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A B S T R A C T

Background. Vitamin D deficiency and excess of circulating
fibroblast growth factor 23 (FGF23) contribute to cardiovascu-
lar mortality in patients with chronic kidney disease (CKD).
FGF23 activates FGF receptor 4 and (FGFR4) calcineurin/
nuclear factor of activated T cells (NFAT) signaling in cardiac
myocytes, thereby causing left ventricular hypertrophy (LVH).
Here, we determined if 1,25-dihydroxyvitamin D (calcitriol) in-
hibits FGF23-induced cardiac signaling and LVH.
Methods. 5/6 nephrectomized (5/6 Nx) rats were treated with
different doses of calcitriol for 4 or 10 weeks and cardiac expres-
sion of FGF23/FGFR4 and activation of calcineurin/NFAT as
well as LVH were analyzed. FGFR4 activation and hypertrophic
cell growth were studied in cultured cardiac myocytes that were
co-treated with FGF23 and calcitriol.
Results. In 5/6Nx rats with LVH, we detected elevated FGF23
expression in bone and myocardium, increased cardiac expres-
sion of FGFR4 and elevated cardiac activation of calcineurin/
NFAT signaling. Cardiac expression levels of FGF23 and
FGFR4 significantly correlated with the presence of LVH in ur-
emic rats. Treatment with calcitriol reduced LVH as well as car-
diac FGFR4 expression and calcineurin/NFAT activation. Bone
and cardiac FGF23 expression were further stimulated by calci-
triol in a dose-dependent manner, but levels of intact cardiac
FGF23 protein were suppressed by high-dose calcitriol. In cul-
tured cardiac myocytes, co-treatment with calcitriol blocked
FGF23-induced activation of FGFR4 and hypertrophic cell
growth.
Conclusions. Our data suggest that in CKD, cardioprotective
effects of calcitriol stem from its inhibitory actions on the

cardiac FGF23/FGFR4 system, and based on their counterbal-
ancing effects on cardiac myocytes, high FGF23 and low calci-
triol synergistically contribute to cardiac hypertrophy.
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I N T R O D U C T I O N

Chronic kidney disease (CKD) is a global public health epi-
demic that increases the risks of cardiovascular disease (CVD)
and death [1, 2]. As an early and common metabolic complica-
tion of CKD, elevated levels of circulating fibroblast growth fac-
tor 23 (FGF23) reduce serum levels of 1,25-dihydroxyvitamin D
(calcitriol) [3] and both are strongly associated with a greater
risk of CKD progression, CVD events and mortality [4, 5].
Clinical studies suggest that elevated FGF23 and calcitriol
deficiency causally contribute to adverse outcomes in CKD,
but underlying molecular mechanisms are incompletely
understood.

FGF23 is a hormone produced by osteocytes that regulates
mineral metabolism [6, 7]. In the kidney, FGF23 binds FGF re-
ceptor (FGFR)–klotho co-receptor complexes [8, 9] to stimulate
phosphaturia, inhibit parathyroid hormone (PTH) secretion
and calcitriol levels are decreased because of/due to the inhibi-
tion of 1a-hydroxylase and the stimulation of 24-hydroxylase
[10–12]. Beginning in CKD stage 2, FGF23 levels rise progres-
sively as renal function declines in order to maintain normal
phosphate levels [13]. Elevated FGF23 serum levels are associated
with left ventricular hypertrophy (LVH) [4, 14, 15], which||
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|promotes diastolic dysfunction, congestive heart failure, arrhyth-

mia and sudden death [16, 17].
In previous experimental studies we have shown that circulat-

ing FGF23 can directly contribute to LVH [18]. FGF23 induces
hypertrophic growth of cardiac myocytes via FGFR-dependent
signaling, but independent of klotho, which is not expressed in
the heart [8, 18]. In contrast to klotho-expressing target cells that
respond to FGF23 by activating the Ras/mitogen-activated pro-
tein kinase (MAPK) cascade [9], FGF23 activates phospholipase
Cc (PLCc)/calcineurin/nuclear factor of activated T cells
(NFAT) signaling in cardiac myocytes [18], which is a potent in-
ducer of LVH in established animal models of pathologic cardiac
remodeling [19]. We demonstrated that FGF23 specifically acti-
vates FGFR4 in cardiac myocytes and that administration of an
FGFR4-specific blocking antibody protects 5/6 nephrectomized
(5/6Nx) rats from developing LVH [20]. Moreover, expression
levels of FGFR4, calcineurin and NFAT are elevated in the myo-
cardial tissue of patients with CKD and positively correlate with
the presence of LVH [21], suggesting that this FGF23-driven
pro-hypertrophic signaling pathway also exists in humans.

Vitamin D is a hormone with a variety of tissue-protective
functions [22]. Calcitriol initiates biological responses by binding
the cytoplasmic vitamin D receptor (VDR), which modulates
transcription of a large number of genes [23]. Deficiency of calci-
triol is an important consequence of elevated FGF23 in CKD [24]
and is associated with death and CVD, including LVH [25].
Clinical studies suggest a survival benefit of active vitamin D ther-
apy in CKD [26, 27], and several observations demonstrate that
calcitriol can directly target the heart and mediate
cardioprotection. Cardiac myocytes express VDR and the enzym-
atic system for vitamin D activation [28], and gene polymorph-
isms in both are associated with cardiac hypertrophy [29].
Experimental studies have shown that vitamin D metabolites re-
duce the expression of genes that are involved in the development
of cardiac hypertrophy and that administration of calcitriol blocks
cardiac hypertrophy in rodents and isolated cardiac myocytes
[30, 31]. Interestingly, cardiac myocyte-specific VDR deletion re-
sults in LVH in the absence of hypertension [31], indicating that
a loss of vitamin D signaling in the heart directly causes LVH.

It has been shown that calcitriol prevents isoproterenol-
induced cardiac hypertrophy by blocking calcineurin/NFAT
signaling in cardiac myocytes [31]. Since FGF23 induces LVH
via FGFR4-dependent activation of PLCc/calcineurin/NFAT
signaling in cardiac myocytes [20], we wanted to determine
whether calcitriol treatment affects cardiac expression of FGF23
and/or of the downstream FGFR4/calcineurin/NFAT signaling
system in uremic rats and inhibits the FGF23-mediated hyper-
trophic growth of cardiac myocytes.

M A T E R I A L S A N D M E T H O D S

Detailed methodology is provided in the online-only
Supplementary Data.

Animal experiments

Kidney disease was induced in male Sprague Dawley rats
using the 5/6Nx method, as described previously [32]. Two

weeks after surgery, 5/6Nx rats were randomized into eight
groups and treated once a day by mouth with 30, 100 or 300 ng/
kg body weight of calcitriol or vehicle for 4 weeks and 10 weeks,
respectively. At the end, animals were euthanized, blood was col-
lected for serological analyses and organs were isolated and pre-
pared for further analyses. All experimental procedures were
performed in accordance with national animal protection guide-
lines from Directive 2010/63/EU of the European Parliament on
the protection of animals used for scientific purposes.

Isolation and culture of neonatal rat ventricular
myocytes (NRVMs)

NRVMs were isolated using a standard isolation system as
described previously [18]. For immunofluorescence analysis, 3
� 105 cells were seeded per well on glass coverslips in 24-well
plates. For co-immunoprecipitation studies, 5 � 106 cells were
seeded in 10-cm culture dishes. After 4 days, isolated cardiac
myocytes were cultured in the presence of recombinant murine
FGF23 or FGF2 (both at 25 ng/ml) for different time points.

Histomorphometry

Cardiac mid-chamber (MC) sections were incubated with
wheat germ agglutinin (WGA) to visualize cellular borders of indi-
vidual cardiac myocytes and immunofluorescence images were
taken on a Zeiss AxioObserver Z1 microscope with a Plan-Apo
63�/N.A. 1.4 oil objective followed by quantification of myocar-
dial cross-sectional area (in mm2) of 100 cardiac myocytes on
average.

Immunostaining for quantification of protein
localization and cell size

For immunohistochemistry, MC sections were incubated
with primary antibodies against NFAT. Appropriate biotin-
conjugated secondary antibodies were used, followed by the
avidin-biotin complex technique and antigen labeling with 3,30-
diaminobenzidine substrate. Images were taken on a Keyence
BZ-9000 microscope with 20� objective.

Immunocytochemistry and morphometry of NRVMs

To assess the effects of calcitriol on FGF23- and FGF2-
mediated hypertrophic growth of cardiac myocytes [18], iso-
lated NRVMs were pretreated with 100 nM calcitriol for 60 min
prior to addition of the FGFs. After 48 h, NRVMs were incu-
bated with primary mouse monoclonal antibody against sarco-
meric a-actinin and Cy3-conjugated goat anti-mouse
secondary antibody. Immunofluorescence images were taken
on a Leica TCS-SP5 confocal microscope with a 40� air object-
ive. Myocyte cross-sectional area was measured using Leica
AF6000 fluorescence software.

RNA isolation and quantitative real-time polymerase
chain reaction analysis

For RNA isolation of snap-frozen rat myocardial tissue, the
RNeasy Mini Kit was used. For RNA isolation from long bone,
the entire femur was crunched without bone marrow and incu-
bated with QIAzol lysis reagent following lysis using TissueLyser.
RNA isolation was performed using the RNeasy Lipid Tissue Kit,
total RNA was transcribed into cDNA using the QuantiTect
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Reverse Transcription Kit and real-time polymerase chain reac-
tion (RT-PCR) was performed in triplicate with appropriate pri-
mers (Supplementary data, Table S1) using the QuantiFAST
SYBR Green PCR Kit including ROX dye. Relative gene expres-
sion values, adjusted for the same Ct-threshold and baseline set-
tings, were calculated with the 2�DDCt method using Gapdh as a
housekeeping gene.

Protein isolation, immunoblotting and
immunoprecipitation

For protein extraction from snap-frozen myocardial specimens
of the left ventricle, tissue was homogenized in RIPA extraction
buffer and total protein was analyzed by sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting. Antibodies to FGF23, calcineurin A, NFATc4
and GAPDH were used as primary antibodies, and IRDye conju-
gated goat anti-mouse and goat anti-rabbit were used as secondary
antibodies. For endogenous immunoprecipitation studies from
NRVMs [20], cells were pretreated with vehicle, 100 nM calcitriol
or with human monoclonal FGFR4 blocking antibody at 10lg/ml
for 1 h followed by treatment with growth factors for 20 min. Cells
were scraped in RIPA buffer and protein lysates were incubated
with anti-PLCc or anti-GFP antibody as negative controls. A mix
of Protein A and Protein G beads was added, followed by incuba-
tion, protein elution in sample buffer and SDS-PAGE and
Western blot analyses. Antibodies to FGFR4 and PLCc were used
as primary antibodies and horseradish peroxidase–conjugated
goat anti-rabbit was used as a secondary antibody.

Statistics

Data are presented as mean 6 SEM, if not indicated other-
wise. Comparisons between groups were done by unpaired
t-tests in case of normally distributed data or Mann–Whitney U
test in case of non-Gaussian distributions for two independent
samples. Different groups of NRVMs were compared by one-
way analysis of variance and Bonferroni’s multiple comparison
test. Correlation analyses were done by a two-sided Pearson’s or
Spearman’s rank correlation after testing for Gaussian distribu-
tion with the Kolmogorov–Smirnov test. Two-tailed P-values
<0.05 were considered statistically significant.

R E S U L T S

Administration of calcitriol attenuates LVH in
uremic rats

Here we analyzed cardiac effects of calcitriol treatment in
5/6Nx rats in a time- and dose-dependent manner. Calcitriol
was given at 30, 100 or 300 ng/kg body weight per day begin-
ning 2 weeks after nephrectomy and then daily for an additional
4 or 10 weeks. Renal function was significantly impaired in rats
that underwent 5/6Nx versus sham nephrectomy (Table 1).
There were no significant differences in animals with short-
term versus long-term uremia, and calcitriol did not improve
kidney function. As expected [33, 34], high PTH serum levels in
5/6Nx rats were reduced by calcitriol in a dose-dependent man-
ner, and high-dose calcitriol increased serum calcium levels
after 4 weeks of treatment (Table 1).

5/6Nx induced LVH, as demonstrated by a significant in-
crease in ratios of heart weight to body weight (Figure 1A) and
heart weight to tibia length (Figure 1B) and in cross-sectional
area of individual cardiac myocytes (Figure 1C and D) when
compared with controls. We did not detect significant differ-
ences in cardiac changes observed in rats that were not treated
and studied 6 versus 12 weeks post-surgery, suggesting that be-
tween these two time points LVH did not further progress.
Compared with vehicle-treated 5/6Nx rats, treatment with calci-
triol for 4 weeks attenuated LVH in a dose-dependent manner,
as demonstrated by decreases in the ratios of heart weight to
body weight and heart weight to tibia length, as well as myocyte
cross-sectional area (Figure 1A–D). Changes became significant
in animals that received the highest dose of calcitriol. In 5/6Nx
rats that were treated with calcitriol for 10 weeks, the increase in
cardiac myocyte area but not in relative heart weight was signifi-
cantly reduced (Figure 1A–D). We next investigated the expres-
sion of pro-hypertrophic genes, known to be involved in
pathologic cardiac remodeling [35]. Beta myosin heavy chain
(bMHC) and brain natriuretic peptide (BNP) mRNA levels
were increased in 5/6Nx rats (Figure 1E and F), suggesting an
induction of pathologic cardiac hypertrophy. Calcitriol treat-
ment significantly reduced expression levels of both markers in

Table 1. Serum biochemistry

Group Calcitriol Creatinine
(mg/dL)

BUN
(mg/dL)

Calciumþþ

(mmol/L)
Phosphate
(mmol/L)

PTH
(pg/mL)

1,25(OH)2-

D3

(pg/mL)Dosage
(ng/kg BW/day)

Duration
(weeks)

Sham 0 4 0.25 6 0.05 15 6 2 2.48 6 0.07 2.64 6 0.44 187 6 89 n.a.
5/6Nx 0 4 0.59 6 0.12a 127 6 21a 2.54 6 0.12 2.95 6 0.60 262 6 123 79.2 6 22.6
5/6Nx 30 4 0.75 6 0.31 132 6 26 2.24 6 0.26 2.46 6 0.34 119 6 66b 57.7 6 27.4
5/6Nx 100 4 0.84 6 0.29b 156 6 67 2.62 6 0.40 2.84 6 0.60 33 6 65b 65.2 6 30.4
5/6Nx 300 4 0.65 6 0.27 156 6 35b 2.87 6 0.40b 2.73 6 0.60 2 6 0 b 73.3 6 38.9
Sham 0 10 0.33 6 0.08 17 6 2 2.60 6 0.20 2.79 6 0.20 149 6 84 n.a.
5/6Nx 0 10 0.62 6 0.09a 119 6 26a 2.60 6 0.15 2.75 6 0.19 330 6 236 46.2 6 43.6
5/6Nx 30 10 0.78 6 0.22 134 6 37 2.07 6 0.50 2.34 6 0.60 121 6 67b 58.7 6 32.3
5/6Nx 100 10 1.43 6 1.42 177 6 66 2.50 6 0.70 2.91 6 0.70 10 6 12b 53.7 6 41.9
5/6Nx 300 10 0.76 6 0.25 132 6 29 2.68 6 0.45 2.80 6 0.49 23 6 57b 77.7 6 54.9

Values are presented as mean 6 SD. BW, body weight; BUN, blood urea nitrogen.
aSignificant versus sham.
bSignificant versus untreated 5/6Nx.
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FIGURE 1: Calcitriol ameliorates LVH in uremic rats. (A) The heart weight:body weight ratio and (B) the heart weight:tibia length ratio of sham-
operated and 5/6 Nx rats were determined 6 and 12 weeks after surgery. Compared with sham, 5/6Nx significantly increases relative heart weight.
Treatment of uremic rats with calcitriol for 4 and 10 weeks reduces this effect in a dose-dependent manner. (C) Cardiac mid-chamber sections of
sham and 5/6Nx rats were stained with WGA (red; original magnification�63; scale bar 50 mm). (D) Cardiac myocyte cross-sectional area of ve-
hicle-treated 5/6Nx rats is significantly larger when compared with sham. In uremic rats, the increase in cardiac myocyte area is reduced after 4
and 10 weeks of calcitriol treatment in a dose-dependent manner when compared with vehicle-treated 5/6Nx rats (N¼ 100 cells/section).
Quantitative RT-PCR analysis of expression levels of (E) bMHC and (F) BNP demonstrate a significant increase in both pro-hypertrophic genes in
5/6Nx rats compared with sham, indicating pathologic remodeling in myocardial tissue. Calcitriol treatment reduces expression levels of both
markers in a time- and dose-dependent manner. N¼ 4–13 animals in each group; *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001 versus sham;
†P< 0.05, ††P< 0.01, †††P< 0.001 versus vehicle-treated 5/6Nx.
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|a time-dependent manner. These data indicate that treatment

of 6/5Nx rats with a VDR agonist attenuates the development of
LVH in a dose- and time-dependent manner.

Cardiac expression of FGF23 and FGFR4 is elevated in
uremic rats and reduced by calcitriol treatment

We investigated whether anti-hypertrophic effects of vitamin
D treatment in 5/6Nx rats correlated with changes in expression
levels of the cardiac FGF23/FGFR4 system. Compared with
sham-operated animals, Fgf23 expression in bone was increased
in vehicle-treated 5/6Nx rats and �100-fold elevated by calci-
triol dosages of 100 and 300 ng/kg in a time-dependent manner
(Figure 2A). Cardiac Fgf23 mRNA levels were elevated in
vehicle-treated 5/6Nx rats after 4 and 10 weeks and further
enhanced by treatment with calcitriol at 30 ng/kg for 4 weeks
(Figure 2B). However, in contrast to Fgf23 expression in bone,
long-term treatment or higher dosages of calcitriol did not fur-
ther increase cardiac Fgf23 levels.

As determined by immunoblot analysis of total heart extracts
followed by densitometric quantification, cardiac levels of the
Fgf23 full-length protein were elevated in uremic rats and fur-
ther increased by a low dose of calcitriol (30 ng/kg) at 4 weeks
(Figure 2C and D). Cardiac Fgf23 protein levels in 5/6Nx rats
tended to decrease at higher calcitriol dosages and were signifi-
cantly reduced by calcitriol treatment at 300 ng/kg for 10 weeks
compared with vehicle-treated animals. In vehicle- and
calcitriol-treated 5/6Nx rats, the amount of full-length cardiac
Fgf23 protein positively correlated with the heart weight:body
weight ratio (Figure 2E) and with enhanced bMHC and BNP
expression levels (Figure 2F and G).

Expression of Fgfr4 was significantly elevated in heart tissue
from 5/6Nx rats compared with controls (Figure 2H). Low-dose
treatment with calcitriol for 4 weeks further elevated Fgfr4 ex-
pression. However, higher calcitriol dosages reduced cardiac
Fgfr4 mRNA levels in a dose-dependent manner, irrespective of
the duration of treatment (Figure 2H). In uremic animals, ex-
pression levels of Fgfr4 correlated positively with cardiac Fgf23
levels (Figure 2I). Combined, our data indicate that cardiac ex-
pression levels of FGF23 and FGFR4 are elevated in uremic rats.
Calcitriol treatment reduces cardiac expression of FGF23 and
FGFR4, which might contribute to the anti-hypertrophic effects
of calcitriol treatment in uremic rats.

Uremic rats exhibit activated calcineurin/NFAT signaling
in the heart, which is abrogated by calcitriol treatment

To determine the activity of cardiac calcineurin/NFAT signal-
ing in 5/6Nx rats, we investigated protein levels of total calci-
neurin and phosphorylated NFAT by immunoblot analysis of
heart extracts. Activated calcineurin dephosphorylates NFAT in
the cytoplasm, inducing the translocation of NFAT into the nu-
cleus and thereby the expression of NFAT target genes involved
in LVH [36]. Induction of uremia significantly increased calci-
neurin protein levels in the heart (Figure 3A and B), accompanied
by a significant reduction in the levels of phosphorylated NFAT
(Figure 3C and D). Calcitriol significantly reduced calcineurin
protein levels, irrespective of the dose and duration of treatment
(Figure 3A and B), and caused the rephosphorylation of NFAT in
a dose-dependent manner (Figure 3C and D). Moreover, nuclear

NFAT protein expression was increased in 5/6Nx rats when com-
pared with controls (Figure 3E). Calcitriol treatment caused a
shift in NFAT localization from a nuclear to a cytoplasmic pat-
tern. Finally, expression levels of regulator of calcineurin 1
(Rcan1) and transient receptor potential channel 6 (TRPC6), two
established NFAT target genes [37, 38], were increased in 5/6Nx
rats compared with controls, and reduced by calcitriol treatment
in a dose-dependent manner (Figure 3F and G).

In vehicle- and calcitriol-treated uremic rats, the cardiac
phosphorylation state of NFAT negatively correlated with the
cross-sectional area of cardiac myocytes (Figure 4A) and with
Fgfr4 mRNA levels (Figure 4B). Furthermore, phospho-NFAT
levels (Figure 4C) and expression levels of Rcan1 and TRPC6
(Figure 4D and E) positively correlated with full-length cardiac
Fgf23 protein. The expression of NFAT target genes negatively
correlated with NFAT phosphorylation (Figure 4F and G). Our
data indicate that calcineurin protein levels and NFAT activity
are elevated in the myocardium of uremic rats. Calcitriol treat-
ment reduces cardiac expression of calcineurin and activation
of NFAT, which might contribute to the anti-hypertrophic ef-
fects of vitamin D in uremic rats.

Calcitriol inhibits FGF23-mediated FGFR4 activation
and hypertrophic growth in cultured cardiac myocytes

To determine if calcitriol could directly modify the pro-
hypertrophic effects of FGF23 on cardiac myocytes, we co-
treated NRVMs with FGF23 and calcitriol for 48 h. FGF23 sig-
nificantly increased NRVM cross-sectional area, which did not
occur in the presence of calcitriol (Figure 5A and B). In contrast,
when NRVMs were stimulated with FGF2, a paracrine FGF
family member that induces hypertrophic growth of cardiac
myocytes by activating Ras/MAPK signaling [18], co-treatment
with calcitriol had no effect.

Next we determined if calcitriol’s anti-hypertrophic effect to-
wards FGF23 involved an inhibition of FGFR4/PLCc signaling.
Co-immunoprecipitation studies in NRVMs revealed that FGF23
treatment induced an interaction between FGFR4 and PLCc.
Pretreatment with an FGFR4-specific blocking antibody inhibited
the interaction between FGFR4 and PLCc. Similarly co-treatment
with calcitriol reduced the amount of FGFR4 co-purified with
PLCc. Our in vitro data indicate that by blocking the interaction
between FGFR4 and PLCc and PLCc activation, calcitriol inhibits
FGF23-mediated hypertrophic growth of cardiac myocytes.

D I S C U S S I O N

Here we show that calcitriol protects 5/6Nx rats, an established
animal model of CKD with associated pathologic cardiac re-
modeling, from developing LVH in a dose-dependent manner.
Calcitriol’s cardioprotective effect is accompanied by a signifi-
cant reduction of FGF23 production in the heart and by
reduced cardiac expression levels of FGFR4 and calcineurin and
cardiac activity of NFAT. In the heart, FGF23 expression levels
positively correlate with FGFR4 expression and NFAT activity
as well as hypertrophy. Our findings indicate the existence of a
paracrine FGF23/FGFR4/calcineurin/NFAT signaling axis in
the heart that contributes to LVH under uremic conditions.
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FIGURE 2: Cardiac Fgf23/Fgfr4 expression is elevated in uremic rats and reduced by calcitriol treatment. (A) Quantitative RT-PCR analysis of
Fgf23 mRNA expression in bone reveals significantly increased levels in vehicle-treated 5/6Nx rats compared with sham. Bone Fgf23 mRNA
levels in uremic rats are elevated by calcitriol dosages of 100 and 300 ng/kg in a time-dependent manner. (B) Cardiac Fgf23 mRNA levels sig-
nificantly increase in vehicle-treated 5/6Nx rats 6 and 12 weeks after surgery compared with sham. The expression of cardiac Fgf23 in uremic
rats does not further increase by long-term treatment or higher dosages of calcitriol. Cardiac levels of the Fgf23 full-length protein are signifi-
cantly induced in uremic rats compared with sham demonstrated by (C) immunoblot analysis of total heart extracts followed by (D) densito-
metric quantification. Cardiac full-length Fgf23 protein levels in 5/6Nx rats decrease upon calcitriol treatment at higher dosages for 10 weeks
compared with vehicle-treated uremic rats. Gapdh serves as a loading control. In uremic rats, the amount of full-length cardiac Fgf23 protein
positively correlates with (E) the heart weight:body weight ratio and with the enhanced (F) bMHC and (G) BNP mRNA levels. (H) Fgfr4
expression levels are significantly elevated in heart tissue of 5/6Nx rats when compared with sham animals as determined by quantitative RT-
PCR analysis. Higher calcitriol dosages reduce cardiac Fgfr4 expression in a dose-dependent manner. (I) In uremic rats, the expression of Fgfr4
correlates positively with the cardiac Fgf23 mRNA levels. N¼ 4–13 animals in each group; *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001
versus sham; †P< 0.05, ††P< 0.01, †††P< 0.001 versus vehicle-treated 5/6Nx.
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FIGURE 3: Calcineurin/NFAT expression and signaling is elevated in uremic rats and reduced by calcitriol treatment. (A, B) Calcineurin
protein levels are significantly increased in the heart of 5/6Nx rats compared with sham-operated animals, demonstrated by immunoblot
analysis of total heart extracts followed by densitometric quantification. (C, D) In parallel, levels of phosphorylated NFAT (pNFAT) are
significantly reduced in uremic rats. In 5/6Nx rats, calcineurin protein levels are significantly reduced by calcitriol treatment in a dose-
dependent manner, thereby causing re-phosphorylation of NFAT. Gapdh serves as a loading control. (E) Immunohistochemical analysis of
myocardial sections stained for NFAT (brown) with hematoxylin counterstain (blue) reveals an increase in nuclear localization of NFAT in
5/6Nx rats when compared with sham. Treatment of calcitriol in 5/6Nx induces a shift in localization of NFAT protein from the nucleus to
the cytoplams (original magnification �63; scale bar 50 mm). In 5/6Nx rat, (F) Rcan1 and (G) TRPC6 mRNA expression levels are increased
compared with sham-operated rats and calcitriol treatment reduces both Rcan1 and TRPC6 levels in a dose-dependent manner. N¼ 4–13
animals in each group; *P< 0.05, **P< 0.01, ***P< 0.001 versus sham; †P< 0.05, ††P< 0.01, †††P< 0.001, ††††P< 0.0001 versus vehicle-
treated 5/6Nx.
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This outcome is in line with our recent study in CKD patients
showing similar positive associations between myocardial ex-
pression levels of these signal mediators and LVH [21] and with
our mechanistic study using loss- and gain-of-function
approaches in cell culture and animal models that revealed a
direct causative role of FGF23-induced FGFR4 activation and
subsequent calcineurin/NFAT signaling in the development of
LVH [20].

Although it has been shown before that VDR agonists have
anti-hypertrophic effects in 5/6Nx rats [39, 40], the current
study is the first to indicate that this cardioprotective effect in-
volves an inhibition of the cardiac FGF23/FGFR4/calcineurin/
NFAT signaling pathway. Most likely the anti-hypertrophic ef-
fects of VDR agonists are multifactorial, including the reduction
of blood pressure [39, 40] and the blockade of myocardial
FGF23 effects. Although in the current model we cannot distin-
guish between the respective contributions of both mechanisms,

our previous animal studies have shown that inhibition of car-
diac FGF23/FGFR4/calcineurin/NFAT signaling by pharmaco-
logic blockade of FGFR4 or calcineurin, protects from LVH in a
blood pressure–independent manner [20, 41]. Therefore, we
postulate that under uremic conditions, in addition to its estab-
lished anti-hypertensive effects [42], calcitriol protects the heart
by directly blocking FGF23 effects on the heart. This hypothesis
is supported by our cell culture studies, showing that co-
treatment with calcitriol inhibits FGF23-induced hypertrophic
growth of isolated cardiac myocytes.

It appears that by directly inhibiting calcineurin/NFAT signal-
ing in the heart, calcitriol mediates beneficial anti-hypertrophic
effects in other scenarios of primary cardiac injury, e.g. when
induced by b-adrenergic stimulation of cardiac myocytes [31].
Therefore, VDR and NFAT may be two counterbalancing factors
that modulate cardiac remodeling under physiological conditions
when levels or activation states of their respective upstream

FIGURE 4: Cardiac expression of FGF23 and FGFR4 correlates with cardiac hypertrophy in uremic rats. In the myocardium of vehicle- and calci-
triol-treated 5/6Nx rats, phosphorylation of NFAT (pNFAT) negatively correlates with (A) the cross-sectional area of myocytes and (B) Fgfr4
mRNA levels. (C) The levels of pNFAT as well as mRNA levels of (D) Rcan1 and (E) TRPC6 correlate with cardiac protein levels of full-length
Fgf23. The expression of NFAT target genes (F) Rcan1 and (G) TRPC6 negatively correlates with NFAT phosphorylation. N¼ 59–61 animals.
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| regulators undergo modest and short-term alterations. This bal-

ance might shift to NFAT overactivation and pathological
changes when VDR activity is reduced, and even more so if the
inducer of NFAT activity is elevated. Since we have demonstrated
that FGF23 causes LVH via FGFR4-dependent activation of
NFAT signaling in the myocardium [20] and calcitriol can block
FGF23-induced hypertrophy of isolated cardiac myocytes, and
since CKD is a stage of high FGF23 and low calcitriol [3], CKD
might be such a pathological situation.

Currently the underlying molecular mechanism for a poten-
tial cardiac crosstalk between FGF23 and calcitriol is not under-
stood. VDR and NFAT function as transcription factors [23, 36]
that might communicate with each other on a genomic level by
acting on the same promoter elements with opposite effects on
the respective gene expression. Since VDR can induce and re-
press expression of target genes by recruiting co-repressors and
restructuring the chromatin architecture of gene promoters
[23], it is possible that calcitriol represses pro-hypertrophic
NFAT target genes in cardiac myocytes following FGF23 stimu-
lation. Such a scenario is likely, since it has been shown that
VDR activation reduces atrial natriuretic peptide (ANP) and
BNP expression in the heart by interacting with their promoter
elements [28], and ANP and BNP are known NFAT target genes
[43] whose expression in cardiac myocytes is increased by
FGF23 [18]. Further evidence supporting such direct transcrip-
tional repressive effects of VDR on NFAT target genes
comes from T cell biology where NFAT binding to NFAT-
responsive elements in target genes, such as interleukin-2—a
key step in T cell activation—is directly inhibited by calcitriol
VDR [44]. Future studies in cardiac myocytes should test if lig-
anded VDR can bind to promoter regions of pro-hypertrophic
genes and inhibit formation of the NFAT/DNA complex.

Calcitriol VDR can also act on a non-genomic level, which
involves the regulation of calcium-dependent signal transduc-
tion [45]. Interestingly, it has been shown that calcitriol VDR
can directly interact with PLCc and thereby regulate PLCc ac-
tivity in keratinocytes and T cells [46, 47]. PLCc is the enzyme
largely responsible for maintaining increased levels of intracel-
lular calcium through its effects on calcium channels at the cell
surface and the production of inositol 1,4,5-triphosphate (IP3)
to stimulate calcium release from intracellular stores [48]. Since
PLCc inhibition can block FGF23-induced cardiac hypertrophy
[18], and PLCc is an upstream activator of calcineurin/NFAT
signaling [36], VDR may interfere with NFAT signaling by
reducing PLCc activity in cardiac myocytes. Such a mechanism
is supported by our in vitro data indicating that following calci-
triol treatment, VDR can interfere with PLCc binding to
FGFR4 and subsequent PLCc activation.

It has been shown that cardiac myocytes can produce FGF23
[49] and that myocardial FGF23 levels are elevated in patients
with dilated cardiomyopathy and ischemic heart disease as well
as in mice with inflammatory heart failure [49] and myocardial
infarct [50]. Cardiac FGF23 expression is increased in CKD pa-
tients and correlated with the development of LVH [21]. Overall,
it seems that myocardial and circulating levels of FGF23 associate
with cardiac hypertrophy in CKD [14, 18] and non-CKD [4, 51–
53]. Here we show that although FGF23 production in bone and
heart is elevated in 5/6Nx rats, only myocardial FGF23 levels are

FIGURE 5: Calcitriol inhibits FGF23-mediated hypertrophic growth
and FGFR4 signaling in NRVMs. (A) Immunofluorescence confocal
images of isolated NRVMs that were co-treated with FGF2 or FGF23
and calcitriol for 48 h. Myocytes are labeled with anti-a-actinin (red),
and DAPI (blue) identifies nuclei (original magnification�40; scale
bar 50 lm). NRVMs treated with FGF23 or FGF2 appear larger than
PBS-treated control cells. Calcitriol blocks the effect of FGF23 but
not FGF2. (B) Compared with PBS-treated control cells, 48 h of
treatment with FGF23 or FGF2 significantly increases the cross-sec-
tional area of isolated NRVMs (mean 6 SEM). Co-treatment with
calcitriol prevents FGF23- but not FGF2-induced hypertrophy (150
cells/condition; n¼ 3 independent isolations of NRVMs; *P< 0.0001
compared with PBS). (C) NRVMs were co-treated with FGF23 or
FGF2 and calcitriol or an FGFR4 blocking antibody (anti-FGFR4)
for 30 min followed by anti-PLCc immunoprecipitation from total
protein extracts. The amount of co-precipitated FGFR4 is increased
in cells that were treated with FGF23 compared with PBS-treated
control cells. In the presence of anti-FGFR4 or calcitriol, levels of
FGFR4 in anti-PLCc eluates are reduced. Immunoprecipitation with
control antibody (Ctrl-IgG) does not result in purification of PLCc
or FGFR4.
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reduced by calcitriol treatment that correlates with a reduction in
LVH, indicating pro-hypertrophic effects of cardiac-derived
FGF23. Future animal studies should aim to determine if para-
crine and endocrine FGF23 differ in their ability to target the
heart and to contribute to cardiac hypertrophy.

Observational studies suggest a survival benefit of calci-
triol therapy and its analogues in CKD [26, 27], but it raises
circulating FGF23 serum levels, which has harmful effects [4,
54]. Our study suggests that calcitriol attenuates FGF23 tox-
icity in the heart downstream of FGFR4 by interfering with
pathological NFAT signaling. This counterbalancing mech-
anism would reconcile the clinical paradox of how calcitriol
treatment can be associated with improved survival despite
raising total FGF23 levels, which are associated with mortal-
ity. However, in line with previous studies, mild hypercalce-
mia was observed in uremic animals treated with high-dose
1,25D [55] and high-dose calcitriol treatment was shown to
be associated with an increased risk of vascular calcifications
in CKD patients [55, 56]. Our finding suggests that even low
doses of calcitriol ameliorate FGF23-driven LVH, hence rec-
ommending the use of low-dose calcitriol instead of pharma-
cological doses to avoid toxic side effects.

Our study indicates that calcitriol has anti-hypertrophic ef-
fects that at least partially derive from VDR activation in the
myocardium. Although the randomized PRIMO study of CKD
stage 3–4 patients failed to reach its primary anatomical
endpoint—paricalcitol failed to reduce left ventricular mass ver-
sus placebo—it decreased left atrial volume and blunted the
increase in BNP [57], suggesting a functional benefit. Indeed,
paricalcitol reduced CVD hospitalization rates compared with
placebo in PRIMO participants during 18 months of follow-up
[58, 59]. Furthermore, PRIMO did not measure changes in
serum FGF23 levels, which may have modified the effects of
paricalcitol. Mechanistic animal studies are needed to under-
stand FGF23/calcitriol interactions in the heart.

Although some studies have indicated that FGF23 might not
be capable of directly targeting the heart [60–62] and that serum
FGF23 levels are elevated in response to cardiac injury but by it-
self might not have cardiotoxic effects [63], other translational
studies have provided compelling evidence showing that in
CKD, circulating levels of FGF23 are elevated early in disease
progression [14, 28] and that FGF23 can directly activate spe-
cific signaling pathways in cardiac myocytes, thereby inducing
cardiac hypertrophy [14, 19, 64]. A limitation of this study is
that all results are based on experimental rat data and must be
confirmed in the human setting. Nevertheless, our findings indi-
cate that under uremic conditions, high FGF23 and low calci-
triol synergistically contribute to LVH, suggesting that a
combination of pharmacological interventions activating VDR
and blocking FGF23/FGFR4 signaling might have synergistic
cardio-protective effects in patients with CKD.
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