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S100a8/9 (S100 Calcium Binding Protein
a8/9) Promotes Cardiac Hypertrophy Via
Upregulation of FGF23 (Fibroblast Growth
Factor 23) in Mice

Yu-Pei Yuan, PhD*; Zhuo-Yu Shen, MS*; Teng Teng
Xiao-Feng Zeng, BSc; Marion A. Hofmann Bowman

, MS; Si-Chi Xu, PhD; Chun-Yan Kong, PhD;
, MD, PhD; Ling Yan @, MD, PhD

BACKGROUND: S100a8/9 (S100 calcium binding protein a8/9) belongs to the S100 family and has gained a lot of interest as a
critical regulator of inflammatory response. Our previous study found that S100a8/9 homolog promoted aortic valve sclerosis
in mice with chronic kidney disease. However, the role of S100a8/9 in pressure overload-induced cardiac hypertrophy remains
unclear. The present study was to explore the role of S100a8/9 in cardiac hypertrophy.

METHODS AND RESULTS: Cardiomyocyte-specific S100a9 loss or gain of function was achieved using an adeno-associated
virus system, and the model of cardiac hypertrophy was established by aortic banding-induced pressure overload. The
results indicate that S100a8/9 expression was increased in response to pressure overload. S100a9 deficiency alleviated
pressure overload-induced hypertrophic response, whereas S100a9 overexpression accelerated cardiac hypertrophy.
S100a9-overexpressed mice showed increased FGF23 (fibroblast growth factor 23) expression in the hearts after exposure
to pressure overload, which activated calcineurin/NFAT (nuclear factor of activated T cells) signaling in cardiac myocytes and
thus promoted hypertrophic response. A specific antibody that blocks FGFR4 (FGF receptor 4) largely abolished the prohy-
pertrophic response of S100a9 in mice.

CONCLUSIONS: In conclusion, S100a8/9 promoted the development of cardiac hypertrophy in mice. Targeting S100a8/9 may
be a promising therapeutic approach to treat cardiac hypertrophy.
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myocyte hypertrophy, fibroblast proliferation, ex-

tracellular matrix accumulation, and inflammatory
cell infiltration, leading to congestive heart failure and
high rates of mortality and morbidity.! As the key patho-
physiologic process of heart failure, although cardiac
hypertrophy has been extensively studied, the underly-
ing precise mechanisms are incompletely understood.

Cardiac hypertrophy is characterized by cardio-

Nevertheless, accumulating evidence suggests that
calcineurin/NFAT (nuclear factor of activated T cells)
pathway plays a pivotal role.?3

Activation of calcineurin/NFAT pathway has been
reported in varied cardiac hypertrophy models.®®
Notably, sustained activation of calcineurin in heart is
sufficient toinduce cardiac hypertrophy that progresses
rapidly to dilated hypertrophy and heart failure.5” On
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RESEARCH PERSPECTIVE
What Is New?

This study reports an exacerbated role of
S100a8/9 (S100 calcium binding protein a8/9)
in pressure overload-induced cardiac hypertro-
phy and dysfunction via increased expression
of FGF23 (fibroblast growth factor 23).

What Question Should Be Addressed

Next?

¢ Inthe next phase, we will construct S100a gene
knockout mice to further validate the role of the
S100a gene in the underlying mechanisms of
myocardial hypertrophy.

Nonstandard Abbreviations and Acronyms

FGF23 fibroblast growth factor 23
FGFR4 FGF receptor 4

RCAN1 regulator of calcineurin 1
S$100a8/9  S100 calcium binding protein a8/9

activation by calcium, calcineurin binds and dephos-
phorylates NFAT, resulting in the translocation of NFAT
to the nucleus and activation of hypertrophy-related
genes.” Conversely, inhibition of calcineurin/NFAT at-
tenuates the development process of cardiac hyper-
trophy.2 These studies suggest the calcineurin/NFAT
pathway contributes to hypertrophic progression, and
the inhibition of this signaling pathway could help in
developing efficacious interventions for the treatment
of cardiac hypertrophy.

S100a8/9 (S100 calcium binding protein a8 and
a9) are members of the S100 protein family, which is
secreted by several inflammatory cells.® High serum
level of S100a8/9 has been identified as a risk factor
of cardiovascular death.'® Knockdown of $100a8/9 re-
sulted in reduced apoptosis, suppressed cardiac hy-
pertrophy, and improved cardiac function in mice with
myocardial infarction. $100a8/9 were also closely
involved into the process of doxorubicin-induced
cardiotoxicity,'”> coxsackievirus B3-induced myocar-
ditis,”® and endotoxin-induced cardiac dysfunction.'
Moreover, our previous study revealed that elevated
levels of S100a12 (human homolog of S100a8/9) in the
serum of mice with chronic kidney disease promoted
pathological cardiac remodeling.'® These findings
raised the possibility that S100a8/9 would promote
pressure overload-induced cardiac hypertrophy. In
the present study, we report our investigation into the
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specific effects of S100a8/9 on overload-induced car-
diac hypertrophy.

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

METHODS

Reagents

The following primary antibodies were purchased
from Cell Signaling Technology (Boston, MA): S100a8
(1:1000), S100a9 (1:1000), PLCy (phospholipase C-v;
1:1000), P-PLCy (phospho-PLCy; 1:1000), calcineurin
(1:1000), NFATc3 (1:1000), FGF23 (fibroblast growth
factor 23; 1:1000), and GAPDH (1:1000). PCNA (prolif-
erating cell nuclear antigen, 1:200) antibody was pur-
chased from Santa Cruz Biotechnology (Dallas, TX).
Adeno-associated virus (AAV9) carrying S100a9 or
GFP (green fluorescent protein) used in our study was
generated by Hanbio (Shanghai, China). Knockdown of
S100a9 was carried out using AAV9 vectors carrying
small hairpin RNAs (shRNAs) targeting S100a9, which
were also generated by Hanbio. Scrambled shRNA
was used as the control. The inhibitors, PD169316,
SP600125, U0126, VIVIT, AKTi, CCT129957, and cy-
closporin A were purchased from MedChemExpress
(Wuhan, China).

Animals and Treatments

All animal experimental procedures were approved by
the Guidelines for Animal Care and Use Committee of
Renmin Hospital of Wuhan University, which is also in
agreement with the Guidelines for the Care and Use
of Laboratory Animals published by the United States
National Institutes of Health (NIH Publication, revised
2011). Male C57BL/6 mice (8- to 10-week-old; body
weight: 25.5+29) were obtained from the Institute of
Laboratory Animal Science, Chinese Academy of
Medical Sciences (Beijing, China). These mice were
allowed free access to food and drinking water. They
were fed in a house in which the temperature (20-25
°C) and humidity (50%+5%) were under strict con-
trol and the light was kept at a 12-hour light-dark
cycle. To investigate the specific effects of S100a8/9,
C57BL/6 mice were divided randomly into 4 groups:
shRNA+sham, shS100a8/9+sham, shRNA+aortic
banding (AB), and shS100a8/9+AB. To knock down
the protein expression of S100a8/9 in hearts, each
mouse was subjected to an injection of 2.5x10"" AAV9
vectors carrying shS100a9 or scrambled shRNA under
the cInT (cardiac troponin T) promoter at the day of
AB surgery.'®" The procedures of AB or sham surgery
were described in our previous studies.’®'® Six weeks
after AB surgery, all mice were anesthetized with 1.5%
isoflurane, and echocardiographic measurements
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were performed. After that, mice were euthanized and
hearts were weighed and snap-frozen in liquid nitro-
gen for further detection. To overexpress S100a9, mice
were given a single injection of AAV9 carrying S100a9
or GFP under the cTnT promoter at a dose of 2x10"
viral genome particles/mouse via the tail vein.2° All
mice were divided randomly into 4 groups: GFP+sham,
S100a9+sham, GFP+AB, and S100a9+AB. Three
weeks after injection, AB or sham surgery was per-
formed. Three weeks after AB surgery, echocardio-
graphic measurements were performed. After that,
hearts were weighed and collected.

To ascertain whether FGF23 was responsible for en-
hanced hypertrophic response caused by S100a8/9,
C57BL/6 mice were subjected to repeated intraperito-
neal injections of anti-FGF receptor 4 (FGFR4) blocking
antibody (human monoclonal, U3-11; U3Pharma) at
25mg/kg per day every 3days, with the first injection
beginning after AB surgery.?! At the end point of treat-
ment, all the mice were anesthetized with 1.5% iso-
flurane, and echocardiographic measurements were
performed. After that, hearts were weighed and snap-
frozen in liquid nitrogen for further detection.

Echocardiography

After the mice were anesthetized by 1.5% isoflurane,
transthoracic echocardiography was performed by a
MyLab 30CV ultrasound (Esaote SpA, Genoa, ltaly)
with a 10-MHz linear array ultrasound transducer to
obtain M-mode images at the papillary muscle level for
measurement of wall thickness, chamber dimensions,
and cardiac function.

Morphometric Analyses

Obtained hearts were arrested in diastole in 10% KCl
and then fixed with 4% formaldehyde overnight. After
that, hearts were embedded in paraffin, sectioned into
5-um slices, and stained with hematoxylin and eosin to
count cardiomyocytes area and stained with picrosirius
red to measure cardiac fibrosis. The cross-sectional
area and fibrosis area (average collagen volume) were
counted by a digital analysis system (Image-Pro Plus
6.0, Media Cybernetics, Bethesda, MD). For detection
of cardiomyocytes area, more than 50 cells per slide
were determined.

After being stained with picrosirius red, slices were
photographed under light microscopy and then ana-
lyzed by aforementioned image analysis system. The
collagen volume fraction was determined by Image J
software as an index of cardiac fibrosis area. Five vi-
sual fields without small coronary arteries were ran-
domly examined in each slice. For each photograph,
red color (collagen) area and total tissue area were
measured. Subsequently, the percentage of the colla-
gen volume fraction were calculated according to the
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formula: collagen volume fraction=collagenarea/total
tissue areax100%. Five collagen volume fractions were
scored for each slice, and the mean was calculated.

GFP Fluorescence Examination

At the end point of treatment, hearts were harvested,
embedded in tissue-freezing medium (Triangle
Biomedical Sciences), frozen in liquid nitrogen for
10minutes, and placed at —-80 °C overnight. These
heart samples were then frozen in Tissue-Tek O.C.T.
compound (Sakura Fintek, USA) and sectioned on
a microtome. Frozen sections at 15-um in thickness
were prepared with a Leica CM1850 cryostat for fluo-
rescence mMicroscopy.

Western Blot and Quantitative Real-Time
Polymerase Chain Reaction

RIPA lysis buffer (Invitrogen, Carlsbad, CA) was used
to isolate total protein from the frozen heart tissues or
iced cell lysates. Nuclear protein extracts were isolated
using a commercial kit. Then, proteins were separated
by 10% SDS-PAGE and transferred onto polyvinylidene
fluoride membranes (cat. number IPFLO0010; EMD
Millipore, Billerica, MA). Next, the membranes were
blocked with 5% nonfat milk at room temperature and
incubated with the primary antibodies at 4 °C overnight.
After incubating with the secondary antibodies at 37 °C
for 1 hour, the polyvinylidene fluoride membranes were
scanned by the ChemiDoc XRS+system and analyzed
using an Image Lab software (Bio-Rad Laboratories,
Inc.). Total RNA was isolated and reverse-transcribed
to cDNA by Transcriptor First Strand cDNA Synthesis
Kit (Roche, Basel, Switzerland, 04896866001). The
quantification of real time polymerase chain reaction
was performed using the LightCycler 480 SYBR Green
Master Mix (cat. Number 04896866001; Roche). The
protein levels were normalized to GAPDH and nuclear
proteins were normalized to PCNA. Phosphorylation
was normalized to the matched total protein. The
mRNA data were normalized to Gapadh.

Cell Culture and Treatment

Neonatal rat cardiomyocytes (NRCMs) were prepared
as previously described.'®?° Bromodeoxyuridine
(Brdu, 0.1 mmol/L) was used to inhibit cardiac fibro-
blast proliferation in NRCMs. NRCMs were seeded
onto 6-well plates and cultured in DMEM/F12 (GIBCO)
containing 10% FBS (GIBCO) for 48hours. Then,
the culture medium was replaced with serum free
DMEM/F12 for 16 hours to synchronize the cells be-
fore the experiment. To induce cardiomyocyte hy-
pertrophy, NRCMs were treated with phenylephrine
(50umol/L) for 48hours. We treated the cells with
phenylephrine because pressure overload-induced
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cardiac hypertrophy was at least partly dependent
on the activation of al-adrenergic receptor, and this
al-adrenergic activator could induce cardiomyocyte
hypertrophic growth in vitro.?° To determine whether
S100a8/9 affects cardiomyocyte hypertrophy, NRCMs
were stimulated by recombinant S100a8/9 for 24 hours
in the presence of phenylephrine incubation. rS100a8
and rS100a9 proteins were purchased from Prospec
(Rehovot, Israel). Then, we knocked down the pro-
tein expression of S100a9 in NRCMs using siS100a9.
NRCMs were preincubated with adenoviruses carry-
ing siS100a9 or siRNA for 4 hours and then subjected
to phenylephrine treatment for 48 hours. siS100a9 and
siRNA were generated by RiboBio (RiboBio Co., Ltd,
Guangzhou, China). To investigate the precise molec-
ular mechanism of S100a8/9 in cardiac hypertrophy,
NRCMs were simultaneously treated with a specific
inhibitor of p38 MAP kinase (PD169316, 10umol/L),
a specific inhibitor of JNK (SP600125, 10umol/L), a
specific inhibitor of ERK (U0126, 10 umol/L), a specific
inhibitor of NF-xB (nuclear factor-kB; BMS-345541,
10umol/L), a specific inhibitor of calcineurin (cyclo-
sporin A, 1 umol/L), a specific inhibitor of NFAT (VIVIT,
1umol/L), a specific inhibitor of PLC-y (CCT129957,
1umol/L) and an AKT inhibitor (AKTi, 1umol/L), re-
spectively. To investigate whether FGFR4 is respon-
sible for the effects of S100a8/9 on hypertrophic
response, these recombinant S100a8/9-incubated
NRCMs were pretreated with FGFR4 blocking anti-
body (10mg/mL) for 24 hours. Immunoglobulin G was
used in the control group. For reactive oxygen species
(ROS) scavenging, NRCMs were pretreated with NAC
(10mmol/L) or vehicle for 30 minutes before phenyle-
phrine (50 umol/L) stimulation.

Immunofluorescence

The immunofluorescence was performed as previously
described. Briefly, the cells on coverslips were fixed
with 4% paraformaldehyde, permeabilized in 0.5%
Triton X-100 and then incubated with a-actinin (1: 100)
overnight at 4 °C followed by incubation with Alexa
568-conjugated goat-anti mouse antibody (1:200) for
B0 minutes at 37 °C. To visualize nuclei, the slides were
mounted with DAPI. Immunofluorescence images
were taken on the OLYMPUS DX51 fluorescence mi-
croscope (Tokyo, Japan). Images were quantified by
Image-Pro Plus 6.0.

Measurement of Superoxide Dismutase
Activities and ROS Production

The activities of total superoxide dismutase were as-
sessed spectrophotometrically in  NRCMs culture
supernatants using commercial assay kits (Nanjing
Jiancheng Bioengineering Institute, China) according
to the provided instructions.
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To measure the level of ROS production, NRCMs
were incubated with DCFH-DA (5umol/L) at 37 °C
for 2hours and washed. Fluorescence was observed
under an OLYMPUS IX53 fluorescence microscope.
ROS was also quantified using electron spin resonance
(ESR) spectroscopy (Bruker, Karlsvuhe, Germany)
with 5,5-dimetyl-1-pyrroline N-oxide (DMPO, Sigma)
at a final concentration of 100 mmol/L as described
previously.

Measurement of Calcineurin Activity

The calcineurin activity in tissues was determined by the
Calcineurin Cellular Assay Kit PLUS-AK-816 (BioMol)
according to the manufacturer’s instructions. The kit
was a product in the BIOMOL GREEN QuantiZzyme
Assay system and was a complete colorimetric assay
kit for measuring cellular calcineurin phosphatase ac-
tivity. Extracts of tissues were prepared, and calcineu-
rin activity was measured as the dephosphorylation
rate of a synthetic phosphopeptide substrate (Rl pep-
tide). The amount of PO43- released was determined
colorimetrically with the BIOMOL GREEN reagent.

NFAT-Luciferase Reporter Mice and
NFAT-Luciferase Activities

To confirm NFAT activation, NFAT-luciferase (NFAT-Luc)
transgenic reporter mice (Stock No. 000465) aged 8 to
12weeks were used from Jackson Laboratory (USA).
These mice were fed in the same condition with C57
as described. To investigate the transcription level
NFAT suffering different stimulations, each NFAT-Luc
mouse was infected with shRNA or shS100a9 or GFP
or S100a9. Four weeks after injection, AB or sham sur-
gery was performed.

Heart tissue homogenates were prepared in
Promega reporter lysis buffer using a Qiagen
TissuelLyser. Luciferase activity was measured by
adding 20uL cell lysate to 100uL of freshly prepared
CyclLuct (AOBIOUS, catalog no. AOB 1117) luciferin
substrate using a Promega GloMax luminometer.
Luciferase activity was expressed as relative light units
per milligram of protein.

Measurement of the Concentration of
Fibroblast Growth Factor 23

The concentration of FGF23 was assessed spectro-
photometrically in the fresh heart samples and cell
culture supernatants using commercial assay kits
(BIOESN, China) according to the provided instructions.

Statistical Analysis

Data in our study were presented as mean+SEM, and
1-way ANOVA were carried out to compare the differ-
ence among 3 or more groups followed by post hoc
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Tukey test. Comparison between 2 groups was per-
formed using an unpaired Student’s t test. P<0.05 was
considered to be significant.

RESULTS

S100a8/9 Was Upregulated During the
Hypertrophic Response

As shown in Figure 1A and 1B, S100a8/9 mRNA in-
creased in mouse hearts 3days after the onset of pres-
sure overload, reaching the peak at 2weeks. Western
blot results suggested that S100a8/9 protein expres-
sion was also increased in the hearts of mice after
6-week AB surgery (Figure 1C). These data indicated
that S100a8/9 may be implicated in the development
of cardiac hypertrophy.

S100a8/9 Deficiency Attenuated Pressure
Overload-Induced Cardiac Hypertrophy
and Fibrosis in Mice

To determine whether S100a8/9 played a critical role
in the development of cardiac hypertrophy, we used
AAV9 to knock down S100a9 in the heart. As indicated

S100a8/9 Promotes Cardiac Hypertrophy

in Figure S1A, this AAV9 infection resulted in strong
expression of GFP in the hearts, and the expression
of GFP was not in a patchy pattern. AAV-shS100a9
infection resulted in the depletion of S100a8 and
S100a9 (Figure S1B). The loss of S100a8 after S100a9
knockdown might be due to a greater turnover of iso-
lated S100a8 in the absence of its binding partner
$100a9.2223 In response to pressure overload, mice
exhibited an obvious hypertrophic phenotype, as indi-
cated by the increased ratios of heart weight to body
weight and heart weight to tibia length, cross-sectional
area, and fibrotic area (Figure 2A through 2E). And
these hypertrophic alterations were largely prevented
by S100a9 loss of function in mice (Figure 2A through
2E). S100a9 deficiency decreased left ventricular inter-
nal diameter at end-diastole and interventricular septal
thickness at diastole but increased ejection fraction in
mice with hypertrophy caused by pressure overload
(Figure 2F through 2H). Polymerase chain reaction
analysis further determined the inhibitory effects on
hypertrophic and fibrotic markers in S100a9-deficient
hearts after exposure to pressure overload, as con-
firmed by the decreased ANP (atrial natriuretic pep-
tide), BNP (brain natriuretic peptide), f-MHC (8-myosin
heavy chain), a-MHC (alpha myosin heavy chain),
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Figure 1. S100a8/9 was increased during the hypertrophic response.
A and B, The mRNA levels of S100a8 and S100a9 in Sham and aortic banding hearts (n=5). C, Six weeks after AB surgery, Western
blot analysis, and quantitative results of S100a8 and S100a9 (n=6). Values represent the mean+SEM. *P<0.05 vs Sham group. AB
indicates aortic banding; and S100a8/9, S100 calcium binding protein a8/9.
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Figure 2. S100a8/9 deficiency attenuated pressure overload-induced cardiac hypertrophy and fibrosis in mice.

A, Six weeks after AB surgery, hematoxylin-eosin and picrosirius red staining of hearts with or without the infection of AAV9-
shS100a9 (n=6). B and C, Statistical results of the HW/BW and HW/TL of 4 groups (n=12). D, Cross-sectional areas of myocytes
(n=6). E, Statistical results of the fibrosis areas (n=6). F through H, LVIDd, IVSd, and EF of mice after AB surgery (n=12). I-L,
mRNA levels of hypertrophy-related genes (n=6). M through P, The mRNA levels of fibrosis-related genes (n=6). Values represent
the mean+SEM. *P<0.05 vs Sham+shRNA, #P<0.05 vs AB+shRNA. AB indicates aortic banding; a-MHC, a-myosin heavy
chain; a-SMA, a-smooth muscle actin; ANP, atrial natriuretic peptide; f-MHC, -myosin heavy chain; BNP, B-type natriuretic
peptide; BW, body weight; EF, ejection fraction; HW, heart weight; IVSd, interventricular septal thickness at diastole; LVIDd, left
ventricular internal diastolic diameter; S100a8/9, S100 calcium binding protein a8/9; TGF-f, transforming growth factor ; and
TL, tibia length.
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TGF-g (transforming growth factor-g), Col | (collagen
type 1), Col Il (collagen type Ill) and a-SMA (a-smooth
muscle actin) (Figure 2I through 2P). Taken together,
the present data indicate that S100a9 loss of function
attenuates pressure overload-caused cardiac hyper-
trophy and fibrosis in mice, thus improving cardiac
function in mice.

Overexpression of S100a9 in the Hearts
Promoted Pressure Overload-Induced
Cardiac Hypertrophy

Next, we overexpressed S100a9 in the hearts with
AAV9 system. As indicated in Figure S1C, S100a9 and
S100a8 protein levels were increased in the hearts of
mice infected with AAV-S100a9. Pressure overload in-
duced pathological hypertrophy in mice infected with
AAV9 carrying GFP, as indicated by the increased heart
weight to body weight and heart weight to tibia length
ratios compared with the Sham group. These hyper-
trophic changes were further exacerbated by the ex-
pression of S100a9 in the hearts (Figure 3A through
3C). A larger cross-sectional area and more severe
fibrosis were observed in S100a9-overexpressed
mice when compared with those in the control groups
(Figure 3D and 3E). Moreover, pressure overload-
induced chamber dilation (left ventricular internal diam-
eter at end-diastole) and systolic function impairment
(ejection fraction) were more pronounced in S100a9-
overexpressed mice than those in the control groups
(Figure 3F through 3H). Detection of mRNA levels of
several hypertrophic markers (ANP, BNP, 8-MHC, and
a-MHC) and fibrotic markers (TGF-g, Col I, Col lll, and
a-SMA) in S100a9-overexpressed mice after pressure
overload further confirm the prohypertrophic role of
S100a8/9 in vivo (Figure 3l through 3P). These data
suggested that S100a8/9 promotes pressure overload-
induced cardiac hypertrophy and fibrosis in mice.

S100a8/9 Promoted PE-Induced
Hypertrophy of Cardiomyocytes In Vitro
Next, we used the model of PE-induced hypertro-
phy of cardiomyocytes to further decipher the pro-
hypertrophic role of S100a8/9 in vitro. NRCMs were
treated with recombinant S100a8/9 in the presence
or absence of PE. Recombinant S100a8/9 aggra-
vated PE-induced cardiomyocytes hypertrophy, as
suggested by increased cell area and hypertrophic
markers (ANP and B-MHC) (Figure 4A and 4B). We
got similarity responses when transfecting an S100a9
expression plasmid into NRCMs (Figure S2A through
S2C). Subsequently, we knocked down S100a9 with
siRNA, and found that S100a8/9 deficiency resulted
in a decrease in the hypertrophic phenotype in re-
sponse to PE stimuli, as reflected by the decreased

J Am Heart Assoc. 2024;13:e028006. DOI: 10.1161/JAHA.122.028006

S100a8/9 Promotes Cardiac Hypertrophy

cell area and hypertrophic markers (ANP and $-MHC)
(Figure S2D; Figure 4C and 4D).

S100a8/9 Activated Calcineurin/NFAT
Signaling Pathway During Phenylephrine-
Induced Hypertrophy of Cardiomyocytes
In Vitro

To study which signaling pathway was responsible
for the hypertrophic effect of S100a8/9, NRCMs were
treated with several inhibitors of hypertrophy-related
kinases. We found that the prohypertrophic effects
of S100a8/9 was blocked by cyclosporin A (an in-
hibitor of calcineurin), VIVIT (an inhibitor of NFAT), or
CCT129957 (an inhibitor of PLCy), but not PD169316
(an inhibitor of p38), SP600125 (an inhibitor of JNK),
U0126 (an inhibitor of ERK), BMS-345541 (an inhibitor
of NF-xB), and an AKT inhibitor (Figure 5A and 5B). To
determine if S100a8/9 could activate calcineurin/NFAT
signaling pathway, we detected calcineurin activity
in the hearts following pressure overload, and found
that AB-induced calcineurin activity was enhanced by
S100a9 overexpression but was attenuated by S100a9
knockdown (Figure 5C and 5D). Consistent with these
findings, we also found that NFAT transcriptional activ-
ity was enhanced by S100a9 overexpression, but was
attenuated by S100a9 knockdown (Figure 5E and 5F).
Next, we detected the expression of RCAN1 (regula-
tor of calcineurin 1), which was an NFAT target gene.®*
Elevated RCAN1 mRNA level was further enhanced
by S100a9 gain of function but decreased by S100a9
loss of function in mice (Figure 5G and 5H). To further
confirm the alterations of PLCy and calcineurin/NFAT
signaling pathway, we detected the protein expression
of PLCy and calcineurin/NFAT. S100a9 deficiency sig-
nificantly decreased phosphorylated PLCy levels with-
out changing overall PLCy expression in hypertrophic
hearts (Figure 5l). The increased calcineurin protein
expression and nuclear NFATc3 accumulation in re-
sponse to pressure overload were also decreased by
S100a9 deficiency (Figure 5I).

Mice With S100a9 Overexpression
Exhibited Increased Cardiac Expression
of FGF23

Our previous study revealed that global overexpression
of human homolog of S100a8/9 in the mice with chronic
kidney disease promoted pathological cardiac remod-
eling.”® This mouse line had an increased cardiac expres-
sion of FGF23."® FGF23 induced binding of FGFR4 to
PLCy, thus activating calcineurin/NFAT signaling during
cardiac hypertrophy.?" Therefore, we verified the hypoth-
esis that the activation of PLCy/calcineurin/NFAT signaling
after hypertrophic stimuli triggers was dependent on the
upregulation of FGF23. FGF23 mRNA and protein were
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Figure 3. Overexpression of S100a9 in the hearts promoted pressure overload-induced cardiac hypertrophy.

A, Six weeks after AB surgery, hematoxylin—eosin and picrosirius red staining of hearts with or without the infection of AAV9-
S100a9 (n=6). B and C, Statistical results of the HW/BW and HW/TL of 4 groups (n=12). D, The cross-sectional areas of myocytes
(n=6). E, Statistical results of the fibrosis areas (n=6). F through H, LVIDd, IVSd, and EF of mice after AB surgery (n=12). | through
L, mRNA levels of hypertrophy-related genes (n=6). M through P, mRNA levels of fibrosis-related genes (n=6). Values represent
the mean+SEM. *P<0.05 vs Sham+GFP, #P<0.05 vs AB+GFP. AAV9 indicates adeno-associated virus 9; AB, aortic banding;
a-MHC, a-myosin heavy chain; a-SMA, a-smooth muscle actin; ANP, atrial natriuretic peptide; f-MHC, g-myosin heavy chain;
BNP, B-type natriuretic peptide; BW, body weight; EF, ejection fraction; GFP, green fluorescent protein; HW, heart weight; IVSd,
interventricular septal thickness at diastole; LVIDd, left ventricular internal diastolic diameter; S100a8/9, S100 calcium binding

protein a8/9; TGF-f, transforming growth factor §; and TL, tibia length.
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Figure 4. S100a8/9 promoted phenylephrine-induced hypertrophy of cardiomyocytes in vitro.

A, Representative a-actinin staining and cell area in neonatal rat cardiomyocytes (NRCMs) stimulated by recombinant S100a8/9 or
not (n=6). B, mRNA levels of hypertrophic markers in NRCMs of indicated groups (n=6). C, Representative a-actinin staining and cell
area in NRCMs infected with siS100a9 or not (n=6). D, mRNA levels of hypertrophic markers in NRCMs of indicated groups (n=6).
Values represent the mean+SEM. For A and B, *P<0.05 vs PBS+Vehicle, #P<0.05 vs phenylephrine+S100a8/9. For C and D, *P<0.05
vs PBS+siRNA, #P<0.05 vs phenylephrine+siS100a9. ANP indicates atrial natriuretic peptide; f-MHC, g-myosin heavy chain; GFP,
green fluorescent protein; and S100a8/9, S100 calcium binding protein a8/9.

largely increased in S100a9-overexpressed mice with
pressure overload compared with AB mice infected with
GFP (Figure 6A and 6B). There was no difference in FGF2
mRNA between the 2 groups (Figure 6A). AB-induced
upregulation of FGF23 protein expression was also pre-
vented by the deficiency of S100a9 (Figure 6C). We also
detected FGF23 expression in PE-treated NRCMs and
found that PE-induced FGF23 expression was limited
by the deficiency of S100a9 but enhanced by the use
of recombinant S100a8/9 (Figure 6D and 6E). FGF23 in-
duced hypertrophic growth of cardiomyocytes through
a direct FGFR4-dependent mechanism.?’ NRCMs were
pretreated with a FGFR4 blocking antibody. The data in
our study demonstrated that this prohypertrophic effect
of S100a8/9 was blocked by FGFR4 blocking antibody
(Figure 6F through 6H). FGFR4 blocking antibody also
abolished the enhancement of NFAT transcriptional ac-
tivity caused by S100a8/9 treatment (Figure 6l).

FGFR4 Blocking Abolished the
Prohypertrophic Effect of S100a8/9
Overexpression in Response to Pressure
Overload

Next, we investigated whether FGF23-FGFR4 was re-
sponsible for the prohypertrophic effect of S100a8/9.
S100a9-overexpressed mice were injected with an
FGFR4 blocking antibody. S100a8/9 overexpression
did not enhance pressure overload-induced hyper-
trophic response after FGFR4 blocking in mice. There

was no difference in hypertrophic response caused
by pressure overload between AB-+anti-FGFR4 and
AB+5100a8/9+anti-FGFR4 groups, as reflected by
the heart weight to body weight ratio, cross-sectional
area, fibrotic area, and cardiac function (Figure 7A
through 7F). The enhanced calcineurin-NFAT activ-
ity and RCAN1 expression in S100a9-overexpressed
mice were also suppressed by the use of this FGFR4
blocking antibody (Figure 7G through 71).

ROS Was Responsible for the
Upregulation of FGF23 in S100a8/9-
Treated Cells After Phenylephrine
Treatment

We also found that S100a8/9 increased phenylephrine-
induced ROS production and further decreased the
total superoxide dismutase activity in phenylephrine-
treated cells (Figure S3A and S3B). Next, we confirmed
whether the upregulation of FGF23 in S100a8/9-
treated cells was dependent on ROS production. We
used a ROS scavenger, NAC, and found that NAC
blocked the elevation of FGF23 and enhanced cell area
of S100a8/9-treated cells (Figure S3C and S3D).

DISCUSSION

In the present study, we found that S100a8/9 was in-
creased during pressure overload-induced cardiac
remodeling. Cardiac-specific depletion of S100a9

J Am Heart Assoc. 2024;13:e028006. DOI: 10.1161/JAHA.122.028006 9
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Figure 5. S100a8/9 activated calcineurin/NFAT signaling pathway during phenylephrine-induced hypertrophy of
cardiomyocytes in vitro.

A, Cell areas of NRCMs treated with several inhibitors of hypertrophy-related kinases (n=5). cyclosporin A (an inhibitor of calcineurin),
VIVIT (an inhibitor of NFAT), CCT129957 (an inhibitor of PLCy), PD169316 (an inhibitor of p38), SP600125 (an inhibitor of JNK), U0126
(an inhibitor of ERK), BMS-345541 (an inhibitor of NF-xB), and AKTi (an inhibitor of AKT) were used. B, mRNA levels of atrial natriuretic
peptide (ANP) in indicated groups (n=5). C and D, Calcineurin activity in the hearts following AB with overexpression or knockdown
of S100a9 (n=6). E and F, NFAT transcriptional activity in the hearts following AB with overexpression or knockdown of S100a9 (n=6).
G and H, mRNA level of calcineurin 1 (RCAN1) in the hearts following AB with overexpression or knockdown of S100a9 (n=6). I,
Representative Western blots and the statistical results of the protein levels (n=6). Values represent the mean+SEM. *P<0.05 vs the
matched control group. AB indicates aortic banding; ANP, atrial natriuretic peptide; NF-xB, nuclear factor-xB; NFAT, nuclear factor
of activated T cells; NRCM, neonatal rat cardiomyocyte; PCNA, proliferating cell nuclear antigen; PLCy, phospholipase C-y; P-PLCy,
phospho-PLCy; RCAN1, regulator of calcineurin 1; and S100a8/9, S100 calcium binding protein a8/9.

attenuated AB-induced hypertrophic response and
forced expression of S100a9 with AAV-mediated gene
transfer aggravated pressure overload-induced cardiac
hypertrophy in mice. Investigations of the underlying
mechanisms demonstrated that FGF23 is upregulated
in cardiac tissues after S100a9 overexpression, which
leads to an activation of calcineurin/NFATcS3 signaling

J Am Heart Assoc. 2024;13:e028006. DOI: 10.1161/JAHA.122.028006

pathway, promoting the development of cardiac hyper-
trophy in mice. Our findings suggested that S100a8/9
was instrumental for the development of pressure
overload-induced cardiac hypertrophy.

Here, we observed that the mRNA and protein ex-
pression levels of S100a8/9 were significantly upreg-
ulated in mice subjected to pressure overload. The
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Figure 6. Mice with S100a9 overexpression exhibited increased cardiac expression of FGF23.

A, FGF23 and FGF2 mRNA levels in S100a9-overexpressed and control groups after AB surgery (n=5). B and C, Representative
Western blots and quantitative results of FGF23 in S100a9-overexpression or knockdown mice after AB surgery (n=6). D through
E, FGF23 concentration in phenylephrine-treated NRCMs after simulated by recombinant S100a8/9 or siS100a9 (n=6). F and G,
Representative a-actinin staining and cell area in NRCMs treated with anti-FGFR4 or not (n=5). H, mRNA levels of ANP in NRCMs of
indicated groups (n=5). I, NFAT transcriptional activity in NRCMs of indicated groups (n=5). Values represent the mean+SEM. *P<0.05
vs the matched control group. AB indicates aortic banding; ANP, atrial natriuretic peptide; FGF23, fibroblast growth factor 23; FGFR4,
FGF receptor 4; IgG, immunoglobulin G; NFAT-luc, nuclear factor of activated T cells-luciferase; NRCM, neonatal rat cardiomyocyte;

and S100a8/9, S100 calcium binding protein a8/9.

similar trend of S100a8/9 was also observed in acute
coronary syndromes,?® endotoxin-induced cardiomy-
opathy,'* and doxorubicin-induced cardiac injury.*
However, inconsistent with these findings, Yang et al.
found that S100a9 was upregulated by 6-fold during
regression of cardiac hypertrophy with the use of gene
array.?® The different expression of $100a8/9 might be
explained by the different animal models. The upreg-
ulated expression of S100a8/9 during the hypertro-
phic response suggested a critical role for S100a8/9
in the onset and development of cardiac hypertrophy.
Interestingly, we found that cardiac-specific overex-
pression of S100a9 aggravated cardiac hypertrophy,
and conversely, cardiac-specific ablation of S100a9

J Am Heart Assoc. 2024;13:e028006. DOI: 10.1161/JAHA.122.028006

attenuated this pathological hypertrophic response
in mice. The in vitro experiments also confirmed this
prohypertrophic effect of S100a8/9. The maladaptive
role in cardiovascular diseases has been confirmed
in several teams with different animal models.'#523
However, there sounded an opposite voice that
S100a8/9 mediated the cardio-protection of hypertro-
phic preconditioning on cardiomyocyte hypertrophy.?”
These incompatible results may be attributed to the
different interventions and different time point of this
disease model.

Plasma FGF23 and S100a8/9 were closely as-
sociated with cardiovascular mortality in patients
with end-stage renal disease, implying a potential
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Figure 7. FGFR4 blocking abolished the prohypertrophic effect of S100a8/9 overexpression in response to pressure
overload.

A, Statistical results of the HW/TL of mice injected with an FGFR4 blocking antibody (anti-FGFR4) (n=8-10). B, Hematoxylin—eosin
and picrosirius red staining of hearts with anti-FGFR4 or not (n=4-5). C, The cross-sectional areas of myocytes (n=4-5). D, Statistical
results of the fibrosis areas (n=4-5). E and F, LVIDd and EF of mice with anti-FGFR4 or not (n=8-10). G through I, Calcineurin activity,
NFAT transcriptional activity, and RCAN1 mRNA level in hearts with anti-FGFR4 or not (n=4-5). Values represent the mean+SEM.
*P<0.05 vs the matched control group. AB indicates aortic banding; EF, ejection fraction; FGFR4, fibroblast growth factor receptor 4;
HW, heart weight; IgG, immunoglobulin G; LVIDd, left ventricular internal diastolic diameter; NFAT-luc, nuclear factor of activated T
cells-luciferase; RCANT1, regulator of calcineurin 1; S100a8/9, S100 calcium binding protein a8/9; and TL, tibia length.

synergistic effect between $S100a8/9 and FGF23.28:2°
Our previous study demonstrated that global over-
expression of S100A12 (5100a8/9 homolog) resulted
in the augmented expression of FGF23 in cardiac
tissues.’® In the present study, elevated FGF23 ex-
pression was also observed in mice with transgenic
expression of S100a8/9 after pressure overload.
The critical role of FGF23 in S100a8/9-induced hy-
pertrophic response was later confirmed by a study
indicating the use of FGFR4 antibody could directly
abolish the prohypertrophic effect of FGF23 in mice
subjected to pressure overload, which was in line with
a previous study indicating that the FGFR4 antibody

J Am Heart Assoc. 2024;13:e028006. DOI: 10.1161/JAHA.122.028006

could attenuate chronic kidney disease-induced car-
diac dysfunction.?!

FGF23 can activate FGFR4 in cardiac myocytes,
which led to the phosphorylation of PLCy.?" The calci-
neurin/NFAT cascade is a critical downstream target of
activated PLCy.%° Here, we also found that $100a8/9
overexpression enhanced the calcineurin/NFAT ex-
pression and activities in hypertrophic mice, whereas
S100a8/9 deficiency significantly limited the expres-
sion and activities of calcineurin/NFAT. However, the
heightened calcineurin/NFAT activity and increased
expression of RCAN1 in S100a9-overexpressing
mice were also suppressed by using FGFR4 blocking
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antibody, which is a crucial target that can be directly
activated by FGF23 in the process of cardiac hypertro-
phy. Furthermore, in vitro studies have confirmed that
anti-FGFR4 nullified the potentiation of NFAT transcrip-
tional activity induced by S100a8/9 treatment. As a re-
sult, we can deduce that FGF23 activate calcineurin/
NFAT by interacting with FGFR4, thereby triggering
the subsequent prohypertrophic responses. Similarly,
Bogdanova et al have discovered that calcineurin/
NFAT hypertrophic signaling pathway is implicated in
myocardial remodeling amid arterial hypertension, po-
tentially mediated by FGF23.3" Furthermore, inhibition
of PLCy/calcineurin/NFAT signaling pathway abrogated
the prohypertrophic effect of S100a8/9. Our findings
were consistent with several studies that suppression
of PLCy/calcineurin/NFAT could attenuate or prevent
pathological cardiac hypertrophy in mice.3233

There comes another question about which fac-
tor was responsible for the elevation of FGF23 in
S100a8/9-mediated hypertrophic response. The data
from our and other laboratories found that FGF23 is
induced by several inflammatory signals.®*3% However,
S100a8/9-caused hypertrophic response was not
prevented by an NF-xB inhibitor in the present study.
Unexpectedly but interestingly, we observed enhanced
ROS production in S100a8/9-treated cells after PE
treatment. Furthermore, NAC prevented S100a8/9-
induced hypertrophic response and FGF23 production
in cells, implying that S100a8/9-induced FGF23 pro-
duction might rely on the production of ROS during hy-
pertrophic response.

CONCLUSIONS

In conclusion, our study reported an exacerbated role
of $100a8/9 in pressure overload-induced cardiac hy-
pertrophy and dysfunction via increased expression of
FGF23. Our findings provide therapeutic targets and
strategies for the treatment of cardiac hypertrophy and
heart failure.
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