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Abstract: One of the causes of sarcopenia is that homeostasis between anabolism and catabolism
breaks down due to muscle metabolism changes. Rutin has shown antioxidant and anti-inflammatory
effects in various diseases, but there are few studies on the effect on muscle loss with aging. The effect
of rutin on muscle loss was evaluated using dexamethasone-induced muscle loss C2C12 myoblast and
mouse model. In the group treated with dexamethasone, the muscle weight of gastrocnemius (GA),
tibialis anterior (TA), and extensor digitorum longus (EDL) in the mouse model were significantly
decreased (p < 0.0001 in GA, p < 0.0001 in TA, and p < 0.001 in EDL) but recovered (p < 0.01 in GA,
p < 0.0001 in TA, and p < 0.01 in EDL) when treated with rutin. MAFbx, MuRF1, and FOXO3 protein
expression of C2C12 myoblast were significantly increased (p < 0.01 in MAFbx, p < 0.01 in MuRF1,
and p < 0.01 in FOXO3) when treated with dexamethasone, but it was recovered (p < 0.01 in MAFbx,
p < 0.01 in MuRF1, and p < 0.01 in FOXO3) when rutin was treated. In addition, MAFbx and FOXO3
protein expression in GA of mouse model was significantly increased (p < 0.0001 in MAFbx and
p < 0.001 in FOXO3) when treated with dexamethasone, but it was also recovered (p < 0.01 in MAFbx
and p < 0.001 in FOXO3) when rutin was treated. The present study shows that rutin blocks the
FOXO3/MAFbx and FOXO3/MuRf1 pathways to prevent protein catabolism. Therefore, rutin could
be a potential agent for muscle loss such as sarcopenia through the blocking ubiquitin-proteasome
pathway associated with catabolic protein degradation.
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1. Introduction

Flavonoids are organic compounds with diverse phenolic compounds [1]. These
compounds are known for their antioxidants by acting as scavengers for reactive oxygen
species (ROS) and anti-inflammatory properties through various mechanisms such as
inhibition of transcription factors involved in inflammatory pathways [1,2]. These char-
acteristics are thought to be the cause of their potential positive impacts on a wide range
of human disorders. They may help in reducing the risk of cardiovascular disease, cancer,
neurodegenerative diseases such as Alzheimer’s and Parkinson’s, diabetes, osteoporosis,
and age-related macular degeneration [3,4]. However, it is important to note that more
research is needed to confirm these potential benefits and to understand the optimal dosage
and duration of flavonoid intake. Some examples of flavonoid subclasses include flavonols,
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flavones, flavanones, isoflavones, anthocyanidins, and catechins. They can be found in
many food sources such as fruits, vegetables, nuts, seeds, and common beverages such as
tea, wine, and chocolate [5].

Rutin, one of the flavonoids, can be extracted from various types of fruits such as
oranges, grapes, and lemons [6]. Rutin has been reported to have various therapeutic prop-
erties such as cerebrovascular diseases, antioxidants, and hepatoprotective properties [7–9].
Rutin also showed anti-inflammatory effects on various inflammatory conditions. The
relevant study showed that rutin exhibits an anti-inflammatory effect in all 5, 10, 20, 50,
and 100 µM in LPS-induced RAW 264.7 cells [10]. This result suggested that rutin could be
a therapeutic agent for various disorders.

The loss of skeletal muscle mass must be caused by a negative protein balance, and the
histology evidence suggests that this loss is caused by both a reduction in myocyte numbers
and size caused by protein degradation [11]. The pathway associated with decreased muscle
protein includes the ubiquitin-proteasome pathway [12]. This mechanism is known to be
related to muscle ring-finger protein 1 (MuRF1) and the muscular atrophy F-box (MAFbx),
which are inhibited by insulin-like growth factor-1 (IGF-1) [13,14]. In addition, MuRF1 and
MAFbx are involved in FOXO signaling, one of the transcription factors required for disuse
muscle atrophy [15,16].

MuRF1, a protein that is involved in tagging other proteins with ubiquitin for degra-
dation, is linked to muscle wasting and weakness in conditions such as aging and cancer
cachexia [17]. MAFbx, another protein that plays a role in muscle protein degradation, also
contributes to muscle wasting and weakness in certain conditions [18]. FOXO signaling,
which is controlled by FOXO proteins, also plays a role in muscle mass and function by
regulating muscle protein degradation. FOXO3 belongs to a family of forkhead transcrip-
tion factors and is involved in a wide range of physiological processes. When activated,
FOXO3 can lead to muscle protein degradation by inducing the expression of MuRF1 and
MAFbx [19]. Therefore, by regulating muscle protein degradation, MuRF1, MAFbx, and
FOXO signaling are all closely related to muscle mass and function, and their increased
levels have been associated with muscle wasting and weakness.

Recently, studies have also explored the connection of rutin with the loss of muscle
mass. Current research on the relationship between rutin and muscle loss is still in its
infancy, with a limited number of studies being carried out. For instance, a study on rats
demonstrated that rutin supplementation improved muscle mass, strength, and function,
and decreased muscle damage in a dose-dependent manner [20]. Another study on rats
showed that rutin supplementation improved muscle mass and function, and reduced
inflammation and oxidative stress in a model of sarcopenia caused by ovariectomy [21].
Therefore, current research suggests that rutin may have a beneficial effect on muscle
loss by enhancing muscle mass and function and reducing muscle damage, inflammation,
and oxidative stress. However, further studies are required to confirm these findings
and to determine the optimal dosage, duration of rutin supplementation, and potential
molecular pathway

Rutin has shown antioxidant and anti-inflammatory effects in various diseases, but
there are few studies on the effect on muscle loss with aging [8,9]. Therefore, the present
study aims to examine the efficacy of rutin in aging-induced muscle loss by applying rutin
to dexamethasone-induced muscle loss cells and animal models.

2. Materials and Methods
2.1. Cell Experiment Using Mouse C2C12 Myoblast

To evaluate the effect of rutin on the muscle loss prevention effect, a cell experiment
using mouse C2C12 myoblasts (Manassa, VA, USA) was performed. C2C12 myoblasts were
cultured 1 × 105 cells/mL in each 6-well with 90% Dulbeco’s modified Eagle’s medium
(DMEM), 10% fetal bovine serum (FBS), and 100 units/mL of penicillin-streptomycin
(PS) (15140122; Thermofisher Scientific, Waltham, MA, USA). After the cells reached 90%
confluence, the medium was replaced with a differentiation medium containing 2% horse
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serum and 100 units/mL PS. The differentiation medium was applied for a total of 7 days
and was replaced every 2 days. The differentiated cells were divided into four groups
as follows: control group (CTR), dexamethasone treatment group (Dexa), rutin treatment
group (rutin), and dexamethasone + rutin treatment group (DR). To make a muscle loss
model, dexamethasone (1 uM) was applied to the DEXA group and DR for 48 h, and rutin
(100 µM) was additionally applied to the rutin group and the DR group for the same period.
All experiments were conducted as multiple experiments.

2.2. Cell Viability Analysis

Cell viability analysis was performed according to the instructions of the Cell Counting
Kit-8 (Dojindo Laboratories, Kumamoto, Japan). Specifically, concentrations of 0, 0.25, 0.5,
1, and 2 µM of rutin were added to C2C12 cells seeded at 1 × 105 cells/mL in 24-well plates
and cultured for 24 h. After that, 10 µL of CCK-8 was added and incubated at 37 ◦C for one
hour, and the formazan dye produced at 450 µm was measured using a microplate reader
(Molecular Devices, San Jose, CA, USA).

2.3. Animal Experiments Using C57BL/6 Mice

C57BL/6 mice (Core Tech Co., Ltd. in Seoul, Korea) with an average weight of 22 g
at 6 weeks of age were used for animal experiments. Mice had the adaptation period in
a light and dark cycle for a week at temperature of 24 ± 2 ◦C, 40–60% relative humidity,
150–300 lux lighting, and a 12 h interval. Mice were supplied with regular food and fed
with freely provided sterile water. After the adaptation period, the mice were divided into
three groups (n = 9 per group): a control group (CTR), a dexamethasone treatment group
(Dexa), and a dexamethasone + rutin treatment group (DR).

After the adaption phase, the Dexa and DS groups received intraperitoneal injections of
dexamethasone (20 mg/kg of body weight of mice) at 10~11 a.m. every day for two weeks
to make a muscle loss mouse model, whereas the CTR group received saline injections
in the same period. In the DR group, rutin (Glentham Life Sciences, Wiltshire, United
Kingdom) was orally administered at an amount of 60 mg/kg body weight of mice once
daily from 1 week before administration of dexamethasone until the end of the experiment.
On the last day of the experiment, the gastrocnemius (GA) muscle, tibialis (TA) anterior,
and extensor digitorum longus muscle from each group were weighed. In addition, GA
muscle and TA muscle from each group were immediately frozen in liquid nitrogen and
maintained at −80 ◦C.

2.4. Histological Analysis of Muscle Tissue

Cryosectioning of the right TA muscle and GA muscle was performed using Optimal
Cutting Temperature (OCT) compounds (Lab-Tek; Miles Laboratories, Inc., Naperville, IL,
USA) after instantly freezing the samples. Muscle slices 5 mm thick were cut from the
frozen samples using a cryostat (Leica CM1950; Heidelberg, Germany). To block nonspecific
binding, the slices were incubated for 1 h at room temperature in 10 percent goat serum.
Wheat germ agglutinin, Alexa Fluor488 conjugate (W11261; Invitrogen/Thermo Fisher
Scientific, Waltham, MA, USA) antibody was diluted to a concentration of 1:500, and the
slices were stained at 4 ◦C overnight. The extracellular matrix was observed using an
upright microscope (Nikon Eclipse ni DSRi2; Nikon, Tokyo, Japan). Fiber cross-sectional
area (CSA) and Min Feret diameter were measured using ImageJ application after imaging
the samples at 100 magnification with a microscope.

2.5. Western Blot Analysis

The samples of cells and tissues were washed with cold phosphate buffered saline
(PBS) buffer. Radioimmunoprecipitation assay buffer (RIPA, 10 mM Tris-Cl, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1 percent SDS) which
is supplemented with phenylmethylsulfonyl fluoride (PMSF), protease inhibitor cocktail,
and sodium orthovanadate (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used
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to lyse the samples for 10 min. After homogenization of the sample with an ultrasonic
grinder, centrifugation was performed at 13,000× g for 15 min at 4 ◦C and quantified with
BCA Protein Assay Kit (Pierce, Rockford, IL, USA). The quantified protein was subjected to
electrophoresis on 10% SDS polyacrylamide gel by 30 µg total protein and transferred to a
nitrocellulose membrane. Each blot was blocked with Tris-buffered saline containing 5%
skim milk (Difco, Detroit, MI, USA) and 0.05 percent Tween 20 (TBST) at room temperature
for 1 h. Each blot was incubated against primary antibodies of MuRF-1 (sc-398608; Santa
Cruz Biotechnology, Dallas, TX, USA), MAFbx (sc-166806; Santa Cruz Biotechnology, Dallas,
TX, USA), FOXO1 (2880s; Cell Signaling Technology, Danvers, MA, USA), FOXO3 (2497s;
Cell Signaling Technology), Gapdh (ATGA0394; ATGen, Montevideo, Uruguay), and β-
actin (A5441; Sigma-Aldrich, St. Louis, MO, USA) at 4 ◦C overnight. The next day, the
membrane was washed 3 times with TBST and reacted with a peroxidase-conjugated
secondary antibody. Washed 3 times again with TBST, each band was detected with Clarity
Western ECL Substrate (Bio-Rad Laboratories, Inc., Berkeley, CA, USA) in a ChemiDoc™
Touch Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The intensity of
the specific band in the image was quantified using densitometry (ImageJ software; NIH).

2.6. Statistical Analysis

Every experiment was performed three times. For statistical analysis, GraphPad Prism
(Version 5.01; GraphPad Software, San Diego, CA, USA) was used and the results were
expressed as mean ± SD or mean ± SE. When comparing two groups, Student’s t-test was
used, and when comparing three or more groups, one-way ANOVA analysis was used
with p-value of 0.05 for significant results.

3. Results
3.1. Evaluation of Rutin in the Muscle Loss Model of C2C12 Myotube Induced by Dexamethasone

There was no significant difference in cell viability analysis with rutin (Figure 1A) at
concentrations of 0.25, 0.5, 1, and 2 mM in C2C12 myotube (Figure 1B).
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Figure 1. Effects of rutin on cell viability of C2C12 myoblasts. (A) The chemical structure of rutin. 
(B) C2C12 myoblasts were treated with different concentrations of rutin (5, 10, 25, 50, and 100 μM) 

Figure 1. Effects of rutin on cell viability of C2C12 myoblasts. (A) The chemical structure of rutin.
(B) C2C12 myoblasts were treated with different concentrations of rutin (5, 10, 25, 50, and 100 µM)
for 24 h. Cell viabilities were determined using CCK-8 reagent. Values are expressed as percentages
of the vehicle-treated control.

C2C12 myoblasts of each group were differentiated into myotubes, and myotube
breath was measured for each group (Figure 2A). In the Dexa group, myotube breath was
significantly decreased compared to the CTL group. However, it was significantly increased
in the DR group compared to the Dexa group (Figure 2B).
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Figure 2. The preventive effect of rutin on dexamethasone-induced C2C12 myotube atrophy. (A) May–
Grunwald and Giemsa staining of C2C12 cells. The scale bar represents 250 µm. (B) Quantification of
myotube breadth and fusion index from May–Grunwald and Giemsa stained images. Data shown
are mean ± S.D (n = 100 in myotube breadth measurement). ** p < 0.01 vs. CTL, *** p < 0.001 vs. CTL,
## p < 0.01 vs. Dexa. #### p < 0.0001 vs. Dexa. Dexa, Dexamethasone; DR, dexamethasone + rutin.

Additionally, the C2C12 myotube’s protein expression of MuRF1, MAFbx, and FOXO3
was evaluated. MAFbx protein expression was significantly increased in the Dexa group
compared to the CTL group, but the DR group was significantly decreased compared to the
Dexa group (Figure 3A). MuRF1 was significantly increased in the Dexa group compared
to the CTL group and significantly decreased in the DR group compared to the Dexa group
(Figure 3B). The protein expression of FOXO3 was also significantly increased in the Dexa
group compared to the CTL group and decreased significantly in the DR group compared
to the Dexa group (Figure 3C).
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Figure 3. Rutin inhibits the protein expression of MAFbx, MuRF1, and FOXO3. C2C12 myotubes
were treated with 100 µM rutin in the presence or absence of 1 µM Dexa for 48 h. (A) Western blot
results of MAFbx and comparison of MAFbx protein expression between each group. (B) Western
blot results of MuRF1 and comparison of MuRF1 protein expression between each group. (C) Western
blot results of FOXO3 and comparison of FOXO3 protein expression between each group. * p < 0.05
vs. CTL, # p < 0.05 vs. Dexa. Dexa, Dexamethasone; DR, dexamethasone + rutin.
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3.2. Prevention Effect of Rutin on Dexamethasone-Induced Muscle Loss Mouse Model

Body weights were measured for 3 weeks in the control, DEXA, and DR groups
(Figure 4A). In the final body weight, the Dexa group was significantly decreased in the
CTL group. The DR group increased body weight compared to the DEXA group, but there
was no significant difference (Figure 4B). The weights of each group for GA, TA, and EDL
were compared. GA weight was significantly decreased in the DEXA group compared to
the CTL group and significantly increased in the DR group compared to the DEXA group
(Figure 4C). TA weight was significantly decreased in the DEXA group compared to the
CTL group and significantly increased in the DR group compared to the DEXA group
(Figure 4D). EDL weight was also significantly decreased in the DEXA group compared
to the CTL group and significantly increased in the DR group compared to the DEXA
group (Figure 4E).
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Figure 4. Rutin prevents muscle loss in the dexa-induced atrophy mouse model. (A) Body weight.
(B) Comparison of final body weight in each group. ** p < 0.01 vs. CTL. (C) Muscle weight of
gastrocnemius. **** p < 0.0001 vs. CTL. ## p < 0.01 vs. Dexa. (D) Muscle weight of tibialis anterior.
**** p < 0.0001 vs. CTL. #### p < 0.0001 vs. Dexa. (E) Muscle weight of extensor digitorum longus.
*** p < 0.001 vs. CTL. ## p < 0.01 vs. Dexa. Dexa, Dexamethasone; DR, dexamethasone + rutin.

In Figure 5A, a representative immunofluorescent staining of the myofiber cross-
section of TA and GA is shown. In GA, fiber CSA was decreased in the DEXA group
compared to the CTL group, but increased again in the DR group. Fiber CSA of TA also
showed similar results among the three groups (Figure 5B).

Since MuRF1 and MAFbx are known to be up-regulated by the catabolic pathways of
skeletal muscle, we evaluated the protein expression of MuRF1 and MAFbx with associ-
ated transcription factors and FOXO3 in each group (Figure 6A). As a result, the protein
expression of MAFbx was significantly increased in the Dexa group compared to the CTL
group (Figure 6B). There was no significant difference in MuRF1 (Figure 6C). Moreover,
FOXO3 was significantly increased in the Dexa group compared to the CTL group and
significantly decreased in the DR group compared to the Dexa group (Figure 6D).
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4. Discussion

Rutin may have a potential role in preventing or treating sarcopenia, a condition
characterized by age-related loss of muscle mass and strength. This may be achieved
through its interaction with the protein, MuRF1. MuRF1, a ubiquitin ligase, has been linked
to muscle wasting and weakness in conditions such as cancer cachexia and aging. Studies
in mice and rats have shown that rutin supplementation reduces the levels of MuRF1
leading to an increase in muscle mass and strength, and a decrease in muscle damage and
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inflammation [22]. Rutin’s interaction with MAFbx is similar to its interaction with MuRF1.
Both proteins, MAFbx and MuRF1, are ubiquitin ligases and are involved in muscle protein
degradation. However, unlike MuRF1, studies have found that rutin supplementation
not only decreases the levels of MAFbx in muscle tissue but also reduces the protein’s
ubiquitin ligase activity, leading to increased muscle mass and strength and decreased
muscle damage and inflammation [23,24].

Rutin may have the potential to prevent or treat sarcopenia by interacting with the
FOXO family of transcription factors. The FOXO family plays a role in regulating muscle
mass and function by controlling muscle protein degradation. Studies in animals have
suggested that rutin supplementation can decrease the activity of FOXO family members,
leading to increased muscle mass and strength. Additionally, rutin may also have the
ability to inhibit the activity of FOXO proteins by blocking their interactions with other
activating proteins. However, it is worth noting that most of the research on rutin and
FOXO proteins have been conducted in animals, and more research is needed to confirm
these findings in humans [22,25].

Regulation of muscle mass and function is a key role played by the FOXO family of
transcription factors. FOXO3 protein, in particular, has been seen to regulate the balance
between muscle growth and muscle loss by promoting activation of genes involved in
muscle protein synthesis and inhibiting genes involved in muscle protein degradation.
Furthermore, FOXO3 also regulates genes involved in glucose metabolism and energy bal-
ance [26,27]. Catabolic activity in muscle refers to a breakdown of stored energy molecules
such as glycogen and muscle proteins to provide energy for muscle contraction and other
metabolic processes during times of stress such as exercise or fasting [28]. This process is
regulated by different signaling pathways including insulin signaling pathway and AMPK
pathway. FOXO proteins play a role in inhibiting insulin and insulin-like factor (IGF-1),
and FOXO3 regulates glucose in skeletal muscle through transcriptional activity [27,29]. In
addition, FOXO3 plays a key role in regulating catabolic activity in muscle by promoting
activation of genes involved in glucose metabolism and energy balance, as well as inhibition
of genes involved in muscle protein degradation [30].

The present study discovered that rutin treatment in a dexamethasone-induced muscle
loss model had a therapeutic effect. In the C2C12 cell experiment, the myotube breadth of
the Dexa group was significantly decreased compared to the control group but increased
significantly again in the DR group. In the dexamethasone-induced muscle loss mouse
model, the weight of skeletal muscles such as GA, TA, and EDL decreased significantly in
the DEXA group compared to the control group but increased significantly in the DR group.
In addition, fiber CSA and Minferet of GA decreased in the DEXA group compared to CTL
group but increased in the DR group similarly to the CTL group. These results show that
rutin has a muscle loss prevention effect, and several previous studies have also suggested
a therapeutic effect of rutin on muscle [20,31].

In protein expression analysis using C2C12 myoblast, MAFbx, MuRF1, and FOXO3
significantly increased in the Dexa group compared to the CTL group, then significantly
decreased again in the DR group treated with rutin. Moreover, in the dexamethasone-
induced muscle loss mouse model, the protein expression of MAFbx and FOXO3 was
significantly increased in the Dexa group compared to the CTL group, and there was
no significant difference in the DR group, but there was a slight decrease. The results
suggested that the ubiquitin-proteasome pathway is responsible for expression of these
protein changes [19]. Murf1 and MAFbx are also known to be involved in the antioxidant
defense of muscle cells, and both induce oxidative damage by increasing the production
of reactive oxygen species (ROS). Studies suggest that Murf1 and MAFbx damage the
mitochondrial function of muscle cells and induce muscle atrophy [32,33]. However,
the present study showed that rutin reduced Murf1 and MAFbx expression in muscle.
Therefore, rutin is thought to play a protective role against Murf1- and MAFbx-induced
oxidative damage.
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Since skeletal muscle accounts for the majority of the body’s overall mass, and
catabolism is highly associated with maintaining skeletal muscle protein, catabolic stim-
ulation is one of the important factors in muscle mass degradation [28]. The ubiquitin-
proteasome pathway, known to up-regulate MAFbx or MuRF1, results in muscle loss via
disruption of homeostasis by catabolism [34]. The FOXO family is one of the transcription
factors which controls the activity of MAFbx and MuRF1 expression [34]. The present study
suggested that muscle loss was caused by the ubiquitin-proteasome pathway through
FOXO3/MAFbx in a mouse model of dexamethasone-induced muscle loss and in C2C12
myoblasts. In addition, rutin inhibited the ubiquitin proteasome pathway and showed
therapeutic efficacy in muscle loss models. The overall rutin mechanisms related to muscle
loss are shown in Figure 7.
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Sarcopenia is a representative muscle change that occurs with aging [35]. The necessity
of preventing sarcopenia is increasing in the elderly because the severity of accompanying
chronic diseases such as falls, fractures, and diabetes is increasing [36]. In addition, Due
to associated chronic inflammation or neuromuscular junction degradation, it may be
challenging to maintain muscle strength and muscle mass with proper exercise [37,38].
The present study showed that rutin could be a potential agent for muscle loss through
the blocking ubiquitin-proteasome pathway associated with catabolic protein degradation.
However, since this study is a preclinical study using cells and animals, it is unknown
whether rutin has the same effect and mechanism on muscle loss in clinical practice.
Therefore, further study through human clinical studies concerning rutin’s effect on human
skeletal muscle loss is needed.

5. Conclusions

In this study, we showed that dexamethasone-induced muscle loss is due to catabolism
by the ubiquitin-proteasome pathway. In addition, we showed that rutin blocks the
FOXO3/MAFbx pathways to prevent catabolism through the ubiquitin-proteasome path-
way. Therefore, rutin could be a potential agent for muscle loss such as sarcopenia through
the blocking ubiquitin-proteasome pathway associated with catabolic protein degradation.
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