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Abstract

Chronic Kidney Disease (CKD) is accompanied by pathologic
cardiac remodeling, including cardiac hypertrophy and fibrosis.
The decline in renal function results in elevations of serum con-
centrations of phosphate (hyperphosphatemia) and of the bone-
derived hormone Fibroblast Growth Factor (FGF) 23. Clinical stud-
ies have shown that hyperphosphatemia and high circulating levels
of FGF23 are associated with cardiovascular mortality in CKD. We
previously found that FGF23 can directly target cardiac myocytes
via FGF Receptor (FGFR) 4 and induce cardiac hypertrophy in ro-
dents. Furthermore, decreasing serum FGF23 levels or pharmaco-
logical blockade of FGFR4 in rodent models of hyperphosphatemia
and CKD reduces cardiac hypertrophy, but not cardiac fibrosis. To
directly determine whether cardiac fibroblasts are resistant to
FGF23 elevations, we isolated cardiac fibroblasts from adult mice
and treated them with recombinant FGF23 protein, which did not
induce proliferation, pro-fibrotic gene programs or differentiation
into myofibroblasts. Similarly, cardiac fibroblasts isolated from mice
receiving a high-phosphate diet did also not respond to FGF23, indi-
cating that hyperphosphatemia does not prime cardiac fibroblasts
for FGF23 responsiveness. However, cardiac fibroblasts derived
from mice on high-phosphate diet produced and secreted FGF23.
Our study suggests that cardiac fibroblasts are not a target but a
source of FGF23 and that FGF23/FGFR4 signaling is a driver of car-
diac hypertrophy but not fibrosis. Elevated phosphate appears to
not only induce FGF23 production in bone but also in cardiac fi-
broblasts which in a paracrine manner might contribute to cardiac
hypertrophy in scenarios of hyperphosphatemia, such as CKD.
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Introduction

Chronic Kidney Disease (CKD) is closely associated with
pathologic cardiac remodeling, and cardiovascular disease is the
leading cause of death in CKD patients [1]. Understanding the
direct mechanisms that link CKD to cardiovascular pathologies
is necessary to advance therapeutic options for patients, but is
complicated by the variety of pathologic alterations caused by
CKD that have independent associations with negative cardio-
vascular outcomes, including hyperphosphatemia [2], vascular
calcification [3], hypertension [4], systemic inflammation [5],
and elevated serum levels of Fibroblast Growth Factor (FGF) 23
[6].

Table 1: Primers. The following oligonucleotides shown in 5" to 3’ori-
entation were used as primers in quantitative real time PCR analyses.

Gene Orientation Primer Sequence (5'to 3")
Fgf23 (mouse) Forward CAC TGC TAG AGC CTA TCC
Reverse CAC TGT AGA TGG TCT GAT GG
Fgfr1 (mouse) Forward CAA CCG TGT GAC CAA AGT GG
Reverse TCC GACAGG TCCTTCTCCG
Fgfr2 (mouse) Forward ATC CCC CTG CGG AGA CA
Reverse GAG GACAGA CGCGTT GTTATCC
Fgfr3 (mouse) Forward GTG TGC GTG TAA CAG ATG CTC
Reverse CGG GCG AGT CCA ATA AGG AG
Fgfr4 (mouse) Forward TGA AGA GTA CCT TGA CCT CCG
Reverse TCA TGT CGT CTG CGA GTC AG
Klotho (mouse) Forward TGT ATG TGA CAG CCA ATG GAA TCG
Reverse GAA TAC GCA AAG TAG CCA CAA AGG
Collal (mouse) Forward GTG TTC CCT ACT CAG CCG TC
Reverse ACT CGA ACG GGA ATC CAT CG
aSMA (mouse) Forward GCC ATC TTT CAT TGG GAT GGA
Reverse CCCCTG ACAGGACGTTGT TA
Ctgf (mouse) Forward AGA ACT GTG TAC GGA GCG TG
Reverse GTG CAC CAT CTT TGG CAG TG
Mmp2 (mouse Forward AAC GGT CGG GAA TAC AGC AG
Reverse GTA AAC AAG GCT TCA TGG GGG
Mmp9 (mouse) Forward GCCGACTTT TGT GGT CTT CC
Reverse TAC AAG TAT GCC TCT GCC AGC
IL-6 (mouse) Forward CTC TGG GAA ATC GTG GAA AT
Reverse CCA GTT TGG TAG CAT CCATC
Vim (mouse) Forward GCC GAA AGC ACC CTG CAG TCA
Reverse GCC TGC AGC TCC TGG ATC TCT TCA
Ddr2 (mouse) Forward GCC AAA TAT GGG AGG CTG GA
Reverse GGG TTC GCA AGT CAATCT GC
Tcf21 (mouse) Forward CAA CCT GAC GTG GCC CTT TAT
Reverse TGT AGT TCC ACA CAA GCG GT
Postn (mouse) Forward TGA CAT CAT GAC GAC AAATGG TG
Reverse GCT GCC ACG AAC AAACTT GA
CD31 (mouse) Forward GGA AGT GTC CTC CCT TGA GC
Reverse GCC TTC CGT TCT TAG GGT CG
Gapdh (mouse) Forward CCA ATG TGT CCG TCG TGG ATC T
Reverse GTT GAA GTC GCA GGA GAC AACC
Lif (rat) Forward TAA ATG CCA CCT GCG CCATA
Reverse CCC CTT GAG CTG TGT AAT AGG AA
IL-6 (rat) Forward TTT CTC TCC GCA AGAGACTTCC
Reverse TGT GGG TGG TAT CCT CTG TGA
Fgf2 (rat) Forward GCG ACCCACACG TCAAACTA
Reverse CAG CCGTCCATCTTCCTTCA
Gapdh (rat) Forward CAT CAACGACCCCTTCATTGAC
Reverse ACT CCA CGA CAT ACT CAGCACC

FGF23 is a phosphaturic hormone that is primarily produced
and released by osteocytes. FGF23 targets FGF receptor (FGFR)
1 and its co-receptor Klotho in the kidney and parathyroid
gland, thereby activating Ras/Mitogen- Activated Protein Kinase
(MAPK) signaling, reducing renal phosphate uptake, and lower-
ing serum phosphate concentrations [7]. In CKD patients, se-
rum concentrations of FGF23 are highly elevated and associated
with cardiac hypertrophy and cardiovascular mortality [8,9]. El-
evated FGF23 levels have also been associated with increased
risk of mortality in patients experiencing heart failure with re-
duced ejection fraction and normal kidney function [10]. Ad-
ditionally, FGF23 appears to be produced in the myocardium of
rodent models of CKD [11], indicating a potential paracrine role
of locally produced FGF23 in CKD. We have previously shown
that at high concentrations, FGF23 can activate FGFR4 on car-
diac myocytes, independently of klotho, and initiate Phospho-
lipase Cy (PLCy)/Calcineurin/Nuclear Factor of Activated T cells
(NFAT) signaling [12]. FGF23 induces hypertrophic growth of
cultured cardiac myocytes via FGFR4 and deletion or blockade
of FGFR4 in CKD rodent models with elevated FGF23 protects
from cardiac hypertrophy [12]. Furthermore, FGF23 has been
shown to induce myocardial fibrosis when overexpressed in the
hearts of mice via the activation of Transforming Growth Factor
Beta (TGFB) and B-catenin [13]. It is likely that FGF23 affects the
crosstalk between cardiac myocytes and fibroblasts that leads
to pathologic changes in both cell types [14]. Interestingly,
FGF23 elevations in the absence of CKD seem to induce cardiac
hypertrophy that is reversible, while the associated cardiac fi-
brosis was not reduced [15]. These studies suggest that FGF23
can directly induce cardiac hypertrophy but does not directly
drive cardiac fibrosis. Overall, it appears that FGF23’s actions on
the heart are dependent on the context [16].

In the context of CKD, FGF23 induces cardiac hypertrophy
that is accompanied by pathologic alterations, while by itself
FGF23/FGFR4 signaling causes cardiac hypertrophy that is not
accompanied by fibrosis. Here, we aimed to determine if cardi-
ac fibroblasts isolated from healthy wildtype mice can respond
to FGF23 by undergoing pro-fibrotic activation. Furthermore,
since CKD is associated with hyperphosphatemia, we deter-
mined if high phosphate levels would prime cardiac fibroblasts
for responding to FGF23. To do so, we isolated cardiac fibro-
blasts from wildtype mice that received a high-phosphate diet
for 12 weeks and treated them with recombinant FGF23. To
determine if cardiac fibroblasts could be activated indirectly by
cardiac myocytes that respond to FGF23, we treated isolated
cardiac myocytes with FGF23 and analyzed the expression lev-
els of factors that mediate the myocyte-fibroblast cross-com-
munication in the heart.

Materials and Methods
Study Approval

All animal protocols and experimental procedures for mouse
diet conditioning studies and for primary cell isolations from
adult mice and from newborn rats were approved by the In-
stitutional Animal Care and Use Committees (IACUC) at the
University of Alabama Birmingham, School of Medicine. All
protocols adhered to the Guide for Care and Use of Laboratory
Animals to minimize pain and suffering.

Recombinant Proteins and Antibodies

Recombinant mouse proteins from R&D Systems are FGF23
(2629-FG/CF), IL-1B (401-ML), and TGFB (7666-MB). Primary
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antibodies used are anti-COL1A1 (84336S, Cell Signaling), anti-
aSMA (14968S, Cell Signaling), anti-CTGF (ab6992, Abcam), and
anti-GAPDH (CB1001 Millipore Sigma). Secondary antibodies for
Western blotting are HRP- conjugated goat-anti-mouse (W4021,
Promega), and goat-anti-rabbit (W4011, Promega).

Mouse Experiments

Two-month-old male C57BL/6J mice purchased from the
Jackson Laboratories were switched from normal chow (Teklad
TD.200407) to a 2% phosphate diet (Teklad TD.08020) for
12 weeks. Mice on a standard 0.7% phosphate diet (Teklad
TD.180287) served as negative controls. High-phosphate chow
contained additional monobasic potassium phosphate and
monobasic and monohydrate sodium phosphate.

Mineral content of calcium (1.0%), sodium (0.2%), potassium
(0.6%), chloride (0.4%), and magnesium (0.2%) were similar be-
tween the normal and high-phosphate chows. After 12 weeks
of diet conditioning, animals were sacrificed, and blood was
collected for serum chemistry analysis. Hearts were isolated
and either freshly used for fibroblast isolation or perfused ex
vivo (0.5 M KCl in 0.9% NaCl) and snap-frozen for storage and
further analyses. All animals were maintained in temperature-
controlled environments with a 12-hour light/dark cycle and al-
lowed ad libitum access to food and water.

Isolation and Treatment of Adult Mouse Cardiac Fibroblasts
(AMCFs)

Male C57BL/6J mice at 9-12 weeks of age or male C57BL/6)
mice receiving a 2% or 0.7% phosphate diet for 12 weeks were
used for AMCF isolations. Two mouse hearts were combined
per isolation. The chest cavity was opened, and hearts were
rapidly excised and washed twice in perfusion buffer (113 nM
NaCl, 4.7 mM KCl, 0.6 mM KHZPOA, 0.6 mM NaZHPO4, 1.2 mM
MgSO4, 10 mM Na-HEPES, 12 mM NaHCO3, 10 mM KHCO3, 30
mM taurine, 10 mM 2,3-Butanedione Monoxime [BDM], 5.5
mM glucose [17]. The perfusion buffer was aspired, hearts were
minced and mixed with 20 mL digestion buffer (300 U/mL col-
lagenase type 2 [LS004176, Worthington Biochemical Corpora-
tion] in perfusion buffer) in a 50-mL tube. The minced hearts
were triturated in the suspension 10 times with a standard 10
mL-plastic serological pipette, and the tissue was digested un-
der slow rotation (35 rpm) at 37°C for 1 hour. Cells were re-
leased by triturating the suspension 10 times with a standard
10 mL-plastic serological pipette and stop buffer (10% v/v fetal
bovine serum [FBS; 26140079, Gibco] in perfusion buffer) was
added. Cells were filtered through a cell strainer (70 um, BD Fal-
con) and centrifuged at 5 g for 5 minutes to remove myocytes
and cell debris. The supernatant with remaining cardiac fibro-
blasts was centrifuged again at 250 g for 10 minutes. The cell
pellet was resolved in 10 mL culture medium (Dulbecco’s Modi-
fied Eagle Medium [DMEM; Corning] with 10% FBS [Gibco]) and
1% penicillin/streptomycin solution (P/S; Gibco)] and plated in a
10 cm-culture dish. Two hours after plating, the culture dish was
washed 3 times with PBS to remove non-fibroblasts, and the
culture medium was replaced. After 7 days, cardiac fibroblasts
(Passage 0) were harvest by trypsinization and counted with a
hemocytometer. For expression studies, 1 x 10° cells were seed-
ed per well in 6-well plates. For proliferation assays, 1 x 10* cells
were seeded per well in 96-well plates. Cells (Passage 1) were
left undisturbed for 24 hours, followed by a switch to starvation
medium (DMEM with 1% P/S) for another 24 hours. The isolat-
ed cardiac fibroblasts were cultured in FBS-free medium in the
presence of recombinant FGF23 (50 ng/mL), IL-1B (10 ng/mL),

TGFB (10 ng/mL), or vehicle (PBS) for 24 hours. Experiments and
analysis were conducted with isolated fibroblasts from Passage
1.

Serum and AMCF Culture Supernatant FGF23 Content

At endpoint, blood was collected from mice via cardiac punc-
ture, transferred into microvette serum gel tubes (20.1344,
Sarstedt) and centrifuged at 10,000 g for 5 minutes. Serum
supernatants were collected and stored at -80°C. Serum levels
of total FGF23 were assessed using an ELISA from Quidel (60-
6300). Using the same ELISA, FGF23 was measured in cell cul-
ture supernatants collected from AMCFs in Passage 1 at either
24 or 48 hours after changing the media to starvation medium
Medium was centrifuged at 1,000 g for 5 minutes, and superna-
tants were diluted 1:3 in diluent solution (Quidel) prior ELISA.

Isolation and Treatment of Neonatal Rat Ventricular Myo-
cytes (NRVMs)

NRVMs were isolated using a standard isolation kit
(LKO03300, Worthington Biochemical Corporation), as previ-
ously described [18]. Hearts from 1-2 days old Sprague Dawley
rats (Envigo) were harvested, minced in calcium- and magne-
sium-free Hank’s Balanced Salt Solution (HBSS), and the tissue
was digested with 50 pg/mL trypsin at 4°C for 16-20 hours. Soy-
bean trypsin inhibitor in HBSS was added, and the tissue was
further digested with collagenase (in Leibovitz L-15 medium)
under slow rotation (15 rpm) at 37°C for 1 hour. Cells were re-
leased by triturating the suspension 20 times with a standard
10 mL-plastic serological pipette and by filtering through a cell
strainer (70 um, BD Falcon). Cells were incubated at room tem-
perature for 20 minutes and spun at 50 g for 5 minutes. After
resuspension in plating medium [DMEM with 17% Media 199
(12350039, Gibco]), 15% FBS (26140079, Gibco), and 1% peni-
cillin/streptomycin solution (P/S; 15140122; Gibco)], cells were
counted using a hemocytometer. 3 x 10° cells were seeded on
laminin-coated (10 pg/mL in PBS; 23017015, Gibco) glass cover
slips (CLS1760012, Chemglass) in 24-well plates. Cells were left
undisturbed in plating medium at 37°C for 72 hours and then
cultured in maintenance medium [DMEM (10013CV, Corning)
with 20% Media 199 (12350039, Gibco), 1% insulin-transferrin-
sodium selenite solution (118841VL; Sigma-Aldrich) and 1% P/S]
in the presence of 100 uM 5-bromo-2’- deoxyuridine (BrdU;
B9285, Sigma-Aldrich) for 4 additional days. Isolated cardiac
myocytes were then cultured in BrdU-containing FBS-free main-
tenance medium for 24 hours in the presence of recombinant
FGF23 (50 ng/mL), IL- 1B (10 ng/mL), TGFB (10 ng/mL), or vehi-
cle. Cell lysates were collected after treatment was completed.

RNA Isolation and Quantitative Real-time PCR

For RNA isolation from snap-frozen mouse tissue the RNeasy
Plus Mini Kit (74136, Qiagen) was used, according to the manu-
facturer’s protocol. The same kit and protocol were used for
RNA isolations from cultured AMCFs and NRVMs. Employing
a two-step reaction method, 1 pg of total RNA was Reverse
Transcribed (RT) into cDNA using iScript Reverse Transcription
Supermix (1708840, BioRad). Quantitative real-time PCR (RT-
gPCR) was performed with 100 ng of cDNA, SsoAdvanced Uni-
versal SYBR Green Supermix (172-5272, BioRad), and sequence
specific primers (Table 1). Samples were run in triplicate on a
CFX96 Touch Real-Time Detection Instrument (1855196, Bio-
Rad). Amplification was performed in 40 cycles (95°C, 30s; 98°C,
15s; 60°C, 30s; 65°C, 5s). The generated amplicon was system-
atically double-checked by its melting curve. Relative gene ex-
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pression was normalized to expression levels of the housekeep-
ing gene Gapdh. Results were evaluated using the 2722 method
and expressed as mean + Standard Error of the Mean (SEM).

Protein Isolation and Immunoblotting

AMCEF cells were scraped from 6-well plates in 100 pL RIPA
extraction buffer (50 mM Tris base, 200 mM NaCl, 1% Triton
X-100, 0.25% DOC, 1 mM EDTA, 1 mM EGTA, pH 7.5 with pro-
tease inhibitor cocktail [11873580001, Roche], protein phos-
phatase inhibitors [P5726, Sigma-Aldrich]) and incubated on ice
for 30 minutes. Cell lysate was centrifuged at 14,000 rpm and
4°C for 30 minutes, and the supernatant was boiled in Laem-
mli sample buffer (1610737, BioRad) with B-mercaptoethanol
(1610710, Bio-Rad) at 95°C for 5 minutes and stored at -80°C.
Protein samples were loaded onto 8% or 10% SDS polyacryl-
amide gels and separated by SDS-PAGE. Gels were run in Tris/
Glycine/SDS buffer (1610732, Bio-Rad) at 20 mA per gel.

Proteins were electroblotted onto PVDF membranes
(IPVH00010, Merck Millipore) via a semi-dry cassette (1703940,
Bio-Rad) in Tris/Glycine Buffer (1610734, Bio-Rad) with 20%
methanol at 20 V for 1 hour. Membranes were then blocked
in 5% BSA in tris-buffered saline with 0.1% Tween20 (TBST) for
1 hour and probed with antibodies against COL1A1 (1:1,000),
aSMA (1:1,000), CTGF (1:1,000), and GAPDH (1:10,000) in BSA/
TBST at 4°C overnight. Horseradish peroxidase-conjugated goat-
anti-mouse and goat-anti-rabbit (1:10,000) were used as sec-
ondary antibodies in BSA/TBST at 4°C for 1 hour. Membranes
were activated using Clarity Western ECL Substrate (1705060,
BioRad), and images were taken and quantified using a BioRad
ChemiDoc Imaging System (Software Version: 2.1.0.32 BETA
CL19032).

Proliferation

The proliferation of AMCF was analyzed by assaying with
AlamarBlue cell viability reagent (A50100, Invitrogen) according
to the manufacturer’s protocol. In brief, 1 x 10* cells per well
were seeded into black 96-well flat-bottom cell culture plates
and allowed to attach overnight. After cell starvation overnight
followed by treatment with FGF23, TGFB or vehicle in triplicates
for 48 hours, 10 pL AlamarBlue cell viability reagent was added
per well. Absorbance at 570 nm and 600 nm was recorded with
a plate reader (BioTEK SYNERGY) after 6 hours and FGF23- and
TGFB-stimulated proliferation of AMCF was quantified in rela-
tion to vehicle-treated control cells.

Statistics

Data organization, scientific graphing, and statistical signifi-
cance of differences between experimental groups were per-
formed by using GraphPad Prism (version 9.0.0). All results are
expressed as mean = SEM. Comparisons between 3 or more
groups were performed by one-way ANOVA followed by post-
hoc Tukey test. Comparisons between 2 groups were performed
by two-tailed t-tests. A significance level of P<0.05 was accept-
ed as statistically significant. Sample size was determined on
the basis of sample availability, prior experimental studies per-
formed in our laboratory and from prior literature [12,15]. No
formal randomization was used in any experiment. For in vivo
experiments, animals were unbiasedly assigned into different
experimental groups. Group allocation was not performed in a
blinded manner. Whenever possible, investigators were blinded
to experimental groups.
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Figure 1: FGF23 does not activate cardiac fibroblasts isolated from
wildtype mice.

Primary Adult Mouse Cardiac Fibroblasts (AMCFs) isolated from
C57BL/6J mice were treated with vehicle, recombinant Fibroblast
Growth Factor 23 (FGF23, 50 ng/mL), or Transforming Growth
Factor-B (TGF-B, 10 ng/mL) for 24 and 48 hours. (A) Cells were ana-
lyzed for proliferation via AlamarBlue assay. (B, C) RT-qPCR analy-
sis of Alpha Smooth Muscle Actin (aSMA) and Connective tissue
growth factor (Ctgf) using total RNA from cell culture lysates. (D)
Representative Western blot analysis of AMCFs for aSMA, CTGF,
and Collagen Type | Alpha 1 Chain (COL1A1) protein. (E-G) Quan-
tification of Western blot signals for aSMA, CTGF, and COL1A1 by
densitometry. Data is presented as a percentage relative to control
protein levels. (H, 1) RT-qPCR analysis of Matrix metallopeptidase
(Mmp) 2 and Mmp9 from AMCFs treated with vehicle, recombi-
nant FGF23 (50 ng/mL), or Interleukin 1B (I1I-1B, 10 ng/mL) for 24
hours. (J) RT-gPCR analysis of AMCFs for markers of cardiac fibro-
blasts (Vim1, aSMA, Collal), myofibroblasts (Tcf21, Postn) and en-
dothelial cells (Ddr2, CD31). (K) AMCFs were characterized for the
presence of the FGF23/FGFR signaling complex by RT-gPCR analysis
of Fibroblast growth factor receptors (Fgfr) 1-4, Klotho, and Fgf23.
All RT-qPCR analyses were conducted using Gapdh as a house keep-
ing gene. All values are shown as +SEM. n=3-7; *P<0.05; **P<0.01;
***p<0.001.

Results

\_‘\,eG f.-"t‘;*"‘ & q’\’;;_,c‘\

FGF23 Does Not Activate Isolated Cardiac Fibroblasts

To test if FGF23 can activate cardiac fibroblasts and induce
their differentiation into myofibroblasts, we isolated Adult
Mouse Cardiac Fibroblasts (AMCFs) from C57BL/6J mice and
treated them with recombinant mouse FGF23 (50 ng/mL) or
vehicle control for 24 hours. Proliferation of AMCF cultures,
measured via AlamarBlue assays, was unaffected by FGF23
treatment (Figure 1A). Furthermore, gene expression of Alpha
Smooth Muscle Actin (aSMA) and Connective tissue growth
factor (Ctgf), key genes elevated in activated myofibroblasts
[19-24], was unaltered by FGF23 treatment as determined by
RT-gPCR (Figure 1B, C). This finding was further supported by
Western blot analysis of cell culture lysates showing that FGF23
does not elevate aSMA, CTGF, and Collagen Type | Alpha 1 Chain
(COL1A1) on protein level (Figure 1D-G). In contrast, TGF (10
ng/mL) used as a positive control (19,24-28), increased AMCF
proliferation and the expression of markers on mRNA and pro-
tein level. Additionally, we found that FGF23 did not induce
gene expression of the Extracellular Matrix (ECM) regulatory
proteins Matrix metalloproteinase (Mmp) 2 and Mmp9, while
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Figure 2: FGF23 does not activate cardiac fibroblasts isolated from
wildtype mice on a high-phosphate diet.

Primary Adult Mouse Cardiac Fibroblasts (AMCFs) were isolated
from C57BL/6J mice that were fed a normal phosphate (0.7%) or
high-phosphate (2%) diet for 12 weeks. AMCFs were treated with
vehicle, recombinant Fibroblast Growth Factor 23 (FGF23, 50ng/
mL), or recombinant Transforming Growth Factor-B (TGF-B, 10ng/
mL) for 24 and 48 hours. (A) Cells were analyzed for proliferation
via AlamarBlue assay. (B, C) RT-qPCR for Alpha Smooth Muscle Ac-
tin (aSMA) and Connective tissue growth factor (Ctgf) mRNA us-
ing total RNA from cell culture lysates. (D) Representative Western
blot analysis of AMCF cultures for aSMA, CTGF, and Collagen Type
| Alpha 1 Chain (COL1A1) protein. (E-G) Quantification of Western
blot signals for aSMA, CTGF, and COL1A1 by densitometry. Data is
presented as a percentage relative to control protein levels. (H) RT-
gPCR for FGF receptors, Fgfr1 and Fgfr4, from AMCF cell lysates.
RT-gPCR analysis was conducted using Gapdh as a house keeping
gene. All values are shown as +SEM. n=4-9; *P<0.05; **P<0.01;
***p<0.001; ****P<0.0001.
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Figure 3: FGF23 does not alter expression levels of common intra-
myocardial communication factors in primary cardiac myocytes
cultures.
Neonatal Rat Ventricular Myocytes (NRVMs) were treated with
vehicle, recombinant Fibroblast Growth Factor 23 (FGF23, 50ng/
mL), or recombinant Transforming Growth Factor-B (TGF-B, 10ng/
mL) for 24 hours, followed by RT- qPCR expression analysis of (A)
Leukemia Inhibitory Factor interleukin 6 family cytokine (Lif), (B) In-
terleukin 6 (I-6), and (C) Fgf2. RT- qPCR analysis was conducted us-
ing Gapdh as a house keeping gene. All values are shown as +SEM.
n=4-6; *P<0.05; ***P<0.001; ****P<0.0001.

IL-1B (10 ng/mL), used as a positive control [24,29], elevated

the expression of both genes (Figure 1H, I). We confirmed the

identity of our cell culture model as AMCFs by analyzing the
expression of key markers for cardiac fibroblast, myofibroblasts
and endothelial cells, confirming that prior treatments our cells
contained cardiac fibroblasts and not already activated myofi-
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Figure 4: The administration of a high-phosphate diet induces the
production and secretion of FGF23 by cardiac fibroblasts in mice.
C57BL/6J mice that were fed a normal phosphate diet (0.7%) or
high-phosphate diet (2%) for 12 weeks were analyzed for (A) serum
Fibroblast Growth Factor 23 (FGF23) concentration and (B) cardiac
tissue Fgf23 mRNA expression. (C) Supernatants from cultured pri-
mary Adult Mouse Cardiac Fibroblasts (AMCFs) isolated from 0.7%
diet and 2% diet mice were analyzed for FGF23 protein after 24 and
48 hours. FGF23 protein was analyzed via ELISA. RT-gPCR analysis
was conducted using Gapdh as a house keeping gene. All values are
shown as +SEM. n=4-8; **P<0.01; ***P<0.001.

broblasts or endothelial cells (Figure 1J). The expression of Fgfr
1-4, Klotho, and Fgf23 were also analyzed via RT-qPCR, showing
that Fgfr1 had the highest expression levels, followed by Fgfr2
(Figure 1K), while Fgfr4 was only expressed at low levels. Fgfr3,
Klotho, and Fgf23 expression was not detectable.

It has been shown that fibroblasts in the kidney only respond
to FGF23 following kidney injury, which induces Fgfr4 expres-
sion in renal fibroblasts [30,31]. Thus, FGF23 might act as a pro-
fibrotic factor only in situations of injury-priming and rather ag-
gravate but not initiate fibrosis. To investigate a potential role
of hyperphosphatemia in inducing FGF23 responsiveness in car-
diac fibroblasts, we placed C57BL/6J mice on a high-phosphate
(2%) diet or a chow with normal phosphate levels (0.7%) for
12 weeks before isolating AMCFs. We observed that regardless
of the diet, FGF23 treatment did not affect AMCF proliferation
(Figure 2A). mRNA expression levels of aSMA and Ctgf (Figure
2B,C), as well as protein levels of aSMA, CTGF, and COL1A1 (Fig-
ure 2D-G) were also unaltered by FGF23 treatment.

Additionally, diet-conditioning did not affect the expression
levels of Fgfrl or Fgfr4 in AMCFs (Figure 2H). Together, these
findings indicate that FGF23 does not activate cardiac fibro-
blasts. Furthermore, exposure of the mouse heart to elevations
in systemic phosphate levels does not change the expression
levels of FGFRs and does not induce FGF23-responsiveness in
cardiac fibroblasts.

FGF23 Does Not Induce Expression of Intramyocardial Com-
munication Factors in Isolated Cardiac Myocytes

To investigate whether FGF23 could indirectly activate car-
diac fibroblasts by inducing the expression of factors in cardiac
myocytes that are known to target fibroblasts in a paracrine
manner, we treated primary Neonatal Rat Ventricular Myocytes
(NRVMs) with recombinant FGF23 or vehicle control. We con-
ducted a RT-gPCR expression analysis of Leukemia inhibitory
factor (Lif), Interleukin 6 (/I-6), and Fgf2 which are known to
mediate the bidirectional communication between cardiac fi-
broblasts and cardiac myocytes and drive fibroblast activation
[32] and myocyte hypertrophy [33]. FGF23 did not induce any
changes, while TGFB used as a positive control [24,34-36] el-
evated expression levels of the three factors (Figure 3A-C). This
finding suggests that FGF23 does not activate cardiac fibroblasts
by targeting cardiac myocytes and does not induce paracrine
crosstalk between both cell types.

Submit your Manuscript | www.austinpublishinggroup.com

J Cardiovasc Disord 10(1): id1055 (2024) - Page - 05



Austin Publishing Group

High-Phosphate Diet Stimulates the Production of FGF23 in
Cardiac Fibroblasts

Elevated phosphate levels are a major inducer of FGF23 ex-
pression in bone, where osteoblasts and osteocytes serve as
the main source of FGF23 [24,37]. Previous studies have shown
that also the heart can produce FGF23, at least in the context
of CKD [24,38]. However, it remains unclear what cardiac cell
types can express FGF23. To determine whether cardiac fibro-
blasts serve as a source of FGF23 and whether hyperphosphate-
mia can affect FGF23 production by cardiac fibroblasts, we iso-
lated AMCFs from mice on normal chow with 0.7% phosphate
content and from mice receiving a 2% phosphate diet for 12
weeks. As expected, [15,24], the high-phosphate diet signifi-
cantly elevated serum FGF23 concentrations, compared to mice
on control chow (Figure 4A). RT-qPCR analysis of total heart
tissue showed a significant increase in the cardiac expression
levels of Fgf23 in mice on high-phosphate diet (Figure 4B). Fur-
thermore, supernatants of isolated AMCFs from mice on both
diets contained FGF23 protein, with significantly higher FGF23
levels in AMCFs from mice on high-phosphate diet when ana-
lyzed 24 and 48 hours after cell isolation (Figure 4C). These find-
ings demonstrate that cardiac fibroblasts serve as a source for
cardiac-derived FGF23, especially in the presence of elevated
serum phosphate concentrations.

Discussion

Our study demonstrates that FGF23 does not activate car-
diac fibroblasts that were isolated from adult wildtype mice. We
found that FGF23 does not modify proliferation or induce the
expression of pro-fibrotic proteins in these cells. Cardiac fibro-
blasts isolated from mice with diet-induced hyperphosphatemia
also do not respond to FGF23, indicating that high-phosphate
concentrations do not prime cardiac fibroblasts for FGF23-re-
sponsiveness. While we have previously shown that FGF23 in-
duces hypertrophy in isolated cardiac myocytes [15,24], here
we found that FGF23 does not induce the expression of factors
in cardiac myocytes that could potentially activate fibroblasts in
a paracrine manner. However, we found that the administration
of a high-phosphate diet does not only cause elevations in cir-
culating FGF23 levels, but also induce FGF23 expression in the
heart and FGF23 secretion by cardiac fibroblasts. Combined our
study suggests that cardiac fibroblasts act as source but not as
a target of FGF23.

Hyperphosphatemia is closely associated with cardiovascular
remodeling, including cardiac hypertrophy and fibrosis [18,39-
41]. Elevated serum phosphate induces a significant increase in
circulating FGF23 levels, and elevations in serum FGF23 have
been linked to cardiac hypertrophy and all-cause mortality
[8,39,41-44]. Previously, we have shown that FGF23 can acti-
vate FGFR4 on cardiac myocytes, inducing PLCy/calcineurin/
NFAT signaling and subsequent cardiac hypertrophy. Howev-
er, whether cardiac fibroblasts are also a target of FGF23 and
FGF23’s involvement in the cardiac fibrosis observed in animal
models of hyperphosphatemia is not well understood [12,15].
We have previously demonstrated that the administration of a
high-phosphate diet for three months induces significant eleva-
tions of systemic FGF23 levels as well as cardiac hypertrophy
and fibrosis in mice [15,24]. Most notably, we observed that el-
evations in serum FGF23, left ventricular wall thickness, and in-
dividual myocyte cross-sectional area were reversible by placing
mice back on a control diet with normal phosphate content for
three additional months. However, there was no significant re-
duction in cardiac fibrosis in these mice [15]. Furthermore, the

blockade of FGFR4 by intraperitoneal injections of an FGFR4-
specific antibody (U3-11; U3Pharma) in 5/6 nephrectomized
rats inhibited myocyte hypertrophy but did not affect the de-
velopment of cardiac fibrosis [15]. In CKD patients, it has been
observed that cardiac fibrosis correlates with decreased soluble
klotho (sKL), implicating increased cardiac FGF23/FGFR4 signal-
ing in the progression of fibrosis, but there was no significant
correlation between cardiac FGF23 concentrations and fibrosis
[45]. These findings combined with our new data suggest that
FGF23 may not be a driver of hyperphosphatemia-induced car-
diac fibrosis.

The function of cardiac FGF23 has been widely debated and
has been further complicated by studies that contradict the
findings of others, as well as a predominant focus on models of
cardiovascular injury and CKD. In the present study, we observed
that FGF23 treatments do not activate AMCF proliferation, tran-
sition to myofibroblasts, or extracellular matrix remodeling,
with or without priming the mice with a high-phosphate diet.
This data contradicts the findings of other studies that observed
AMCFs responses to treatments with recombinant FGF23 by
increasing procollagen production [13], and that Neonatal Rat
Cardiac Fibroblasts (NRCF) respond by increasing collagen re-
modeling, Ctgf expression, and activating TGFB/TGFp receptor/
SMAD complexes [45], indicating a role in fibrosis. One possible
source for this contradiction may be derived by our different
methods of isolation, where trypsin is used as a digestive en-
zyme in their study while our protocol uses collagenase. Trypsin
usage in the isolation of primary cells is known to cause collat-
eral damage to cells and, to preserve the physiological proper-
ties of the primary cells, collagenase has been recommended
for digestion [46-49]. Additionally, co-isolation of NRVMs and
NRCFs may add stress to the cells in suspension, though the
protocol used to specifically isolate NRCFs is not well described,
so additional methods and materials used to isolate NRCFs from
the myocytes are unknown to us and therefore cannot be scru-
tinized for possible cell stressors [45].

A common thread in the connection of FGF23 and fibrosis has
been initial systemic or tissue stress, while FGF23 interactions
with cardiac fibroblasts in hyperphosphatemia models without
additional organ injury has largely been left uninvestigated. It
has been shown that FGF23 does not activate fibroblasts from
normal kidneys. However, obstructed kidneys show elevations
in Fgf23, Fgfrl, and Fgfr4 expression, and FGF23 can activate
fibroblasts from obstructed kidneys without increasing prolif-
eration [31]. Injury-primed renal fibroblasts respond to FGF23
by enhancing TGFp signaling and initiating two pro-fibrotic sig-
naling pathways: FGFR4-PLCy-TRPC6-Ca?*-calcineurin/NFAT and
FGFR4-PLCy-TRPC6-Ca?*-Reactive Oxygen Species (ROS)-JNK-
TGFB [30]. Additionally, Ffg23 expression is increased in the
hearts of rodents after 5/6 nephrectomy [11], Transverse Aortic
Constriction (TAC) [50], and Myocardial Infarction (MI) [13,51],
and Fgfr4 expression is increased in rodent hearts after M1 [13],
suggesting that such a pathway may also be present in the heart
to drive myocardial fibrosis. This is further supported by data
demonstrating that patients with atrial fibrillation had signifi-
cant increases in FGF23, FGFR4, aSMA, and COL1A1, and cul-
tured human primary fibroblasts that were isolated with trypsin
showed increases in ROS production with subsequent STAT3 and
SMAD3 signaling in response to FGF23 treatment [52]. This data
strongly supports the presence of an FGF23/FGFR4 mediated
signaling mechanism to induce fibrosis in cardiac fibroblasts
in models with injury. Though our high-phosphate diet model
shows increased serum FGF23 and cardiac Fgf23 expression, we
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do not observe an increase in Fgfrl or Fgfr4 expression, a step
that appears to be crucial for fibroblast activation by FGF23, in-
dicating that administration of a high-phosphate diet does not
sufficiently prime cardiac fibroblasts for FGF23 responsiveness.

It is possible that FGF23 can indirectly activate cardiac fibro-
blasts by inducing the expression of factors in myocytes that
mediate the cardiac myocyte-fibroblast crosstalk. However,
here we found that FGF23 does not increase the expression of
such factors in NRVMs, indicating that it is unlikely that FGF23
is targeting cardiac myocytes to induce cardiac fibroblast activa-
tion. Several studies have reported that the heart can produce
FGF23 [13,45,53], though the specific cell type(s) that serve as
the source of cardiac FGF23 are not clear. In vitro studies using
different models for cardiac myocytes and fibroblasts provided
conflicting outcomes. One study reported Fgf23 expression in
NRVMs, NRCFs (>10 fold higher than NRVM mRNA), and AM-
CFs (>30 fold higher than NRVM mRNA) [13]. Another study ob-
served Fgf23 expression in NRVMs, but not in NRCFs [45]. We
found that AMCFs produce and secrete FGF23 protein at levels
detectable by ELISA, which was further elevated when cardiac
fibroblasts were isolated from mice receiving a high-phosphate
diet. It is well established that FGF23 can induce signaling in
cardiac myocytes via activation of FGFR4 [12,18,54], and FGF23
can interact with FGFR1 in the presence of skKL [55]. FGFR1 and
FGFR2 play a pro-survival and protective role after cardiovas-
cular injury, and treatment with sKL alleviates cardiac fibrosis
in mice [56,57]. Elevated plasma phosphate downregulates skKL
levels [58], and though the intake of a high-phosphate diet in-
creases FGF23 production in heart tissue and systemically, the
serum phosphate levels are maintained, indicating that skL may
not be downregulated in this model. It is interesting to specu-
late that cardiac fibroblasts may secrete FGF23 that interacts
with FGFR1 in the presence of sKL to initiate cardio-protective
mechanisms. Future studies will need to determine if a high-
phosphate diet is sufficient to lower skL levels to determine if
an increase in FGF23/FGFR1 signaling in the heart is feasible, or
if the local FGF23 elevation is more likely to activate FGFR4. Vi-
tamin D Receptor (VDR) activity upregulates sKL [58], and high
levels of FGF23 downregulates the synthesis of active vitamin D
[59], therefore FGF23 may downregulate sKL indirectly via de-
creased VDR activity.

Future studies should determine a potential role of a high-
phosphate diet not only in the priming of cardiac fibroblasts
but also of cardiac myocytes and whether Adult Mouse Cardiac
Myocytes (AMCM) respond to FGF23 differently than NRVMs,
for example by secreting pro-fibrotic factors. Furthermore, the
role of cardiac fibroblast-derived FGF23 needs to be deter-
mined, including potential pro-hypertrophic actions that could
serve as a paracrine FGF23-driven mechanisms that contributes
to hyperphosphatemia-associated cardiac hypertrophy, in addi-
tion to the pro-hypertrophic effects of bone-derived circulating
FGF23. A mouse model with cardiac fibroblast-specific deletion
of Fgf23 will be needed to address this important question.
Additionally, it should be determined if CKD can prime cardiac
fibroblasts for FGF23 responsiveness. Various other CKD-associ-
ated pathologic changes, other than hyperphosphatemia, could
serve as such priming events, such as systemic inflammation or
increased serum concentrations of uremic toxins.

Conclusion

FGF23 on its own is a potent inducer of cardiac hypertrophy
but not fibrosis. Hyperphosphatemia, which causes cardiac hy-

pertrophy and fibrosis, does not induce FGF23 responsiveness
in cardiac fibroblasts, suggesting that other factors than FGF23
drive cardiac fibrosis in hyperphosphatemia. Whether in the
context of CKD cardiac fibroblasts respond to FGF23 needs to be
determined. If it turns out that also in CKD FGF23 only targets
cardiac myocytes and not cardiac fibroblasts, and that FGF23
promotes cardiac hypertrophy but not fibrosis, pharmacological
blockade of FGFR4, which is the cardiac FGF23 receptor, would
not serve as a therapeutic approach to prevent pathological car-
diac remodeling and increase survival in CKD patients.
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