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Abstract

Aim: Skeletal muscle atrophy is a significant health problem associated particularly with
aging, cancer, and metabolic diseases, leading to a decline in quality of life and responses
to treatment. During skeletal muscle atrophy, the balance between protein synthesis and
degradation in the tissue is disrupted in favor of protein degradation. This condition
results in a reduction in muscle mass and loss of strength and function in the muscles.
In order to elucidate the molecular mechanisms causing skeletal muscle atrophy, prevent
the processes leading to atrophy, and test the effectiveness of emerging therapeutics, in
vitro models that mimic atrophic conditions are commonly used. In these models, typi-
cally utilizing primary myoblasts obtained from tissues or myoblast cell lines, either cell
viability assays or myotube morphology analyses are employed to determine the degree
of atrophy occurring during differentiation. In this study, the two different approaches,
which are generally used interchangeably, have been mutually evaluated for their ability
to characterize the features of myotube atrophy.

Materials and Methods: The myotube atrophy model was established by subjecting
differentiating C2C12 cells from myoblasts to myotubes to varying doses of a synthetic glu-
cocorticoid, dexamethasone. Atrophic changes occurring dose-dependently in myotubes
were evaluated using the commonly employed MTT cell viability assay and myotube di-
ameter measurement analysis.

Results: While myotube diameter measurement can grade the extent of atrophy in my-
otubes, the MTT assay, although unable to directly assess the degree of myotube atrophy,
demonstrated that the decrease in cell viability indicates the cause of myoblast atrophy.

Conclusion: While cell viability tests and myotube morphology analyses are commonly
used interchangeably to assess myotube atrophy, these two approaches can characterize
different aspects of myotube atrophy. The choice of approach should be determined based
on the research nature, considering their abilities to characterize myotube atrophy.

@@@@ Copyright (© 2023 The author(s) - Available online at www.annalsmedres.org. This is an Open Access article distributed
ATl under the terms of Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

Introduction

muscle disuse, and various muscular dystrophy conditions

Skeletal muscle constitutes about 40% of the total body
weight and is the main protein reservoir due to the high
amount of contractile proteins. The protein mass increases
to a greater extent than in any other life period during
neonatal life to provide an organism’s prerequisite func-
tions including breathing, eating, and moving. The muscle
mass is maintained by cell and protein turnover regulatory
pathways responsively to environmental cues to sustain
those functions throughout the life cycle [1]. The coordina-
tion in regulatory pathways and balance between protein
synthesis and degradation are critical for long-term health
and quality of life. Malnutrition, aging, cancer cachexia,
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lead skeletal muscle fibers to undergo atrophy [2]. Dur-
ing muscle atrophy, the protein degradation rate exceeds
protein synthesis, leading to muscle mass loss and a de-
cline in muscle function. Muscle atrophy can give rise
to weakness and fatigability, a reduced ability to perform
daily activities, mobility disorders, delayed recovery from
acute diseases, impaired efficacy of treatments for chronic
diseases, and an imbalance in metabolism and cognition.
Thus, avoiding muscle atrophy or minimizing muscle loss
is crucial for preventing functional limitations, mobility
loss, metabolic diseases, and maintaining muscle strength
3, 4].

Understanding the molecular mechanisms that mediate
the process of atrophy, developing novel therapeutic agents
to prevent muscle loss, and discovering mediators that ex-
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acerbate protein breakdown require responsive experimen-
tal systems and measurement methods to assess the mag-
nitude of the response. Myoblast cultures provide valu-
able insights into many intracellular signaling pathways
involved in skeletal muscle atrophy. Generally, primary
skeletal myoblast cells obtained from human or model an-
imal tissue biopsies and immortalized cell lines such as
murine C2C12 cells or rat L6 cells are used to study skele-
tal muscle atrophy [5, 6].

The pathophysiology of muscle atrophy is commonly mod-
eled in vitro by exposing differentiated myoblasts (my-
otubes) to various substances such as inflammatory cy-
tokines (e.g., TNF-alpha), HyO5, and dexamethasone.
These agents lead to protein breakdown and shrinkage of
myotubes by inducing proteolysis mechanisms, oxidative
stress, apoptosis, endoplasmic reticulum stress, and mito-
chondrial dysfunction [6]. During these experimental sys-
tems, either viability assays or interpreting morphological
changes of myotubes are generally applied to measure the
atrophy rate or the impact of anti-atrophic candidates [7-
9]. Even though both approaches are widely performed,
since both indirectly determine the atrophic development
and assess different aspects of the process, one should con-
sider which is more suitable for the experimental design. In
this study, the two most preferred tests, the MTT cell vi-
ability method and myotube diameter measurement, were
evaluated in terms of the extent to which atrophy condi-
tions affected myotubes.

Materials and Methods
Cell culture and induction of atrophy in myotubes

C2C12 murine skeletal muscle cells (ATCC; American
Type Culture Collection) were cultured in a humidified in-
cubator (37 °C, 5% COs) at low density with high glucose
DMEM (Dulbecco’s modified Eagle’s medium; Invitrogen,
Gibco) containing 10% FBS (Fetal Bovine Serum; GE
Healthcare) and 1% P/S (Penicillin-Streptomycin, 10,000
U/mL; Invitrogen, Gibco). To induce spontaneous dif-
ferentiation of myoblast to myotubes, the medium was re-
placed with high glucose DMEM containing 2% HS (Horse
Serum; Invitrogen, Gibco) and 1% P/S when the cells
reached about 80% confluence. Dexamethasone (DEX;
Sigma-Aldrich) was used to stimulate muscle atrophy in
myotubes. Following 2 days of differentiation, the differ-
entiating cells were treated with 25 pM, 50 pM, and 100
pM DEX for 2 more days. In the control group, the my-
oblasts were allowed to undergo 4 days of differentiation
without DEX treatment. All experimental conditions were
performed in triplicate wells.

Staining of myotubes and myotube diameter measurement

LADD staining protocol was used to readily distinguish
myotubes from unfused myoblasts and thus measure the
myotube diameter. LADD stain was prepared freshly by
dissolving 0.27 g fuchsin (Sigma-Aldrich) and 0.73 g tolu-
idine blue (Sigma-Aldrich) in a final volume of 100 mL of
30% ethanol solution. Briefly, the cells were washed with
PBS (phosphate-buffered saline) and fixed in 70% ethanol
at room temperature (RT) for 10 minutes. The ethanol
was aspirated, and the cells were covered with LADD stain
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solution at RT for 1 minute. Afterward, cells were washed
with distilled water several times to remove unbound stain-
ing until no further water discoloration was evident. The
cells were allowed to air dry before visualization by phase
contrast brightfield microscopy. Images were captured at
100X magnification. The diameters of at least 100 my-
otubes from 12 random fields of the triplicate wells of each
condition were measured. The mean diameter of each my-
otube was calculated from three approximately equidistant
points along their length using the Image J software (NIH).

MTT cell viability assay

The viability of the myotubes exposed to varying concen-
trations of dexamethasone was determined by MTT assay,
as described before with minor modifications [10]. The
cells differentiated for a total of four days, with the last two
days in the presence or absence of dexamethasone, were
incubated in MTT medium supplemented with 5mg/mL
MTT reagent and 0.5% FBS in DMEM for 4 h at 37°C.
After removing the medium, the formed formazan crys-
tals were dissolved in DMSO, and the absorbance of the
lysate was measured at a wavelength of 570 nm using a mi-
croplate reader. The viability of dexamethasone-treated
myotubes was expressed as a percentage relative to the
untreated control ones.

Results

Influence of atrophy induction on morphological appear-
ance of myotubes

After a two-day differentiation period, cells that contin-
ued to differentiate in a culture medium containing dex-
amethasone for an additional 48 hours exhibited all the
characteristic morphological features of myotube atrophy.
Myotubes showed significant morphological differences in
length, width, and surface area, varying degrees in ac-
cordance with the dosage of dexamethasone. The my-
otubes exposed to dexamethasone displayed cell membrane
shrinkage, a significant reduction in their diameters, and
exhibited misalignment with each other. Moreover, the
placement and distribution of myonuclei along the my-
otube revealed substantial differences compared to control
cells (Figure 1A).

Cell viability under atrophic conditions

In myotubes stimulated with dexamethasone to induce at-
rophy, the commonly used MTT assay was applied to de-
termine the extent to which tests measuring cell viability
could represent myotube atrophy. During the differenti-
ation process from myoblasts to myotubes, cells exposed
to dexamethasone for two days exhibited a similar loss of
viability compared to the control cells, regardless of the
difference in dosage (Figure 1B). Despite exposure to dif-
ferent doses of dexamethasone, approximately a 20% de-
crease in cell viability was observed in all cells within the
applied dosage range compared to the control group. Dex-
amethasone has caused a significant reduction in cell vi-
ability; however, the MTT assay results did not reflect
the dose-dependent morphological differences in myotubes
that could be clearly distinguished by microscopic exami-
nation.
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Figure 1. Characterization of dexamethasone-induced myotube atrophy.
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(A) Representative images showing the

morphological appearance of myotubes exposed to different doses of dexamethasone during the differentiation process.

(B) Demonstration of the effect of different doses of dexamethasone on the total cell viability in culture compared to the

control using the MTT assay. (C) Mean myotube diameters. (D) Distribution of myotube diameters within each group.

The scale bar is 100 pm.

Determination of atrophy by myotube diameter measure-
ment

Although morphological observations demonstrated that
dexamethasone caused atrophy in myotubes, the diameter
of myotubes was measured to assess the extent to which
they were affected by different doses of dexamethasone.
For this purpose, analyses were conducted to evaluate the
mean myotube diameter and the distribution of myotube
diameters in response to dexamethasone. The results re-
vealed that the mean diameter of myotubes decreased
dose-dependently in dexamethasone-treated groups com-
pared to the control (Figure 1C). Furthermore, as the
dose of dexamethasone increased, the number of larger
myotubes decreased while the number of smaller myotubes
increased (Figure 1D).

Discussion

Skeletal muscle atrophy is a condition where the muscle
fibers experience a size reduction. Glucocorticoids (GC)
significantly impact skeletal muscle, reducing protein syn-
thesis and increasing protein breakdown, ultimately con-
tributing to muscle atrophy. When animals are admin-
istered high doses of GC, it decreases muscle mass and
dysfunction, characterized by weakened force and dimin-
ished strength [11, 12]. Dexamethasone is a synthetic
corticosteroid that mimics the actions of natural gluco-
corticoids produced by the adrenal glands. In in vitro
experiments, when C2C12 myotubes are exposed to dex-
amethasone, it inhibits the formation of myotubes and
reduces the diameter of existing myotubes. This effect

is achieved through the process of ubiquitin-proteasome-
mediated protein degradation [13-15].

The MTT calorimetric assay is used to evaluate the ca-
pability of viable cells to convert soluble tetrazolium salt
into an insoluble formazan precipitate. Due to the di-
rect correlation between metabolic activity and cell count
in dividing cells, MTT assay is commonly employed to
determine the cytotoxic effect of a compound on divid-
ing cells in a culture medium [16]. During differentiation,
myoblasts undergo fusion with each other or with exist-
ing myotubes [17]. Throughout the differentiation process,
the cellular composition of the culture medium consists of
both myoblasts and myotubes. Therefore, the metabolic
activity measured by the MTT assay represents the total
metabolic activity, including the myotubes and the differ-
entiating myoblasts. Although the MTT assay partially
demonstrates that dexamethasone leads to myotube atro-
phy by reducing metabolic activity during differentiation,
the extent of atrophy in myotubes cannot be entirely deter-
mined. However, myotube diameter measurement analy-
sis can effectively scale the atrophy developed in myotubes
depending on the dose of dexamethasone, morphologically.
The findings demonstrate that myotube diameter measure-
ment is more sensitive than cell viability assays in defining
and quantifying myotube atrophy.

Conclusion

In experimental systems where skeletal muscle atrophy is
modeled under in vitro conditions, assessing the extent
to which a compound exacerbates or alleviates atrophy is
commonly performed either through tests measuring cell
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viability or by analyzing myotube morphology. In this
study, where both approaches were evaluated for myotube
atrophy, it was demonstrated that they are not mutually
exclusive but rather complementary in providing a com-
prehensive assessment of atrophy.

Ethical approval

It is a cell culture study that does not require ethical ap-
proval.
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