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Calycosin inhibited autophagy and oxidative stress in chronic
kidney disease skeletal muscle atrophy by regulating AMPK/
SKP2/CARM1 signalling pathway
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Abstract

Skeletal muscle atrophy is a common and serious complication of chronic kidney dis-
ease (CKD). Oxidative stress and autophagy are the primary molecular mechanisms
involved in muscle atrophy. Calycosin, a major component of Radix astragali, exerts
anti-inflammatory, anti-oxidative stress and anti-autophagy effects. We investigated
the effects and mechanisms of calycosin on skeletal muscle atrophy in vivo and in
vitro. 5/6 nephrectomy (5/6 Nx) rats were used as a model of CKD. We evaluated
bodyweight and levels of serum creatinine (SCr), blood urea nitrogen (BUN) and
serum albumin (Alb). H&E staining, cell apoptosis, oxidative stress biomarkers, au-
tophagosome and LC3A/B levels were performed and evaluated in skeletal muscle
of CKD rat. Calycosin treatment improved bodyweight and renal function, alleviated
muscle atrophy (decreased the levels of MuRF1 and MAFbx), increased superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) activity and
reduced malondialdehyde (MDA) levels in skeletal muscle of CKD rats. Importantly,
calycosin reduced autophagosome formation, down-regulated the expression of
LC3A/B and ATG7 through inhibition of AMPK and FOXO3a, and increased SKP2,
which resulted in decreased expression of CARM1, H3R17me2a. Similar results were
observed in C2C12 cells treated with TNF-a and calycosin. Our findings showed that
calycosin inhibited oxidative stress and autophagy in CKD induced skeletal muscle
atrophy and in TNF-a-induced C2C12 myotube atrophy, partially by regulating the
AMPK/SKP2/CARML1 signalling pathway.
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1 | INTRODUCTION

Chronic kidney disease (CKD) is a global public health problem that
affects 10%-15% of the worldwide adult population.! Chronic kidney
disease results in reduced life quality, and increased risk of diverse
complications such as cardiovascular disease, diabetes, infection,
cancer and muscle atrophy, which can further cause high morbidity
and mortality of CKD.%? Skeletal muscle wasting is characterized by
reduced muscle fibre cross-sectional area and protein content, and
loss of muscle mass, strength and function.* Malnutrition has been
historically believed to be responsible for protein loss in the CKD
patients. However, increased dietary protein has not been shown
to reverse protein loss in CKD models experiments.3 Muscle mass
is maintained by balancing protein metabolism between protein
biosynthesis and degradation.’ Studies have shown that the patho-
physiological mechanisms and risk factors for CKD-induced muscle
atrophy include metabolic acidosis, inflammation, changes in levels
of angiotensin Il, vitamin D deficiency, increased oxidative stress and
over-autophagy. These changes have been shown to promote muscle
protein loss through increased protein degradation and decreased
protein biosynthesis, and impaired muscle growth and repair.®”’
Current treatments for CKD-induced muscle atrophy include nutri-
tional supplementation, reduction of insulin resistance, androgenic
steroids, neuromuscular electrical stimulation, aerobic exercise and
muscle training. However, more effective treatment strategies for
CKD-induced muscle atrophy are needed.

Oxidative stress and autophagy are the major mechanisms of
skeletal muscle atrophy.®1° Studies have shown that high level re-
active oxygen species (ROS) production can induce mitochondrial
dysfunction and activate forkhead box class O (FOXO) transcrip-
tion factors in skeletal muscles, resulting in muscle atrophy.!**?
Appropriate levels of ROS are produced by each muscle fibre during
its contraction and relaxation and are maintained a balance between
pro-oxidant and antioxidant molecules, which contributes to devel-
opment and regeneration of skeletal muscles.’®'* However, under
pathological conditions, ROS can increase in skeletal muscles, which
results in disruption of cellular redox status and subsequent damage
to cellular biomolecules, including lysosome-mediated autophagy,
the ubiquitin-proteasome system (UPS) and the caspase-3 proteo-
lytic pathway, leading to reduced muscle through enhanced degra-
dation of muscle proteins.*®

Autophagy, characterized by lysosome-dependent turnover of
cellular organelles and proteins, is an important process in mainte-
nance of muscle mass. Muscles with impaired autophagy subjected
to fasting or denervation exhibit a severe atrophic phenotype.r” In
contrast, excess autophagy can aggravate cellular damage by engulf-
ing proteins, mitochondria, and other organelles that are necessary
for normal cellular function.'® Autophagy has been shown to play a
crucial role in muscle atrophy. A recent study showed patients with
CKD exhibited increased skeletal muscle atrophy, autophagy and mi-
tophagy, and increased Foxo3 activation.'” However, further studies
are needed to characterize molecular regulation of autophagy and

oxidative stress in CKD-induced skeletal muscle atrophy.
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Studies have found that the AMPK-SKP2-CARM1 signalling path-
way is a new signal transduction axis in the regulation of autophagy
induction under the induction of nutritional starvation. Co-activator
associated arginine methyltransferase 1 (CARM1) as an important
component of mammalian autophagy, while histone arginine meth-
ylation that relies on CARM1 is Key nuclear events in autophagy.
Under starvation because of nutritional deficiencies, AMP-activated
protein kinase (AMPK) phosphorylation results in the activation of
FOXO3a transcription in the nucleus, which in turn inhibits SKP2,
and this inhibition leads to an increase in CARM1 protein levels and
subsequent increase in histones H3 Argl7 dimethylation levels, ac-
tivate transcriptional expression of downstream autophagy genes.18
Other studies have also shown that the lack of nutrients will increase
the AMP: ATP ratio, which will lead to AMPK activation and phos-
phorylation of TSC2 and RPTOR to inhibit MTORC1. In addition,
AMPK can activate autophagy by directly phosphorylating ULK1/2,
and participate in bone Muscle atrophy.*® Another study found that
CARM1 may be a new target for muscle wasting. The increase of
CARML1 protein level is positively related to the loss of muscle mass
during denervation in mice. Knocking down CARM1 expression in
vivo or in vitro can inhibit the expression of muscle atrophy-related
genes Atrogin-1 and MuRF1, and slow the process of muscle atro-
phy. The underlying mechanism may be that CARM1 interacts with
FoxO3, and FoxO3-dependent transcription requires methylation
modification through CARM1.Y However, the mechanism of AMPK/
SKP2/CARML1 in skeletal muscle atrophy is unknown. The purpose
of this study was to investigate the mechanism of CKD-induced skel-
etal muscle atrophy based on AMPK/ SKP2/ CARM1 signalling path-
way and find effective treatments or targets.

Radix astragali is a well-known traditional Chinese herbal med-
icine that has been used for more than 2000 years. The dry root
of Radix astragali contains multiple components such as calycosin,
saponins, polysaccharides, isoflavonoids and astragalosides.?%2?
Calycosin (7,3'-dihydroxy-4'-methoxyisoflavone (C,,H,,0;)), the
main bioactive chemical in Radix astragali, exerts anti-inflammatory,
anti-oxidative stress, antidiabetic, anti-tumour and pro-angiogenic
effects.?? A recent study showed that calycosin inhibited cell prolif-
eration, and induced cell death via caspase-3-dependent apoptosis
and cytotoxic autophagy in HT29 CRC cells.?® However, the effects
of calycosin on autophagy, oxidative stress, and cell apoptosis in
muscle atrophy have not been characterized. In this study, we eval-
uated the effects of calycosin on skeletal muscle atrophy in vivo and

in vitro.

2 | MATERIAL AND METHODS
2.1 | Animal experiments design

All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of Southern Medical University
(Guangzhou, China). Eight-week-old male Sprague-Dawley rats
(180-220 g) were purchased from the Experimental Animal Center
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of Southern Medical University. The rats were housed in a climate-
controlled with 12 hours day/night cycles and allowed to free food
and water. The rats were randomly divided into a sham-operation
group (Sham, n = 10) and a 5/6 nephrectomy (5/6 Nx, n = 30) group.
The CKD rats were subjected to 5/6 nephrectomy by removing the
upper and lower thirds of the de-capsulated left kidney, then sub-
jected to right nephrectomy a week later, as described previously.?*
The control (Sham) group underwent a sham operation. Bodyweight
was measured every two weeks. Between 1 and 3 weeks after
surgery, eight rats died. Levels of Scr, Bun, HB and Alb were meas-
ured 8 weeks after surgery. Rats that successfully underwent 5/6
nephrectomy were randomly assigned to two groups: the 5/6 Nx
model group (n = 11) treated with saline water by gavage, and the
calycosin-treated group (n = 11), which was administered calycosin
(15 mg/kg, Intraperitoneal injection) daily for 8 weeks. Following the
treatment course, the rats were killed by abdominal main blood draw
under general anaesthesia. The bodies were weighed and blood, kid-
ney tissue, gastrocnemius (GAS), tibial anterior (TA) muscles were
collected on ice. Blood was hold still for 30 minutes-2 hours at and
then centrifuged at 3000 g for 15 minutes to obtain the serum. The
kidneys and muscles were cut into two portions. One portion was
fixed in 4% paraformaldehyde for histological analysis, and the other
portion was snap-frozen in liquid nitrogen and stored at -80°C for
protein analysis.

Calycosin was purchased from Solvay (Beijing) Co., Ltd., article
number: SC8040; CAS number: 20575-57-9; molecular formula:
C16H1205; molecular weight: 284.26; purity: HPLC > 98%. Based
on previously references and the equivalent dose calculated for rats
were 15 mg/ kg. 5 mL DMSO and 3 g Calycosin were made up to
6 mL of mother liquor and dilute with 15 mg/mL in physiological sa-
line, stored in a dark place at 4°C.

Serum creatinine (Scr), blood urea nitrogen (BUN) and serum al-
bumin (Alb) were quantified using anautomatic biochemical analyzer.
Blood haemoglobin was determined using an Aim Strip Hb meter

(Ermarine Laboratories Inc, San Antonio, TX, USA).

2.2 | Cell culture

C2C12 cells were purchased from the Chinese Academy of Science
Cell Bank (Shanghai, China). Cells were cultured in DMEM-F12
(Gibco, USA) supplemented with 10% foetal bovine serum (FBS)
(Gibco, BRL, USA), 100 units/ml of penicillin and 100 pug/mL of strep-
tomycin (Gibco, New York, USA) in a humidified incubator containing
95% air and 5% CO, at 37°C. Cells grow up to 80%-90%, cell passage
was performed as following: cells are quickly washed 1-2 times with
PBS. Then, 0.25% trypsin was added to digest the cells under a mi-
croscope, followed by 10% FBS medium to terminate the digestion,
and centrifuged at 800-1000 rpm for 5 minutes. The supernatant
was discarded, the growth medium was added and resuspended and
pipetted, and passaged at a ratio of 1 to 3. Experiments were initi-

ated at passages 6-8.

2.3 | Cytotoxicity

We used a Cell Counting Kit-8 (CCK8, CK04, Dojindo Kumamoto,
Japan) to determine the cytotoxicity of TNF-a and calycosin in
C2C12 cells. Five thousand cells per well were seeded into 96-well
plates and incubated for 24 hours. Cells at 85% confluence were
stimulated with different concentrations of TNF-«a (0, 20, 40, 60, 80
and 100 ng/mL), calycosin (0, 3.75, 7.5, 15, 30, 60,120 pg/mL) and
AICAR (0, 0.5, 1, 2, 4, 8, 16 umol/L) at 37°C for 24 hours. Fifteen
microlitres of CCK8 was added to each well, and the samples were
incubated at 37°C for 3 hours. Optical density (OD) was measured
at 490 nm using a microplate reader (Multiskan™ FC, Thermo Fisher,
USA).

2.4 | Reverse-transcription quantitative PCR (RT-
gPCR)

C2C12 cells (3 x 10° cells/mL) were plated into 6-well plates and
grown to 70%-80% confluence. Total RNA was extracted using
TRIzol reagent (Takara, Tokyo, Japan) and reverse transcribed into
cDNA using a Prime Script RT Reagent Kit (Takara) according to
the manufacturer's instructions. RT-gPCR was performed using
a CFX96™ Real-Time System (Bio-Rad, Hercules, California, USA)
using SYBR Green (SYBR Premix Ex Tag™ II; Takara) for fluorescence
quantification. The following thermal program used for RT-qPCR:
predenaturation (95°C, 30 seconds), denaturation (95°C, 5 seconds,
35 cycles), annealing (55-60°C, 30 seconds), extension (72°C, 1 min-
utes) and final extension (72°C, 10 minutes). Relative mRNA expres-

sion was calculated using the 2724¢

method. The sequence of the
primers as following:

CARM1 Forward: 5-TGCAGAACCACACGGACT-3'; Reverse:
5'-TACTTTGCCAGGGATGACCAC-3".

GAPDH Forward: 5-CATGGCCTTCCGTGTTCCTA-3'; Reverse:

5-CCTGCTTCACCACCTTCTTG A-3".

2.5 | Smallinterfering RNA and LC3B plasmid
transfection

For CARM1-small interfering (si)RNA transfection, C2C12 cells were
seeded into 6-well plates, grown to 75% confluence, then trans-
fected with siCARM1 or scrambled siRNA (siCtrl) for 24-48 hours
using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer's instructions. The targeting sequence of
siCARM1 is following:

CARM1-1 (5'-3') Sense: GCAGACAGUCCUUCAUCAUTT; (5-3")
Antisense: AUGAUGAAUUACUGUCUGCCC;

CARM1-2 (5'-3') Sense: GGACAAGAUCGUUCUAGAUTT; (5'-3")
Antisense: AUCUAGAACGAUCUUGUCCTT;

CARM1-3 (5'-3') Sense: CCCACUAUGCAGUCAACAATT; (5'-3")
Antisense: UUGUUGACUGCAUAGUGGGCA.
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To induce myotube atrophy, the C2C12 myotubes were treated
with 40 ng/mL TNF-a or phosphate-buffered saline (PBS) for
24 hours following 24 hours of incubation with siCARM1. The ex-
pression of CARM1 was determined using immunoblotting and RT-
gPCR analyses.

For LC3A/B plasmid transfection in C2C12 myoblasts, cells were
seeded into 12-well plates and transfected with LC3B plasmids using
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer's instructions. Images were captured using a fluo-
rescence microscope (x200, XDP-EC, MPS 30, Leica).

2.6 | Histological and immunohistochemical analysis
for TGF-p

The kidneys were fixed in 4% formaldehyde at 4°C overnight and
then embedded in paraffin. Tissue sections (4 pm) were deparaffi-
nized in xylene and rehydrated in graded alcohol. Masson trichome
staining and H&E staining were subjected as previously reported.?
Tubulointerstitial fibrosis was analysed by the percentage of fibrotic
area in tubulointerstitial area using the Image pro plus software
(Media Cybernetics, Rockville, MD, USA) in 200X randomly fields.

For immunohistochemical staining of TGF-B, endogenous per-
oxidase was blocked with 3% H202 and non-specific proteins were
blocked with 10% goat serum or rabbit serum for 30 minutes. The
sections were then incubated with indicated primary antibodies at
4°C for overnight, respectively, followed by incubation with an HRP-
conjugated secondary antibody at room temperature for 30 min-
utes. The sections were further counterstained with haematoxylin
and then assessed under a microscope in a blinded manner by two
pathologists.

2.7 | Haematoxylin-eosin staining (H&E)

Tibialis anterior muscle tissues were fixed in 4% paraformaldehyde
for 48 hours and embedded in paraffin. The paraffin-embedded
samples were sliced into 6-um-thick sections, then stained with
haematoxylin-eosin (H&E) and examined using a microscope (Nikon,
Japan). For myofibre cross-sectional area (CSA) analysis, six images
were randomly collected for each sample and analysed using ImageJ

software. At least 1500 myofibres per TA muscle were measured.

2.8 | TUNEL apoptosis assay

Deparaffinized and rehydrated sections were treated with proteinase
K for 30 minutes at 37°C, washed with PBS 3 times (5 minutes each
time), then incubated with FITC-labelled TUNEL staining buffer ( TdT/
dUTP as 2/29) for 2 hours in incubator at 37°C. After washing with
PBS again, converter-POD was added to cover the tissue for 30 min-
utes. Tissues were washed with PBS and the stained with DAPI for
10 minutes. The TUNEL-positive green cells were imaged using a fluo-

rescence microscope (x200, Nikon, ECLIPSE TI-SR, Japan).

2.9 | Measurement of ROS

Intracellular ROS levels were evaluated using a 2'-7'-dichlorofluores-
cein diacetate (H,DCFDA) fluorescent probe (GeneCopoeia, C263,
USA). C2C12 cells were seeded in triplicate at a density of 2 x 10*
cells/well in 24-well plates, pre-treated with calycosin (7.5 pg/mL)
for 24 hours, then incubated with or without TNF-a (40 ng/mL) for
an additional 24 hours. Following treatment, H,DCFDA (10 pmol/L)
was added to each well, and the cells were incubated in the dark at
37°C for 30 minutes. Finally, the cells were washed with cold PBS
for 3 minutes and stained with DAPI for 10 minutes. Images were
captured using a fluorescence microscope (x200).

Muscles and C2C12 cells were collected for analysis of oxidative
stress. The activities of SOD, GSH-Px, and CAT, and MDA levels were
measured using detection kits (SOD: A00-1; MDA: A003-1; CAT:
A007-1; GSH-Px: A005, Jiancheng Bioengineering Ltd., Nanjing,

China) according to the manufacturer's instructions.

2.10 | Hoechst 33342 staining

Hoechst 33342 fluorescence staining was used to evaluate cell ap-
optosis. Cells were plated in 6-well plates and treated with 7.5 ug/
mL calycosin for 24 hours, then incubated with or without TNF-a
(40 ng/mL) for an additional 24 hours. One millilitre of buffer, 5 uL of
Hoechst 33342 and 5 pL of Pl were added to the samples, and the
cells were incubated at 4°C for 30 minutes, then rinsed with cold
PBS for 3 minutes. The cells were immediately visualized using a
fluorescence microscope (x200, XDP-EC, MPS 30, Leica).

2.11 | Transmission electron microscopy (TEM)

To evaluate autophagosome and mitochondrial changes, TA muscle
was analysed using TEM. Fresh TA muscle was cut into 10 mm® por-
tions, then fixed in 0.5% glutaraldehyde, 2% paraformaldehyde, 7%
saccharose, and 4% polyvinylpyrrolidone in 0.1 mol/L cacodylate
buffer and post-fixed in 2% osmic acid in 0.1 mol/L cacodylate buffer
for 1 hour. The samples were dehydrated, embedded and sliced into
0.1-pm-thick sections. Images were captured using a microscope
(Leica UC7 HT7700 HITACHI).

2.12 | Immunocytochemical staining

Tibialis anterior muscles were collected and fixed with fresh 4% par-
aformaldehyde for 2 days and sectioned. The sections were depar-
affinized and rehydrated, and endogenous peroxidase activity was
blocked by incubating the samples with 3% H,O, for 15 minutes in
the dark. Antigen retrieval was performed by heating the samples
in a pressure cooker in citrate buffer (Saiguo, Guangzhou, China) for
10 minutes. The samples were then incubated at room temperature
for 40 minutes and washed three times with PBS. The samples were

blocked using 5% BSA for 30 minutes at room temperature. The
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TABLE 1 The total bodyweight of the rats in different group
Time (weeks)
Group (n = 10) 0 2 4 8 12 16
Sham 1964 +4.4 2484 +74 287.8+79 379.4 +12.0 470.8 + 14.1 554.2 + 16.0
5/6 Nx 196.5+4.3 2441+69 241.6 +7.2" 285.2+9.2" 362.2+ 199" 4389 +16.3"
Calycosin 1957 +3.7 2474+538 2422+ 65" 290.3+9.0" 4109 + 16.2"#* 498.0 + 13.17##

**P < 0.01 compared to sham group.
#p < 0.01 compared to 5/6 Nx model group.

tissue sections were incubated with primary antibodies, including
MuRF1 (1:200, Boster, USA), MAFbx (1:200, Affinity, USA), LC3A/B
(1:200, Affinity), ATG7 (1:200, Affinity), CARM1 (1:200, Affinity) and
H3R17me2a (1:200, Affinity) at 4°C overnight. The cells were washed
with PBS three times, then incubated with a biotin-conjugated second-
ary antibody for 40 minutes at 37°C. A 3,3'-diaminobenzidine (DAB)
colour development kit (Gene Tech, GK500705, Shanghai, China) was
used according to the manufacturer's instructions. Finally, the cells
were counterstained with haematoxylin and imaged using a micro-
scope. Signal intensity was scored as follows: O (no staining), 1 (weak
staining), 2 (moderate staining) and 3 (strong staining). The percentage
of positively stained cells was divided into four categories: <25% (1),
25-50% (2), 51-75% (3) and > 76% (4). The final staining scores were
calculated by multiplying the intensity score by the staining percent-
age. The range of possible scores was O to 12.

2.13 | Immunofluorescence staining

Cells were seeded on slide covers in 24-well plates, grown to 80%
confluence, and treated as described in 2.10. Then, the cells were
fixed with 4% paraformaldehyde for 15 minutes, washed with PBS
three times (10 minutes each), permeabilized with 0.25%Triton
X-100 in 3% BSA for 10 minutes, washed with PBS three times,
then blocked in 5% BSA at room temperature for 40 minutes.
After washing with PBS, the cells were incubated with antibod-
ies against LC3A/B (1:250, Affinity), AMPK (1:200, Affinity), SKP2
(1:200, Affinity), CARM1 (1:250, Affinity) and H3R17me3a (1:200,
Affinity) at 4°C overnight. Then, the cells were washed with PBS
and incubated with a fluorescent secondary antibody (DyLight 594,
E032420, EarthOx, USA; DyLight 488, A23220, Abbkine) in the
dark for 60 minutes, stained with DAPI for 10 minutes, then washed
twice with PBS. Images were captured using a fluorescence micro-
scope (Eclipse Ti-S, Nikon, Japan).

2.14 | Immunoblotting

C2C12 cells and gastrocnemius muscles were lysed in RIPA buffer, and
protein concentrations were determined using a BCA protein assay kit
(Thermo Fisher Scientific, USA). Equal amounts of protein were loaded
onto 10% SDS polyacrylamide gels, subjected to electrophoresis (at con-

stant pressure, 60 V for 30 minutes, 120 V for 60 minutes), transferred

to PVDF membranes (Millipore, Billerica, MA, USA) under a constant
current of 350 mA for 120 minutes, blocked with 5% BSA or 5% milk
in 1x TBST for 1 hour, then incubated with the following primary an-
tibodies at 4°C overnight: GAPDH (1:2000; EarthOx, USA), MuRF1
(1:1000, Boster, USA), MAFbx (1:1000, Affinity), Myogenin (1:1000,
Affinity), LC3A/B (1:800, Affinity), ATG7 (1:800, Affinity), SKP2 (1:1000,
Affinity), CARM1 (1:1000, Affinity), H3R17me3a (1:1000, Affinity),
AMPK (1:1000, Affinity, AF6423), p-AMPK (1:1000; Affinity, AF3424),
FOXO3a (1:1000, Affinity, AF5418), and p-FOXO3a (1:1000, Affinity).
The membranes were washed with 1x TBST three times (10 minutes
each) and incubated with species-matched HRP-conjugated secondary
antibodies (1:5000, Affinity) for 1 hours, then washed with 1x TBST 3
times (10 minutes each). The blots were visualized with enhanced chemi-
luminescence (ECL) HRP substrate reagent (WBKLS0500, Millipore,
USA) using a MiniChemi610 system (304002L, Beijing, China).

2.15 | Statistical analysis

All statistical analyses were performed using SPSS 22.0 software
(SPSS, Chicago, USA) and GraphPad Prism software 5.0 (CA, US).
Data are presented as the mean + SD and were analysed using
one-way ANOVA. Post hoc Bonferroni's test was performed
when ANOVA showed significant differences among variables. P-

values < 0.05 were considered statistically significant.

3 | RESULTS

3.1 | Calycosin improved bodyweight and renal
function and prevented histopathological changes in
5/6 Nx rats

We evaluated the effects of calycosin on bodyweight and Scr, BUN,
HB and Alb levels in 5/6 Nx rats. The results showed that the body-
weights in the 5/6 Nx group were significantly lower than those in
the sham group from 2 weeks to 16 weeks after surgery (Table 1).
Treatment with calycosin improved the bodyweights of 5/6 Nx rat
after 4 weeks of treatment (Table 1). Levels of Scr, BUN, HB and
Alb were significantly increased in 5/6 Nx rats 8 weeks after surgery
compared with those in sham rats (Figure 1A-D). Treatment with cal-
ycosin resulted in reduced levels of Scr, BUN, HB and Alb compared
to those in the 5/6 Nx group (Figure 1A-D).
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Renal fibrosis results from excessive accumulation of extracellular
matrix and occur in every type of CKD.?® We performed histological
analysis of kidney using H&E staining, Masson trichrome staining and
immunohistochemical staining of TGF-f (Figure 1E-G). The kidney of
sham rats showed normal morphology. In contrast, 5/6 Nx rats showed
vacuolation and mild mesangial proliferation, with segmental sclerosis of
remnant glomeruli, focal renal fibrosis, enlargement of the tubular lumen,
tubular epithelial cell vacuolization, tubular atrophy, interstitial expan-
sion and infiltration of inflammatory cells (Figure 1E-G). In addition, 5/6
Nx rats had elevated kidney levels of TGF- compared with those in the
sham group 8 weeks after surgery (Figure 1E-G). Calycosin treatment
significantly reduced the occurrence of renal lesions and inhibited renal
fibrosis caused by the 5/6 Nx procedure (Figure 1E-G). These results
showed that calycosin improved bodyweight, improved renal function,

and ameliorated histopathological changes in 5/6 Nx rats.
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3.2 | Calycosin alleviated muscle atrophy in 5/6
Nx rats

Histomorphological analysis using H&E staining of TA muscles was
performed. The result showed that TA muscle fibre cross-sectional
areas were decreased in 5/6 Nx rats (Figure 2A), and these decreases
were reversed by treatment with calycosin (Figure 2A).
Muscle-atrophy F-Box (MAFbx)/atrogin-1 and muscle ring-fin-
ger-1 (MuRF-1) are important indicators of muscle atrophy. We eval-
uated the expression of MAFbx and MuRF-1 using IHC staining and
immunoblotting. The results showed that the expression levels of
MAFbx and MuRF-1 were increased in TA and GAS muscles of 5/6
Nx rats (Figure 2B-D), and these increases were inhibited by admin-
istration of calycosin (Figure 2B-D). These results showed that caly-

cosin may inhibit skeletal muscle atrophy in 5/6 Nx rats.
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FIGURE 1 Effect of calycosin on renal
histology and fibrosis in 5/6 Nx rats.
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rat kidney sections (200x). *P < 0.05
compared to the sham group. **P < 0.01
compared to the 5/6 Nx model group
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3.3 | calycosin inhibited autophagy and oxidative
stress in skeletal muscle of 5/6 Nx rats

Next, TUNEL staining was performed to access cell apoptosis, the re-
sults showed more intense positive staining in 5/6 Nx rats, which in-
dicated increased cell apoptosis (Figure 3A). Treatment with calycosin
resulted in decreased TUNEL staining intensity compared to that in
the 5/6 Nx group (Figure 3A).

Moreover, to evaluate oxidative stress, we measured the activi-
ties of SOD, CAT, and GSH-Px and quantified MDA in GAS muscles.
The activities of SOD, CAT and GSH-Px were lower, and MDA levels
were higher, in the muscle of 5/6 Nx rats than those in the muscle of
sham rats (Figure 3B-E). Treatment with calycosin blocked 5/6 Nx-
induced oxidative stress (Figure 3B-E), which indicated that calyco-
sin exerted antioxidant effects.

A

Sham 5/6 Nx

We also performed TEM analysis to evaluate autophagosome
formation and mitochondrial morphology in muscle atrophy in
5/6 Nx rats. In the sham group muscles, autophagosomes were
not abundant, and the mitochondrial crests were dense and neat.
But in the muscle of model rats, the mitochondrial matrix elec-
tron density decreased, ridges moved around, shortened and de-
creased. Besides, mitochondrial volume increased, swelling and
vacuolation occurred, mitochondrial ridges and membranes were
lost, and mitochondrial breakage increased (Figure 4A). Treatment
with calycosin reduced the number of autophagosomes compared
to that in the 5/6 Nx group (Figure 4A), which suggested that ca-
lycosin inhibited autophagy in CKD induced muscle atrophy. In
addition, the expression levels of LC3A/B and ATG7 in TA mus-
cles were evaluated using IHC staining. The results showed that

LC3A/B and ATG7 staining intensities were stronger in the muscle
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FIGURE 2 Effect of calycosin on
muscle histology, apoptosis, and MuRF1
and MAFbx expression levels in muscle
of 5/6 Nx rats. A, Representative images
of H&E stained rat muscles (200x). B-E,
Representative images and scores of
IHC staining of MuRF1 and MAFbx in rat
muscles (x200). Bar = 50 um. *P < 0.05
compared to the sham group. ##p < 0.01
compared to the 5/6 Nx model group
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FIGURE 3 Effect of calycosin on cell A Sham
apoptosis and oxidative stress in muscle of
5/6 Nx rats. A, Representative images of
TUNEL in TA muscle of rat for evaluation
of apoptosis (x200). B-E, The activity of
SOD, CAT, and GSH-Px and MDA levels,

in rat muscle. *P < 0.05 compared to the
sham group. #P < 0.01 compared to the
5/6 Nx model group
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of 5/6 Nx rats than those in sham rats (Figure 4B-E). Treatment
with calycosin resulted in lower levels of LC3A/B and ATG7 than
those in 5/6 Nx rats (Figure 4B-E). These results suggested that
calycosin protected against 5/6 Nx-induced autophagy and mus-
cle atrophy.

3.4 | Calycosin down-regulated the
expression of AMPK/SKP2/CARM1/H3R17me2a in
skeletal muscle of 5/6 Nx

We quantified the levels of proteins in the AMPK/SKP2/CARM1/
H3R17me2a signalling pathway, which is involved in autophagy and
oxidative stress. The expression levels of CARM1 and H3R17me2a
were higher in the muscle of 5/6 Nx rats than those in muscle of
sham rats (Figure 5A-B). Treatment with calycosin prevented 5/6
Nx-induced increases in the expression of CARM1 and H3R17me2a
(Figure 5A-B).
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We also evaluated key proteins involved in muscle atrophy
using immunoblot analysis. The results showed that the levels
of MAFbx, MuRF-1, FOXO3a, LC3A/B, ATG7, AMPK, CARM1
and H3R17me2a were up-regulated, and the levels of SKP2
and p-FOXO3a were down-regulated in muscle of 5/6 Nx rats
(Figure 5C-D). Treatment with calycosin blocked these 5/6 Nx-
induced changes (Figure 5C-D). These results showed that caly-
cosin reduced 5/6 Nx-induced autophagy and oxidative stress in
skeletal muscle through regulation of the AMPK/SKP2/CARM1/
H3R17me2a signalling pathway.

3.5 | si-CARM1 transfection ameliorated oxidative
stress and autophagy induced myotube atrophy
in vitro

Then, we examined the role of CARM1 in myotube atrophy. siRNA of
CARM1 and siRNA of control were transfected in C2C12 for 48 hours
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FIGURE 4 Effect of calycosin

on autophagy in muscle of 5/6 Nx

rats. A, Representative images of
autophagosomes observed in muscle

of rat using TEM. B-E, Representative
images and scores of LC3A/B and ATG7
expression in muscle of rats using IHC
staining (x200). Bar = 50 um. *P < 0.05
compared to the sham group. ##p < 0.01
compared to the 5/6 Nx model group
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and then cells were treated with TNF-a for 24 hours. Results of im-
munoblotting and RT-gPCR analyses confirmed the expression of
CARM1 was decreased after transfection (Figure 6A-B). Besides, re-
sults showed the level of SOD, CAT, GSH-Px were increased, and MDA
level decreased after siRNA CARM1 transfection, compared to siCtrl
(Figure 6C). In addition, siRNA CARM1 transfection deceased LC3A/B
and ATG7 expression in TNF-a-induced C2C12 cells (Figure 6D).

3.6 | Calycosin ameliorated myotube atrophy in
TNF-a-induced C2C12 cells

We evaluated the effects of calycosin on TNF-a-induced C2C12
cells. The results showed that treatment with 40 ng/mL TNF-«a
reduced cell viability (Figure 7A), and calycosin at 3.75, 7.5 ug/mL

did not induce cytotoxicity (Figure 7B), so we used 7.5 ug/mL for
further in vitro experiments. AICAR at 0.5, 1, 2, 4 umol/L did not
induce cytotoxicity, so 4 umol/L was used for cell recovery experi-
ments (Figure 7C). For haematoxylin and eosin staining, 20-30 myo-
tube cross-section areas in each group were randomly calculated by
image J pro plus software to evaluate myotube atrophy. The results
showed that 40 ng/mL TNF-« induced myotube atrophy in C2C12
cells, and 7.5 pg/mL calycosin reduced TNF-a-induced myotube at-
rophy, and AICAR inhibited the effect of calycosin (Figure 7C).

We also evaluated apoptosis in C2C12 cells using Hoechst 33342
staining. The results showed that TNF-a induced apoptosis in C2C12
cells (Figure 7D), and 7.5 pg/mL calycosin inhibited TNF-a-induced
apoptosis, which was reversed by AICAR (Figure 7D). These results
showed that calycosin ameliorated myotube atrophy and apoptosis
in TNF-a-induced C2C12 cells.



WILEY- 1%

HU ET AL
FIGURE 5 Effect of calycosin on the A Sham
expression of CARM1 and H3R17me2a, g 2
and related proteins in rat muscles. A-B,
Representative images and scores of the -
expression of CARM1 and H3R17me2a in E
muscle sections using IHC staining (x200). S
Bar = 50 um. *P < 0.05 compared to the
sham group. P < 0.01 compared to the
5/6 Nx model group. C-E, Representative
immune blots of key proteins involved in &
muscle atrophy and proteins associated E
with the AMPK/SKP2/CARM1 signalling b
pathway 2
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3.7 | Calycosin decreased autophagy and oxidative
stress in TNF-a-induced C2C12 cells

We evaluated ROS production and LC3A/B plasmid transfection in
C2C12 cells. The results showed that TNF-a promoted ROS produc-
tion in C2C12 cells, and calycosin decreased TNF-a-induced ROS
production, (Figure 7E). In addition, TNF-a treatment resulted in
increased LC3A/B plasmid transfection efficiency in C2C12 cells
(Figure 7F), and calycosin decreased TNF-a-induced LC3A/B plas-
mid transfection efficiency (Figure 7F). But, AICAR also increased
the ROS production and LC3A/B plasmid transfection efficiency in
cells with calycosin treatment. These results showed that calycosin
decreased autophagy and oxidative stress in TNF-a induced C2C12
cells, and the effect was partially abrogated by AMPK activator
(AICAR).
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3.8 | Calycosin improved myotube atrophy in
TNF-a-induced C2C12 cells by regulating the AMPK/
SKP2/CARM1 signalling pathway

We examined the effects of calycosin on the expression of CARM1
and H3R17me2a, and components of the AMPK/SKP2/CARM1
signalling pathway, in C2C12 cells. The results showed that TNF-«a
up-regulated the expression of CARM1 and H3R17me2a in C2C12
cells, as evidenced by immunofluorescence staining (Figure 8A).
Calycosin abrogated TNF-a-induced up-regulation of CARM1 and
H3R17me2a in C2C12 cells (Figure 8A). Moreover, immunoblot-
ting results showed that the protein levels of MAFbx, MuRF-1,
FOXO3a, LC3A/B, ATG7, AMPK, CARM1 and H3R17me2a were
up-regulated, and the levels of SKP2 and p-FOXO3a were down-
regulated, in TNF-a-induced C2C12 cells (Figure 8B-C). These
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FIGURE 6 Effect of CARM1 siRNA
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changes were prevented by calycosin treatment (Figure 8B-C).

ATG7

These results suggested that calycosin alleviated myotube atro-
phy by regulating the AMPK/SKP2/CARML1 signalling pathway in
TNF-a-induced C2C12 cells.

4 | DISCUSSION

Skeletal muscle atrophy is associated with pathological changes
such as increased inflammation, mitochondrial dysfunction, el-
evated apoptosis, reduced protein synthesis and increased pro-
tein degradation. These processes are driven by oxidative stress,
autophagy and ubiquitin-proteasome pathway activation.?”
Therefore, therapeutic strategies that target these mechanisms

have great potential for prevention of CKD-induced skeletal

GAPHD D SN G cn—

muscle atrophy. Calycosin has been extensively studied. A pre-
vious study showed that calycosin exerted anti-autophagy, anti-
apoptosis, and anti-inflammatory effects against focal cerebral
ischemia and reperfusion injury in rats.?® Another study showed
that calycosin inhibited oxidative stress and apoptosis through
activation of ERa/b and enhanced Akt phosphorylation in car-
diomyocytes.?? In addition, calycosin has been shown to amelio-
rate diabetes-induced renal inflammation via the NF-kB pathway
in vitro and in vivo.*° However, the effects of calycosin on renal
function and skeletal muscle atrophy in CKD have not been
characterized. In this study, we showed that calycosin inhibited
autophagy and oxidative stress in CKD-induced skeletal muscle
atrophy in rats and in TNF-a induced myotube atrophy in C2C12
cells through regulation of the AMPK/SKP2/CARM1 signalling
pathway.
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FIGURE 7 Effect of calycosin on myotube atrophy in TNF-a induced C2C12 cells in vitro. A-C, Cytotoxicity of TNF-«, calycosin and
AICAR in C2C12 cells. *P < 0.05 compared to control cells. D, Representative images of H&E staining of C2C12 cells treated with TNF-a
or calycosin (x200). *P < 0.05 compared to control cells. **P < 0.01 compared to TNF-« induced cells. E, Representative images of cell
apoptosis in C2C12 cells treated with TNF-a or calycosin using Hoechst 33342 staining. *P < 0.05 compared to control cells. ##p < 0.01
compared to TNF-a-induced cells. F, Representative images of ROS production in C2C12 cells treated with TNF-« or calycosin. G,
Representative images of LC3A/B plasmid transfection in C2C12 cells treated with TNF-a or calycosin

Recent studies showed that localized accumulation of ROS
could activate autophagic pathways and induce muscle atrophyA31
Excessive production of ROS is mitigated by antioxidant enzymes,
such as SOD, and CAT, and GSH-PX.%2 Superoxide dismutase can
be classified as two distinct species: Cu/ZnSOD is present in the
cytoplasm and Mn-SOD is present in mitochondria.>® A previous

study showed that CKD-induced skeletal muscle atrophy resulted in

decreased levels of mitochondrial SOD and SOD1, slightly reduced
mitochondrial catalase activity, and increased levels of mitochon-
drial H,0,, ROS, and malondialdehyde (MDA).** In this study, we
obtained similar results and also found that GSH-Px activity was
decreased in 5/6 Nx rats. In addition, calycosin administration im-
proved mitochondrial oxidative capacity in the muscle tissue of CKD

rats.
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FIGURE 8 Effect of calycosin on the expression of proteins associated with the AMPK/SKP2/CARM1 signalling pathway in TNF-a-
induced C2C12 cells in vitro. A, Representative images of H3R17me2a in C2C12 cells treated with TNF-«a or calycosin. B-C, Representative
immunoblot of key proteins associated with the AMPK/SKP2/CARM1 signalling pathway in C2C12 cells treated with TNF-« or calycosin. D,

Semiquantitative analysis of the immunoblot bands

Studies have shown that FOXO3a, a member of the FOXO family
of proteins, may play a role in initiation of protein degradation during
muscle atrophy,®® resulting in reduced ROS generation through
transcriptional activation of SOD and CAT.%¢ In addition, oxidative
stress has been reported to activate AMP-activated protein kinase

(AMPK),%” resulting in myotube atrophy through activation of the

ubiquitin-mediated protein proteasomal degradation pathway in-
volving muscle ring-finger-1 (MuRF-1) and muscle atrophy F-Box
(MAFbx).284° Levels of MuRF1 and/or MAFbx have been shown
to be up-regulated in skeletal muscles,*! under multiple conditions
such as starvation, ageing, diabetes, cancer*? and muscle disuse in-

duced by renal failure in animals and humans.*® We showed that the
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ubiquitin ligases MuRF1, MAFbx and FOXO3a were activated and
apoptosis was increased in skeletal muscle of 5/6 Nx rats, and ca-
lycosin treatment abrogated these increases, which indicated that
calycosin may protect against muscle atrophy.

Autophagy is an evolutionary self-preservation process that
cleans out damaged cells and protein aggregates to regenerate new
healthier cells. However, up-regulation of autophagy can induce
apoptosis.** The primary process in the autophagy-related signalling
pathway is associated with isolation membrane formation,*> which
lead to a mature autophagosome through autophagy-related genes
(ATG) protein recruitment,*® specifically such as Atg7, Atgl2, Atgé

).4 Over-

and microtubule-associated protein 1 light chain 3 (LC3
activation of autophagy in skeletal muscles has been shown to result
in protein degradation and muscle loss independently or coopera-
tively during denervation, disuse, fasting or oxidative stress.!® LC3
and the autophagy adaptor protein p62/SQSTM1 (p62) are key in-
dicators of autophagosome formation and targeting of mitochondria
for lysosomal degradation.48 In skeletal muscle, FOXO is key players
in controlling LC3, Beclin 1 and p62.%’ In our study, Atg7, LC3,*%and
FOXO3a protein expression levels were significantly increased in
the muscle of 5/6 Nx rats and in TNF-a induced C2C12 cells com-
pared with those in the corresponding control groups. These effects
were blocked by treatment with calycosin. In addition, the LC3Il/
LC3I ratio was increased in the muscle of 5/6 Nx rat and in TNF-«
induced C2C12 cells compared with that in the corresponding con-
trol groups.

CARM1 is a co-activator for transcription factors and plays
crucial role in regulating muscle fibre type, oxidative metabolism
and myogenesis.”! A recent study showed that CARM1 played a
role in muscular atrophy. Increased CARM1 expression is posi-
tively related to muscle mass loss in denervation induced mice.
Interestingly, CARM1 knockdown resulted in an autophagic defi-
cit in myofibres, which halted muscle atrophy process and reduced
the protein level of MuRF1 and MAFbx both in vivo and in vitro
through FoxO3-dependent transcription.’ In addition, CARM1
has been shown to exhibit methyltransferase activity, resulting in
methylation of CREB-binding protein (CBP) and histone H3 at argi-
nine 17/26/42.5%°3 Furthermore, CARM1 has been shown to exert
effect on autophagy-related and lysosomal genes through regu-
lating transcription of S phase kinase-associated protein 2 (SKP2),
which is responsible for CARM1 degradation. The role of AMPK in
metabolism and autophagy has been well characterized. A study
showed that decreased nuclear AMPK-FoxQO3 activity caused in-
creased expression of SKP2-E3 ubiquitin ligase, which resulted in
decrease CARML1 levels and autophagy in aged hearts.’* However,
under nutrient (glucose) starvation conditions, AMPK-dependent
phosphorylation of FOXO3a was increased in the nucleus, which
transcriptionally repressed SKP2, and resulted in increased levels
of CARM1,histone H3 Arg17 dimethylation (H3R17me2), and other
autophagy-related gene activity.'®

The 5-amino-4-imidazole carboxamide ribonucleoside (AICAR)
has been used to activate AMPK in various tissues of the body, in-

cluding skeletal muscle. After administration, it was converted to
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ZMP (AICAR monophosphate), an AMP mimic that activates AMPK
without altering intracellular adenine nucleotide levels. Studies have
shown that treatment of C2C12 myotubes with AICAR increased ex-
pression of FOXO1, FoxO3a, Atrogin-1, MuRF-1 and two other FoxO
target genes (LC3 and Bnip3), inducing degradation/ decomposition
of proteins.55 These effects are independent of Akt/ mTOR. In addi-
tion, AMPK activator promotes autophagy in skeletal muscle prob-
ably by inhibits mTORC1 activity and promoting autophagy flux. On
the one hand, AMPK directly phosphorylates ULK1 at multiple sites
and targets autophagy-related protein 9 (Atg9) and beclin-1.>¢ On
the other hand, AMPK activates FoxO3a, inhibits SKP2, promotes
CARM1 and H3R17me2a levels, and activates transcription and ex-
pression of autophagy-related genes. In our study, we showed that
increased autophagy in CKD-induced skeletal muscle atrophy was
accompanied by activated AMPK and increased level of FOXO3a,
decreased SKP2 levels, and increased CARM1 and H3R17me2 levels.
These changes were prevented by calycosin administration in vivo
and in vitro. AICAR partially reversed the positive effect of calyco-
sin on autophagy and oxidative stress in C2C12 cells. Furthermore,
our study showed that CARM1 may be a crucial regulator of skele-
tal muscle atrophy and suggested that calycosin may be a potential
therapy for skeletal muscle atrophy induced by CKD, malnutrition or
other conditions.

Previous study showed that calycosin suppresses the expression
of pro-inflammatory cytokines via p62/Nrf2-linked HO-1 induction
in rheumatoid arthritis synovial fibroblasts.’” Another study showed
that calycosin treatment decreased the levels of TNF-a, interleukin
(IL)-6, IL-1B, and MDA in acute pancreatitis (AP) mice and Alzheimer's
Disease mouse.”®>’ Additionally, calycosin significantly reduced ce-
rulein-induced pancreatic oedema inhibited myeloperoxidase (MPO)
activity and increased SOD activity via the p38 MAPK and NF-xB
signal pathways.>® However, in our study, we treated C2C12 cells
with TNF-« in in vitro experiment which is a proinflammatory cyto-
kine. Could anti-inflammatory effect of calycosin be upstream of its
anti-oxidative and anti-autophagy effects in this experiment? This is
a limitation that we did not investigate whether the anti-inflamma-
tory effect of calycosin could be upstream of its anti-oxidative and
anti-autophagy effects. Further study should be performed in our

next experiment to get the results.

5 | CONCLUSIONS

Our results showed that anti-oxidative enzyme (SOD, CAT and
GSH-Px) activity was decreased, and ROS and MDA productions
were increased in CKD-induced muscle atrophy, and in TNF-a-
induced C2C12 cells. In addition, the expression of MuRF1, MAFbx
and FOXO3a, and autophagy markers such as ATG7 and LC3A/B,
was increased, and AMPK/SKP2/CARM1 pathway activity was al-
tered in CKD-induced muscle atrophy and TNF-a-induced C2C12
cells. These results suggested that these changes may promote
myotube atrophy through activation of proteasomal degradation,

oxidative stress and autophagy. Our study identified calycosin as
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a potential therapeutic agent to prevent skeletal muscle atrophy
through reduced oxidative stress and autophagy via regulation of
AMPK/SKP2/CARM1 signalling pathway.
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