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ABSTRACT

Background. In chronic kidney disease (CKD) patients,
increased levels of fibroblast growth factor 23 (FGF23) are
associated with cardiovascular mortality. The relationship
between FGF23 and heart hypertrophy has been documented,
however, it is not known whether FGF23 has an effect on
vasculature. Vascular smooth muscle cells VSMCs may exhibit
different phenotypes; our hypothesis is that FGF23 favours
a switch from a contractile to synthetic phenotype that may
cause vascular dysfunction. Our objective was to determine
whether FGF23 may directly control a change in VSMC
phenotype.

Methods. This study includes in vitro, in vivo and ex vivo
experiments and evaluation of patients with CKD stages
2-3 studying a relationship between FGF23 and vascular
dysfunction.

Results. In vitro studies show that high levels of FGF23,
by acting on its specific receptor FGFR1 and Erkl1/2, causes

a change in the phenotype of VSMCs from contractile to
synthetic. This change is mediated by a downregulation of
miR-221/222, which augments the expression of MAP3K2 and
PAKI1. miR-221/222 transfections recovered the contractile
phenotype of VSMCs. Infusion of recombinant FGF23 to rats
increased vascular wall thickness, with VSMCs showing a
synthetic phenotype with a reduction of miR-221 expression.
Ex-vivo studies on aortic rings demonstrate also that high
FGF23 increases arterial stiffening. In CKD 2-3 patients,
elevation of FGF23 was associated with increased pulse wave
velocity and reduced plasma levels of miR-221/222.
Conclusion. In VSMCs, high levels of FGF23, through the
downregulation of miR-221/222, causes a change to a synthetic
phenotype. This change in VSMCs increases arterial stiffening
and impairs vascular function, which might ultimately worsen
cardiovascular disease.
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microRNA, vascular smooth muscle cells
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GRAPHICAL ABSTRACT

The direct effect of fibroblast growth factor 23 on
vascular smooth muscle cell phenotype and function

Background Q [ For23 2

In CKD, fibroblast growth factor 23 (FGF23)
is associated with left ventricular hypertrophy
and cardiovascular mortality.

The role of FGF23 in vascular dysfunction is
unknown. Does FGF23 control a change in
vascular smooth muscle cell (VSMC) phenotype?
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KEY LEARNING POINTS

What is already known about this subject?

o Serum concentration of FGF23 is increased in patients with chronic kidney disease and this is associated with left
ventricular hypertrophy and cardiovascular mortality.
« Similarly, a potential relationship between high levels of FGF23 and endothelial damage has been also described.

What this study adds?

o In human aorta vascular smooth muscle cells, high levels of FGF23 promote a switch from a contractile to a synthetic
phenotype.

o This effect is mediated by downregulation of miR-221/222 and FGFR1 and Erk1/2 phosphorylation.

o Invivo, high levels of FGF23 induce changes of VSMC morphology, increasing arterial wall thickness and arterial stiffening.

o The effect of FGF23 on the VSMC phenotype is not affected by Klotho administration.

o In CKD stage 2-3 patients with high levels of FGF23, there is decreased expression of miR-221/222 and there is a correlation
between FGF23 levels and pulse wave velocity.

What impact this may have on practice or policy?

o The effects of high levels of FGF23 on VSMCs further explain the association between FGF23 and cardiovascular mortality.
« In the early stages of CKD, an increase in FGF23 should be prevented to reduce cardiovascular damage.
« A reduction in phosphate in the diet could decrease FGF23, preventing arterial remodelling and vascular dysfunction.

INTRODUCTION

Fibroblast growth factor 23 (FGF23) is a bone-derived hor-
mone that produces phosphaturia, reduces vitamin D levels
[1] and inhibits the synthesis and secretion of parathyroid
hormone [2]. The serum concentration of FGF23 is elevated
in patients with early stages of chronic kidney disease (CKD)
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and increases progressively with the decline of renal function
[3]. In CKD patients and in the general population (although
with lower levels of FGF23 than in CKD), high serum
concentrations of FGF23 are associated with cardiovascular
mortality [4]; it has been shown that FGF23 induces my-
ocardial cell proliferation and left ventricular hypertrophy
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[5, 6]. It is not known whether FGF23 has a direct effect on
the vascular wall, particularly vascular smooth muscle cells
(VSMCs). Certainly, the strong association between FGF23
and cardiovascular mortality [4] could be supported by the
cardiac effects of FGF23; however, this does not rule out
involvement of the vasculature. With respect to endothelial
cells, it has been reported that FGF23 causes endothelial
dysfunction [7, 8].

The VSMCs exhibit two functional phenotypes, contractile
and synthetic, which correspond to the two ends of a
wide spectrum of intermediate phenotypes; these phenotypes
confer a specific function and a distinct morphology [9].
In a healthy vascular wall, the normal activity of VSMCs
includes an adequate change in the phenotype as part of
the process of wall renewal and repair of tissue damage
induced by small injuries [10]. If this VSMC plasticity is
extensively modified, it is expected that we would observe
vascular dysfunction. The balance between contractile and
synthetic VSMC phenotypes is tightly regulated since it plays
an important role in vascular function [11]. Switching of the
VSMC phenotype from contractile to synthetic has been linked
to diseases affecting the vascular wall, such as hypertension
and atherosclerosis [12]. The synthetic phenotype of VSMCs
is characterized by increased cell proliferation and migration,
a decreased number of fusiform cells, increased production of
extracellular proteins, decreased expression of elastin [13, 14]
or myosin heavy chain [15]; the end result is an increase in
arterial stiffening [16].

Recent studies have shown that alteration of VSMC mi-
croRNA (miRNA) expression may be responsible for some
abnormalities observed in diseased vessels [17]. In the present
study we also considered the possibility that FGF23 could
have an effect on the VSMC phenotype through changes in
miRNA expression. miR-221 and miR-222 are highly expressed
in VSMCs and endothelial cells [18]; the expression of miR-
221/222 is closely linked to preservation of the contractile
phenotype of VSMCs from the pulmonary artery [18-20]. A
potential relationship between FGF23, aortic VSMC miRNA
and arterial stiffening has not been fully explored.

Our hypothesis is that high levels of FGF23 have a direct
effect on the VSMC phenotype, which may contribute to
the development of vascular dysfunction and cardiovascular
disease. In CKD patients, the effort to reduce FGF23 levels to
decrease cardiovascular mortality will be even more justified
if indeed there is evidence that FGF23 directly affects the
vasculature. Therefore the objective of this study was to
evaluate the effect of high FGF23 levels on the VSMC
phenotype and vascular function as well as to investigate the
potential mechanisms involved.

MATERIALS AND METHODS

The data obtained in this study are available from the
corresponding author upon reasonable request.

VSMC culture

Human aortic VSMCs from the same male donor were ob-
tained from Clonetics (Lonza, Walkersville, MD, USA). Cells
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were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with heat-inactivated Hyclone (South Logan,
Utah, USA) foetal bovine serum (20%), sodium pyruvate
(1 mM; Lonza), glutamine (4.5 g/l; Lonza, Verviers, Belgium),
penicillin (100 U/ml; Laboratorios ERN, Barcelona, Spain),
streptomycin (100 mg/ml; Laboratorios Normon, Madrid,
Spain), fungizone and HEPES (20 mM; Sigma-Aldrich, St.
Louis, MO, USA) at 37°C in a humidified atmosphere with 5%
carbon dioxide. VSMCs in passages 2-6 were used for these
experiments.

In control groups, VSMCs were cultured with DMEM for
9 days with a change of culture medium and treatments
every 48 h. Treated cells were incubated in the medium
described above with the addition of two concentrations of
human recombinant FGF23 (rFGF23; 2 or 20 ng/ml (kindly
donated by Amgen, Thousand Oaks, CA, USA). In addition,
depending on the experiments, cells were cultured with either
AZD4547 (150 nM), a selective FGF receptor (FGFR) inhibitor
targeting FGFR1/2/3 (Selleckchem, Houston, TX, USA) or
with PD98059 (10 uM; Sigma-Aldrich), an inhibitor of the
MEK/ERK pathway.

Other experiments were performed to determine if the
effects of FGF23 are or are not dependent on klotho. Human re-
combinant klotho (KL1 and KL2; R&D Systems, Minneapolis,
MN, USA) was added in a concentration of 20 ng/ml to VSMCs
treated with FGF23 (2 ng/ml) for 9 days and the expression of
elastin and myosin heavy chain (MHC) mRNA were evaluated.

Cell proliferation assay

VSMCs were seeded in 96-well plates and rFGF23 (2 and
20 ng/ml) was added for 24 hours. Reagent WST-1 was
used to evaluate cell proliferation (Roche Diagnostics, Basel,
Switzerland).

Analysis of changes in mRNA expression by reverse
transcription polymerase chain reaction (RT-PCR)

Total RNA was isolated from cultured VSMCs using
1 ml Tri-Reagent (Sigma-Aldrich) and it was quantified
by spectrophotometry (ND-1000; Nanodrop Technologies,
Wilmington, DE, USA). VSMC markers, elastin and MHC
were measured by real-time quantitative RT-PCR (qRT-PCR;
LC480; Roche Diagnostics) and the SensiFast SYBR No-ROX
One-Step Kit (Bioline, London, UK) in a final volume of 10 pL
from 50 ng of total RNA. The expression of target genes was
normalized to the expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The human primers for RT-PCR
amplification are shown in Table 1.

The effect of FGF23 on the miRNA profile

To evaluate a potential effect of FGF23 on the miRNA
profile, the Human Cardiovascular Disease miScript miRNA
PCR Array from Qiagen (Valencia, CA, USA) was used.
This array examines the expression of 84 miRNAs known to
exhibit altered expression in cardiovascular diseases, allowing
the evaluation of the most relevant miRNAs, some of them
involved in arterial stiffening and vascular remodelling. Using
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Table 1. Human and rat primer sequences used for RT-PCR

Gene name Forward

Human Elastin 5 GCTCTGCACCTGTTCCTC3

Human MHC 5'CGAGCTCTCCGTCATCTTG3’
Human MAP3K2 5 TGTGTGTGTGTGTGGTTAGAG3'
Human AGO1 5'GCGTAGCCATTCCCAAGA3’
Human AGO2 5’ ACCTTGAAGATGCGATCCTTG3'

Human Exportin 5
Human Drosha
Human GAPDH

Rat MHC 5 GAGAATGAGAAGAAAGCCAAGAG3
Rat Elastin 5'CAGCTAAAGCAGCGAAGTATG3
Rat GAPDH 5'CATGGAGAAGGCTGGGGCTCA3

miRNA sequences

5'TGGCCACAGAGGTCACCCCC3’
5’ ACCGTTACTTCTCGTCTCATTG3'
5'TGATGACATCAAGAAGGTGGTGAAG3'

Reverse

5'CTGCGTCTTCCACACCAC3’
5'GCTGAATGACAACGTGACTTC3'

5 GGAAGGTGAGTATGGGAAGAT3
5'GCAGCTCATTATTGTCATCCT3'

5 AGAATCTATACACAGCCATGCC3’
5'GGGGCGCAGTGCCTCGTAT3
5'GCCACCTCCTAGCAAATAGTC3'

5 TCCTTGGAGGCCATGTGGGCCAT3'
5'CATCCAGCTCCCGCTGCAGCT3’
5'CCTGTAATGCCTCCAATCCC3'

5 GTGATGGCATGGACTGTGGTCAT3’

miR-221-3p 5'AGCUACAUUGUCUGCUGGGUUUC3’
miR-222-3p 5’ AGCUACAUCUGGCUACUGGGU3’
miR-26a-5p 5" UUCAAGUAAUCCAGGAUAGGCU3
miR-145-5p 5'GUCCAGUUUUCCCAGGAAUCCCU3’

SYBR Green real-time PCR and U6 for housekeeping, a relative
quantification through the 272 method was performed.

Following the manufacturer’s instructions, two M96 plates
were used, including pooled samples from the control culture
or FGF23-treated VSMCs for 9 days.

Thereafter, the expression of some altered miRNAs, includ-
ing miR-221, miR-222, miR-26a and miR-145, was validated
by RT-PCR. Total RNA was isolated from each sample using
1 ml Tri-Reagent (Sigma-Aldrich). Complementary DNA
(cDNA) was synthesized from 10 ng of each sample using
the miRCURY LNA Universal RT microRNA PCR system
(Qiagen) according to manufacturer’s instructions. miRNA
expression was measured by SYBR green GoTaq qPCR Master
Mix (Promega, Madison, WI, USA). The target sequence
of the LNA PCR primers for these miRNAs is shown in
Table 1. The 272" method was used to calculate the relative
abundance of miRNAs compared with miR-U6 endogenous
control expression.

The expression of specific genes related to miRNA biogene-
sis such as argonaute 1 (AGO1), argonaute 2 (AGO2), exportin
5 and Drosha (Table 1) was also determined by RT-PCR.

Cell transfection of miR-221, miR-222, anti-miR-221 and
anti-miR-222

To upregulate miR-221 and miR-222, FGF23-treated
VSMCs with 2 ng/ml rFGF23 for 9 days were transfected
with miR-221 and miR-222 using a complete medium without
antibiotics (Opti-MEM, Life Technologies, Madrid, Spain).
Cell transfection was achieved by addition of 100 nmol/L
miRNA mimic (Life Technologies) for miR-221-3p, miR-
222-3p or non-specific control (scrambled) by using siPORT
NeoFX transfection agent (Life Technologies) according to the
manufacturer’s instructions.

Anti-miR-221 and anti-miR-222 were also transfected to
confluent VSMCs for 48 hours using the same protocol
described above. After 48 hours, total RNA was isolated and
c¢DNA and qPCR were performed as indicated in the previous
section using endogenous miR-U6 as a control. In these
conditions, we compared the expressions of elastin and miR-
221/222.

Protein extracts and western blot

Cytosolic proteins were isolated from VSMCs in a lysis
buffer containing 10 mM HEPES, 10 mM KCl, 0.1 mM EDTA,
0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSE, 70 pug/ml protease
inhibitor cocktail and 0.5% Igepal CA-630, pH 7.9. The
suspensions were centrifuged and the supernatants (cytosolic
extracts) were stored. Nuclear extracts were obtained by
incubating the pellet separated from the cytosolic extract in a
lysis buffer containing 20 mM HEPES, 0.4 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM PMSF and
46 pg/ml protease inhibitor cocktail at pH 7.9. The protein
concentration was determined with the Bradford method
(Bio-Rad Laboratories, Munich, Germany). For western blot,
equal amounts of protein were electrophoresed in 4-20%
sodium dodecyl sulphate-polyacrylamide gradient gel (Bio-
Rad Laboratories). The proteins were subsequently transferred
to a nitrocellulose membrane (Bio-Rad Laboratories). The
membranes were blocked with either 5% milk or 5% bovine
serum albumin (BSA) for 1 hour at room temperature and
then incubated with primary antibody overnight at 4°C. The
primary antibodies used included rabbit monoclonal cyclin
D1 (D1:1000; Cell Signaling Technology, Danvers, MA, USA),
mouse monoclonal proliferating cell nuclear antigen (PCNA;
1 pg/ml; Santa Cruz Biotechnology, Dallas, TX, USA), rabbit
polyclonal elastin (5 pg/ml; GeneTex, Irvine, CA, USA),
mouse matrix metallopeptidase 9 (MMP9; D1:500; Santa Cruz
Biotechnology), rabbit polyclonal FGFR1p (Tyr 653, Tyr 654;
D1:200; Thermo Fisher Scientific, Madrid, Spain), rabbit poly-
clonal FGFR1 (5 pg/ml; Sigma-Aldrich), rabbit monoclonal
phospho-p44/42 MAPK (Erk1/2; Tyr202/Tyr204; D1:2000;
Cell Signaling Technology), rabbit monoclonal p44/42 MAPK
(Erk1/2; D1:1000; Cell Signaling Technology), mouse mono-
clonal MAP3K2 (D1:1000; Abcam, Cambridge, UK), mouse
monoclonal tubulin (1 ug/ml; Abcam) and mouse monoclonal
TFIIB (D1:1000; Cell Signaling Technology). Tubulin and
TFIIB protein were used as cytoplasmic and nuclear loading
controls, respectively. Blots were immunolabeled using either
a rabbit or a mouse horseradish peroxidase-conjugated sec-
ondary antibody (D1:5000; Santa Cruz Biotechnology) and
developed on autoradiographic film using the ECL Western
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Blotting Detection System (Amersham Biosciences, Little
Chalfont, UK) in LAS 4000 (GE Healthcare Life Science,
Boston, USA).

Confocal microscopy

VSMCs were seeded on coverslips and received 0, 2 or
20 ng/ml of FGF23 for 9 days. Then they were rinsed in
phosphate-buffered saline (PBS), fixed and permeated in cold
50% methanol for 2 min, cold 100% methanol for 20 min
and cold 50% methanol for 2 min. The specimens were
subsequently washed at room temperature in PBS (3 x 5 min)
and incubated for 2 hours with smooth muscle actin (SMA; flu-
orescein isothiocyanate, 20 ug/ml; GeneTex, Irvine, CA, USA)
in blocking solution (1% BSA) at room temperature. After
being washed with PBS (3 x 5 min), the specimens were coun-
terstained with 4',6-diamino-2-phenylindole dihydrochloride
(DAPI, Invitrogen, Paisley, UK) for nuclear stain. Pictures were
obtained at 40 x using an inverted confocal microscope (LSM5
Exciter, Zeiss, Oberkochen, Germany). Image] software was
used to quantify the intensity of fluorescence and to analyse
cell and nucleus length:width ratios of the cells visualized by
confocal microscopy.

Experiments in animal models

All experiments were performed in rats and the protocols
were reviewed and approved by the Local Ethics Committee
for Animal Research of the University of Cordoba. All rats
received humane care in compliance with the guidelines from
Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes (UCO1745).

Experimental design. Eight-week-old male Wistar rats,
weight 250-300 g, from Charles River Laboratories (Barcelona,
Spain) were used. Male rats were chosen because oestradiol
has been demonstrated to affect the synthetic phenotype of
VSMCs [21]. All animals were housed in individual cages
in the same room. Animals were separated into a control
group that received vehicle (buffer A5Su pH 5.2, n = 5) and
another group that received rat rFGF23 (donated by Amgen,
n = 6). Rats were anesthetized using sevofluorane (Abbott,
Madrid, Spain) and a mini-osmotic pump (Alzet model
2004 purchased from Charles River Laboratories, Barcelona,
Spain) was implanted subcutaneously between the shoulders
and loaded with either rFGF23 or vehicle. The rFGF23 was
infused at 15 u/day over 14 days as described previously
[22]. A single dose of 75 mg/kg weight of buprenorphine was
used for analgesia after Alzet pump implantation. To avoid
rFGF23-induced hypophosphatemia, dietary phosphate was
moderately increased to 0.9% in all rats. Likewise, to prevent a
decline in calcitriol caused by FGF23, all rats received calcitriol
supplementation (8 ng/rat, intraperitoneally three times per
week).

Blood pressure (BP) measurements

Systolic, diastolic and mean bp were measured using a non-
invasive tail cuft system (LE 5001 Pressure Meter, Harvard
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Apparatus, Panlab, Barcelona, Spain) in control and rFGF23
rats after the 14-day period of treatment. Pulse pressure (PP)
was calculated as the difference between systolic and diastolic
BP. A total of 8-10 measurements were obtained for each
animal.

Collections of blood, urine and histological analysis
of aortic tissue

Blood for biochemical determinations was obtained from
the abdominal aorta at the time of sacrifice after anaesthesia
using xylazine (5 mg/kg) and thiopental (50 mg/kg). Twenty-
four-hour urine was collected in metabolic cages for measure-
ment of phosphate excretion.

Haematoxylin and eosin staining of the thoracic aorta
was performed using a commercial kit from Thermo Fisher
Scientific. To evaluate extracellular matrix deposition, pi-
crosirius staining of the aorta was also performed. Paraffin-
embedded aorta was cut into 4-mm slices and stained with
Sirius Red F3BA (0.5% in saturated aqueous picric acid;
Sigma-Aldrich). Other studies [23] have shown that picrosirius
staining can be visualized through confocal microscopy to
evaluate structural changes. Aortas were excited at 633 nm
using filters of 636-754 nm in a Zeiss LSM 710 laser
scanning confocal microscope at the Maimonides Institute for
Biomedical Research of Cordoba. Immunohistochemistry for
elastin, fibronectin and MMP9 was also performed on thoracic
aortas using the Novolink Polymer Detection System kit (Leica
Biosystems, Newcastle, UK) according to the manufacturer’s
instructions. Anti-fibronectin (mouse fibronectin; D1:250;
Santa Cruz Biotechnology), anti-MMP9 (D1:50; Santa Cruz
Biotechnology) and anti-elastin (rabbit polyclonal elastin;
5 wug/ml; GeneTex) were used as the primary antibodies.
Finally, PBS was used to perform a negative immunostaining
to substrate background. Images were taken using a Leica
DM2000 LED microscope with a Leica MC190 HD camera
using Leica Application Suite 4.8.0 software (all from Leica
Biosystems, Newcastle, UK). J software was used to analyse
structural changes and immunohistochemistry quantification.

RNA isolation and qRT-PCR for miRNA expression
in rat aorta

After 14 days of FGF23 infusion, abdominal aortas were
collected to analyse changes in mRNA expression. Total RNA
was isolated from each aorta section using 1 ml Tri-Reagent
(Sigma-Aldrich). mRNA and qPCR were performed using the
same protocol indicated above. Elastin, MHC, miR-221-3p and
miR-222-3p mRNA levels were determined by real-time qRT-
PCR (Light cycler, Roche Diagnostics). The rat primers for RT-
PCR are indicated in Table 1.

Measurement of contractility in arterial rings

Rat thoracic aortas were cleaned of connective tissue, cut
in rings (2 mm long and mounted on a wire myograph
(610M model, Danish Myo Technology, Hinnerup, Denmark).
Rings were placed in chambers filled with physiological
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solution and bubbled with 95% oxygen and 5% carbon
dioxide at pH 7.4. Arterial rings were initially normalized
to measure passive wall tension, the force exerted by the
vessel wall in the absence of smooth muscle activation. This
was accomplished by feeding two wires through the vessel
lumen; one wire was affixed to a sensitive force transducer to
measure changes in wall tension and the other was attached
to a micropositioner that allows precise control of the distance
between the two wires. Intact vessel segments were successively
stretched with 200-pm steps until transmural pressure reached
100 mmHg, then experiments were done at 90% of 100 mmHg
transmural pressure for optimum records. These procedures
were performed in accordance with the user manual provided
by the manufacturer. Wall stress (o, dyn/cm?) and strain were
determined from values of force (dyn), mass (g) and geometric
arterial parameters (cm) [24]. Geometric arterial parameters
were obtained from the following equations. The internal
circumference (C) of the rings was determined from the gap
distance (X) using the following equation:

C:2X+7T(R1+R2)s

where R; and R, are the radius of the two wires (cm) and X is
the gap distance between the middles of the wires (cm). From
the circumference, the equivalent internal radius of the ring (&)
was obtained:

C=2na.

Once o was obtained, the equivalent external radius (b) of
the ring was also determined:

bV =a’+—,
oW

where w is the width of the ring (cm), p is the density of the
sample (1.06 g/cm?) and W is the weight of the segment (g).
Finally, assuming that an isovolumetric deformation occurred,

thickness (h) was obtained from
h=b-a.

The value of circumferential wall stress (o, dyn/cm?) was
determined from measured values of force (Y, dyn) given by
the wire micrograph:

Y
o=—-:
2hw
Strain was calculated using the following relation:

) AC
Strain = —.
1
After normalization, arterial rings were stabilized for 1 hour
and then active wall tension was measured. We used no-
radrenaline (3 pM) and high potassium solution (70K) to
induce smooth muscle contraction via activation of alphal-
adrenoceptor and L-type Ca®' channels, respectively. 70K
solution was obtained by replacing 70 mM of NaCl with KClin
the extracellular solution. Noradrenaline and 70K were added
directly to the chambers while vessel tension was monitored.
Experiments were performed at 37°C.

Study in patients with CKD stage 2-3

This research protocol complies with the Declaration of
Helsinki and was approved by the ethics committee of the

Reina Sofia Hospital in Cordoba and written informed consent
was obtained (EudraCT number 2015-000619-42).

The relationship between FGF23 levels, arterial stiffening
and serum levels of miR-221 and miR-222 was analysed in a
group of 76 patients with CKD stage 2-3 (glomerular filtration
rate 30-90 ml/min/1.73 m?) and clinical criteria of metabolic
syndrome (defined according to the statement criteria from
Alberti et al. [25]). Patients were included prospectively as they
attended the outpatient clinic.

Baseline data are shown in Table 4. Brachial BP readings
were taken three times in a seated position with a time
interval of 1 min between successive measurements using an
automated device to reduced the potential for observer biases.
The arm was supported at heart level. The average of the three
determinations was considered as the value of BP (systolic
and diastolic BP, peripheral PP and heart rate). Central BP
(systolic, diastolic and peripheral PP), cardiac output, cardiac
index, peripheral vascular resistance and pulse wave velocity
(PWV) were obtained with a Mobil-O-Graph (IEN, Aachen,
Germany) [26].

Blood and urine samples were collected to evaluate bio-
chemical parameters. Serum phosphate and creatinine were
measured by spectrophotometry (Biosystems SA, Barcelona,
Spain). Plasma levels of the C-terminal fragment of FGF23
(C-FGF23) were determined using an enzyme-linked im-
munosorbent assay kit (Immutopics, San Clemente, CA, USA).

RNA isolation and qRT-PCR for miRNA expression in
plasma from rats and CKD patients

In rats, miRNA-221 and miRNA-222 were measured in
plasma from five animals of the vehicle group and six from
FGF23-treated animals.

In patients, the amount of miRNA-221 and miRNA-222
was measured in seven patients with the highest serum
concentration of C-FGF23 (highest decile) and seven patients
with the lowest levels of C-FGF23 (lowest decile). Total
RNA, including the miRNA fraction, was isolated from a
plasma sample of 200 ul using the QIAzol miRNeasy kit
(Qiagen) according to the manufacturer’s instructions. Due
to the absence of an endogenous miRNA control in plasma,
a non-human synthetic miRNA was added to each of the
samples as an internal control (C. elegans miR-39 mimic:
5-UCACCGGGUGUAAAUCAGCUUG-3'; Qiagen). Finally,
the total RNA was eluted in 14 pl of RNAse-free water. cDNA
was synthesized from 3 uL of each sample using miRCURY
LNA Universal RT microRNA PCR system (Qiagen) according
to manufacturer’s instructions. The 272" method was used
to calculate the relative abundance of miRNA compared with
miR-39 as an internal control.

Statistical analysis

Data are expressed as mean =+ standard error of the mean
(SEM) or median [interquartile range (IQR)] as appropriate.
Categorical data are expressed as frequencies and proportions.

The Shapiro-ilk test was used to test for normality of the
numerical variables. If normally distributed, the t-test was
used to evaluate for differences between two different groups.
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If non-normally distributed, non-parametric comparisons
for quantitative variables were used to evaluate differences
between groups using the Mann-Whitney test. The Spearman
correlation test was used to evaluate correlations between two
variables.

Linear regression models were used to examine the factors
that may affect the values of peripheral PP, central PP and
PWYV in patients from the clinical study. Variables that were
statistically significant in the univariate analysis and others
considered clinically relevant were included in the multivariate
analysis. Age, which is tightly correlated with PP and PWV, was
included in the multivariate analysis as a continuous variable
and as a binary variable (older and younger than 60 years)
since, as previously established, patients >60 years of age have
a higher risk of presenting high values of PP and PWV [27].
We also tested for the interaction between the C-FGF23 and
mean blood pressure (MBP) in regression models given that
MBP may influence PWV.

SPSS Statistics 15.0 (SPSS, Chicago, IL, USA) and GraphPad
Prism 6.0c (GraphPad Software, La Jolla, CA, USA) were used
to perform all the statistical analyses. Two-sided P-values <.05
were considered statistically significant.

RESULTS

Evidence of a direct effect of FGF23 on inducing a
synthetic phenotype in VSMCs

As has been previously described [28, 29], an increase in
VSMC proliferation may indicate a change from a contractile
to a synthetic phenotype. In cultured VSMCs, the addition of
FGF23 (2 and 20 ng/ml) to the medium for a 24-hour period
stimulated cell proliferation (Figure 1A) and significantly
increased the expression of synthetic markers of VSMCs. This
increase in cellular proliferation was further documented by an
increase in the expression of cyclin D1 and PCNA (Figure 1B
and C).

In cultured VSMCs, the addition of FGF23 decreased
the expression of vascular SMA («¢-SMA), compatible with
a change to a synthetic phenotype, and produces a recog-
nizable change in cell morphology as shown by confocal
microscopy (Figure 1D). Control VSMCs cultured without
FGF23 exhibited the normal fusiform shape, whereas FGF23-
treated VSMCs were not elongated and displayed a rhomboidal
morphology (Figure 1D). The cell length:width ratio was
significantly decreased in cells incubated with FGF23 (at
2 ng/ml) as compared with controls (5.0 = 0.3 versus 3.1 £ 0.2,
P < .001). Moreover, a reduction of «-SMA immunoflu-
orescence was evident after the addition of FGF23 to the
medium (Figure 1E). Finally, FGF23 administration increased
the amount of MMP9, an extracellular matrix proteinase
specific from synthetic phenotype of VSMCs (Figure 1F).

Evidence of a direct effect of FGF23 on the loss of the
contractile phenotype of VSMCs

In addition to «-SMA (Figure 1D), FGF23 significantly
decreased the gene expression of other specific proteins of the
contractile phenotype, such as elastin and MHC (Figure 1G-I).
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No significant differences were observed between the effects of
2 and 20 ng/ml of FGF23, hence subsequent experiments were
performed using 2 ng/ml of FGF23.

FGF23 downregulates the biogenesis of miRNA that may
affect normal VSMC function

To identify the mechanisms whereby high levels of FGF23
promote phenotypic switching of VSMCs, an miRNA PCR
array specific for cardiovascular disease (from Qiagen) was
performed on VSMCs cultured with and without FGF23.
This array included the analysis of 84 miRNA related with
cardiovascular diseases. Results showed that FGF23 promotes
changes in the expression of specific miRNAs associated with
cardiovascular diseases. Comparison of miRNA expression in
control and FGF23-treated cells showed that FGF23 produces
a >1.75-fold decrease in 63 of the 84 miRNAs analysed and in
21 miRNAs the change did not achieve the 1.75-fold change
(Table 2). Downregulation of some of these miRNAs, such
as miR-23b-3p, miR-24-3p, miR-26a-3p, miR-125a, miR-130a-
3p, miR-133b, miR-145-5p, miR-181a, 181b, miR-221 and
miR-, have been previously associated with arterial stiffening
and VSMC phenotypic switching [30], suggesting that high
levels of FGF23 have a significant effect on the phenotype of
VSMCs. The downregulation of some of these miRNAs, such
as miR-221, miR-222, miR-26a and miR-145, was validated by
qPCR in four different VSMC cultures (Figure 2A-D).

The FGF23-induced downregulation of a wide number of
VSMC miRNAs would suggest that FGF23 could affect some
elements involved in VSMC miRNA biogenesis. To test this
hypothesis, mRNA expression of key elements for miRNA
biogenesis, such as Drosha, Exportin 5, AGOI and AGO2, was
analysed in VSMCs cultured with high levels of FGF23. Results
showed that the expression of these genes was significantly
downregulated by high levels of FGF23, explaining the large
number of downregulated miRNAs (Figure 2E-H).

Among the analysed miRNAs, miR-221/222 are particularly
relevant since the miRNA 221/222 gene cluster is increased
via angiotensin II, while it is downregulated by a repressive
complex generated by oestrogen receptor « [31, 32], suggesting
an important role in vascular biology and function. Previous
studies have suggested that miR-221/222 are involved in the
change of VSMC phenotype, having an impact on vascular
function [19, 20], thus we considered that it was important to
analyse in more detail the relationship between high levels of
FGF23 and miR-221/222 in VSMCs.

FGF23 modifies VSMC phenotype through FGFR1
phosphorylation

In VSMCs in culture, the addition of FGF23 produces
phosphorylation of FGFR1 and Erk1/2. This effect was pre-
vented by AZD4547, an FGFRI inhibitor (Figure 3A, B) and by
PD98059, which inhibits Erk1/2 phosphorylation (Figure 3C,
D). AZD4547 also reduced Erkl/2 phosphorylation. These
results suggest that the effects of FGF23 on VSMCs are
mediated by FGFR1 phosphorylation (Figure 3A, B).
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9 days in culture, FGF23 reduced «-SMA expression and produced a morphological change in VSMCs from spindle to a less elongated and

wider morphology (image representative of three biological replicates). (E) Integrated density fluorescence of «-SMA per area was quantified in

all VSMCs from three images at 40 x from each experiment (n = 3, t-test, **P < .01 and ***P < .001 versus CN). (F) The amount of MMP9
increased significantly after the addition of FGF23 at 20 ng/ml; western blot and quantification from three different cultures (¢-test, *P < .05
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Table 2. miRNA PCR array specific for cardiovascular disease in FGF23-

treated VSMCs versus controls

miRNA miRNA miRNA

let-7a-5p - miR-15b-5p miR-29b-3p =
let-7b-5p - miR-16-5p miR-29¢-3p =
let-7¢-5p - miR-17-5p miR-302a-3p -
let-7d-5p - miR-181a-5p miR-302b-3p -
let-7e-5p - miR-181b-5p miR-30a-5p -
let-7f-5p - miR-182-5p miR-30c-5p -
miR-1-3p - miR-183-5p miR-30d-5p -
miR-100-5p - miR-185-5p miR-30e-5p -
miR-103a-3p = miR-18b-5p miR-31-5p -
miR-107 = miR-195-5p miR-320a =
miR-10b-5p — miR-199a-5p miR-328-3p -
miR-122-5p = miR-206 miR-342-3p =
miR-124-3p = miR-208a-3p miR-365b-3p -
miR-125a-5p - miR-208b-3p miR-378a-3p -
miR-125b-5p - miR-22-3p miR-423-3p -
miR-126-3p = miR-221-3p miR-424-5p -
miR-130a-3p - miR-222-3p miR-451a =
miR-133a-3p = miR-223-3p miR-486-5p -
miR-133b = miR-224-5p miR-494-3p =
miR-140-5p - miR-23a-3p miR-499a-5p =
miR-142-3p = miR-23b-3p miR-7-5p -
miR-143-3p = miR-24-3p miR-92a-3p =
miR-144-3p - miR-25-3p miR-93-5p -
miR-145-5p - miR-26a-5p miR-98-5p =
miR-146a-5p = miR-26b-5p miR-99a-5p =
miR-149-5p = miR-27a-3p miR-21-5p =
miR-150-5p - miR-27b-3p miR-210-3p =
miR-155-5p - miR-29a-3p miR-214-3p -

- : downregulated miRNA expression versus control cells;
= : miRNA without change.

Blockade of FGF23 actions by the inhibition of FGFR1
or ErK1/2 phosphorylation using AZD4547 or PD98059
produced a marked increase in the expression of VSMC
contractile genes such as elastin and MHC (Figure 3E, F).

FGF23 modifies the VSMC phenotype by reducing the
expression of miR-221/222

The expression of miR221/222 was measured in FGF23-
treated VSMCs incubated with the FGFRI or Erkl/2 in-
hibitors AZD4547 and PD98059, respectively. Inhibition of
FGFRI produced a significant increase in miR-221 expression
(P = .022) and no change in miR-222 (P = .959) (Figure 3G,
H). PD98059 administration did not modify miR-221 or
miR-222 expression, suggesting that the phosphorylation of
Erk1/2 is not necessary to modify miR-221/222 expression
(Figure 31, J).

Both miRNA-221 and -222 were transfected into VSMCs
to determine to what extent the reduction of these miR-
NAs was responsible for the FGF23-mediated phenotypic
transition of VSMCs. After a 9-day culture with FGF23,
VSMCs were transfected with Scrambled (SCR), miRNA-221-
3p mimic or miRNA-222-3p mimic for 48 hours, resulting
in increased expression of both miR-221-3p and miR-222-3p
(Figure 4A, B).

VSMCs transfected with miR-221-3p mimic showed an
increased expression of elastin (Figure 4C) and MHC
(Figure 4D). However, in VSMCs transfected with miR-222-3p
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mimic, the effects on elastin and MHC did not reach statistical
significance (Figure 4E, F).

A reduction in miR-221/222 increases MAP3K2 and
PAK]1 expression with a concomitant phosphorylation of
ERK1/2, a mechanism whereby FGF23 may induce a
VSMC synthetic phenotype

According to databases such as TargetScan and mirDB, the
MAP3K2 and PAKI proteins are targets of miR-221/222. In
VSMC culture, the addition of FGF23, which downregulates
miR-221/222 expression, produced a significant increase in
the gene expression of MAP3K2 and PAK1 (Figure 4G, H).
Transfection of miR-221 or miR-222 prevented an increase
in mRNA expression of MAP3K2 and PAK1 (Figure 4G, H).
It should be noted that miR-221 and miR-222 transfections
caused a decrease in Erkl1/2 phosphorylation (Figure 4I),
suggesting that MAP3K2, PAK1 and Erk1/2 phosphorylation
participate as a mechanism whereby FGF23 promotes a VSMC
synthetic phenotype.

The Supplemental material Figure S1 shows the results
obtained using anti-mimic transfections of miR-221 and miR-
222in VSMCs. After 48 hours, there was a significant reduction
of miR-221 expression that was almost significant for miR-
222 (P =.0537). A significant statistical correlation was found
between the expression of both miRNAs and elastin (Figure
S1C, D). These results suggest an association between the
values of these miRNAs and the expression of this contractile
marker of VSMCs.

Recombinant klotho administration did not modify the
synthetic phenotype of VSMCs induced by FGF23

The administration of recombinant klotho at 20 ng/ml for
9 days in the presence of rFGF23 (2 ng/ml) did not modify
the expression of elastin and MHC, suggesting that the pro-
synthetic effects of FGF23 on VSMCs are independent of
klotho (Supplementary material, Figure S2).

Continuous infusion of exogenous FGF23 promotes
phenotypic switching of VSMCs from rat aortas

Rats receiving a continuous infusion of rFGF23 through a
subcutaneously implanted Alzet pump showed the expected
increase in FGF23 levels (from 301 & 117 to 811 4 224 pg/ml;
P < .001), which was accompanied by phosphaturia and a
moderate reduction in the concentration of serum phosphate
(6.3 £ 0.9 versus 5.7 = 0.9 mg/dl). In rats receiving rFGF23, the
amount of miR-221-3p measured in the abdominal aorta was
significantly decreased as compared with the vehicle group,
however, there was not change in aortic levels of miR-222-
3p (Figure 5A, B). FGF23 infusion caused a reduction in
the mRNA expression of elastin and MHC (Figure 5C, D).
The amount of elastin in the thoracic aorta was analysed by
immunohistochemistry. VSMCs from the aorta of rats that
received FGF23 for 14 days had lower amounts of elastin than
rats from the vehicle group (Figure 5E-H).
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Histological analysis of rat aortas receiving FGF23
infusion

Haematoxylin and eosin staining of thoracic aortas revealed
that the thickness of the median layer was increased in rats
receiving FGF23 as compared with rats receiving vehicle
(P < .05 versus vehicle group; Table 3). In addition, there was a
marked change in the orientation of the nuclei of the VSMCs.
As shown in Figure 6A and Table 3, the aortas from vehicle rats
had VSMCs with elongated cell nuclei that were oriented paral-
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lel to the elastic fibres. In contrast, in FGF23-treated rats, most
VSMC nuclei were positioned almost perpendicular to the
elastic fibres. Similarly, picrosirius red staining revealed that
FGF23 administration increased the deposition of extracellular
matrix, another marker of the synthetic phenotype of VSMCs
(Figure 6B). Confocal microscopy was also used to visualize
picrosirius red staining of thoracic aortas, showing greater
extracellular matrix deposition in FGF23 treated rats than
vehicle rats (Figure 6C). In thoracic aortas from
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Table 3. Thoracic aortic structure and haemodynamic parameters

Vehicle FGF23 P-value

Characteristics

186.8 &+ 15.56
24.7 £ 2.08

266.4 £ 26.56 <.05
69.9 £ 1.66 <.001

Media thickness (;em)
Nuclear cell orientation (°)

PP (mmHg) 19.4 £ 1.29 262 £ 2.48 <.05
Systolic BP (mmHg) 1254 =+ 3.51  127.2 + 2206 ns
Diastolic pressure (mmHg) 106 & 3.37 1011 =+ 4.2 ns
BPM 4338 £ 509 4453 + 7.56 ns

Aorta media thickness was measured using Image] software from haematoxylin and eosin
(H&E) images of vehicle and FGF23-treated rats (n = 6 per group). Images were obtained
at 20x (scale bar 50 #m) and six measurements from each thoracic aorta were performed.
The average width of the tunica media was obtained as the mean of four measurements
taken at 0°, 90°, 180° and 270° around the sectional circumference of the aorta stained by
H&E. (t-test, P < .05 versus vehicle).

The angles formed by the nuclei with respect to the elastic fibre was also measured in four
different microphotographs from each aorta and animal. All nuclei from each image were
measured. Image] software was also used to obtain these measurements (¢-test, P < .001
versus vehicle). At 14 days, PP was higher in FGF23-treated animals than in vehicle rats
(t-test, P < .05 versus vehicle). Systolic and diastolic BP and beats per minute were similar
in both groups. Results are presented as mean =+ standard error of the mean.

ns: not significant.

rFGF23-treated rats there was also an increased presence
of the synthetic markers of VSMCs, fibronectin and MMP9
(Figure 6D, E). Histological quantification of picrosirius
red, fibronectin and MMP9 showed significant differences
between vehicle and FGF23-treated rats (Supplementary
material, Figure S3).

Finally, as compared with controls, rats receiving FGF23
had a slight increase in systolic BP and a mild decrease in
diastolic BP that were not significant. However, the PP was
significantly greater in rats receiving the infusion of FGF23,
suggesting an increase of arterial stiffness. Heart frequency
in beats per minute (bpm) were not different in vehicle and
FGF23 rats (Table 3).

Passive and active force of aorta arterial rings from rats
treated with FGF23

In the context of uraemia, the in vivo effects of high levels
of FGF23 on endothelial cells have already been described
in different works [7, 8]. However, a specific effect of FGF23
on VSMC contractibility has not yet been explored. To
analyse whether the structural changes previously described
had functional consequences, the elasticity and stiffness of
aortic rings were tested in a wire myograph. Initially we
tested if a short exposure (2 h) of rFGF23 at 2, 20 and
100 ng/ml produced changes in elasticity and stiffness in
aortic rings from control rats. In these conditions, there were
not significant changes observed with respect to aortic rings
without FGF23 (data not shown). The next experiment was
designed to test changes in the elasticity and stiffness of aortic
rings from animals that had received FGF23 infusion for
14 days as compared with the vehicle group. Thus arterial
rings were mechanically stretched using a micropositioner.
Simultaneously, changes in wall tension (passive force) were
measured with a sensitive force transducer until trans-
mural pressure reached 100 mmHg (vessel normalization).
Figure 7A, B show representative tracings of the force gen-
erated in arterial rings from animals treated with vehicle or
FGF23. Under similar stretch conditions, the force evoked by
arterial rings was greater in animals treated with FGF23 than

in controls. Moreover, arterial rings from FGF23-infused rats
required a significantly smaller stretch to reach 100 mmHg of
transmural pressure than arterial rings from rats treated with
vehicle (~1387 £ 83.57 pm vehicle versus ~1049 + 89.04 um
FGF23) (Figure 7C). To ensure that the alterations observed
in passive properties were due to changes in arterial wall
structure, a stress—strain analysis was performed. Wall stress
was increased in rings from animals treated with FGF23. This
difference was significant when stretch reached a value of 0.45
(Figure 6D). After normalization, arterial rings from rats that
had received FGF23 or vehicle were stabilized for 1 hour and
then treated with vasoactive stimuli: high potassium solution
(70K; Figure 6E) and noradrenaline (Figure 6F); a different
vasoconstrictor effect was observed in the vehicle and FGF23-
treated rats. Arterial rings from rats treated with FGF23
showed a significant reduction in vasoconstrictor response to
70K (~19.02 mN in vehicle and ~15.62 mN in FGF23) and
to noradrenaline (~23.45 mN in vehicle and ~16.74 mN in
FGF23) (Figure 6G, H, respectively).

Relationship between plasma concentration of C-FGF23,
parameters of arterial stiffness and plasma levels of
miR-221 and miR-222 in patients with CKD stage 2-3

The clinical characteristics and biochemical parameters
of 76 CKD stage 2-3 and metabolic syndrome patients are
shown in Table 4. Serum phosphate concentration was within
the normal range. As expected, serum C-FGF23 levels were
increased and showed a significant inverse correlation with
the estimated glomerular filtration rate (eGFR) (Table 5). A
significant correlation was also observed between C-FGF23
levels and parameters of arterial stiffening such as peripheral
and central PP (P =.006 and P = .013, respectively) and PWV
(P=.013).

A multivariable linear regression analysis revealed that
peripherical PP, central PP and PWV correlated with C-
FGF23 independent of the eGFR and age (Tables 6-8). In a
multivariate regression analysis with PWV as the dependent
variable (Table 8), C-FGF23 showed an interaction with MBP
in predicting PWYV, suggesting that the effect of C-FGF23 on
PWYV is broader as MBP increases.

The plasma levels of miR-221-3p and miR-222-3p were
measured in patients with the highest and lowest values of C-
FGF23 (highest and lowest deciles). The values of miR-221-3p
and miR-222-3p were lower in patients with high C-FGF23 as
compared with low C-FGF23 (Figure 8A, B).

DISCUSSION

The results of the present study show that FGF23 stimulates
phenotype switching of VSMCs from a contractile to a syn-
thetic phenotype, which increases wall thickness and arterial
stiffening in rats. In patients with CKD stage 2-3, these changes
are associated with an increase in PWV. Our finding from
experiments in vitro, in vivo and ex vivo and data from patients
supports the concept of a direct action of FGF23 on VSMCs.
In cultured VSMCs, high levels of FGF23 decrease miRNA
biogenesis, thus reducing the expression of miRNAs involved
in vascular dysfunction, such as miR-26a, miR-145, miR-221
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FIGURE 6: The in vivo infusion of recombinant FGF23 produced changes in synthetic markers of VSMCs. (A) Haematoxylin and eosin staining
of rat thoracic aorta revealed morphologic changes in tunica media cells. Representative images at 10x from each group of rats are shown. (B)
Picrosirius staining of aortas from the vehicle and rFGF23 groups. In rats with rFGF23 infusion, the elastic fibres are disorganized with a tunica
media that is wide with abundant deposition of extracellular matrix (a representative image at 40 «m of each group is shown). (C) Picrosirius
visualization using confocal microscopy exciting at 633-754 nm revealed, with more detail than optical images, the changes in fibre elastic
organization and the extracellular matrix deposition around these fibres in FGF23 as compared with the vehicle-treated group. (Representative
image at 10x for each group). The presence of (D) fibronectin and (E) MMP9 was higher in FGF23 than vehicle-treated rats. (Scale bar

200 pm, representative image for each group).
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FIGURE 7: High FGF23 induced changes in passive and active arterial wall tension. Representative recordings during the normalization process
in aortic rings from rats treated with (A) vehicle or (B) FGF23. (C) Arterial rings from rats treated with FGF23 required less stretch to reach a
transmural pressure of 100 mm Hg (FGF23: stretch ~1049 um; vehicle: stretch ~1387 pm). Number of animals: vehicle, 4 (16 rings); FGF23, 4
(16 rings). **P < .01 versus vehicle. (D) Strain-stress relationship in arterial rings treated with vehicle or FGF23. The Mann-Whitney test was
used to evaluate differences between groups when a normal distribution was not observed (strain = 0, 0.09, 0.18, 0.27, 0.36). Student’s ¢-test was
used to evaluate differences between groups when a normal distribution was observed (strain = 0.45). Strain is calculated as the increase in
internal circumference divided by the initial internal circumference. Then the units of length are cancelled and it remains as a dimensionless
variable. Number of animals: vehicle, 4 (16 rings); FGF23, 4 (16 rings). *P < .05 versus vehicle. Representative records of arterial contraction
induced by (E) 70K or (F) noradrenaline in aortic rings of vehicle or FGF23-treated rats. Quantitative analysis of isometric force generated in
arterial rings in response to either (G) 70K or (H) noradrenaline. (The Mann-Whitney test was used to evaluate differences between groups.
P < .01, ***P < .001 versus vehicle. Number of animals for 70K: vehicle, 4 (15 rings); FGF23, 4 (16 rings). Number of animals for
noradrenaline: vehicle, 3 (10 rings); FGF23, 3 (11 rings). Data are presented as mean =+ standard error.
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Table 4. Main characteristics and biochemical parameters for serum and
urine of patients included in the study (N = 76)

Parameter Values
Age (years) 61.2 (9.4)
Sex (female/male), n/n) 20/56
BMI (kg/m?) 32.6 (4.3)
Abdominal perimeter (cm) 111 (11)
Systolic BP (mmHg) 138 (19)
Diastolic BP (mmHg) 85 (12)
Peripheral PP (mmHg) 53 (13)
Heart rate (bpm) 64 (10)
Smokers/ex-smokers, n/n 8/24
Antidiabetic treatment, n 37
Dyslipidaemia treatment, n 59
Antihypertensive treatment, n 72
ACEL n 8
ARB, n 63
Diuretics, n 43
CCB (D), n 47
BB, n 27
CAB, n 32
Other antihypertensive drugs, n) 4
eGFR (CKD-EPI; ml/min/1.73 m?) 67 (21)
Serum creatinine (mg/dl) 1.19 (0.4)
Serum phosphate (mg/dl) 3.1(0.5)
FeP (%) 24.1 (10.3)
FeP 24-hour (%) 21.9 (9.1)
Phosphate:creatinine ratio (mg/mg) 0.59 (0.15)
Phosphate:creatinine ratio 24-hour (mg/mg) 0.59 (0.16)
C-FGF23 (RU/mL) 86.7 (35)
Central systolic BP (mmHg) 127 (17)
Central diastolic BP (mmHg) 87 (12)
Central PP (mmHg) 40 (11)
PWYV (m/s) 9.1 (1.5)
Cardiac output (I/min) 3.9(0.7)
Cardiac index (I/min/m?) 1.9 (0.4)
Peripheral vascular resistance (mmHg/ml) 1.5(0.2)

Values presented as mean (SD) unless stated otherwise.

SD: standard deviation; BMI: body mass index; ACEi: angiotensin-converting enzyme
inhibitor; ARB: angiotensin receptor blocker; CCB (D): calcium channels blocker
(dihydropyridine); BB: beta-blocker; CAB: central alpha-blocker; eGFR: estimated
glomerular filtration rate; CKD-EPI: Chronic Kidney Disease Epidemiology Collabora-
tion; FeP: fractional excretion of phosphate from the first morning void and from a 24-h
urine collection.

Table 5. Correlation of C-FGF23 with independent variables

Spearman

Characteristics coefficient P-value
Age (years) 0.25 .032
Serum creatinine (mg/dl) 0.48 .0001
eGFR (CKD-EPIL; ml/min/1.73 m?) —0.61 .0001
Serum phosphate (mg/dL) 0.17 152
FeP 24-hour (%) 0.45 .002
Systolic BP (mmHg) 0.15 213
Diastolic BP (mmHg) —0.12 .300
Peripheral PP (mmHg) 0.33 .006
MBP (mmHg) 0.01 902
Central systolic BP (mmHg) 0.13 279
Central diastolic BP (mmHg) —0.12 311
Central PP (mmHg) 0.30 .013
PWV (m/s) 0.30 013
Cardiac output (I/min) 0.01 878
Cardiac index (I/min/m?) 0.01 .885

Peripheral vascular resistance (mmHg/ml) —0.02 .819

eGFR: estimated glomerular filtration rate; CKD-EPI: Chronic Kidney Disease Epidemi-
ology Collaboration; FeP 24-hour: fractional excretion of phosphate from a 24-hour urine
collection.
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Table 6. Multivariable linear regression: dependent variable peripheral PP

Variables Beta* 95% CI P-value
Model 1
Age (years) 0.29  0.055-0.736 .024
eGFR (CKD-EPI; ml/min/1.73 mz) 0.10 —0.117-0.246 481
C-FGF23 (RU/mL) 0.34 0.02-0.232 .021
Model 2
Age (years)
<60 Ref 0.54-13.4 .034
>60 0.26
eGFR (CKD-EPL; ml/min/1.73 m?) 0.11 —0.115-0.258  .446
C-FGF23 (RU/mL) 0.41 0.04-0.26 .007

CI: confidence interval; eGFR: estimated glomerular filtration rate; CKD-EPI: Chronic
Kidney Disease Epidemiology Collaboration.

*Standardized regression coefficient.

Model 1: adjusted for age, eGFR (CKD-EPI) and C-FGF23.

Model 2: adjusted for age as a binary variable, eGFR (CKD-EPI) and C-FGF23.

Table 7. Multivariable linear regression: dependent variable central PP

Variables Beta* 95% CI P-value
Model 1
Age (years) 0.102 —0.184-0.428  .428
eGFR (CKD-EPI; ml/min/1.73 mz) 0.017 —0.154-0.172 911
C-FGF23 (RU/mL) 0.363 0.023-0.213 .016
Model 2
Age (years)
<60 Ref —2.55-8.91 271
>60 0.14
eGFR (CKD-EP; ml/min/1.73 m?) 0.04  —0.14-0.18 787
C-FGF23 (RU/mL) 0.40 0.03-0.22 011

CI: confidence interval; eGFR: estimated glomerular filtration rate; CKD-EPIL: Chronic
Kidney Disease Epidemiology Collaboration.

*Standardized regression coefficient.

Model 1: adjusted for age, eGFR (CKD-EPI) and C-FGF23.

Model 2: adjusted for age as a binary variable, eGFR (CKD-EPI) and C-FGF23.

Table 8. Multivariable linear regression: dependent variable PWV

Variables Beta* 95% CI P-value
Model 1
Age (years) 0.890  0.133-0.151 <.001
eGFR (CKD-EPI; ml/min/1.73 mz) 0.011 —0.004-0.005 .729
MBP (mmHg) 0.369 0.035—0.046 <.001
C-FGF23 (RU/mL) 0.073 0.000-0.006 .027
C-FGF23*MBP interaction 0.066 0.000-0.000 .015
Model 2
Age (years) <0.001
<60 Ref 2.054-2.742
>60 0.784
eGFR (CKD-EPL; ml/min/1.73 m?)  0.024  —0.008-0.012 726
MBP (mmHg) 0.323 0.024—0.047 <.001
C-FGF23 (RU/mL) 0.311 0.008-0.020 <.001
C-FGF23*MBP interaction 0.150 0.000-0.001 .009

CI: confidence interval; eGFR: estimated glomerular filtration rate; CKD-EPIL: Chronic
Kidney Disease Epidemiology Collaboration.

*Standardized regression coefficient.

Model 1: adjusted for age, eGFR (CKD-EPI) and C-FGF23.

Model 2: adjusted for age as a binary variable, eGFR (CKD-EPI) and C-FGF23.

and miR-222. The addition of FGF23 to human VSMCs not
only reduces miR-221 and miR-222 levels, but also produces
an increase in MAP3K2 and PAK1 expression, which are target
genes of miR-221 and miR-222.

Furthermore, the effects of FGF23 on the VSMC phenotype
are mediated by FGFR1 and Erkl1/2 phosphorylation. The
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FIGURE 8: Plasma levels of miR-221 and miR-222 in CKD stage 2-3
patients with metabolic syndrome are influenced by high levels of
FGF23. Plasma levels of FGF23 were measured in 76 patients with
CKD stage 2-3 and metabolic syndrome. Plasma levels of (A)
miR-221 and (B) miR-222 were measured in those patients with the
highest and lowest FGF23 values, corresponding to decile 1 (7
patients, range 148-171 pg/ml) and decile 10 (7 patients, range
34-52 pg/ml) of FGF23. Patients with the highest concentrations of
FGF23 had lower plasma levels of miR-221 and miR-222 than
patients with the lowest FGF23 values (¢-test, *P < .05 versus low
C-FGF23 patients). Data presented as mean =+ standard deviation.

inhibition of FGFR1 by AZD4547 also prevented a decrease
in miR-221 and miR-222 and the synthetic phenotype induced
by FGF23. VSMCs incubated with FGF23 recovered the
contractile phenotype after the inhibition of Erk1/2 phospho-
rylation with PD98059. miR-221 and miR-222 transfections
decreased MAP3K2 and PAKI1 expressions as well as Erk1/2
phosphorylation, which promoted a contractile phenotype.

In experimental animals, a constant infusion of recom-
binant FGF23 decreased aortic levels of miR-221 with a
concomitant increase in arterial stiffness. In these rats, a
remarkable change was observed in VSMC morphology, with
a significant increase in aortic wall thickness and decreased
expression of elastin protein and synthetic markers of VSMCs.

The reduction in the contractile feature of VSMCs in favour
of the synthetic phenotype has haemodynamic consequences.
These preclinical results prompted us to analyse a possible

association between FGF23 levels and peripheral PP in patients
with CKD stage 2-3. It was observed that C-FGF23 was
positively correlated with parameters of arterial stiffening (PP
and PWYV). Furthermore, the plasma concentrations of miR-
221 and miR-222 were significantly reduced in patients with
the highest level of FGF23.

A direct interaction of FGF23 with FGFR1 has been
described in other cell types such as chondrocytes or osteoblast
cells, even in the absence of Klotho [33]. It has been shown that
FGF23, through its action on FGFR, phosphorylates Erk1/2 in
VSMCs [34] and other types of cells [35, 36]. MAP3K2, a target
gene of miR-221/222, has been recently associated with an
aberrant Erk1/2 activation in neurofibromatosis type 1 [37]. In
addition, PAK1 protein, another target of miR-221, also favours
Erk1/2 phosphorylation [38], while an increased expression
of miR-221 inhibits PAK1 expression, which impairs Erk1/2
phosphorylation [39]. Therefore the reduction of miR-221/222
induced by FGF23 may promote Erk1/2 phosphorylation via
two different mechanisms, the upregulation of MAP3K2 and
PAKI.

A new finding obtained in the present study is the reduction
of miRNA biogenesis in VSMCs induced by high levels of
FGF23. The mechanisms whereby FGF23 decreases miRNA
biogenesis are not completely defined. It has been observed
that activated Erk may cause widespread miRNA repression
by suppressing major steps of miRNA biogenesis [40]. In liver
cancer, Erk phosphorylation suppresses pre-miRNA export
from the nucleus through phosphorylation of exportin 5 [41].
Therefore excessive Erk1/2 phosphorylation induced by high
levels of FGF23 could be responsible for the reduction in
miRNA biogenesis.

There is evidence that miR-221/222 are involved in the
regulation of essential vascular processes such as angiogenesis
[42], neointimal hyperplasia [43], vessel wound healing [44],
vascular aging [45] and atherosclerotic vascular remodelling
[46]. In advanced atherosclerosis, associated with long-term
chronic inflammation and remodelling of the intima, miR-
221/222 is downregulated in vascular endothelial cells [19].
Other reports have shown reduced serum miR-221 levels in
subjects with atherosclerosis obliterans and atherosclerotic
patients with subclinical hypothyroidism [47, 48]. Conversely,
other investigators have shown elevated levels of miR-221
in serum from patients with metabolic syndrome [49]. It
would be relevant to know if, in patients with metabolic
syndrome, the decline in renal function with the concomitant
increase in FGF23 is associated with a reduction of miR-221,
arterial stiffening and vascular dysfunction. Regarding the
relationship between miR-221 and the phenotypic switching
of VSMCs, the published results available are not uniform.
Davis et al. [20] showed that in VSMCs, upregulation of
miR-221 after incubation with platelet-derived growth factor
(PDGF) for 24 hours promotes a synthetic phenotype of
VSMCs. Of interest, the downregulation of miR-221 has been
associated with the development of an osteogenic phenotype
in VSMCs. Mackenzie et al. [50] showed that in VSMCs, high
phosphate levels produced a downregulation of miR-221 and
calcification; a possible interpretation of these results is that
the response to miR-221 may be time dependent. Studies on
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human stem cells show that miR-222 is upregulated during
the initiation of differentiation to neuronal cells and was
subsequently reduced as the cells reached full differentiation
[51]. Another potential explanation could be that vascular
compliance, and therefore the functional demand of VSMCs
in different arteries, should not be the same. In arteries such
as the carotid [18] or pulmonary arteries [20], the vascular
tone and elasticity are different than in the aorta. Thus a pro-
synthetic effect of elevated miR-221 may not be comparable
in all VSMCs. Davis et al. [20] showed that administration of
PDGF to pulmonary VSMCs increased miR-221, promoting
the synthetic phenotype of these cells. Certainly more studies
in these cells are warranted to define the specific effects of
miRNA.

The finding of a direct effect of FGF23 on both miR-221
and miR-222 is based on in vitro and in vivo experiments
and the key role of these miRNAs on the VSMC phenotype
is illustrated by the fact that in VSMCs transfected with miR-
221, FGF23 failed to induce a synthetic phenotype. The specific
mechanism whereby FGF23 downregulates miR-221/222 is not
known. Several hypotheses may be proposed; in aortic VSMCs,
the downregulation of miR-221 induced by FGF23 might be ex-
plained by the participation of oestrogen receptors. Oestrogen
receptors are known to be negative modulators of miR-221/222
and cluster through the recruitment of transcriptional core-
pressor partners: nuclear receptor corepressor and silencing
mediator of retinoic acid and thyroid hormone receptor [32].
In addition, it has been demonstrated that oestradiol increases
arterial stiffness [52] and the synthetic phenotype of aortic
VSMCs [53], likely through downregulation of miR-221.

Another potential mechanism involved may be related
to the effect of endoplasmic reticulum (ER) stress on miR-
221/222 expression. It has been observed that during ER stress,
there is a downregulation of miR-221/222 [54]. Activation of
mammalian target of rapamycin (mTOR) induces ER stress
[55] and our group has shown that FGF23 produces mTOR
activation [56]. Other authors have also explored the effect
of mTOR activation on phenotypic switching of VSMCs [57].
Therefore it is possible that FGF23 causes mTOR activation,
which in turn promotes ER stress with the subsequent
downregulation of miR-221/222.

Another potential mechanism may be the participation of
the long non-coding RNA KCNQ1OT1, which through its
interaction with miR-221 may affect migration, proliferation,
inflammation and hyperplasia of VSMCs [58]. It has been
shown that -catenin can stimulate KCNQ1OT1 transcription
through direct binding to the KCNQ1OT1 promoter [59].
There is evidence that FGF23 can induce nuclear translocation
of B-catenin [60]. Thus FGF23, through B-catenin, may
increase long non-coding RNA KCNQ1OT1 expression and
the downregulation of miR-221, leading to changes in the
VSMC phenotype and arterial stiffening of the aorta.

Our study is the first to describe that FGF23 promotes the
phenotypic transition of VSMCs from contractile to synthetic.
This change in VSMCs could explain the different responses
of arterial rings from FGF23-treated animals in response
to 70K and noradrenaline. The stretch—force relationship
exhibited by arterial rings indicated that as compared with
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controls, arteries from rats treated with FGF23 required less
stretch to reach 100 mmHg of transmural pressure. The
stress—strain relationship was also measured to determine if
resistance could be due to increased material stiffness. Rings
from FGF23-treated rats showed a high stress—strain relation,
which is a similar finding to that observed in other animal
models of increased vascular stiffness [61]. Six et al. [62]
observed an acute effect of FGF23 on mouse aortic ring
constriction, although only with fairly high concentrations of
FGF23 (400 ng/ml), and no constriction effect was observed
with lower concentrations of FGF23, as was observed in our
experiment. Certainly the addition of klotho partially reverted
the vasoconstriction induced by high concentrations of FGF23
via increased nitric oxide production.

These results suggest that FGF23 makes the thoracic aorta
more resistant to distension as a result of increased arterial
stiffness. Consistent with this change is the decreased active
wall tension, or force exerted by a vessel wall during VSMC
contraction, observed in FGF23-treated animals. Since PWV
is related to the intrinsic elastic properties as well as to the
arterial geometry and the applied BP, the increase observed in
PWYV in CKD patients is likely explained by a reduction in the
distensibility of arteries as a consequence of increased stiffness.
The increased arterial stiffness observed under pathological
conditions could facilitate early wave reflection, amplifying
systolic and reducing diastolic aortic pressure, with the conse-
quent increase in PP [63]. These changes could also be related
to the histological modifications observed in thoracic aortas
of FGF23-treated rats. Changes in the nuclear orientation of
VSMCs and tunica media thickness could be a consequence
of the phenotypic transition of VSMCs, leading to increased
arterial stiffness. This change in the orientation of nuclei was
observed in VSMCs with a synthetic phenotype from aortas
of patients with aortopathy associated with valve stenosis [64],
suggesting that this change in VSMC morphology could be a
response to haemodynamic factors or tensile strains.

An excessive predominance of the VSMC synthetic phe-
notype induced by FGF23 may cause arterial stiffness. PWV
and peripheral PP are markers of arterial stiffening [65]. In
a limited group of CKD stage 2-3 patients, the concentra-
tion of C-FGF23 correlated with peripheral and central PP,
independent of the eGFR. Therefore high FGF23 levels may
favour stiffness in vessels through the transition of VSMCs
from a contractile to a synthetic phenotype. The reduction
of miR-221 and miR-222 in patients with the highest C-
FGF23 supports the notion that high C-FGF23 levels favour
the transition of VSMCs to the synthetic phenotype. Many
studies have shown an association between elevated FGF23 and
negative cardiovascular outcomes in patients with and without
CKD [66]. This has been explained by the fact that FGF23
is mainly responsible for the development of left ventricular
hypertrophy [5]; the present study suggests that the direct
effect of FGF23 on the vascular wall may also contribute to an
increase cardiovascular mortality.

With respect to the potential effects of FGF23 on the
vasculature, there are other additional aspects that should
be mentioned, such as its potential involvement on vascular
calcification and the effect of klotho. Jimbo et al. [34]
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demonstrated that in aortic rings, the addition of recombinant
FGF23 (10 ng/ml) for 6 days increased phosphate-induced
vascular calcification. These effects were mediated by FGFR1
and ERK1/2 phosphorylation, and the presence of klotho did
not prevent this effect. In this sense, in patients with CKD
stage 4-5 versus healthy controls, Krishnasamy et al. [67]
found a significant association between serum FGF23 and
arterial calcification and stiffness. However, Scialla et al. [68]
observed that FGF23 did not modify the osteogenic phenotype
of VSMCs. They demonstrated that FGF23 was not associated
with arterial calcification in patients and did not promote
calcification in vitro; also, they observed that FGF23 (with
and without the presence of soluble klotho) does not affect
VSMC phosphate uptake. Linderberg et al. [69] observed that
FGF23 in concentrations of 0.125-2 ng/ml, and in the absence
of vascular Klotho, does not modify calcification in bovine
VSMCs, and in arterial specimens of mice ex vivo, it did not
affect dilatory, contractile and structural properties. It seems
that more studies are necessary to elucidate the role of FGF23
on vascular calcification.

With respect to the role of klotho, the presence or absence
of «-klotho at a vascular level has been studied by several
authors [69, 70]. Some investigators propose that part of
the associated complication derived from high levels of
FGF23 is due to klotho deficiency [71, 72]. Our data show
that human aortic VSMCs do not express transmembrane
klotho, however, a band of 70 kDa was detected that would
correspond with soluble klotho; this band was not modified
by the addition of FGF23 to human VSMCs in culture (data
not shown). Additionally, co-administration of FGF23 and
recombinant klotho to VSMCs did not modify the decreased
expression of contractile markers of VSMCs induced by FGF23
(Supplementary material, Figure S2). It can be speculated that
vascular klotho deficiency by aging or CKD might be one of
the causes of VSMC phenotypic switching induced by FGF23.
However, our results suggest that the presence of klotho does
not prevent the effects of FGF23 on phenotypic switching of
VSMCs.

In summary, FGF23 causes the transition of VSMCs from
a contractile to a synthetic phenotype, producing an increase
in vascular stiffness and alteration of the biomechanical
properties of the arteries. This may be a mechanism by
which FGF23 contributes directly to the development of
vascular dysfunction and cardiovascular mortality in CKD
patients. This finding opens up new perspectives for treat-
ment of vascular diseases that is specific for CKD, where
marked increases in serum FGF23 are manifested almost
universally.
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