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Abstract

Background Sarcopenia with chronic kidney disease (CKD) progression is associated with life prognosis. Oxidative
stress has attracted interest as a trigger for causing CKD-related muscular atrophy. Advanced oxidation protein products
(AOPPs), a uraemic toxin, are known to increase oxidative stress. However, the role of AOPPs on CKD-induced muscle
atrophy remains unclear.

Methods In a retrospective case—control clinical study, we evaluated the relationship between serum AOPPs levels and
muscle strength in haemodialysis patients with sarcopenia (n = 26, mean age + SEM: 78.5 * 1.4 years for male
patients; n = 22, mean age = SEM: 79.1 = 1.5 for female patients), pre-sarcopenia (n = 12, mean age = SEM:
73.8 = 2.0 years for male patients; n = 4, mean age = SEM: 74.3 = 4.1 for female patients) or without sarcopenia
(n = 12, mean age = SEM: 71.3 = 1.6 years for male patients; n = 7, mean age = SEM: 77.7 = 1.6 for female ).
The molecular mechanism responsible for the AOPPs-induced muscle atrophy was investigated by using 5/6-
nephrectomized CKD mice, AOPPs-overloaded mice, and C2C12 mouse myoblast cells.

Results The haemodialysis patients with sarcopenia showed higher serum AOPPs levels as compared with the patients
without sarcopenia. The serum AOPPs levels showed a negative correlation with grip strength (P < 0.01 for male
patients, P < 0.01 for female patients) and skeletal muscle index (P < 0.01 for male patients). Serum AOPPs levels
showed a positive correlation with cysteinylated albumin (Cys-albumin), a marker of oxidative stress (* = 0.398,
P < 0.01). In the gastrocnemius of CKD mice, muscle AOPPs levels were also increased, and it showed a positive corre-
lation with atrogin-1 (r* = 0.538, P < 0.01) and myostatin expression (r* = 0.421, P < 0.05), but a negative correlation
with PGC-1a expression (% = 0.405, P < 0.05). Using C2C12 cells, AOPPs increased atrogin-1 and myostatin expression
through the production of reactive oxygen species via CD36/NADPH oxidase pathway, and decreased myotube forma-
tion. AOPPs also induced mitochondrial dysfunction. In the AOPPs-overloaded mice showed that decreasing running
time and hanging time accompanied by increasing AOPPs levels and decreasing cross-sectional area in gastrocnemius.
Conclusions Advanced oxidation protein products contribute to CKD-induced sarcopenia, suggesting that AOPPs or its
downstream signalling pathway could be a therapeutic target for the treatment of CKD-induced sarcopenia. Serum
AOPPs or Cys-albumin levels could be a new diagnostic marker for sarcopenia in CKD.

Keywords Advanced oxidation protein products; Albumin; Biomarker; Chronic kidney disease; Muscle atrophy; Oxidative stress

© 2021 The Authors. Journal of Cachexia, Sarcopenia and Muscle published by John Wiley & Sons Ltd on behalf of Society on Sarcopenia, Cachexia and Wasting Disorders.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0001-6765-3223
http://creativecommons.org/licenses/by-nc-nd/4.0/

AOPPs contribute to CKD-induced muscle atrophy

1833

Received: 1 March 2021; Revised: 10 July 2021; Accepted: 4 August 2021

*Correspondence to: Hiroshi Watanabe and Toru Maruyama, Department of Biopharmaceutics, Graduate School of Pharmaceutical Sciences, Kumamoto University, 5-1
Oe-honmachi, Chuo-ku, Kumamoto 862-0973, Japan. Phone: +81-96-371-4855, Fax: +81-96-371-4855, Email: hnabe@kumamoto-u.ac.jp and tomaru@gpo.kumamoto-u.ac.jp

Hiromasa Kato and Hiroshi Watanabe contributed equally to the study.

Introduction

Patients with chronic kidney disease (CKD) also frequently
have complications associated with muscle atrophy and mus-
cle weakness (sarcopenia), and the onset of sarcopenia is as-
sociated with an increased risk of death in addition to being
bedridden, as well as experiencing falls and fractures. The
number of patients with sarcopenia increases with the pro-
gression of CKD.' In fact, the prevalence of sarcopenia in
CKD ranges from 5% to 14% in the preservation period of
CKD (eGFR category G3 to G5) and from 13% to 34% in the
haemodialysis phase. It was also reported that a decrease in
walking speed of 0.1 m/s increases mortality by 26% in pa-
tients with eGFR category G2 to G4.> Therefore, the preven-
tion of CKD-related sarcopenia is considered to be an urgent
issue. Although the development of early diagnostic markers
and therapies against CKD-related sarcopenia are needed,
the pathogenic mechanism responsible for CKD-related
sarcopenia remains unclear.

Oxidative stress has attracted attention as a trigger for
CKD-related muscular atrophy. Oxidative stress is caused
by an imbalance between the oxidative damage derived
from the reactive oxygen species (ROS) and the antioxidant
defence system. It is known that oxidative stress increases
as a function of age and in cases of chronic inflammation.?
The ROS levels in human skeletal muscle are inversely cor-
related with cross-sectional area.* In mouse myoblast cells
(C2C12), an increase in the levels of intracellular ROS is as-
sociated with the development of muscular atrophy by in-
creasing the expression of atrogin-1 and myostatin, which
are muscle atrophy-related genes, and the increased ROS
is also associated with a decrease in muscle strength
accompanied by decreasing mitochondrial function.”™” We
recently investigated the molecular mechanism of
CKD-related muscular atrophy by focusing on the levels of
uraemic toxins that accumulate in the body with decreasing
renal function. Among the small molecule uraemic toxins,
indoxyl sulfate (IS) was taken up by skeletal muscle cells
via an organic anion transporter. After being taken up, IS
was involved in the development of muscle atrophy by en-
hancing ROS production through the activation of NADPH
oxidase.® In addition, IS was also involved in the develop-
ment of muscle weakness by impairing mitochondrial
function.®® Furthermore, we found that the administration
of AST-120 (oral carbon absorbent), which lowers serum
IS concentrations, reversed muscle atrophy and mitochon-
drial function in CKD mice.®

Advanced oxidation protein products (AOPPs) are products
that are produced by the oxidation of serum proteins (mainly
albumin). Increased ROS levels that occur in inflammatory
conditions result in the production of hypochlorous acid
(HOCI), via the action of neutrophil myeloperoxidase,
resulting in the further oxidation of serum proteins.®*? Ad-
vanced oxidation protein products are also known to be
one of the middle molecule uraemic toxins that are not re-
moved by haemodialysis. The concentration of serum AOPPs
in healthy subjects is about 20 to 30 uM, but this value in-
creases to about 100 to 150 uM in CKD patients.*"*> AOPPs
are taken up by cells via CD36, a scavenger receptor. The
AOPPs then further enhance ROS production by activating
intracellular NADPH oxidase. Although AOPPs are involved
in the development of renal tubular damage, chronic hepati-
tis, osteoporosis and Crohn’s disease,’®*"** our current
knowledge regarding the effect of AOPPs on skeletal muscle
are limited. Taking these previous reports into consideration,
we hypothesized that the increased levels of AOPPs in CKD
patients may be closely associated with muscular atrophy.

The purpose of this study was to determine the involve-
ment of AOPPs in CKD-related muscle atrophy. We first
carried out a retrospective case—control clinical study in
which the relationship between serum AOPPs levels and
muscle strength was evaluated in haemodialysis patients with
or without sarcopenia. We then investigated the molecular
mechanism of AOPPs-induced muscle atrophy by using 5/6-
nephrectomized CKD mice, AOPPs-overloaded mice and
C2C12 mouse myoblast cells.

Materials and methods
Chemicals and materials

A commercial human serum albumin (HSA) solution was
purchased from the Japan Blood Products Organization
(Tokyo, Japan). Diphenylene iodonium (DPI), rabbit polyclonal
anti-mouse GAPDH antibody, anti-laminin antibody produced
in rabbits were purchased from Sigma-Aldrich (St Louis, MO).
The anti-atrogin-1 antibody was purchased from ECM
biosciences (Versailles, KY, USA). Anti-PGC-1a (3G6) rabbit
monoclonal antibody was purchased from Cell Signalling
Technology (Danvers, MA, USA). The anti-myogenin monoclo-
nal antibody was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). The anti-CD36/SR-B3 antibody was
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purchased from Novus Biologicals (Centennial, CO, USA). The
anti-myosin heavy chain antibody was purchased from R&D
systems (Minneapolis, MN, USA). The anti-Akt antibody and
phospho-Akt (Ser473) rabbit monoclonal antibody were
purchased from Cell Signaling Technology (Danvers, MA).
ATP assay Kit was purchased from FUJIFILM Wako Chemicals
(Tokyo, Japan). MitoRed, Hoechist33342 were purchased
from Dojin Chemical (Kumamoto, Japan). Potassium iodide
and chloramine T, acetic acid, N-acetyl-L-cysteine (NAC) were
purchased from Nacalai Tesque (Kyoto, Japan). 5-(and 6)-
Chloromethyl-2/,7/-dichlorodihydrofluorescein diacetate
(CM-H,DCFDA), Dulbecco’s modified eagle medium (DMEM),
Dulbecco’s phosphate-buffered saline (D-PBS), MitoGreen
were purchased from Invitrogen (Grand Island, NY). Block
ace was purchased from DS Pharma Biomedical (Osaka,
Japan). All methods were carried out in accordance with
approved guidelines. All experimental protocols were
approved by Kumamoto University.

Patients

This study enrolled 64 haemodialysis patients with
sarcopenia (male, 38; female, 26, including pre-sarcopenia)
and 19 haemodialysis patients without sarcopenia (male,
12; female, 7) aged 65 years or older who were outpatients
in the Department of Nephrology, Akebono Clinic, Kuma-
moto, Japan. Diagnosis criteria for sarcopenia was a walking
speed of less than 1 m/s, or a grip strength of less than
25 kgf for male patients and less than 20 kgf for female pa-
tients, then a body mass index (BMI) value of less than
18.5 kg/m? or a calf circumference of less than 30 cm in ad-
dition to skeletal muscle index (SMI) of less than 7.0 kg/m?
for male patients and less than 5.7 kg/m? for female patients.
Diagnosis criteria for pre-sarcopenia was a BMI value of less
than 18.5 kg/m? or a calf circumference of less than 30 cm
in addition to SMI of less than 7.0 kg/m? for male patients
and less than 5.7 kg/m? for female although a walking speed
of more than 1 m/s, or a grip strength of more than 25 kgf for
male patients and more than 20 kgf for female patients.

This retrospective case—control study protocol was ap-
proved by the ethics committee of the Faculty of Life
Sciences, Kumamoto University (Approval No. 1578). All of
the subjects provided their written informed consent to
participate in this study.

Advanced oxidation protein products level assay

Assays for AOPPs levels were performed as described in a
previous report.** A 200 pL of samples diluted by 10-fold in
67 mM phosphate buffer (pH 8.0) was added to a 96-well
plate. A 25 pL of 20% acetic acid and 10 pL of 1.16 M potas-
sium iodide were added (dilutions were made with 67 mM

phosphate buffer; pH 8.0). For the standard chloramine T so-
lution, 25 plL of 20% acetic acid and 10 plL of 1.16 M potas-
sium iodide were added, and a standard curve was
prepared. The absorbance at 340 nm was measured by a mi-
croplate reader immediately after the solution was added.

Analysis of post-translational modified albumin by
electrospray ionization time-of-flight mass
Spectrometer

After collecting blood from the patient, 500 mM citrate
buffer (pH 4.3) and blood were mixed at a ratio of 1:9. The
resulting solution was centrifuged to obtain serum, and the
serum was stored at —80°C until uses. A 5 uL volume of
serum was added to 495 pL of 50 mM phosphate buffer
(pH 6.0) to prepare a measurement sample. Solid-phase ex-
traction columns (Bond Elute-C18 EWP 200 mg/3 cc, Varian)
were initialized with 90% acetonitrile/0.1% formic acid and
equilibrated with ultrapure water. The measurement sample
was then added to the solid-phase extraction column. To
remove impurities, elution operation was carried out using
10% acetonitrile/0.1% formic acid. Finally, the column was
eluted with 90% acetonitrile/0.1% formic acid to obtain the
sample. A 2 ulL aliquot of this eluate was measured with an
electrospray ionization time-of-flight mass spectrometer
(ESI-TOF MS). The acetonitrile used in the experiment was
LC grade.

Preparation of advanced oxidation protein
products

Advanced oxidation protein products were prepared as
described in a previous study.’® HSA was defatted by treat-
ment with activated carbon.'® Defatted HSA (300 uM) was in-
cubated with 100 mM chloramine T in 67 mM phosphate
buffer (pH 8.0) for 1 h at 37°C. The oxidation reaction was
stopped by dialysis with phosphate-buffered saline (PBS).
Finally, after the dialysis, the sample was freeze-dried to
prepare AOPPs. This AOPPs level was 205.6 pmol/g protein.

Animal experiments

All animals were purchased from Japan SLC (Shizuoka, Japan).
All animals were freely provided with water and food and
maintained in a room with controlled temperature
(21-23°C) and a 12 h light/dark cycle (light 8 a.m.—8 p.m.).
All animal experiments were conducted using procedures
approved by the experimental animal ethics committee at
Kumamoto University. 5/6-Nephrectomized (Nx) mice were
produced using a two-step surgery using male ICR mice
(5-week-old) according to previous reports.>® In brief, 2/3
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of the right kidney was removed, and 1 week later the left
kidney was removed. In the AOPPs-overloaded mice, AOPPs
were intraperitoneally administered to 4-week-old male ICR
mice daily for 7 weeks. As a control, PBS or defatted HSA
(150 mg protein/kg/day: the same amount of protein as
AOPPs) was also administered to male ICR mice (4-week-
old) for 7 weeks.

Treadmill and wire-hang-test

An exercise test using a treadmill (MK-680S, Muromachi
Kikai, Tokyo, Japan) was performed to measure the muscle
endurance of the mice. The experimental protocol was de-
scribed in previous reports (incline: 10%, acceleration:
0.5 m/s?, speed: start from 10 m/min, run for 5 min, then
an increase of 2 m/min every 2 min, time: until the mice
remained on the electrical shocker plate for 30 s).> Mice to
which AOPPs were administered every day for 7 weeks were
used for this study. The running-in was started 3 days before
this experiment (incline: 0%, acceleration: 0.5 m/s?, speed:
14 m/min, time: 5 min). A wire-hang-test was used to evalu-
ate agility and grip strength. Wire-hang-test was followed by
the previous experimental protocols.*® Measurements were
performed a total of three times with an interval of 1 h for
each individual.

Cell culture experiments

Mouse C2C12 myoblast cells were purchased from the RIKEN
bioresource cell bank (Ibaraki, Japan). The culture medium
was prepared by adding 10% deactivated foetal bovine serum
(Capricorn Scientific, Ebsdorfergrund, Germany), antibiotic
and antimycotic mixture to DMEM. Differentiation into
myotube cells was performed by switching to a differentia-
tion medium (DMEM supplemented with 2% heat-inactivated
horse serum; Sigma-Aldrich) when myoblasts were 80% to
90% confluent.

Myotube formation assay

The measurement of myotubes was described in a previous
report.” C2C12 cells were seeded on a 12-well plate and ad-
hered by culturing (overnight) at 37°C. The AOPPs (100 pM)
were then added at the time of switching to the differentia-
tion medium, and the cells were cultured for 7 days. The dif-
ferentiation medium was changed every 24 h. On the 7th day,
the cells were washed with D-PBS and observed with a mi-
croscopy (Keyence, BZ-X710 microscope, Osaka, Japan). Cells
with a major axis of 40 um or more of fused single cells were
designated as myotube cells. The minor axis was measured
with Image J software.

ROS measurements

Cells were seeded on 96-well plates at 1.0 x 10* cell per well.
After removing the culture solution, CM-H,DCFDA was added
and was allowed to become incorporated into cells by incu-
bating at 37°C for 30 min. After removing the supernatant
and adding D-PBS or HSA or AOPPs, the fluorescence inten-
sity was measured with a fluorescence plate reader (excita-
tion/emission = 485 nm/535 nm, Spectra Fluor, TECAN). In
the study of inhibitors, the cells were incubated with CM-H-
,DCFDA for 30 min, then the supernatant was replaced with
D-PBS. After adding various inhibitors and treating for
30 min, AOPPs or HSA or D-PBS was added in the presence
of each inhibitor and the fluorescence intensity was
measured in the same manner.

Quantitative RT-PCR and mitochondrial DNA
quantification

Total RNA was isolated from gastrocnemius or C2C12 cells
using RNAiso Plus (Takara, Tokyo, Japan). The extracted RNA
was determined for purity and concentration based on the
absorbance at 260 and 280 nm. The master mix was used
to prepare the cDNA and quantitative RT-PCR measurements
were then performed. The primers used for mRNA detection
are shown in Supporting information, Table S1. The threshold
cycle (Ct) values for each gene amplification were normalized
by subtracting the Ct value calculated for GAPDH. Real-time
gPCR was performed for mitochondrial DNA-encoded cyto-
chrome ¢ oxidase subunit Il (Cox2) and nucleus-encoded
18S ribosomal RNA genes. The ratio of Cox2 DNA copies to
18S rRNA represents the relative mitochondrial copy number.

Western blotting

Western blotting analyses were performed as previously
described.” Total protein was extracted with RIPA buffer con-
taining 1% nonidet P-40,150 mM NaCl, 10 mM Tris—HCI (pH
7.4), 1% phosphatase inhibitor cocktail, and 1% protease in-
hibitor cocktail (Nacalai Tesque, Kyoto, Japan). After centrifu-
gation, the collected supernatant was mixed with a sample
buffer containing 50 mM dithiothreitol and boiled at 100°C.
The samples were then separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Proteins were
transferred to a polyvinylidene fluoride membrane, further
immunoblotted with antibodies against myogenin, myosin
heavy chain, myostatin, atrogin-1 and PGC-1a at 4°C for over-
night. The membrane was then immunoblotted with a horse-
radish peroxidase-conjugated secondary antibody at room
temperature for 1 h. The intensity of each band was detected
using LAS4000mini (GE Healthcare, UK Ltd, Backinghamshire,
England) and quantified using Image) software. The
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densitometric intensity was normalized with GAPDH expres-
sion. Western blotting analyses for Akt and phospho-Akt
were also performed as previously described.’

Mitochondrial staining

A flame-sterilized cover glass was placed on a 6-well plate
and C2C12 myoblasts were seeded. After culturing at 37°C
(overnight), the supernatant was removed. The cells were
washed with D-PBS and starved with serum-free DMEM for
2 h. The medium was then changed to DMEM containing
10% FBS. At 3 h after adding the AOPPs, HSA or D-PBS, the
supernatant was removed; MitoRed or MitoGreen and
Hoechist33342 in D-PBS were added; and the mixture was
then incubated for 20 min. After incubation, the cells were
washed with D-PBS and observed by the Keyence BZ-X710
microscope (Keyence, Osaka, Japan).

Intracellular ATP assay

C2C12 cells were seeded on a 96-well plate and cultured
(overnight) at 37°C. ATP extraction was performed 6, 12,
24 hours after the addition of AOPPs, HSA, and D-PBS. After
removing the medium and washing with D-PBS, 100 pL of
ATP extraction reagent was added to each well. ATP was ex-
tracted from the cells with stirring at room temperature for
5 min. The extracted cell lysate was collected in a tube and
transferred to an ice bath. Each 10 plL of sample was trans-
ferred to a luminescence measurement tube. After adding
100 pL of ATP luminescent reagent, the amount of lumines-
cence was measured with a luminometer (Lumat3 LB9508,
Berthold Technologies, DEU). The amount of ATP in each
sample was calculated from the -calibration curve and
corrected by the protein concentration.

Measurement of oxygen consumption rate

C2C12 cells were seeded at 2.0 x 10* cells per well in a
XF24-well plate (Agilent Technologies, Santa Clara, CA,
USA). After confirming cell growth and adhesion, the cells
were treated with 100 uM AOPPs or HSA for 12 hours. The
medium was switched from culture medium to analysis me-
dium (Agilent Technologies) supplemented with 10 mM glu-
cose, 1 mM pyruvate, and 2 mM L-glutamine at 37 °C for
1 hour in a non-CO, incubator. The oxygen consumption rate
(OCR) was analysed with a XF cell mitostress kit (Agilent Tech-
nologies, Santa Clara, CA) by sequential injection of 1.5 uM
oligomycin A, 1.0 uM carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) and 0.5 uM rotenone. The basal res-
piration rate, ATP production, maximal respiration, and spare
capacity was calculated by Seahorse XF software version
2.6.1.53.

Immunostaining of tissue sections

A 5 um section of the frozen gastrocnemius was obtained. Af-
ter washing with D-PBS, blocking with 4% block ace in PBS at
room temperature for 30 min. It was allowed to react over-
night with an anti-laminin antibody at 4 °C. After washing
with D-PBS, it was reacted with anti-rabbit-lgG-Alexa546 at
room temperature for 1 h under shading conditions. After
encapsulation with a vector shield, it was observed using a
microscope (Keyence, BZ-X710 microscope, Osaka, Japan).
The fluorescence of the skeletal muscle sections was quanti-
fied using BZ-X Analyser.

Statistical analyses

The means for two group data were compared by the
unpaired t test. The means for more than two groups were
compared by one-way ANOVA followed by Tukey’s multiple
comparison. Probability values of P < 0.05 or P < 0.01 were
considered to be significant.

Results

Relationship between muscle strength and serum
advanced oxidation protein products levels in
haemodialysis patients

We investigated the relationship between muscle strength
and serum AOPPs levels in haemodialysis patients without
sarcopenia (19 patients) and with sarcopenia (48 patients)/
with  pre-sarcopenia (16 patients) (Table 1). The
haemodialysis in male patients with sarcopenia showed sig-
nificantly higher serum AOPPs levels as compared with the
patients without sarcopenia, and a higher tendency was
found for female patients with sarcopenia (Table 1). The se-
rum AOPPs levels showed a significant negative correlation
with grip strength in both male and female patients (Figure
1A and 1B). Serum AOPPs levels also showed significant neg-
ative correlation with SMI in male and female patients
(Figure 1C and 1D).

Because AOPPs are mainly derived from albumin, the cor-
relation between oxidized albumin (cysteinylated albumin:
Cys-albumin) and grip strength or SMI was also investigated.
A significant negative correlation between Cys-albumin and
grip strength was found in both male and female patients
(Figure 1E and 1F). In addition, the Cys-albumin levels tended
to be correlated with SMI in male patients (Figure 1G), while
no significant correlation with SMI was observed in female
patients (Figure 1H). In fact, Cys-albumin and serum AOPPs
levels were significantly positively correlated (Figure 1lI).
These results suggest that serum AOPPs levels or
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Figure 1 Relationship between muscle strength and serum advanced oxidation protein products (AOPPs) levels in patients undergoing haemodialysis.
(A, B) Relationship between serum AOPPs levels and grip strength in dialysis patients with sarcopenia (closed circle), pre-sarcopenia (open circle), and
without sarcopenia (closed triangle) (A: male, B: female). (C, D) Relationship between serum AOPPs levels and skeletal mass index (SMI) in dialysis
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Cys-albumin has the potential to serve as a diagnostic
biomarker for muscle weakness in haemodialysis patients,
and AOPPs may contribute to the muscle weakness in
haemodialysis patients.

Relationship between muscle advanced oxidation
protein products levels and the expression of
muscle atrophy-related genes in 5/6-
nephrectomized mice

We next evaluated the relationship between AOPPs and
muscle atrophy using 5/6-nephrectomized (5/6-Nx) CKD
mice. At 8 weeks after 5/6-Nx, the body weight was not
significantly changed between the sham and CKD mice
(Table 2). On the other hand, the weights of the gastrocne-
mius and soleus were significantly decreased in the CKD
mice compared with those of the sham mice (Table 2).
The AOPPs levels and the expression of muscle
atrophy-related genes in the gastrocnemius were also eval-
uated. As shown in Figure 2A, CKD mice showed significant
increase in muscle AOPPs levels as compared with sham
mice. Furthermore, muscle AOPPs levels showed a signifi-
cant positive correlation with the expression of atrogin-1
and myostatin (R> = 0.538, P < 0.01 for atrogin-1;
R? = 0.421, P < 0.05 for myostatin) (Figure 2B and 2C). Be-
cause exercise capacity is associated with mitochondrial
function,’® we evaluated the expression of PGC-la, a
master regulator of mitochondrial biosynthesis, in the
muscle. The muscle AOPPs levels and PGC-1lo. mRNA ex-
pression in the gastrocnemius showed a significant negative
correlation (R*> = 0.405; P < 0.05) (Figure 2D). Protein
expression of atrogin-1 and myostatin were also increased
in the muscle of CKD mice but PGC-la protein expression
was not significantly changed in CKD mice (Figure 2E).
These findings suggest that an increase in muscle AOPPs
levels could cause the muscle atrophy and weakness that
are observed in CKD mice.

Table 2 Renal function, body weight and muscle weight profile for sham,
5/6-nephrectomized mice (CKD mice)

Sham CKD
BUN (mg/dL) 23.3 3.0 447 + 2.2**
SCr (mg/dL) 0.2 = 0.05 0.3 £0.03
Body weight (g) 40.5 + 3.1 36.9 + 0.8
Gastrocnemius (mg) 144.7 = 2.2 123.3 = 3.0*
Tibialis anterior (mg) 745 + 0.8 71.8 £2.9
Soleus (mg) 12304 10.0 + 0.2*

BUN, blood urea nitrogen; CKD, chronic kidney disease; SCr, serum
creatinine.

Data are expressed as the mean = SEM.

P < 0.05.

"P < 0.01 compared with sham

Molecular mechanism of advanced oxidation
protein products-induced muscle atrophy (C2C12
myoblast cells)

We investigated the molecular mechanism responsible for
AOPPs-induced muscle atrophy using C2C12 mouse myoblast
cells. First, the expressions of atrogin-1 and myostatin mRNA
in C2C12 cells were evaluated at 48 h after incubating with a
medium in which the medium contained 10% serum from
haemodialysis patients [serum with low AOPPs levels (AOPPs
levels < 80 puM: 56.6-73.2 uM) or serum with high AOPPs
levels (AOPPs levels > 120 uM: 121-128.2 uM)]. In the pres-
ence of serum with high AOPPs levels, the expressions of
atrogin-1 and myostatin mRNA were significantly increased
as compared with the serum with low AOPPs levels (Figure
3A and 3B), suggesting that the higher AOPPs levels could
be involved in the increase of atrogin-1 and myostatin mRNA
in C2C12 cells. To evaluate the direct effect of AOPPs on mus-
cle atrophy, AOPPs samples were prepared by oxidizing HSA
(refer to Materials and methods) and C2C12 cells were then
incubated with these AOPPs. As shown in Figure 3C and 3D,
AOPPs caused an increase in the protein and mRNA expres-
sions of atrogin-1 and myostatin but unmodified HSA (the
same protein concentration as that for the AOPPs) did not.
An antioxidant, N-acetylcysteine (NAC), suppressed the
AOPPs-induced expression of atrogin-1 and myostatin. Under
the same experimental conditions, the AOPPs had no effect
on cell proliferation (data not shown). It was reported that
AOPPs enhanced ROS production in renal tubular cells.*’
Other reports have also demonstrated that intracellular ROS
production is involved in the increased expression of
atrogin-1 and myostatin.> Therefore, we investigated the ef-
fect of AOPPs on ROS production in C2C12 cells. As a result,
the AOPPs increased ROS production in a dose-dependent
manner. A pre-treatment with NAC and DPI, an NADPH oxi-
dase inhibitor, significantly suppressed the AOPPs-induced
production of ROS (Figure 3E). Cao et al. reported that AOPPs
are recognized by the scavenger receptor CD36 in proximal
tubular epithelial cells.*® In fact, in a previous study, we con-
firmed that C2C12 cells express CD36 by western blotting
(data not shown). As shown in Figure 3E, AOPPs-induced
ROS production was significantly suppressed by the treat-
ment with an anti-CD36 neutralizing antibody, but not by
the treatment with an isotype control IgG. These data suggest
that AOPPs increased the expression of atrogin-1 and
myostatin mRNA through ROS production via CD36/NADPH
oxidase pathway.

It has been reported that TNF-o expression is increased
during muscle atrophy,™ and that TNF-a is involved in the
increased secretion of myostatin from muscle tissue.?®
Furthermore, in chondrocytes, AOPPs were found to increase
TNF-a. expression by activating NADPH oxidase/MAPK
signals.?! Therefore, we evaluated the ability of AOPPs to
induce the expression of TNF-a in C2C12 cells. As shown in
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Figure 2 Relationship between muscle advanced oxidation protein products (AOPPs) levels and the expression of muscle atrophy-related genes in 5/6-
nephrectomized chronic kidney disease (CKD) mice. (A) AOPPs levels in muscle and (B-D) the expression of muscle atrophy-related genes in the gas-
trocnemius were measured at 8 weeks after 5/6-nephrectomized. Relationship between muscle AOPPs levels and the mRNA expression of (B) atrogin-1
(R2 =0.538, P < 0.01), (C) myostatin (R2 =0.421, P < 0.05), and (D) PGC-1a (R2 =0.405, P < 0.05) in the gastrocnemius. The fold changes as compared
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mius of sham and CKD mice. Data are expressed the mean + SEM (n = 4-8). **P < 0.01 compared with sham.

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 1832-1847
DOI: 10.1002/jcsm.12786



AOPPs contribute to CKD-induced muscle atrophy 1841

control HSA AOPPs control HSA AOPPs
A B C e I D 05
ko) (50 0a)
(o7 D) [ — 0
(37 kDa) (37 kDa)

< <
Z9 % °
X o = * *%
ES E 5
=5 £5 " 0
'EEDE % o
oL 8€ 29 o
= s x o X o
€S =
o] ©
- < c <
0 .S £5
low  high low  high £z S5
Serum AOPPs level Serum AOPPs level o g 8 K] 2
= 2E
) a1/
S 0 T
Control 25 50 100 HSAA%:;JPS Control 25 50 100 HSAA%%PS
AOPPs (uM) (UM) AOPPs (uM) (uM)
+ +
NAC NAC

E F G control HSA AOPPs
Myogenin
I (34 kDa) " p

sk *k
Hk GAPDH
1000 5 ke (37 kDa) |*|
— A
3 A
£ 800 hd <54 15
5 Z o
» O 600 ss <
8« ES Z~
&2 v S )
X 400 LT 2 g2 10
T £ £ £
= 200 4 £S5
23 os
0 T T T o 0 T T >
Control 25 50 100 HSA evo OQ\ C,Q'b@ o\\% Control HSA AOPPs AOfPs =
—_—— o &
AOPPs (M) ¥ NAC 0
R Control HSA AOPPs
+ AOPPs 100 (uM)
control AOPPs control HSA AOPPs

00 Koy [W—— |
(220 kDa)
B —
(37 kDa)

50
40
30

20

Myotube per field
Myotube diamer (um)

Control HSA AOPPs Control HSA AOPPs

Figure 3 Molecular mechanism for the advanced oxidation protein products (AOPPs)-induced muscle atrophy using C2C12 cells. (A, B) mRNA expres-
sion of atrogin-1 and myostatin at 48 h after the addition of haemodialysis patients’ serum [serum with low AOPPs levels (AOPPs levels < 80 pM: 56.6—
73.2 uM) or serum with high AOPPs levels (AOPPs levels > 120 pM: 121-128.2 uM)] to C2C12 myoblasts cells was measured by real-time qPCR. (C, D)
Effect of AOPPs on protein and mRNA expression of atrogin-1 and myostatin in C2C12 myoblasts cells at 48 h after the AOPPs treatment. N-
acetylcysteine: NAC (0.1 mM) was co-treated with AOPPs. (E) Effect of AOPPs on ROS production in C2C12 myoblast cells. C2C12 myoblast cells were
starved with serum-free medium for 2 h and then treated with CM-H,DCFDA in Dulbecco’s phosphate-buffered saline (D-PBS) for 30 min. After re-
moval of the D-PBS, the cells were treated with AOPPs and incubated for 90 min. Fluorescence intensity was measured at an excitation wavelength
of 485 nm and at an emission wavelength of 535 nm. In the inhibitor experiments, CM-H,DCFDA in D-PBS was removed and the inhibitor was then
added. After incubating for 30 min, the cells were treated with AOPPs and incubated for 90 min in the presence of each inhibitor. NAC (0.1 mM),
NADPH oxidase inhibitors [diphenyleneiodonium chloride: DPI (10 uM)] and CD36 neutralizing antibodies (4 mg/mL) were used. (F) Effect of AOPPs
on the mRNA expression of TNF-a. in C2C12 myoblasts cells at 48 h after treatment with 100 uM AOPPs. (G) Effect of AOPPs on myogenin protein
and mRNA expression at 48 h after 100 pM AOPPs treatment. (H) Effect of AOPPs on C2C12 myoblast cell tubular formation. C2C12 myoblast cells
were seeded on a 6-well plate and cultured overnight. After cell adhesion, the cultured medium was changed to a differentiation medium containing
with 100 pM AOPPs or human serum albumin (HSA) and cultured for 7 days. The cell density in each treatment group was the same before changing
the culture medium to a differentiation medium. Cell morphology was observed by microscopy and the number of myotube cells and myotube diam-
eter evaluated using the Imagel. (/) Effect of AOPPs on myotube formation was evaluated using myosin heavy chain protein expression. Data are
expressed the mean + SEM (n = 3-7). *P < 0.05, **P < 0.01.
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Figure 3F, AOPPs significantly increased the expression of
TNF-a. mRNA, and the increase in TNF-a expression was sup-
pressed by the presence of NAC, demonstrating that
AOPPs-induced ROS production is involved in the increase in
TNF-o expression.

We also evaluated the effect of AOPPs on the expression
of myogenin, one of the genes responsible for myogenesis,
in C2C12 cells. As shown in Figure 3G, AOPPs significantly
decreased the myogenin protein level and mRNA
expression. AOPPs also significantly decreased myotube
formation (both the number of myotubes and myotube
diameter) compared with control or the HSA treatment
(Figure 3H). In addition, the levels of the myosin heavy
chain (MHC) protein, which is a marker for the differentia-
tion of skeletal muscle, was decreased in the presence of
AOPPs (Figure 3l).

Effect of advanced oxidation protein products on
mitochondria (C2C12 myoblast cells)

To evaluate the effect of AOPPs on mitochondria, we first eval-
uated PGC-1a expression in C2C12 cells. Incubation with se-
rum containing high AOPPs levels (121-128.2 uM) showed a
significant decrease in PGC-1a. mRNA expression in C2C12 cells
as compared with the serum containing low AOPPs levels
(56.6—73.2 uM) (Figure 4A). Similarly, AOPPs also significantly
decreased the expression of PGC-la protein and mRNA
compared with the control (non-treated group) or the
HSA-treated group (Figure 4B). The number of mitochondria
was evaluated by MitoGreen staining, and the mitochondrial
membrane potential was measured as an index of mitochon-
drial activity by MitoRed staining. As a result, AOPPs
significantly reduced the number of mitochondria and mito-
chondrial membrane potential in C2C12 cells compared to
the control or HSA-treated group (Figure 4C). In addition, we
found that mitochondrial DNA copies number (Figure 4D)
and cellular ATP levels were decreased in the AOPPs-treated
group. Mitochondrial oxygen consumption rate (OCR) (basal
respiration, ATP production and maximal respiration) was also
decreased in the AOPPs-treated group (Figure 4F).

Effect of advanced oxidation protein products on
skeletal muscle (advanced oxidation protein
products-overloaded mice)

Lastly, we investigated the effect of AOPPs on skeletal muscle
in vivo using AOPPs-overloaded mice (Figure 5A). At 7 weeks
after the daily administration of AOPPs, no significant de-
crease in renal function was observed as evidenced by the
finding that BUN and SCr levels were not increased (Table
3). Although body weight was not affected by the administra-
tion of the AOPPs, a significant decrease in the weight of the

gastrocnemius was observed (Table 3). The weight of the
tibialis anterior and soleus tended to decrease in
AOPPs-overloaded mice.

In the treadmill and wire-hang-tests, the AOPPs-treated
mice showed a significant decrease in muscle endurance as
compared to the control or HSA-treated mice (Figure 5B
and 5C). At that time, the AOPPs levels in the gastrocnemius
were increased by about two-fold in the AOPPs-treated
group (Figure 5D). In addition, the muscle tissue of the
AOPPs-treated group showed a significant decrease in
cross-sectional area (Figure 5E), an increase in atrogin-1,
myostatin, and TNF-a mRNA (Figure 5F, 5G and 5H).
AOPPs-overload also decreased MHC formation (Figure S1).
These in vivo data support the results using C2C12
myoblast cells. Regarding protein synthesis, muscle
phosphorylated-Akt (p-Akt) was detected. AOPPs-overload
suppressed muscle p-Akt (Figure 51). On the other hands, in
C2C12 myoblast cells, AOPPs-treatment (~48 h) did not affect
p-Akt levels (data not shown) but it suppressed myogenin
expression (Figure 3G), suggesting AOPPs also negatively
affected muscle protein synthesis.

Discussion

Although sarcopenia with CKD progression is associated with
a poor life expectancy, the molecular mechanism responsible
for CKD-induced sarcopenia remains unclear. The findings of
our in vitro and animal studies indicate that AOPPs, a uraemic
toxin, induced the muscle atrophy-related genes such as
atrogin-1/myostatin through CD36/NADPH oxidase/ROS path-
way. In addition, AOPPs induced mitochondrial dysfunction. In
dialysis patients, serum AOPPs levels were inversely corre-
lated with muscle strength (grip strength) and muscle mass
(SMI), suggesting that the increased AOPPs are involved in
the decrease in muscle strength and muscle mass in humans.
The serum AOPPs levels also showed a positive correlation
with oxidized albumin (Cys-albumin). These results suggest
that the increased levels of AOPPs could contribute to the
sarcopenia in dialysis patients and also suggest that serum
AOPPs levels and Cys-albumin measurement could be useful
biomarkers in the diagnosis of sarcopenia in these patients.
It has been reported that the AOPPs-induced production of
ROS is involved in the pathogenesis and progression of
chronic inflammatory diseases including CKD. In fact, AOPPs
have been reported to be involved in the development of os-
teoporosis by enhancing the expression of TNF-a via NADPH
oxidase/ROS/p38MAPK signalling in chondrocytes.?* In
intestinal epithelial cells, AOPPs were found to induce an
epithelial-mesenchymal transition by enhancing ROS produc-
tion via the PKC/NADPH oxidase pathway.?? In addition, lwao
et al., using renal tubular epithelial cells, reported that the
intracellular uptake of AOPPs via CD36 was the first step in
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Figure 4 Effect of advanced oxidation protein products (AOPPs) on mitochondria in C2C12 myoblast cells. (A) mRNA expression of PGC-1a at 3 h after
the addition of serum from a haemodialysis patient [serum with low AOPPs levels (AOPPs levels < 80 puM: 56.6—-73.2 uM) or serum with high AOPPs
levels (AOPPs levels > 120 uM: 121-128.2 uM)] to C2C12 myoblasts was measured by real-time qPCR. (B) The mRNA expression of PGC-1a at 3 h after
treatment with 100 M AOPPs was measured by real-time qPCR. (C) The number of mitochondria of C2C12 myoblasts at 3 h after treatment with
100 pM AOPPs was evaluated using MitoGreen. Mitochondrial membrane potential of C2C12 myoblasts at 3 h after AOPPs treatment was evaluated
by MitoRed. (D) Mitochondrial DNA (mtDNA) copy number at 12 h after treatment with 100 pM AOPPs in C2C12 myoblasts, (E) intracellular ATP level
after treatment with 100 uM AOPPs in C2C12 myoblasts, and (F) mitochondrial oxygen consumption rate (OCR) was determined at 12 h after treat-
ment with 100 uM AOPPs in C2C12 myoblasts. Representative time course data for OCR and aggregate data were shown. Data are expressed the
mean + SEM (n = 3-6). *P < 0.05, **P < 0.01.
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Table 3 Renal function, body weight and muscle weight profile for control, HSA-overloaded mice or AOPPs-overloaded mice

Control HSA AOPPs
BUN (mg/dL) 25.7 £ 1.7 27.7 £ 0.9 279 £ 2.2
SCr (mg/dL) 0.20 = 0.02 0.18 £ 0.03 0.22 = 0.03
Body weight (g) 39.6 = 1.0 40.3 = 0.6 405+ 14
Gastrocnemius (mg) 199.7 + 6.3 215.1 = 3.7** 168.7 = 7.3%* 1T
Tibialis anterior (mg) 785 1.7 74.7 £ 6.2 71.5+49
Soleus (mg) 13.5+1.7 12.1 £ 0.9 11.1 1.2

AOPPs, advanced oxidation protein products; BUN, blood urea nitrogen; HSA, human serum albumin; SCr, serum creatinine.

Data are expressed as the mean = SEM.
P < 0.01 compared with control.
""P < 0.01 compared with HSA.

intracellular ROS production.’® However, information
concerning the effects of AOPPs on skeletal muscle in CKD
was lacking. In this study, we confirmed the expression of
CD36 in C2C12 cells (data not shown). In addition, the expres-
sion of NADPH oxidase was also reported in skeletal
muscle.?! In our studies using a CD36 neutralizing antibody
and an NADPH oxidase inhibitor, we found that the intracellu-
lar uptake of AOPPs via CD36 and the increase in ROS produc-
tion associated with the activation of NADPH oxidase both
contribute to the development of muscle atrophy (Figure 3).

In general, it is known that muscle atrophy involves an en-
hancement in the proteolytic system and the suppression of
the protein synthetic system. It was reported that the proteo-
lytic system was enhanced in haemodialysis patients.>® Zhang
et al., in a previous study, reported that serum myostatin
levels were negatively correlated with muscle weight in CKD
model mice.?* It is also known that myostatin and TNF-o. in-
duce the expression of genes that are involved in proteolysis
such as atrogin-1 and MuRF1 via NF-kB signalling in cells.®® In
this study, AOPPs were found to increase the expression of
atrogin-1, myostatin and TNF-o expression, and to suppress
the expression of myogenin, demonstrating that increased
proteolytic activity could be involved in AOPPs-induced mus-
cle atrophy. These effects of AOPPs were significantly sup-
pressed by the presence of NAC. We therefore conclude
that the intracellular ROS production induced by AOPPs trig-
gers the induction of muscle atrophy.

During muscle atrophy, it is known that the distribution
density of mitochondria in muscle cells is reduced by about
20%.%° Regarding CKD-induced muscular atrophy, it was also
reported that the amount of mitochondria in skeletal muscle
decreases due to decreased expression of PGC-1a and TFAM,
which are involved in mitochondrial biosynthesis and an in-
crease in the expression of BNIP3L and PINK1, which are in-
volved in mitochondrial degradation.’” Su et al. also
reported that the activation of autophagy induced mitochon-
drial dysfunction when uraemic serum was added to cultured
myotube cells.?® In this study, AOPPs were observed to de-
crease mitochondrial mass and activity in addition to causing
a decrease in PGC-1a expression. Xiao et al. recently reported
that AOPPs cause a change in mitochondrial morphology via
the CD36/PKC pathway in tubular epithelial cells, which leads

to an enhanced production in mitochondrial ROS.?° There-
fore, in skeletal muscle, AOPPs may also affect mitochondrial
morphology and may be involved in the exacerbation of
oxidative stress by increasing mitochondrial-derived ROS
production. Further study regarding this will be needed in
the future.

Regarding the treatment of AOPPs-induced muscular atro-
phy, the inhibition of the activin (ActRIIB) receptor, a
myostatin receptor, using follistatin and bimagrumab, could
be a therapeutic strategy for suppressing the proteolytic
system.?° In fact, AOPPs-induced muscular atrophy was found
to be associated with increased myostatin expression. In addi-
tion, this study revealed that AOPPs reduced the expression of
PGC-1a expression. DPP-4 inhibitors are known to promote
mitochondrial production by increasing the expression of
PGC-1a.2" Interestingly, teneligliptin, a DPP-4 inhibitor, has
also been reported to reduce CD36 expression in mouse peri-
toneal macrophages and in human macrophage cell lines.?® In
fact, using CKD mice, we previously reported that teneligliptin
suppresses CKD-induced muscle weakness.® Thus, DDP-4 in-
hibitors may have the potential to be effective in suppressing
the progression of muscle atrophy from two aspects, enhanc-
ing mitochondrial biosynthesis in skeletal muscle and sup-
pressing the uptake of AOPPs via CD36. The results reported
in this study serve to clarify that ROS is involved in the muscle
atrophy caused by AOPPs. We speculate that ROS produced
by AOPPs may further activate neutrophil myeloperoxidase,
thus creating a vicious cycle that further increases the produc-
tion of AOPPs. Therefore, anti-oxidative and inflammatory
modulator such as Nrf2-activator intended to suppress the
production of AOPPs would also be expected to be a potential
future therapeutic strategy. In addition, unbiased approach
such as RNA-Seq analysis may be needed in the future study
to confirm the aberrant effects of AOPPs on skeletal muscle.

Advanced oxidation protein products have been reported
to be correlated with increased serum creatinine, urinary N-
acetyl-B-p-glucosaminidase activity and advanced glycation
end products and decreased eGFR in diabetic patients.>
AOPPs have also been reported to be a risk factor for coro-
nary artery disease.? In addition, the fact that AOPPs are cor-
related with lumbar bone mineral density and bone turnover
markers (BALP, TACP5b) suggests that AOPPs might be useful
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as a marker for postmenopausal osteoporosis.>® On the other
hand, oxidized albumin (Cys-albumin) is an oxidative modifi-
cation of the free cysteine residue present at position 34 in
HSA. We previously reported that Cys-albumin was increased
in patients with chronic hepatitis, diabetes mellitus, and
CKD.2*37 In this study, serum Cys-albumin also showed an in-
verse correlation with grip strength (male and female pa-
tients) and SMI (male patients) of dialysis patients, and
serum AOPPs and Cys-albumin showed a positive correlation,
suggesting that serum AOPPs and Cys-albumin could be a
useful marker for the diagnosis of sarcopenia in such pa-
tients. But it still remained unclear that Cys-Albumin itself
could be a ‘culprit’ causing muscle wasting in CKD so far.
The C-reactive protein (CRP)/albumin ratio was recently re-
ported to be a possible index of sarcopenia associated with
dialysis and cancer.®® In this study, the CRP/albumin ratios
were significantly correlated with only male grip strength
(Figure S2). Therefore, the use of AOPPs and Cys-albumin as
a sarcopenia marker should be compared with existing
markers such as the CRP/albumin ratio in a future study.
Our data also showed that, in female patients, serum AOPPs,
Cys-albumin and CRP/albumin were not significantly corre-
lated with SMI. These results may be due to the fact that
the female patients enrolled in this study showed lower
AOPPs levels, Cys-albumin and CRP/albumin ratios compared
with male patients. In addition, as Table 1 showed that the
age with sarcopenia was significantly higher than that with
non-sarcopenia (only in male patients). Therefore, we could
not exclude the contribution of ageing-induced sarcopenia
as a baseline. Further investigation will clearly be needed to
clarify these points in the future.

Conclusions

In this study, we found that AOPPs are involved in the devel-
opment of CKD-induced sarcopenia through CD36/NADPH ox-
idase/ROS pathway, and AOPPs also contribute to
mitochondrial dysfunction. These results suggest that AOPPs
or a related downstream signalling pathway could be a ther-
apeutic target for the CKD-induced sarcopenia. In addition,
we also found that serum AOPPs or Cys-albumin could be a
new diagnostic marker for sarcopenia pathology in CKD.
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