Original Article

Monascus pigment prevent the oxidative
cytotoxicity in myotube derived hydrogen

peroxide

Yusei Kobayashi,"?' Hiromi Kurokawa,**" Katsuyuki Tokinoya,>¢ and Hirofumi Matsui3**

'Graduate School of Comprehensive Human Sciences, *Algae Biomass Energy System R&D Center, “Faculty of Medicine, and *Doctoral Program in Sports
Medicine, Graduate School of Comprehensive Human Sciences, Research Fellow of the Japan Society for the Promotion of Science, University of Tsukuba,

1-1-1 Tennodai, Tsukuba, Ibaraki 305-8577, Japan

2The United Graduate School of Agricultural Sciences, Tottori University, 4-101 Koyamacho-minami, Tottori 680-8553, Japan
SEmbodied Wisdom Division, Center for Liberal Education and Learning, Sophia University, 7-1 Kioi-cho, Chiyoda-ku, Tokyo 102-8554, Japan

(Received 10 June, 2022; Accepted 9 June, 2023; Released online in J-STAGE as advance publication 20 September, 2023)

The amounts of Reactive oxygen species (ROS) become higher by
strenuous exercises which consume larger amounts of oxygen in
active muscles. Since these ROS directly injured muscles, the high
ROS concentration involves muscle fatigue. Thus, an immediate
ROS scavenging system in the muscle is desired. Since Monascus
pigment (MP) involves physiologically active substances which
scavenge ROS, it may be a clue to save the muscle injury. However,
there are no reports examining MP effects on oxidative stress in
skeletal muscle. In this study, we investigated the effect and
mechanism of MP on skeletal muscle cells damaged by oxidative
stress. The ability to directly eliminate ROS was evaluated by
mixing MP solutions with "OH and O,'-, a type of ROS. The effect
of peroxidation in C2C12 cells was evaluated by cell viability assay
and Western blotting. MP scavenges "OH and O,”~. MP treatment
increases the survival rate under oxidative stress. At that time,
the expression of catalase was increased: the enzyme change H,0,
into H,O to rescue the cells under oxidative stress. We conclude
that monascus pigment suppressed myotube damage under
oxidative stress by both non-enzymatic ROS scavenging and
up-regulation of catalase expression.
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xercise on a daily basis decreases the risk of chronic
diseases such as cardiovascular disease, diabetes, and cancer
and decreases mortality,” while athletes exercise to enhance
their physical performance rather than to improve their health.
Hard training is essential for the athlete because they have
to demonstrate the best performance in the match. In these
strenuous exercise, the production of reactive oxygen species
(ROS) increase in active muscles. Previous studies have reported
that skeletal muscle contraction is a major source of ROS.??
Although the oxidation of biomolecules is important for the
activation of signal transduction, excess ROS induces negative
effects such as DNA damage, lipid peroxidation, and mitochon-
drial impairment to inhibit such activations.“” The human body
is equipped with antioxidant defense systems. However, the ROS
scavenger cannot catch up with the excess ROS.® Extrinsic ROS
and accumulation of intrinsic ROS from mitochondria are
burdening cells as oxidative stress and leading to ATP shortage.
Moreover, ROS can suppress the immune system by reducing
natural killer cells and ensure a decrease in exercise performance
and condition.®
ROS are involved in the electron transport chain. superoxide
anion radical (O,”) should change into hydroxyl radical ("OH)
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via hydrogen peroxide (H,0,). Above all, hydroxyl radical is
highly reactive to oxidize lipids, proteins, and nucleic acids,
causing damage to the body. To inhibit ROS-derived damage in
the body, there are antioxidant enzymes such as superoxide
dismutase (SOD), catalase, and glutathione peroxidase (GPx)
which scavenge ROS. SOD converts superoxide anion radical
to hydrogen peroxide. Catalase and GPx detoxify hydrogen
peroxide into the water. These enzymes are upregulated in the
body in response to ROS. However, aging, disordered eating
habits, and strenuous exercise lead to oxidative stress states that
exceed these endogenous defense mechanisms of the body.
Previous studies have reported that the expression of antioxidant
enzymes increased when antioxidants were added to skeletal
muscle cells.1?

On the other hand, ROS can be scavenged by treatments with
exogenous antioxidants. Ascorbic acid can directly scavenge
ROS by a redox reaction.!""? Previous studies have reported that
oxidative stress during exercise is inhibited by ascorbic acid.!®
Other antioxidants such as lycopene and B-carotene can scavenge
ROS and numerous studies have reported that these pigment
antioxidants upregulate the expression of antioxidant enzymes.*!7

Monascus pigment (MP) is a red pigment obtained from
Monascus purpureus (M. purpureus). Fermented red yeast rice
with this strain has been used as a food coloring agent for a long
time in Japan and China and has been sold as a supplement all
over the world in recent years. MP contains many physiologi-
cally active substances. Monacolin k has a lowing cholesterol
level and y-aminobutyric acid (GABA) has an antistress
action.'®1 Furthermore, Dimerumic acid and rubropunctatin
have an antioxidant effect.?*?) Dimerumic acid reduce lipid
peroxides and was stronger than ascorbic acid.®® MTCC-410, a
type of M. purpureus, reduced carbonyl proteins and was
stronger than rubropunctatin isolated from that strain.®" There-
fore, MP containing several antioxidants is likely to be useful as
a powerful antioxidant. However, there are no studies on MP and
oxidative stress, and the detailed mechanism remains unclear.

In this study, we created the state of skeletal muscle during
exercise by generating oxidative stress using hydrogen peroxide,
which is a kind of ROS.?*29 The purpose of this study was to
clarify the mechanism by which MP reduces oxidative stress in
skeletal muscle cells.
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Materials and Methods

Materials. Monascus pigment, hypoxanthine, and hydrogen
peroxide were obtained from Wako Pure Chem., Ind., Ltd., (Osaka,
Japan). Xanthine oxidase (Roche, Basel, Switzerland), 2-[5,5-
dimethyl-2-ox0-2A5-(1,3,2)dioxaphosphinan-2-yl1]-2-methyl-3,4-
dihydro-2H-pyrrolel-oxide (CYPMPO, Radical Research Inc.,
Tokyo, Japan), Cell Counting Kit-8 (Dojindo Laboratories,
Kumamoto, Japan) were purchased and used without further
purification or modification.

Electron spin resonance spectroscopy. The antioxidant
effect of monascus pigment was measured by electron spin reso-
nance (ESR). The scavenging activities of monascus pigment in
solution were estimated using CYPMPO. Hydroxyl radicals were
generated by 3 s. UV (405 + 20 nm) irradiating for the mixture of
10 mM H,0, and 10 mM CYPMPO. Superoxide radicals were
generated from a xanthine/xanthine oxidase (X/XO) system. This
reaction mixture contained phosphate buffered saline (PBS)
with 20 mM hypoxanthine, 20 units/ml xanthine oxidase, 10 mM
CYPMPO and MP. Each reaction mixture was immediately
mixed with a given concentration of MP and placed in a Pasteur
pipette. The ESR spectra were recorded using a JEOL-TE X-
band spectrometer (JEOL, Tokyo, Japan). ESR spectra of MP
solution were obtained under the following conditions: 20 mW
incident microwave power, 9.2 GHz frequency, 0.2 mT modula-
tion width, 7.5 mT sweep width, 0.1 s time contrast, and 335.5 mT
center field.

Cell culture and cell viability assay. C2C12 skeletal muscle
cells were purchased from the RIKEN Cell Bank (Ibaraki,
Japan). C2C12 myoblasts are cells that differentiate into myotube
cells by a differentiation medium,®® and differentiation induction
was performed with reference to previous research.?’?® The cells
were cultured in a growth medium High-glucose Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum and 1% penicillin/streptomycin solution in a humidified
incubator at 37°C with 5% CO,. When C2C12 myoblasts were
cultured to 60-80% confluence, the supernatant was aspirated
and added DMEM containing 2% horse serum for 0 to 7 days.
After incubation, the C2C12 skeletal muscle cells differentiated
into myotubes. Cells from Day 0 to Day 7 of differentiation were
used for Western blotting analysis.

Cell viability was measured using the Cell Counting Kit-8
according to the manufacturer’s protocol. C2CI12 myotubes
were grown in 12-well plates. To determine the cytotoxicity of
monascus pigment, cells were cultured in the medium containing
0, 25, 50, 100, 200, and 300 pg/ml of monascus pigment respec-
tively, and incubated for 24 h. After incubation, cells were rinsed
with PBS twice, then incubated with 10% Cell Counting Kit-8.
The absorbance at 450 nm was measured by a microplate reader
(Varioskan LUX; Thermo Fisher Scientific, Waltham, MA).

The groups were divided into four groups: control group
(CON), monascus pigment group (MP), hydrogen peroxide group
(H,0,), and monascus pigment and hydrogen peroxide group
(MP + H,0,). MP group and MP + H,0, group were replaced
with a culture medium containing monascus pigment at the
concentration determined by the cell viability assay. The other
groups were replaced with a fresh culture medium, incubated
for 24 h. Thereafter, the H,O, group and MP + H,0, group were

replaced with a culture medium containing 7 mM H,0,, incu-
bated for 24 h. Samples used for RT-PCR and Western blotting
analysis were incubated for 12 h. After incubation, cells were
rinsed in the same procedure and cell viability was measured.

RNA isolation and quantitative real-time RT-PCR. The
mRNA expression was measured using real-time RT-PCR. To
extract total RNA, C2C12 myotubes were collected on ice in
the Sepasol-RNAISuper G kit (Nakalai Tesque, Kyoto, Japan)
and then separated into organic and aqueous phases with chloro-
form. Samples were allowed to sit at room temperature for 3 min
and then centrifuged (4°C, 12,000 x g, 15 min). The separated
aqueous phase in the tube was dispensed to the new tube and
2-isopropanol was added. The mixture was mixed by inversion
and centrifuged (4°C, 12,000 x g, 15 min) after incubating for
10 min at room temperature. The supernatant was removed
and 70% ethanol was added for suspension. Centrifugation (4°C,
12,000 x g, 5 min) was performed to remove the supernatant
completely. Finally, RNase-free Water (9012; Takara Bio Inc.,
Shiga, Japan) was added and the sample was incubated at 65°C
for 5 min. After RNA concentration was measured by spec-
trophotometry (Nanodrop ND1000; Thermo Fisher Scientific),
cDNA synthesis by PrimeScript RT master mix (Takara Bio
Inc.) was performed as per the manufacturer’s instructions. To
quantify gene expression levels, we performed PCR using a
KAPA SYBR FAST qPCR kit (Kapa Biosystems, Wilmington,
MA) on a QuantStudio 5 Real-Time PCR System (Thermo
Fisher Scientific), according to the manufacturer’s instructions.
The cycling program included an initial denaturation at 95°C for
20 s, followed by 40 cycles of denaturation at 95°C for 3 s, and
annealing and elongation at 60°C for 3 s. A melting curve anal-
ysis confirmed that the PCR product did not contain nonspecific
by products. The mRNA expression of Tbp was measured as the
housekeeping gene. The mRNA content was determined using
the standard curve method. The target gene’s cycle threshold (Ct)
value was standardized to the Ct value of the housekeeping gene
(AACt method). The primer sequences used in this study are
shown in Table 1.

Western blotting. Whole cell lysates were prepared by
rinsing cells three times with PBS, adding NuPAGE LDS Sample
buffer (Life Technologies, Carlsbad, CA) on ice, then heating at
95°C for 5 min. For SDS-polyacrylamide gel electrophoresis, the
cell lysates were added into wells of NuPAGE 4 to 12% Bis-Tris
Gel (Thermo Fisher Scientific). The gel was electrophoresed at
100 V for 60 min and proteins were transferred onto a PVDF
membrane (Millipore Corp.) by electrophoresis at 0.2 A for
60 min. The membrane was blocked at room temperature for
60 min with PVDF blocking reagent for Can Get Signal
(TOYOBO Co., Ltd., Osaka, Japan). Membranes were washed
three times for 10 min each with PBS-T. Anti-rabbit f-Actin
(4967; Cell Signaling Technology), Myogenin (ab1248000;
Abcam), SOD2 (13141; Cell Signaling Technology), Catalase
(14097; Cell Signaling Technology), GPx1 (ab22604; Abcam)
antibodies (1:1,000) were added to Can Get Signal® Immunore-
action Enhancer Solution 1. The membrane was exposed to this
solution overnight at 4°C. Thereafter, membranes were washed.
The secondary HRP-linked anti-rabbit IgG antibody (7074; Cell
Signaling Technology) (1:3,000) was added to the Can Get
Signal Immunoreaction Enhancer Solution 2 (TOYOBO Co.,

Table 1. Primer sequences used for mRNA analysis
Name Forward (5'—3') Reverse (5'—3")
Tbp CAGCCAAGATTCACGGTAGAT CCAATGACTCCTATGACCCCTA
Catalase CAAGTTTTTGATGCCCTGGT CCTTCAAGTTGGTTAATGCAGA
Gpx1 CAGGTCGGACGTACTTGAGG GTTTCCCGTGCAATCAGTTC
Sod2 GTAGTAAGCGTGCTCCCACAC TGCTCTAATCAGGACCCATTG

34
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Fig. 1. ESR spectra of (A) hydroxyl radicals or (B) superoxide anion radicals. CYPMPO was used as the spin-trapping regent. 0 pg/ml has only PBS
added as a negative control.
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Fig. 2. Morphological change from C2C12 myoblasts to myotubes. (A) The phase contrast images from Day 0 to Day 7. The cells were counted
under x200 magnification. Arrow shows an example of a myoblast transformed into a myotube. (B) The protein expression level of myogenin, a
factor regulating myogenesis, was measured using a Western blotting assay. Data are shown as mean = SE (n = 6). **p<0.01.
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Fig. 3. Cell viability and cell morphology under the microscopy. (A) Cytotoxicity of MP in C2C12 myotubes. Data are shown as mean = SE (n = 3).
*p<0.05, **p<0.01. (B) The phase contrast images in each group of cells. The cells were counted under x200 magnification. (C) The cytotoxicity
effect of H,0,. Compared to CON, the cell viability in H,0, was significantly decreased. The addition of MP could suppress H,0,-induced cytotoxi-
city. Data are shown as mean + SE (n = 4). Different letters are significantly different (p<0.05).

Ltd.) and exposed to the membrane at room temperature for
60 min. The membranes were then washed three times in PBS-T
for 10 min. The proteins were visualized with Western blot
chemiluminescence reagent (Lumina Forte Western HRP
Substrate; Millipore Corp.) and detected using a FUSION
FX7.EDGE (Vilber Lourmat, Eberhardzell, Germany). Ponceau
staining was used to verify consistent loading. Ponceau has been
shown to be an inner control that can substitute for housekeeping
genes,® and there is an example of using ponceau as a control in
a previous study on mouse skeletal muscle.%3V

Statistical analysis. Data are shown as mean + SE. For all
measurements, a two-way analysis of variance or ¢ test was
conducted. In the case of significant F values, comparisons were
made using Tukey’s post hoc test. GraphPad Prism 7 software
(GraphPad, Inc., San Diego, CA) was used for all statistical
calculations. P value of less than 0.05 was statistically significant.

Results

MP included the ROS scavenging activity. Figure 1 shows
the results of ESR measurements for hydroxyl radicals and super-
oxide anion radicals. The peak of hydroxyl radicals with MP was
decreased in a dose-dependent manner (Fig. 1A). The peak of
superoxide anion radicals also decreased in MP dose-dependent
manner (Fig. 1B).

Differentiation from myoblasts to myotubes. C2C12
myoblasts differentiated into mature multinucleated myotubes on
Day 3, 5, and 7 (Fig. 2A, black arrows). Myogenin acts as a tran-
scriptional activator that promotes the transcription of muscle-

36

specific target genes and plays a role in muscle differentiation.
Myogenin protein expression was significantly increased at all
culture days compared to Day 0 (Fig. 2B).

MP can suppress cytotoxicity by H,0,. The cytotoxicity of
MP in C2C12 myotubes was evaluated by the cell viability assay.
Cell viability was significantly decreased at 200 and 300 pg/ml
compared with 0 pg/ml (Fig. 3A left). Cell viability gradually
increased with the addition of MP at concentrations up to
100 pg/ml (Fig. 3A right). From these results, the following
experiment was demonstrated with the 100 pg/ml MP.

Figure 3B shows the phase contrast image of C2C12 cells in
each group. The cell morphology was deformed and the number
of myotube cells was decreased in the H,0, and MP + H,0,
group compared with the CON and MP group. Figure 3C shows
the cell viability assay. Cell viability in the H,O, group was
significantly decreased compared with the CON + H,O, group.
As a result of this, MP can suppress cytotoxicity by H,O,.

Antioxidant enzymes gene and protein expression.
Antioxidant enzymes gene and protein expression levels in
C2C12 myotubes were measured. Both MP and H,O, treatment
showed the synergistic effect on catalase gene expression. In the
MP or H,0, group, the gene expression showed a significant
increase compared to the CON group. (Fig. 4A). Moreover, this
expression in the MP + H,0, group was highest in four groups
and significantly increased compared with the MP group or H,O,
group. The catalase protein expression was also increased in the
MP, H,0, and MP + H,0, group compared with the CON group
(Fig. 4B). Both MP and H,O, treatments also showed synergistic
effects on Gpx1 gene expression. In the H,0, group, the gene
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Expression levels of antioxidant enzymes. Antioxidant enzymes measured catalase (A, B), GPx1 (C, D), and SOD?2 (E, F). Data are shown as

mean = SE (n = 6). Western blotting images represent three representative samples per group. Different letters are significantly different (p<0.05).

expression showed a significant increase compared to the CON
group and significant decrease compared to MP and MP + H,0,
group (Fig. 4C). Compared with the CON group, GPx1 protein
expression in the MP group increased, however, there was no
significant difference (Fig. 4D). The SOD2 gene expression
increased in the H,0O, group, while it decreased in the MP and
MP + H,0, group (Fig. 4E). SOD2 protein expression in each
group was no significant difference (Fig. 4F).
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Discussion

The aim of this study was to clarify the mechanism by which
MP reduces oxidative stress in skeletal muscle cells under oxida-
tive stress states. We demonstrated that MP scavenges hydroxyl
radicals in a dose-dependent manner for the first time. MP also
scavenged superoxide anion radicals in a dose-dependent manner
same as the previous report.) Dhale et al®) reported that
rubropunctatin, which was extracted and isolated from red
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Based on the results of this study, the mechanism by which MP acts on the ROS scavenging mechanism in the cell is outlined. MP scavenges

superoxide anion radicals and hydroxyl radicals by a direct reaction. Moreover, the expression of the antioxidant enzyme catalase is increased,

while the expression of GPx and SOD is suppressed.

yeast rice, scavenge superoxide anion radicals. A part of the
scavenging ability of superoxide anion radicals in MP can be
attributed to rubropunctatin. MP is constituted by compounds.
We demonstrated that these compounds detoxified ROS into the
water and other substances by redox reactions.® Taken together,
we concluded that MP has the ability to scavenge the hydroxyl
radicals and superoxide anion radicals.

We differentiate the myoblast into the myotube which is a
state virtually the same as the muscle fiber for our experiments.
Myotubes were observed at all culture days, with a particularly
large number of myotubes observed on the 5th day of differentia-
tion. Myogenin, a factor regulating myogenesis, protein expres-
sion was also significantly increased at all culture days,
confirming that the cells were transformed into myotubes. Many
previous studies have reported that myoblast becomes myotube
5 days after differentiation.?®3239 Based on these results, we
concluded that the myotube derived myoblast can use for the
evaluation and decided to conduct experiments using myotube
cells cultured for 5 days.

We investigated the antioxidant effect of MP in vitro. MP can
increase cell viability and attenuate the cytotoxicity derived from
hydrogen peroxide in C2C12 myotubes. Increased cell viability
has been reported in vitro studies with the treatment of antioxi-
dants,®¥ and it is possible that a similar cytoprotective effect
characteristic of antioxidants occurred in this study. To clarify
the antioxidant mechanism of MP, we focused on antioxidant
enzymes such as catalase, GPx1, and SOD2. Gene and protein
expression levels of catalase in C2C12 myotubes were increased
by MP. We considered that the catalase reaction, which detoxifies
ROS into water and oxygen, was activated in the C2C12
myotubes. Previous studies have indicated the antioxidants
pigment such as anthocyanins, lutein, and lycopene increased
catalase levels in cells, animals, and humans.(*!'>!? Catalase
levels were significantly increased in the MP + H,0O, group
compared with the MP and H,O, groups, we considered that the
MP treatment scavenge the ROS by catalase activation. On the
other hand, the gene expression level of GPx1, which is an
enzyme that detoxifies ROS like catalase, decreased the MP
group compared with the CON group. Several antioxidants

38

enhance the GPx expression in vivo,*!? the opposite result was
obtained in this experiment. Moreover, the MP + H,0, group also
showed a significant decrease compared to the CON group, indi-
cating that the contribution of GPx1 was small even during
oxidative stress generation by H,O, treatment. Therefore, we
concluded that not GPx but a catalase-mediated pathway may be
preferentially used to scavenge the ROS by MP treatment. The
gene expression level of SOD2 was also reduced by MP treat-
ment. Wang et al.®® reported that the SOD level in the red yeast
rice group was decreased. Red yeast rice is an antioxidant and is
included in MP. From these results, we considered that MP
downregulates the SOD expression at the gene level. Although
an increase in the SOD expression has been reported using other
antioxidant pigments except for MP,('%17) the antioxidant effect of
MP is not SOD or GPx but catalase.

Although we used hydrogen peroxides as a ROS, the gene
expression of SOD2, which response to superoxide anion
radicals, tended to increase by hydrogen peroxides exposure. We
hypothesized that the increased SOD2 gene expression was
induced by the superoxide anion radical production via the
mitochondria. Defect of the electron transport chain (ETC) was
induced the ROS generation.®® In this study, we considered that
hydrogen peroxides injure the mitochondrial ETC, causing the
production of superoxide anion radicals, which in turn increased
the gene expression of SOD2. However, there was no significant
difference in the protein expression levels of the antioxidant
enzymes GPx1 and SOD2. We considered that hydrogen
peroxide regulates these enzymes expression at the gene level,
while it cannot regulate these enzymes expression at the protein
level. Otherwise, the expression GPx1 and SOD2 expression in
protein level may regulate not only hydrogen peroxides but also
other components synergistically. Since it was confirmed that
there was a change in the expression of each antioxidant enzyme
in this experiment, future studies will clarify whether each
antioxidant enzyme is expressed in collaboration with each other.

From the results in this study, we considered that the MP treat-
ment in cells under oxidative stress causes the reaction shown in
Fig. 5. 1) Superoxide anion radicals and hydroxyl radicals react
directly with MP and are removed. 2) Hydrogen peroxides are
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removed in a catalase reaction upregulated by MP. 3) While GPx
and SOD gene expression are downregulated.

In conclusion, Monascus pigment suppressed the damage to
myotube cells under oxidative stress. There are two possible
mechanisms as following: the non-enzymatic ROS scavenging
ability of MP and the ROS scavenging ability of skeletal muscle
by increasing the expression of catalase, an antioxidant enzyme.
We consider that these capacities remove major ROS such as
superoxide anion radical, hydrogen peroxide, and hydroxyl
radical, and suppress myotube cell damage.
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