Zebrafish Models for Skeletal Muscle Senescence
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Aging and sarcopenic changes in skeletal muscles not only reduce locomotor activities in elderly people but also increase
the chance of trauma, such as bone fractures, and the incidence of other diseases, such as metabolic syndrome, due to
reduced physical activity.
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| 1. Introduction

In recent years, the average global life expectancy has been greater than 70 years. In fact, many developed countries
have an average life expectancy of 80 years. For example, the average life expectancy at birth is 78.5, 81.4, 81.7, 82.5,
83.1, 82.2, and 84.3 years in the US, UK, Germany, France, Italy, Canada, and Japan, respectively (World Health
Organization, 2020). To lead a prosperous and independent life and enjoy sports and travel after retirement, activities of
daily living (ADL) and daily self-care activities, such as mobility and eating, must be maintained. With aging, the ADLs
trend downward, which serves as one of the reasons for the decline in muscle mass. The skeletal muscle, the largest
organ in the human body, plays an indispensable role in maintaining health as it functions as a metabolic organ and is
responsible for movement and physical activity. According to epidemiological studies, people who maintain skeletal
muscle mass are less likely to become sick and tend to live longer 2. Therefore, the maintenance of skeletal muscles is
key to a super-aging society.

Elderly people are at an increased risk for the following two skeletal muscle diseases: disuse muscular atrophy and
sarcopenia. Disuse muscle atrophy is caused by prolonged rest due to severe injury, surgery, or hospitalization & In
atrophic muscles, the amount of DNA does not change; however, the amount of RNA is markedly reduced, suggesting
that the amount of protein is decreased in atrophied muscles . One of the decreases in RNA synthesis is caused by the
degradation of signaling molecules in the IGF-1-mediated protein synthesis pathway &l. Another muscle-related disease in
the elderly population, sarcopenia, is defined as a loss of muscle mass [&; however, recent definitions of sarcopenia
include loss of muscle strength and muscle function [IEIILOILLIAZIS]  Sarcopenia contributes to frailty, resulting in
reduced ADL and quality of life D14 Sarcopenia is classified as either primary or secondary. Primary sarcopenia is
caused by muscle mass loss due to aging, while secondary sarcopenia is caused by muscle mass loss due to activity,
disease, and nutrition [, Strictly speaking, disuse muscular atrophy differs from sarcopenia as the number of cells does
not decrease, despite the simultaneous existence of the two diseases at times. Primary and/or secondary sarcopenia
causes a decline in skeletal muscle performance by decreasing the number of muscle fibers and atrophy of each muscle
fiber. The occurrence of falls increases by approximately three-fold in patients with sarcopenia compared with that in the
same-aged population without sarcopenia 15, Fall-induced bone fractures cause damage to skeletal muscles and cause
patients to be bedridden, consequently resulting in a loss of exercise opportunities. Owing to the reduced regeneration
capacity of elderly people, a single fall can accelerate sarcopenia, causing them to be bedridden. Disuse muscular
atrophy often begins during hospitalization and lasts until bone fracture recovery is achieved. Disuse muscular atrophy
might also be accompanied by primary sarcopenia.

Resistance training, such as squats and push-ups, is effective at preventing sarcopenia progression. However, elderly
people are at risk of falling during this training. Further, the performance of a workout is difficult when bedridden. Thus,
pharmacological or nutritional approaches for prevention and further recovery from sarcopenia are attractive strategies for
elderly people with training difficulties.

| 2. Zebrafish Models for Skeletal Muscle Senescence

Rodent organs are believed to mimic human organs, as they possess a high degree of genetic homology with human
genes. Therefore, rodents are typically used as animal models for drug testing. However, remarkable time, labor, space,
and money are required for studies with rodents. In recent years, from the viewpoint of animal welfare, there has been an



ongoing trend to reduce the number of mammals used in experiments. An ideal alternative to rodents, the zebrafish has
emerged as an animal model for several types of human diseases, including skeletal muscle atrophy 817 aging (8 and
sarcopenia 2220 owing to several advantages (Figure 1). The skeletal muscle constitutes a large part of the zebrafish
trunk and has a high degree of similarity to human muscle, both molecularly and histologically. The skeletal muscle also
consists of slow muscles located directly below the body surface and fast muscles around the vertebrae 1. zZebrafish
have a set of orthologs for human MRFs that are involved in skeletal muscle myogenesis 2. Myod and myf5 are
expressed in the early phase of skeletal muscle development, followed by myogenic factor 6 (myf6). Interestingly, myod,
myf5, and myf6 expression depend on the site of the muscle tissue 23l implying that even skeletal muscle tissue might
have subclassifications in zebrafish.
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Figure 1. Comparison between rodents and zebrafish for skeletal muscle senescence. The size of each circle visualizes

its advantage as a model animal.

To induce muscle atrophy or administer drugs to rodents, intravascular or oral gavage, which requires certain technigues,
must be employed. However, zebrafish can absorb chemicals from their skin and gills by simply adding them to general

fish water (exposure test). Protocols have also been established for oral and intraperitoneal administration in zebrafish 24
[25][26]

2.1. Aged Model

Aging is the main driver of skeletal muscle atrophy and sarcopenia in fish species, like in rodents 2. However, the
lifespan of mice and zebrafish is almost identical (2—-3 years in laboratory conditions) 4. As a result, there is little
advantage to using wild-type zebrafish as a model of skeletal muscle aging. Owing to the ease of mutagenesis in
zebrafish, various strains have been developed in recent years using genetic manipulation (using tol2 transposase),
knockdown (using antisense oligonucleotides), and knockout (using CRISPR/Cas9) techniques. For example, Kishi et al.
performed an SA-B-gal activity-based mutant screen and identified 11 zebrafish mutants with high SA-B-gal activity. Of
these, heterozygous mutations in telomeric repeat binding factor 2 (terf2) or spinster homolog 1 (spnsl) were found to
result in a shorter lifespan 28, Further, the spns1 mutation led to an increase in lipofuscin in the skeletal muscle in the
adult stage, indicating that the mutant can be used as a model for skeletal muscle aging. Previously, Da Rosa et al.
reported that growth hormone (GH) overexpression accelerates spinal curvature in adult zebrafish by reducing myog and
myod expression in surrounding muscles 22, Their findings highlight the possibility of accelerated skeletal muscle aging in
this transgenic fish. To the researchers' knowledge, there are no reports of the use of these aged models in studies on
skeletal muscle aging; however, various studies are expected in the near future.

As described above, compared to rodent models, the use of zebrafish models certainly shortens the duration of
experiments and reduces the burden of animal husbandry, though it is still labor-intensive for research on aging. Since the
CRISPR/Cas9 genome editing technology was reported in 2013 B9 and used in zebrafish B, several disease models
have been reported to have been built using CRISPR-mediated targeted mutagenesis (knockout). For example, the Imna
gene, whose mutation is known to accelerate aging in rodents 22, is also present in zebrafish. According to a recently
published report, the deletion of five base pairs (5bpA) in the second exon of the Imna gene by CRISPR/Cas9 genome
editing resulted in skeletal muscle damage and impaired swimming 8. The researchers used this as a model of
laminopathy, such as Emery—Dreifuss muscular dystrophy; however, it also has potential as a model of skeletal muscle
senescence.

2.2. Dexamethasone Model

DEX has been used to induce skeletal muscle atrophy in zebrafish B4 like in rodents and cultured cells. Zebrafish can
absorb small molecules through their skin and gills, which enables the administration of DEX by immersion in general fish
water for the induction of muscle atrophy. Although limited studies have been conducted using DEX-induced zebrafish
models (less than 10 papers in Web of Science), some promising studies have been reported. For example, Ryu et al.
revealed that dietary supplementation with maca (Lepidium meyenii) induced preventive effects in DEX-induced muscular



atrophy in zebrafish, with an increase in the distance traveled and speed of chasing food in the aquarium 4. Similar to
how it occurs in rodents, the mechanism of DEX-induced muscular atrophy in zebrafish is also thought to involve an
increase in proteolysis due to the overexpression of atrogin-1 and murfl ubiquitin ligase (as a part of aging-induced
muscular atrophy); however, this notion has yet to be proven.

2.3. Chronic Alcohol Model

Prolonged and high-dose alcohol consumption induces muscle atrophy in mammals. The mechanism by which alcohol
induces skeletal muscle atrophy is not fully understood; however, alcohol is known to increase the expression of ubiquitin
ligase, which contributes to muscle atrophy in elderly people B3I28. Similar to that in mammals, chronic ethanol exposure
(0.5% in the general fish water for 8 weeks) can induce muscular atrophy in zebrafish 7. Although this model has not
been used for drug testing, it could serve as a useful screen for muscle atrophy in response to alcoholism in the future.
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