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Abstract

Skeletal muscle dysfunction accompanies the clinical disorders of chronic kidney disease (CKD) and
hereditary hypophosphatemic rickets. In both disorders, fibroblast growth factor 23 (FGF23), a bone-
derived hormone regulating phosphate and vitamin D metabolism, becomes chronically elevated. FGF23

has been shown to ilai a direct role in cardiac muscle disfunctioni howeveri it is unknown whether FGF23
bioaigeq pA INbNI2CHOISLMOLKE
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receptors (Fgfir1—4) and a-Klotho in muscles of two animal models (CD-1 and Cy/+ rat, a naturally

occurring rat model of chronic kidney disease-mineral bone disorder) as well as C,C;, myoblasts and
myotubes. C,C, proliferation, myogenic gene expression, oxidative stress marker 8-OHdG, intracellular
Ca®* ([Caz+]i), and ex vivo contractility of extensor digitorum longus (EDL) or soleus muscles were
assessed after treatment with various amounts of FGF23. FGF23 (2-100 ng/ml) did not alter C,C17
proliferation, expression of myogenic genes, or oxidative stress after 24- to 72-h treatment. Acute or
prolonged FGF23 treatment up to 6 days did not alter CoCy» [CaZ+]i handling, nor did acute treatment with
FGF23 (9-100 ng/ml) affect EDL and soleus muscle contractility. In conclusion, although skeletal muscles
express the receptors involved in FGF23-mediated signaling, in vitro FGF23 treatments failed to directly
alter skeletal muscle development or function under the conditions tested. We hypothesize that other
endogenous substances may be required to act in concert with FGF23 or apart from FGF23 to promote
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muscle dysfunction in hereditary hypophosphatemic rickets and CKD.

Keywords: chronic kidney disease, fibroblast growth factor 23, hypophosphatemic rickets, intracellular
Cazi myogenesis

INTRODUCTION

FGF23 is a bone-derived hormone that controls phosphate and 1,25-dihydroxyvitamin D [1,25(OH),D]
metabolism by suppressing renal phosphate reabsorption and 1,25(OH),D synthesis (8). FGF23 signaling is
dependent upon a number of factors, including the FGF receptors (FGFRs) (R1, R2, R3, or R4), potential
involvement of a-Klotho coreceptor, and cell type (18, 28, 39, 42). Elevated serum FGF23 concentrations
are associated with lower left ventricular ejection fraction (43) and cardiovascular disease across a number
of patient populations, including end-stage renal disease and patients on hemodialysis (22). FGF23 has
been shown to act directly on the heart by inducing pathological hypertrophy (14), whereas our group has
shown that FGF23 also directly and acutely alters myocardial contractility and increases the amount of
intracellular Ca>" ([Ca2+]i) (52). Given the direct effects of FGF23 on cardiac muscle, there may be a

relationship of FGF23 with skeletal muscle function as well.

FGF23 serum levels are significantly elevated in the clinical disorders of chronic kidney disease (CKD)
and hereditary hypophosphatemic rickets, both of which result in skeletal muscle dysfunction (16, 53).
Specifically, in patients with CKD and end-stage renal disease, FGF23 can be elevated up to 1,000-fold
above normal levels (21, 26), and there are documented deficits of functional capacity and strength in the
muscles of both patients and animals models with CKD and hemodialysis treatment (16, 23, 33).

In hereditary hypophosphatemic rickets, chronic accumulation of FGF23 in the serum is attributed to
mutations in genes regulating FGF23 production and has been shown to be associated with muscle function
abnormalities (53, 54). The murine homolog model of X-linked hypophosphatemic rickets (XLH), the Hyp
mouse, shows reduced grip strength and low spontaneous motor activity (5). Patients with XLH who were
treated with four monthly doses of a human monoclonal anti-FGF23 antibody reported significant
improvements in patient perception of quality of life and muscle stiffness (40). Additionally, our group has
shown that skeletal muscles of the Dmp I-null mouse, a model of autosomal recessive hypophosphatemic
rickets (ARHR), display significant impairments in muscle-specific force production and [Ca2+]i
homeostasis (55). Despite some of these associations and studies, it remains unclear whether skeletal
muscle development and functional properties may be directly altered by FGF23.

Therefore, in the present study, we sought to identify the direct role of FGF23 on skeletal muscle function
by assessing markers of cellular proliferation, muscle fiber development, oxidative stress, and [Ca2+]i
handling properties in C,C1; cells as well as functional parameters of isolated murine fast-twitch [extensor
digitorum longus (EDL)] and slow-twitch (soleus) muscles after treatment with FGF23. Two laboratories
independently collected data for this study, and the results are presented collectively in this article.

METHODS

Experiments performed. Laboratories at Indiana University carried out gene expression studies on a CKD
rat model, proliferation of C,C1; cells using CellTiter 96 AQueous One kit, myogenic gene expression
markers, and oxidative stress marker and Rhod-3 Ca”" measurements. The laboratory at the University of
Missouri-Kansas City carried out gene expression analysis of CD-1 mouse EDL and soleus and C,C1p
cells, proliferation of CoCo by MTT and hemocytometer measurements, fluo-4 Ca®* measurements, and
ex vivo contractility of EDL, soleus, and heart.

Animal models. All procedures were reviewed and approved by the Indiana University School of
Medicine and University of Missouri-Kansas City Institutional Animal Care and Use Committees, which
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adhered to the Guide for Care and Use of Laboratory Animals to minimize pain and suffering. Two animal
models were used in this study: /) CD-1 mice (Harlan Laboratories, Madison, WI) and 2) the Cy/+ rat
model of chronic kidney disease-mineral bone disorder (CKD rat). The Cy/+ rat model is an autosomal-
dominant, slow progressing model of CKD due to a missense mutation in the gene Anks6 that results in
terminal uremia by 40 wk and development of chronic kidney disease-mineral bone disorder (CKD-MBD)
(30).

Male virgin CD-1 mice were euthanized at 3—5 mo of age by cervical dislocation for harvesting of EDL
and soleus muscles for RNA isolation and contractility analysis. Male CKD rats and normal littermates
were housed as previously described (6) and euthanized at 8 mo with pentobarbital sodium (50 mg/kg ip).
The EDL were collected and stored at —80°C for RNA extraction and gene expression assays.

Cell culture. C,C1, mouse myoblasts (American Type Culture Collection, Manassas, VA) were plated at
either 8,000 or 10,000 cells/cmz, depending upon the laboratory, and cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis, MO) with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. For differentiation, upon ~80% confluency, differentiation medium (DMEM, 2%
horse serum, 1% penicillin-streptomycin) was added, and cells were cultured for 4-6 days into
multinucleated myotubes with media changes occurring every other day. Cell line authentication and
mycoplasma contamination analysis were not performed apart from initial testing by the vendor company.

RNA isolation and real-time PCR. Total RNA was extracted from C,C; cells for Fgf gene expression
using a Total RNA Mini Kit (IBI Scientific, Peosta, IA) and from isolated intact EDL and soleus muscles
from CD-1 mice using a RNeasy Fibrous Tissue Mini Kit (Qiagen, Valencia, CA). RNA was also extracted
from normal littermate (NL) rat and Cy/+ rat EDL (n = 6) and C,C2 cells treated with vehicle (n = 3-6),
100 ng/ml recombinant mouse FGF23 (R & D Systems, Minneapolis, MN; n = 6), or 100 ng/ml
recombinant mouse FGF2 (R & D Systems) as a positive control (z = 3) using the miRNeasy Mini Kit
(Qiagen), as previously reported (6). Premade TagMan primer/probe sets specific for mouse are as follows:
f-actin (Mm01205647 gl), Fgfrl (Mm00438930 ml), Fgfir2 (Mm01269930 ml), Fgfr3
(MmO00433294 ml), Fgfr4 (MmO01341852_m1), Fgf23 (Mm00445621 m1l), a-Klotho
(Mm00502002_m1), Pax7 (MmO01354484 m1), Myod (Mm01203489 g1), Myogenin (Mm00446195 g1),
Myostatin (Mm01254559 m1); and for rat: S-actin (Rn00667869), Fgfirl (Rn00577234), Fgfr4
(Rn01441815), and a-Klotho (Rn00580123 m1) were utilized (Applied Biosystems, Foster City, CA).
Real-time RT-PCR was performed with the ABI One Step RT-PCR kit using a Rotor-Gene 6000 (Qiagen)
or ViiA 7 Real-Time PCR systems (Applied Biosystems). The cycle threshold (Ct) value was determined

Cr

. . —A ~AAC .
for each gene, and gene expression levels were calculated by comparing 2 or2 7 values, using

B-actin as the housekeeping gene, as previously reported (6, 11, 52).

C2Cq2 cell proliferation. Proliferation was measured with multiple techniques using undifferentiated and
differentiated CoC5 cells. Cells were treated with vehicle, FGF23 at various concentrations (2—100 ng/ml),
FGF23 + 1 pg/ml soluble-Klotho (R & D Systems), or FGF2 (50—-100 ng/ml) as a positive control for 24,
48, or 72 h. Proliferation was measured in 96-well plates using the CellTiter 96 AQueous One kit
(Promega, Madison, WI) according to the manufacturer’s instructions (n = 3; 3 separate experiments), MTT
assay (n = 4; repeated twice), or 24-well plates using hemocytometer-based cell counting (n = 3; repeated
twice). MTT assay was performed as previously described (31). Briefly, MTT reagent (Sigma-Aldrich) was
added as 10% of the total volume in each well, with 1 h of incubation in a cell culture incubator. The media
was aspirated and isopropanol added (100 pl/well), and the plate was then placed on a shaker with vigorous
shaking for 0.5 h. Optical density was read at 570 nm with reference at 650 nm. For cell counting, cells
were rinsed twice with 1 ml of PBS per well and 0.25 ml trypsin was added per well to detach cells (8 min
incubation in cell culture incubator). 0.25 ml growth media was then added to inactivate trypsin and cells
were evenly suspended by gentle pipetting before counting on the hemocytometer.
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Oxidative stress. C,Cj, cells were induced to differentiate and treated with FGF23 (100 ng/ml) for 24 h.

Media levels of an oxidative stress marker, 8-hydroxy-2'-deoxyguanosine (8-OHdG), were measured using
a DNA damage ELISA kit (Enzo Life Sciences, Farmingdale, NY) (n = 6).

Alteration of [CaZ*]; in CCq3 cells. C,C1p myotubes differentiated for 6 days were loaded with 10 uM
fluo-4-AM (Invitrogen, Carlsbad, CA) and imaged, as previously described (52). Briefly, dishes were
imaged on an Olympus IX51 (Olympus, Melville, NY) inverted microscope using the x40 objective, and
[Ca2+]i transients were monitored at room temperature in response to treatments. Fluo-4 was excited using
an EXFO X-cite metal halide light source (Mississauga, ON, Canada) and FITC Semrock Bright Line
(Rochester, NY) filter set, and the emission signal was captured with a high-resolution charge-coupled
device camera (Hammamatsu Photonics, Bridgewater, NJ). Fluorescence data were recorded into Slidebook
version 6.0 ratiometric software (Intelligent Imaging Innovations, Denver, CO), and background
fluorescence was subtracted.

For determination of acute effects of FGF23 on [C32+]i, myotubes were perfused with vehicle (Ringer’s
buffer) or FGF23 (20 ng/ml) for 10 min, followed by KCI (80 mM) and caffeine (20 mM) as positive
controls. Myotubes also received prolonged treatment with FGF23 (20 ng/ml) 24 h before imaging or for
the entire 6 days of differentiation to determine whether FGF23 alters depolarization-induced Ca”" release
and Ca”"-induced Ca®" release functions, as assessed by perfusion with KCI (80 mM) and caffeine (20
mM), respectively. Individual myotube fluorescence measurements were averaged for each dish (n=3-6
dishes/group, with 5-11 myotubes/dish averaged).

Using a different technique to assess [CaZ+]i, C,C1 myotubes were labeled with Rhod-3 using a Rhod-3
Calcium Imaging kit (Molecular Probe, Carlsbad, CA) for 30 min. FGF23 (100 ng/ml) was then added to
the cells for 4 h and the change in [Ca2+]i in CoCqy cells assessed by fluorescence using the CLARIOstar
high-performance microplate reader (BMG Labtech, Cary, NC) (n = 6).

Ex vivo skeletal muscle contractility. EDL and soleus muscles were removed from 3- to 5-mo-old CD-1
mice for contractility analysis, as previously described (34). Stimulatory voltage was provided by a S§8X
dual-pulse digital stimulator (100 V, pulse duration, 1 ms; train duration, 500 ms; Grass Products, West
Warwick, RI). EDL and soleus maximal and half-maximal contractions were elicited at high- and low-
frequency stimulation, respectively (200 and 100 Hz for EDL; 140—-160 and 40 Hz for soleus) (13a) in a
modified Krebs-Henseleit buffer (containing in mM: 118 NaCl, 5 KCI, 1 MgCl,, 1 NaH,POy, 25 NaHCO3,
2.5 CaCly, 10 glucose, pH 7.44) at 37°C for 20 min (2-min rest interval). FGF23 at 9 ng/ml (n = 6), 100
ng/ml (n=3-5), or vehicle (n = 10) was then directly added to the muscle contractility chambers, and force
was monitored for an additional 30 min to determine the effect of FGF23 on force generation properties.
The muscles were next stimulated to contract with frequencies ranging from 1 to 220 Hz to generate the
force-frequency relationship. To induce fatigue, the muscles were next stimulated at maximal and half-
maximal force for 5 min with a rest interval of 2 s. Immediately following the fatiguing protocol, the
muscles were allowed a 30-min recovery period while contracting at maximal and half-maximal force,
followed by 5 mM caffeine addition to the muscle contractility chambers to probe ca®* availability during
excitation-contraction coupling (3, 56). In an additional set of positive control experiments, maximal and
half-maximal contractile force was measured in EDL and soleus muscles during 15 min of incubation with
the ryanodine receptor potentiator caffeine (10 mM) or the ryanodine receptor antagonist ryanodine (5
uM). A PowerLab/LabChart Software system (ADInstruments, Colorado Springs, CO) was used to store
and analyze force data.

Isolated heart contractility. Isolated heart contractility was performed as previously described (19, 51, 52,
55). Briefly, hearts from 3-mo-old male CD-1 mice were carefully removed and placed into Ringer’s
solution (pH 7.4). Atria were then removed, and the intact ventricular muscle was attached to small
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metallic clips hung vertically from a force transducer (ADInstruments) between bipolar platinum-
stimulating electrodes and suspended in 25-ml glass tissue chambers (ADInstruments). Heart muscles were
superfused with Ringer’s solution continuously bubbled with 100% O, at room temperature. Hearts were
stretched to the length of maximum force development and paced at 1 Hz (5-ms pulse duration, 20-30 V;
Grass Technologies stimulator SD9; Grass Technologies, Quincy, MA). After a stable baseline was
obtained, hearts were treated with either vehicle (n =4) or FGF23 (9 ng/ml; n = 6) for 30 min while
contractile force output was monitored. FGF23 from both laboratories was tested with similar results;
therefore, the data were grouped together. The contractile data were recorded and analyzed on the LabChart
6 software (ADInstruments). Waveform changes were analyzed for peak contraction force (mN) and
presented as fold change from baseline force.

Statistics. GraphPad Prism 5.02 (GraphPad, La Jolla, CA) and SPSS statistics 24 (IBM, Armonk, NY)
were used to conduct all statistical analyses. In vitro cell studies were analyzed with either a two-tailed
t-test for single comparisons or one-way ANOVA, followed by Bonferroni post hoc analysis for multiple
comparisons. Ex vivo skeletal muscle contractility data were analyzed using a two-way ANOVA, followed
by Bonferroni post hoc analysis. Isolated heart contractility data were analyzed using a two-tailed #-test. P <
0.05 was considered the threshold for significance. Data are shown as means + SE.

RESULTS

Fgf receptor expression in skeletal muscle tissue and C,C412 myocytes. We found expression of Fgfr/,
r2, r3, r4, and a-Klotho in EDL and soleus muscles from CD-1 mice using real-time RT-PCR (Fig. 1). We
also tested the expression of Fgf23 and found it to be at relatively low levels in CD-1 muscle tissues (Fig. 1
). The order of gene expression in the EDL muscles of CD-1 mice was R/>R3/R4>a-Klotho>R2/FGF23,
whereas in soleus muscles the expression order was R/>R3/R4>R2> a-Klotho/FGF23. Furthermore, we
demonstrated Fgfir /-4 and a-Klotho expression in CoC;, myoblasts and myotubes (Fig. 1). In CoCq cells,
the order of expression was RI>R4>R3>R2>a-Klotho/FGF23. In the Cy/+ animal model of CKD, there
was an increase in Fgfrr4 compared with normal littermates (NL) but no significant difference in the
expression of Fgfrrl and a-Klotho (Fig. 2).

Cellular growth/proliferation. In the heart, FGF23 has direct FGFR4-mediated effects upon cardiomyocyte
hypertrophy and contractility (18, 19), and FGFR1 and R4 have been shown to regulate skeletal muscle
myogenesis (47, 49, 59). Therefore, we tested the effects of FGF23 upon cellular growth pathways related
to proliferation and regeneration in vitro. There was no significant cell proliferation difference in C,Cqp
myoblasts and myotubes treated with FGF23 (100 ng/ml) and FGF23 (100 ng/ml) + soluble-Klotho (1
pg/ml) for 24 and 48 h (Fig. 3, 4 and B). The lack of cell proliferation was confirmed by MTT assay and
hemocytometer-based cell counting (Fig. 3, C and D) of C,C1; myoblasts treated with FGF23 (2-50 ng/ml)
for 24, 48, and 72 h. The positive control FGF2 induced proliferation similar to what has previously been
observed (4).

Myogenic gene expression. FGF23 (100 ng/ml) treatment for 24 or 48 h had no effect on the expression
of Pax7 (muscle stem cell quiescence), Myod (cell activation), and Myogenin (cell differentiation) in C,Cq»
myotubes (Fig. 4, A-C). Treatment of FGF23 (100 ng/ml) also had no effect on Myostatin expression,
which is a negative regulator of skeletal muscle hypertrophy (Fig. 4D). In positive control experiments
utilizing FGF2, gene expression of Pax7 increased, whereas Myod, Myogenin, and Myostatin expression
was reduced after 48-h treatment in differentiated C,C;, myotubes (Fig. 4F). FGF2-treated cells have a
“critical boundary” of 16 to 20 h after plating that enhances cell progression through one round of cell
division (50). After the critical boundary, FGF2 represses myogenic gene expression, which is consistent
with our 48-h results (10, 20).

In vitro oxidative stress in C2C412 myotubes. Previously, we have found elevated markers of oxidative
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stress in muscles of the Cy/+ rat model for CKD (6). Moreover, we have shown previously that FGF23
impairs cardiovascular function, specifically endothelium-dependent vasorelaxation, by increasing
superoxide levels (45). Because superoxide metabolism is a generator of reactive oxygen species, we
assessed the presence of oxidative stress via 8-OHdG levels (marker of DNA oxidation). There was no
evidence of increased oxidative stress following 24-h treatment of FGF23 (100 ng/ml), as demonstrated by
no difference in 8-OHAG levels in culture media from CoC;o myotubes (Fig. 4F).

Alteration of [CaZ+]i in C2C12 myotubes. We have previously found that FGF23 can directly increase
[CaZ+]i in primary cardiac myocytes (52). However, acute exposure of FGF23 (20 ng/ml) did not elicit a
significant change in myotube [Ca2+]i as measured by fluo-4 based epifluorescence microscopy of
individual myotubes (Fig. 54-C). As expected, acute treatments with 80 mM KCl (depolarization-induced
Ca®* release) and 20 mM caffeine (Ca2+—induced Ca?* release) yielded 6.1 0.5 to 7.4 £ 0.6 fold increases
in [Ca2+]i’ respectively. Moreover, 24 h and long-term 6 days treatment with FGF23 in developing CoC1p
myotubes did not significantly alter responses to perfusion with KCI (80 mM) and caffeine (20 mM)
compared with vehicle treated cells (Fig. 5D). Using Rhod-3 plate readings, following 4 h of FGF23
treatment (100ng/ml), there was no significant difference in CoC15 myotube [Ca2+]i compared with vehicle
(Fig. SE).

Ex vivo skeletal muscle contractility. Contractile parameters of isolated EDL and soleus muscles were
assessed at physiological temperature (37°C) after acute treatments of FGF23 (9-100 ng/ml). FGF23 had
no effect upon maximal contractile force or force-frequency relationship in the EDL (Fig. 6, A—C) and
soleus (Fig. 7, A and B). Furthermore, there was no difference following acute FGF23 treatment (9—100
ng/ml) in the rate of fatigue, recovery from fatigue, or recovery from fatigue in the presence of 5 mM
caffeine at maximal contractile force in the EDL (Fig. 6, D and E) and soleus (Fig. 7, C and D). We also
tested force generation properties, rate of fatigue, recovery from fatigue, and recovery from fatigue in the
presence of 5 mM caffeine at half-maximal contractile force in EDL (Fig. 6, F—H) and soleus (Fig. 7, E—G)
and found no effect with FGF23. Furthermore, the rate of force development and relaxation at maximal and
half-maximal force was unaffected following FGF23 treatments (data not shown). In positive control
experiments, EDL and soleus muscle preparations were responsive to caffeine (10 mM) and ryanodine (5
uM) treatment, resulting in significant force potentiation or diminishment, respectively (Figs. 6/ and 7H).

Isolated heart contractility. We confirmed the bioactivity of the FGF23 utilized in this study by exposing
isolated whole heart from mice to FGF23 and monitoring contractility ex vivo. Exposure to FGF23 resulted
in a statistically significant 1.7-fold increase in contractile force output within 30 min compared with
vehicle treatment (Fig. 8, 4 and B). These results are in agreement with our previously published findings
of FGF23-dependent enhancement of contractility in left ventricular muscle strips (19, 52).

DISCUSSION

Elevated serum FGF23 has been associated with skeletal muscle weakness in conditions such as CKD (15,
16, 23, 48) and genetic hypophosphatemic rickets (5, 18, 55). Given the direct effects of FGF23 on the
heart and cardiac myocytes shown by our group and others (14, 24, 52), we tested the hypothesis that
FGF23 would have a direct effect on skeletal muscle. Despite finding that Fgfi] to -4 and a-Klotho were
expressed in skeletal muscle and C,Cq5 cells, FGF23 treatments failed to modulate C,C1, myoblast
proliferation, regulation of myogenesis, oxidative stress, [Ca2+]1, or ex vivo isometric force in whole
skeletal muscles. FGF23 concentrations utilized in these studies follow similar concentration levels used by
our group and other previous studies and fall within the range measured in the serum during

performed by two independent laboratories, which further lends support to the lack of a direct effect of
FGF23 on skeletal muscle under the conditions tested.
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In other tissues, FGF23 signaling occurs through one or more of the FGFRs (R1, R2, R3, or R4) with or
without participation of the coreceptor a-Klotho (18, 28, 39, 42). To verify the potential for direct FGF23-
skeletal muscle communication, we found the expression of all four Fgfr's and a-Klotho in the EDL, soleus,
and C7Cq, cells consistent with previous findings (25, 35, 47, 49). In skeletal muscle, activation of R1 and
R4 has previously been shown to induce satellite cell proliferation and regeneration (47, 49, 57, 59).
Another member of the FGF family, basic FGF (FGF2), signals (in a klotho-independent manner) via
binding of FGFR1 and heparan sulfate in skeletal muscle cells (38) and increases cell proliferation (57).
Because we demonstrated a similar increase in cellular proliferation in response to FGF2 in our studies, this
indicates that FGFR1 activation was functional in our cell model and that a FGFR response may occur, but
not from FGF23 treatments.

The process of skeletal muscle regeneration occurs through coordinated expression of myogenic regulatory
transcription factors (i.e., Pax7, Myod, and Myogenin) (41). In models of surgically induced CKD, it has
been reported that muscle satellite cell activity is impaired concurrent with downregulation of Myod, Myf5,
and Myogenin expression (58). While in the terminal stages of a more slowly progressing model of CKD-
mineral bone disorder (Cy/+ rat), skeletal muscle regeneration has been shown to be activated, which may
reduce the quiescent satellite cell pool (6). However, we found that FGF23 treatments did not alter
transcription factor expression in C,Cj, differentiated myotubes. This lack of effect on regulatory genes
would further support the absence of change in regeneration as a direct response to FGF23.

We next investigated the potential interaction with oxidative stress. Increased oxidative stress is associated
with CKD progression and may play a major role in development of cardiovascular pathogenesis during
CKD (13). Specifically, FGF23 levels are correlated with oxidative stress in stage 5 CKD patients on
hemodialysis (32). We have previously shown that FGF23 directly increases oxidative stress markers and
promotes endothelial dysfunction in mouse aortic rings (45). Oxidative stress is also believed to underlie
conditions of muscle wasting in multiple disease states through a number of pathways, including inhibition
of Akt/mTORCI signaling, increased atrogin-1/MuRF-1 expression, and upregulation of Myostatin (36,
37). Skeletal muscles of Cy/+ rats with end-stage renal failure display significantly elevated oxidative
stress markers and oxidative damage to myofibrils (6). However, in the present study, we did not observe
an increase in oxidative stress from muscle cells treated with high amounts of FGF23 for 24 h, nor did we
observe a significant change in Myostatin expression, which may be altered by increased oxidative stress.

Changes in skeletal muscle strength may also be due to changes in muscle function; therefore, we
investigated whether FGF23 could alter Ca®" handling and contractility. Our group has shown in the Cy/+
rat model of CKD several skeletal muscle functional abnormalities in parallel with elevated serum FGF23,
including decreased hind limb maximal torque production and prolonged muscle relaxation (33). In rats
with nephrectomy-induced CKD, skeletal muscles had delayed time to reach peak contraction force and
time to relaxation, increased fatigability, and altered force-frequency relationships (48). The mechanism
underlying these impairments is unknown but may result from dysfunction of Ca®" handling. Our group
has shown that FGF23 directly increases cardiac contractility and [Ca2+]i in isolated primary
cardiomyocytes (52), and Kao et al. (24) have shown that FGF23 alters sarcoplasmic reticulum (SR) Ca®*
content and handling in HL-1 atrial cells and thus may ultimately contribute to Ca?" overload and cardiac
dysfunction in CKD (29). Interestingly, FGF23 did not alter [Ca2+]i of isolated myotubes or the contractile
force, rate of contractile force development or relaxation, force-frequency relationship or rate of
fatigue/recovery of isolated EDL, or soleus skeletal muscles after acute treatment with FGF23. Thus, in
these studies, our ex vivo contractility experiments in CD1 mice failed to recapitulate the skeletal muscle
dysfunction observed in CKD.

The lack of an FGF23 effect was not due to cell/tissue unresponsiveness since positive control experiments
showed a response in our in vitro and ex vivo models. Similarly, it was also not due to inactive FGF23, as
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exposure of isolated heart muscle to the same FGF23 resulted in a 1.7 fold increase in contractile force,
similar to what we have found previously (19, 52). However, the absence of a response may be due to
differences between cardiac and skeletal muscle FGF receptor activation/signaling or Ca2* handling, lack
of other substances that work in concert with FGF23, or FGF23 treatment conditions. In regard to Ca®*
handling, previous studies have elucidated a role of the cardiac L-type channel Ca”" currents in the FGF23-
induced increase in [Ca2+]i in cardiac myocytes (24, 52). There are key distinctions between skeletal
muscle and cardiac-specific L-type channel isoforms (skeletal muscle contains Cay 1.1 and cardiac muscle
contains Cay1.2), L-type channel Ca”" conductance capabilities and functionality in excitation-contraction
coupling (ECC), and ryanodine receptors (skeletal muscle contains RYR1 and cardiac muscle contains
RYR?2), which may account for different responses (7, 27).

In pathologies with FGF23 elevation, it is also possible that additional endogenous substances may be
required to act in concert with FGF23 or isolated from FGF23 to induce skeletal muscle weakness. In
CKD, the origins of muscle weakness are further confounded by various factors, including an increase in
circulating toxic uremic factors, inflammatory cytokines, metabolic acidosis, anemia, and insulin
resistance, among others (2). Moreover, in CKD, secondary hyperparathyroidism is associated with skeletal
muscle decline, possibly through direct effects of parathyroid hormone (46) and/or reduction of skeletal
muscle 1,25(OH),D uptake and retention (1). In models of ADHR and XLH, skeletal muscle weakness is
related to the condition of rickets, which does not occur solely with isolated FGF23 elevation but rather
with hypophosphatemia and impaired 1,25(OH),D metabolism due to the increased FGF23. These factors
may in part play a role in the muscle weakness we observed in testing the Dmp1-null mouse model of
elevated FGF23 (55). Specifically, low levels of 1,25(OH);D have been suggested to impair the
musculoskeletal system with associations of reduced skeletal muscle mass, strength, and physical function

7.

There are some limitations of these experimental models. Although we utilized a FGF23 concentration and
incubation protocol similar to that of previous studies in cardiac muscle (14, 52), it is possible that FGF23
exerts effects on skeletal muscle function with more prolonged exposure to elevated FGF23 or with muscle
under greater physiological stress such as multiple or longer bouts of fatigue/recovery. It is also possible in
our acute skeletal muscle studies that FGF23 was not able to diffuse into the muscle tissue as it would in
the normal circulation. Additionally, the absence of a response with treatment in isolated cells would
support a lack of effect in skeletal muscle. Although the goal of this study was to determine direct effects of
FGF23 in vitro and ex vivo without other confounding factors, further in vivo experiments are warranted to
expose muscles to FGF23 over longer periods. Given the multitude of targets for this endocrine and
paracrine factor, alterations in phosphate, vitamin D, CaZ+, and parathyroid hormone, among others, would
need to be carefully controlled to differentiate between direct and indirect effects of FGF23.

In conclusion, our in vitro and ex vivo results suggest that in contrast to cardiac muscle, increased levels of
FGF23 alone may not directly alter skeletal muscle myoblast proliferation, myotube development, Ca>"
handling, or acute skeletal muscle contractility.
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Fibroblasti growth factor (Fgf) receptors (Fgfr), a-Klotho, and Fgf23 are expressed in skeletal muscle. 4—C: are
representative real-time RT-PCR amplification plots showing values of fluorescence at each cycle number of Fgfir-/—4,
a-Klotho, and Fgf23 (each reaction in triplicate) in isolated extensor digitorum longus (EDL; 4) and soleus (B) muscles
from 4- to 5-mo-old CD-1 male mice and in differentiated C,C;, myotubes (C). D: summary data showing average 247
values (x 106) of Fgfiri-4, a-Klotho, and Fgf23 in EDL and soleus muscles from 4- to 5-mo-old CD-1 male mice (n = 3)
and in C,C1, myoblasts and myotubes (n = 1) expressed relative to f-actin on log; scale.
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Fig. 2.

] NL
2.0- Bl Cy/+ (CKD)

Gene Expression
(Z-AA CT)

0. 0 | | |
& QP‘ \‘S‘o
\PO
GII

Fgfr4 expression is elevated in the Cy/+ rat model for chronic kidney disease (CKD). Differences in gene expression of

Fgfrl, r4, and a-Klotho in EDL muscle from Cy/+ rats or normal littermates (NL) were calculated using the 2°“" method

(n=16). *P<0.05 vs. NL, 1-way ANOVA with Bonferroni post hoc analysis.

2/5/2020, 4:12 PM



Fibroblast growth factor 23 does not directly influence skeletal muscle ce... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6230710/?report=printable

17 of 23

Fig. 3.
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FGF23 treatment has no effect on C,Cy, proliferation. 4 and B: cellular proliferation of undifferentiated C,C;, myoblasts
(4) and differentiated CoC|, myotubes (B) treated with FGF23 (100 ng/ml), soluble Klotho (1 pg/ml), FGF23 + Klotho, or
FGF2 (100 ng/ml, positive control) for 24 and 48 h, as assessed by absorbance at 490 nm using CellTiter 96 AQueous One
kit (n = 3; 3 separate experiments). C: MTT assay of undifferentiated C,C;, myoblast proliferation after treatment with
FGF23 (2-50 ng/ml) or FGF2 (50 ng/ml) for 24, 48, and 72 h (n = 4; repeated twice). D: hemocytometer-based cell count
of undifferentiated C,C{, myoblasts after treatment with FGF23 (2-50 ng/ml) or FGF2 (50 ng/ml) for 24, 48, and 72 h (n
= 3; repeated twice). ¥*P < 0.05, **P < 0.01, and ***P < 0.001, 1-way ANOVA with Bonferroni post hoc analysis.
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Fig. 4.
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FGF23 treatment does not alter expression of myogenic markers or oxidative stress. A—D: expression of myogenic gene
markers Pax7 (4), Myod (B), Myogenin (C), and Myostatin (D) in differentiated C,C1, myotubes after treatment with
FGF23 (100 ng/ml) or vehicle for 24 and 48 h. Gene expression was calculated using the 2" method (n=6). E: positive
control data showing expression of Pax7, Myod, Myogenin, and Myostatin in differentiated C,Co myotubes after
treatment with FGF2 (100 ng/ml) or vehicle for 48 h (n=3). *P <0.05 and ***P < (.001, 1-way ANOVA with Bonferroni
post hoc analysis. F: oxidative stress was assessed by measuring the DNA oxidative damage marker 8-hydroxy-
2'-deoxyguanosine (8-OHdG) in differentiated CoC, myotubes after 24-h treatment with FGF23 (100 ng/ml) or vehicle
(n=06). P> 0.05, Student’s ¢-test.
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Neither acute nor long-term FGF23 treatment has an effect on CoC|, myotube [Ca2+]i. A: representative fluo-4 fluorescent
images in C,C, cells after vehicle, FGF23 (20 ng/ml), KCI (80 mM), or caffeine (20 mM) perfusion. Note the increase in
fluorescence after KCl1 and caffeine treatment but not FGF23. B: representative fluo-4 fluorescence signal and perfusion
protocol showing acute C,C, myotube [Ca2+]i responses to FGF23 (20 ng/ml) (/eft) and KC1 (80 mM) and caffeine (20
mM) perfusion (right). Arrowheads indicate points of perfusion of specific treatments. The fluorescence signal is
expressed relative to baseline (F/Fg). C: data summary of average peak change in fluo-4 fluorescence after perfusion with
FGF23 (20 ng/ml) or vehicle expressed relative to baseline (F/Fp) (n = 3 dishes/group with 7-8 myotubes/dish averaged).
P> 0.05, Student’s #-test. D: average change in fluo-4 fluorescence in response to perfusion with KC1 (80 mM) and
caffeine (20 mM) in myotubes incubated with FGF23 (20 ng/ml) for 24 h or 6 days (n = 3—6 dishes/group with 5—11
myotubes/dish averaged). Horizontal dashed line indicates the fluorescence level at baseline before stimulation of Ca?*
release. P> 0.05, 1-way ANOVA. E: Rhod-3 fluorescence in differentiated C,C|, myocytes after treatment with FGF23
(100 ng/ml) for 4 h (n=6). P> 0.05, Student’s ¢-test.
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Acute FGF23 administration does not alter CD-1 mouse EDL muscle contractile properties. 4: representative ex vivo
contractility force data obtained from 1 muscle (x-axis: time; y-axis: force) showing an entire contraction protocol and time
of FGF23 addition. B: maximal tetanic force output (at 200-Hz stimulation) from CD-1 mouse EDL muscles after
treatment with vehicle or FGF23 expressed relative to values before vehicle or FGF23 application. C: force-frequency
relationship of vehicle- or FGF23-treated EDL muscles stimulated to contract with frequencies in the range of 1-220 Hz.
Forces at each frequency are expressed relative to the maximal force obtained. D: time course of maximal tetanic force
decline during a fatiguing protocol in vehicle- or FGF23-treated EDL muscles. Force at each time point is expressed
relative to force just before fatigue. £: maximal tetanic force recovery during various time points postfatigue and with the
addition of 5 mM caffeine in vehicle- or FGF23-treated EDL muscles. F: half-maximal tetanic force output (at 100-Hz
stimulation) from CD-1 mouse EDL muscles after treatment with vehicle or FGF23 expressed relative to values before
vehicle or FGF23 application. G: time course of half-maximal tetanic force decline during a fatiguing protocol in vehicle-
or FGF23-treated EDL muscles. Force at each time point is expressed relative to force just before fatigue. A: half-maximal
tetanic force recovery during various time points postfatigue and with the addition of 5 mM caffeine in vehicle- or FGF23-
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treated EDL muscles. /: maximal and half-maximal tetanic force after exposure of EDL muscles to 10 mM caffeine or 5
UM ryanodine, as positive controls, expressed as %force before vehicle or FGF23 treatment (however, error bars that are
present in each group may be too small to be seen). Dashed lines in B and F represent points at which FGF23 was added to
the muscle contractility bath; n = 3—10 muscles/group. **P < 0.01 and ***P < (0.001, 2-way ANOVA with Bonferroni post
hoc analysis.
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Acute FGF23 administration does not alter CD-1 mouse soleus muscle contractile properties. A: maximal tetanic force
output (at 140-160 Hz stimulation) from CD-1 mouse soleus muscles after treatment with vehicle or FGF23 expressed
relative to values before vehicle or FGF23 application. B: force-frequency relationship of vehicle- or FGF23-treated soleus
muscles stimulated to contract with frequencies in the range of 1-220 Hz. Forces at each frequency are expressed relative
to the maximal force obtained. C: time course of maximal tetanic force decline during a fatiguing protocol in vehicle- or
FGF23-treated soleus muscles. Force at each time point is expressed relative to force just before fatigue. D: maximal
tetanic force recovery during various time points postfatigue and with the addition of 5 mM caffeine in vehicle- or FGF23-
treated soleus muscles. £: half-maximal tetanic force output (at 40 Hz stimulation) after treatment with vehicle or FGF23
expressed relative to values before vehicle or FGF23 application. F: time course of half-maximal tetanic force decline
during a fatiguing protocol in vehicle- or FGF23-treated soleus muscles. Force at each time point is expressed relative to
force just before fatigue. G: half-maximal tetanic force recovery during various time points postfatigue and with the
addition of 5 mM caffeine in vehicle- or FGF23-treated soleus muscles. H: maximal and half-maximal tetanic force after
exposure of soleus muscles to 10 mM caffeine or 5 uM ryanodine, as positive controls, expressed as a %force before
vehicle or FGF23 treatment (however, error bars that are present in each group may be too small to be seen). Dashed lines
in 4 and F represent points at which FGF23 was added to the muscle contractility bath; n = 5-10 muscles/group. ***P <
0.001, 2way ANOVA with Bonferroni post hoc analysis.
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Acute FGF23 administration increases isolated heart contractility. A: representative force tracings of isolated mouse heart
muscle paced at 1 Hz at baseline (before vehicle or FGF23 treatment) and after 30 min of exposure to vehicle or 9 ng/ml
FGF23. B: summary data of whole heart contractile force output after 30 min of vehicle or 9 ng/ml FGF23 exposure. Data
are expressed as fold change of contractile force relative to baseline; n = 4—6 hearts/group. *P < 0.05, 2-tailed -test.
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