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Cardioprotective Effects of Paricalcitol Alone and in
Combination With FGF23 Receptor Inhibition in Chronic
Renal Failure: Experimental and Clinical Studies
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BACKGROUND

In uremic animals, vitamin D receptor (VDR) agonists like paricalcitol
(Pc) attenuate cardiac hypertrophy, but this effect has not been repli-
cated consistently in humans with chronic kidney disease. Elevated
fibroblast growth factor 23 (FGF23) levels cause cardiac hypertrophy
with activation of the myocardial calcineurin/nuclear factor of acti-
vated T cell (NFAT) axis and may antagonize the cardioprotective effects
of VDR agonist therapy. We hypothesized that the effectiveness of Pc
may depend on the prevailing circulating levels of FGF23 and could be
potentiated by the combined administration of a pan-FGF23 receptor
(FGFR) blocker agent (PD173074).

METHODS

In rats with 5/6 nephrectomy treated with Pc or PD173074 or both
agents concurrently, myocardial mRNA expression of renin-angio-
tensin system, VDR, FGFR4, and calcineurin/NFAT target genes was
determined. In adolescents on hemodialysis, we analyzed sequen-
tial echocardiograms, blood pressures and serial FGF23 measure-
ments, and their relations to the cumulative administered dose of
parenteral Pc.

Left ventricular hypertrophy (LVH) is common in chronic
kidney disease (CKD) and is associated with high cardi-
ovascular disease mortality." LVH in association with® or
independent of hypertension* is multifactorial including
suppressed vitamin D activity and elevated circulating levels

RESULTS

The ratio of Pc dose/plasma levels of FGF23 correlated inversely
(P < 0.005) with the cardiac mass in uremic rats and in hemodialysis
patients, independently of hypertension. Despite persistently elevated
FGF23 levels and myocardial FGFR4 activation, Pc suppressed upregu-
lated myocardial calcineurin/NFAT target genes, and the effects were
amplified by coadministration of PD173074.

CONCLUSIONS

The beneficial effects of Pc on uremic cardiac hypertrophy are counter-
balanced by the increased FGF23 levels. Blockade of FGF23-mediated
signaling increased the Pc-induced suppression of the myocardial cal-
cineurin/NFAT system. Higher doses of Pc should be considered in the
treatment of patients with uremic cardiomyopathy.
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of the phosphaturic hormone fibroblast growth factor (FGF)
23.5-8 Levels of FGF23 reach extremely high concentrations
with advanced stages of CKD on dialysis and strongly asso-
ciate with LVH in both adults’ and in younger pediatric
patients.1®1!
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Paricalcitol and FGF23 in Uremic Cardiomyopathy

Experimentally, 1,25 dihydroxyvitamin D (calcitriol)
and other vitamin D receptor (VDR) agonists like 19-nor-
1,25-dihydroxyvitamin D2 (paricalcitol, Pc) suppress the
myocardial renin-angiotensin system (RAS)'?* and abro-
gate cardiac hypertrophy, with reduction'*!* or no changes
in blood pressure (BP).!¢ Hypertension-independent cardiac
hypertrophy induced by FGF23 results from activation of
FGF receptor isoform 4 (FGFR4) that upregulates calcineu-
rin/nuclear factor of activated T cell (NFAT) signaling.®1”
These effects may be blocked by a pan-FGFR inhibitor® or
by a specific FGFR4 inhibitor'” and thus attenuate cardiac
hypertrophy. VDR agonists, while attenuating myocardial
hypertrophy, also stimulate FGF23 secretion by the osteo-
cytes,'®!? which promotes hypertrophy and antagonizes the
VDR-induced cardioprotective effects. Calcitriol was ini-
tially noted to suppress NFAT signaling in human T cells®
and more recently to reduce the 2 NFAT target genes regula-
tor of calcineurin 1 (RCAN1) and transient receptor poten-
tial channel 6 (TRPC6) in the kidney or the myocardium of
rats without?!?? and with uremia.?® In the latter experiments,
however, neither BP nor circulating FGF23 levels were
measured, and calcitriol treatment resulted in reduced myo-
cardial expression of the FGFR4.2> Here, we hypothesized
that the VDR agonist Pc would downregulate myocardial
calcineurin/NFAT axis and thus improve cardiac hypertro-
phy in experimental uremia despite important elevations
of circulating FGF23 levels and hypertension. We further
speculated that Pc cardioprotection would be amplified by
the coadministration of a FGFR blocker capable of reducing
bone FGF23 secretion? and myocardial FGFR4 activation.
Our data demonstrate that despite elevated BP, Pc attenu-
ates cardiac hypertrophy with downregulation of myocardial
NFAT signaling and that these effects are potentiated by the
concurrent administration of a FGF23 blocking agent.

Studies in patients with CKD have shown inconsistent
effects of VDR agonist therapy on LV mass, but none of the
studies included FGF23 measurements.>* Since young
patients on maintenance hemodialysis with high FGF23
levels and LVH!" often require higher doses of Pc to control
their hyperparathyroidism,” the preclinical observations
alluded to in the above paragraph led us to hypothesize that
the effectiveness of Pc to improve LV mass in these patients
could be dependent on the administered dose relative to the
prevailing levels of circulating FGF23.

MATERIAL AND METHODS
Experimental animals and design

Male Sprague-Dawley rats (250-395 g), underwent
5/6 nephrectomy (Nx) or sham operation as previously
described,'> were fed standard rat chow containing 1% cal-
cium and 0.74 % phosphorus and free access to water. Four
days after surgery, the animals were randomly assigned to
5 groups: (i) sham controls; (ii) 5/6Nx (untreated controls)
receiving vehicle 3 times per week by intraperitoneal injec-
tion; (iii) 5/6Nx + Pc receiving intraperitoneal Pc, 0.3 ug/kg,
3 times per week; (iv) 5/6Nx+pan-FGFR blocker PD173074
(PD) intraperitoneal 1 mg/kg/day; and (v) 5/6Nx with
Pc+PD combined, at the above stated doses. The dose of Pc

employed has been shown to suppress renal and myocardial
RAS genes expression and to effectively control hyperpara-
thyroidism without elevation in serum ionized calcium in
the 5/6 Nx rat model'*!> and is within the therapeutic dose
range currently used in clinical practice.?””-? We opted to use
a pan-FGFR blocker, and not the FGFR4-specific inhibitor,
in order to evaluate its known attenuating effects on bone-
derived secretion of FGF23 and the expected reduction of
circulating FGF23 levels.?* Following 4 weeks of treatment,
blood and urine were collected, and the retrieved hearts
were weighted, and prepared for further analysis. Systolic
BPs were determined by tail-cuft plethysmography (IITC
Life Science, Woodland Hills, CA), and all routine biochem-
ical analytes measured as described previously.'*'> FGF23
was determined by a mouse C-terminal 2-site enzyme-
linked immunosorbent (ELISA) assay (Immutopics, San
Clemente, CA).

Quantitative real-time polymerase chain reaction. Total
RNA was purified from rat hearts using 1 ml of TRizol (G
Biosciences) per 100 mg of tissue following the manufactur-
ers protocol. Prior to quantitative real-time PCR (qPCR),
RNA samples were digested with DNase I (Roche), and
mRNA was reverse-transcribed into ¢cDNA using qScript
c¢DNA SuperMix (Quanta Biosciences). qPCR was conducted
as previously described.? Briefly, 50 ng of cDNA, PerfeCTA
SYBR Green FastMix ROX (Quanta Biosciences), and gene-
specific primers were run on a StepOne plus Real-Time
PCR System (Applied Biosystems). Raw data were quanti-
fied via StepOneTM software v2.3 from Life Technologies.
Relative gene expression was normalized to expression lev-
els of GAPDH and evaluated using the 2—AACt method.
Primer sequences are listed in Table 1 in the Supplementary
Material, Table S1.

Patients

This retrospective, single center, study included 20
patients aged 16 + 4 years (50% female, 12 African American
and 8 Hispanic) receiving maintenance hemodialysis treat-
ment at the Holtz Children’s/Jackson Memorial Medical
Center, University of Miami, in Miami, FL. The diseases
causing end-stage renal disease were predominantly glomer-
ulopathies (14/20). To avoid potential confounding effects
of other cardiovascular risk factors frequently prevalent in
older patients, we excluded patients with diabetes, history
of smoking, evidence of peripheral vascular disease, clini-
cal or echocardiographic evidence of coronary heart disease,
and sustained poorly controlled hypertension. Additional
exclusion criteria were congenital cardiomyopathy, primary
myocardial disease, or historic heart transplantation. Our
final analysis included only patients <21 years of age treated
with Pc, who underwent sequential echocardiograms and
concurrent serial plasma FGF23 measurements. All patients
received standard in-center hemodialysis 3 times weekly
were prescribed phosphate binders, and all received par-
enteral Pc as the only VDR agonist, and the administered
dose was recorded and documented during the hemodialy-
sis treatment sessions. The study was approved by the local
Institutional Review Board.
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Clinical data and laboratory methods. Baseline data
were obtained in the month preceding the initial echo-
cardiographic studies (Baseline, Table 1). Anthropometric
measurements were expressed as percentiles or Z-scores
according to standardized national charts.*® The BP
employing an automated oscillometric device (Dynamap;
GE Healthcare, Waukesha, WI) were obtained in the sit-
ting position after 5 minutes of resting prior to initiation of
hemodialysis, in the opposite arm of the working graft or
arteriovenous fistula needed for dialysis, and the average of
3 sequential measurements was recorded as the predialysis
BP for that date. Time-averaged predialysis BP measure-
ments were calculated from the readings obtained the first
day of each dialysis week during the 4 weeks preceding
the first echocardiogram (baseline) and similarly during
the subsequent weeks preceding the second echocardio-
gram (follow-up); these readings were indexed to age, gen-
der, and height percentile to define hypertension (>95th
percentile) and to calculate Z-scores.*! Time-averaged
monthly routine blood chemistries and quarterly intact
PTH levels were calculated from the 6-month aggregate
periods preceding the second sequential echocardiogram
(Follow-up, Table 1) and compared with values obtained
within 1 month of the initial echocardiogram (Baseline,
Table 1). The Pc doses were variable among patients due
to periodic adjustments according to PTH and serum Ca
levels following reported guidelines.?”?® The cumulative
dose represents the aggregate of the administered Pc doses,
properly documented during each hemodialysis session,
between the initial and second echocardiogram. Plasma
iPTH concentrations were measured by a commercially
available electrochemiluminescence immunoassay recog-
nizing the intact (1-84) molecule and serum 25(OH) D
levels by an immunochemiluminometric assay (DiaSorin)
previously described.!® Plasma levels of FGF23 were meas-
ured by a second-generation C-terminal ELISA that recog-
nizes both the intact FGF23 and its C-terminal fragments
(Immutopics). Values in 33 local children aged 5-21 years

with normal glomerular filtration rate were median 97 RU/
ml, range 55-220 RU/ml, lower quartile 70 RU/ml.> FGF23
measurements employing the C-terminal (Immutopics) or
an intact molecule assay in patients with CKD are highly
correlated and accurately reflect the biologically active
hormone.*

Echocardiography. All echocardiograms were per-
formed by the same echocardiogram laboratory staft at
Holtz Children’s Hospital, supervised and interpreted by a
single pediatric cardiologist (SS). Patients on maintenance
dialysis at our center undergo routine echocardiograms once
yearly, as part of a comprehensive cardiovascular risk assess-
ment. Interventricular septal thickness (IVST) and LV mass
(LVM) were calculated following routine guidelines as pre-
viously reported.!® In brief, the LVM was indexed (LVMI)
to the power of 2.7 of the patient’s height (mass [g]/height
[m]?7), and LVH defined as LVMI >95th percentile for age
and gender, further adjusted to height and age rather than
chronological age to mitigate potential effects of short stat-
ure on height-based calculations, and thus LVMI was also
expressed as Z-scores.!!!

Statistical analysis. Data are expressed as mean + SEM
and median with ranges. Two-tailed Students t-test, or
Mann-Whitney (when not normally distributed) compared
baseline and follow-up data in the dialysis patients. ANOVA
followed by Tukey post-testing for multiple comparisons
between all treatment groups were used for the animal data.
Correlations were assessed by Pearson or Spearman tests as
appropriate and by regression analysis. FGF23 concentra-
tions were log,, transformed prior to calculation of their
relationships to heart weight and LVMI, and when used as
the denominator to calculate the ratio of the administered Pc
dose (average weekly dose in pg/kg) and the FGF23 level (Pc/
logFGF23 ratio). Graph Pad Prism version 5.00 for Windows
(Graph Pad Software, San Diego, CA) was used, and P values
of <0.05 were considered significant.

Table 1. Baseline and follow-up biochemical and echocardiographic parameters in hemodialysis patients

Parameter Baseline Follow-up P value
Systolic blood pressure, Z-score 1.87 £ 0.27 2.33+0.34 0.1
Diastolic blood pressure, Z-score 1.50 £ 0.25 1.52 +0.28 0.9
Serum calcium, corrected, mg/dl 9.3 (8.6-9.7) 9.3 (8.8-9.8) 0.4
Serum phosphorus, mg/dl 9 (5.7-7.4) 7.1(5.1-7.9) 0.7
Intact PTH, pg/ml 479 (233-569) 325 (189—583) 0.3
25-OH vitamin D, ng/ml 30 (19-40) 2 (24-41) 0.2
FGF23, RU/ml 25,238 + 30,244 (6,204; 1,167—-62,420) 19,153 + 25,190 (7,104; 1,249-23,711) 0.2
Log FGF23 3.85 (3.09-4.51) 3.74 (3.07-4.83) 0.8
Dose paricalcitol, mcg/week 15.2 (4.8-23.3)

Dose paricalcitol, mcg/kg/week 0.33 (0.11-0.49)

LVMI, Z-score 1.78 (0.67-2.78) 1.64 (0.73-3.45) 0.2
IVST, Z-score 0.68 (-0.30 to -0.97) 0.39 (-0.10-0.69) 0.9

Data expressed as median (25—-75th percentile) or average + SEM. P value calculated by paired t-testing. Abbreviations: FGF, fibroblast
growth factor; IVST, interventricular septal thickness; LVMI, left ventricular mass index (see text for calculation); PTH, parathyroid hormone.
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RESULTS

Antihypertrophic effect of Pc in a rat model of CKD is
dependent on serum FGF23 levels

Baseline BP, renal function, and mineral markers were
normal and similar in all animal groups (Supplementary
Material, Table S2). After 4 weeks of renal ablation, hyper-
tension most prominent in the untreated Nx group was
similarly attenuated by either treatment but remained
higher compared with sham (Figure la). Plasma creatinine
(Figure 1b) and proteinuria (Figure 1c) were higher in the
untreated group and attained significantly lower values with
all treatment modalities. Of note, PD alone or combined with
Pc resulted in lower proteinuria than Pc alone (Figure 1c).
Serum calcium levels were comparable in all groups. A non-
significant trend toward higher phosphorus levels occurred
with the PD alone (7.92 + 1.47 mg/dl; n = 5) or PD com-
bined with Pc (7.30 £ 1.90 mg/dl; n = 6), compared with
sham (6.1 + 0.6 mg/dl; n = 5) and the untreated Nx group
(6.02 = 0.90 mg/dl; n = 5), probably reflecting reduced uri-
nary phosphorus excretion by the effects of the PD.

FGF23 concentrations, changes in cardiac hypertrophy,
and their relationships with the Pc doses are displayed in
Figure 2. Markedly elevated FGF23 levels in untreated 5/6Nx
rats were suppressed to sham levels by PD alone (Figure 2a).
Pc alone or in combination with PD further increased
FGF23 levels (Figure 2a). Cardiac hypertrophy (Figure 2b) in
untreated Nx rats was attenuated by all treatment modalities,
most prominently in the animals given combined Pc+PD
(Figure 2b). In the treated groups, the heart weight was unre-
lated to BP (r = 0.18) but correlated positively with FGF23
levels (Figure 2c) and correlated inversely with the Pc/log
FGF23 ratio (Figure 2d). Myocardial brain natriuretic pep-
tide and atrial natriuretic peptide, 2 established markers of
ventricular stress and hypertrophy,®!*!>2! were significantly

elevated in untreated 5/6Nx rats (both P < 0.01 vs. sham) and
reduced by all treatment modalities, particularly by PD alone
or in combination with Pc (both, P < 0.001 vs. untreated
Nx rats) (not shown). Heart weight correlated positively
with the myocardial expression of atrial natriuretic peptide
(r = 0.4) and brain natriuretic peptide (r = 0.72, P < 0.001).
Taken together, the data are consistent with the interpreta-
tion that Pc attenuates cardiac hypertrophy more effectively
at higher doses relative to prevailing circulating FGF23 con-
centrations. Furthermore, PD added to Pc induced a reduc-
tion in cardiac hypertrophy that was more pronounced than
the reduction observed with each agent alone.

Myocardial VDR and AGT expression are modified by Pc
administration and pan-FGF receptor blockade in the
uremic heart

As expected, VDR expression was reduced in untreated
Nx rats and remained suppressed with PD alone, while Pc
alone or in combination with PD increased VDR (Figure 3a).
Angiotensinogen (AGT), a key component of the cardiac
RAS," increased 8.5-fold above sham in untreated rats and
was reduced by all treatment modalities (Figure 3b). Changes
in angiotensin II type la receptor (ATR1a) mirrored those of
AGT (not shown). The reduced AGT expression by PD alone
may indicate a crosstalk of FGF23 with the cardiac RAS, a
contributor to myocardial hypertrophy.

Pc administration and pan-FGF receptor blockade have
distinctive effects on the expression of FGFR4 and
calcineurin/NFAT target genes in the uremic heart

Cardiac expression of FGFR4 (Figure 3c), the receptor
isoform mediating FGF23 effects on cardiac myocytes, and
of the NFAT target genes, RCANI (Figure 3d) and TRPC6
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Figure 1. Systolic blood pressure, plasma creatinine and proteinuria in rats following 4 weeks of renal ablation. 5/6Nx, 5/6 Nephrectomy; No Rx, untreated

uremic control group; Pc, paricalcitol; blocker, PD, PD173074 pan-FGFR blocker. (a) Hypertension, (b) elevated creatinine, and (c) proteinuria were similarly
attenuated by either treatment. Compared with sham (n = 5), elevated BP levels (a) most prominently in untreated Nx rats (n = 14), remained higherin all 3
treated groups (Pc, n = 12; PD, n = 6; Pc+PD, n = 8). Untreated Nx rats (n = 14) displayed marked elevations of serum creatinine (b) compared with sham (n =5)
and sustained similar declines following treatment with Pc (n = 12), PD (n = 6) or Pc+PD (n = 8). Proteinuria (c), significantly higher in untreated Nx rats (n = 8)
compared with sham (n = 5), sustained amplified improvement with PD alone (n = 6) or in tandem with Pc (n = 8) compared with Pc alone (n = 5). ANOVA:
P < 0.0001 for systolic blood pressure and proteinuria, P < 0.001 for creatinine. Tukey post-testing: ***P < 0.001. **P < 0.01, and *P < 0.05 compared with the
groups sharing the vertical connecting line. Values represent mean + SEM. Abbreviations: BP, blood pressure; FGFR, fibroblast growth factor
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FGF23 concentrations, cardiac hypertrophy, and their relationships with the administered dose of paricalcitol in 5/6 nephrectomy rats. Nx,

5/6 Nephrectomy; No Rx, untreated uremic control group; Pc, paricalcitol; PD, PD17307 pan-FGFR blocker. (a) FGF23 levels compared with sham (n = 5)
were elevated after 4 weeks of renal ablation in No Rx (n = 8), and sustained further elevations after treatment with Pc alone (n = 5) or Pc in tandem
with blocker (Pc+PD, n = 8), while levels failed to increase in those treated with PD alone (n = 6) remaining comparable with the sham group. ANOVA:
P < 0.0001. Tukey post-testing: ***P < 0.001. **P < 0.01, and *P < 0.05 compared with the groups sharing the vertical connecting line. Data are mean +
SEM. (b) Cardiac hypertrophy compared with sham (n = 5) was most prominent in untreated 5/6Nx (n = 6). While Pc treatment alone (n = 10) or PD treat-
ment alone (n = 6) provided prevention of cardiac hypertrophy, Pc treatment in tandem with PD (n = 8) provided superior effects on attenuating cardiac
hypertrophy. ANOVA: P < 0.0001. Tukey post-testing: «P < 0.0001 compared with sham; ***P < 0.001, **P < 0.01, and *P < 0.05 compared with 5/6 Nx no
Rx, respectively. Data are mean + SEM. (c) Cardiac weight correlated significantly with logFGF23 values in 5/6 Nx rats (n = 23), r=0.5, P < 0.05. (d) Cardiac
weight correlated inversely with the ratio of the administered dose of Pc divided by the log,, FGF23 value (Pc/log FGF23 ratio) (n = 8), r = -0.87, P < 0.005.

(Figure 3e), was all upregulated in untreated Nx rats. PD,
alone or combined with Pc, markedly reduced their levels to
values similar to those in sham-operated rats. Pc alone did
not modify FGFR4 expression, while it did attenuate both
RCAN1 and TRPC6 expression. These effects were more
pronounced by the combined administration of Pc with
PD (Figure 3d). Thus, while PD did reduce FGFR4 activa-
tion and inhibited NFAT target genes, Pc did not modify the
upregulated cardiac FGFR4 levels but induced a profound
reduction in the expression of NFAT target genes.

Antihypertrophic effect of Pc is also dependent on serum
FGF23 levels in young CKD patients

Dialysis vintage was 24 + 17 months, and the aver-
age duration between sequential echocardiograms was
7 * 2.1 months. BPs were similarly elevated at both time
points reflecting systolic hypertension in 60% (n = 12) and
diastolic hypertension in 55% (n = 11) of patients on fol-
low-up (Table 1). Mineral markers were normal at both time
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points, only 2/20 patients had evidence of vitamin D defi-
ciency [25(0OH) D <20 ng/ml], and PTH levels, albeit not
statistically different, declined by 30% at follow-up indicat-
ing improvement of secondary hyperparathyroidism. Plasma
FGF23 levels, over 60-fold above that of local controls with
normal glomerular filtration rate, exhibited further increases
on the second measurement in 8 patients.

Overall, the baseline median LVMI was 41.3 g/m?7 (IQR
32-48), and the height-and age-adjusted baseline LVMI
Z-score (Table 1) reflected LVH in 11/20 (55%) of patients.
The LVMI Z-score sustained a nonsignificant downward
trend in 7 patients (35%). More prominent changes were
observed in the IVST Z-scores (Table 1), with improvement
in 12 patients (60%). The posterior wall thickness Z-score
also sustained improvement in 9 (45%) of patients (not
shown). Baseline LVH improved significantly (P < 0.05) in
4/11 (36%) on sequential echocardiograms. None of the 9
patients without evidence of baseline LVH developed de-
novo LVH on the sequential echocardiogram despite persist-
ent hypertension, indicating no LVMI progression. Neither
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Figure 3. mRNA expression of hypertrophy-modulating genes VDR, AGT, FGFR4, and calcineurin/NFAT target genes RCAN1 and TRPC6 in the myocar-
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blocker. (a) The reduced VDR expression in the Nx untreated group (n = 5) compared with sham (n = 4) was corrected by treatment with Pc alone (n = 5)
(¥*P < 0.05 vs. untreated Nx) or Pc in tandem with PD (n = 5), while PD blocker alone (n = 5) had no measured effects on VDR mRNA levels. (b) AGT mRNA
levels, markedly upregulated by renal ablation in untreated animals (n = 4) compared with sham (n = 4), were suppressed by Pc alone (n = 4) (*P < 0.05) or
when administered in tandem with PD (n =4) (**P < 0.01) compared with untreated Nx animals, as well as by blocker alone (n =4) (**P < 0.01 vs. untreated
Nx). (c) FGFR4 expression, markedly elevated in the myocardium of untreated uremic rats (n = 4) compared with sham (n = 5), was effectively downregu-
lated by PD alone (n = 5) (*P < 0.05 vs. untreated Nx), remained essentially unmodified by Pc alone (n = 5) and declined less robustly by Pc in tandem with
PD (n =4). (d) Compared with sham (n = 6), RCAN1 was upregulated in untreated Nx (n = 6), and effectively and similarly attenuated by treatment with Pc
alone (n = 5) and PD alone (n = 5) (both **P < 0.01 vs. untreated Nx). Downregulation of RCANT mRNA was amplified when both Pc and PD were admin-
istered in tandem (n = 5) (***P < 0.001). (e) Upregulated TRPC6 mRNA levels in the untreated Nx animals (n = 8) compared with sham (n =5) (*P < 0.05 vs.
sham) were reduced most effectively with PD alone (n = 6) (**P < 0.01) or in tandem with Pc (n = 6) (*P < 0.05), and more modestly with Pc alone (n =5).

Data are mean + SEM. Abbreviations: AGT, Angiotensinogen; FGFR, fibroblast growth factor; VDR, vitamin D receptor.

LVMI nor IVST correlated significantly with systolic or dias-
tolic BP Z-scores, dialysis vintage, interdialytic weight gain,
serum calcium, phosphorus, PTH, or 25(OH) D values.
FGF23 levels correlated significantly with the IVST (r = 0.6,
P < 0.05), serum calcium (r = 0.6, P < 0.005), serum phos-
phorus (r = 0.6, P < 0.05), and the calcium x phosphorus
(mg?) product (r = 0.7, P < 0.05).

The administered Pc dose averaged 0.33 pg/kg/week
amounting to a total cumulative average dose of 15.2 pg/
week (Table 1). Of note, 9/20 (45%) of the patients received
doses >0.3 pg/kg/week (range 0.31-1.03 pg/kg/week);
the weekly dose, unadjusted (pg/week) and adjusted for
body weight (ug/kg/week), correlated inversely with LVMI
Z-scores (r = —=0.5, P < 0.05) and IVST Z-scores (r = —0.5,
P < 0.05). Patients with baseline LVH had significantly
higher serum FGF23 levels compared with patients with-
out LVH (Figure 4a). Notably, LVMI progressed modestly in

only 3/8 patients and improved in 5/8 (on average by 18%)
in those with elevations of FGF23 on serial measurements,
and the average weekly dose of Pc unadjusted or adjusted for
weight did not correlate with the logFGF23 levels. To evalu-
ate whether the beneficial effects of Pc on LVMI were relative
to the existing FGF23 levels, we examined the relationship
between LVMI Z-scores and the ratio of Pc dose (pg/kg/
week) to the log-transformed level of FGF23 (log,,FGF23).
This Pc/logFGF23 ratio correlated strongly with the LVMI
Z-score (Figure 4b), confirming the relation observed in the
experimental animals as described above. Multiple regres-
sion analysis adjusted for anemia, serum phosphorus, PTH,
25(0OH) D levels, dialysis vintage, systolic and diastolic BP
Z-scores, and interdialytic weight gain showed that only the
Pc/logFGF23 ratio correlated significantly (P < 0.05) with the
follow-up LVMI Z-score. These associations, taken together
with the higher serum FGF23 levels in patients with LVH,
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2- PcllogFGF23 ratio

Figure4. FGF23valuesand baseline LVH, and the relationship between the administered paricalcitol (Pc) dose/logFGF23 and the LVMI Z-score in hemo-
dialysis patients. (a) Patients with LVH (n = 11) on baseline echocardiograms (closed bars) displayed significantly higher log,, FGF23 values (2.9 + 0.5)
compared with those in patients (n = 9) without LVH (0.9 + 0.4) (open bars); *P < 0.005. Data represent mean + SEM. (b) The negative correlation (r=-0.7)
suggests that the improvement of LVMI Z-scores depends on the administered dose of Pc relative to the prevailing FGF23 levels (the Pc/logFGF23 ratio);
n =17 determinations. Abbreviations: LVH, left ventricular hypertrophy; LVMI, left ventricular mass index.

suggest that the cardioprotective effects of Pc depend on the
administered dose relative to the existing levels of circulat-
ing FGF23 elevations independently of BP levels.

DISCUSSION

Our experimental and clinical studies show that improve-
ment of LVH in CKD by Pc is modulated by the existing
levels of FGF23. In the experimental model, the protective
effects of Pc involve suppression of myocardial calcineurin/
NFAT signaling, and these effects are incremented by coad-
ministration of a FGFR pan-blocker. In the dialysis patients,
protection against myocardial hypertrophy when circulat-
ing FGF23 concentrations were very high, required doses of
Pc substantially higher than those recommended in clinical
practice. Undoubtedly hypertension remains an important
determinant of LVH in young patients with CKD and ele-
vated FGF23 levels!! and its treatment is essential, but even
when BP is under control LVH may progress,* and upregu-
lation of FGF23-mediated calcineurin/NFAT signaling con-
stitutes an important etiologic factor.

Our observations in the murine 5/6 Nx model confirm
the beneficial effects of Pc on renal function as evidenced
by the reduction in serum creatinine and proteinuria in the
treated animals.!*!>*> Calcitriol and analogues such as Pc
downregulate the expression of gene products involved in
renal fibrogenesis such as transforming growth factor 3, vas-
cular endothelial growth factor, and components of the RAS
resulting in the improvement of glomerular and tubuloin-
terstitial changes with attenuation of renal dysfunction.!>3
In contrast with our previous observations,® we also demon-
strate improved renal function and BP following the admin-
istration of the FGFR pan-blocker PD. However, the studies
are not strictly comparable because the length of uremia was
50% shorter and the degree milder in the present studies.
Nonetheless, the improvement induced by PD alone, or in
combination with Pc, raises the possibility that FGF23 may
contribute to the development of hypertension and renal
dysfunction in experimental CKD. FGF23 was shown to
increase distal tubular reabsorption of sodium with upregu-
lation of the sodium chloride cotransporter (NCC) involving
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the FGFR1c/aKlotho complex, with consequent volume
expansion, hypertension, and cardiac hypertrophy, provid-
ing an additional mechanism by which FGF23 may contrib-
ute to renal and cardiac dysfunction,” a potential target that
may have been affected by the PD administration.

In the uremic rats, we demonstrate a strong inverse rela-
tion between cardiac hypertrophy and the ratio of Pc dose/
FGF23 levels, suggesting that Pc attenuates cardiac hyper-
trophy more effectively with higher doses relative to the
circulating levels of FGF23. At the same time and as pre-
dicted, FGF23 levels increased following VDR agonist
treatment,'** known to be mediated by VDR binding to
a vitamin D responsive element on osteoblasts near the
proximal promoter of the FGF23 gene.!® In contrast, the
pan-FGER blocker PD alone resulted in the lowest FGF23
levels as expected from studies demonstrating the role
of the FGFR on the osteocyte in mediating the increased
expression of FGF23 in experimental uremia.?* Of note,
although the suppression of FGF23 secretion from the oste-
ocyte by PD appeared to be overridden by Pc (Figure 2a),
cardiac hypertrophy remained significantly attenuated
(Figure 2b) and coincided with the reduced mRNA expres-
sion of hypertrophy-modulating genes observed in this
group given combined Pc+PD (Figures 3b,d,e). The precise
mechanisms by which Pc seems to be capable of antagoniz-
ing considerably the suppressive effects of PD on FGF23
secretion were not addressed in the present experiments
and will require additional studies. Nevertheless, the block-
ing effects of PD on cardiac FGFR activation!” may have
contributed to the attenuated cardiac hypertrophy in the
Pc+PD group despite the persistently elevated circulating
FGF23 levels. Suppression of myocardial RAS components
by Pc (Figure 3b), in agreement with our earlier observa-
tions,'* also likely contributed to the attenuation of cardiac
hypertrophy. All the components required for angiotensin
IT (ANG II) production are normally present in the heart,®
and upregulated cardiac RAS components including renin
and AGT have been demonstrated in the myocardium of
uremic animals with cardiac hypertrophy and fibrosis.!**
AGT, the initial component of the RAS cascade, was mark-
edly upregulated in the cardiac tissue of the uremic animals.
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While downregulation of AGT mRNA expression following
Pc administration was predicted and confirms our previous
observations,'* the downregulation of AGT by PD alone was
unexpected, and to our knowledge, it has not been described
before, suggesting VDR-independent effects of FGFR sig-
naling on the cardiac RAS. AGT upregulation was recently
reported in autopsy heart tissues of deceased patients with
advanced CKD and in cultured rat neonatal cardiomyo-
cytes and fibroblasts exposed to recombinant FGF23.%° The
mechanisms by which FGF23 potentially activates cardiac
AGT and other RAS components including ANG II are not
entirely clear and may involve suppression of angiotensin-
converting-enzyme-2 (ACE2), an enzyme highly expressed
in the kidney and heart that prevents cardiac remodeling
and hypertrophy by converting ANG II to the inactive ANG
1-7.40 Rodents with CKD and FGF23 excess display reduced
renal tubular expression of ACE2, a negative regulator of
the RAS, which favors ANG II activation and thus promotes
cardiac hypertrophy.*! Therefore, PD interference with the
FGF23-mediated suppression of ACE2 and concurrent acti-
vation of the classical RAS cascade provides an explanation
for the cardiac AGT downregulation and the attenuation
of cardiac hypertrophy observed in the animals given PD
alone. Furthermore, administration of recombinant FGF23
reverses the induction of renal ACE2 and prevents angio-
tensin receptor blocker-induced klotho upregulation in
murine CKD,* and paracrine activation of FGFRI in the
distal tubule provided unexpected cardioprotective effects
with attenuation of hypertension and cardiac hypertrophy.*
More recent observations have demonstrated upregulation
of FGF23 mRNA by stimulation with ANG II and aldoste-
rone of cardiac myocytes in vitro, suggesting that RAS acti-
vation may contribute to local cardiac induction of FGF23.%°
We speculate that the administration of Pc in tandem with
PD, by suppressing AGT and other RAS genes,'* could have
also contributed to reduce FGF23 stimulation in the myo-
cardium. These observations have provided additional layers
of complexity to the intricate crosstalk between the FGF23-
klotho axis, vitamin D, and the RAS.**

Like others, we also observed that the profound down-
regulation of the myocardial VDR following 5/6Nx can be
corrected by Pc.>*¢ However, VDR downregulation was not
modified by PD alone, a finding not previously reported with
potential clinical relevance when considering the develop-
ment of future therapies involving selective myocardial FGF-
receptor blockers. The VDR is expressed in murine cardiac
myocytes,* a functional VDR has been identified in primary
human cardiac fibroblasts,*® VDR downregulation or its
absence are linked to cardiac hypertrophy,* and its integrity
possesses potent antihypertrophic properties.>*-*¢ The latter
appears to be independent of BP and hemodynamic effects
because cardiac hypertrophy can improve with significant,
moderate, or no changes in BP levels.!>!43645 In the present
study, BP was similarly reduced in all 3 treated animal groups
(Figure 1a), but the attenuation of cardiac hypertrophy was
variable (Figure 2b), and the BPs did not correlate with the
cardiac weights. The mechanisms underlying the antihyper-
trophic effects of VDR agonists are not entirely understood
and include not only suppression of the myocardial RAS!>1

but also seem to involve renin-independent suppression of
the myocardial calcineurin/NFAT target gene RCAN 1, as
first demonstrated in nonuremic mice.*

Elevated FGFR4 expression has been reported in myocar-
dial tissues of animals and in stored myocardial samples of
deceased humans with CKD.!7#” The present study demon-
strates in vivo (i) marked upregulation of mRNA FGFR4 in
the myocardium of untreated 5/6Nx animals, (ii) effective
downregulation with the pan-FGEFR blocker PD alone, and
(iii) persistently upregulated expression of FGFR4 follow-
ing treatment with Pc alone. The latter finding differs from
the reported decline of cardiac FGFR4 mRNA in 5/6Nx rats
treated with calcitriol.”* While these discrepancies in FGFR4
expression remain unexplained, persistent FGFR4 activa-
tion, unaffected by Pc, as a result of elevated FGF23 levels
seem to be more closely in line with the expected changes
observed following administration of Pc and other VDR ago-
nists.*® Direct transcriptional inhibition of NFAT activation
has been described for VDR agonists in interleukin 2 immu-
nocompetent cells,* and inhibition of the NFAT target gene
RCANI1 was demonstrated in the cardiomyocyte of non-
uremic mice infused with ANG IL.* We observed reduced
expression of RCAN1 and TRPC6 levels in the myocardium
of Pc-treated animals, an additional mechanism by which
Pc, like calcitriol®® and conceivable other VDR agonists,
exerts antihypertrophic effects by direct suppression of the
myocardial NFAT target genes in uremia despite concurrent
FGF23/FGFR4 activation. All in all, our findings provide a
plausible explanation for the improved cardiac hypertrophy
observed with VDR agonist therapy despite cardiac FGFR4
activation and persistently elevated FGF23 levels.

Our observations in the patients with advanced CKD
confirm the inverse relation between LVH and the ratio of
Pc dose/FGF23 levels described in the uremic animals, sup-
porting the notion that higher doses of Pc are required to
attenuate LVH when FGF23 levels are substantially elevated.
Serial FGF23 measurements may help identify CKD patients
with exceptionally high risk of death.* Our observations in
young dialysis-dependent patients with CKD represent, to
our knowledge, the first studies demonstrating that Pc treat-
ment was associated with improved ventricular mass, indi-
cated by decreased LVMI in 35% of the patients, and 43%
reduction of IVST in 60% of the patients, despite elevated
FGF23 levels on serial measurements. Furthermore, 22%
of patients sustained reduction of LVH, and LVH did not
develop in any patient with normal baseline LVMI despite
persistently elevated BP levels. Unlike our cohort, older CKD
patients have longer exposures to multiple factors promot-
ing LVH>7?%% and frequently receive lower doses of Pc than
usually required by young patients to attain recommended
PTH targets.?”*8 Paradoxically, VDR agonists stimulate bone
production of FGF23,'8 further elevating circulating FGF23
levels in CKD," potentially counteracting the cardiopro-
tective effects of Pc. The opposing effects of VDR agonists
and FGF23 on the myocardium'”*' could explain the lack
of LVMI attenuation after Pc treatment reported in previ-
ous trials.?*>° FGF23 levels were not determined in any of
these trials,?*>* and therefore, it is not possible to deter-
mine whether patients with higher FGF23 levels and more
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prominent LVH would have benefitted from higher doses of
Pc. Nonetheless, it appears that cardioprotection requires a
Pc dose higher than the usual doses prescribed to maintain
parathyroid hormone levels within recommended limits.>?
Increasing the Pc dose may be particularly important with
rising FGF23 levels in serial determinations because of their
association with particularly high mortality risks.* Raising
FGF23 levels is not a rare event, as documented in 40% of
our cohort of patients. The lack of a significant correlation
between the FGF23 levels and the administered dose of Pc
suggests that other factors, such as serum Ca and phosphate,
also contribute to the elevation of circulating FGF23, as pre-
viously noted in young patients on dialysis®® and confirmed
in the present cohort.

The average administered dose of Pc at 0.33 ug/kg/week,
2-3-fold higher as 0.16 ug/kg/week> and 0.10 pg/kg/week?
given in the adult trials, may partially explain the improve-
ments in LVMI and IVST. Notably, nearly one-half of our
patients received even higher Pc doses ranging from 0.31 to
1.0 ug/kg/week. In agreement with this suggestion, young
hemodialysis adults receiving Pc at vitamin D equivalent
doses twice as high as those treated with calcitriol showed no
progression of LVMI at 12 months while those on calcitriol
did.* Future studies will be needed to elucidate the effects of
longer periods of higher Pc dosing on myocardial changes
in patients on hemodialysis with persistently elevated levels
of FGF23.

The present study has limitations and strengths. The clin-
ical portion is retrospective at a single center and includes
few patients. Although the average elapsed time between
serial echocardiograms was shorter than in the previously
reported studies,’> the cumulative weight-adjusted dose
of Pc received by our cohort probably exceeded that given
in those trials lasting nearly twice longer than the present
study. A controlled-placebo study would have been ideal,
but ethical considerations prevented us from withholding
Pc treatment from patients displaying prominent secondary
hyperparathyroidism.

Even though Pc failed to significantly reduce LVM in
larger randomized studies of adults with moderate CKD,?¢>
it did reduce left atrial volume®* and arrested progression
of the LVM.>? Larger, more prolonged, and prospective
studies, including older adults, may be needed to confirm
our findings, including the use of the Pc/log FGF23 ratio
as a tool to adjust the Pc dose to the prevailing levels of
circulating FGF23.

In summary, we demonstrate in experimental uremia that
the combined administration of Pc and a FGF23 blocker
antagonizes the effects of elevated FGF23 on cardiac hyper-
trophy in uremia and that when given alone, Pc effectiveness
is dependent on the dose relative to the levels of FGF23. In
young patients with advanced CKD on maintenance hemo-
dialysis, we show that administration of high therapeutic
doses of Pc is associated with improved LV mass enlarge-
ment and LVH despite hypertension and persistently ele-
vated serum levels of FGF23, and we confirm, as noted in
the animal studies, that the cardioprotective effects of Pc are
incremental with higher doses proportional to the prevailing
levels of circulating FGF23.
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