) and TNF-a
production, leading to an activation of macrophages, which then produce
neopterin  [32, 33]. IFN-y also induces FGF23 expression in
macrophages, which then acts in a paracrine manner [34]. Since the

Cardiovasc Dis Med doi:10.31487/j.CDM.2020.01.04

number of activated macrophages is elevated in the failing heart, FGF23
secreted by these macrophages may contribute to inflammatory triggered
progression of HF [15]. Activated macrophages also produce IL-1p,
which induces FGF23 production in osteocytes, thus contributing to
circulating FGF23 levels [6, 35]. Other pro-inflammatory cytokines,
namely TNF-a and IL-6, have also shown to induce FGF23 production
[15, 36, 37]. In mice, acute inflammation only increases cFGF23 levels,
while chronic inflammation increases iIFGF23 levels as well [6].

Vice versa FGF23 also may influence systemic inflammatory processes.
It was demonstrated that FGF23 increases expression and secretion of
inflammatory cytokines, including IL-6 and CRP, in the same way as
myocytic hypertrophy by activation of the calcineurin-NFAT signalling
pathway via FGFR4 [38, 39]. Singh et al. suggest that inflammatory
cytokines constitute a positive feedback loop, in which FGF23 induces
the expression of inflammatory cytokines in hepatocytes, which then in
turn induce expression of FGF23 in osteocytes. It was concluded that
interruption of this feedback loop by anti-FGFR4 treatment might reduce
this self-preserving chronic inflammation [39]. In fact, it has been shown
that anti-FGFR4 treatment can inhibit the progression of LVH in vitro
and in an animal model [40]. Thus, the FGF23 — immune axis may play
an important role in the pathophysiology of HF.

Our clinical data do not allow for the conclusion, whether immune
activation and Ct-FGF23 accumulation just coincide or whether vitamin
D metabolism is altered by immune activation or vice versa. The clinical
relevance and causality of this interaction needs to be further addressed
in future studies with larger populations. Additionally, further studies
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examining the complex relationship between immune activation and Ct-
FGF23 in more detail might identify new therapeutic options.

Strengths and Limitations

Data in our study were obtained from patients with non-ischemic CMP
with largely preserved renal function. Therefore, findings of this study
do not allow for unrestricted generalisation to the whole cohort of HF
patients. The assay used in our study, detects both iFGF23 and cFGF23
and does not allow for differentiating between these molecules. Future
studies investigating the effects of the single FGF23 subtypes on the
heart and inflammation would be of interest.

Conclusion

We could demonstrate that FGF23 and Th; immune activation are
predictors of prognosis in patients with HF acting in an additive fashion.
The combination of FGF23 and neopterin seems to be suited very well
for risk-stratification in HF patients. This study also indicates a strong
relationship between vitamin D metabolism (especially Ct-FGF23) and
inflammation. Future studies in larger populations are needed to further
characterize this interaction and thus open possible new therapeutic
targets in CHF.
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