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ABSTRACT

Muscles have an important role as a regulator of glucose and triglyceride metabolism. Some researches show the correlation
between skeletal muscle mass and metabolic diseases, such as diabetes. Skeletal muscle mass decrease occurs due to chronic
illness or physiological process of aging, thus increasing the risk of metabolic diseases as well as motion difficulty in the
elderly. Skeletal muscle mass depends on balanced protein synthesis and degradation, controlled through a variety of signal
transduction pathways including the AKT. AKT or protein kinase B increases protein synthesis through the mTOR and GSK3f
and controls the degradation of proteins through FoxO transcription factors. Another factor that has an alleged role in the
regulation of skeletal muscle is the satellite cells which provide remarkable ability to regenerate skeletal muscle. A
comprehensive understanding of the biomolecular mechanism of muscle mass regulation is important to develop effective
treatment or prevention of muscle atrophy in many cases, either caused by pathological conditions, such as chronic diseases, or
the process of aging.
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HiJK0iJKtV:
1. $.T or protein kinase % increase protein synthesis and control the degradation of proteins.
. Satellite cells was provided remarkable ability to regenerate skeletal muscle.
. Stimulation of protein synthesis is effective therapy to maintain muscle mass, prevent muscle wasting to
reduce risk sarcopenia and improve Tuality of life in the elderly.

INTRODUCTION

Skeletal muscle is a major part of the human body. Skeletal muscle mass was thought to have a protective
Skeletal muscle has several important functions, such role against metabolic diseases (Lee et al. 2019).

as maintaining posture, movement and regulating

glucose and triglycerides metabolism. Skeletal muscle The decrease of skeletal muscle mass also occurs
is the main organ for glucose deposition. Skeletal physiologically in the aging process. Skeletal muscle
muscles convert glucose into energy to generate mass decreases approximately 8% per decade up to 70
movement and activity. Decreasing of skeletal muscle years and decreases 15% per decade after 70 years.
mass has been connected to chronic diseases, such as Consequently, it leads to various problems in the
diabetes mel!ltus (Qolllns e_t al. 2018,_Hong et e_ll. elderly, such as immobility, fragility as well as
2017). Insulin resistance in muscle is the main increasing the risk of metabolic diseases (Gomes et al.
characteristic of metabolic diseases, such as obesity, 2017).

type 2 diabetes (DM 2), and metabolic syndrome.
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Skeletal muscle mass controlled by various molecular
signaling pathways. Those signals regulate the balance
of muscle protein synthesis and degradation. Altered
muscle regulation resulted in muscle hypertrophy and
atrophy. Signaling pathways regulate the growth,
regeneration and regulation process of muscle mass
since the embryonic period (Egerman & Glass 2014).
Comprehensive understanding about the underlying
molecular mechanism that regulates skeletal muscle
mass is important as the basis for therapeutics research
about sarcopenia in the aging population. The purpose
of the therapeutic agent is to increase the mass and
prevent muscle atrophy, thereby lessening the risk of
various chronic diseases, reducing the burden of care
and improving quality of life.

OVERVIEW
Skeletal muscle regulation and protein synthesis

Skeletal muscle has a specific structure for its typical
function. Skeletal muscle fiber (myofibrils) are
composed of proteins including actin, myosin, titin
and other proteins that hold them together. These
proteins are organized into myofilaments. A bundle of
myofibril covered by epimysium forms a muscle fiber
and bundles of muscle fibers constitute skeletal muscle
tissue. About 80% of the muscle fiber is composed of
proteins (Frontera & Ochala 2015). Muscle mass
balance mechanisms are influenced by various factors,
such as nutritional status, hormonal, physical activity,
and injury or diseases (Cai et al. 2016).

Skeletal muscle hypertrophy is characterized by
myofiber enlargement with no change in myofiber
number or hyperplasia. Significant changes in skeletal
muscle hypertrophy are the increases of protein
synthesis, while muscle mass loss occurs through the
protein degradation. Genetics regulation determines the
physiology changes in muscle activity. Various signal
transduction pathways influence protein synthesis and
degradation, thus can control muscle growth (Moriya
& Miyazaki 2018). An anabolic stimulus, such as
Insulin  Growth Factor (IGF) can trigger muscle
hypertrophy, while myostatin and other growth factors,
such as members of transforming growth factor (TGF-
) have an inhibitory effect on muscle growth
(Egerman & Glass 2014).

Skeletal muscle increased through the AKT
pathway
The muscle protein synthesis and degradation

processes were controlled by several pathways of
molecular signals, such as phosphatidylinositol 3-
kinase

(PI3K)/  AKT  (serine/threonine-kinase)

Sofiyanti et al: The AKT Pathway and Satellite Cell Activation in Skeletal

69

pathway. Activation of AKT, also known as PKB
(Protein Kinase B), mediated a variety of cellular
functions including angiogenesis, metabolism, growth,
proliferation, cells survival, protein synthesis,
transcription, and apoptosis (Hemmings & Restuccia
2012).

PI3K/ AKT pathway mainly roled protein synthesis
and inhibited protein degradation, so that AKT/ PKB
was an important pathway in muscle hypertrophy.
PI3K/ AKT pathway had been proven to be the main
pathway of muscle hypertrophy. Studies using genetic
approaches had shown expression of either PI3K or
AKT induced muscle fiber hypertrophy both in vivo
and in vitro (Cai et al. 2016, Hemmings & Restuccia
2012).

The AKT pathway worked through various channels
by activation or inhibition of its effectors that could
ultimately maintain the protein synthesis. AKT
inhibited protein degradation by suppressing the
transcription factor forkhead box O (FoxO) and
stimulated protein synthesis through mechanistic target
of rapamycin (mTOR) and glucose synthase kinase
(GSK3p). AKT could be activated by phosphorylation
after a series of an intracellular signaling cascade that
involved growth factors, such as IGF-1 and PI3K.
PI3K is a lipid kinase that regulates the levels of
phosphorylated phosphatidylinositol (PIP3) at plasma
membrane. PIP3 acted as docking sites for the two
kinases, such as phosphoinositide-dependent kinase 1
(PDK1) and AKT (Egerman & Glass 2014, Hemmings
& Restuccia 2012).

PI3K activated AKT and mTOR, which regulated the
metabolic activity of cellular biosynthesis supporters.
MTOR regulates protein translation control through
emultiple effectors. AKT indirectly affected mTOR by
inhibiting protein tuberous sclerosis complex (TSC) 1
and 2 as a GTPase activating protein (GAP) that
inactivated small G protein Ras (Rheb) which could
activate the mTOR directly (Yoon 2017).

mTOR has two different complex biochemical
structures that are bound to the raptor mTORC1 and
MTORC2 bound by Rictor. mTORC1 is highly
sensitive  to rapamycin and regulates protein
metabolism and autophagy. mTOR stimulation can
initiate the process of protein translation and can be
stimulated by some nutritional compounds, such as
amino acids, insulin, growth factor and muscle
contraction (Santos et al. 2017, Yoon 2017).
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PI3K/ AKT activation mechanism

Muscle hypertrophy mechanism through activation of
P13K/ AKT by IGF1 and insulin receptor IGF1 starts
with ligand bound to its receptor located on the cell
membrane. IGF 1 receptor is a tyrosine kinase receptor
called as IGF1 (IGF1- R). This bonding caused
phosphorylation of tyrosine kinase receptors which
then formed a docking site to the insulin receptor
substrate  (IRS-1). Muscle hypertrophy signaling
pathways through IRS- IGF1 was an important
mediator for IGF signaling pathway (Andrade et al.
2017). Phosphorylated IRS acts as the mounting
location to move and activate PI3K, which
phosphorylated  membrane  phospholipids  and
generated phosphoinositide-3,4,5-triphosphate (PIP3)
from phosphoinositide-4,5-bisphosphate (PIP2). The
next cascade of autophosphorylation activated the AKT
(Hemmings & Restuccia 2012).

In addition to initiating the synthesis of protein, AKT
inhibited protein degradation by suppressed family
transcription factor FoxO1, FoxO3, and muscle ring
finger 1 (MuRF1). FoxO was an inhibitor of cell
survival factor that stimulated the synthesis of proteins
through mTOR and glycogen synthase kinase 3f
(GSK3 pB) (Egerman & Glass 2014). GSK3 B
phosphorylation causes the release of a ribosomal
translation inhibitor factor called eukaryotic translation
initiation factor 2B (EIF2B) (Yoon 2017). Activation
of mTOR could stimulate the activation of p70S6K
that led to the ribosome s6 phosphorylation, so that the
protein translation process could occur.

PIP3 =

PIP2 J— PIP3
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Figure 1. AKT pathway/ TSC2/ mTOR in protein synthesis
(Favier et al. 2008)

Note: Activation of phosphatidylinositol-3-kinase (PI3K) led to
phosphorylation of phosphatidylinositol-biphosphate (PIP2) into
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phosphatidylinositol-triphosphate (PIP3) as the docking site
membrane for two kinases: serine/ threonine kinase AKT (or
protein kinase B) and protein kinase (PDK). AKT
phosphorylated by PDK and thus enabled the translocation to the
membrane. Once activated, AKT phosphorylates tuberous
sclerosis complex (TSC) 2, which joined the TSC1 and caused
the release of inhibition of the Ras homolog (Rheb).

Rheb directly activates mTOR which then stimulates ribosome
biogenesis, mMRNA initiation and elongation via the
phosphorylation of the 70-kDa ribosomal protein, S6 kinase
(p70S6K) and inhibit 4E-BP1 binding to eukaryotic initiation
factor (elF) 4E. In addition, Akt promotes protein translation via
inhibition of glycogen synthase kinase (GSK) 3, which controls
the activity of elF2B. TSC2 enabled by GSK3 and inhibited by
Akt.

Stimulation of serine 6 kinase 1 (S6K1) activity by
MTORC1 could induce mRNA biogenesis processes,
including transcription, elongation and protein
translation on the ribosome. The ribosomal protein
translation process is activated by the eukaryotic
initiation factors (elF4E), which in normal conditions
bind to the binding protein 4E-BP1. Phosphorylation of
4E-BP1 by mTOR reduced the affinity of 4E-BP1 to
elF4E. The release of elF4E from 4E-BP1 could
initiate the translation process (Hemmings &
Restuccia 2012). Therefore, the AKT-GSK-3f and
AKT-mTOR pathway is important to increase protein
synthesis associated with muscle hypertrophy.

Satellite cells functioned on muscle regeneration

Skeletal muscle has a great ability to adapt to the
functional demands and regenerate after injury. This
remarkable ability was regulated by satellite cell.
Satellite cells are spindle-shaped mononucleus cells
located under the basal lamina between fiber
sarcolemma, and surrounded by mature muscle fibers.
Satellite cells can only be recognized with an electron
microscope and regarded as inactive sedentary
myoblasts after the muscle differentiates. It mainly
functioned to renew muscle fibers after trauma or in
life after birth (Almeida et al. 2016).

Maintenance of muscle mass depends on the balance
between protein synthesis and degradation. However,
some studies revealed that satellite cells took a role in
cell turnover, muscle growth and maintenance of
muscle mass. Satellite cells played a role as the main
donors of new nuclei, into myogenic precursor cells
that are important for muscle growth and regeneration.
Satellite cells contributed in the process of muscle
hypertrophy in response to exercise and hormonal
stimulation (Musaro 2014).

The involvement of satellite cells in muscle
hypertrophy in adulthood is still debated, although
theoretically the addition of new myonuclei caused by
satellite cells and satellite cell fusion could occur
during myofiber hypertrophy. A study conducted on
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mouse models with AKT transgene showed muscle
hypertrophy that was not accompanied by satellite cell
proliferation (Blaauw et al. 2009). Physiologically, the
satellite and myonuclei cells can undergo apoptosis
during muscle atrophy, although myonuclear loss
occurs in muscle atrophy is unclear. Increasing the size
of myofiber can also occur in the cells regeneration
process, but not in the postnatal hypertrophy phase.
However, a different research showed that the body
mechanism to maintain muscle mass needed the
presence of the satellite cell in quiescent condition. A
study using diphtheria toxins to diminished satellite
cells showed a decrease in skeletal muscle mass
(Sambasivan et al. 2011). Another study showed
satellite cell proliferation and differentiation followed
muscle hypertrophy induced by endurance and
resistance exercise (Bazgir et al. 2017).

Satellite cell activation mechanism

In the off-state, satellite cells were in the GO phase. In
this condition, the satellite cells expressed myogenic
factor 5 (Myf5). When an injury or other stimuli
occured, the silent satellite cells were activated, then
proliferated and combined to form a new skeletal
muscle fiber. The satellite cell activation was done
through the transcription factor, paired box 7 (Pax7)
(Musard, 2014). The proliferation and myoblast
Proliferative activity of IL-6 contributed to the growth
of hypertrophic myofibers. IGF-1R signaling in cell
regeneration and activation of satellite cells was highly
important. A study conducted in vivo with
heterozygote mice IGF-1R (IGF-1R +/-), showed a
decrease in expression of MyoD and myogenin as a
marker of proliferation and differentiation of satellite
cells (Dong et al. 2013). IGR-IR activated satellite cells
indirectly through the AKT pathway which had an
important role in the myoblast differentiation process.
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daughter fusion is marked by myogenic differentiation
(MyoD) expression as a marker of active satellite cell
proliferation. A small part of the satellite cells was then
deactivated by downregulation of MyoD and was used
as an independent regeneration of satellite cells, MyoD
expression was induced in 24 hours on the satellite cell
activation (Endo 2015, Musaro 2014).

Afterwards, satellite cells that have migrated to the
injured site proliferated to produce a number of
myoblasts needed for regeneration. Some growth
factors and cytokines played an important role in this
process, including HGF, FGF, IGF-1, LIF, and IL-6
released from injured muscle or infiltrated phagocytes
(Musaro 2014). IGF-1 was produced by satellite cells,
myofibers and liver and acted in autocrine, paracrine
and endocrine systems. IGF-1 did pleiotropic
functions, such as in the satellite cells or myoblasts
proliferation, differentiation, maturation  and
hypertrophy during muscle regeneration. All these
functions were mediated by IGF-1 receptor (IGF1R).
IGF1 signaling - IGF1R activated the Ras-ERK
pathway and signaling (Ras-) PI3K-AKT, so that it
could process proliferation and differentiation. IL-6
secreted from myofibers also stimulated proliferation
of satellite cells through activation of STAT3.

Some studies conducted in animal models of muscle
atrophy showed satellite cell activation by an increase
in the expression of MyoD through the AKT pathway
(Hauersley et al. 2014). The similar result found in
vitro experiment with black ginseng also showed an
increase in the expression of MyoD and MHC through
the AKT pathway (Lee et al. 2018). Another animal
research using AKT1 KO mice treated by mechanical
load indicated that the AKT pathway was important to
induce satellite cell proliferation (Moriya & Miyazaki
2018).
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Figure 2. Skeletal muscle regeneration process
(Endo 2015)




Fol Med Indones, Vol. 58 No. 1 March 2022: 68-73

Figure 3. AKT signaling pathway in the activation of
satellite cells (Hauersley et al. 2014)

Strength and limitation

7he role of $_7 and satellite cells in regulating skeletal
muscle mass is e[plained, providing insight into the
molecular mechanisms Eehind muscle atrophy and
potential targets for treatment or prevention 7he
importance of understanding muscle mass regulation in
Eoth  pathological conditions and aging is
acknowledged, indicating the relevance of this topic for
a wide range of individuals 7he statement does not
provide any specific research e[amples to support the
correlation Eetween skeletal muscle mass and metaEolic
diseases, making it difficult to assess the strength of the
evidence presented

CONCLUSION

AKT pathways regulated muscle mass by increasing
protein synthesis through mTOR and GSK3p. Other
than the protein synthesis regulation, the AKT was also
important to the activation of the satellite cells and
suggested  involvsement in  skeletal  muscle
hypertrophy. AKT pathway activation was done
through a variety of growth factors that could be a
ligand to activate the insulin receptor (IRS). The AKT
pathway activation was mainly carried out through
physical activity, especially resistance training or
lifting weights. In addition, the intake of certain
supplements had a potency to activate the AKT
pathway, thus allegedly able to provide the same
effects as physical activity to increase muscle mass
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through the protein synthesis stimulation. This could be
an effective therapeutic option for maintaining muscle
mass and preventing muscle wasting, so that it can
reduce the risk of sarcopenia and increase the quality
of life in the elderly.
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