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Abstract

Muscle atrophy is a common complication in chronic kidney disease (CKD).
Inflammation and myostatin play important roles in CKD muscle atrophy.
Formononetin (FMN), which is a major bioactive isoflavone compound in Astragalus
membranaceus, exerts anti-inflammatory effects and the promotion of myogenic dif-
ferentiation. Our study is based on myostatin to explore the effects and mechanisms
of FMN in relation to CKD muscle atrophy. In this study, CKD rats and tumour ne-
crosis factor o (TNF-a)-induced C2C12 myotubes were used for in vivo and in vitro
models of muscle atrophy. The results showed that FMN significantly improved the
renal function, nutritional status and inflammatory markers in CKD rats. Values for
bodyweight, weight of tibialis anterior and gastrocnemius muscles, and cross-sec-
tional area (CSA) of skeletal muscles were significantly larger in the FMN treatment
rats. Furthermore, FMN significantly suppressed the expressions of MuRF-1, MAFbx
and myostatin in the muscles of CKD rats and the TNF-a-induced C2C12 myotubes.
Importantly, FMN significantly increased the phosphorylation of PI3K, Akt, and
FoxO3a and the expressions of the myogenic proliferation and differentiation mark-
ers, myogenic differentiation factor D (MyoD) and myogenin in muscles of CKD rats
and the C2C12 myotubes. Similar results were observed in TNF-a-induced C2C12
myotubes transfected with myostatin-small interfering RNA (si-myostatin). Notably,
myostatin overexpression plasmid (myostatin OE) abolished the effect of FMN on
the phosphorylation of the PI3K/Akt/FoxO3a pathway and the expressions of MyoD
and myogenin. Our findings suggest that FMN ameliorates muscle atrophy related to

myostatin-mediated PI3K/Akt/FoxO3a pathway and satellite cell function.
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1 | INTRODUCTION

Muscle atrophy is the main pathophysiological consequence and the
most effective marker of protein-energy wasting, which is a well-es-
tablished complication in individuals with chronic kidney disease
(CKD).} Muscle atrophy is closely related to aggravated occurrence
of other complications, such as infection and multiple organ failure.?
It affects patients' quality of life and can result in increased mor-
bidity and mortality. In recent decades, study of the mechanisms of
CKD muscle atrophy has made substantial progress. However, no
reliably effective pharmacological or therapeutic approaches to pre-
vent CKD-induced muscle atrophy currently exist.? In-depth study
of the molecular mechanisms of CKD muscle atrophy and the search
for effective drugs for the treatment of CKD muscle atrophy are of
major concern.

Inflammation plays a critical role in the pathogenesis and pro-
gression of CKD muscle atrophy. In CKD, chronic inflammation can
lead to poor appetite, reduced protein and calorie intake, and de-
creased protein synthesis, further leading to protein-energy expen-
diture and hypoproteinemia.** In this condition, increased levels of
circulating inflammatory cytokines, including tumour necrosis factor
a (TNF-a), Interleukin-6 (IL-6), Interleukin-8 (IL-1p) and amyloid A,
stimulate muscle catabolism.®” The catabolic pathways triggered by
inflammation that leading to protein wasting include the activation
of the ubiquitin-proteasome system (UPS), the autophagy-lysosome
systems, caspase-3 and myostatin.8'° Most importantly, inflamma-
tory cytokines, particularly TNF-a, can activate myostatin, which
accelerates protein catabolism and leads to skeletal muscle atro-
phy.'*% Hence, inhibiting the production of inflammatory cytokines
and then inhibiting the expression of myostatin may be an effective
means of treating CKD muscle atrophy.

Myostatin, a member of the transforming growth factor beta
(TGF-p) superfamily, is a negative regulator of skeletal muscle mass
and is closely associated with protein degradation and the inhibition
of the proliferation and differentiation function of satellite cells. It is
expressed predominantly in skeletal muscle. It negatively regulates
the activation of satellite cells, controls the self-renewal process, and
inhibits myoblast proliferation and differentiation.***® A number of
conditions, including CKD, hindlimb unloading, disuse atrophy, can
lead to increased myostatin expression.”2° In addition, gene dele-
tion and naturally occurring mutations in myostatin induce muscle
fiber hypertrophy and an increase in muscle mass and bodyweight,
and the overexpression of myostatin decreases fiber size and mus-
cle mass.?Y2* There is evidence that the subcutaneous injection of
anti-myostatin peptibody can block protein degradation through the
PI3K/Akt/FoxO3a pathway and improve the function of satellite
cells in a CKD mouse model.*? Finally, a phase I/l clinical trial of
the myostatin-neutralizing antibody MYO-029 showed that admin-
istration of myostatin inhibitors had good safety and tolerability and
increased muscle size.?

Formononetin (FMN) is a bioactive isoflavone compound ap-
peared in Chinese medicinal ingredients, such as Astragalus mem-

branaceus. Recent research has found that FMN has multiple

pharmacological effects, including anti-inflammatory, antioxidant,
antitumor and vasorelaxant benefits. 262 Several studies have
demonstrated the anti-inflammatory action of FMN. One showed
that FMN down-regulated TNF-q, IL-6 and IL-1p in a lipopolysaccha-
ride (LPS)-induced zebrafish with lipidomics and targeted transcrip-
tomics.?? Another found that FMN ameliorated mast cell-mediated
allergic inflammation via reducing the production of the pro-inflam-
matory cytokine TNF-a, IL-1p and IL-6 by inhibiting NF-kB activation
and upstream IkKa phosphorylation, as well as inhibiting caspase-1
activity.30 In addition, FMN attenuates LPS-induced inflammation
in mice associated with the induction of PPAR gamma expression.>!
Furthermore, FMN exhibits anti-inflammatory actions in methotrex-
ate-induced rats by up-regulating nuclear factor erythroid 2-related
factor (Nrf2) / hemeoxygenase-1 (HO-1) signalling.®? Notably, a re-
cent study showed that FMN significantly increased myogenic mark-
ers such as MyoD and myogenin in C2C12 myoblast.>® However,
little is known about the effects of FMN in CKD muscle atrophy.

In the current study, based on the myostatin-mediated PISK-Akt-
FoxO3a pathway and the proliferation and differentiation function
of satellite cells, we investigated the role and mechanisms of FMN in
CKD muscle atrophy in 5/6 nephrectomy rats in vivo and a TNF-a-
induced C2C12 in vitro myotubes model.

2 | MATERIALS AND METHODS
2.1 | Chemicals and reagents

FMN was purchased from Dalian Meilun biotechnology co., Ltd.
(CAS 485-72-3; molecular formula: C16H1204; molecular weight:
268.27; purity >98%, Dalian, China). Recombinant murine TNF-a
was purchased from Pepro Tech (Catalog Number: 315-01A; USA).

2.2 | Experimental animals and experimental design

All animal experiments and procedures were approved by the
Institutional Animal Care and Use Committee of Southern Medical
University. Male Sprague-Dawley (SD) rats weighing approxi-
mately 200 + 20 g purchased from the Experimental Animal Centre
of Southern Medical University (permitted by SCXK 2016-0041
[Guangzhou]). The animals were housed in a specific-pathogen-
free animal laboratory. After a 1-week acclimatization period, the
animals were randomly assigned to the sham operation or the 5/6
nephrectomy group. Each animal in the nephrectomy group un-
derwent subtotal nephrectomy in two stages as described previ-
ously.’®*2 During the first stage, approximately two-thirds of the
left kidney was removed after ligation of both the upper and lower
poles. The entire right kidney was removed 1 week later, after the
ligation of the vascular pedicle. Sham-operated rats underwent the
same procedure but without the surgical reduction of the kidney.
The procedures were performed under chloral hydrate anaesthe-

sia, using a strict aseptic technique. After the 5/6 nephrectomy
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and 8 weeks of routine feeding, measurement of serum levels of
creatinine (Scr) and blood levels of urea nitrogen (BUN) was done
to determine whether the animal model had been successfully es-
tablished. The 5/6 nephrectomy animals were randomly divided
into three groups (n = 10): CKD model group, CKD + FMN 30 mg/
kg group and CKD + FMN 60 mg/kg group. FMN (30 and 60 mg/
kg/d) was administered by oral gavage in the form of a suspension
for 6 weeks. The sham operation group and the CKD model group

WILEY- %

were given an equal volume of distilled water. The experimental
procedure is presented in Figure 1A.

2.3 | Specimen collection

After the completion of the treatment, each animal was kept in a
metabolic cage for 24 hours to collect 24 hours urine samples. Blood
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FIGURE 1 FMN improves renal function and kidney pathology, alleviates inflammation and ameliorates the nutrition index in CKD rats.
Two-step subtotal nephrectomy was performed on 8-wk-old male SD rats to induce muscle atrophy, and they were administered FMN (30
and 60 mg/kg) daily for 6 wk. After this, they were sacrificed (n = 10/group). (A) Schematic protocol for the animal experiment. (B) Renal

function indexes, including BUN, creatinine, cystatin C and 24 h urinary p

rotein (n = 10/group). (C) Paraffin sections from kidney tissues

stained with H&E and Masson and observed under a microscope (magnification x200). (D) The nutrition indexes of Hb, ALB, TF and PA in
each group (n = 10/group). Significant differences are indicated as *P < .05, **P < .01 compared with the sham group or the CKD model

group
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samples were collected and then centrifuged at 3000 g for 15 min-
utes to obtain serum. The tibialis anterior and gastrocnemius mus-
cles were harvested and weighed immediately after they were taken
from the carcass. The kidney tissues were dissected immediately and

fixed with 4% paraformaldehyde.

2.4 | Biochemical parameters

The levels of Scr, BUN, cystatin C, 24 hours urinary protein, hae-
moglobin (Hb), albumin (ALB), transferrin (TF) and prealbumin (PA)
were measured using the Hitachi Model 7100 Automatic Analyzer
(Hitachi, Japan), according to the manufacturer's instructions
(Nanjing Jiancheng Bioengineering Institute, China).

2.5 | Haematoxylin and eosin staining

The tibialis anterior muscle tissues and kidney tissues were fixed in
4% paraformaldehyde for 48 hours and embedded in paraffin after
dehydration. These samples were sliced into 4 mm sections, de-
waxed with xylene, rehydrated in a graded ethanol series to water
and finally stained with haematoxylin and eosin (H & E). Four images
were taken randomly for each sample, and the average muscle fiber
cross-sectional area (CSA) was assessed using the Image J software.
The pathological morphology of the kidney tissues was observed

under a microscope.

2.6 | Masson's trichrome staining

Paraffin-embedded kidney tissues were sliced into 4 mm sections,
deparaffinized and stained with haematoxylin solution for 10 min-
utes, washed in running water for 10 minutes. Then, the sections
were stained in Biebrich scarlet-acid fuchsin solution for 10 min-
utes, rinsed in distilled water and differentiated in phosphomolyb-
dic-phosphotungstic acid solution for 10 minutes. Next, they were
placed in aniline blue solution for 10 minutes, rinsed in distilled water
and differentiated in 1% acetic acid solution for 5 minutes. Finally,
the sections were washed in distilled water and dehydrated in gradi-

ent ethanol solutions, cleaned and imaged under a microscope.

2.7 | Cell culture and treatments

Mouse C2C12 myoblasts were purchased from the Type Culture
Collection of the Chinese Academy of Sciences (Shanghai, China).
C2C12 myoblasts were cultured in high-glucose DMEM (Gibco, USA)
and supplemented with 10% foetal bovine serum (Gibco, New York,
USA) and 1% penicillin-streptomycin (Gibco, New York, USA) at 37°C
in a humidified atmosphere of 5% CO,. When the myoblasts were
at 80% confluence, the culture medium was replaced with a differ-

entiation medium (DMEM supplemented with 2% horse serum) for

another 5 days to induce differentiation and to form myotubes. To
explore the signal transduction pathways involved in the effects of
FMN on muscle atrophy, the C2C12 myotubes were treated with
FMN (25 or 50 umol/L) with or without TNF-« (40 ng/mL) for an-
other 48 hours.

2.8 | Cell viability assay

The cytotoxicity of TNF-a and FMN in C2C12 myotubes was meas-
ured using CCK-8 kit. Briefly, C2C12 myoblasts were seeded into 96-
well plates (1000 cells/well) in the growth medium. When the C2C12
myoblasts reached 80% confluence, the cells were switched to grow
in differentiation medium at 37°C with 5% CO, for 5 days to differ-
entiate into myotubes. The C2C12 myotubes were incubated with
different concentrations of TNF-a (0, 20, 40, 60, 80 and 100 ng/mL)
for 24 hours and 48 hours and FMN (0, 5, 10, 25, 50 and 100 pmol/L)
for 48 hours. Then, 10 pL CCK-8 was added to each well for 45 min-
utes incubation at 37°C. The absorbance at 450 nm was measured
using a microplate reader (S5 Versa Analyzer, USA). The results were

averaged from five duplicate wells of each group.

2.9 | Immunofluorescence staining

Paraffin-embedded tibialis anterior muscles were sliced into 4 mm
sections, dewaxed with xylene and rehydrated in a graded etha-
nol series to water. Next, antigen retrieval was performed using
0.01 mol/L Citrate Antigen Retrieval Solution (pH 6.0) (G1202,
Servicebio, Wuhan, China) in microwave oven (medium fire 8 min-
utes, stop fire 8 minutes and turn to medium low fire for 7 min-
utes). After natural cooling, they were washed with PBS (pH 7.4) 3
times (each time for 5 minutes) on a shaker. Sections were circled
with histological pen, quenched with autofluorescence quenching
agent (G1221, servicebio) for 5 minutes and then washed with run-
ning water for 10 minutes. Then, the sections were blocked with 5%
BSA for 30 minutes at room temperature. Thereafter, the sections
were incubated with anti-myostatin (1:200; Abcam, ab124721), anti-
MAFbx (1:200; Abcam, ab168372), anti-MuRF-1 (1:200; Abcam,
ab201941), anti-MyoD (1:200; Abcam, ab16148) and anti-myogenin
(1:200; Abcam, ab212668) at 4°C overnight incubation. The sec-
tions were washed with PBS and incubated with fluorescent sec-
ondary antibody (Thermo Fisher Scientific, USA) in dark for 1 hour
at room temperature. After washed with PBS 3 times, the sections
were incubated with DAPI for 10 minutes in dark room tempera-
ture. Finally, the sections were washed with PBS 3 times, sealed
with Fluorescence decay-resistant Medium (G1401, Servicebio)
and placed under a fluorescence microscope to observe and collect
images.

The C2C12 myotubes were fixed with 4% formaldehyde for
20 minutes. They were permeabilized with 0.25% Triton X-100 in
PBS for 10 minutes and were blocked with 5% BSA solution for
30 minutes. Then, the C2C12 myotubes were incubated with the
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following primary antibodies: anti-myostatin, anti-MAFbx and
anti-MuRF-1 at 4°C overnight, followed by incubation with a cor-
responding fluorescent secondary antibody at 37°C for 1 hour.
Finally, five images were taken randomly with a fluorescence mi-
croscope for each sample, and the fluorescence intensity was ana-

lysed with Image J.

2.10 | Enzyme-linked immunosorbent assay

The levels of CRP, TNF-a, IL-6 and IL-1p in serum were evaluated
using commercial enzyme-linked immune sorbent assay (ELISA)
kits (R&D Systems, USA). ELISA analyses were performed indepen-
dently in duplicates for each sample, following the manufacturer's
instructions.

2.11 | Quantitative real-time polymerase chain
reaction (QPCR)

The mRNA expression levels of inflammatory markers, differentia-
tion and muscle atrophy-related genes in muscle tissues and C2C12
myotubes were measured using gPCR. Total RNA was isolated
from muscle tissues and C2C12 myotubes using the Trizol reagent
(Invitrogen Life Technologies, USA). The concentration and pu-
rity of RNA were assessed by determining the absorbance ratio at
260 nm and 280 nm and reverse transcribed into cDNA using the
PrimeScriptTM 1st Strand cDNA Synthesis Kit (TaKaRa). gPCR was
conducted in 20 puL reactions using a TB Green Premix Ex TagTM
(RR420A, Takara, Japan). All gene expression levels were normalized,
using GAPDH as an endogenous control. The primer sequences used
in the experiments are shown in Table 1.

TABLE 1 Thelist of primer sequences used in gPCR

Gene Sequence
CRP Sense CCTTCGTATTTCCCGGAGTGTC
Anti-sense CTCACATCAGCGTGGGCATAG
TNF-« Sense CATGAGCACAGAAAGCATGATCCG
Anti-sense AAGCAGGAATGAGAAGAGGCTGAG
IL-6 Sense AAGCCAGAGTCATTCAGAGCAA
Anti-sense GTCTTGGTCCTTAGCCACTCCT
IL-1B Sense TGATGAAAGACGGCACCC
Anti-sense TGTCCCGACCATTGCTGTTT
Myostatin Sense TGGCATTACTCAAAAGCAAAAAG
Anti-sense CATCAATACTCTGCCAAATACCA
MyoD Sense ACGACTGCTTTCTTCACCACTCCT
Anti-sense TCGTCTTAACTTTCTGCCACTCCG
MyoG Sense CCAGTGAATGCAACTCCCAC
Anti-sense GCATGGTTTCGTCTGGGAAG
GAPDH Sense ACTCCACTCACGGCAAATTCA
Anti-sense CGCTCCTGGAAGATGGTGAT

WILEY-—

2.12 | Myostatin-small interfering RNA (si-
myostatin) and myostatin overexpression plasmid
(myostatin OE) transfection

The si-myostatin and scramble siRNA (si-NC) was obtained from
Kidan Bio Technology Co., Ltd. (Guangzhou, China). The sequences
of si-myostatin and si-NC are shown in Table 2.

The coding sequences of the myostatin gene were obtained
from GenBank, and the primers (sense, 5'-ATGATGCAAAAACTGCA
AATGT-3'; anti-sense, 5'-TCATGAGCACCC ACAGCG-3') were ob-
tained from The Beijing Genomics Institute. After PCR amplification
of the myostatin cDNA sequences, restriction enzyme digestion and
DNA sequencing, we ligated the myostatin cDNA sequences and the
PCDNA 3.1 (+) vector fragments by T4 lignase. Thus, the PCDNA 3.1
(+)-myostatin plasmid (myostatin OE) was successfully constructed.

C2C12 myotubes were transfected with si-myostatin (or si-NC)
or myostatin OE (or vehicle vector) for 24 hours using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA) according to the manufactur-

er's instructions.

2.13 | Western blotting analyses

Muscle tissues and C2C12 myotubes were lysed in RIPA buffer
for 30 minutes, followed by homogenate and centrifugation at
12 000 g for 15 minutes at 4°C. The protein concentrations were
determined using a BCA protein assay kit (Thermo Fisher Scientific,
USA). The protein samples were applied to 12% SDS polyacryla-
mide gels, transferred to PVDF membranes, blocked with 5% BSA
TBST buffer and incubated with the following primary antibodies
according to the manufacturer's recommendations: anti-myostatin,
anti-MAFbx, anti-MuRF-1, anti-MyoD, anti-myogenin (all 1:1000;
Abcam, England), p-PI3K, PI3K, p-Akt, Akt, p-FoxO3a, FoxO3a (all
1:1000; Affinity, USA) and GAPDH (1:10 000; Affinity, AF7021).
Then, the membranes were incubated with a corresponding second-
ary antibody (1:5000; Affinity, USA) at room temperature for 1 hour
and washed with 1x TBST 3 times. Finally, the protein bands were
visualized with an ECL Western Blotting Substrate Kit (Millipore,
1622301, USA) and were captured in a CCD system (Image Station
2000 MM, Kodak, USA).

TABLE 2 The sequences of si-myostatin and si-NC

Name Sequence

si-myostatin-1 Sense CCCAUGAAAGACGGUACAATT
Anti-sense UUGUACCGUCUUUCAUGGGTT

si-myostatin-2 Sense GGAUGAGAAUGGCCAUGAUTT
Anti-sense AUCAUGGCCAUUCUCAUCCAA

si-myostatin-3 Sense CCCGUCAAGACUCCUACAATT
Anti-sense UUGUAGGAGUCUUGACGGGTC

si-NC Sense GUGAGCGUCUAUAUACCAUTT
Anti-sense AUGGUAUAUAGACGCUCACTT
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FIGURE 2 FMN significantly improves muscle atrophy in CKD rats. (A) Bodyweight was determined weekly throughout the entire 16-wk
experimental period (n = 10/group). (B) Images of gastrocnemius and tibialis anterior muscles in each group, obtained with a stereoscope. (C)
The weights of the gastrocnemius and tibialis anterior muscles were measured and normalized to the final bodyweight after sacrifice (n = 6/
group). (D) Paraffin sections from the tibial anterior muscle tissues stained with H&E and observed under a microscope (magnification x400).
The red arrows indicate myofibres affected by atrophy. The cross-sectional area of the muscle fibres of different groups was measured using
Image J. (E) The MAFbx and MuRF-1 expressions in the tibialis anterior muscle determined with immunofluorescence staining (200x) using
anti-MAFbx and anti-MuRF-1 (green) and the nuclei detected via DAPI staining (blue). The relative fluorescence intensities of MAFbx and

MuRF-1 were compared between the groups. *P < .05, **P < .01

2.14 | Statistical analyses

Statistical analysis was conducted in SPSS 22.0 software (SPSS,
Chicago, USA) and GraphPad Prism Software 5.0 (CA, US). Results
are expressed as the mean + standard deviation. Data were ana-

lysed by one-way ANOVA P-value <.05 was considered statistically

significant.

3 | RESULTS

3.1 | FMN improves renal function and nutrition
index in CKD rats

Scr, BUN, Cystatin C and 24-hour urinary protein levels in CKD
model group were significantly higher than those in sham operation
group. However, these levels decreased significantly after 6 weeks
of FMN administration (Figure 1B). Histopathological analyses of the
kidney tissues using H&E and Masson's trichrome staining revealed
a basically normal kidney morphology in the sham group and sig-
nificant histological irregularities, such as glomerular sclerosis, inter-
stitial fibrosis and inflammatory cell infiltration in the CKD model
group. Kidney morphology was significantly better in the FMN
groups (Figure 1C). The levels of Hb, ALB, TF and PA were lower in

the CKD model than in the sham group. However, the HB and ALB
levels were significantly higher in both FMN administration groups,
and the TF and PA levels were higher in only the FMN 60 mg/kg
group (Figure 1D).

3.2 | Formononetin ameliorates muscle atrophy in
CKD rats

Bodyweight in each group increased over the course of the 16-week
experiment, and the sham group gained weight faster than the other
groups. After the administration of FMN, the final bodyweight was
significantly increased in the FMN administration groups relative to
the CKD model group (Figure 2A).

The gastrocnemius and tibial anterior muscle volumes were sig-
nificantly larger in the FMN groups than in the CKD model group
(Figure 2B). The weights of the gastrocnemius and tibialis anterior
muscles were measured and normalized to the final bodyweight and
showed similar trends (Figure 2C). H&E staining of the tibial anterior
muscle tissues showed that inflammatory cell infiltration, uneven
muscle fibre thickness and cell nucleus displacement. The CSA of
the muscle fibre were significantly decreased in the model group.
After treatment with FMN, the above phenomena were significantly

improved (Figure 2D).
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the groups. *P < .05, **P < .01

The immunofluorescence staining results showed that the ex- 3.3 | Formononetin ameliorates muscle atrophy
pressions of MAFbx and MuRF-1 were significantly increased in tib- induced by TNF-a in C2C12 myotubes
ialis anterior muscle of the CKD model group. Moreover, treatment
with FMN significantly suppressed the expressions of MAFbx and The results showed that treatment with 40 ng/mL TNF-a for 48 hours sig-
MuRF-1 (Figure 2E). nificantly reduced cell viability and increased the expression of MAFbx and
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rats and C2C12 myotubes. (A) Protein levels of p-PI3K, PI3K, p-Akt, Akt, p-FoxO3a and FoxO3a in gastrocnemius muscle analysed using
Western blotting (n = 3/group). (B) Protein levels of MAFbx and MuRF-1 in gastrocnemius muscles analysed using Western blotting (n = 3/
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(50 pmol/L) and si-myostatin + TNF-a. Protein levels of p-PI3K, PI3K, p-Akt, Akt, p-FoxO3a and FoxO3a in C2C12 myotubes (n = 3/
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of MAFbx and MuRF1 in C2C12 myotubes analysed by Western blotting (n = 3/group). *P < .05, **P < .01

MuRF-1. (Figure 3A,B). Therefore, 40 ng/mL TNF-a incubation for 48 hours
was used as atrophic model. The cytotoxicity of FMN showed that low
concentrations (5, 10, 25 and 50 pmol/L) of FMN did not have cytotoxic
effects, while high concentrations (100 pmol/L) induced significant cyto-
toxicity (Figure 3C), so we used 25 and 50 umol/L for further experiments.

Then, we examined the role of si-myostatin and FMN in myo-
tube atrophy. si-myostatin and si-NC were transfected into C2C12

for 48 hours. The protein and mRNA expressions of myostatin
were decreased after transfection (Figure 3D). The expressions
of MAFbx and MuRF-1 in the C2C12 myotubes by immunofluo-
rescence staining showed that TNF-«a significantly increased the
expressions of MAFbx and MuRF-1. However, FMN and si-myo-
statin significantly reduced the expressions of MAFbx and MuRF-1
(Figure 3E,F).
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3.4 | FMN inhibits inflammation and the
expressions of myostatin in the muscles of CKD
rats and C2C12 myotubes

The levels of CRP, TNF-a, IL-6 and IL-1f in serum and muscles were
significantly greater in the CKD model group than in the sham group.
After treatment with FMN, the levels of these were decreased
(Figure 4A). The expressions of myostatin in muscle were examined
by Western blotting, gPCR and immunofluorescent staining. The
results showed that CKD significantly activated the expressions of
myostatin. Moreover, treatment with FMN effectively suppressed
the expression of myostatin (Figure 4B,C).

In vitro, the effects of FMN induced by TNF-a (40 ng/mL) on
the inflammatory markers in C2C12 myotubes were investigated.
The gPCR results showed that TNF-a significantly up-regulated the
expressions of CRP, TNF-q, IL-6 and IL-18. Moreover, FMN (25 and
50 pmol/L) and si-myostatin significantly decreased the levels of
each of these in TNF-a-induced C2C12 myotubes (Figure 4D).

The effect of FMN on the myostatin expressioninduced by TNF-a
(40 ng/mL) in C2C12 myotubes was also examined by Western blot-
ting, gPCR and immunofluorescent staining. TNF-a remarkably in-
creased the expression of myostatin, but when the myotubes were
incubated with FMN (25 and 50 pumol/L) and si-myostatin, the in-
creased expression was counteracted (Figure 4E-G).

3.5 | FMN inhibits myostatin-mediated
dephosphorylation of PI3K/Akt/FoxO3a in the
muscles of CKD rats and C2C12 myotubes

The result showed that the protein expressions of p-PI3K, p-Akt,
p-FoxO3a, MAFbx and MuRF-1 in the muscles were significantly
decreased in CKD rats, and these decreases were reversed by treat-
ment with FMN (Figure 5A,B).

In vitro, the expressions of p-PI3K, PI3K, p-Akt, Akt, p-FoxO3a
and FoxO3a induced by TNF-a in C2C12 myotubes were further ex-
amined. Western blotting results showed that FMN and si-myosta-
tin increased the expressions of p-PI3K, p-Akt and p-FoxO3a, which
were significantly decreased by TNF-« (Figure 5C,D). In addition, the
myostatin overexpression plasmid significantly blocked the change
in the expressions of p-PI3K, p-Akt and p-FoxO3a due to FMN.
Myostatin OE also counteracted the decrease in the expressions of
MAFbx and MuRF-1 due to FMN in C2C12 myotubes (Figure 5E,F).

3.6 | FMN improves myostatin-mediated satellite
cell proliferation and differentiation dysfunction in
CKD rats and C2C12 myotubes

The effects of FMN on the function of satellite cells were detected
through measurement of the expressions of MyoD and myogenin in
the muscles of CKD rats. Western blotting and gPCR results showed

that the levels of MyoD and myogenin were significantly lower in

the muscles of CKD model group than in the sham group, but this
was ameliorated by FMN (Figure 6A,B). The immunofluorescence
staining results of MyoD and myogenin in the tibialis anterior muscle
showed a similar trend (Figure 6C,D).

In vitro, to verify the effect of FMN on myogenic differentiation,
the expressions of MyoD and myogenin in TNF-a-induced C2C12
myotubes were detected. Western blotting and gPCR showed that
TNF-a significantly suppressed the expressions of MyoD and myo-
genin, while FMN (50 pmol/L) and si-myostatin attenuated this inhi-
bition (Figure 6E). However, myostatin OE significantly blocked the
change in the expressions of MyoD and myogenin by FMN in C2C12
myotubes (Figure 6F).

4 | DISCUSSION

Muscle wasting is a frequent and serious complication of CKD, and
it is correlated with risk for morbidity and mortality in this condi-
tion. No clinically reliable methods of preventing CKD muscle atro-
phy currently exist. Therefore, study of its molecular mechanisms is
urgently needed. New treatment methods and treatment strategies
must be sought. Our findings indicate that inflammation and myosta-
tin are activated in CKD-induced muscle atrophy. FMN has an anti-
inflammatory effect and inhibition of myostatin expression in CKD
muscle atrophy. It also attenuates muscle atrophy by improving the
myostatin-mediated dephosphorylation of PI3K/Akt/FoxO3a path-
way and the impaired satellite cell proliferation and differentiation.

Inflammation plays an important role in the pathogenesis of
CKD muscle atrophy.®* Previous studies support a direct patholog-
ical role for CRP, TNF-q, IL-6 and IL-1p in CKD muscle atrophy.2°
Elevated levels of CRP produce acute inflammatory responses,
which is a notable performance in CKD and serves as an important
marker for stratifying cardiovascular risk in them.*3> The infusion
of TNF-a, IL-6 and IL-1f increased the degradation of muscle pro-
tein, but the reduction of these inflammatory cytokines with phar-
macological methods attenuated muscle a\trophy.%’37 In our study,
we found that the inflammatory markers CRP, TNF-a, IL-6 and IL-1p
in serum and muscles were markedly increased in CKD rats, which
is consistent with previous reports.”*? In addition, we established a
muscle atrophy model in vitro in TNF-a-induced C2C12 myotubes.
Immunofluorescence staining showed that TNF-a up-regulated the
expressions of the skeletal muscle atrophy-specific genes MAFbx
and MuRF-1 and increased the levels of inflammatory markers. FMN
significantly reduced the levels of the inflammatory markers in CKD
rats and TNF-a-induced C2C12 myotubes. These results reveal that
inflammation is involved in CKD muscle atrophy, but FMN has a
countering anti-inflammatory effect.

Myostatin is a proverbial negative regulator of muscle mass in
CKD muscle atrophy. Abundant evidence has indicated that myo-
statin expression is increased in the muscles of CKD patients. %324
Myostatin is related to the up-regulation of inflammatory cytokines,
particularly TNF-a. In a mouse model of CKD, TNF-«a increased the

expression of myostatin via the NF-xB pathway to accelerate the



LIU ET AL.

e EESham
vy X = Model

i B FMN30
1 FMN60

MyoD

OB e e o - — -

myogenin | s NEN N S S

GAPDH -

Sham Model FMN30 FMN60

MyoD myogenin

C Sham Model

FMN 30 FMN 60

DAPI

MyoD

Merge

E ixc + L5

si-myostatin

TNF-0 (40ng/mL)
FMN (50uM)

0
Sham Model FMN30 FMN60

MyoD myogenin

vector-NC * e 15
myostatin OF + NS
TNF-u (40ng/mL)
FMN (50uM)

myogenin| QD — D sa—

0
Sham Model FMN30 FMN60

Relative protein level

GAPDH | enmms enms e e

MyoD

: - pAkt), -}@ﬂ-’ '\;:,.\;;1 1 -pUrs ﬂ Qtl’mu‘in intion I | \
! T T, - - aEE——
1

FMN ====4 istummain "‘
] S — :
: Satellt el function|, _p[—m;ﬂml ‘—p[mmw formation |, |

myogenin

WILEY-*%

‘myogenin *

B MyoD
L5

=00
0 Sham Model FMN30FMNG0 Sham  Model FMN30 FMN60

Sham Model FMN 30 FMN 60

DAPI

myogenin

myogenin

B si-NC MyoD,
B si-NC + TNF-a L5
B 5i-NC + TNF-o + FMN
si-myostatin + TNF-a

0.0
FMN (50uM)
TNF-a (40ng/mL) ' ! ¢

si-myostatin

0.0
FMN (50uM)
TNF-a (40ng/mL)
si-myostatin
si-NC  + + sENC

B vector NC . MyoD & | myogenin
B vector NC + TNF-a .
B vector NC + TNF-a + FMN

3 myostatin OE + TNF-a+FMN

0.0

FMN (50uM)
TNF-a (40ng/mL)
myostatin OF
vector-NC

0.0
FMN (50uM)
TNF-a (40ng/mL)
myostatin OF

vector-NC

FIGURE 6 FMN improves satellite cell proliferation and differentiation in CKD rats and C2C12 myotubes. (A) Protein levels of MyoD
and myogenin in gastrocnemius muscle of different groups analysed by Western blotting (n = 3/group). (B) mRNA levels of MyoD, myogenin
in gastrocnemius muscle analysed with gPCR (n = 3/group). (C) Sections of tibialis anterior muscle from different groups were determined
with immunofluorescence staining (200x) with anti-MyoD, anti-myogenin (red) and DAPI (blue). (D) The relative fluorescence intensity of
MyoD and myogenin was compared between groups. (E) C2C12 myotubes were treated with FMN (50 pmol/L) in the presence or absence
of TNF-a (40 ng/mL) for 48 h following 24 h of incubation with si-myostatin or si-NC. The protein and mRNA levels of MyoD and myogenin
in C2C12 myotubes using Western blotting and gPCR (n = 3/group). (F) Myostatin OE transfection was used to overexpress myostatin in
C2C12 myotubes, and then, they were incubated with FMN (50 pmol/L) and TNF-«a for another 48 h. The protein and mRNA levels of MyoD
and myogenin in C2C12 myotubes were assessed with Western blotting and gPCR. All values are presented as means + SDs for three
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process of muscle atrophy.>® NF-kB activation is required for cy-
tokine-induced skeletal muscle protein loss in CKD patients.}?*%3%7
Consistent with previous studies, the expression of mMRNA and the
protein levels of myostatin were increased in the muscles of CKD
rats. Meanwhile, we also observed that TNF-a increased the expres-
sion of myostatin in C2C12 myotubes. Moreover, FMN decreased
the expression of myostatin in the CKD rats and the TNF-a-induced
C2C12 myotubes. si-myostatin also reduced myostatin expression
in TNF-a-induced C2C12 myotubes. These results indicate that in-

flammation may activate the expression of myostatin, and FMN may

inhibit the expression of myostatin in CKD rats and TNF-a-induced
C2C12 myotubes.

The mechanisms of myostatin-induced muscle atrophy in CKD
include the stimulation of protein degradation. The insulin /IGF-1 sig-
nalling pathway is the key to regulate the muscle protein metabolism.
This pathway is activated when the phosphorylation of intermediate
mediators of insulin/IGF-1 signalling, such as PI3K and Akt. The phos-
phorylation of Akt regulates protein metabolism by increasing protein
synthesis and inhibiting protein degradation.® In CKD, the inhibition

of the insulin/IGF-1 signal results in a decrease in PI3K activity,
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which also results in a decrease in Akt phosphorylation. Low-levels
of phosphorylated Akt also down-regulate the phosphorylation of
the Forkhead box O (FoxO) family of transcription factors, such as
FoxO3a. Activated (dephosphorylated) FoxO enters the nucleus to
increase the expressions of the muscle-specific E3 ubiquitin ligases
MuRF1 and MAFbx to activate UPS and cause muscle atrophy.“*“o'42
MAFbx and MuRF1 are the key enzymes leading to skeletal muscle
protein degradation and are excellent markers of muscle atrophy.
Both MuRF1 and MAFbx are atrogenes, or atrophy-related genes,
and mainly expressed in muscle tissues. Under a variety of muscle
atrophy conditions, the expressions of MuRF1 and MAFbx are sig-
nificantly increased.*® They are involved in the activation of the UPS
pathway, which is the major mechanism for the protein degradation in
muscle. The present study found that CKD significantly increases the
expressions of MAFbx and MuRF-1 and decreases the expressions of
p-PI3K, p-Akt and p-FoxO3a associated with increased muscle pro-
tein degradation in CKD rats. Notably, FMN inhibited the expressions
of MAFbx and MuRF-1 and up-regulated the expressions of p-PI3K,
p-Akt and p-FoxOg3a. In addition, the effects of FMN were further
verified in TNF-a-induced C2C12 myotubes. TNF-« increased the ex-
pressions of both MAFbx and MuRF-1 and decreased the expressions
of p-PI3K, p-Akt and p-FoxO3a. FMN and si-myostatin inhibited the
expressions of MAFbx and MuRF-1 and up-regulated the phosphor-
ylation of PI3K, Akt and FoxO3a induced by TNF-a in C2C12 myo-
tubes. These results indicate that FMN inhibits the activation of UPS
and up-regulates the phosphorylation of the PI3K/Akt/FoxO3a path-
way in the muscle of CKD rats and TNF-a-induced C2C12 myotubes.

In addition, myostatin induces muscle atrophy by inhibiting the
satellite cell functions of proliferation and differentiation. Mature
muscles are composed of muscle fibres surrounded by the basal lam-
ina, which is not only covered with myofibrils, but also with satellite
cells.** Satellite cells, known as muscle precursor cells, are usually
quiescent, but when the muscle fibres are damaged, the satellite
cells attached to the surface of the muscle fibres are activated and
expressed myogenic markers of proliferation and differentiation, in-
cluding MyoD and myogenin. Satellite cells can repair injured muscle
fibres or lead to the formation of new ones. MyoD and myogenin are
the master switches for satellite cell activation. In a previous study
that employed a mouse model of CKD, the expressions of MyoD and
myogenin released from satellite cells were reduced, which was as-
sociated with satellite cell dysfunction.*> Our results indicate that
CKD significantly inhibited the expressions of MyoD and myogenin
correlated with the function of satellite cells, which is consistent with
previous reports. Notably, FMN improved this impaired function in
the muscles of CKD rats. We examined these effects in C2C12 myo-
tubes, and the results confirmed the in vivo experiments.

To further verify the improvement effects and related mecha-
nisms of FMN on CKD muscle atrophy, myostatin OE was used to
transiently transfect C2C12 myotubes. As expected, the effects of
FMN on UPS and the PI3K/AKT/FoxO3a signalling pathway were
compromised, as were the proliferation and differentiation func-
tion of the C2C12 myoblasts. Above all, we found that FMN at-

tenuates myostatin-mediated muscle atrophy by up-regulating the

phosphorylation of the PI3K/Akt/FoxO3a pathway and improving
the satellite cells dysfunction.

In conclusion, our findings indicate that FMN has an anti-inflam-
matory effect in CKD-induced muscle atrophy and TNF-a-induced
C2C12 myotubes. It attenuates muscle atrophy by improving myo-
statin-mediated dephosphorylation of the PI3K/Akt/FoxO3a path-
way and the impaired proliferation and differentiation functions of
satellite cells. These findings highlight the potential application of
FMN to the treatment of muscle atrophy in CKD patients.

ACKNOWLEDGEMENTS
This study was supported by National Natural Science Foundation of
China (81774094) and (81774035).

CONFLICT OF INTEREST

The authors declare that the research has no conflicts of interest.

AUTHOR CONTRIBUTIONS

Lingyu Liu: Methodology (lead); Software (lead); writing-original
draft (lead); writing-review & editing (lead). Rong Hu: Data cura-
tion (equal); software (supporting). Haiyan You: Methodology
(lead); resources (supporting). Jingjing Li: Data curation (support-
ing); software (supporting). Yangyang Liu: Resources (supporting).
Qiang Li: Methodology (supporting). Xiaohui Wu: Software (sup-
porting). Jiawen Huang: Data curation (supporting). Xiangsheng
Cai: Investigation (supporting); supervision (supporting). Mingqing
Wang: Investigation (supporting); supervision (supporting). Lianbo
Wei: Funding acquisition (lead); project administration (lead); super-

vision (lead).

DATA AVAILABILITY STATEMENT
All the data supporting these results are shown in the paper and are

available from the corresponding authors.

ORCID
Lianbo Wei https://orcid.org/0000-0001-6657-0290
REFERENCES

1. ZhangYY, Yang M, Bao JF, Gu LJ, Yu HL, Yuan WJ. Phosphate stim-
ulates myotube atrophy through autophagy activation: evidence
of hyperphosphatemia contributing to skeletal muscle wasting in
chronic kidney disease. BMC Nephrol. 2018;19(1):45. https://doi.
org/10.1186/s12882-018-0836-2

2. Teixeira C, Neto FLD, Rosa RG. Multiple organ dysfunction - we
must take a closer look at muscle wasting!. Rev Bras Terapia Intensiva.
2019;31(2):269-270. https://doi.org/10.5935/0103-507X.20190021

3. Morley JE, Von Haehling S, Anker SD. Are we closer to having drugs
to treat muscle wasting disease? J Cachexia Sarcopenia Muscle.
2014;5(2):83-87. https://doi.org/10.1007/s13539-014-0149-7

4. Cheung WW, Paik KH, Mak RH. Inflammation and cachexia in
chronic kidney disease. Pediatric Nephrol. 2010;25(4):711-724.
https://doi.org/10.1007/s00467-009-1427-z

5. Braosi APR, Souza CMD, Luczyszyn SM, et al. Analysis of IL1 gene
polymorphisms and transcript levels in periodontal and chronic kid-
ney disease. Cytokine. 2012;60(1):76-82. https://doi.org/10.1016/j.
cyto0.2012.0606


https://orcid.org/0000-0001-6657-0290
https://orcid.org/0000-0001-6657-0290
https://doi.org/10.1186/s12882-018-0836-2
https://doi.org/10.1186/s12882-018-0836-2
https://doi.org/10.5935/0103-507X.20190021
https://doi.org/10.1007/s13539-014-0149-7
https://doi.org/10.1007/s00467-009-1427-z
https://doi.org/10.1016/j.cyto.2012.0606
https://doi.org/10.1016/j.cyto.2012.0606

LIU ET AL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Impellizzeri D, Esposito E, Attley J. Targeting inflammation new ther-
apeutic approaches in chronic kidney disease (CKD). Pharmacol Res.
2014;81(2):91-102. https://doi.org/10.1016/j.phrs.2014.02.007
Wang MQ, Hu R, Wang YJ, et al. Atractylenolide IIl attenu-
ates muscle wasting in chronic kidney disease via the oxidative
stress-mediated pi3k/akt/mtor pathway. Oxid Med Cell Longevity.
2019;2019:1-16. https://doi.org/10.1155/2019/1875471

Wang XH, Mitch WE. Mechanisms of muscle wasting in chronic
kidney disease. Nat Rev Nephrol. 2014;10(9):504-516. https://doi.
org/10.1038/nrneph.2014.112

Rajan VR, Mitch WE. Muscle wasting in chronic kidney disease:
the role of the ubiquitin proteasome system and its clinical impact.
Pediatric Nephrol. 2008;23(4):527-535. https://doi.org/10.1007/
s00467-007-0594-z

May RC, Kelly RA, Mitch WE. Mechanisms for defects in muscle
protein metabolism in rats with chronic uremia. Influence of met-
abolic acidosis. J Clin Invest. 1987;79(4):1099-1103. https://doi.
org/10.1172/JCI1112924

Yu RZ, Chen JA, Xu J, et al. Suppression of muscle wasting by the
plant-derived compound ursolic acid in a model of chronic kidney
disease. J Cachexia Sarcopenia Muscle. 2017;8(2):327-341. https://
doi.org/10.1002/jcsm.12162

Zhang LP, Rajan V, Lin E, et al. Pharmacological inhibition of myo-
statin suppresses systemic inflammation and muscle atrophy in
mice with chronic kidney disease. FASEB J. 2011;25(5):1653-1663.
https://doi.org/10.1096/fj.10-176917

Wang DT, Yang YJ, Huang RH, Zhang ZH, Lin X. Myostatin activates
the ubiquitin-proteasome and autophagy-lysosome systems con-
tributing to muscle wasting in chronic kidney disease. Oxid Med Cell
Longevity. 2015;2015:1-18. https://doi.org/10.1155/2015/684965
Shu YL, Tang D, Khan SA, et al. Molecular characterization, expres-
sion analysis of myostatin gene and its negative regulation by miR-
29b-3p in Chinese concave-eared frogs (Odorrana tormota). Comp
Biochem Physiol B Biochem Mol Biol. 2020;240:110369. https://doi.
org/10.1016/j.cbpb.2019.110369

Thomas M, Langley B, Berry C, et al. Myostatin, a negative regulator
of muscle growth, functions by inhibiting myoblast proliferation. J
Biol Chem. 2000;275(51):40235-40243. https://doi.org/10.1074/
jbc.M004356200

Mcfarlane C, Hennebry A, Thomas M, et al. Myostatin signals
through Pax7 to regulate satellite cell self-renewal. Exp Cell Res.
2008;314(2):317-329. https://doi.org/10.1016/j.yexcr.2007.09.012
Li YF, Zhang FY, Modrak S, Little A, Zhang H. Chronic alcohol con-
sumption enhances skeletal muscle wasting in mice bearing cachec-
tic cancers: the role of TNFa/myostatin axis. Alcohol Clin Exp Res.
2020;44(1):66-77. https://doi.org/10.1111/acer.14221

Sartori R, Gregorevic P, Sandri M. TGFp and BMP signaling in skeletal mus-
cle: potential significance for muscle-related disease. Trends Endocrinol
Metab. 2014;25(9):464-471. https://doi.org/10.1016/j.tem.2014.06.002
Matsakas A, Otto A, Elashry MI, Brown SC, Patel K. Altered primary
and secondary myogenesis in the myostatin-null mouse. Rejuvenat
Res. 2010;13(6):717-727. https://doi.org/10.1089/rej.2010.1065
Lee SJ. Extracellular regulation of myostatin: a molecular rheo-
stat for muscle mass. Immunol Endocr Metab Agents Med Chem.
2010;10(4):183-194. https://doi.org/10.2174/187152210793663748
Minderis P, Kilikevicius A, Baltusnikaset J, et al. Myostatin dysfunc-
tion is associated with reduction in overload induced hypertrophy
of soleus muscle in mice. Scand J Med Sci Sports. 2016;26(8):894-
901. https://doi.org/10.1111/sms.12532

Wang Q, Mcpherron AC. Myostatin inhibition induces muscle fibre hy-
pertrophy prior to satellite cell activation. J Physiol. 2012;590(9):2151-
2165. https://doi.org/10.1113/jphysiol.2011.226001

Schuelke M, Wagner KR, Stolz LE, et al. Myostatin mutation as-
sociated with gross muscle hypertrophy in a child. N Engl J Med.
2004;350(26):2682-2688. https://doi.org/10.1056/NEJM0a040933

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

WILEY-%

Zimmers TA, Davies MV, Koniaris LG, et al. Induction of cachexia in mice
by systemicallyadministered myostatin.Science.2002;296(5572):1486-
1488. https://doi.org/10.1126/science.1069525

Wagner KR, Fleckenstein JL, Amato AA, et al. A phase I/1l trial of
MYO-029 in adult subjects with muscular dystrophy. Ann Neurol.
2008;63(5):561-571. https://doi.org/10.1002/ana.21338

Wu DC, Wu KY, Zhu QT, et al. Formononetin administration ame-
liorates dextran sulfate sodium-induced acute colitis by inhibit-
ing NLRP3 inflammasome signaling pathway. Mediators Inflamm.
2018;2018:1-12. https://doi.org/10.1155/2018/3048532

Hu W, Wu XP, Tang JD, et al. Anti-cancer targets of formononetin
and molecular mechanisms in osteosarcoma: findings of bioinfor-
matic and experimental assays. J Cell Mol Med. 2019;23(5):3505-
3511. https://doi.org/10.1111/jcmm.14248

Li T, Zhong YY, Tang T, et al. Formononetin induces vasorelaxation
in rat thoracic aorta via regulation of the PI3K/ PTEN/Akt signal-
ing pathway. Drug Des Devel Ther. 2018;12:3675-3684. https://doi.
org/10.2147/DDDT.S180837

Luo LY, Zhou JY, Zhao HY, Fan MX, Gao WY. The anti-inflammatory
effects of formononetin and ononin on lipopolysaccharide-induced
zebrafish models based on lipidomics and targeted transcriptom-
ics. Metabolomics. 2019;15(12):153. https://doi.org/10.1007/s1130
6-019-1614-2

Xu N, An J. Formononetin ameliorates mast cell-mediated allergic
inflammation via inhibition of histamine release and production of
pro-inflammatory cytokines. Exp Therapeutic Med. 2017;14(6):6201-
6206. https://doi.org/10.3892/etm.2017.5293

MaZQ,JiWW, FuQ,MaSP.Formononetininhibited theinflammation
of LPS-induced acute lung injury in mice associated with induction
of PPAR gamma expression. Inflammation. 2013;36(6):1560-1566.
https://doi.org/10.1007/s10753-013-9700-5

Aladaileh SH, Hussein OE, Abukhalil MH, et al. Formononetin
upregulates Nrf2/HO-1 signaling and prevents oxidative stress,
inflammation, and kidney injury in methotrexate-induced rats.
Antioxidants (Basel). 2019;8(10):430. https://doi.org/10.3390/antio
x8100430

Soundharrajan |, Kim DH, Kuppusamy P, Choi KC. Modulation of
osteogenic and myogenic differentiation by a phytoestrogen for-
mononetin via p38MAPK-dependent JAK-STAT and Smad-1/5/8
signaling pathways in mouse myogenic progenitor cells. J Mater Sci.
2019;9(1):9307. https://doi.org/10.1038/s41598-019-45793-w
Ibrahim S, Salamony SO. Depression, quality of life and malnutri-
tion-inflammation scores in hemodialysis patients. Am J Nephrol.
2008;28(5):784-791. https://doi.org/10.1159/000131101

Ferranti SDD, Rifai N. C-reactive protein: a nontraditional serum
marker of cardiovascular risk. Cardiovasc Pathol. 2007;16(1):14-21.
https://doi.org/10.1016/j.carpath.2006.04.006

Guttridge DC, Mayo MW, Madrid LV, Wang CY, Baldwin AS Jr. NF-
kappa B-induced loss of MyoD messenger RNA: possible role in
muscle decay and cachexia. Science. 2000;289(5488):2363-2366.
https://doi.org/10.1126/science.289.5488.2363

Storz P, Doppler H, Wernig A, Pfizenmaier K, Gertraud M. TNF-a-
inhibits insulin induced STAT5 activation in differentiated mouse
muscle cells PMI28. FEBS Lett. 1998;440(1-2):41-45. https://doi.
org/10.1016/s0014-5793(98)01421-5

Ladner KJ, Caligiuri MA, Guttridge DC. Tumor necrosis factor-reg-
ulated biphasic activation of NF-kappa B is required for cyto-
kine-induced loss of skeletal muscle gene products. J Biol Chem.
2003;278(4):2294-2303. https://doi.org/10.1074/jbc.M207129200
Verzola D, Procopio V, Sofia A, et al. Apoptosis and myostatin
mRNA are upregulated in the skeletal muscle of patients with
chronic kidney disease. Kidney Int. 2011;79(7):773-782. https://doi.
org/10.1038/ki.2010.494

Hong YH, Lee JH, Jeong KW, Choi CS, Hee-Sook J. Amelioration
of muscle wasting by glucagon-like peptide-1 receptor agonist in


https://doi.org/10.1016/j.phrs.2014.02.007
https://doi.org/10.1155/2019/1875471
https://doi.org/10.1038/nrneph.2014.112
https://doi.org/10.1038/nrneph.2014.112
https://doi.org/10.1007/s00467-007-0594-z
https://doi.org/10.1007/s00467-007-0594-z
https://doi.org/10.1172/JCI112924
https://doi.org/10.1172/JCI112924
https://doi.org/10.1002/jcsm.12162
https://doi.org/10.1002/jcsm.12162
https://doi.org/10.1096/fj.10-176917
https://doi.org/10.1155/2015/684965
https://doi.org/10.1016/j.cbpb.2019.110369
https://doi.org/10.1016/j.cbpb.2019.110369
https://doi.org/10.1074/jbc.M004356200
https://doi.org/10.1074/jbc.M004356200
https://doi.org/10.1016/j.yexcr.2007.09.012
https://doi.org/10.1111/acer.14221
https://doi.org/10.1016/j.tem.2014.06.002
https://doi.org/10.1089/rej.2010.1065
https://doi.org/10.2174/187152210793663748
https://doi.org/10.1111/sms.12532
https://doi.org/10.1113/jphysiol.2011.226001
https://doi.org/10.1056/NEJMoa040933
https://doi.org/10.1126/science.1069525
https://doi.org/10.1002/ana.21338
https://doi.org/10.1155/2018/3048532
https://doi.org/10.1111/jcmm.14248
https://doi.org/10.2147/DDDT.S180837
https://doi.org/10.2147/DDDT.S180837
https://doi.org/10.1007/s11306-019-1614-2
https://doi.org/10.1007/s11306-019-1614-2
https://doi.org/10.3892/etm.2017.5293
https://doi.org/10.1007/s10753-013-9700-5
https://doi.org/10.3390/antiox8100430
https://doi.org/10.3390/antiox8100430
https://doi.org/10.1038/s41598-019-45793-w
https://doi.org/10.1159/000131101
https://doi.org/10.1016/j.carpath.2006.04.006
https://doi.org/10.1126/science.289.5488.2363
https://doi.org/10.1016/s0014-5793(98)01421-5
https://doi.org/10.1016/s0014-5793(98)01421-5
https://doi.org/10.1074/jbc.M207129200
https://doi.org/10.1038/ki.2010.494
https://doi.org/10.1038/ki.2010.494

150
5% | wiLEY

41.
42.
43.

44,

LIU eT AL.

muscle atrophy. J Cachexia Sarcopenia Muscle. 2019;10(4):903-918.
https://doi.org/10.1002/jcsm.12434

Watanabea H, Enokib Y, Maruyamaa T. Sarcopenia in chronic kidney
disease: factors, mechanisms, and therapeutic interventions. Biol Pharm
Bull. 2019;42(9):1437-1445. https://doi.org/10.1248/bpb.b19-00513
Tzivion G, Dobson M, Ramakrishnan G. FoxO transcription factors; regula-
tionby AKTand 14-3-3proteins.BiochimBiophysActa.2011;1813(11):1938-
1945. https://doi.org/10.1016/j.bbamcr.2011.06.002

Bodine SC, Baehr LM. Skeletal muscle atrophy and the E3 ubig-
uitin ligases MuRF1 and MAFbx/atrogin-1. AJP Endocrinol Metab.
2014;307(6):E469-E484. https://doi.org/10.1152/ajpendo.00204.2014
Grefte S, Kuijpers-Jagtman AM, Torensma R, et al. Skeletal muscle
development and regeneration. Stem Cells Dev. 2007;16(5):857-
868. https://doi.org/10.1089/scd.2007.0058

45. Zhang LP, Wang XH, Wang HL, Du J, Mitch WE. Satellite cell dys-

function and impaired IGF-1 signaling cause CKD-induced mus-
cle atrophy. J Am Soc Nephrol. 2010;21(3):419-427. https://doi.
org/10.1681/ASN.2009060571

How to cite this article: Liu L, Hu R, You H, et al.
Formononetin ameliorates muscle atrophy by regulating
myostatin-mediated PI3K/Akt/FoxO3a pathway and satellite
cell function in chronic kidney disease. J Cell Mol Med.
2021;25:1493-1506. https://doi.org/10.1111/jcmm.16238



https://doi.org/10.1002/jcsm.12434
https://doi.org/10.1248/bpb.b19-00513
https://doi.org/10.1016/j.bbamcr.2011.06.002
https://doi.org/10.1152/ajpendo.00204.2014
https://doi.org/10.1089/scd.2007.0058
https://doi.org/10.1681/ASN.2009060571
https://doi.org/10.1681/ASN.2009060571
https://doi.org/10.1111/jcmm.16238

