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Chronic kidney disease (CKD) is a global health epidemic
that greatly increases mortality due to cardiovascular
disease. Left ventricular hypertrophy (LVH) is an important
mechanism of cardiac injury in CKD. High serum levels of
fibroblast growth factor (FGF) 23 in patients with CKD may
contribute mechanistically to the pathogenesis of LVH by
activating FGF receptor (FGFR) 4 signaling in cardiac
myocytes. Mitochondrial dysfunction and cardiac metabolic
remodeling are early features of cardiac injury that predate
development of hypertrophy, but these mechanisms have
been insufficiently studied in models of CKD. We found in
wild-type mice with CKD induced by adenine diet, that
morphological changes occurred in mitochondrial structure
and cardiac mitochondrial and that metabolic dysfunction
preceded the development of LVH. In bioengineered
cardio-bundles and neonatal rat ventricular myocytes
grown in vitro, FGF23-mediated activation of FGFR4 caused
mitochondrial pathology, characterized by increased
bioenergetic stress and increased glycolysis that preceded
the development of cellular hypertrophy. The cardiac
metabolic changes and associated mitochondrial
alterations in mice with CKD were prevented by global and
cardiac-specific deletion of FGFR4. Our findings indicate
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that metabolic remodeling and mitochondrial dysfunction
are early cardiac complications of CKD that precede
structural remodeling of the heart. Mechanistically, FGF23-
mediated activation of FGFR4 causes mitochondrial
dysfunction, suggesting that early pharmacologic
inhibition of FGFR4 might serve as novel therapeutic
intervention to prevent development of LVH and heart
failure in patients with CKD.
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epidemic that affects millions of people worldwide and

increases risks of cardiovascular disease and mortal-
ity." Left ventricular hypertrophy (LVH) causes heart failure
with preserved ejection fraction (HFpEF), which affects most
patients with CKD." Among patients with CKD, alteration in
mineral homeostasis is an additional unique factor in the
complex multifactorial pathogenesis of HFpEE.”’

Fibroblast growth factor (FGF) 23 regulates calcium and
phosphate homeostasis.” In CKD, FGF23 levels progressively
increase as kidney function declines. Elevated FGF23 helps
maintain normal serum phosphate in CKD,” but higher FGF23
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Translational Statement

Cardiovascular disease is the leading cause of death in
patients with chronic kidney disease (CKD). Elevated
fibroblast growth factor (FGF) 23 levels contribute to
structural cardiac remodeling and heart failure. Our
experimental studies elucidate the metabolic signature
of the uremic heart, highlight the role of cardiac meta-
bolism and mitochondrial dysfunction in heart failure
due to CKD, and mechanistically indicate that the
FGF23-FGF receptor (FGFR) 4 axis drives cardiac meta-
bolic remodeling in CKD. Our results suggest that phar-
macologic blockade of FGFR4 might prevent early
metabolic alterations in the heart that culminate in heart
failure in patients with CKD.

is dose dependently associated with increased risks of LVH,
heart failure, and mortality in patients with CKD.”'*"?
Mechanistically, FGF23 induces LVH in rodents by activating
FGF receptor (FGFR) 4 and the phospholipase Cy—calcineurin—
nuclear factor of activated T cells signaling pathway,'*'*'
which is a potent inducer of structural cardiac remodeling.'”
Human genetic data support the link between FGF23 and
development of LVH and heart failure, particularly in patients
who are genetically predisposed to developing CKD."®

Mounting evidence suggests that metabolic remodeling
and mitochondrial dysfunction are upstream mechanisms of
LVH that precede other pathologic alterations.” Metabolic
inefficiency and loss of coordinated anabolic activity have
emerged as proximal causes of cardiac structural remodel-
ing.””*" Despite the high rates of structural cardiac remod-
eling in CKD,” the specific role of cardiac metabolism in heart
failure associated with CKD remains largely underexplored.””
Furthermore, no studies investigated whether FGF23-FGFR4
activation contributes to cardiac metabolic remodeling and
mitochondrial ~dysfunction.”” Using bioengineered car-
diobundles, cultured cardiomyocytes, and multiple rodent
models of CKD, we tested the hypotheses that CKD induces
cardiac mitochondrial dysfunction and metabolic remodeling;
that these changes predate the development of structural
cardiac remodeling; and that FGF23-FGFR4 activation is a
molecular mechanism of these effects.

METHODS

Antibodies, recombinant proteins, and heparin

Carrier-free recombinant mouse FGF23 (catalog number
2629-FG025/CF, R&D Systems) was used at 25 and 100 ng/
ml. The isoform-specific FGFR4 small-molecule inhibitor
BLU9931 (catalog number S7819, Selleck Chemicals) was
used at 10 ng/ml. Heparin solution (McKesson Corporation)
was used at 0.2 United States Pharmacopeia units/ml. Primary
antibodies include sarcomeric a-actinin (catalog number EA-
53, Sigma-Aldrich). Secondary antibody is Cy3-conjugated
goat—anti-mouse (catalog number 115165166, Jackson
ImmunoResearch Laboratories).
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Isolation and cultivation of neonatal rat ventricular myocytes
Neonatal rat ventricular myocytes (NRVMs) were isolated
from Sprague-Dawley rat pups (postnatal day 0-3) using a
commercially available kit (catalog number LK003300, Wor-
thington), as described previously and in the Supplementary
Methods.**

Fabrication of bioengineered cardiobundles

Bioengineered cardiobundles were generated as described
previously and in the Supplementary Methods.”” In selected
studies, FGF23 (25 ng/ml) and BLU9931 (10 ng/ml) were
added to culture medium on day 7 and replenished with each
medium change during the following 7 days.

Measurement of contractile force and action potential
propagation

Isometric contractile forces were measured as described pre-
viously.”” In brief, cardiobundles were immersed in Tyrode
solution containing 1.8 mM CaCl, and connected to a force
transducer. Contractions were elicited by electric field stim-
ulus from parallel platinum electrodes. Optical mapping of
action potentials was performed as described previously.”®
Cardiobundles were stained with a transmembrane voltage-
sensitive dye (di-4-ANEPPS  [6-[2-(N,N-Dibutylamino)
naphthyl]ethenyl-4’-pyridinium  propanesulfonate])  and
paced at different rates by suprathreshold point stimulus to
map propagation of action potentials.

Immunofluorescence and morphometry of cultured myocytes
and cardiobundles

Hypertrophic growth of isolated NRVMs was analyzed on
laminin-coated glass coverslips after 48 hours of treatment, as
reported previously and as described in the Supplementary
Methods.'>*>*

Live-cell metabolic analysis

Mitochondrial oxygen consumption rate and glycolytic rate
were determined in NRVMs using the Seahorse XF Mito
Stress Test Kit and the Seahorse XF Glycolytic Rate Assay Kit,
according to manufacturer’s protocols. All live-cell metabolic
assays were performed in collaboration with Duke’s Cardio-
vascular Physiology Core using the metabolic flux analyzer
Agilent Seahorse XF96 (Agilent Technologies); see
Supplementary Methods for details and Supplementary
References.

Differentiation of human induced pluripotent stem cell to
engineered heart tissue and analysis of contraction force and
frequency

Human induced pluripotent stem cells (cell line: ERC001)
were differentiated into cardiomyocytes and then used for the
generation of engineered heart tissue, as described previ-
ously.”" " The contraction force of engineered heart tissues
was recorded using automated video-optical analysis, as
described previously.”””" See Supplementary Methods for
details.
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Table 1| TagMan probes used for mRNA quantification

Target Assay identifier
Eukaryotic 18S rRNA 4352930E
FGFR4 MmO01341851_g1
Fib MmO01256744_m1
Foxol Mm00490672_m1
Myh6é MmO00440359_m1
Myh7 Mm00600555_m1
Nppa MmO01255747_g1
Pgc-1a Mm01208835_m1
Rcan1 Rn00596606_m1
Timp1 MmO00441818_m1
Trpc6 MmO01176083_m1

(2-Microglobulin MmO00437762_m1

RNA isolation and quantification

Total RNA was extracted from hearts and cultured car-
diomyocytes using a RNeasy Plus Mini Kit (Qiagen) following
the manufacturer’s instructions. A total of 0.5 to 2 [ig of RNA
was reverse transcribed to ¢cDNA using Applied Biosystems
High-Capacity ¢cDNA Reverse Transcription Kit (catalog
number 4368813, ThermoFisher). Quantitative real-time
polymerase chain reaction was performed in duplicate with
the SSoAdvanced Universal Probe Supermix (Bio-Rad) and
sequence-specific TagMan probes (ThermoFisher), as indi-
cated in Table 1, on a Quantstudio 3 (Applied Biosystems,
ThermoFisher). Gene expression was normalized to expres-
sion levels of housekeeping genes P2-microglobulin (for
in vitro studies) or 18S rRNA (for in vivo studies). Results
were evaluated using the 2785 method and expressed as
mean £+ SEM.

Mice

Constitutive FGF receptor 4 null mice (FGFR4™ ),*! constitutive
collagen type IV alpha 3 (Col4a3)”" mice,”” and constitutive
FGFR4 knock-in mice (FGPR4—Arg385)33 were used. Mice with
inducible cardiomyocyte-specific deletion of FGFR4
(alpha-myosin heavy chain [MHC]MerCreMer_pGER4flox)
were generated by crossing o.-MHCM ™M™ mice® with
FGFR4 floxed mice.”” All mice were maintained on a
C57Bl/6 background. Cre recombination was induced by
tamoxifen injections (30 mg/kg body weight, i.p., every
48 hours for a total of 3 injections). Dietary interventions
were started 10 days after the last tamoxifen injection.
Male and female mice were used in the distribution
indicated in the Supplementary Methods.

Adenine model of CKD

As described previously, CKD was induced by feeding 12-
to 16-week-old mice an adenine containing diet (0.15%,
TD.170304, to 0.2% adenine, TD.140290; control
diet, TD.170303, Envigo).’® All mice were put on control
diet for 1 week before study start, and then mice
were randomized to receive either adenine diet or
control diet.
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Noninvasive assessment of kidney function

Glomerular filtration rate was determined noninvasively in
mice using non-invasive clearance kidney devices, as
described previously and in the Supplementary Methods.””*®

Noninvasive and invasive assessment of cardiac function

All echocardiographic analyses were performed by Duke’s
Cardiovascular Physiology Core using a Vevo 3100 imaging
system (FUJIFILM VisualSonics); see Supplementary
Methods for details.

Serum chemistry

At study end, blood was collected from mice at the time of
termination via cardiac puncture, transferred into Microvette
heparin plasma tubes (Sarstedt), and centrifuged at 21,000¢
for 10 minutes. Plasma supernatants were collected and
stored at —80 °C. Blood urea nitrogen, phosphate, and he-
moglobin were measured at the University of North Carolina
Animal Histopathology and Lab Medicine Core with an Alfa
Wassermann Vet Axcel Chemistry Analyzer (Alfa Wasser-
mann Diagnostic Technologies, LLC). Intact and C-terminal
FGF23 levels and parathyroid hormone 1-84 were determined
by enzyme-linked immunosorbent assay (QuidelOrtho), ac-
cording to the manufacturer’s protocol.

Mitochondrial respiration

Mitochondrial isolation from frozen mouse hearts was per-
formed as previously described and in the Supplementary
Methods.” High-resolution oxygen consumption rate was
assessed via the Oroboros Oxygraph-2K (Oroboros In-
struments), as previously described,’ with minor adjust-
ments (see Supplementary Methods for details).

RNA sequencing

RNA sequencing was performed in collaboration with Duke’s
Center for Genomic and Computational Biology Core Facil-
ity. See Supplementary Methods for further details.

Proteomics

Proteomics of isolated cardiac mitochondria was performed
in collaboration with Duke’s Proteomics and Metabolomics
Core Facility. See Supplementary Methods for detailed
description and references.

Metabolomics
Metabolomic measurements were performed at the Metab-
olomics Core Laboratory at Duke Molecular Physiology
Institute. See Supplementary Methods for detailed description
and references.

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed
by Duke’s Center for Electron Microscopy and Nanoscale
Technology. See Supplementary Methods for detailed
description.
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Semiquantitative analysis of mitochondrial morphology
TEM of cardiac tissue and selection of view fields was per-
formed by Dr. Davis Ferreira of the Duke Center for Electron
Microscopy and Nanoscale Technology in a blinded manner.
Analysis of mitochondrial morphology was independently
performed by 2 investigators (MAAF and EJB) in a blinded
manner using Image]."’ See Supplementary Methods for
details.

Study approval

All animal protocols and experimental procedures were
approved by the Institutional Animal Care and Use Com-
mittees at Duke University. All animals were maintained in a
ventilated rodent-housing system with temperature-
controlled environments (22 °C-23 °C) with a 12-hour
light/dark cycle and allowed ad libitum access to food and
water. All protocols adhered to the Guide for Care and Use of
Laboratory Anmimals to minimize pain and suffering. Experi-
ments were designed and conducted in accordance with the
ARRIVE (Animal Research: Reporting of In Vivo Experi-
ments) guidelines.”’ No animals were excluded from analysis.

Statistical analysis

All data are presented as means += SEM. P < 0.05 was
considered statistically significant. All data were analyzed
using GraphPad Prism9 (Graphpad Software), followed by
Student t-tests or, when appropriate, by 2-way analysis of
variance with Sidak correction for multiple comparisons. See
Supplementary Methods for more details.

Graphical design

Schematics of the graphical abstract were designed using the
BioRender Software (Fuchs M [2024]; https://BioRender.com/
X67j640).

RESULTS

CKD alters cardiac mitochondrial structure and function
before the onset of LVH

We analyzed cardiac structure and function in wild-type mice
fed 0.2% adenine diet to induce CKD.’® Adenine-induced
CKD caused LVH after 16 weeks, as indicated by increased
left ventricular (LV) mass index, increased posterior wall
thickness, and reduced systolic LV diameter. LV function,
marked by fractional shortening, was unchanged
(Supplementary Figure S1A). To investigate cardiac meta-
bolism and remodeling in the setting of CKD before the onset
of LVH, we analyzed mice after 12 weeks of adenine diet. At
this stage, reduced glomerular filtration rate and increased
blood urea nitrogen confirmed severe kidney damage, but
cardiac structural remodeling was not yet evident in male or
female mice (Figure 1a and b and Supplementary Figure S1B).
Cardiac expression of the hypertrophy and fibrosis markers
Nppa and Timpl mRNA was increased after 12 weeks of
adenine diet, indicating that molecular processes of hyper-
trophic and fibrotic remodeling had already begun
(Figure 1c). Interestingly, expression of the transcription
factors Pgc-1a and Foxol, which are key regulators of
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myocardial metabolism and cardiac mitochondrial function,
was also significantly increased in CKD versus controls after
12 weeks of adenine feeding (Figure 1c). At this time point,
TEM revealed grossly normal myofibrillar structures in the
CKD myocardium, but mitochondria were misaligned,
swollen, and larger than in control animals; cristae appeared
more disorganized, and the number of damaged mitochon-
dria was significantly increased, suggesting mitochondrial
dysfunction (Figure 1d and e and Supplementary Figure S1C).
Previous studies indicated sex differences in the adenine
model.*”** (For the purpose of this study, sex is definded as
female [XX chromosomes] and male [XY chromosomes].)
Analysis of female mice that had undergone 12 weeks of
adenine feeding showed similar changes in functional and
mitochondrial ~ parameters as males with CKD
(Supplementary Figure S1B and C).

To characterize myocardial mitochondrial function, we
assessed respiratory capacity across the electron transport
system. Respiration by respiratory chain complex I (reduced
nicotinamide adenine dinucleotide supported) and complex
IT (succinate supported) was significantly increased in CKD
hearts versus controls, suggesting that changes in cardiac
mitochondrial function precede hypertrophic and fibrotic
structural remodeling (Figure 1f).

To validate these findings in an alternative model of CKD,
independent of potential confounding effects of adenine,** we
used a mouse model of human Alport disease (Col4a3™~
mice).””"” Because disease progression in Col4a3 ™~ models is
strain dependent, we selected slower-progressing C57BL6]/
Col4a3”" mice that are known to eventually develop
LVH.*>* By 20 weeks of age, Col4a3™~ mice exhibited LVH
and changes in mitochondrial morphology (Supplementary
Figure S2). At 16 weeks of age, Col4a3™~ mice exhibited
significantly elevated levels of blood urea nitrogen and FGF23
(Figure 2a), but showed no signs of structural cardiac
remodeling (Figure 2b). TEM revealed increased numbers of
damaged mitochondria and increased size of mitochondria in
Col4a3™~ versus control mice, paralleling our findings in the
adenine model (Figure 2¢ and d). Mitochondria of Col4a3™~
mice also appeared swollen, with more pronounced and
disorganized cristae (Figure 2d). As in wild-type mice fed
adenine, there was no sex difference in the cardiac phenotype
of Col4a3™™ mice (data not shown). Taken together, these
results indicate that cardiac mitochondrial dysfunction pre-
cedes detectable structural changes in the hearts of male and
female mice across different models of CKD.

CKD changes the cardiac mitoproteome and metabolome

Next, we isolated mitochondria from the hearts of mice with
CKD induced by 12 weeks of adenine diet to assess the cardiac
mitoproteome using tandem mass spectrometry (Figure 3a).
Using a previously reported mitochondrial enrichment fac-
tor,”” we achieved mitochondrial enrichment of =75% (data
not shown). Of the 781 mitochondrial genes identified across
CKD and control mice, 56 were upregulated and 62 were
downregulated in CKD versus control hearts (Figure 3a).
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Figure 1| Cardiac function, remodeling, and changes to cardiac mitochondria in chronic kidney disease (CKD). Renal and cardiac
function of mice was evaluated 12 weeks after starting adenine-containing diet to induce CKD or control diet. (a) Measurement of
glomerular filtration rate (GFR) and blood urea nitrogen (BUN) indicated significant kidney damage in mice fed adenine diet when
compared with mice fed control diet. (b) Cardiac functional parameters of mice after 12 weeks of CKD did not indicate manifestation of
impaired function or significant structural remodeling, as demonstrated by left ventricular end-systolic diameter (LVD;s), left ventricular
(LV) mass, and wall thickness. (c) Expression levels of remodeling parameters Nppa, Timp1, Foxo1, and Pgc-1a indicate that hypertrophic
and fibrotic remodeling had been initiated at 12 weeks of CKD. (d) Semiquantitative evaluation of mitochondria by electron microscopy
revealed significant changes in cardiac mitochondrial morphology of mice with CKD. Heart tissue of mice with CKD showed a
significantly increased number of damaged mitochondria per field of view and increased average mitochondrial size, further indicating
mitochondrial dysfunction. (e) Representative images of electron microscopy demonstrate swelling and misalignment of mitochondria
in CKD hearts. Damaged mitochondria are indicated by red arrows. Bar = 1 um for lower-magnification images and 600 nm for higher-
magnification images. (f) Mitochondrial (Mito) respiration after 12 weeks of adenine diet showed that respiration through complex | and
Il was significantly increased before structural cardiac remodeling was detectable. (a-c) Bar graphs represent mean + SEM with
individual values included in the graph, n = 4 male mice for all experiments. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001.
Quantification of transmission electron microscopy images was performed on tissue of male and female mice. Ant A, antimycin A; JO,,
oxygen consumption rate; NADH, reduced nicotinamide adenine dinucleotide; NS, not significant; Rot, rotenone; Succ, succinate. To
optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

Downregulated proteins were significantly enriched in 6
different Kyoto Encyclopedia of Genes and Genomes path-
ways: fatty acid oxidation, acetyl-CoA metabolism, regulation
of biosynthetic processes from pyruvate and reduced nico-
tinamide adenine dinucleotide phosphate, and antioxidant
activity (Figure 3b, top). Upregulated proteins were involved
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in mitochondrial ribosomes and translation (Figure 3b, bot-
tom). These results suggest that CKD induces functional
changes in cardiac mitochondria.

To assess the cardiac metabolome in CKD, we performed
targeted liquid chromatography—mass spectrometry analysis
of serum and heart tissue (Figure 3c). Several medium- and

Kidney International (2025) 107, 852-868
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Figure 2| Renal function, cardiac characteristics, mitochondrial changes, and metabolome of collagen type IV alpha 3 (Col4a3)™”~
mice. Col4a3™~ mice were evaluated for their renal, cardiac, and mitochondrial characteristics at 16 weeks. (a) Serum levels of intact fibroblast
growth factor (FGF) 23 and blood urea nitrogen (BUN) indicate significant kidney damage at this time point, whereas (b) cardiac parameters
determined by echocardiography did not yet show significant signs of cardiac hypertrophy or functional impairment. (c) Analysis of cardiac
mitochondria revealed an increased number of damaged mitochondria and increased size of mitochondria in Col4a3™~ mice compared with
control animals without kidney damage. (d) Micrographs demonstrate swelling and misalignment of mitochondria in Col4a3~~ hearts, similar
to the morphologic changes observed in mice with adenine-induced chronic kidney disease; damaged mitochondria are indicated by red
arrows. Bar = 1 pm for lower-magnification images and 600 nm for higher-magnification images. (e) Metabolomic analysis of serum and
cardiac tissue of Col4a3™~ mice revealed significant changes in serum acylcarnitines and amino acids, with a strong downward trend in keto
acids. Changes to cardiac acylcarnitines in Col4a3™~ mice trend toward increases predominantly in longer-chain acylcarnitines. Cardiac
alanine and histidine were significantly downregulated and citrulline was upregulated, and other cardiac amino acids showed similar
downward trends. Citrate showed a strong trend for upregulation in Col4a3™~ mice, but did not reach significance. (a—c) Bar graphs represent
mean + SEM and individual values included in the graph, n = 3 male mice for analysis of renal and cardiac parameters. For metabolomic
analysis, 4 control animals and 6 Col4a3™~ mice were evaluated. Quantification of transmission electron microscopy images was performed
on tissue of male and female mice. *P < 0.05, **P < 0.005. KIC, ketoisocaproate; KIV, a-ketoisovalerate; KMV, ketomethylvalerate; LVMI, left
ventricular mass index; NS, not significant. To optimize viewing of this image, please see the online version of this article at www.kidney-
international.org.
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long-chain acylcarnitines (MLACs) were significantly altered
in CKD (Figure 3¢). In serum, MLACs were mostly upregu-
lated, whereas in cardiac tissue, some MLACs were upregu-
lated and others downregulated when compared with
controls. Several amino acids, including arginine, phenylala-
nine, and citrulline, were increased in hearts and serum of
CKD mice, whereas cardiac concentrations of branched-chain
amino acids, including valine and leucine/isoleucine, trended
lower. In line, serum levels of branched-chain keto acids were
also significantly reduced in CKD. Significant changes were
detected in cardiac organic acids and tricarboxylic acid cycle
intermediates. Pyruvate was significantly higher, whereas
lactate trended lower in CKD versus controls (Figure 3c).
Tricarboxylic acid cycle intermediates, including citrate, also
trended higher in CKD hearts (Figure 3c). Taken together,
these data suggest that CKD alters fatty acid, amino acid, and
glucose metabolism in the heart.

Consistent with observations from the adenine model of
CKD, the cardiac metabolome of 16-week-old Col4a3™~ mice
displayed comparable alterations. Notably, keto acids showed
a pronounced downward trend, whereas longer-chain cardiac
acylcarnitines exhibited an upward trend (Figure 2e). Alanine
and histidine levels were significantly reduced, whereas
citrulline was upregulated, closely mirroring the patterns
observed in adenine-fed mice. Additionally, other branched-
chain amino acids demonstrated a tendency toward lower
levels, and citrate exhibited an upward trend. In summary,
Col4a3™~ mice and mice with CKD due to adenine share
common alterations in the cardiac metabolome that precede
the onset of structural cardiac remodeling.

FGF23-FGFR4 induce hypertrophic growth of bioengineered
cardiobundles

To investigate whether elevated FGF23-FGFR4 signaling
might contribute to the cardiac metabolic remodeling
observed in CKD, we studied cardiobundles, which are 3-
dimensional multicellular cylindrical tissues bioengineered
from NRVMs and fibroblasts. Cardiobundles spontaneously
contract and exhibit mature functional properties similar to
postnatal rat myocardium.”® Acute treatment of car-
diobundles with FGF23 (20 minutes) significantly increased
contractility compared with vehicle, as reported previously
(Figure 4a).”” In contrast, chronic FGF23 treatment (7 days)
significantly decreased contractility; this effect was blocked by
cotreatment with BLU9931, a small-molecule isoform-specific
inhibitor of FGFR4 (Figure 4a), confirming the specific effects
of FGF23-FGFR4 activation.

To assess electrophysiological function, cardiobundles were
paced with a voltage-sensitive dye, followed by optical map-
ping of the action potential propagation. Chronic FGF23
treatment prolonged action potential duration compared with
controls (Figure 4b). Conduction velocity was ~32% slower
in FGF23-treated versus vehicle-treated cardiobundles, an
effect that was attenuated by BLU9931 (Figure 4c). The
selected dose of BLU9931 had no effects on contractile force
or conduction velocity of control cardiobundles (Figure 4a

Kidney International (2025) 107, 852-868

and c). To investigate possible direct effects of increased
adenine concentrations or increased phosphate levels in CKD
on cardiomyocytes, contractile force and frequency of engi-
neered heart tissue were evaluated (Supplementary
Figure S3A and B). Incubation of engineered heart tissue
with adenine (20 M) for 6 days had no sustained effects on
contractile frequency or force; however, incubation with
phosphate (1 mM) showed some reduction in contractile
force from day 4 onwards, and frequency was unchanged
(Supplementary Figure S3A and B). These results confirm
specific FGF23-FGFR4-mediated effects.

In cardiobundles, 7 days of FGF23 treatment stimulated
hypertrophic growth indicated by increased cross-sectional
area of individual myocytes and elevated mRNA expression
of the hypertrophic markers Trpc6 and Rcanl (Figure 4d, e,
and g); cotreatment with BLU9931 blocked these effects.
Similar to the results from CKD mice, mRNA expression of
metabolic transcription factors Pgc-1a and Foxol increased in
FGF23-treated cardiobundles (Figure 4f).

To investigate the mechanism of FGF23-FGFR4-induced
cardiac remodeling, we profiled changes in gene expression of
cardiobundles subjected to 7 days of FGF23 treatment using
RNA sequencing. Highly enriched metabolic pathways on
FGF23 treatment included fatty acid metabolism, adipogenesis,
and cholesterol homeostasis (Figure 4h). In addition, FGF23-
treated cardiobundles showed strong enrichment in molecu-
lar processes related to mitochondrial structure and function,
including oxidative phosphorylation, respiratory chain,
organelle fission, and organelle inner membrane (Figure 4i).
Taken together, these results suggest that FGF23 can induce
in vitro changes in cardiac tissue that parallel those observed in
mice with CKD, and that these effects are directly mediated by
FGFR4 activation.

FGF23-FGFR4 alter mitochondrial function in cultured
cardiomyocytes

Next, we determined if FGF23-FGFR4 directly modulates
substrate utilization and mitochondrial respiration in
cultured cardiomyocytes. NRVMs were treated with FGF23,
with and without BLU9931, for 48 hours. FGF23 induced
hypertrophy of NRVMs, as determined by significant in-
creases in the area of immunolabeled cells and elevated
mRNA expression of the hypertrophic markers, Trpc6 and
Rcanl (Figure 5a and b), as previously reported.”” Cotreat-
ment with BLU9931 blocked hypertrophic growth of car-
diomyocytes, whereas treatment with BLU9931 itself had no
effects (Figure 5a and b).

Activation of glycolysis is observed in cardiac remodeling,
including in advanced CKD when LVH is already estab-
lished.”* " To determine if glycolysis is directly stimulated by
the early increase in FGF23 or increases indirectly in response
to cellular hypertrophy, we treated NRVMs with FGF23 for 1
hour, before cellular hypertrophy was present (Supplementary
Figure S3C). Using the Seahorse XF analyzer, we evaluated the
extracellular acidification rate in NRVMs as an indirect
measure of glycolysis (Figure 5c). Extracellular acidification
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Figure 4| Fibroblast growth factor receptor (FGFR) 4 regulates metabolic transcription and hypertrophy in bioengineered
cardiobundles. (a) Treatment of neonatal rat ventricular myocyte cardiobundles with fibroblast growth factor (FGF) 23 for 20
minutes significantly increased contractile force, whereas 7 days of chronic treatment led to a significant reduction in contractile
force that could be rescued by coapplication of BLU9931, a selective FGFR4 inhibitor. (b) Electrophysiological function was
evaluated by pacing of cardiobundles and application of Di-4-ANEPPS (6-[2-(N,N-Dibutylamino)naphthyllethenyl-4'-pyridinium
propanesulfonate) as voltage-sensitive dye. Chronic exposure of cardiobundles to FGF23 lead to significantly longer action
potential durations. (c) FGF23-treated bundles exhibited significantly lower conduction velocity that was normalized after
coapplication of BLU9931. Besides functional changes, chronic FGF23 treatment also led to cardiobundle hypertrophy, indicated by
the (d,g) significant increase in cross-section and (e) increased expression of hypertrophic mRNA markers Rcan1 and Trpcé6.
Increased expression of Rcanl and Trpc6 was blocked by parallel treatment with BLU9931. (f) Metabolic transcription factors that
were increased in chronic kidney disease mice also increased in cardiobundles after FGF23 treatment. (g) Representative images of
cardiobundles indicate cellular hypertrophy after FGF23 treatment by increased myocyte cross-sections. Bars = 10 um. (h) Gene
set enrichment analysis of control and FGF23-treated cardiobundles showed an enrichment of metabolic pathways, particularly
fatty acid metabolism, adipogenesis, and cholesterol homeostasis. (i) Additional enrichment was detected in pathways related to
mitochondrial function, such as oxidative phosphorylation, respiratory chain, organelle fission, and organelle inner membrane.
Downregulated pathways after FGF23 treatment include angiogenesis, vascular development, tumor necrosis factor (TNF)-o
signaling, and P53. Bar graphs represent mean £+ SEM with individual values included in the graph. n = 3 for all experiments.
*P < 0.05, **P < 0.005, ****P < 0.0001. APD, action potential duration; DAPI, 4’,6-diamidino-2-phenylindole; ES, enrichment score;
FDR, false discovery rate; NES, normalized enrichment score. To optimize viewing of this image, please see the online version of
this article at www.kidney-international.org.
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Figure 5| Fibroblast growth factor receptor (FGFR) 4 mediates metabolic remodeling in cultured cardiomyocytes. (a,b)
Cultured neonatal rat ventricular myocytes (NRVMs) responded to 48 hours of fibroblast growth factor (FGF) 23 treatment with
significant hypertrophy, indicated by increased cross-sectional area and expression of prohypertrophic markers. Prohypertrophic
MRNA expression and cellular hypertrophy could be mitigated by parallel treatment with the FGFR4-specific inhibitor BLU9931. (a)
Bar = 30 um. (c) NRVMs treated with FGF23 for 1 hour, before observable hypertrophy takes place, were analyzed in a Seahorse XF
analyzer for extracellular acidification rate (ECAR), elevated total proton efflux rates (PERs), and glycolysis-specific PER (GlycoPER).
ECAR was significantly higher in FGF23-treated cells, which could be reduced to control levels by BLU9931. PER showed elevated
basal and compensatory glycolysis on FGF23 treatment; glycolysis-specific proton efflux was also increased. These FGF23-mediated
effects were blocked by BLU9931 application. (c) Graphs represent 3 independent experiments. (d) Seahorse mitochondrial stress
test assay showed increased basal and maximal mitochondrial respiration after FGF23 treatment of NRVMs. Adenosine triphosphate
(ATP) production-linked, spare respiratory capacity and nonmitochondrial oxygen consumption rate increased in parallel after FGF23
treatment. The significant decrease in coupling efficiency and the increased proton leak indicate uncoupling of substrate oxidation
and ATP synthesis after 1 hour of FGF23 treatment. Application of BLU9931 or the calcineurin inhibitor, cyclosporin A, prevented
the changes to mitochondrial function caused by FGF23. Bar graphs represent mean + SEM and individual values included in the
graph. n = 9 for all experiments. *P < 0.05, **P < 0.005, ****P < 0.0001. DMSO, dimethylsulfoxide; Max, maximum; NS, not
significant; PBS, phosphate-buffered saline. To optimize viewing of this image, please see the online version of this article at www.
kidney-international.org.

rate was significantly higher in FGF23-treated versus control ~ FGF23 significantly increased basal and maximum mito-
cells; this effect was abolished by BLU9931 (Figure 5¢), which  chondrial respiration in NRVMs (Figure 5d). Similarly,
had no effect on its own (data not shown). Next, we assessed  adenosine triphosphate production-linked spare respiratory
the glycolytic rate of NRVMs, which removes the contribu-  capacity and nonmitochondrial oxygen consumption rate
tion of mitochondrial CO, to extracellular acidification rate  were higher in FGF23-treated cells (Figure 5d). In contrast,
and allows more accurate measurement of glycolysis. FGF23 ~ FGF23 significantly decreased coupling efficiency, indicating
significantly increased basal and compensatory glycolysis, as  uncoupling of substrate oxidation and adenosine triphosphate
determined by elevated total proton efflux rates and  synthesis. The observed reduction in coupling efficiency was
glycolysis-specific proton efflux rates, whereas BLU9931 attributable to a significantly increased proton leak
blocked these effects (glycolysis-specific proton efflux rates;  (Figure 5d), which is the predominant mechanism for
Figure 5c). incomplete coupling.”’ Pharmacologic inhibition of FGFR4

To directly examine mitochondrial function in response to ~ with BLU9931 and inhibition of calcineurin using cyclosporin
FGF23, we used the Seahorse mitochondrial stress test assay. A prevented the effects of FGF23 on mitochondrial
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Figure 6 | Cardiac function, remodeling, and metabolomics of fibroblast growth factor receptor (FGFR) 4-Arg385 mice in the absence
of chronic kidney disease (CKD). FGFR4-Arg385 mice did not have impaired kidney function, as indicated by blood urea nitrogen (BUN)
values, but beginning left ventricular hypertrophy (LVH) is detectable by increased wall thickness at 6 months of age. (a) By 24 months of age,
renal function remained unchanged, and significant LVH/heart failure with preserved ejection fraction was detected in FGFR4-Arg385 mice,
indicated by robust structural remodeling and increased fractional shortening. (b) mRNA expression levels of remodeling and profibrotic and
prohypertrophic markers support initiation of cardiac remodeling at 6 months of age. (c) Transmission electron microscopy showed similar
changes in the mitochondria of 6-month-old FGFR4-Arg385 mice, as observed in mice with adenine-induced CKD. (c) Bar = 500 nm. (d)
Metabolomic analysis of FGFR4-Arg385 mice (knock-in [KI]) at 6 months of age showed significant increase in some serum acylcarnitines and
reduction in cardiac medium- and long-chain acylcarnitines compared with wild-type (WT) animals. (e) Similar to WT CKD animals, cardiac
citrulline was upregulated, whereas several other amino acids, including leucine and isoleucine, were downregulated. Reduction of serum
keto acids was also in line with results obtained from the adenine CKD model. (f) Organic acids also showed similar changes with a significant
upregulation of pyruvate and a downregulation of lactate. Bar graphs represent mean + SEM and individual values included in the graph.
n = 6 for all experiments. *P < 0.05, **P < 0.005, ***P < 0.0005. KIC, ketoisocaproate; KIV, a-ketoisovalerate; KMV, ketomethylvalerate; LV, left
ventricular. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

respiration, implicating the FGFR4—phospholipase Cy—calci-
neurin axis in the metabolic effects of FGF23 on glycolysis
(Figure 5d).

Activation of FGFR4 causes cardiac metabolic remodeling
independently of CKD

To further test the hypothesis that FGFR4 activation con-
tributes to cardiac metabolic remodeling, we investigated
cardiac mitochondria in knock-in mice that express FGFR4-
Arg385, which is a gain-of-function mutation of

862

FGFR4.'” As we reported previously,” there were no dif-
ferences in kidney function or systemic mineral metabolism
between wild-type and FGFR4-Arg385 mice (Figure 6a and
Supplementary Figure S4). Six-month-old FGFR4-Arg385
mice developed mild LVH, characterized by increased wall
thickness and mRNA expression of hypertrophic and profi-
brotic markers, but overall LV mass, LV diameters, and sys-
tolic and diastolic function were unchanged until 24 months
of age, when FGFR4-Arg385 mice manifested overt LVH
(Figure 6a and b and Supplementary Figure S4). TEM
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revealed cardiac mitochondrial morphologic changes in 6-
month-old FGFR4-Arg385 mice that were similar to the
changes observed in wild-type and Col4a3™~ mice with CKD,
including disorganized alignment and swollen mitochondrial
cristae (Figure 6¢). Analysis of the cardiac and serum
metabolome in 6-month-old FGFR4-Arg385 mice demon-
strated significant changes in organic acids, several MLACs,
branched-chain amino acids, and branched-chain keto acids
in a similar pattern as observed in the adenine CKD mice
(Figure 6d—f). Taken together, these morphologic and
metabolomic data suggest that expression of a constitutively
active FGFR4 is sufficient to induce cardiac metabolic
remodeling and changes in cardiac mitochondria, which
occur before the onset of overt LVH.

Global deletion of FGFR4 prevents remodeling of the cardiac
mitoproteome in CKD

Global deletion of FGFR4 (FGFR4™7") protects mice from
LVH caused by chronic high-phosphate diet.”” To test if
FGFR4 deletion also protects against LVH in CKD, we sub-
jected FGFR4™~ mice to 16 weeks of adenine diet. As reported
previously,” all mice developed CKD, with elevations in
serum blood urea nitrogen and FGF23 (Figure 7a and
Supplementary Figure S5). Control, but not FGFR4™", mice
developed pathologic cardiac remodeling (Figure 7a) and
elevated cardiac expression of prohypertrophic (Nppb) and
profibrotic (Fnl) markers (Supplementary Figure S5). Car-
diac mRNA expression of metabolic transcription factor Pgc-
la was upregulated in control but not FGFR4™~ mice
(Supplementary Figure S5).

We isolated mitochondria from the hearts of wild-type
mice and FGFR4™'~ littermates with CKD and assessed the
cardiac mitoproteome with liquid chromatography—mass
spectrometry. The 9 proteins that were significantly down-
regulated and the 13 that were significantly upregulated in
wild-type CKD mice were unchanged in FGFR4~~ CKD mice,
including proteins of mitochondrial respiration and function
(Figure 7b and c). In addition, 83 proteins were down-
regulated and 57 were upregulated only in FGFR4™”~ CKD
mice; enrichment analysis of these differentially expressed
proteins suggests that deletion of FGFR4 upregulates path-
ways related to reduced nicotinamide adenine dinucleotide
activity, mitochondrial ribosomes, and mitochondrial trans-
lation and downregulates pathways linked to adenosine
triphosphate transport, protein channel, and fatty acid ac-
tivity (Figure 7d and e). Taken together, these results indicate
that global deletion of FGFR4 attenuates pathologic changes
in cardiac mitochondrial composition in CKD.

FGF23-FGFR4 signaling mediates cardiac metabolic
remodeling in adenine-induced CKD

To determine the specific role of cardiac FGFR4 in cardiac
metabolic remodeling in CKD, we created mice with induc-
ible cardiomyocyte-specific deletion of FGFR4 (o-MHCM®"™
CreMer_FGFR4ﬂ0)(). O{‘_1\/IHCMerCreMer_FC}FR4ﬂ0x (FGFR4
conditional knockout [cKO]) mice do not develop LVH in
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response to repeated short-term (5 days) FGF23 injections."*
FGFR4 cKO mice were injected with tamoxifen, and cardiac
FGFR4 expression was evaluated 10 days later. Fgfr4 mRNA
expression was significantly reduced in the hearts but not the
kidneys of FGFR4 ¢KO mice compared with controls, con-
firming cardiac-specific deletion of FGFR4 (Supplementary
Figure S6). After 16 weeks of adenine diet, all mice devel-
oped kidney injury to the same degree (Figure 8a and
Supplementary Figure S6). Echocardiography revealed
significantly lower LV mass, wall thickness, and heart weight—
to—tibia length ratio in FGFR4 cKO mice versus controls
(Figure 8a and ¢). In addition, cardiac mRNA expression of
prohypertrophic and profibrotic markers was significantly
decreased in FGFR4 cKO mice versus controls (Figure 8b).
Control, but not FGFR4 cKO, mice developed diastolic
dysfunction (Figure 8c and Supplementary Figure S6).

We analyzed the cardiac metabolome of o-MHCMeTcreMer.
FGFR4"°* mice and littermate controls with CKD (Figure 8d).
Cardiomyocyte-specific deletion of FGFR4 elevated cardiac
levels of MLACs. Although amino acids and branched-chain
amino acids remained mostly unchanged, expression levels
of organic acids suggested normalization of cardiac pyruvate,
succinate, and lactate concentrations. Taken together, these
results indicate that blocking cardiac FGFR4 attenuates car-
diac metabolic remodeling in CKD.

DISCUSSION

We demonstrate that cardiac mitochondrial dysfunction and
metabolic remodeling are early complications of CKD that
occur before structural cardiac remodeling that ultimately
progresses to LVH and heart failure. Using a combination of
in vitro techniques, 2 distinct models of CKD, and gain-of-
function and loss-of function genetic mouse models, we
further identify FGF23-FGFR4 activation as a potential
mechanism of cardiac mitochondrial dysfunction and meta-
bolic remodeling in CKD.

Few prior studies investigated cardiac metabolism in CKD.
Those that did mostly focused on single metabolic pathways
after structural heart changes were already evident.*””">*>*
The results of this study bridge the cardiac pathogenic gap
between the early onset of CKD and the later development of
significant structural cardiac changes. We report that early
cardiac metabolic changes are upstream of structural cardiac
remodeling mechanisms rather than being secondary effects
of hypertrophy. Our findings are supported by a previous
study that identified cardiac pathology in otherwise asymp-
tomatic patients with end-stage kidney disease by tracing
changes in cardiac fatty acid metabolism with single-photon
emission computed tomography.” Consistent with previous
findings by other groups, we observed changes to fatty acid
metabolism with a compensatory increase in glucose use, but
we now show that these changes are present even before
structural remodeling is detected.””” Our results also align
with recent reports that compared cardiac metabolites from
patients with HFpEF, patients with heart failure with reduced
ejection fraction, and different animal models.”>>°

863



basic research

MAA Fuchs et al.: FGFR4 and myocardial metabolic remodeling

OWT M FGFR4/-

a kK ok
| —|
200,000 *_ xxx g 8
o— .. %
‘€ 150,000 T“A 61
= S E
~ L S E o
Q 100,000 -8,5 4
L &
8 50,000 2 21
=
©
L Q) o
Control CKD ==
diet

WT (Ctrl vs. CKD) only (22 genes)

WTCtrI3I

WT CKD 1-
WT CKD 5-,
WT CKD 2-
WT CKD 4-,
WT Ctrl 4-
WT Ctrl 5-

KO (Ctrl vs. CKD) only (163 genes)

NS

NS
* |

%*
- 3 :
= .
e (o)} [ ]
s E 100 P .
7]
[)] ()
(2] C
4] x
1S Q
50 < 1
> =
- =
(;“
d
Control CKD Control CKD Control CKD
diet diet diet
c Enri 22 protei
NADH dehydrogenase (quinone) activity
Annotation
— WT_CKD NADH dehydrogenase (ubiquinone) activity ® L
- WT_Ctl e
Phosphatase activity - 0o
o on
L-lysine transmembrane transporter activity
NAD(P)H oxidase activity °
- Mrplaa Mitochondrion o
- Ndufs3 Mitochondrial inner membrane
- Acss1
- NdufbS Mitochondrial matrix
-cyel - " . i 5
Mitochondrial respiratory chain complex | .
- Atad1 P
Mrps25 Mitochondrial large ribosomal subunit it
2
- Aars2 Mitochondrial respiratory chain complex assembly »
- Metapld .
W sic2saz0 Mitochondrial respiratory chain complex i biogenesis s
.
- Ndufs4 NADH dehydrogenase complex assembly Iy
- Mrpi30
o Mitochondrial respiratory chain complex | assembly
- Gstkl
-Tmem205  Mitochondrial ATP synthesis coupled electron transport o)
0Ogdh
Onaja3
Pdpr e Enri KO (Ctrl vs. CKD) only
Timm29 NADH dehydrogenase (ubiquinone) activity
Ldhd
e NADH dehydrogenase (quinone) activity .
[ - Ndufafs RNA binding e
i Pdp1
- & RNA binding @~
5} 5] Ubiquinone binding
5 & Mitochondrial inner membrane | °
Mitochondrion .
Mitochondrial small ribosomal subunit O
Annotation
= KO_CKD Mitochondrial large ribosomal subunit (o) sl
S-riocy Mitochondrial respiratory chain complex | . w

I

I\

({1 ]

I
|

FI|

AU 0 O

TR
|

- StomI2
- Oxsm

- Bckdha
- Cpox

= - Macrodl
- Coxébl

'm

KO CKD 3-
KO CKD 1-
KO CKD 2-
KO CKD 4-
KO CKD 5
KO Ctrl 4
KO Ctrl 5-

—} - AtpSpd
- Sdhd

KO Ctrl 1-
KO Ctrl 2-
KO Ctrl 3-

Translational termination {

Translational elongation

00000

Mitochondrial translation |

Enrichment KO (Ctrl vs. CKD) only

ATP transmembrane transporter activity

ADP transmembrane transporter activity % Genes

Oxidoreductase activity,
acting on a sulfur group of donors, disulfide as acceptor o a0
® o

@ ox

Protein channel activity

O000OO0

Fatty acid ligase activity
Mitochondrion

Mitochondrial matrix
Mitochondrial inner membrane
Mitochondrial envelope

Microbody!

[OXONONOXO)

Mitochondrial transport
Mitochondrial organization
Monocarboxylic acid metabolic process

Protein auto processing

O0000

Mitochondrial transmembrane transport

Figure 7| Global deletion of fibroblast growth factor receptor (FGFR) 4 prevents left ventricular hypertrophy (LVH) and changes to
cardiac mitoproteome in chronic kidney disease (CKD). (a) Mice with global deletion of FGFR4 develop CKD to the same degree as control
(Ctrl) mice after 16 weeks of adenine diet, as indicated by the increase in fibroblast growth factor (FGF) 23. (b) Wild-type (WT) animals
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were absent in FGFR4™~ mice. Cardiac mitoproteome of WT and FGFR4™"~ mice was evaluated after 12 weeks of adenine feeding, (continued)
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Our in vitro experiments using cardiobundles and NRVMs
revealed that FGF23 induces contractile, electrical, and
metabolic dysfunction that was prevented by a specific small-
molecule inhibitor of FGFR4. Pathway enrichment analysis of
cardiobundles treated with FGF23 identified processes related
to peroxisomal physiology and transferrin receptor biology,
highlighting a possible mechanistic link between FGF23 and
iron homeostasis, as has been reported previously.”””® These
results further underscore the role of FGF23 in driving car-
diac dysfunction through distinct molecular pathways.

Cardiac mitochondria regulate cardiac energy homeostasis
and metabolism. Our analysis of cardiac mitochondria using
TEM, proteomics, and respirometry indicates that CKD
causes substantial changes to cardiac mitochondrial structure
and function before structural changes of the heart are
evident. Similarly, we report that FGF23 induces mitochon-
drial dysfunction in vitro, characterized by increased mito-
chondrial respiration, aligning with the respirometry findings
in CKD mouse models. These observations are consistent
with previous studies that describe pathologic mitochondria
in a rat model of CKD using high-resolution imaging.
Although reduced cardiac oxidative phosphorylation is a
hallmark of many heart failure studies,””*" increased mito-
chondrial respiration has also been reported in right ven-
tricular heart failure following pulmonary hypertension.’' *’
Given that CKD is associated with premature aging, it is
noteworthy that aged mitochondria display a similar pheno-
type consisting of enhanced oxidative respiration and proton
leak.””

Functionally, our results indicate that FGFR4-mediated
increases in mitochondrial respiration may act as a retro-
grade signaling mechanism that drives glycolysis and adaptive
changes in oxidative catabolism.®* The pathologic increases in
basal respiration, coupled with sustained proton leak, likely
exacerbate bioenergetic stress,”> burden the mitochondrial
work load, and ultimately lead to widespread mitochondrial
injury and reduced respiratory efficiency. Our data on mito-
chondrial respiration contrast with a recent study using a
different model of Alport syndrome, which reported
decreased respiration in permeabilized cardiac tissue.”” We
hypothesize that these discrepancies arise from the more
advanced kidney disease and subsequent heart failure
analyzed in that report.”

Considering a recent publication implicating endogenous
adenine in CKD progression and the well-established harmful
effects of elevated serum phosphate levels in CKD, we tested
whether these factors might directly affect cardiomyocytes

A

27,44

independent of FGF23 signaling. In engineered heart
tissue, adenine treatment did not impact contractile frequency
or force, suggesting no direct cardiac effects. Increased
phosphate concentrations led to modest alterations in con-
tractile force but did not affect contraction frequency. These
findings align with earlier studies indicating that phosphate
can exert direct effects on myocytes, such as modulating
metabolic gene expression in myotubes, and eventually pro-
mote hypertrophic cardiomyocyte growth.”*® Although
intriguing, the molecular mechanisms underlying these
phosphate-induced effects on cardiomyocytes remain poorly
characterized, and the in vivo relevance is uncertain. Mice
expressing constitutively active FGFR4 developed cardiac
remodeling despite normal serum phosphate levels, whereas
global and cardiac-specific FGFR4 knockout mice were pro-
tected from cardiac remodeling despite CKD-associated
hyperphosphatemia. These results mirror our observations
in a previous study on cardiac remodeling in the 5/6 ne-
phrectomy rat model of CKD in which inhibition of the
FGF23-FGFR4—calcineurin—nuclear factor of activated T cells
signaling pathway prevented cardiac remodeling without
altering serum phosphate levels.'>'™'**” Taken together,
these findings argue against a major FGF23-independent role
of phosphate in driving heart failure in CKD, but further
studies are warranted to explore potentially toxic interactions
between elevated phosphate and FGF23, as occurs in CKD.

Genetic activation of FGFR4 caused HFpEF in the absence
of kidney injury, elevated FGF23, or changes in serum
phosphate in our study. Similar to CKD, metabolic changes
manifested before overt LVH in mice with constitutively
activated FGFR4. Because the cardiac metabolome of wild-
type CKD mice and FGFR4-Arg385 knock-in mice was
similar, we hypothesized that FGF23-FGFR4 signaling con-
tributes to regulation of cardiac metabolism in vivo. This
hypothesis is strongly supported by our finding that LVH and
HFpEF were attenuated and cardiac metabolism was
normalized in mice with CKD overlaying global or
cardiomyocyte-specific deletion of FGFR4 compared with
mice with CKD and intact cardiac FGFR4.

Limitations of this report include the lack of metabolic flux
studies. Our static metabolomic results only provide a snap-
shot on cardiac metabolic pathways and do not allow a full
interpretation of cardiac glycolysis and fatty acid metabolism
in CKD. Moreover, we currently do not know how FGFR4
mediates its downstream metabolic effects. Additional ex-
periments will be needed to elucidate the pathway from
FGFR4 to mitochondrial dysfunction and whether it includes

|

Figure 7 | (continued) before overt remodeling is observed. A total of 22 proteins were significantly regulated in WT CKD mice, but were not
changed in FGFR4™/~ CKD mice, with 9 proteins downregulated and 13 upregulated. (c) Analysis showed enrichment in pathways connected to
mitochondrial respiration and function. (d) Additionally, 163 proteins were identified that were only regulated in FGFR4™~ CKD mice, with 83
downregulated and 57 upregulated proteins. () Enrichment analysis showed a partial normalization of mitochondrial proteins in FGFR4™/~
mice. Bar graphs represent mean + SEM and individual values included in the graph. n = 3 for all experiments. *P < 0.05, ***P < 0.0005,
***¥%¥P < 0.0001. ADP, adenosine diphosphate; ATP, adenosine triphosphate; KO, knockout; NADH, reduced nicotinamide adenine
dinucleotide; NAD(P)H, reduced nicotinamide adenine dinucleotide phosphate; NS, not significant.
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(FGFR4 conditional knockout [cKO]) mice developed kidney damage to a similar degree with elevated fibroblast growth factor (FGF) 23. (a) Left
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experiments. *P < 0.05, **P < 0.005. To optimize viewing of this image, please see the online version of this article at www.kidney-

international.org.

the phospholipase Cy—calcineurin signaling cascade, as indi-
cated by the increase in Trpc6 and Rcanl expression in car-
diobundles that we observed. Acute and chronic changes in
blood pressure were not analyzed for this study, nor did we

866

investigate how vascular or systemic hemodynamic alterations
might influence cardiac remodeling in our respective models.
However, previous studies have shown that both adenine-fed
mice and Col4a3”~ mice develop hypertension.*>*>**7
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Importantly, cardiac-specific FGFR4 knockout mice and 5/6
nephrectomized rats treated with an FGFR4 blocking anti-
body exhibit protection against cardiac remodeling despite
developing elevated blood pressure.”’

Recently, renal glycolysis has been identified as a
mammalian phosphate sensor and, thus, energy metabolism
serves as a critical regulator of phosphate homeostasis that
controls osseous FGF23  secretion via  glycerol-3-
phosphate.”””* Our results suggest a “metabolic loop”
whereby FGF23 itself exerts direct metabolic effects. Our
findings that FGF23 mediates cardiac metabolic remodeling
and mitochondrial dysfunction support the need to develop
inhibitors of FGFR4 or its downstream effectors to prevent
adverse cardiac metabolic remodeling and the future devel-
opment of LVH and HFpEFE.

DISCLOSURE

MW has equity interests in Akebia, Unicycive, and Walden; and has
served as a consultant for Bayer, Enyo, Jnana, Kissei, Launch,
Pharmacosmos, and Reata. AG has received honoraria from EvlaBio.
MAS served as an unpaid consultant for Alnylam Pharmaceutical. RGE
served as a consultant for Pharmacosmos, CEVA, and Kyowa Kirin. TH
has received consulting fees, travel support, and payment for expert
testimony from Alexion Pharma Germany, AstraZeneca, Bayer, Beren
Therapeutics, Boehringer Ingelheim Pharma, DaVita, Euroimmun,
NIPOKA, Novartis Pharma, Pfizer Pharma, RenoVate Therapeutics,
Retrophin-Travere, Sanofi, Unicyte/Fresenius Medical Care, and Vifor
Pharma. All the other authors declared no competing interests.

DATA STATEMENT
Data analyzed in metabolomic and genomic studies of this study can
be accessed here https://figshare.com/s/3ca8b2ec6255dc640df7.
Data of proteomics analysis are available at https://massive.ucsd.edu/
ProteoSAFe/static/massive.jsp under the identifier MSV000094087.
Username “MSV000094087_reviewer” and the reviewer password
“CKD"” will grant access to the data until they are made publicly
available on acceptance of the manuscript.

All other data presented in this article will be made available to
other researchers on request to the corresponding author.

ACKNOWLEDGMENTS

We would like to acknowledge the excellent and expert technical
support provided to this project by: the Animal Clinical Laboratory
Services Core of the University on North Carolina (Chapel Hill), Duke
Cardiovascular Physiology Core, Duke Center for Genomics and
Computational Biology, Duke Molecular Physiology Institute-
Metabolomics Core, Duke Proteomics and Metabolomics Core, Duke
Center for Electron Microscopy and Nanoscale Technology (with
National Institutes of Health Shared Instrumentation Grant
15100D026776 to SEM), Duke Substrate Services Core Research
Support, and Duke Light Microscopy Core Facility.

FUNDING STATEMENT

The study was supported by American Heart Association center grant
15SFDRN25080048 to MW, American Society of Nephrology Karl W.
Gottschalk Award to AG, and National Institutes of Health (NIH) grants
U01HL134764 and ROTHL164013 to NB. SH was supported by
SFB1192 B8 of the German Research Foundation, and FH received a
postdoctoral stipend of the University Hospital Hamburg. TH was
supported by the German Research Foundation (CRC1192, HU 1016/

Kidney International (2025) 107, 852-868

8-2, HU 1016/11-1, and HU 1016/ 12-1) and the Bundesministerium
fur Bildung und Forschung (BMBF; STOP-FSGS-01GM2202A,
NephrESA-031L0191E, and UPTAKE-01EK2105D). AH and US were
supported by the German Centre for Cardiovascular Research. DF and
SEM at the Duke Center for Electron Microscopy and Nanoscale
Technology were supported by NIH 15100D026776.

AUTHOR CONTRIBUTIONS

Research approach was designed by AG and MW. Acquisition of
experimental data and analysis was performed by MAAF, AG, EJB, NL,
HL, MAS, DA, HZ, PR, US, AH, SEM, DF, SH, FH, TH, RGE, KF-W, NB, MW,
AG, and SLM. The manuscript draft and figures were prepared by
MAAF, MW, and AG. The final manuscript underwent critical review
and editing by all authors.

Supplementary material is available online at www.kidney-
international.org.

REFERENCES

1. Coresh J, Selvin E, Stevens LA, et al. Prevalence of chronic kidney disease
in the United States. JAMA. 2007;298:2038-2047.

2. Hill NR, Fatoba ST, Oke JL, et al. Global prevalence of chronic kidney
disease - a systematic review and meta-analysis. PLoS One. 2016;11:
e0158765.

3. Go AS, Chertow GM, Fan D, et al. Chronic kidney disease and the risks of
death, cardiovascular events, and hospitalization. N Engl J Med. 2004;351:
1296-1305.

4. Weiner DE, Tighiouart H, Amin MG, et al. Chronic kidney disease as a risk
factor for cardiovascular disease and all-cause mortality: a pooled analysis
of community-based studies. J Am Soc Nephrol. 2004;15:1307-1315.

5. Schefold JC, Filippatos G, Hasenfuss G, et al. Heart failure and kidney
dysfunction: epidemiology, mechanisms and management. Nat Rev
Nephrol. 2016;12:610-623.

6. Matsushita K, Ballew SH, Wang AY-M, et al. Epidemiology and risk of
cardiovascular disease in populations with chronic kidney disease. Nat
Rev Nephrol. 2022;18:696-707.

7. Leidner AS, Cai X, Zelnick LR, et al. Fibroblast growth factor 23 and risk of
heart failure subtype: the CRIC (Chronic Renal Insufficiency Cohort)
Study. Kidney Med. 2023;5:100723.

8. Erben RG. Physiological actions of fibroblast growth factor-23. Front
Endocrinol (Lausanne). 2018;9:267.

9. lIsakova T, Wahl P, Vargas GS, et al. Fibroblast growth factor 23 is elevated
before parathyroid hormone and phosphate in chronic kidney disease.
Kidney Int. 2011;79:1370-1378.

10. Faul C, Amaral AP, Oskouei B, et al. FGF23 induces left ventricular
hypertrophy. J Clin Invest. 2011;121:4393-4408.

11. Scialla JJ, Xie H, Rahman M, et al. Fibroblast growth factor-23 and
cardiovascular events in CKD. J Am Soc Nephrol. 2014;25:349-360.

12. Mehta R, Cai X, Lee J, et al. Association of fibroblast growth factor 23 with
atrial fibrillation in chronic kidney disease, from the chronic renal
insufficiency cohort study. JAMA Cardiol. 2016;1:548-556.

13. Grabner A, Amaral AP, Schramm K, et al. Activation of cardiac fibroblast
growth factor receptor 4 causes left ventricular hypertrophy. Cell Metab.
2015;22:1020-1032.

14. Han X, Cai C, Xiao Z, et al. FGF23 induced left ventricular hypertrophy
mediated by FGFR4 signaling in the myocardium is attenuated by
soluble Klotho in mice. J Mol Cell Cardiol. 2020;138:66-74.

15. Di Marco GS, Reuter S, Kentrup D, et al. Cardioprotective effect of
calcineurin inhibition in an animal model of renal disease. Eur Heart J.
2011;32:1935-1945.

16. Di Marco GS, Reuter S, Kentrup D, et al. Treatment of established left
ventricular hypertrophy with fibroblast growth factor receptor
blockade in an animal model of CKD. Nephrol Dial Transplant.
2014;29:2028-2035.

17.  Wilkins BJ, Dai Y-S, Bueno OF, et al. Calcineurin/NFAT coupling
participates in pathological, but not physiological, cardiac hypertrophy.
Circ Res. 2004;94:110-118.

18. Akwo E, Pike MM, Ertuglu LA, et al. Association of genetically predicted
fibroblast growth factor-23 with heart failure: a mendelian
randomization study. Clin J Am Soc Nephrol. 2022;17:1183-1193.

867


https://figshare.com/s/3ca8b2ec6255dc640df7
https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
http://www.kidney-international.org
http://www.kidney-international.org
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref1
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref1
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref2
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref2
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref2
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref3
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref3
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref3
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref4
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref4
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref4
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref5
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref5
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref5
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref6
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref6
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref6
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref7
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref7
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref7
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref8
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref8
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref9
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref9
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref9
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref10
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref10
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref11
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref11
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref12
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref12
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref12
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref13
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref13
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref13
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref14
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref14
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref14
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref15
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref15
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref15
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref16
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref16
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref16
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref16
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref17
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref17
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref17
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref18
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref18
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref18

basic research

MAA Fuchs et al.: FGFR4 and myocardial metabolic remodeling

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

45,

868

Zhou B, Tian R. Mitochondrial dysfunction in pathophysiology of heart
failure. J Clin Invest. 2018;128:3716-3726.

Bertero E, Maack C. Metabolic remodelling in heart failure. Nat Rev
Cardiol. 2018;15:457-470.

McGarrah RW, White PJ. Branched-chain amino acids in cardiovascular
disease. Nat Rev Cardiol. 2023;20:77-89.

Patel N, Yagoob MM, Aksentijevic D. Cardiac metabolic remodelling in
chronic kidney disease. Nat Rev Nephrol. 2022;18:524-537.

Nguyen TD, Schulze PC. Cardiac metabolism in heart failure and
implications for uremic cardiomyopathy. Circ Res. 2023;132:1034-1049.
Parker TG, Packer SE, Schneider MD. Peptide growth factors can provoke
“fetal” contractile protein gene expression in rat cardiac myocytes. J Clin
Invest. 1990;85:507-514.

Helfer A, Bursac N. Frame-hydrogel methodology for engineering
highly functional cardiac tissue constructs. Methods Mol Biol.
2021;2158:171-186.

Jackman CP, Carlson AL, Bursac N. Dynamic culture yields engineered
myocardium with near-adult functional output. Biomaterials. 2016;111:
66-79.

Grabner A, Schramm K, Silswal N, et al. FGF23/FGFR4-mediated left
ventricular hypertrophy is reversible. Sci Rep. 2017;7:1993.

Breckwoldt K, Letuff-Brenieére D, Mannhardt |, et al. Differentiation of
cardiomyocytes and generation of human engineered heart tissue. Nat
Protoc. 2017;12:1177-1197.

Mannhardt |, Breckwoldt K, Letuff-Breniere D, et al. Human
engineered heart tissue: analysis of contractile force. Stem Cell Rep.
2016;7:29-42.

Hansen A, Eder A, Bonstrup M, et al. Development of a drug screening
platform based on engineered heart tissue. Circ Res. 2010;107:35-44.
Weinstein M, Xu X, Ohyama K, et al. FGFR-3 and FGFR-4 function
cooperatively to direct alveogenesis in the murine lung. Development.
1998;125:3615-3623.

Cosgrove D, Meehan DT, Grunkemeyer JA, et al. Collagen COL4A3
knockout: a mouse model for autosomal Alport syndrome. Genes Dev.
1996;10:2981-2992.

Seitzer N, Mayr T, Streit S, et al. A single nucleotide change in the
mouse genome accelerates breast cancer progression. Cancer Res.
2010;70:802-812.

Sohal DS, Nghiem M, Crackower MA, et al. Temporally regulated and
tissue-specific gene manipulations in the adult and embryonic heart
using a tamoxifen-inducible Cre protein. Circ Res. 2001;89:20-25.
Kawakami K, Takeshita A, Furushima K, et al. Persistent fibroblast growth
factor 23 signaling in the parathyroid glands for secondary
hyperparathyroidism in mice with chronic kidney disease. Sci Rep.
2017;7:40534.

Taylor A, Yanucil C, Musgrove J, et al. FGFR4 does not contribute to
progression of chronic kidney disease. Sci Rep. 2019;9:14023.

Rieg T. A high-throughput method for measurement of glomerular
filtration rate in conscious mice. J Vis Exp. 2013;75:€50330.

Jordan CZ, Chen Y, Husain |, et al. Murine kidney transplant outcome is
best measured by transdermal glomerular filtration rate. Am J Transplant.
2024;24:2150-2156.

McLaughlin KL, Nelson MAM, Coalson HS, et al. Bioenergetic
phenotyping of DEN-induced hepatocellular carcinoma reveals a link
between adenylate kinase isoform expression and reduced complex |-
supported respiration. Front Oncol. 2022;12:919880.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagelJ: 25 years of
image analysis. Nat Methods. 2012;9:671-675.

Kilkenny C, Browne WJ, Cuthill IC, et al. Improving bioscience research
reporting: the ARRIVE guidelines for reporting animal research. PLOS Biol.
2010;8:21000412.

Metzger CE, Swallow EA, Stacy AJ, et al. Adenine-induced chronic kidney
disease induces a similar skeletal phenotype in male and female C57BL/6
mice with more severe deficits in cortical bone properties of male mice.
PLoS One. 2021;16:¢0250438.

Diwan V, Small D, Kauter K, et al. Gender differences in adenine-induced
chronic kidney disease and cardiovascular complications in rats. Am J
Physiol Renal Physiol. 2014;307:F1169-F1178.

Sharma K, Zhang G, Hansen J, et al. Endogenous adenine mediates
kidney injury in diabetic models and predicts diabetic kidney disease in
patients. J Clin Invest. 2023;133:e170341.

Neuburg S, Dussold C, Gerber C, et al. Genetic background influences
cardiac phenotype in murine chronic kidney disease. Nephrol Dial
Transplant. 2018;33:1129-1137.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Nikolaou S, Deltas C. A comparative presentation of mouse models that
recapitulate most features of Alport syndrome. Genes. 2022;13:1893.
McLaughlin KL, Hagen JT, Coalson HS, et al. Novel approach to quantify
mitochondrial content and intrinsic bioenergetic efficiency across
organs. Sci Rep. 2020;10:17599.

Gibb AA, Hill BG. Metabolic coordination of physiological and
pathological cardiac remodeling. Circ Res. 2018;123:107-128.

Smith K, Semple D, Aksentijevic D, et al. Functional and metabolic
adaptation in uraemic cardiomyopathy. Front Biosci (Elite Ed). 2010;2:
1492-1501.

Dilsizian V, Fink JC. Deleterious effect of altered myocardial fatty acid
metabolism in kidney disease. J Am Coll Cardiol. 2008;51:146-148.
Brand MD. Uncoupling to survive? the role of mitochondrial inefficiency
in ageing. Exp Gerontol. 2000;35:811-820.

Nishimura M, Tsukamoto K, Hasebe N, et al. Prediction of cardiac death
in hemodialysis patients by myocardial fatty acid imaging. J Am Coll
Cardiol. 2008;51:139-145.

Reddy V, Bhandari S, Seymour A-ML. Myocardial function, energy
provision, and carnitine deficiency in experimental uremia. J Am Soc
Nephrol. 2007;18:84-92.

Raine AE, Seymour AM, Roberts AF, et al. Impairment of cardiac
function and energetics in experimental renal failure. J Clin Invest.
1993;92:2934-2940.

Hahn VS, Petucci C, Kim M-S, et al. Myocardial metabolomics of human
heart failure with preserved ejection fraction. Circulation. 2023;147:
1147-1161.

Schiattarella GG, Altamirano F, Tong D, et al. Nitrosative stress drives
heart failure with preserved ejection fraction. Nature. 2019;568:351-356.
Wolf M, Koch TA, Bregman DB. Effects of iron deficiency anemia and its
treatment on fibroblast growth factor 23 and phosphate homeostasis in
women. J Bone Miner Res. 2013;28:1793-1803.

Courbon G, Thomas JJ, Martinez-Calle M, et al. Bone-derived C-terminal
FGF23 cleaved peptides increase iron availability in acute inflammation.
Blood. 2023;142:106-118.

Kumar AA, Kelly DP, Chirinos JA. Mitochondrial dysfunction in heart
failure with preserved ejection fraction. Circulation. 2019;139:1435-1450.
Brown DA, Perry JB, Allen ME, et al. Expert consensus document:
mitochondrial function as a therapeutic target in heart failure. Nat Rev
Cardiol. 2017;14:238-250.

Redout EM, Wagner MJ, Zuidwijk MJ, et al. Right-ventricular failure is
associated with increased mitochondrial complex Il activity and
production of reactive oxygen species. Cardiovasc Res. 2007;75:770-781.
Zhang H, Alder NN, Wang W, et al. Reduction of elevated proton leak
rejuvenates mitochondria in the aged cardiomyocyte. eLife. 2020;9:e60827.
Bigelman E, Cohen L, Aharon-Hananel G, et al. Pathological presentation
of cardiac mitochondria in a rat model for chronic kidney disease. PLoS
One. 2018;13:e0198196.

Pereyra AS, Lin C-T, Sanchez DM, et al. Skeletal muscle undergoes fiber
type metabolic switch without myosin heavy chain switch in response to
defective fatty acid oxidation. Mol Metab. 2022;59:101456.

Wollenhaupt J, Frisch J, Harlacher E, et al. Pro-oxidative priming but
maintained cardiac function in a broad spectrum of murine models of
chronic kidney disease. Redox Biol. 2022;56:102459.

Williams MJ, Halabi CM, Patel HM, et al. In chronic kidney disease altered
cardiac metabolism precedes cardiac hypertrophy. Am J Physiol Renal
Physiol. 2024;326:F751-F767.

Liu Y-L, Huang C-C, Chang C-C, et al. Hyperphosphate-induced
myocardial hypertrophy through the GATA-4/NFAT-3 signaling pathway
is attenuated by ERK inhibitor treatment. Cardiorenal Med. 2015;5:79-88.
Peri-Okonny P, Baskin KK, lwamoto G, et al. High-phosphate diet induces
exercise intolerance and impairs fatty acid metabolism in mice.
Circulation. 2019;139:1422-1434.

Motohashi H, Tahara Y, Whittaker DS, et al. The circadian clock is
disrupted in mice with adenine-induced tubulointerstitial nephropathy.
Kidney Int. 2020;97:728-740.

Kashioulis P, Lundgren J, Shubbar E, et al. Adenine-induced chronic renal
failure in rats: a model of chronic renocardiac syndrome with left
ventricular diastolic dysfunction but preserved ejection fraction. Kidney
Blood Press Res. 2018;43:1053-1064.

Simic P, Kim W, Zhou W, et al. Glycerol-3-phosphate is an FGF23 regulator
derived from the injured kidney. J Clin Invest. 2020;130:1513-1526.

Zhou W, Simic P, Zhou IY, et al. Kidney glycolysis serves as a mammalian
phosphate sensor that maintains phosphate homeostasis. J Clin Invest.
2023;133:e164610.

Kidney International (2025) 107, 852-868


http://refhub.elsevier.com/S0085-2538(25)00087-0/sref19
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref19
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref20
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref20
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref21
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref21
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref22
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref22
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref23
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref23
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref24
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref24
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref24
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref25
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref25
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref25
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref26
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref26
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref26
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref27
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref27
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref28
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref28
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref28
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref29
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref29
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref29
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref30
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref30
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref31
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref31
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref31
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref32
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref32
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref32
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref33
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref33
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref33
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref34
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref34
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref34
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref35
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref35
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref35
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref35
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref36
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref36
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref37
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref37
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref38
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref38
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref38
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref39
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref39
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref39
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref39
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref40
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref40
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref41
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref41
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref41
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref42
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref42
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref42
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref42
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref43
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref43
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref43
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref44
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref44
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref44
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref45
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref45
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref45
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref46
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref46
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref47
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref47
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref47
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref48
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref48
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref49
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref49
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref49
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref50
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref50
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref51
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref51
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref52
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref52
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref52
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref53
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref53
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref53
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref54
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref54
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref54
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref55
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref55
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref55
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref56
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref56
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref57
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref57
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref57
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref58
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref58
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref58
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref59
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref59
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref60
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref60
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref60
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref61
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref61
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref61
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref62
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref62
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref63
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref63
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref63
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref64
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref64
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref64
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref65
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref65
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref65
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref66
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref66
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref66
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref67
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref67
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref67
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref68
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref68
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref68
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref69
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref69
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref69
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref70
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref70
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref70
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref70
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref71
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref71
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref72
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref72
http://refhub.elsevier.com/S0085-2538(25)00087-0/sref72

	Fibroblast growth factor 23 and fibroblast growth factor receptor 4 promote cardiac metabolic remodeling in chronic kidney  ...
	Abstract
	Methods
	Antibodies, recombinant proteins, and heparin
	Isolation and cultivation of neonatal rat ventricular myocytes
	Fabrication of bioengineered cardiobundles
	Measurement of contractile force and action potential propagation
	Immunofluorescence and morphometry of cultured myocytes and cardiobundles
	Live-cell metabolic analysis
	Differentiation of human induced pluripotent stem cell to engineered heart tissue and analysis of contraction force and fre ...
	RNA isolation and quantification
	Mice
	Adenine model of CKD
	Noninvasive assessment of kidney function
	Noninvasive and invasive assessment of cardiac function
	Serum chemistry
	Mitochondrial respiration
	RNA sequencing
	Proteomics
	Metabolomics
	Transmission electron microscopy
	Semiquantitative analysis of mitochondrial morphology
	Study approval
	Statistical analysis
	Graphical design

	Results
	CKD alters cardiac mitochondrial structure and function before the onset of LVH
	CKD changes the cardiac mitoproteome and metabolome
	FGF23-FGFR4 induce hypertrophic growth of bioengineered cardiobundles
	FGF23-FGFR4 alter mitochondrial function in cultured cardiomyocytes
	Activation of FGFR4 causes cardiac metabolic remodeling independently of CKD
	Global deletion of FGFR4 prevents remodeling of the cardiac mitoproteome in CKD
	FGF23-FGFR4 signaling mediates cardiac metabolic remodeling in adenine-induced CKD

	Discussion
	Disclosure
	Data Statement
	Acknowledgments
	Funding Statement
	Author Contributions
	References


