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Muscle loss is a significant health concern, particularly with the increasing trend
of population aging, and sarcopenia has emerged as a common pathological
process of muscle loss in the elderly. Currently, there has been significant
progress in the research on sarcopenia, including in-depth analysis of the
mechanisms underlying sarcopenia caused by aging and the development of
corresponding diagnostic criteria, forming a relatively complete system.
However, as research on sarcopenia progresses, the concept of secondary
sarcopenia has also been proposed. Due to the incomplete understanding of
muscle loss caused by chronic diseases, there are various limitations in
epidemiological, basic, and clinical research. As a result, a comprehensive
concept and diagnostic system have not yet been established, which greatly
hinders the prevention and treatment of the disease. This review focuses on Type
2 Diabetes Mellitus (T2DM)-related sarcopenia, comparing its similarities and
differences with sarcopenia and disuse muscle atrophy. The review show
significant differences between the three muscle-related issues in terms of
pathological changes, epidemiology and clinical manifestations, etiology, and
preventive and therapeutic strategies. Unlike sarcopenia, T2DM-related
sarcopenia is characterized by a reduction in type | fibers, and it differs from
disuse muscle atrophy as well. The mechanism involving insulin resistance,
inflammatory status, and oxidative stress remains unclear. Therefore, future
research should further explore the etiology, disease progression, and
prognosis of T2DM-related sarcopenia, and develop targeted diagnostic
criteria and effective preventive and therapeutic strategies to better address
the muscle-related issues faced by T2DM patients and improve their quality of life
and overall health.
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1 Introduction

Muscle loss is a widely recognized health issue, particularly with
the increasing trend of population aging and the emergence of the
concept of sarcopenia, as well as the growing depth of research in
this field. Sarcopenia refers to the loss of muscle mass, muscle
strength, and function due to rapid degeneration of muscle tissue
and atrophy of muscle fibers. It is considered one of the common
pathological processes of muscle loss in the elderly, but can also
occur in other populations (1). On the other hand, disuse muscle
atrophy refers to muscle wasting caused by prolonged muscle
inactivity, often occurring in situations of insufficient physical
activity, prolonged bed rest, or weightlessness (2). Furthermore,
with further research, muscle-related issues caused by chronic
debilitating diseases have also been widely reported, leading to the
concept of secondary sarcopenia. Worth noting is the muscle loss
following Type 2 Diabetes Mellitus (T2DM), which is defined
as secondary sarcopenia and referred to as “T2DM-related
sarcopenia” (3).

Although all three muscle-related issues involve the loss of
muscle mass, they differ in terms of pathological mechanisms and
clinical manifestations. There is more debate regarding the accuracy
and appropriateness of the current naming conventions for muscle
loss following chronic diseases. In this review, we aim to compare
and discuss these three conditions, providing a comprehensive
comparative analysis. Through this review, we hope to deepen
our understanding of the relationships among sarcopenia, disuse
muscle atrophy, and T2DM-related sarcopenia, and propose new
considerations for the accurate recognition and definition of
T2DM-related sarcopenia. This will contribute to further research
and clinical practice, enabling better management of these cases of
muscle mass loss and improving individuals’ quality of life and
overall health.

2 Comparison of sarcopenia, disuse
muscle atrophy, and T2DM-
related sarcopenia

2.1 Epidemiology and clinical
presentation comparison

In 2010, the European Working Group on Sarcopenia in Older
People (EWGSOP) defined sarcopenia as a syndrome characterized
by progressive and generalized loss of skeletal muscle mass and
strength, with the risk of adverse outcomes, including limb
disabilities, decreased quality of life, and even mortality (4). Initially
considered a geriatric syndrome affecting individuals over 65 years
old, further research has revealed that sarcopenia can also occur in
younger age groups. The 2018 EWGSOP consensus acknowledged
that sarcopenia is not limited to the elderly population (5). Studies
have shown that the prevalence of sarcopenia increases with age, with
variations observed among different age and gender groups. For
example, in the 60-64 age group, the prevalence of sarcopenia is
approximately 14.3% among men and 20.3% among women. In
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contrast, the prevalence significantly rises to 59.4% among
individuals aged 75 and older for men, and 48.3% for women (6).
Gender differences have also been identified, with a higher proportion
of women exhibiting lower skeletal muscle mass index (SMI)
compared to men. Approximately 45% of men and 59% of women
have an SMI below 1 standard deviation, while 7% of men and 10% of
women have an SMI below 2 standard deviations (7). It is worth
noting that different diagnostic criteria can lead to variations in the
prevalence of sarcopenia (4, 5, 8—12) (see Table 1). For instance, using
the EWGSOP 2010 criteria, the prevalence ranges from 0.4% to
57.4%, whereas using the Asian Working Group for Sarcopenia 2014
(AWGS 2014) criteria, the prevalence ranges from 0.3% to 53.0%
(13). These discrepancies highlight the influence of diagnostic criteria
and study populations on the reported prevalence of sarcopenia.
Clinically, sarcopenia manifests primarily as a decline in muscle mass
and function, leading to symptoms such as weakened muscle
strength, reduced physical performance, and difficulty in daily
activities. Furthermore, sarcopenia is associated with various health
issues, including osteoporosis, increased risk of falls, swallowing
difficulties, sleep disorders, depression, and an elevated risk of
mortality from chronic diseases such as lung disease, liver disease,
cancer, cardiovascular disease, and kidney disease (14-18). Age is the
primary risk factor for sarcopenia, with other potential risk factors

TABLE 1 Diagnostic criteria and key thresholds for sarcopenia.

Diagnostic Skeletal Muscle Grip
Criteria Mass index Strength
(Kg)
EWGSOP SMI (Kg/m?) male<27, <0.8
2010 (4) DXA famle<16 (4m)
male<7.0, famle<6.0
EWGSOP SMI (Kg/mz) male<27, <0.8
2018 (5) DXA famle<16 (4m)
male<7.0, famle<6.0
IWGS (8) SMI (Kg/m?) - <1.0
DXA
male<7.23, famle<5.67
AWGS2014 (9) SMI (Kg/m?) male<20, <1.0 (6m)
DXA famle<15
male<7.0, famle<5.4
BIA
male<7.0, famle<5.7
AWGS2019 SMI (Kg/m?) male<20, <1.0 (6m)
(10) DXA famle<15
male<7.0, famle<5.4
BIA
male<7.0, famle<5.7
FNIH (11) DXA Appendicular Skeletal male<26, <0.8
Muscle Mass/BMI (Kg/BMI) famle<16
male<0.789, famle<0.512
SSCWD (12) Average level -2 standard - <1.0
deviations of healthy or
individuals aged 20-30 from <400m
the same ethnicity. (6min)

EWGSOP, European Working Group on Sarcopenia in Older People; IWGS, International
Working Group on Sarcopenia; AWGS, Asian Working Group for Sarcopenia; FNIH,
Foundation for the National Institutes of Health; SSCWD, Society on Sarcopenia, Cachexia
and Wasting Disorders; SMI, Skeletal Muscle Mass Index; BMI, Body Mass Index; DXA, Dual
Energy X.
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including male gender, inadequate physical activity, smoking, high
blood glucose, and poor sleep quality (19). Hormones such as
testosterone, estrogen, growth hormone, ghrelin, and vitamin D
play important roles in regulating muscle mass and function,
highlighting the close relationship between sarcopenia and the
endocrine system. Decreased testosterone and estrogen levels, as
well as deficiency in growth hormone and vitamin D, can
contribute to muscle mass reduction and increase the risk of
muscle atrophy (20-25).

The prevalence of disuse muscle atrophy lacks relevant research,
but it is currently believed that the primary risk factors are long-
term lack of physical activity or being in a microgravity
environment. In terms of clinical presentation, disuse muscle
atrophy primarily involves a reduction in local or overall muscle
mass, resulting in atrophy and decreased size of the affected area.
This condition is accompanied by a decline in muscle strength,
limited movement function, and increased difficulty in performing
daily activities. Flexibility and coordination are also diminished
(2, 26). Unlike sarcopenia, which is considered a disease primarily
affecting the elderly population, disuse muscle atrophy can be seen
as a physiological change. The decrease in muscle protein synthesis
caused by disuse muscle atrophy leads to the reduction in muscle
mass and strength. However, this can be restored through physical
activity and maintaining an active lifestyle, especially in younger
individuals (27, 28).

Currently, the diagnosis of T2DM-related sarcopenia primarily
relies on sarcopenia diagnostic criteria. However, there are
significant variations among these criteria, leading to differences
in prevalence rates and hindering the assessment and prediction of
sarcopenia progression in T2DM. For example, de Freitas et al. (29)
conducted sarcopenia screening in T2DM patients using the
EWGSOP 2010 and 2018 diagnostic criteria, resulting in
prevalence rates of 16.9% and 7%, respectively. Fung et al. (30)
assessed T2DM patients using the AWGS criteria and found that
58% of elderly T2DM patients had pre-sarcopenia and sarcopenia,
with 24% having sarcopenia and 4% having severe sarcopenia.
Currently, only liver disease has established relevant diagnostic
criteria for secondary sarcopenia (31). Given that the pathological
changes of T2DM-related sarcopenia differ from sarcopenia, and
the onset age is not limited to elderly patients, as muscle loss can
also occur in some younger patients, and most of them still have
normal muscle strength, which is not easy to detect (32-34).
Therefore, developing targeted diagnostic criteria is a future issue
that must be addressed. The clinical presentation of T2DM-related
sarcopenia is similar to sarcopenia, with patients experiencing
wasting, low muscle strength, and functional decline.
Additionally, it can have an impact on patients’ prognosis and
increase the risk of mortality (32). Like sarcopenia, advanced age
remains a risk factor for T2DM-related sarcopenia. Male gender,
chronic hyperglycemia, and osteoporosis are also potential
significant risk factors, but more evidence is needed to support
these associations (35). Sarcopenia can significantly affect the
endocrine metabolism of T2DM patients. Nakanishi et al. (36)
conducted a study on 1030 T2DM patients and found a certain
association between sarcopenia and blood glucose control. After
adjusting for other confounding factors, T2DM patients with
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sarcopenia had significantly higher levels of glycated hemoglobin
(HbAlc) compared to those without sarcopenia. He et al. (37) also
found that T2DM patients with sarcopenia had poorer nutritional
status, imbalanced nutrient intake, deteriorating glucose
metabolism, declining kidney function, and a higher risk of
osteoporosis compared to the non-sarcopenic diabetic control
group. Overall, these results suggest that sarcopenia may have
detrimental effects on the endocrine regulation of T2DM,
highlighting the need for further research to delve deeper into the
relationship between sarcopenia and T2DM.

In summary, T2DM-related sarcopenia shares clinical
characteristics with sarcopenia and disuse muscle atrophy. It
involves a decline in muscle mass, low muscle strength, and
impaired function. However, unlike sarcopenia, T2DM-related
sarcopenia can occur not only in the elderly population but also
in younger individuals. In addition, complications such as diabetic
neuropathy and diabetic foot can lead to reduced physical activity in
patients, which can result in muscle atrophy (38) and it may occur
concurrently with sarcopenia and disuse muscle atrophy.
(See Table 2).

2.2 Comparison of pathological changes:
changes in different types of muscle fibers

Skeletal muscle is a vital component of the human body,
consisting of diverse muscle fibers that serve various physiological
functions. Understanding the distinct characteristics and roles of
these muscle fibers is crucial in differentiating conditions such as
sarcopenia, disuse muscle atrophy, and T2DM-related sarcopenia.
There are two primary types of muscle fibers in skeletal muscle:
slow-twitch fibers (type I fibers) and fast-twitch fibers (type II
fibers). These fiber types can be further divided into type Ila fibers

TABLE 2 Comparison of sarcopenia, disuse muscle atrophy, and T2DM-
related sarcopenia.

Sarcopenia Disuse T2DM
muscle related
atrophy sarcopenia

Primary Aging Prolonged T2DM
Causes disuse
Onset Age Often >65 years Any age group Any age group
Muscle Mass Decreased Decreased Decreased
Muscle Decreased Decreased Decreased
Strength
Muscle Decreased Decreased Decreased
Fiber Area
Muscle Predomi- Predominantly = Predominantly
Fiber nantly type type | fibers type | fibers
Changes Il fibers
Muscle Decreased Unchanged Decreased
Cell Count
Muscle Difficult Possible Difficult
Self-Recovery
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(MHC-IIa) and type IIx fibers (MHC-IIx), each with unique
properties based on their myosin heavy chain (MHC) isoform
expression and ATPase activity (39, 40). Fast-twitch fibers are
characterized by larger diameter, abundant muscle proteins, and
high glycogen content. They possess high glycolytic capacity and
excel in explosive movements like sprinting and weightlifting. Slow-
twitch fibers, on the other hand, have a smaller diameter, more
mitochondria, and high oxidative capacity. They rely on oxidative
metabolism and are suited for endurance activities and maintaining
posture. Both fiber types are crucial for muscle health, function, and
overall physical performance. Additionally, hybrid fibers with
varying characteristics exist in skeletal muscles to adapt to
different physiological demands (39, 41). Research studies have
shown significant differences in the proportion and distribution of
fast-twitch and slow-twitch fibers in different muscle tissues and
motor units. For example, the cricopharyngeus muscle, involved in
respiration and phonation, has a higher proportion of slow-twitch
fibers in its inner layer and relatively faster muscle fibers in its outer
layer (42). Similarly, studies conducted on animal models have
found variations in the proportion of fast motor units containing
fast-twitch fibers in different muscle groups (43). These findings
highlight the adaptability of muscle fibers to meet specific
functional demands. Slow-twitch fibers, with their high oxidative
capacity, are well-suited for sustained energy production during
low-intensity exercises, while fast-twitch fibers are more suitable for
rapid, explosive movements. For instance, the fast motor units in
the fourth lumbrical muscle are particularly well-suited for activities
requiring rapid power output (42-44). Studies on pork have further
supported these concepts, showing that muscle composition is
related to glycogen and lactate content. Muscles with lower
glycogen and higher lactate content predominantly consist of type
ITa and IIb fibers, while muscles with higher glycogen and lower
lactate content mainly consist of type I fibers (45). In summary,
different types of muscle fibers have distinct roles in muscle
metabolism, enabling muscle tissues to develop adaptive
characteristics according to functional demands and effectively
cope with various types of movements and activities.

Sarcopenia, characterized by muscle fiber atrophy, has been found
to be associated with aging in both animal and human studies.
Specifically, there is a notable shift towards type II fiber atrophy (46,
47). Patients with sarcopenia also exhibit atrophy of type II muscle
fibers (48, 49). Lamboley et al. (50) investigated the impact of high-
intensity intermittent exercise and revealed that it may decrease the
sensitivity of the contractile apparatus in type I muscle fibers, thereby
reducing energy production during intense exercise. Additionally, a
slight decrease in the specific force of type II muscle fibers may
contribute to a decline in maximal strength. These type II fibers rely
on rapid metabolic pathways to support sustained high-intensity
exercise and efficient performance. To further explore the effects of
aging on muscle fibers, Pugh et al. (51) conducted a study on Indian
rhesus monkeys. Their findings revealed that pure type I fibers did not
experience significant atrophy during the aging process. However,
fibers expressing isoforms of type II myosin exhibited a reduced cross-
sectional area. Interestingly, young monkeys displayed higher
mitochondrial activity staining intensity in type II fibers, while
middle-aged and old monkeys exhibited lower mitochondrial
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activity staining intensity. These observations suggest a potential
decline in mitochondrial activity in type II fibers with age.
Understanding these age-related changes is crucial in the context of
mitochondrial’s pivotal role in cellular energy production, generating
the majority of cellular energy. These research findings suggest that
mitochondrial activity in type II fibers may decline with age. The
above study indicates that when aging leads to type II fiber atrophy,
muscle strength may decrease, the ability for rapid energy supply in
muscles may be affected, resulting in reduced endurance and
decreased athletic performance, which is consistent with the
characteristics of sarcopenia.

Disuse muscle atrophy occurs when muscles are not used for a
long time, such as during extended bed rest or in microgravity
environments. This leads to a decrease in muscle mass, changes in
muscle fiber type and structure, as well as a decline in metabolism
and function. It is also associated with increased oxidative stress and
inflammation (2, 52). Studies have shown that all types of muscle
fibers undergo atrophy in disuse muscle atrophy, but type I fibers
are more significantly affected. This can cause a shift in fiber type
from type I and type IIa to type IIx, without a decrease in the
number of muscle cells (53-56). In other words, the size and
quantity of muscle fibers may change, but the number of muscle
cells remains the same. Research on Indian langur monkeys by
Pugh et al. (51) indicates that type I muscle fibers have the highest
mitochondrial activity, indicating greater oxidative capacity.
Similarly, a study by Shen et al. (57) on pork found that muscles
rich in type I fibers have higher mitochondrial content and lower
glycogen and glucose levels, leading to more efficient adenosine
triphosphate (ATP) synthesis and lower glycolytic capacity.
Therefore, a decrease in type I muscle fibers can affect energy
production and metabolism by reducing the number of fibers
capable of oxidative metabolism. This reduction in oxidative
capacity can result in inadequate energy production during
prolonged or high-intensity continuous exercise, affecting exercise
performance and endurance. Additionally, changes in metabolism
can influence the body’s energy balance, nutrient utilization, and
regulation of energy expenditure.

It is hypothesized that type I fibers are relatively easier to recover
in cases of disuse muscle atrophy due to their higher vascular density
and oxidative enzyme content (58). Type I fibers also have higher
oxidative metabolism capacity and oxygen demand, making them
more likely to recover from disuse muscle atrophy caused by lack of
exercise. Increased activity can quickly enhance oxygen supply and
metabolism. In contrast, fast-twitch fibers rely more on glycolytic
metabolism with lower oxygen demand, making recovery relatively
more challenging after disuse muscle atrophy. Observations by
Sharma et al. (59) on 15 patients with severe lower limb injuries
suggest that slow muscle fibers have a relatively easier regeneration
process compared to fast muscle fibers. However, further research is
needed to confirm these findings.

Sarcopenia has been recognized as a complication of T2DM,
and the two conditions mutually influence each other, posing a
serious threat to the health of T2DM patients (60). Currently, there
is a lack of research on muscle fiber changes specifically in T2DM
patients with muscle wasting. To ensure the credibility and
comprehensiveness of this review, we conducted a systematic
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literature search to obtain relevant research articles from multiple
academic databases, including PubMed, Scopus, Google Scholar, J-
stage, and Web of Science. We formulated a series of screening
criteria. Firstly, we limited the language of the articles to English to
ensure a comprehensive understanding and analysis of the selected
literature. Secondly, the research objectives had to be closely related
to T2DM, involving muscle biopsies and pathological changes in
patients. Finally, we excluded non-original research articles such as
review articles, book chapters, and conference abstracts, as well as
articles unrelated to the topic of this review. Additionally, we
limited the study design to include only clinical research and
human experimental studies.

Through the aforementioned screening process, considering the
inherent risks and difficulties for patients involved in muscle
biopsies, as well as the requirement for informed consent, ethical
review, and data protection, these factors may have limited the
number and scope of relevant studies. Therefore, we only retrieved
8 muscle biopsy studies concerning changes in muscle fiber types in
T2DM patients.

Through these studies, we found significant differences in
pathological changes in sarcopenia with T2DM compared to
sarcopenia and disuse muscle atrophy (See Table 3). In T2DM
patients, unlike sarcopenia patients who primarily experience
atrophy of type II muscle fibers, the changes in muscle fibers in
T2DM patients are characterized by a reduction in type I fibers (61-
63, 65, 68). Mérin et al. (61) observed a decrease in oxidative (type I)
fibers and an increase in glycolytic (type II) fibers in non-insulin-
dependent diabetes mellitus (NIDDM/T2MD) patients, particularly
type IIB fibers. Hickey et al. (62) noted that the percentage of type I
fibers was higher in the non-obese control group than in the obese
NIDDM group, while the percentage of type IIb fibers was lower in
the non-obese group compared to the obese NIDDM group. The
proportion of type I fibers in the obese NIDDM group was also
lower than in the obese group. Gaster et al. (63) found that T2DM
patients had a higher average diameter of fast muscle fibers than
slow muscle fibers, a significant decrease in the proportion of slow
muscle fibers, and lower GLUT4 density in slow muscle fibers
compared to fast muscle fibers. Oberbach et al. (65) reported a
significant decrease in slow-twitch muscle fibers, an increase in fast-
twitch muscle fibers, and reduced oxidative enzyme activity in
muscles of T2DM patients compared to the healthy control
group. Albers et al. (68) discovered that T2DM patients had a
relatively lower proportion of type I muscle fibers and a relatively
higher proportion of type IIx muscle fibers, suggesting that insulin
has complex effects on muscle metabolism and signal transduction
by regulating protein levels and phosphorylation states in muscle
fibers. Although He et al. (64) did not observe significant differences
in muscle fiber type compared to the healthy lean and obese control
groups, their study still showed a downward trend in the proportion
of type I fibers in T2DM patients, and they also found that the
muscle oxidative enzyme activity in the T2DM group was
significantly lower than that in the healthy lean group, while the
lipid content was significantly higher. Additionally, Gaster et al.
(63) found a significantly reduced density of glucose transporter 4
(GLUT4) in slow-twitch fibers of T2DM patients compared to the
healthy control group. This may indicate a limitation in the muscle
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TABLE 3 Literature on muscle fiber changes in T2DM patients.

Muscle
Fiber Changes

Reference = Number of Age

(years)

Participants

(n)

MArin.et 14 51+4
al. (61)

Compared to the control
group without diabetes but
with a comparable degree

of obesity, patients with

non-insulin-dependent
diabetes mellitus (NIDDM/
T2MD) showed a decrease
in oxidative (type I) fibers
and an increase in
glycolytic (type II) fibers,
particularly type IIB fibers.

Hickey.et 10 42.7+1.3

al. (62)

The percentage of type I
fibers in the non-obese
control group was
significantly higher than
that in the obese NIDDM
group, while the
percentage of type IIb
fibers in the non-obese
control group was
significantly lower than
that in the obese NIDDM
group. Additionally, the
proportion of type I fibers
in the obese NIDDM
group was significantly
lower than that in the
obese group.

Gaster.et 8
al. (63)

53.8+1.0 Compared to the healthy
control group, patients
with T2DM had a higher
average diameter of fast
muscle fibers than slow
muscle fibers, and the
proportion of slow muscle
fibers significantly
decreased; the GLUT4
density in slow muscle
fibers was significantly
lower than in fast muscle
fibers, with a decrease of
18% in GLUT4 density in
T2DM patients compared
to the healthy
control group.

He.et al. (64) 20 55+2 Compared to the healthy
lean and obese control
groups, there were no

differences in muscle fiber

type between the T2DM
patients. However, the

muscle oxidative enzyme
activity in the T2DM
group was significantly
lower compared to the

healthy lean group, while

the lipid content
was increased.

Oberbach.et 10
al. (65)

58.7+6.4 Compared to the healthy
control group, T2DM
patients had a significant

decrease in slow-twitch

(Continued)
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TABLE 3 Continued

Muscle
Fiber Changes

Reference  Number of Age

(years)

Participants

()]

muscle fibers, the fast-
twitch muscle fibers
increased and reduced
oxidative enzyme activity
in the muscles.

Mogensen.et 10 5542
al. (66)

Compared to the obese
control group, T2DM
patients had an increase in
the number of type IIx
muscle fibers, and the
maximal respiration of
mitochondria through the
electron transport chain is
significantly reduced in
patients with type 2
diabetes mellitus.
Additionally, the study also
found correlations between
mitochondrial respiratory
activity and metabolic
indicators such as blood
glucose control.

Leenders.et 60 71+1
al. (67)

Compared to the healthy
control group, T2DM
patients had no significant
difference in cross-
sectional area of type I and
type II muscle fibers, no
significant difference in the
proportion of muscle fibers
between the two groups,
and a significant
correlation between cross-
sectional area of type II
muscle fibers and lean
body weight, skeletal
muscle mass, leg extension,
and leg push strength.

Albers.et 11 5542
al. (68)

Compared to the healthy
control group, T2DM
patients had a relatively
lower proportion of type I
muscle fibers and a
relatively higher
proportion of type IIx
muscle fibers. Insulin
exerts complex effects on
muscle metabolism and
signal transduction by
regulating protein levels
and phosphorylation states
in muscle fibers.

cells’ ability to uptake glucose, possibly due to disruptions in the
insulin signaling pathway. Insulin typically stimulates the
translocation of GLUT4 from intracellular vesicles to the cell
membrane, increasing glucose uptake. Regarding the observation
of type II fibers, Mogensen et al. (66) found a significantly higher
number of type IIx fibers in T2DM patients compared to the obese
control group, and the proportion of type IIx fibers was influenced
by insulin resistance. Additionally, the study also found correlations
between mitochondrial respiratory activity and metabolic indicators
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such as blood glucose control. Similar results were also observed in
the study by Albers et al. (68), they found that compared to the
healthy control group, T2DM patients have a relatively lower
proportion of type I muscle fibers and a relatively higher
proportion of type IIx muscle fibers. The study suggests that
insulin plays a complex role in muscle metabolism and signal
transduction by regulating protein levels and phosphorylation
status in muscle fibers. And a study by Nagatomo et al. (69) in an
animal model showed a significantly higher proportion of type IIx
fibers in T2DM rats compared to the normal control group.
Currently, the exact reasons for these changes are not fully
understood, but they may represent a compensatory mechanism
of the body. Type IIx fibers have a higher contraction speed and
force-generating capacity, and in T2DM, where there is insulin
resistance or insufficient insulin secretion, muscle cells may
compensate for the inadequate glucose uptake and utilization by
increasing the number of type IIx fibers. This compensatory
mechanism may help diabetic patients maintain their ability
to perform rapid and forceful muscle contractions. The
aforementioned results suggest that changes in muscle fibers in
T2DM patients are primarily influenced by the disease itself, and
muscle damage in T2DM is influenced by the underlying
mechanisms of the disease. However, these studies have
limitations due to small sample sizes, and in the study conducted
by Leenders et al. (67) with a relatively larger sample size, they
found that compared to the healthy control group, T2DM patients
showed no significant difference in the cross-sectional area of type I
and type II muscle fibers, no significant difference in the proportion
of muscle fibers between the two groups, and a significant
correlation between the cross-sectional area of type II muscle
fibers and lean body weight, skeletal muscle mass, leg extension,
and leg push strength. Furthermore, there is currently a lack of
research specifically focusing on T2DM sarcopenia patients. Choe
et al. (70) research founded that categorizing pork into high,
medium, and low blood glucose level groups revealed that
compared to the medium and low blood glucose level groups, the
high blood glucose group consisted of a lower proportion of type I
fibers (6.44 vs. 8.77 vs. 8.56%, P < 0.05) and a higher proportion of
type IIb fibers (85.68 vs. 82.09 vs. 82.24%, P < 0.05). The situation
was reversed for the medium and low groups. Pearson correlation
analysis showed a positive correlation between blood glucose levels
and myofibrillar protein solubility (+* = 0.193, P < 0.01), as well as a
positive correlation with myosin heavy chain protein solubility (* =
0.342, P < 0.001), indicating a relationship between blood glucose
levels and muscle fiber composition. Observation of adult pig
muscles by Choe et al. (71) also found that groups with high
blood glucose levels had a lower percentage of type I fibers and a
higher percentage of type IIb fibers (3.95% vs. 88.15%), while the
situation was reversed for the low blood glucose group (8.54% vs.
82.80%). The composition of muscle fiber types may affect blood
glucose levels, subsequently impacting lactate and cortisol levels.
Type I muscle fibers are primarily responsible for long-duration
endurance activities and participate in aerobic metabolism. Patients
with T2DM-related sarcopenia may have difficulty effectively
utilizing oxygen and fatty acids to generate energy, leading to
metabolic changes that affect energy metabolism and overall health.
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In summary, muscle fiber changes in T2DM-related sarcopenia
differ from those in sarcopenia and disuse muscle atrophy. T2DM-
related sarcopenia is primarily characterized by a reduction in type I
muscle fibers and potential increase in type II fibers, which is a
complication of diabetes. On the other hand, sarcopenia is
characterized by age-related chronic reduction in muscle mass
and strength, predominantly affecting type II fibers. Disuse
muscle atrophy occurs during prolonged inactivity and is
characterized by decreased muscle mass, changes in type I fiber
type and structure, as well as metabolic and functional decline.
These differences in muscle fiber changes likely contribute to
inconsistencies in energy metabolism and various muscle cell
functions, and are associated with the pathological changes in
T2DM. Further research is needed to investigate the impact of
these differences on patients’ metabolism and immune response.

2.3 Comparison of the pathogenesis of
sarcopenia and disuse muscle atrophy

Muscle protein synthesis is the process through which muscle
cells produce new protein molecules to increase the size and
quantity of muscle fibers. This process is regulated by multiple
signaling pathways, including the mTOR (mammalian target of
rapamycin) and Akt (protein kinase B, PKB) pathways. The mTOR
pathway plays a critical role in promoting muscle protein synthesis
by activating mTORC, which in turn phosphorylates various
downstream substrates to enhance translation and peptide chain
elongation, thereby increasing protein synthesis (72). The Akt
pathway also contributes to the promotion of muscle protein
synthesis. Akt controls protein synthesis and degradation by
activating mTOR and regulating ribosome protein S6 kinase 1
(S6K1) and forkhead box O (FOXO). Akt phosphorylates FOXO
transcription factors at multiple sites, leading to the exclusion of
phosphorylated FOXO proteins from the cell nucleus and inhibiting
their transcriptional function, thus suppressing the degradation of
muscle proteins (73, 74). On the other hand, muscle protein
degradation refers to the breakdown and degradation of protein
molecules in muscle cells, a process in which the FOXO family of
transcription factors plays a crucial role. All forms of FOXOs are
expressed in skeletal muscle, with FOXO1 and FOXO3 being the
most abundant. FOXO can activate the ubiquitin-proteasome and
autophagy pathways. The ubiquitin-proteasome pathway is a major
route involved in protein degradation, marking specific proteins as
targets for degradation and degrading them through proteasomes,
thereby facilitating protein degradation. Although autophagy plays
a crucial role in maintaining cellular homeostasis and metabolic
balance, and is involved in maintaining muscle homeostasis and
function, an increase in autophagy-regulating proteins may help
alleviate muscle apoptosis and oxidative damage, thereby
maintaining the health of muscle tissue. However, autophagy
decreases during normal aging, and this decrease is associated
with an increase in abnormal mitochondria. These changes can
lead to mitochondrial dysfunction and damage to muscle quality,
ultimately leading to muscle atrophy. Furthermore, autophagy may
also be excessively activated in sarcopenia, and excessive autophagy
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can result in muscle protein degradation and muscle loss (72, 75-
77) (See Figure 1).

With aging, there is often a concurrent presence of malnutrition
or inadequate nutrient intake, which can hinder muscle protein
synthesis. Protein plays a crucial role in muscle synthesis, and a lack
of protein intake can reduce the ability of muscle protein synthesis.
Furthermore, other essential nutrients such as amino acids and
vitamin D also have significant effects on muscle protein synthesis
(78). Hormone levels also undergo changes as individuals age. For
example, there is a decline in growth hormone (GH) and
testosterone levels. These hormonal changes have the potential to
affect muscle synthesis and maintenance (79-81). When GH binds
to the receptors on the cell membrane, it activates the PI3K enzyme,
which further phosphorylates PIP2 on the cell membrane,
generating PIP3. Subsequently, PIP3 recruits Akt to the cell
membrane and activates its phosphorylation process. The
activated Akt inhibits the activity of FOXO, reduces protein
degradation and autophagy, thus promoting muscle growth and
maintenance. Additionally, Akt directly phosphorylates and
activates mTOR, which enhances the signaling pathways related
to protein synthesis and stimulates muscle cells to produce more
protein, thereby promoting muscle growth (82). Testosterone can
also impact the phosphorylation process of Akt/mTOR, thereby
regulating their activity. Activated Akt suppresses the activity of
FOXO (a transcription factor), reducing protein degradation and
autophagy, thus promoting muscle growth and maintenance.
Similarly, activated mTOR enhances the signaling pathways
related to protein synthesis, prompting muscle cells to produce
more protein and promoting muscle growth (83). These factors
contribute to an imbalance between muscle protein synthesis
and degradation, playing a crucial role in the development
of sarcopenia.

Aging is characterized by the presence of chronic low-grade
inflammation, characterized by increased concentrations of
interleukin-6 (IL-6), tumor necrosis factor-o. (TNF-a), and C-
reactive protein (CRP) (84). These inflammatory factors can
mediate mTOR and FOXO signaling through the ubiquitin-
proteasome system and autophagy, leading to skeletal muscle
protein loss. For example, excessive expression of IL-6 can induce
cellular autophagy and muscle atrophy by activating JAK-STAT
signaling pathways, while also promoting the upregulation of
FOXO3a signaling, leading to activation of the ubiquitin-
proteasome system and skeletal muscle protein degradation (85,
86). Excessive expression of TNF-o can activate the nuclear factor-
kB (NF-xB) signaling pathway, which stimulates myostatin, a
muscle growth inhibitor. Myostatin can inhibit skeletal protein
synthesis through the Akt/mTOR pathway and regulate FOXO
signaling, thus contributing to skeletal muscle atrophy (87, 88). As
individuals age, cells produce more reactive oxygen species (ROS) in
a resting state, leading to oxidative stress in the body (89). In a
moderate range, ROS serves as a normal cell signaling molecule and
plays an important role in regulating normal physiological
processes. Appropriate levels of ROS can promote muscle
differentiation and adaptive responses, thereby enhancing muscle
strength and function. For example, Kim et al. (90) found that
increased ROS levels can activate the PI3K/AKT/mTOR cascade,
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Comparison of the Potential Mechanisms of Sarcopenia and Disuse Muscle Atrophy. ©® Aging leads to nutrient deficiency, chronic inflammation,
endocrine imbalance, and oxidative stress, inhibiting mTOR pathway synthesis of muscle protein; @ Chronic inflammation and oxidative stress
caused by aging promote FOXO3 leading to muscle protein degradation; ® Reduced muscle stimulation caused by disuse results in hormone (such
as testosterone) imbalance, chronic low-grade inflammation state causing muscle protein degradation through FOXO1; @ FOXO1 can inhibit mTOR
affecting muscle protein synthesis. ROS, Reactive Oxygen Species; FOXO, Forkhead Box O; PI3K, Phosphoinositide 3-kinase; AKT, Protein Kinase B;

mTOR, Mammalian Target of Rapamycin.

leading to mTORCI1 activation through phosphorylation of unc-51-
like autophagy-activating kinase 1 at the serine 317 site and
upregulation of Atg protein expression, inducing autophagic
signaling to further promote muscle differentiation, which is a
critical step in muscle development and growth. However, high
levels of ROS can inhibit protein synthesis by suppressing the PI3K/
AKT/mTOR pathway and result in the overexpression of FOXO3,
thereby triggering cellular autophagy and apoptosis. These
mechanisms ultimately contribute to the development of muscle
aging (91, 92).

Both FOXO1 and FOXO3 play a role in muscle atrophy, with
FOXOL potentially having a predominant role in disuse atrophy,
while FOXO3 primarily mediates sarcopenia. High expression of
FOXO3 has been detected in the muscles of sarcopenia patients.
FOXO3 is believed to promote protein degradation by activating
genes such as Atrogin-1 and MuRF1. It can also activate apoptosis-
related genes, such as BNIP3, promoting cell apoptosis. Conversely,
reducing FOXO3 expression can inhibit cell apoptosis, activate
satellite cells, and promote their differentiation into muscle cells
(93). Intervention studies targeting sarcopenia have shown that
inhibiting the activity of FOXO3a and blocking the ubiquitin-
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proteasome signaling pathway mediated by FOXO3 can inhibit
muscle protein degradation and promote muscle protein synthesis,
providing therapeutic effects against sarcopenia (94, 95). On the
other hand, the FOXOI signaling pathway may primarily be
involved in the development of skeletal muscle atrophy induced
by disuse. FOXO1 is believed to be involved in muscle growth,
metabolism, and cell differentiation, as well as regulating muscle
fiber type specialization, with higher expression in muscles rich in
fast-twitch fibers (96). FOXOI plays an important role in regulating
various proteases involved in protein degradation in muscles. It
promotes protein degradation by activating E3 ubiquitin ligases
such as MAFbx/atrogin-1 and MuRF1. It also affects muscle fibers
by regulating cellular autophagy mechanisms. FOXO1 inhibits
muscle cell differentiation by inhibiting the PI3K/Akt pathway.
Additionally, it lowers the level of mTOR protein by reducing IGF-
IT expression, interfering with the differentiation process of
myoblasts (96, 97). Studies on transgenic mice by Kamei et al.
(98) showed that in skeletal muscles of FOXO1 mice, both the size
of type I and type II fibers were significantly reduced, and the
number of type I fibers was also significantly decreased. FOXO1
negatively regulates skeletal muscle mass and the expression of type
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I fiber genes, leading to impaired skeletal muscle function. Yuan
et al. (99) also found that FOXO1 can enhance the expression of
fast-twitch MyHC protein while inhibiting the expression of slow-
twitch MyHC protein. Inhibition of FOXO1 may contribute to the
transformation of fast fibers to slow fibers in the body. Studies by
Vilchinskaya et al. (97) on a microgravity functional unloading rat
model showed that FOXO1 can induce the transition of slow fibers
to fast fibers through up-regulation of MuRF-1 and MuRF-2
expression, ultimately leading to disuse muscle atrophy. Although
there have been studies suggesting that abnormal inflammatory
factors and oxidative stress may play an important role in the
muscle fiber changes induced by FOXOI, prolonged inactivity leads
to the activation of FOXO1, which in turn activates a series of genes,
including some related to inflammatory responses. The activation of
these genes results in a sustained increase in inflammatory
responses, leading to the occurrence of chronic low-grade
inflammation, and leads to an increase in the production of ROS,
an important signaling molecule responsible for mediating
downstream muscle dysfunction and atrophy (99-102). However,
there is still a lack of sufficient research to support the notion that
long-term disuse can lead to abnormal inflammatory factors and
increased ROS. Therefore, further investigation and more data are
needed to support the understanding of the mechanisms underlying
disuse muscle atrophy (See Figure 2).

2.4 Possible pathogenic mechanisms of
T2DM-related sarcopenia

T2DM patients, similar to those with sarcopenia, exhibit
chronic inflammation and increased oxidative stress, resulting in
elevated levels of IL-6, TNF-o, and CRP. The loss of muscle in
T2DM may be influenced by the PI3K/Akt/mTOR pathway, which
regulates protein metabolism. However, the specific mechanisms by
which these pathways affect muscle fiber, muscle cell metabolism,
and neural fiber innervation in T2DM patients are still unclear and
require further research (103, 104). Insulin resistance is another
mechanism underlying T2DM-related sarcopenia. It is considered a
major cause of muscle atrophy and is closely associated with the
activity of mTORC and the FOXO family. The mTORC signaling
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pathway plays a significant role in regulating insulin sensitivity in
skeletal muscle. Insulin activates mTORCI1, promoting skeletal
muscle protein synthesis. Inhibition of the mTORC1 pathway
during muscle atrophy reduces muscle protein synthesis, leading
to muscle loss. Insulin resistance can also induce skeletal muscle
protein degradation through cellular autophagy (105-107). Insulin
indirectly inhibits the activity of FOXO through Akt. Insulin
resistance increases the expression of FOXO1, which inhibits
mTORCI activity. These factors contribute to abnormal muscle
differentiation and muscle atrophy (108, 109). The changes in type I
muscle fibers in T2DM patients may also be associated with insulin
resistance. T2DM is a chronic endocrine disorder, and the changes
in its muscle tissue are more complex than sarcopenia and disuse
muscle atrophy. Elevated cortisol levels in T2DM patients may
influence mTOR expression through different pathways, leading to
muscle breakdown (110-113). Prostaglandins (PGs) have a dual
effect on regulating insulin secretion and pancreatic B-cell
proliferation, which are closely related to insulin resistance. They
also play a significant role in muscle regulation. Upregulation of
PGs may be associated with ferroptosis and iron metabolism
disorders, leading to metabolic abnormalities and functional
impairments in muscles (114, 115). PGs may also influence
changes in muscle fiber types in T2DM patients and play a role
in muscle growth and development (116, 117). Insulin-like growth
factor (IGF-1) and growth hormone (GH) have been studied in
relation to muscle mass and sarcopenia. IGF-1 promotes muscle
growth and development, while GH activates mTOR and
suppresses protein breakdown, ultimately increasing muscle mass
(24, 118-120). The interaction between IL-6 and IGF-1 pathways
can modulate inflammation response and alleviate sarcopenia
(121). In summary, the occurrence of sarcopenia in T2DM
patients is influenced by multiple factors, including cortisol, PGs,
IGF-1, GH, and inflammatory factors. These factors collectively
impact changes in muscle fiber types (See Figure 3).

In summary, malnutrition, hormonal changes, inflammatory
state, and oxidative stress play important roles in muscle atrophy.
The mechanisms involve multiple signaling pathways, including
mTOR, Akt, and FOXO. However, the specific mechanisms are still
not fully understood, and further research is needed to elucidate the
precise mechanisms of mTOR, Akt, FOXO, and their interactions in
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The possible endocrine mechanisms of muscle wasting associated with T2DM. ® Insulin, IGF-1, and other factors can activate the mTOR signaling
pathway to promote muscle protein synthesis, thereby enhancing muscle growth and repair; @ Insulin and GH can inhibit the impact of FOXO on
muscle protein degradation; ® GH activates downstream mTOR through the Akt signaling pathway mediated by IGF-I, promoting protein synthesis;
@ Inflammatory conditions in T2DM induce insulin resistance, inhibiting protein synthesis as in mechanism®; ® Inflammatory conditions in T2DM
induce IGF-1 resistance, inhibiting protein synthesis as in mechanism®; ®Elevated levels of cortisol in T2DM suppress muscle protein synthesis by
inhibiting the mTOR signaling pathway; @ Inflammation triggers cell autophagy via the FOXO pathway leading to muscle protein degradation;

® Inflammation activates FOXO proteins leading to muscle protein degradation. T2DM, Type 2 Diabetes Mellitus; mTOR, Mammalian Target of
Rapamycin; FOXO, Forkhead box O; Akt, Protein Kinase B; PI3K, Phosphoinositide 3-kinase; IGF-I, Insulin-like Growth Factor-I; GH, Insulin and
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different types of muscle atrophy. Additionally, in the case of T2DM
patients, it is necessary to understand the distinct mechanisms
underlying muscle alterations compared to sarcopenia, which can
provide insights into the pathogenesis of T2DM itself. Further
exploration of these mechanisms can enhance our understanding
of muscle atrophy in T2DM patients and provide new strategies for
prevention and treatment.

2.5 Exploring the endocrine significance of
sarcopenia in T2DM

In the previous section, we discussed the possible mechanisms
of sarcopenia in patients with T2DM. Among these mechanisms,
the endocrine system plays a crucial role in regulating muscle
growth and metabolism, including the influence of insulin,
growth hormone, and testosterone on muscle. Therefore,
understanding the complex interactions between the endocrine
system and muscle metabolism is essential for preventing and
treating muscle wasting associated with type 2 diabetes.

Sarcopenia in patients with T2DM can have various effects on
glucose metabolism and energy utilization. Firstly, the atrophy of type
I muscle fibers can lead to a decrease in energy metabolism efficiency.
Type I muscle fibers are important for providing energy during
endurance activities (122). A reduction in these fibers can result in
insufficient energy supply, causing patients to feel more fatigued
during long-duration or low-intensity endurance exercises. Secondly,
the atrophy of type I muscle fibers may affect muscle stability and
endurance. Type I fibers have slow contraction speed and fatigue
resistance (123). Their decrease can reduce muscle endurance and
stability, making patients more susceptible to muscle pain and
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fatigue. Additionally, the decrease in type I muscle fibers can
impact glucose uptake and utilization. Type I fibers have high
oxidative capacity and can convert glucose into energy (124). A
reduction in these fibers can affect glucose uptake and utilization,
leading to elevated blood glucose levels and worsening insulin
resistance. Consequently, this can further exacerbate the patient’s
glucose metabolism issues. In addition to the atrophy of type I fibers,
T2DM patients also exhibit an increase in type II fibers. Soderlund
et al. (125) studied muscle fiber types in T2DM patients compared to
healthy volunteers and found differences in metabolic and
contraction characteristics. Specifically, in T2DM patients,
compared to healthy volunteers, type II fibers had higher resting
levels of ATP, phosphocreatine, and glycogen. Additionally, the
degradation rate of phosphocreatine and glycogen was higher in
T2DM patients, especially in type IIb fibers, which may make T2DM
patients more susceptible to fatigue during intense exercise.

Insulin resistance associated with T2DM can act on pathways
such as mTOR and FOXO to promote muscle atrophy, leading to
the occurrence of sarcopenia. Furthermore, there is a mutual
promotion relationship between sarcopenia and insulin. Studies
suggest that sarcopenia can affect lipid metabolism, leading to the
accumulation of lipids and their derivatives inside and outside
muscle cells. This lipid accumulation may interfere with normal
metabolic activities within the cells, leading to mitochondrial
dysfunction, disruption of fatty acid B-oxidation, enhanced
production of reactive oxygen species, and subsequently causing
insulin resistance, lipotoxicity, and increased secretion of certain
inflammatory factors. These factors may lead to inflammation,
ultimately establishing a vicious cycle of local inflammation and
insulin resistance, which further exacerbates the development of
sarcopenia (126, 127).
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Sarcopenia in T2DM patients is mainly characterized by type I
fiber loss. Animal studies have shown that different fiber types can
affect insulin sensitivity. Muscles rich in type I and IIA fibers have a
higher ability to uptake glucose under insulin stimulation, while
muscles rich in type IIB and IIX fibers have lower insulin sensitivity
(128). Therefore, if type I fibers decrease or type IIB fibers increase,
it may lead to a decrease in insulin sensitivity, further exacerbating
insulin resistance. This observation further emphasizes the
important role of muscle fiber type in regulating insulin
sensitivity. Additionally, type I muscle fibers have abundant
mitochondria, which are the energy production centers within
cells. Disrupted energy metabolism, due to impaired
mitochondrial function in muscles, can negatively affect insulin
action and contribute to insulin resistance (129).

Apart from insulin, patients with T2DM may also experience
abnormal secretion of other hormones, such as growth hormone,
leptin, and cholecystokinin (CCK). Leptin levels are associated with
[-cell secretion and have been found to be abnormal in patients with
sarcopenia. Furthermore, significantly elevated CCK concentrations
have been observed in patients with sarcopenia. These hormones play
important roles in appetite control and regulation of insulin
secretion, and their abnormal secretion may have an impact on
blood glucose control (130-133). This aberrant secretion may be
related to conditions associated with sarcopenia, such as
inflammation and oxidative stress. However, further research is
needed, particularly regarding the unique changes in muscle fiber
types in T2DM with sarcopenia, the resulting effects, and whether
these effects differ from those caused by sarcopenia alone. Addressing
these questions will require additional investigation.

3 Prevention and treatment strategies

Currently, there is no definitive method for preventing and
treating muscle wasting disorders. Exercise and nutritional
supplementation are widely recognized as intervention measures
(29, 134). Resistance training has been shown to effectively slow
down the progression of muscle wasting disorders. It stimulates
muscle protein accumulation, promotes skeletal muscle protein
synthesis, and improves muscle quality, strength, balance, and
endurance. The underlying mechanisms may involve the
activation of the Akt/mTOR signaling system and the inhibition
of FOXO/MuRF1 expression, which positively affect protein
metabolism and inhibit muscle protein breakdown (135-137).
However, these studies lack sufficient support from basic research
and clinical practice. Studies on disuse muscle atrophy suggest that
it has the potential for self-recovery, unlike muscle wasting
disorders (138). This potential recovery may be related to
individual conditions and the duration of disuse, but further
research is needed. In diabetic patients, the reduction of type I
muscle fibers may lead to decreased energy metabolism efficiency,
changes in muscle contraction characteristics, restricted glucose
uptake, and decreased exercise capacity. Unlike disuse muscle
atrophy, which is a physiological change, diabetic-related muscle
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wasting is a pathological condition and relatively difficult to recover
from. Accurately distinguishing between types of fiber atrophy can
help assess patients’ exercise capacity and predict disease
progression. Therefore, preventive measures need to consider
these differences. While endurance training and protein intake are
effective for many cases of muscle wasting disorders, they may not
necessarily apply to all types of muscle atrophy. For disuse muscle
atrophy, which may be related to factors such as prolonged bed rest
and lack of activity, the focus of prevention should be on promoting
active participation in rehabilitation exercises and restoring activity
capacity. For T2DM patients with muscle wasting, in addition to
considering appropriate resistance training and high-intensity
interval training, increasing the intake of foods rich in
antioxidants and branched-chain amino acids is important.
Special attention should also be given to blood sugar control,
targeted treatment, and nutritional regulation due to the specific
endocrine and metabolic abnormalities associated with diabetes
that affect muscle. Regular assessment of muscle mass and function,
as well as monitoring muscle health, are essential measures,

especially for screening young patients.

4 Current issues and
future perspectives

This review offers a comprehensive comparison and summary
of sarcopenia, disuse muscle atrophy, and T2DM-related
sarcopenia, focusing on pathological changes, epidemiology,
clinical presentation, etiology, and prevention and treatment
strategies. The findings demonstrate that these three conditions
share similarities and differences in terms of etiology, age
characteristics, pathological changes, clinical presentation, and
disease mechanisms. Understanding these differences is crucial for
accurately defining muscle-related issues in T2DM and other
chronic diseases. Despite the widespread attention to sarcopenia,
numerous unresolved issues and gaps in understanding T2DM-
related sarcopenia persist. For instance, why T2DM-related
sarcopenia primarily affects type I muscle fibers and what are the
specific mechanisms underlying its pathogenesis? How do the
pathological changes in T2DM itself contribute to muscle loss?
What about muscle wasting in younger T2DM patients? Therefore,
as a distinct form of muscle loss, T2DM-related sarcopenia requires
further research to better understand its epidemiology, pathological
mechanisms, and optimal diagnostic and treatment strategies. It
cannot simply rely on the prevention and treatment strategies used
for sarcopenia. More research is needed to address these questions.
In future studies on muscle atrophy, it is essential to consider
changes in muscle mass and function in different age groups and
disease populations and to develop targeted interventions to
improve individuals’ quality of life and health.

For future research, it is recommended to focus on the following
aspects: first, conducting in-depth investigation of the pathological
mechanisms and regulation of relevant signaling pathways in
sarcopenia, disuse muscle atrophy, and secondary sarcopenia.
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Understanding these mechanisms is crucial for developing more
effective prevention and treatment strategies. Second, further
exploration of the role of exercise and nutritional interventions in
muscle atrophy, including comparisons of different exercise
modalities and the impact of nutritional supplementation on
muscle mass and function. Large-scale epidemiological surveys
and clinical data collection are needed to develop diagnostic
criteria specific to T2DM-related sarcopenia. In conclusion,
further research will contribute to a better understanding of the
pathological mechanisms and prevention and treatment strategies
for sarcopenia, disuse muscle atrophy, and T2DM-related
sarcopenia, ultimately providing guidance to improve muscle
mass and quality of life in individuals affected by these conditions.

Author contributions

ZL: Writing - original draft, Writing - review & editing. YG:
Writing - original draft. CZ: Writing - review & editing.

References

1. Bauer ], Morley JE, Schols AMW], Ferrucci L, Cruz-Jentoft AJ, Dent E, et al.
Sarcopenia: a time for action. An SCWD position paper. ] Cachexia Sarcopenia Muscle.
(2019) 10:956-61. doi: 10.1002/jcsm.12483

2. Sun L, Miyaji N, Yang M, Mills EM, Taniyama S, Uchida T, et al. Astaxanthin
prevents atrophy in slow muscle fibers by inhibiting mitochondrial reactive oxygen
species via a mitochondria-mediated apoptosis pathway. Nutrients. (2021) 13:379.
doi: 10.3390/nu13020379

3. Sbrignadello S, Gobl C, Tura A. Bioelectrical impedance analysis for the
assessment of body composition in sarcopenia and type 2 diabetes. Nutrients. (2022)
14:1864. doi: 10.3390/nu14091864

4. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al.
European Working Group on Sarcopenia in Older people: Sarco Penia: European
consensus on definition and diagnosis. Report of the European Working Group on
Sarcopenia in Older people. Age Ageing. (2010) 39:412-23. doi: 10.1093/ageing/afq034

5. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyére O, Cederholm T, et al.
Sarcopenia: revised European consensus on definition and diagnosis. Age Ageing.
(2019) 48:601. doi: 10.1093/ageing/afz046

6. Kirk B, Zanker J, Duque G. Osteosarcopenia: epidemiology, diagnosis, and
treatment - facts and numbers. J Cachexia Sarcopenia Muscle. (2020) 11:609-18.
doi: 10.1002/jcsm.12567

7. Janssen I, Heymsfield SB, Ross R. Low relative skeletal muscle mass (Sarcopenia)
in older persons is associated with functional impairment and physical disability. J Am
Geriatr Soc. (2002) 50:889-96. doi: 10.1046/j.1532-5415.2002.50216.x

8. Fielding RA, Vellas B, Evans WJ, Bhasin S, Morley JE, Newman AB, et al.
Sarcopenia: an undiagnosed condition in older adults. Current consensus definition:
prevalence, etiology, and consequences. International working group on sarcopenia. J
Am Med Dir Assoc. (2011) 12:249-56. doi: 10.1016/j.jamda.2011.01.003

9. Chen LK, Liu LK, Woo J, Assantachai P, Auyeung TW, Bahyah KS, et al.
Sarcopenia in asia: consensus report of the asian working group for sarcopenia. ] Am
Med Dir Assoc. (2014) 15:95-101. doi: 10.1016/j.jamda.2013.11.025

10. Chen LK, Woo J, Assantachai P, Auyeung TW, Chou MY, Iijima K, et al. Asian
working group for sarcopenia: 2019 consensus update on sarcopenia diagnosis and
treatment. ] Am Med Dir Assoc. (2020) 21:300-307.e2. doi: 10.1016/j.jamda.2019.12.012

11. Brotto M. Lessons from the FNIH-NIA-FDA sarcopenia consensus summit.
IBMS Bonekey. (2012) 9:210. doi: 10.1038/bonekey.2012.210

12. Morley JE, Abbatecola AM, Argiles JM, Baracos V, Bauer J, Bhasin S, et al.
Sarcopenia with limited mobility: an international consensus. ] Am Med Dir Assoc.
(2011) 12:403-9. doi: 10.1016/j.jamda.2011.04.014

13. Petermann-Rocha F, Balntzi V, Gray SR, Lara J, Ho FK, Pell JP, et al. Global
prevalence of sarcopenia and severe sarcopenia: a systematic review and meta-analysis.
J Cachexia Sarcopenia Muscle. (2022) 13:86-99. doi: 10.1002/jcsm.12783

14. Ontan MS, Dokuzlar O, Ates Bulut E, Soysal P, Isik AT. The relationship
between osteoporosis and sarcopenia, according to EWGSOP-2 criteria, in outpatient
elderly. ] Bone Miner Metab. (2021) 39:684-92. doi: 10.1007/s00774-021-01213-6

Frontiers in Endocrinology

12

10.3389/fendo.2024.1375610

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

15. de Sire A, Ferrillo M, Lippi L, Agostini F, de Sire R, Ferrara PE, et al. Sarcopenic
dysphagia, malnutrition, and oral frailty in elderly: A comprehensive review. Nutrients.
(2022) 14:982. doi: 10.3390/nu14050982

16. Fabrega-Cuadros R, Cruz-Diaz D, Martinez-Amat A, Aibar-Almazan A,
Redecillas-Peiro MT, Hita-Contreras F. Associations of sleep and depression with
obesity and sarcopenia in middle-aged and older adults. Maturitas. (2020) 142:1-7.
doi: 10.1016/j.maturitas.2020.06.019

17. Chen X, Han P, Yu X, Zhang Y, Song P, Liu Y, et al. Relationships between
sarcopenia, depressive symptoms, and mild cognitive impairment in Chinese
community-dwelling older adults. J Affect Disord. (2021) 286:71-7. doi: 10.1016/
1.jad.2021.02.067

18. Koon-Yee Lee G, Chun-Ming Au P, Hoi-Yee Li G, Chan M, Li HL, Man-Yung
Cheung B, et al. Sarcopenia and mortality in different clinical conditions: A meta-
analysis. Osteoporos Sarcopenia. (2021) 7:519-27. doi: 10.1016/j.af0s.2021.02.001

19. Yuan S, Larsson SC. Epidemiology of sarcopenia: Prevalence, risk factors, and
consequences. Metabolism. (2023) 144:155533. doi: 10.1016/j.metabol.2023.155533

20. Moctezuma-Velazquez C, Low G, Mourtzakis M, Ma M, Burak KW, Tandon P,
et al. Association between low testosterone levels and sarcopenia in cirrhosis: A cross-
sectional study. Ann Hepatol. (2018) 17:615-23. doi: 10.5604/01.3001.0012.0930

21. Shu H, Huang Y, Zhang W, Ling L, Hua Y, Xiong Z. An integrated study of
hormone-related sarcopenia for modeling and comparative transcriptome in rats. Front
Endocrinol (Lausanne). (2023) 14:1073587. doi: 10.3389/fend0.2023.1073587

22. Zanders L, Kny M, Hahn A, Schmidt S, Wundersitz S, Todiras M, et al. Sepsis
induces interleukin 6, gp130/JAK2/STAT3, and muscle wasting. ] Cachexia Sarcopenia
Muscle. (2022) 13:713-27. doi: 10.1002/jcsm.12867

23. Li CW, Yu K, Shyh-Chang N, Li GX, Jiang L], Yu SL, et al. Circulating factors
associated with sarcopenia during ageing and after intensive lifestyle intervention. J
Cachexia Sarcopenia Muscle. (2019) 10:586-600. doi: 10.1002/jcsm.12417

24. Bian A, Ma Y, Zhou X, Guo Y, Wang W, Zhang Y, et al. Association between
sarcopenia and levels of growth hormone and insulin-like growth factor-1 in the
elderly. BMC Musculoskelet Disord. (2020) 21:214. doi: 10.1186/s12891-020-03236-y

25. Sha T, Wang Y, Zhang Y, Lane NE, Li C, Wei J, et al. Genetic variants, serum 25-
hydroxyvitamin D levels, and sarcopenia: A mendelian randomization analysis. JAMA
Netw Open. (2023) 6:¢2331558. doi: 10.1001/jamanetworkopen.2023.31558

26. Zhang H, Du Y, Tang W, Chen M, Yu W, Ke Z, et al. Eldecalcitol prevents
muscle loss and osteoporosis in disuse muscle atrophy via NF-xB signaling in mice.
Skelet Muscle. (2023) 13:22. doi: 10.1186/s13395-023-00332-0

27. Kneppers A, Leermakers P, Pansters N, Backx E, Gosker H, van Loon L, et al.
Coordinated regulation of skeletal muscle mass and metabolic plasticity during
recovery from disuse. FASEB J. (2019) 33:1288-98. doi: 10.1096/j.201701403RRR

28. Oikawa SY, Holloway TM, Phillips SM. The impact of step reduction on muscle
health in aging: protein and exercise as countermeasures. Front Nutr. (2019) 6:75.
doi: 10.3389/fnut.2019.00075

frontiersin.org


https://doi.org/10.1002/jcsm.12483
https://doi.org/10.3390/nu13020379
https://doi.org/10.3390/nu14091864
https://doi.org/10.1093/ageing/afq034
https://doi.org/10.1093/ageing/afz046
https://doi.org/10.1002/jcsm.12567
https://doi.org/10.1046/j.1532-5415.2002.50216.x
https://doi.org/10.1016/j.jamda.2011.01.003
https://doi.org/10.1016/j.jamda.2013.11.025
https://doi.org/10.1016/j.jamda.2019.12.012
https://doi.org/10.1038/bonekey.2012.210
https://doi.org/10.1016/j.jamda.2011.04.014
https://doi.org/10.1002/jcsm.12783
https://doi.org/10.1007/s00774-021-01213-6
https://doi.org/10.3390/nu14050982
https://doi.org/10.1016/j.maturitas.2020.06.019
https://doi.org/10.1016/j.jad.2021.02.067
https://doi.org/10.1016/j.jad.2021.02.067
https://doi.org/10.1016/j.afos.2021.02.001
https://doi.org/10.1016/j.metabol.2023.155533
https://doi.org/10.5604/01.3001.0012.0930
https://doi.org/10.3389/fendo.2023.1073587
https://doi.org/10.1002/jcsm.12867
https://doi.org/10.1002/jcsm.12417
https://doi.org/10.1186/s12891-020-03236-y
https://doi.org/10.1001/jamanetworkopen.2023.31558
https://doi.org/10.1186/s13395-023-00332-0
https://doi.org/10.1096/fj.201701403RRR
https://doi.org/10.3389/fnut.2019.00075
https://doi.org/10.3389/fendo.2024.1375610
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Liu et al.

29. de Freitas MM, de Oliveira VLP, Grassi T, Valduga K, Miller MEP, Schuchmann
RA, et al. Difference in sarcopenia prevalence and associated factors according to 2010
and 2018 European consensus (EWGSOP) in elderly patients with type 2 diabetes
mellitus. Exp Gerontol. (2020) 132:110835. doi: 10.1016/j.exger.2020.110835

30. Fung FY, Koh YLE, Malhotra R, Ostbye T, Lee PY, Shariff Ghazali S, et al.
Prevalence of and factors associated with sarcopenia among multi-ethnic ambulatory
older Asians with type 2 diabetes mellitus in a primary care setting. BMC Geriatr.
(2019) 19:122. doi: 10.1186/s12877-019-1137-8

31. Masahito S, Tatsunori H, Takao M. Liver cirrhosis and sarcopenia. Nippon
Shokakibyo Gakkai Zasshi. (2023) 120:709-16. doi: 10.11405/nisshoshi.120.709

32. Lin JA, Hou JD, Wu SY. Effect of sarcopenia on mortality in type 2 diabetes: A
long-term follow-up propensity score-matched diabetes cohort study. J Clin Med.
(2022) 11:4424. doi: 10.3390/jcm11154424

33. Jung HN, Jung CH, Hwang YC. Sarcopenia in youth. Metabolism. (2023)
144:155557. doi: 10.1016/j.metabol.2023.155557

34. LiR, Lin S, Tu]J, Chen Y, Cheng B, Mo X, et al. Establishment and evaluation of a
novel practical tool for the diagnosis of pre-sarcopenia in young people with diabetes
mellitus. J Transl Med. (2023) 21:393. doi: 10.1186/s12967-023-04261-w

35. AiY, Xu R, Liu L. The prevalence and risk factors of sarcopenia in patients with
type 2 diabetes mellitus: a systematic review and meta-analysis. Diabetol Metab Syndr.
(2021) 13:93. doi: 10.1186/s13098-021-00707-7

36. Nakanishi S, Iwamoto M, Shinohara H, Iwamoto H, Kaneto H. Impact of
sarcopenia on glycemic control and atherosclerosis in Japanese patients with type 2
diabetes: Cross-sectional study using outpatient clinical data. Geriatr Gerontol Int.
(2020) 20:1196-201. doi: 10.1111/ggi.14063

37. He Q, Wang X, Yang C, Zhuang X, Yue Y, Jing H, et al. Metabolic and nutritional
characteristics in middle-aged and elderly sarcopenia patients with type 2 diabetes. ]
Diabetes Res. (2020) 2020:6973469. doi: 10.1155/2020/6973469

38. Brash PD, Foster ], Vennart W, Anthony P, Tooke JE. Magnetic resonance
imaging techniques demonstrate soft tissue damage in the diabetic foot. Diabetes Med.
(1999) 16:55-61. doi: 10.1046/j.1464-5491.1999.00005.x

39. Moreillon M, Conde Alonso S, Broskey NT, Greggio C, Besson C, Rousson V,
et al. Hybrid fiber alterations in exercising seniors suggest contribution to fast-to-slow
muscle fiber shift. J Cachexia Sarcopenia Muscle. (2019) 10:687-95. doi: 10.1002/
jesm.12410

40. Cheuy VA, Dayton MR, Hogan CA, Graber J, Anair BM, Voigt TB, et al.
Neuromuscular electrical stimulation preserves muscle strength early after total knee
arthroplasty: Effects on muscle fiber size. ] Orthop Res. (2023) 41:787-92. doi: 10.1002/
jor.25418

41. Morton RW, Sonne MW, Farias Zuniga A, Mohammad IYZ, Jones A, McGlory
C, et al. Muscle fibre activation is unaffected by load and repetition duration when
resistance exercise is performed to task failure. J Physiol. (2019) 597:4601-13.
doi: 10.1113/JP278056

42. Mu L, Sanders I. Muscle fiber-type distribution pattern in the human
cricopharyngeus muscle. Dysphagia. (2002) 17:87-96. doi: 10.1007/s00455-001-0108-2

43. Gates HJ, Betz WJ. Spatial distribution of muscle fibers in a lumbrical muscle of
the rat. Anat Rec. (1993) 236:381-9. doi: 10.1002/ar.1092360212

44. Ciciliot S, Rossi AC, Dyar KA, Blaauw B, Schiaffino S. Muscle type and fiber type
specificity in muscle wasting. Int ] Biochem Cell Biol. (2013) 45:2191-9. doi: 10.1016/
j.biocel.2013.05.016

45. Choe JH, Choi YM, Lee SH, Shin HG, Ryu YC, Hong KC, et al. The relation
between glycogen, lactate content and muscle fiber type composition, and their
influence on postmortem glycolytic rate and pork quality. Meat Sci. (2008) 80:355-
62. doi: 10.1016/j.meatsci.2007.12.019

46. Snijders T, Nederveen JP, Bell KE, Lau SW, Mazara N, Kumbhare DA, et al.
Prolonged exercise training improves the acute type II muscle fibre satellite cell
response in healthy older men. J Physiol. (2019) 597:105-19. doi: 10.1113/JP276260

47. Deschenes MR, Gaertner JR, O’Reilly S. The effects of sarcopenia on muscles
with different recruitment patterns and myofiber profiles. Curr Aging Sci. (2013) 6:266—
72. doi: 10.2174/18746098113066660035

48. Tanganelli F, Meinke P, Hofmeister F, Jarmusch S, Baber L, Mehaffey S, et al.
Type-2 muscle fiber atrophy is associated with sarcopenia in elderly men with hip
fracture. Exp Gerontol. (2021) 144:111171. doi: 10.1016/j.exger.2020.111171

49. Nilwik R, Snijders T, Leenders M, Groen BB, van Kranenburg J, Verdijk LB, et al. The
decline in skeletal muscle mass with aging is mainly attributed to a reduction in type II
muscle fiber size. Exp Gerontol. (2013) 48:492-8. doi: 10.1016/j.exger.2013.02.012

50. Lamboley CR, Rouffet DM, Dutka TL, McKenna MJ, Lamb GD. Effects of high-
intensity intermittent exercise on the contractile properties of human type I and type II
skeletal muscle fibers. J Appl Physiol (1985). (2020) 128:1207-16. doi: 10.1152/
japplphysiol.00014.2020

51. Pugh TD, Conklin MW, Evans TD, Polewski MA, Barbian HJ, Pass R, et al. A
shift in energy metabolism anticipates the onset of sarcopenia in rhesus monkeys. Aging
Cell. (2013) 12:672-81. doi: 10.1111/acel.12091

52. JiLL, Yeo D. Mitochondrial dysregulation and muscle disuse atrophy. FI000Res.
(2019) 8:F1000 Faculty Rev-1621. doi: 10.12688/f1000research.19139.1

53. Yeon M, Choi H, Chun KH, Lee JH, Jun HS. Gomisin G improves muscle
strength by enhancing mitochondrial biogenesis and function in disuse muscle atrophic
mice. BioMed Pharmacother. (2022) 153:113406. doi: 10.1016/j.biopha.2022.113406

Frontiers in Endocrinology

13

10.3389/fendo.2024.1375610

54. Murgia M, Ciciliot S, Nagaraj N, Reggiani C, Schiaftino S, Franchi MV, et al.
Signatures of muscle disuse in spaceflight and bed rest revealed by single muscle fiber
proteomics. PNAS Nexus. (2022) 1:pgac086. doi: 10.1093/pnasnexus/pgac086

55. Tyganov SA, Mochalova E, Belova S, Sharlo K, Rozhkov S, Kalashnikov V, et al.
Plantar mechanical stimulation attenuates protein synthesis decline in disused skeletal
muscle via modulation of nitric oxide level. Sci Rep. (2021) 11:9806. doi: 10.1038/
$41598-021-89362-6

56. Dupont-Versteegden EE. Apoptosis in muscle atrophy: relevance to sarcopenia.
Exp Gerontol. (2005) 40:473-81. doi: 10.1016/j.exger.2005.04.003

57. Shen LY, Luo J, Lei HG, Jiang YZ, Bai L, Li MZ, et al. Effects of muscle fiber type
on glycolytic potential and meat quality traits in different Tibetan pig muscles and their
association with glycolysis-related gene expression. Genet Mol Res. (2015) 14:14366-78.
doi: 10.4238/2015.November.13.22

58. Qaisar R, Bhaskaran S, Van Remmen H. Muscle fiber type diversification during
exercise and regeneration. Free Radic Biol Med. (2016) 98:56-67. doi: 10.1016/
j.freeradbiomed.2016.03.025

59. Sharma GR, Kumar V, Kanojia RK, Vaiphei K, Kansal R. Fast and slow myosin
as markers of muscle regeneration in mangled extremities: a pilot study. Eur | Orthop
Surg Traumatol. (2019) 29:1539-47. doi: 10.1007/s00590-019-02448-w

60. Izzo A, Massimino E, Riccardi G, Della Pepa G. A narrative review on sarcopenia
in type 2 diabetes mellitus: prevalence and associated factors. Nutrients. (2021) 13:183.
doi: 10.3390/nu13010183

61. Marin P, Andersson B, Krotkiewski M, Bjérntorp P. Muscle fiber composition
and capillary density in women and men with NIDDM. Diabetes Care. (1994) 17:382—
6. doi: 10.2337/diacare.17.5.382

62. Hickey MS, Carey JO, Azevedo JL, Houmard JA, Pories W], Israel RG, et al. Skeletal
muscle fiber composition is related to adiposity and in vitro glucose transport rate in
humans. Am J Physiol. (1995) 268:E453-7. doi: 10.1152/ajpendo.1995.268.3.E453

63. Gaster M, Stachr P, Beck-Nielsen H, Schreder HD, Handberg A. GLUT4 is
reduced in slow muscle fibers of type 2 diabetic patients: is insulin resistance in type 2
diabetes a slow, type 1 fiber disease? Diabetes. (2001) 50:1324-9. doi: 10.2337/
diabetes.50.6.1324

64. He J, Watkins S, Kelley DE. Skeletal muscle lipid content and oxidative enzyme
activity in relation to muscle fiber type in type 2 diabetes and obesity. Diabetes. (2001)
50:817-23. doi: 10.2337/diabetes.50.4.817

65. Oberbach A, Bossenz Y, Lehmann S, Niebauer J, Adams V, Paschke R, et al.
Altered fiber distribution and fiber-specific glycolytic and oxidative enzyme activity in
skeletal muscle of patients with type 2 diabetes. Diabetes Care. (2006) 29:895-900.
doi: 10.2337/diacare.29.04.06.dc05-1854

66. Mogensen M, Sahlin K, Fernstrom M, Glintborg D, Vind BF, Beck-Nielsen H,
et al. Mitochondrial respiration is decreased in skeletal muscle of patients with type 2
diabetes. Diabetes. (2007) 56:1592-9. doi: 10.2337/db06-0981

67. Leenders M, Verdijk LB, van der Hoeven L, Adam JJ, van Kranenburg J, Nilwik
R, et al. Patients with type 2 diabetes show a greater decline in muscle mass, muscle
strength, and functional capacity with aging. ] Am Med Dir Assoc. (2013) 14:585-92.
doi: 10.1016/j.jamda.2013.02.006

68. Albers PH, Pedersen AJ, Birk JB, Kristensen DE, Vind BF, Baba O, et al. Human
muscle fiber type-specific insulin signaling: impact of obesity and type 2 diabetes.
Diabetes. (2015) 64:485-97. doi: 10.2337/db14-0590

69. Nagatomo F, Fujino H, Kondo H, Gu N, Takeda I, Ishioka N, et al. PGC-1a
mRNA level and oxidative capacity of the plantaris muscle in rats with metabolic
syndrome, hypertension, and type 2 diabetes. Acta Histochem Cytochem. (2011) 44:73—
80. doi: 10.1267/ahc.10041

70. Choe JH, Choi YM, Lee SH, Nam YJ, Jung YC, Park HC, et al. The relation of
blood glucose level to muscle fiber characteristics and pork quality traits. Meat Sci.
(2009) 83:62-7. doi: 10.1016/j.meatsci.2009.03.011

71. Choe JH, Kim BC. Association of blood glucose, blood lactate, serum cortisol
levels, muscle metabolites, muscle fiber type composition, and pork quality traits. Meat
Sci. (2014) 97:137-42. doi: 10.1016/j.meatsci.2014.01.024

72. Ji LL, Yeo D, Kang C. Muscle disuse atrophy caused by discord of intracellular
signaling. Antioxid Redox Signal. (2020) 33:727-44. doi: 10.1089/ars.2020.8072

73. Zanchi NE, Lancha AHJr. Mechanical stimuli of skeletal muscle: implications on
mTOR/p70s6k and protein synthesis. Eur J Appl Physiol. (2008) 102:253-63.
doi: 10.1007/s00421-007-0588-3

74. Stitt TN, Drujan D, Clarke BA, Panaro F, Timofeyva Y, Kline WO, et al. The
IGF-1/PI3K/Akt pathway prevents expression of muscle atrophy-induced ubiquitin
ligases by inhibiting FOXO transcription factors. Mol Cell. (2004) 14:395-403.
doi: 10.1016/s1097-2765(04)00211-4

75. Wohlgemuth SE, Lees HA, Marzetti E, Manini TM, Aranda JM, Daniels MJ, et al.
An exploratory analysis of the effects of a weight loss plus exercise program on cellular
quality control mechanisms in older overweight women. Rejuvenation Res. (2011)
14:315-24. doi: 10.1089/rej.2010.1132

76. Sebastian D, Sorianello E, Segalés J, Irazoki A, Ruiz-Bonilla V, Sala D, et al. Mfn2
deficiency links age-related sarcopenia and impaired autophagy to activation of an
adaptive mitophagy pathway. EMBO ]. (2016) 35:1677-93. doi: 10.15252/
embj.201593084

77. Huang DD, Yan XL, Fan SD, Chen XY, Yan JY, Dong QT, et al. Nrf2 deficiency
promotes the increasing trend of autophagy during aging in skeletal muscle: a potential

frontiersin.org


https://doi.org/10.1016/j.exger.2020.110835
https://doi.org/10.1186/s12877-019-1137-8
https://doi.org/10.11405/nisshoshi.120.709
https://doi.org/10.3390/jcm11154424
https://doi.org/10.1016/j.metabol.2023.155557
https://doi.org/10.1186/s12967-023-04261-w
https://doi.org/10.1186/s13098-021-00707-7
https://doi.org/10.1111/ggi.14063
https://doi.org/10.1155/2020/6973469
https://doi.org/10.1046/j.1464-5491.1999.00005.x
https://doi.org/10.1002/jcsm.12410
https://doi.org/10.1002/jcsm.12410
https://doi.org/10.1002/jor.25418
https://doi.org/10.1002/jor.25418
https://doi.org/10.1113/JP278056
https://doi.org/10.1007/s00455-001-0108-2
https://doi.org/10.1002/ar.1092360212
https://doi.org/10.1016/j.biocel.2013.05.016
https://doi.org/10.1016/j.biocel.2013.05.016
https://doi.org/10.1016/j.meatsci.2007.12.019
https://doi.org/10.1113/JP276260
https://doi.org/10.2174/18746098113066660035
https://doi.org/10.1016/j.exger.2020.111171
https://doi.org/10.1016/j.exger.2013.02.012
https://doi.org/10.1152/japplphysiol.00014.2020
https://doi.org/10.1152/japplphysiol.00014.2020
https://doi.org/10.1111/acel.12091
https://doi.org/10.12688/f1000research.19139.1
https://doi.org/10.1016/j.biopha.2022.113406
https://doi.org/10.1093/pnasnexus/pgac086
https://doi.org/10.1038/s41598-021-89362-6
https://doi.org/10.1038/s41598-021-89362-6
https://doi.org/10.1016/j.exger.2005.04.003
https://doi.org/10.4238/2015.November.13.22
https://doi.org/10.1016/j.freeradbiomed.2016.03.025
https://doi.org/10.1016/j.freeradbiomed.2016.03.025
https://doi.org/10.1007/s00590-019-02448-w
https://doi.org/10.3390/nu13010183
https://doi.org/10.2337/diacare.17.5.382
https://doi.org/10.1152/ajpendo.1995.268.3.E453
https://doi.org/10.2337/diabetes.50.6.1324
https://doi.org/10.2337/diabetes.50.6.1324
https://doi.org/10.2337/diabetes.50.4.817
https://doi.org/10.2337/diacare.29.04.06.dc05-1854
https://doi.org/10.2337/db06-0981
https://doi.org/10.1016/j.jamda.2013.02.006
https://doi.org/10.2337/db14-0590
https://doi.org/10.1267/ahc.10041
https://doi.org/10.1016/j.meatsci.2009.03.011
https://doi.org/10.1016/j.meatsci.2014.01.024
https://doi.org/10.1089/ars.2020.8072
https://doi.org/10.1007/s00421-007-0588-3
https://doi.org/10.1016/s1097-2765(04)00211-4
https://doi.org/10.1089/rej.2010.1132
https://doi.org/10.15252/embj.201593084
https://doi.org/10.15252/embj.201593084
https://doi.org/10.3389/fendo.2024.1375610
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Liu et al.

mechanism for the development of sarcopenia. Aging (Albany NY). (2020) 12:5977-91.
doi: 10.18632/aging.102990

78. Rondanelli M, Klersy C, Terracol G, Talluri J, Maugeri R, Guido D, et al. Whey
protein, amino acids, and vitamin D supplementation with physical activity increases
fat-free mass and strength, functionality, and quality of life and decreases inflammation
in sarcopenic elderly. Am J Clin Nutr. (2016) 103:830-40. doi: 10.3945/ajcn.115.113357

79. Hosoi T, Yakabe M, Sasakawa H, Sasako T, Ueki K, Kato S, et al. Sarcopenia
phenotype and impaired muscle function in male mice with fast-twitch muscle-specific
knockout of the androgen receptor. Proc Natl Acad Sci USA. (2023) 120:€2218032120.
doi: 10.1073/pnas.2218032120

80. Fuh VL, Bach MA. Growth hormone secretagogues: mechanism of action and
use in aging. Growth Horm IGF Res. (1998) 8:13-20. doi: 10.1016/s1096-6374(98)
80317-1

81. Kenny AM, Dawson L, Kleppinger A, Iannuzzi-Sucich M, ]udge JO. Prevalence
of sarcopenia and predictors of skeletal muscle mass in nonobese women who are long-
term users of estrogen-replacement therapy. J Gerontol A Biol Sci Med Sci. (2003) 58:
M436-40. doi: 10.1093/gerona/58.5.m436

82. Hu R, Wang Z, Peng Q, Zou H, Wang H, Yu X, et al. Effects of GHRP-2 and
cysteamine administration on growth performance, somatotropic axis hormone and
muscle protein deposition in yaks (Bos grunniens) with growth retardation. PloS One.
(2016) 11:e0149461. doi: 10.1371/journal.pone.0149461

83. White JP, Gao S, Puppa MJ, Sato S, Welle SL, Carson JA. Testosterone regulation
of Akt/mTORCI1/FoxO3a signaling in skeletal muscle. Mol Cell Endocrinol. (2013)
365:174-86. doi: 10.1016/j.mce.2012.10.019

84. Chambers ES, Akbar AN. Can blocking inflammation enhance immunity during
aging? J Allergy Clin Immunol. (2020) 145:1323-31. doi: 10.1016/j.jaci.2020.03.016

85. Yang B, Yang X, Sun X, Shi J, Shen Y, Chen R. IL-6 deficiency attenuates skeletal
muscle atrophy by inhibiting mitochondrial ROS production through the upregulation
of PGC-1o in septic mice. Oxid Med Cell Longev. (2022) 2022:9148246. doi: 10.1155/
2022/9148246

86. Hardee JP, Fix DK, Wang X, Goldsmith EC, Koh HJ, Carson JA. Systemic IL-6
regulation of eccentric contraction-induced muscle protein synthesis. Am J Physiol Cell
Physiol. (2018) 315:C91-C103. doi: 10.1152/ajpcell.00063.2018

87. Liu L, Hu R, You H, Li ], Liu Y, Li Q, et al. Formononetin ameliorates muscle
atrophy by regulating myostatin-mediated PI3K/Akt/FOXO3a pathway and satellite
cell function in chronic kidney disease. J Cell Mol Med. (2021) 25:1493-506.
doi: 10.1111/jemm.16238

88. Wang DT, Yin Y, Yang YJ, Lv PJ, Shi Y, Lu L, et al. Resveratrol prevents TNF-o-
induced muscle atrophy via regulation of Akt/mTOR/FoxO1 signaling in C2C12
myotubes. Int Immunopharmacol. (2014) 19:206-13. doi: 10.1016/j.intimp.2014.02.002

89. Kumar P, Liu C, Suliburk J, Hsu JW, Muthupillai R, Jahoor F, et al.
Supplementing glycine and N-acetylcysteine (GlyNAC) in older adults improves
glutathione deficiency, oxidative stress, mitochondrial dysfunction, inflammation,
physical function, and aging hallmarks: A randomized clinical trial. ] Gerontol A Biol
Sci Med Sci. (2023) 78:75-89. doi: 10.1093/gerona/glac135

90. Kim JH, Choi TG, Park S, Yun HR, Nguyen NNY, Jo YH, et al. Mitochondrial
ROS-derived PTEN oxidation activates PI3K pathway for mTOR-induced myogenic
autophagy. Cell Death Differ. (2018) 25:1921-37. doi: 10.1038/s41418-018-0165-9

91. Wang M, Hu R, Wang Y, Liu L, You H, Zhang J, et al. Atractylenolide III
attenuates muscle wasting in chronic kidney disease via the oxidative stress-mediated
PI3K/AKT/mTOR pathway. Oxid Med Cell Longev. (2019) 2019:1875471. doi: 10.1155/
2019/1875471

92. Chi MY, Zhang H, Wang YX, Sun XP, Yang QJ, Guo C. Silibinin alleviates
muscle atrophy caused by oxidative stress induced by cisplatin through ERK/FOXO
and JNK/FOXO pathways. Oxid Med Cell Longev. (2022) 2022:5694223. doi: 10.1155/
2022/5694223

93. Oh HJ, Jin H, Lee JY, Lee BY. Silk peptide ameliorates sarcopenia through the
regulation of akt/mTOR/FOXO3a signaling pathways and the inhibition of low-grade
chronic inflammation in aged mice. Cells. (2023) 12:2257. doi: 10.3390/cells12182257

94. Oh HJ, Jin H, Lee BY. Hesperidin ameliorates sarcopenia through the regulation
of inflammaging and the AKT/mTOR/FOXO3a signaling pathway in 22-26-month-old
mice. Cells. (2023) 12:2015. doi: 10.3390/cells12152015

95. Zeng Z, Liang J, Wu L, Zhang H, Lv ], Chen N. Exercise-induced autophagy
suppresses sarcopenia through akt/mTOR and akt/FOXO3a signal pathways and
AMPK-mediated mitochondrial quality control. Front Physiol. (2020) 11:583478.
doi: 10.3389/fphys.2020.583478

96. Yuan Y, Shi XE, Liu YG, Yang GS. FOXOI1 regulates muscle fiber-type
specification and inhibits calcineurin signaling during C2C12 myoblast
differentiation. Mol Cell Biochem. (2011) 344:77-87. doi: 10.1007/s11010-010-0640-1

97. Vilchinskaya N, Altaeva E, Lomonosova Y. Gaining insight into the role of
FOXOL in the progression of disuse-induced skeletal muscle atrophy. Adv Biol Regul.
(2022) 85:100903. doi: 10.1016/j.jbior.2022.100903

98. Kamei Y, Miura S, Suzuki M, Kai Y, Mizukami J, Taniguchi T, et al. Skeletal
muscle FOXO1 (FKHR) transgenic mice have less skeletal muscle mass, down-
regulated Type I (slow twitch/red muscle) fiber genes, and impaired glycemic
control. J Biol Chem. (2004) 279:41114-23. doi: 10.1074/jbc.M400674200

99. Yuan Y, Shi XE, Liu YG, Yang GS. FOXOI1 regulates muscle fiber-type
specification and inhibits calcineurin signaling during C2C12 myoblast
differentiation. Mol Cell Biochem. (2011) 344:77-87. doi: 10.1007/s11010-010-0640-1

Frontiers in Endocrinology

14

10.3389/fendo.2024.1375610

100. Azad M, Khaledi N, Hedayati M. Effect of acute and chronic eccentric exercise
on FOXO1 mRNA expression as fiber type transition factor in rat skeletal muscles.
Gene. (2016) 584:180-4. doi: 10.1016/j.gene.2016.02.033

101. Ryan AS, Li G. Skeletal muscle myostatin gene expression and sarcopenia in
overweight and obese middle-aged and older adults. JCSM Clin Rep. (2021) 6:137-42.
doi: 10.1002/crt2.43

102. Calvani R, Joseph AM, Adhihetty PJ, Miccheli A, Bossola M, Leeuwenburgh C,
et al. Mitochondrial pathways in sarcopenia of aging and disuse muscle atrophy. Biol
Chem. (2013) 394:393-414. doi: 10.1515/hsz-2012-0247

103. Chen YL, Lin JD, Hsia TL, Mao FC, Hsu CH, Pei D. The effect of chromium on
inflammatory markers, 1st and 2nd phase insulin secretion in type 2 diabetes. Eur |
Nutr. (2014) 53:127-33. doi: 10.1007/s00394-013-0508-8

104. Hosseini H, Koushki M, Khodabandehloo H, Fathi M, Panahi G, Teimouri M,
et al. The effect of resveratrol supplementation on C-reactive protein (CRP) in type 2
diabetic patients: Results from a systematic review and meta-analysis of randomized
controlled trials. Complement Ther Med. (2020) 49:102251. doi: 10.1016/
j.ctim.2019.102251

105. Mahmassani ZS, Reidy PT, McKenzie AL Stubben C, Howard MT, Drummond
M]J. Disuse-induced insulin resistance susceptibility coincides with a dysregulated
skeletal muscle metabolic transcriptome. J Appl Physiol (1985). (2019) 126:1419-29.
doi: 10.1152/japplphysiol.01093

106. Cui D, Drake JC, Wilson RJ, Shute R], Lewellen B, Zhang M, et al. A novel
voluntary weightlifting model in mice promotes muscle adaptation and insulin
sensitivity with simultaneous enhancement of autophagy and mTOR pathway.
FASEB J. (2020) 34:7330-44. doi: 10.1096/£j.201903055R

107. Kitada M, Koya D. Autophagy in metabolic disease and ageing. Nat Rev
Endocrinol. (2021) 17:647-61. doi: 10.1038/s41574-021-00551-9

108. Semova I, Levenson AE, Krawczyk J, Bullock K, Gearing ME, Ling AV, et al.
Insulin prevents hypercholesterolemia by suppressing 120-hydroxylated bile acids.
Circulation. (2022) 145:969-82. doi: 10.1161/CIRCULATIONAHA.120.045373

109. Sirago G, Picca A, Calvani R, Coelho-Janior HJ, Marzetti E. Mammalian target
of rapamycin (mTOR) signaling at the crossroad of muscle fiber fate in sarcopenia. Int
Mol Sci. (2022) 23:13823. doi: 10.3390/ijms232213823

110. Hackett RA, Steptoe A, Kumari M. Association of diurnal patterns in salivary
cortisol with type 2 diabetes in the Whitehall II study. J Clin Endocrinol Metab. (2014)
99:4625-31. doi: 10.1210/jc.2014-2459

111. Joseph JJ, Golden SH. Cortisol dysregulation: the bidirectional link between
stress, depression, and type 2 diabetes mellitus. Ann N'Y Acad Sci. (2017) 1391:20-34.
doi: 10.1111/nyas.13217

112. Jellyman JK, Martin-Gronert MS, Cripps RL, Giussani DA, Ozanne SE, Shen
QW, et al. Effects of cortisol and dexamethasone on insulin signalling pathways in
skeletal muscle of the ovine fetus during late gestation. PloS One. (2012) 7:¢52363.
doi: 10.1371/journal.pone.0052363

113. Yanagita I, Fujihara Y, Kitajima Y, Tajima M, Honda M, Kawajiri T, et al. A
high serum cortisol/ DHEA-S ratio is a risk factor for sarcopenia in elderly diabetic
patients. ] Endocr Soc. (2019) 3:801-13. doi: 10.1210/j5.2018-00271

114. Wang W, Zhong X, Guo J. Role of 2-series prostaglandins in the pathogenesis
of type 2 diabetes mellitus and non-alcoholic fatty liver disease (Review). Int ] Mol
Med. (2021) 47:114. doi: 10.3892/ijmm.2021.4947

115. Ding H, Chen S, Pan X, Dai X, Pan G, Li Z, et al. Transferrin receptor 1 ablation
in satellite cells impedes skeletal muscle regeneration through activation of ferroptosis. J
Cachexia Sarcopenia Muscle. (2021) 12:746-68. doi: 10.1002/jcsm.12700

116. Ning H, Ren H, Zhao Y, Yin H, Gan Z, Shen Y, et al. Targeting the DP2 receptor
alleviates muscle atrophy and diet-induced obesity in mice through oxidative myofiber
transition. J Cachexia Sarcopenia Muscle. (2023) 14:342-55. doi: 10.1002/jcsm.13136

117. Palla AR, Ravichandran M, Wang YX, Alexandrova L, Yang AV, Kraft P, et al.
Inhibition of prostaglandin-degrading enzyme 15-PGDH rejuvenates aged muscle
mass and strength. Science. (2021) 371:eabc8059. doi: 10.1126/science.abc8059

118. Nishikawa H, Fukunishi S, Asai A, Yokohama K, Ohama H, Nishiguchi S, et al.
Sarcopenia, frailty and type 2 diabetes mellitus. Mol Med Rep. (2021) 24:854.
doi: 10.3892/mmr.2021.12494

119. Di Pasquale C, Gentilin E, Falletta S, Bellio M, Buratto M, Degli Uberti E, et al.
PI3K/Akt/mTOR pathway involvement in regulating growth hormone secretion in a
rat pituitary adenoma cell line. Endocrine. (2018) 60:308-16. doi: 10.1007/s12020-017-
1432-0

120. Schiaffino S, Dyar KA, Ciciliot S, Blaauw B, Sandri M. Mechanisms regulating
skeletal muscle growth and atrophy. FEBS J. (2013) 280:4294-314. doi: 10.1111/febs.12253

121. Sipila S, Narici M, Kjaer M, Péllinen E, Atkinson RA, Hansen M, et al. Sex
hormones and skeletal muscle weakness. Biogerontology. (2013) 14:231-45.
doi: 10.1007/s10522-013-9425-8

122. Casey A, Constantin-Teodosiu D, Howell S, Hultman E, Greenhaff PL. Metabolic
response of type I and II muscle fibers during repeated bouts of maximal exercise in humans.
Am ] Physiol. (1996) 271:E38-43. doi: 10.1152/ajpendo.1996.271.1.E38

123. Esbjérnsson-Liljedahl M, Sundberg CJ, Norman B, Jansson E. Metabolic
response in type I and type II muscle fibers during a 30-s cycle sprint in men and
women. ] Appl Physiol (1985). (1999) 87:1326-32. doi: 10.1152/jappl.1999.87.4.1326

124. Chen N, He X, Feng Y, Ainsworth BE, Liu Y. Effects of resistance training in
healthy older people with sarcopenia: a systematic review and meta-analysis of

frontiersin.org


https://doi.org/10.18632/aging.102990
https://doi.org/10.3945/ajcn.115.113357
https://doi.org/10.1073/pnas.2218032120
https://doi.org/10.1016/s1096-6374(98)80317-1
https://doi.org/10.1016/s1096-6374(98)80317-1
https://doi.org/10.1093/gerona/58.5.m436
https://doi.org/10.1371/journal.pone.0149461
https://doi.org/10.1016/j.mce.2012.10.019
https://doi.org/10.1016/j.jaci.2020.03.016
https://doi.org/10.1155/2022/9148246
https://doi.org/10.1155/2022/9148246
https://doi.org/10.1152/ajpcell.00063.2018
https://doi.org/10.1111/jcmm.16238
https://doi.org/10.1016/j.intimp.2014.02.002
https://doi.org/10.1093/gerona/glac135
https://doi.org/10.1038/s41418-018-0165-9
https://doi.org/10.1155/2019/1875471
https://doi.org/10.1155/2019/1875471
https://doi.org/10.1155/2022/5694223
https://doi.org/10.1155/2022/5694223
https://doi.org/10.3390/cells12182257
https://doi.org/10.3390/cells12152015
https://doi.org/10.3389/fphys.2020.583478
https://doi.org/10.1007/s11010-010-0640-1
https://doi.org/10.1016/j.jbior.2022.100903
https://doi.org/10.1074/jbc.M400674200
https://doi.org/10.1007/s11010-010-0640-1
https://doi.org/10.1016/j.gene.2016.02.033
https://doi.org/10.1002/crt2.43
https://doi.org/10.1515/hsz-2012-0247
https://doi.org/10.1007/s00394-013-0508-8
https://doi.org/10.1016/j.ctim.2019.102251
https://doi.org/10.1016/j.ctim.2019.102251
https://doi.org/10.1152/japplphysiol.01093
https://doi.org/10.1096/fj.201903055R
https://doi.org/10.1038/s41574-021-00551-9
https://doi.org/10.1161/CIRCULATIONAHA.120.045373
https://doi.org/10.3390/ijms232213823
https://doi.org/10.1210/jc.2014-2459
https://doi.org/10.1111/nyas.13217
https://doi.org/10.1371/journal.pone.0052363
https://doi.org/10.1210/js.2018-00271
https://doi.org/10.3892/ijmm.2021.4947
https://doi.org/10.1002/jcsm.12700
https://doi.org/10.1002/jcsm.13136
https://doi.org/10.1126/science.abc8059
https://doi.org/10.3892/mmr.2021.12494
https://doi.org/10.1007/s12020-017-1432-0
https://doi.org/10.1007/s12020-017-1432-0
https://doi.org/10.1111/febs.12253
https://doi.org/10.1007/s10522-013-9425-8
https://doi.org/10.1152/ajpendo.1996.271.1.E38
https://doi.org/10.1152/jappl.1999.87.4.1326
https://doi.org/10.3389/fendo.2024.1375610
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Liu et al.

randomized controlled trials. Eur Rev Aging Phys Act. (2021) 18:23. doi: 10.1186/
s11556-021-00277-7

125. Chen N, He X, Feng Y, Ainsworth BE, Liu Y. Effects of resistance training in
healthy older people with sarcopenia: a systematic review and meta-analysis of randomized
controlled trials. Eur Rev Aging Phys Act. (2021) 18:23. doi: 10.1186/s11556-021-00277-7

126. Jiang Y, Xu B, Zhang K, Zhu W, Lian X, Xu Y, et al. The association of lipid
metabolism and sarcopenia among older patients: a cross-sectional study. Sci Rep.
(2023) 13:17538. doi: 10.1038/s41598-023-44704-4

127. Song MY, Ruts E, Kim J, Janumala I, Heymsfield S, Gallagher D. Sarcopenia
and increased adipose tissue infiltration of muscle in elderly African American women.
Am ] Clin Nutr. (2004) 79:874-80. doi: 10.1093/ajcn/79.5.874

128. Pataky MW, Wang H, Yu CS, Arias EB, Ploutz-Snyder R], Zheng X, et al. High-
fat diet-induced insulin resistance in single skeletal muscle fibers is fiber type selective.
Sci Rep. (2017) 7:13642. doi: 10.1038/541598-017-12682-z

129. Graham EJ, Adler FR. Long-term models of oxidative stress and mitochondrial
damage in insulin resistance progression. ] Theor Biol. (2014) 340:238-50. doi: 10.1016/
1jtbi.2013.09.028

130. Wauters M, Considine RV, Yudkin JS, Peiffer F, De Leeuw I, Van Gaal LF.
Leptin levels in type 2 diabetes: associations with measures of insulin resistance and
insulin secretion. Horm Metab Res. (2003) 35:92-6. doi: 10.1055/s-2003-39054

131. Gilliam-Vigh H, Jorsal T, Rehfeld JF, Pedersen J, Poulsen SS, Vilsbell T, et al.
Expression of cholecystokinin and its receptors in the intestinal tract of type 2 diabetes
patients and healthy controls. J Clin Endocrinol Metab. (2021) 106:2164-70.
doi: 10.1210/clinem/dgab367

Frontiers in Endocrinology

15

10.3389/fendo.2024.1375610

132. Kao TW, Peng TC, Chen WL, Chi YC, Chen CL, Yang WS. Higher serum leptin
levels are associated with a reduced risk of sarcopenia but a higher risk of dynapenia
among older adults. J Inflammation Res. (2021) 14:5817-25. doi: 10.2147/JIR.S335694

133. Huang HH, Wang TY, Yao SF, Lin PY, Chang JC, Peng LN, et al. Gastric
mobility and gastrointestinal hormones in older patients with sarcopenia. Nutrients.
(2022) 14:1897. doi: 10.3390/nu14091897

134. Cramer JT, Cruz-Jentoft AJ, Landi F, Hickson M, Zamboni M, Pereira SL, et al.
Impacts of high-protein oral nutritional supplements among malnourished men and
women with sarcopenia: A multicenter, randomized, double-blinded, controlled trial. J
Am Med Dir Assoc. (2016) 17:1044-55. doi: 10.1016/j.jamda.2016.08.009

135. Yin L, Lu L, Lin X, Wang X. Crucial role of androgen receptor in resistance and
endurance trainings-induced muscle hypertrophy through IGF-1/IGF-1R- PI3K/Akt-
mTOR pathway. Nutr Metab (Lond). (2020) 17:26. doi: 10.1186/512986-020-00446-y

136. Yu]J, Yu H, Li YC, Han TY, Bai X, Zhu R. PO-109 resistance training prevents
skeletal muscle atrophy induced by hypoxia through regulating Akt-FoxOl1 pathway.
Exercise Biochemistry Review(2018) 1. doi: 10.14428/ebr.v1i4.9043

137. Zeng Z, Liang ], Wu L, Zhang H, Lv J, Chen N. Exercise-induced autophagy
suppresses sarcopenia through Akt/mTOR and Akt/FOXO3a signal pathways and
AMPK-Mediated mitochondrial quality control. Front Physiol(2020) 11:583478.
doi: 10.3389/fphys.2020.583478

138. Snijders T, Wall BT, Dirks ML, Senden JM, Hartgens F, Dolmans J, et al.
Muscle disuse atrophy is not accompanied by changes in skeletal muscle satellite cell
content. Clin Sci (Lond). (2014) 126:557-66. doi: 10.1042/CS20130295

frontiersin.org


https://doi.org/10.1186/s11556-021-00277-7
https://doi.org/10.1186/s11556-021-00277-7
https://doi.org/10.1186/s11556-021-00277-7
https://doi.org/10.1038/s41598-023-44704-4
https://doi.org/10.1093/ajcn/79.5.874
https://doi.org/10.1038/s41598-017-12682-z
https://doi.org/10.1016/j.jtbi.2013.09.028
https://doi.org/10.1016/j.jtbi.2013.09.028
https://doi.org/10.1055/s-2003-39054
https://doi.org/10.1210/clinem/dgab367
https://doi.org/10.2147/JIR.S335694
https://doi.org/10.3390/nu14091897
https://doi.org/10.1016/j.jamda.2016.08.009
https://doi.org/10.1186/s12986-020-00446-y
https://doi.org/10.14428/ebr.v1i4.9043
https://doi.org/10.3389/fphys.2020.583478
https://doi.org/10.1042/CS20130295
https://doi.org/10.3389/fendo.2024.1375610
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Type 2 diabetes mellitus related sarcopenia: a type of muscle loss distinct from sarcopenia and disuse muscle atrophy
	1 Introduction
	2 Comparison of sarcopenia, disuse muscle atrophy, and T2DM-related sarcopenia
	2.1 Epidemiology and clinical presentation comparison
	2.2 Comparison of pathological changes: changes in different types of muscle fibers
	2.3 Comparison of the pathogenesis of sarcopenia and disuse muscle atrophy
	2.4 Possible pathogenic mechanisms of T2DM-related sarcopenia
	2.5 Exploring the endocrine significance of sarcopenia in T2DM

	3 Prevention and treatment strategies
	4 Current issues and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


