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Abstract

The sirtuins constitute a group of histone deacetylases reliant on NAD* for their activity that have gained
recognition for their critical roles as regulators of numerous biological processes. These enzymes have various
functions in skeletal muscle biology, including development, metabolism, and the body's response to disease.
This comprehensive review seeks to clarify sirtuins' complex role in skeletal muscle metabolism, including
glucose uptake, fatty acid oxidation, mitochondrial dynamics, autophagy regulation, and exercise adaptations. It
also examines their critical roles in developing skeletal muscle, including myogenesis, the determination of
muscle fiber type, regeneration, and hypertrophic responses. Moreover, it sheds light on the therapeutic
potential of sirtuins by examining their impact on a range of skeletal muscle disorders. By integrating findings
from various studies, this review outlines the context of sirtuin-mediated regulation in skeletal muscle,
highlighting their importance and possible consequences for health and disease.
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1. Introduction

Serving as the largest organ in mammals and
accounting for 40-50% of adult-healthy human body
mass, skeletal muscle is integral to whole-body
metabolism, crucial for insulin-mediated glucose
disposal and lipid catabolism, undergoing intricate
molecular, cellular, and systemic regulation essential
for movement, metabolism, and overall health [1,2].
Sirtuins, a family of evolutionarily conserved
deacetylases that rely on NAD*, have emerged as
critical modulators in intercellular balance and stress
response pathways. Their intricate involvement spans
various cellular processes, including metabolism,
stress resistance, genomic stability, DNA repair,
aging, longevity, and disease [3-5]. In the context of
skeletal muscle, the roles of sirtuins have garnered
considerable attention owing to their involvement in
metabolic regulation, developmental processes, and
their putative implications in numerous muscular
disorders. Understanding the influence of sirtuins in
skeletal muscle biology holds promise for deciphering
fundamental  physiological =~ mechanisms and

unveiling potential therapeutic avenues. This review
aims to consolidate current knowledge regarding the
impact of sirtuins on skeletal muscle metabolism,
development, regeneration, and disorders, offering a
comprehensive perspective on their roles and
implications in the complex environment of skeletal
muscle biology.

2. Sirtuin Family

2.1 Structure and classification

Class-III HDACs (histone deacetylases) include
the sirtuin family, which is homologous to the yeast
protein known as Sir2. This family encompasses a set
of evolutionarily conserved proteins present in
various organisms, from bacteria to humans. These
proteins are characterized by their dependence on
NAD* for their enzymatic activities and play critical
roles in regulating multiple cellular processes. In
mammals, there exist seven sirtuin proteins named
SIRT1 to SIRT7 (Figure 1A), each exhibiting unique
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subcellular localizations, functions, and enzymatic
activities. The distribution of sirtuins across different
cellular compartments is as follows: SIRT1 and SIRT6
are primarily in the nucleus, whereas SIRT2 mainly
resides in the cytoplasm; however, SIRT1 and SIRT2
may be seen in the cytosol and nucleus, respectively.
SIRT3/4/5 exists in mitochondria. SIRT7 is primarily
located in the nucleolus, as shown in Table 1.

2.2 Enzymatic activities

Sirtuin enzymes utilize NAD* as a cofactor to
carry out enzymatic activities, such as deacetylating
or deacylating various substrates (see Table 1).

Research indicates that sirtuins exhibit diverse
enzymatic activities, encompassing different protein
modifications. For instance, SIRT4 functions primarily
as an ADP-ribosyltransferase [6] but also possesses
deacetylase [7], deacylase [8], and lipoamidase [9]
capabilities. SIRT5, while lacking significant
deacetylase activity, serves as a mitochondrial-lysine
demalonylase, desuccinylase, and deglutarylase [10].
Despite its comparatively low deacetylase activity,
SIRT6 exhibits ADP-ribosyltransferase activity [11].
Furthermore, SIRT6 efficiently eliminates myristoyl
groups [12,13].

Table 1. Mammalian sirtuins: Key biological attributes in skeletal muscle function.

SIRTs Primary Activity Targets Biological functions Tested activators Tested
localization inhibitors
SIRT1 Nucleus Deacetylase PCAF/MyoD, MEF2  Myogenesis SRT2104/SRT1720/ EX527/NAM/Sirtinol/M-15/6-chloro-2,
PGC-1q, Stat3 Energy homeostasis Resveratrol/NMN/  3,4,9-tetra-hydro-1-H-carbazole-1-carbox
H4K16ac Chromatin modification Myricanol amide
p53 Cellular repair and adaptation
NF-xB p65 Inflammation
FoxO1, FoxO3 muscle wasting
SIRT2 Cytoplasm Deacetylase a-tubulin Cellular structure Not reported AGK2
PAX7 Muscle regeneration
SIRT3 Mitochondria  Deacetylase LCAD FAO NMN 3-(1H-1,2,3-triazol-4-yl) pyridine (3-TYP)
OSsCP ATP production
SOD2 ROS balance
PDH Energy Balance
SIRT4 Mitochondria ~ Mono-ADP-ribosylase MCD FAO Not reported Not reported
Lipoamidase PDH Energy Balance
SIRT5 Mitochondria  Desuccinylase HMGCS2 B-oxidation (FAO) Not reported MC3482
Demalonylase
Deglutarylase
Deacetylase
SIRT6 Nucleus Deacetylase H3K9, H3K56 Chromatin regulation MDL801 2,4-dioxo-N-(4-(pyridin-3-yloxy)phenyl)
HIF-1a Glucose uptake -1,2,3 4-tetrahydroquinazoline-6-sulfon
NF-xB p65 Inflammation amide
Sox6 Muscle-fiber switch
Mono-ADP-ribosylase PARP1 DNA repair
Deacylase TNF-a Modulation of cytokine signaling
SIRT7 Nucleolus Deacetylase RNA Polymerase I and Histones/Ribosomal proteins Not reported Not reported
1T (Indirect)
A B
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65 340 10
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Figure 1. Structure and expression of sirtuins in primary skeletal myoblasts. (A) Seven members of mammalian (human) sirtuins are categorized with details such as catalytic
domain (CD), nuclear localization sequence (NLS), mitochondria-targeting sequence (MTS), nucleolar localization sequence (NoLS), amino acid (aa) length, and positions. The
illustration highlights the relative proportions of N-terminal and C-terminal extensions. (B) SIRT gene expression variations in primary chicken embryonic myoblasts are depicted
through RNA-sequencing results (Bahareldin Ali Abdalla Gibril, unpublished). RNA samples, obtained under institutional guidance (approval no: SYXK(YUE)2014-0136),
originated from primary myoblasts (3 samples) isolated from the leg muscle of 10-day-old chicken embryos. Each colored bar in the illustration corresponds to a distinct sample,
with values indicating fragments per kilobase of transcripts per million (FPKM).
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2.3 Expression and function in skeletal muscle

In a preliminary RNA-sequencing study of
proliferating primary myoblasts from healthy
10-day-old chicken embryonic leg muscle, we
observed significant variability in the expression of
Sirt transcripts. Sirt6 emerged as the most abundant
among the seven family members, with Sirt2, Sirtl,
and Sirt3 showing relatively higher expression levels.
Conversely, Sirt4 exhibited the lowest abundance
(Figure 1B). These findings offer insight for
prioritizing studies on sirtuins in muscle
developmental biology.

Sirtuins have attracted scientific attention for
their crucial roles in metabolism, DNA repair, stress
responses, and gene expression, impacting various
cellular processes [4,5,14]. Their relevance extends to
skeletal muscle health, with SIRT1, SIRT2, SIRT3 and
SIRT6 implicated in muscle development, metabo-
lism, and the body's response to exercise-induced
stress. Additionally, sirtuin activators have been
identified to enhance skeletal muscle formation.

3. Sirtuins in Skeletal Muscle Metabolism

Skeletal muscle metabolism, crucial for energy
balance, is dynamically regulated by sirtuins. These
proteins play a key role in controlling skeletal
muscle's metabolic processes, impacting
mitochondria biogenesis, glucose uptake, fatty acid
oxidation, autophagy, and exercise adaptations
(Figure 2 and Table 2).

3.1 Glucose uptake regulation by sirtuins
within skeletal muscle organ

Glucose uptake is crucial for energy metabolism
in skeletal muscle, especially during increased energy
demands like exercise or fasting. Sirtuins, notably
SIRT1, SIRT2, SIRT3, and SIRTS6, play significant roles
in regulating this process. SIRT1, for instance, affects
insulin-stimulated glucose transport in muscles,
particularly under conditions of limited glucose
availability [15]. Caloric restriction (CR) enhances
SIRT1 deacetylase activity and is associated with
increased insulin-induced glucose absorption and
phosphoinositide 3-kinase (PI3K) signaling in skeletal
muscle [16]. This effect is nullified in mice with
impaired SIRT1 deacetylase activity specifically
within their skeletal muscle tissues, suggesting its
crucial role in enhanced insulin sensitivity during CR
[16]. SIRT1 also deacetylates and inactivates Stat3,
impacting insulin signaling and PI3K activity in
skeletal muscle [16]. SIRT1 gain-of-function leads to
increased basal phosphorylated AKT (p-Akt) levels,
indicating potential improvements in insulin
sensitivity [17].

Furthermore, studies show that SIRT1 mediates
the impact of metabolic changes on regulating
H4Kl6ac and myogenic differentiation-1 (MyoD)
expression in muscle satellite cells [18]. Endothelial
SIRT1 deficiency enhances skeletal muscle insulin
sensitivity through thymosin beta-4 (TB4)-mediated
Akt signaling [19]. AMPK, a key energy sensor,
enhances glucose uptake and can be activated by
various stimuli, including caloric restriction, fasting,
and specific compounds like AICAR, metformin, and
resveratrol [20-24]. SIRT1 and AMPK exhibit a
reciprocal interaction, where each can activate the
other [25-27].

SIRT2 and SIRT3 also play crucial roles in
skeletal muscle glucose metabolism. Sirt2 knockout
reduces insulin-induced glucose uptake and impairs
insulin signaling, especially responding to a HFD [28].
Conversely, SIRT3 deficiency results in impaired
insulin signaling and elevated glucose levels,
emphasizing its role in preserving insulin sensitivity
[29]. Sirt3 full-body knockout mice exhibit impaired
glucose oxidation in skeletal muscle due to decreased
PDH activity. This impairment is characterized by an
accumulation of lactate, pyruvate, and a-ketoglutarate
metabolites, along with insulin's inability to suppress
fatty acid oxidation. These metabolic changes are
associated with hyperacetylation of the Ela subunit of
PDH [30].

SIRT6 is essential for regulating glucose
metabolism in skeletal muscle. SIRT6 negatively
controls HIF-la-dependent transcription, influencing
glycolysis and glucose uptake even under normoxic
conditions [31]. Muscle-specific Sirt6 knockout
decreases insulin sensitivity and glucose homeostasis,
emphasizing its regulatory role in skeletal muscle
energy balance [32]. Sirt6 knockout mice exhibit fatal
hypoglycemia due to increased glucose uptake, while
SIRT6 overexpression enhances insulin sensitivity and
glucose uptake [3,33]. The apparent contradiction in
glucose uptake effects observed with Sirt6 knockout
versus overexpression highlights the nuanced role of
SIRT6 in glucose metabolism. The potential use of
SIRT6 inhibitors for antidiabetic treatment [34]
requires further investigation into the specific
mechanisms involved and the potential therapeutic
targets within glucose regulation pathways.

3.2 Influence of sirtuins on fatty acid oxidation
within muscle cells

Skeletal muscle's fatty acid oxidation (FAO) is
essential for lipid metabolism, particularly during
heightened energy demands such as fasting or
exercise. Fatty acid synthase facilitates cytoplasmic
fatty acid synthesis. At the same time, FAO occurs in
the mitochondrial matrix via p-oxidation, producing
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acetyl-CoA for ATP (adenosine triphosphate)
synthesis in the tricarboxylic acid cycle (TCA).
Sirtuins, notably SIRT1/3 and SIRTS5, significantly
influence FAO in muscle cells (Figure 2 and Table 2).
SIRT1 interacts with transcription factors like PGC-1a
to promote fatty acid breakdown and energy
production by upregulating FAO enzyme genes [35].
It's essential for initiating FAO in low-glucose
environments by deacetylating and activating PGC-1a
[21,35]. Additionally, SIRT1 can activate AMPK [36],
further stimulating FAO and inhibiting hepatic fatty
acid production [37]. SIRT3, on the other hand,
maintains mitochondrial health by deacetylating and
activating enzymes involved in FAO, promoting
efficient FAO within mitochondria [38,39]. Its
deficiency leads to impaired FAO and energy

production during fasting [40]. SIRT4 negatively
regulates fat oxidation, as observed in vitro and in
Sirt4 knockout mice, which exhibit increased FAO
[7,41]. However, SIRT3 and SIRTS positively regulate
FAO [39,42,43]. SIRT5 ablation results in impaired
B-oxidation, leading to the accumulation of medium-
and long-chain acylcarnitines, crucial for transporting
fatty acids into mitochondria [42,44]. Overall, SIRT1,
SIRT3, and SIRT5 coordinate multiple pathways to
enhance FAO in muscle cells, crucial for cellular
energy homeostasis during metabolic stress. More
investigation is required to fully understand the
broader impact of SIRTs on skeletal muscle
metabolism, including their influence on glucose
uptake and mitochondrial function.
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Figure 2. The function of sirtuins in governing skeletal muscle metabolism. Energy-deprived conditions, such as exercise and CR, elevate the AMP/ATP ratio, activating AMPK.
This energy deficiency also boosts NAD* levels, activating sirtuin's deacetylase function. Nampt is presumed to facilitate NAD* production. AMPK enhances glucose uptake via
GLUT4 activation and, in tandem with SIRT1, stimulates PGC-1a through deacetylation and phosphorylation, promoting FAO and mitochondrial biogenesis. There is cross talk
as AMPK raises NAD* levels, while SIRT1 activates AMPK via LKB1 deacetylation. SIRT3 and SIRT6 also activate AMPK. SIRT1 additionally influences energy homeostasis by
activating Stat3 and inhibiting autophagy-related genes during fasting. FoxO3 deacetylation and inhibition by SIRT1 lead to a decrease in autophagy in muscles during 48 hours of
fasting [61]. In skeletal muscle, SIRT2 and SIRTé improve insulin sensitivity, particularly under high-fat diets or insulin resistance, by enhancing p-AKT activation. SIRTé6 also
regulates energy balance by inhibiting HIF-1a. In mitochondria, SIRT3 enhances glucose metabolism, decreases ROS production via SOD2 stimulation, and promotes fatty acid
oxidation by activating LCAD. SIRT4 activates MCD, while SIRTS5 inhibits acylcarnitine, regulating fatty acid oxidation.
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Table 2. Effects of sirtuins manipulation on skeletal muscle metabolism phenotype in rodents.

Sirtuin Genetic manipulation Cell targeted (rodents) Skeletal muscle metabolism phenotype Proposed mechanisms Refs.
SIRT1 Conditional-knockout Skeletal muscle Loss of SIRT1 deacetylase activity didn't affect None [143]
(MCK-Cre, mice) contraction-induced glucose uptake in EDL and soleus
muscles. Glucose uptake was about 40% higher in females
than males, irrespective of muscle type.

AAV mediated- Skeletal muscle (mice) Enhanced B-oxidation, mitochondrial biogenesis, and Increased pAMPK indicates enhanced [17]

Sirt] overexpression improved insulin signaling are insufficient in preventing control over B-oxidation and muscle fiber
obesity and systemic insulin-resistance caused by HFD.  composition.

In vivo electrotransfer to Skeletal muscle (rats)  Attenuated HFD-induced insulin resistance, improved Activated AMPK and PGC-1a, enhanced [137]

overexpress SIRT1 mitochondrial biogenesis and function, restored complex I function.
antioxidant enzyme activities.

Conditional-knockout Adult skeletal SCs from SIRT1 muscle-specific KO mice showed no SIRT1 regulates global H4K16ac and [18]

muscle-specific SCs significant differences in MyoD expression or global MyoD expression in SCs under different
(Pax7-Cre mice). H4K16ac levels between glucose and galactose media. metabolic conditions.
Conditional-knockout Skeletal Decreased mitochondrial function and content, increased None [94]
muscle-specific ROS production, higher fatigue rates during activity, with
(Myl1-Cre mice). modestly improved glucose tolerance.
Transgenic mice overexpress Skeletal Insulin-stimulated glucose uptake remains unaffected. None [144]
SIRT1 muscle-specific However, 20 days of energy restriction improved
(MCK-Cre mice). insulin-stimulated glucose uptake in WT mice. No
significant changes observed in body composition, energy
expenditure, or substrate oxidation.

In vivo electrotransfer for SIRT1  Skeletal muscle (mice) ~ Upon fasting, SIRT1 overexpression prevents the FoxO3 deacetylation and inhibition by [61]

overexpression induction of autophagy genes such as Bnip3, Atg4b, and SIRT1 lead to a decrease in autophagy in
Gabarapll. muscles during 48 hours of fasting.

In vivo electrotransfer to Skeletal Increased skeletal muscle mitochondrial biogenesis. Elevated mitochondrial enzyme protein  [145]

overexpress mutant form muscle-specific (rats) levels in rat triceps muscle tissue.

H355A of SIRT1

Conditional-knockout Skeletal Impaired muscle-specific insulin sensitivity enhancement Sirtl deacetylates and inactivates Stat3,  [16]

muscle-specific by CR in young mice; overall glucose tolerance and potentially modulating PI3K signaling.
(CKM-Cre mice). insulin sensitivity unaffected under normal feeding
conditions.
Conditional-knockout Skeletal No impairment in mitochondrial biogenesis or PGC-1 None [89]
muscle-specific deacetylation post voluntary wheel running or acute
(CKM-Cre) mice. exercise.
In vivo electrotransfer for Skeletal Reduced muscle mitochondrial biogenesis. Increased SIRT1 activity downregulates  [146]
SIRT1 overexpression muscle-specific (rats). mitochondrial proteins (PGC-1a, mtTFA,
COX V).
SIRT2 Knockout All (mice) Decreased muscle insulin sensitivity. Reduction in pAkt/ Akt ratio [28]
SIRT3 Knockout All (mice) Increased insulin resistance, impaired skeletal muscle Decreased TCA cycle substrate [28]
glucose uptake. respiration, increased fatty acid
respiration.

Knockout All (mice) Reduced muscle ATP, elevated acetylation of the ATP SIRT3 deacetylates ATP synthase [55]
synthase protein and shown exercise-induced stress proteins, especially OSCP, enhancing
deficit. mitochondrial ATP production.

Knockout All (mice) Decreased muscle glucose oxidation, resulting in elevated Hyperacetylation of PDH Ela. [30]
lactate, pyruvate, and a-ketoglutarate levels. Insulin failed
to suppress fatty acid oxidation.

Knockout All (mice) Impaired insulin action, decreased rate of oxygen Increased p-JNK, decreased IRS-1, Akt,  [29]
consumption, increased oxidative stress. and p-Erk.

Knockout All (mice) 51% decrease in FAO in fasting skeletal muscle. LCAD acetylation at lysine 42. [39]

Knockout All (mice) Reduced mitochondrial markers and metabolic pathways. Reduced AMPK and CREB [54]

phosphorylation, and decreased PGC-1a
expression.
SIRT4 Knockout All (mice) Enhanced fatty acid oxidation, enhanced resistance to Increased MCD activity led to decreased [7]
diet-induced obesity and enhanced capacity for exercise. ~amounts of malonyl CoA in skeletal
muscle and white adipose tissue.
SIRT5 Knockout All (mice) Impaired B-oxidation led to medium- and long-chain Hypersuccinylation of mitochondrial [42]
acylcarnitine accumulation in liver and skeletal muscles of proteins, including HMGCS2.
Sirt5 KO mice.
SIRT6 Conditional-knockout Skeletal Dysregulated glucose homeostasis, decreased insulin Reduced AMPK activity. [32]
muscle-specific sensitivity, reduced energy expenditure, and impaired
(Ckmm-Cre mice). exercise performance.

BAC-mediated SIRT6 All (mice) Increased glucose uptake in gastrocnemius and soleus Elevated pAkt/ Akt ratio in [33]

overexpression muscles, enhanced insulin sensitivity in gastrocnemius. gastrocnemius muscle, increased

circulating spermidine levels.

Knockout All (mice) Exhibited lethal hypoglycemic phenotype, with increased SIRT6 inhibits HIF-1a activity by [3,31]
glucose absorption in muscle and brown fat, leading to ~ deacetylating H3K9Ac at GLUT1, LDHA,
death shortly after birth. and PDHK1 promoters.

SIRT7 Knockout All (mice) Decreased OXPHOS complexes I (NDUFB8) and IV None [58]

(MTCO1) protein levels in skeletal muscle.
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3.3 Sirtuins' impact on skeletal muscle
mitochondrial biogenesis and function

Mitochondria, known as the cell's
"powerhouses," produce ATP, essential for cellular
energy. Sirtuins, particularly SIRT1, SIRT3 and SIRT4,
significantly influence mitochondrial biogenesis and
function within skeletal muscle, which is vital for
energy metabolism and cellular health. SIRT1 has a
central role in regulating mitochondrial biogenesis,
with its activity enhanced by increasing NAD* levels,
often augmented by CR [45]. It interacts with and
deacetylates PGC-la, promoting mitochondrial
biogenesis and function [35,46]. FoxO1/3 are specific
SIRT1 targets, suggesting SIRT1l's role in
mitochondrial biology regulation [47]. Loss or
reduction of SIRT1 activity leads to a decline in
mitochondrially encoded oxidative phosphorylation
(OXPHOS) genes and components, indicating
mitochondrial dysfunction [48]. Conversely, SIRT1
overexpression enhances mitochondrial function and
biogenesis, particularly under HFD conditions,
highlighting its regulatory role [17,49]. SIRT1
activators also promote mitochondrial capacity,
demonstrating their potential to enhance skeletal
muscle function [50,51]. SIRT3, a mitochondrial
deacetylase, regulates mitochondrial activity by
deacetylating specific proteins, including superoxide
dismutase-2 (SOD2), mitigating oxidative damage
and preserving mitochondrial integrity [52,53]. Sirt3
knockout leads to decreased mitochondrial markers
and impaired AMPK and CREB phosphorylation,
indicating mitochondrial dysfunction [54]. SIRT3 also
influences mitochondrial ATP levels through
deacetylation of ATP synthase proteins (such as
OSCP), which is crucial for energy homeostasis [55].
SIRT4 has emerged as a crucial controller of
mitochondrial phenotype and function in skeletal
muscle cells. Through its influence on mitochondrial
fusion proteins, including Mfnl and OPA1, as well as
metabolic pathways related to FAO, SIRT4
significantly contributes to the modulation of energy
metabolism. Moreover, SIRT4 shapes mitochondrial
morphology  towards  elongation,  ultimately
enhancing oxidative capacity within the cell [56]. Sirt4
knockout mice exhibiting impaired B-oxidation in the
liver and skeletal muscles [42]. Sirt6 knockout in
monkeys leads to immature mitochondria in
fast-twitch muscle fibers [57]. Sirt7 knockout
decreases protein levels of OXPHOS complexes in
skeletal muscle, requiring additional research [58]. In
summary, sirtuins orchestrate a complex network
regulating mitochondrial function in skeletal muscle,
which is crucial for maintaining cellular energy
balance and overall metabolic health. Further research
is needed to elucidate their precise mechanisms and

therapeutic potential in combating metabolic

disorders.

3.4 Role of sirtuins in modulating autophagy
and mitophagy in muscle cells

Autophagy, the cellular process responsible for
breaking down and recycling damaged cellular
components, is crucial for skeletal muscle health,
development, and adaptation to exercise. While
generally beneficial, dysregulation of autophagy can
detrimentally impact muscle function. Sirtuins,
notably SIRT1 and SIRT2, play significant roles in
modulating autophagy. SIRT1 has diverse targets
involved in autophagy regulation, including H4K16,
autophagy-related (Atg) proteins, PGC-la, and
various transcription factors [16,59]. Specifically,
SIRT1 can deacetylate Atg proteins, including Atg7,
Atgb, and Atg8/LC3, thereby promoting autophagy
[60]. SIRT1 acts as a negative regulator of autophagy
by deacetylating H4K16, among others, while SIRT1
overexpression induces autophagy [60]. During
fasting, SIRT1 levels in mouse tibialis anterior (TA)
muscles decrease significantly after two days,
coinciding with the induction of autophagy genes
such as Gabarapll (an Atg8 homologue), Atg4b and
Bnip3. This decline in SIRT1 does not occur at earlier
stages of fasting (12-24 hours) and is not observed in
the liver or heart, suggesting muscle-specific
regulation of SIRT1 in response to fasting. Upon 48
hours of fasting, electroporation of SIRT1
overexpression into the TA muscle of adult mice
blocks the induction of autophagy genes Gabarapll,
Atgdb, and Bnip3 [61] (Figure 2). This suggests that
SIRT1 can inhibit autophagy, a process that, when
overactivated, contributes to muscle wasting.
Forkhead box O3 (FoxO3), a key regulator of
autophagy in skeletal muscle, controls the
transcription of autophagy-related genes such as LC3
and Bnip3 [62]. SIRT1 deacetylates the transcription
factor FoxO3, responsible for the up-regulation of
autophagy genes such as Gabarapll, Atgdb, and
Bnip3. This deacetylation leads to a reduction in
FoxO3 activity, thereby inhibiting the expression of
these autophagy genes [61]. In endothelial cells, SIRT1
deficiency hampers autophagy, impacting insulin
sensitivity [19]. Treatment with resveratrol, a SIRT1
activator, restores autophagy-related gene expression
and mitigates muscle injury [63,64]. SIRT2 is pivotal in
regulating skeletal muscle autophagy, particularly
protecting against dexamethasone-induced muscle
atrophy. It modulates autophagy-related gene
expression, including LC3b and Beclin-1, thereby
counteracting muscle loss triggered by excessive
autophagy [65]. SIRT2 deficiency disrupts the balance
of acetylated FoxOl interaction with Atg7, further
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affecting autophagy regulation. SIRT3 interacts with
and deacetylates FoxO3 in heart cells, suggesting a
potential role in regulating skeletal muscle autophagy
[66]. The influence of sirtuins on autophagy in muscle
cells extends to the direct and indirect regulation of
essential proteins and pathways like mTORC1 and
AMPK, necessitating deeper exploration.

Age-related declines in mitochondrial function
significantly impact skeletal muscle health. To
maintain  cellular health and performance,
dysfunctional mitochondria are removed through
mitophagy, a selective form of autophagy targeting
damaged mitochondria for degradation [67-69].
Many biomarkers of mitophagy are expressed in
skeletal muscle, including PINK1, Parkin, BECN1
(Beclin-1), BNIP3, BNIP3L, FUNDC1, and mitofusin 2
(MFN2), reflecting the complex regulatory network
governing mitochondrial quality control [69-73].
Sirtuins such as SIRT1, SIRT2, SIRT3, and SIRT5
promote mitophagy in skeletal muscle, aiding in the
maintenance of healthy mitochondria. They influence
key regulators including PINK1, Parkin, BNIP3,
Beclin-1, MFN2, and FoxOs [64,74-77]. SIRT1
deacetylates MFN2, activating autophagy and
mitophagy in liver cells [78]. Resveratrol-induced
mitophagy in C2C12 myoblast cells reduces damaged
mitochondria and ROS levels, indicating therapeutic
potential [64]. Conversely, SIRT2-deficient mice
exhibit defective mitophagy, with increased levels of
PINK1, Parkin, P62 (also called sequestosome-1 or
SQSTM1), and ubiquitin in brain tissues [74].
Activation of SIRT3 is critical for inducing mitophagy
under hypoxic stress, while inhibiting SIRT3 impairs
mitochondrial quality control, reducing
mitophagy-related proteins like PINK1 and Parkin in
skeletal muscle [75]. Activation of SIRT3 by AR-C17
(5-heptadecylresorcinol) improves mitochondrial
function and mitophagy in obese skeletal muscle,
increasing key autophagy and mitophagy proteins
(Atg3/5 and Beclin-1, PINK1, and Parkin) in
skeletal-muscle of HFD-fed mice and C2C12 cells
through the SIRT3/FoxO3 pathway [76]. In
SIRT5-silenced C2C12 cells with the SIRT5 inhibitor
MC3482, BNIP3 levels increased, indicating enhanced
mitophagy commitment [77]. SIRT5 inhibition also
reduced MFN2 and OPAl levels, favoring
mitochondrial fission over fusion. Further exploration
of sirtuin-mediated mechanisms of mitophagy could
lead to novel therapeutic approaches for
muscle-related disorders and age-related declines in
skeletal muscle function.

3.5 Sirtuins' involvement in exercise-mediated
metabolic adaptations

Exercise-induced metabolic adaptations in

skeletal muscle are pivotal for optimizing energy
utilization, maintaining metabolic health, and
enhancing overall physical performance. Regular
physical activity triggers beneficial changes, including
upregulating NAD*-dependent sirtuins, specifically
SIRT1, SIRT3, and SIRT6. Exhaustive exercise notably
increases NAD* levels in mouse tibialis anterior
muscle within three hours post-exercise [79]. Acute
exercise swiftly elevates SIRT1 levels in both rodents
and humans, peaking within two hours [80].
Long-term treadmill training enhances SIRT1 and
PGC-1 levels, bolstering antioxidant defenses in rat
muscles [81]. However, chronic voluntary running
fails to alter muscle SIRT1 expression, suggesting
intensity and time dependency [82].

Muscle-specific Sirtl knockout mice display
reduced OXPHOS and diminished endurance in
long-distance running, while SIRT1 overexpression in
older mice enhances fatigue resistance [83,84]. SIRT1
is crucial for maintaining exercise endurance and
muscle strength, as evident from reduced treadmill
running distance and muscle function in
muscle-specific SIRT1-KO mice [85,86]. SIRT1
activators like SRT1720 and resveratrol enhance
mice's aerobic capacity and endurance performance
by promoting oxidative muscle fibers and genes
related to FAO [22,46]. Fatty acids are essential in
inducing muscle protein adaptations because they
bind to peroxisome-proliferator-activated receptors
[87]. In rats, acute endurance exercise quickly (two
hours) increased SIRT1 protein levels in the soleus
muscle. Following a 14-days of endurance exercise,
both PGC-1a and SIRT1 proteins rose along with key
metabolic components [80]. In human skeletal muscle,
training using high-intensity intervals for six weeks
boosted mitochondrial enzyme activities (28-36%) and
PGC-1o protein levels by 16%, while also increasing
SIRT1 activity [88]. The absence of SIRT1 deacetylase
activity within skeletal muscle remained unimpaired
mitochondrial biogenesis in response to voluntary
wheel running and acute exercise [89]. This challenges
the notion that SIRT1 serves as a primary controller of
skeletal muscle's exercise-induced mitochondrial
biogenesis. SIRT1's impact on energy metabolism
during exercise involves modulating glucose uptake,
mitochondrial biogenesis, and FAO [90]. In response
to exercise training, SIRT3 expression increases
selectively, particularly in muscles undergoing
training, such as the triceps [54]. Exercise-induced
mitochondrial biogenesis is supported by increased
citrate synthase activity [54]. SIRT3 levels are reduced
in immobilized hindlimb muscles but significantly
higher in master athletes, indicating a potential role in
maintaining mitochondrial health crucial for efficient
ATP production during exercise [52]. SIRT6
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expression is elevated in chronically exercised
humans, positively influencing exercise performance
and mitochondrial-oxidative-capacity [91]. Sirt6-KO
mice show weakened exercise performance and
lowered energy expenditure, while SIRT6 activation
increases exercise endurance, mimicking the effects of
exercise [91].

3.6 Oxidative stress and inflammation

Oxidative stress and inflammation are
contributing factors to various muscle disorders,
which are often associated with or implicated in the
aging process. SIRT1 and SIRT3 act as crucial

regulators, mitigating oxidative damage and
inflammation.
Antioxidant  defense by  sirtuins:  Sirtuins,

particularly SIRT1/3, orchestrate antioxidant defense
mechanisms in skeletal muscle. A potent SIRT1
activator, SRT2104 enhances mitochondrial function
and counters oxidative stress via reducing protein
carbonylation and 4-HNE levels and increasing SOD2
[92], while SIRT3 reduces ROS levels in mitochondria
[29,53,93], which are crucial for maintaining muscle
health. Studies in Sirtl and Sirt3 knockout mice
underscore their significance in mitigating oxidative
stress [29,53,94]. SIRT2 may reduce oxidative stress
via the Nrf2/FoxO3 pathway in skeletal muscle [95],
which requires future study.

Role of sirtuins in inflammation: Sirtuins play a
pivotal anti-inflammatory role in skeletal muscle.
They suppress transcription factors that promote
inflammation, such as HIF-1la, STAT3, and NF-«B
[31,96], attenuating  inflammatory  cytokine
expression. Sirtl-activating compounds demonstrate
promising anti-inflammatory effects in muscle tissues
[97].

Interaction with signaling pathways: Sirtuins
interact with various signaling pathways to regulate
inflammation. For instance, SIRT1's interaction with
AMPK highlights its role in mitigating inflammation
during muscle regeneration [48,98], emphasizing the
multifaceted functions of sirtuins in muscle health.
Future studies should focus on understanding their
deeper mechanisms which provides avenues for
therapeutic interventions targeting muscle disorders
associated with aging and inflammation.

4. Sirtuins in Skeletal Muscle: Exploring
their Role in Development and
Regeneration

4.1 Contribution of sirtuins to myogenesis

Myoblast proliferation and differentiation,
collectively known as myogenesis, are essential for
skeletal muscle growth, development, and

maintenance. During embryonic development,
myoblast proliferation contributes to initial muscle
tissue formation, while in adulthood, it supports
muscle fiber growth in response to exercise or injury
[99]. Myoblasts differentiate into mature muscle cells
by activating myogenic regulatory factors such as
Myf5, MyoD, myogenin, Myf6, and paired box
proteins PAX3 and PAX7, which drive muscle cell
maturation through downstream gene expression.

Sirtuins, particularly SIRT1 and SIRT2, influence
myoblast proliferation. In vitro studies using mouse
C2C12 muscle cells show that SIRT1 and SIRT2
promote myoblast proliferation [100-103]. However,
treatment with SIRT1 activators like SRT2104 or
resveratrol inhibits proliferation, while SIRT1
inhibition enhances proliferation, indicating a
SIRT1-dependent mechanism [92,102]. Conflicting
data may arise from variations in experimental
conditions, concentrations, or methodologies,
necessitating further research for clarification. SIRT1
enhances muscle cell proliferation by regulating cell
cycle regulators, such as inhibiting p21WAF/CIP1 or
increasing p27Kipl expression, and activating the
Wnt signaling pathway [100,101]. Similarly, SIRT2
achieves this effect by activating the ERK1/2 pathway
[103]. Treatment of primary myoblasts with the SIRT2
inhibitor AGK2 increased Myf5 expression [104].
Additionally, the IncRNA Sirt-1AS, derived from the
antisense strand of the SIRT1 locus, promotes muscle
cell proliferation by inducing cyclin expression [105].

SIRT1 and SIRT3 also influence myoblast
differentiation, with SIRT1 showing decreased
expression during C2C12 differentiation. SIRT1
overexpression negatively affects myogenesis by
downregulating myogenin, MEF2C, myosin heavy
chain, and other differentiation-related genes
[106,107]. Muscle-specific Sirtl knockout mice exhibit
altered gene expression related to skeletal muscle
development, notably upregulating the embryonic
myosin-heavy-chain isoform Myh3 [18]. Myf5
expression increases early in differentiation, and
MEF2 overexpression enhances MyoD expression,
promoting differentiation [108]. SIRT1 deacetylates
MEF2 during muscle differentiation and interacts
with PCAF/GCNS, deacetylating PCAF and MyoD
[15,109]. Interaction with the PGC-1 promoter is
enhanced by MyoD [110]. SIRT1 inhibitors such as
nicotinamide (NAM), sirtinol, and M-15 activate
muscle-specific enhancers [106]. SIRT3 expression
increases significantly during early differentiation,
and its depletion inhibits myoblast differentiation,
leading to decreased myogenin and MyoD expression
and a lack of polynucleated myotubes [111].

NAD* availability modulates ~ SIRT1's
deacetylase activity, with a reduction in the ratio of

https://www.ijbs.com



Int. J. Biol. Sci. 2024, Vol. 20

3227

NAD*/NADH during muscle cell differentiation
potentially affecting SIRT1 activity [106]. SIRT1
mediates the impact of glucose restriction on skeletal
muscle differentiation, as inhibition by NAM or
sirtinol reverses differentiation impairment under
glucose restriction [15,112]. Myoblasts from mice with
mutated SIRT1 genes show impaired differentiation
under low glucose conditions, highlighting the
necessity of SIRT1 for proper differentiation during
glucose restriction [15]. Glucose restriction triggers
AMPK activation, leading to Nampt transcription,
increasing intracellular NAD* levels, and reducing
NAM levels, subsequently activating SIRT1 and
inhibiting skeletal muscle differentiation.

The role of SIRT1 in myogenesis seems
contradictory based on different conditions (normal
vs. glucose restriction), highlighting the complexity of
cellular responses to metabolic stress and the nuanced
regulation of gene expression and differentiation
pathways by SIRT1. The involvement of AMPK and
other metabolic signaling pathways likely modulates
SIRT1 activity and its impact on myogenesis
depending on the cellular environment. Further
studies are needed to fully elucidate these intricate
interactions and their implications for skeletal muscle
biology under varying metabolic states.

4.2 Sirtuin regulation of determining muscle
fiber type

Different types of fibers make up skeletal
muscle, such as Type-I fibers that have an oxidative
metabolism and a slow twitch, and Type-II fibers that
have a glycolytic metabolism and a quick twitch. Each
type has distinct contractile and metabolic properties.
Sirtuins, particularly SIRT1, SIRT3, and SIRT6, play
crucial roles in determining muscle fiber type (Figure
3 and Table 3). Slow-twitch muscles like the soleus
exhibit higher expression levels of SIRT1, which
preserves oxidative muscle fibers. SIRT1 regulates
PGC-1a, contributing to fiber-type switching.
Knockout of SIRT1 in mice leads to reduced oxidative
phosphorylation and a shift toward glycolytic fibers

[83,85,86]. Overexpression of SIRT1 promotes
slow-twitch fiber development and mitigates
dystrophic  characteristics, potentially through

elevated PGC-1a levels [17,83]. SIRT1 activators like
resveratrol induce slow muscle fiber expression via
the SIRT1-PGC-la axis [113,114]. SIRT3M3 is a
shorter isoform of the mouse SIRT3 protein found in
the mitochondria, nucleus, and cytosol. Despite being
shorter, SIRT3M3 exhibits similar mitochondrial
deacetylase activity compared to the full-length SIRT3
[115]. SIRT3 expression correlates with oxidative
muscle types [54], and SIRT3M3 overexpression
induces a transition to oxidative fibers, increases

energy expenditure, and reduces muscle mass [107].
Conversely, SIRT3 knockout accelerates lean mass
loss and shifts muscle fibers toward fast-twitch types
[116]. SIRT6 regulates muscle fiber composition by
promoting slow-twitch oxidative types through the
downregulation of Sox6, a repressor of slow fiber
genes [57,91]. This regulatory role extends to
enhancing mitochondrial oxidative capacity and
exercise performance in mice [91].

4.3 Regulation of muscle regeneration by
sirtuins

Skeletal muscle can regenerate and repair
following injuries, a process vital for restoring muscle
function and preventing long-term impairment.
Central to this mechanism are satellite cells (SCs), a
type of myogenic or muscle stem cell, which activate
and differentiate, ultimately forming new muscle
fibers [99,108]. Critical regulators of muscle
regeneration include SIRT1 and SIRT2 (Figure 3).
SIRT1 significantly influences SC function, enhancing
muscle regeneration by controlling proliferation and
differentiation after injury or damage. Notably, the
NAD*-SIRT1 axis regulates satellite cell activation,
shifting metabolism from FAO to glycolysis. Reduced
SIRT1 activity during this transition leads to increased
acetylation of H4K16, affecting gene expression
[18,117]. Studies in Duchenne muscular dystrophy
mouse models indicate that calorie restriction
increases regenerative capacity in injured muscles and
enhances satellite cell transplantation efficiency, likely
through upregulating SIRT1 expression [118].
Conversely, satellite cells lacking SIRT1 exhibit
premature differentiation and impaired muscle
regeneration in mice [18]. Interventions elevating
NAD* levels, such as CR or nicotinamide riboside
administration, enhance satellite cell functions, aiding

muscle regeneration [37,118]. Similarly, SIRT1
activation with resveratrol enhances satellite cells and
muscle regeneration post-injury [119,120].

Conversely, inhibiting SIRT1 impacts membrane
resealing in myoblast cells, potentially affecting
muscle regeneration mechanisms [85]. Recent studies
have implicated SIRT2 in muscle regeneration. SIRT2
interacts with Pax7, regulating its acetylation status
and impacting the expression of PAX7 target genes
such as Myf5. Additionally, SIRT2 modulates satellite
cell asymmetric stem cell division, influencing muscle
regeneration [104,121]. These results imply that
SIRT1/2 may be useful as a therapeutic target for
disorders involving atrophy and reduced muscle
regeneration. Further investigation into the
interactions of SIRTs with AMPK and the roles
SIRT3/6 in muscle regeneration is warranted [98,99].
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Figure 3. The multifaceted role of sirtuin in regulating skeletal muscle myogenesis, fiber-type switching, regeneration, and atrophy. Activated SIRT1 inhibits myogenesis by
deacetylating MyoD and PCAF. Decreased NAD* levels block SIRT1 activity, leading to global H4K16ac accumulation, which increases muscle gene expression by activating the
MyoD promoter. SIRT1 induces fiber-type switching by deacetylating and activating PGC-1a. It also prevents protein degradation and atrophy (during conditions like denervation
and fasting) by deacetylating and inactivating FoxO3, which suppresses atrogenes (Atrogin-1 and MuRF1) and autophagy genes (Gabarapll, Atg4b and Bnip3) [61]. Lack of SIRTI
impairs muscle regeneration. SIRT2 enhances muscle regeneration by deacetylating and activating PAX7. SIRT3 isoforms have contrasting effects on muscle atrophy: SIRT3M3
promotes atrophy by activating FoxO1, while SIRT3 isoform-1 inhibits atrophy, though the mechanisms are not fully understood. Activating SIRT6 influences Soxé expression,
regulating muscle fiber composition by promoting slow-twitch oxidative muscle fibers through downregulation of Soxé. Lack of SIRTé hyperactivates IGF/PI3K/AKT signaling,
leading to FoxOs transcriptional repression and decreased muscle atrophy. X in red: deletion.

4.4 Influence of sirtuins on skeletal muscle
hypertrophy

Skeletal muscle hypertrophy, the enlargement of
muscle fibers typically induced by resistance exercise
or muscle overload, is crucial for lean muscle growth,
muscle performance, and overall muscle health.
Sirtuins, particularly SIRT1 and SIRT6, play
significant roles in this process (Table 3). Research
indicates that overload-induced hypertrophy in
skeletal muscles of rats is linked to increased
expression of SIRT1 but decreased SIRT3 level, which
is implicated in mitochondrial degradation [122,123].
SIRT1 also regulates myonuclear domain size in
skeletal muscle fibers, where overexpression
decreases domain size while inactivation increases it,

with no significant impact on muscle force [124].
Furthermore, SIRT proteins influence protein
acetylation levels, which are closely linked with
hypertrophy. SIRT1 overexpression leads to rapid
fiber hypertrophy by activating FoxO1/3, inhibiting
atrogens, and deacetylating FoxOs involved in muscle
protein degradation. It also activates PGC-la,
inhibiting muscle wasting via suppressing the activity
of NF-«kB and FoxO3 [61,125126]. Conversely,
muscle-specific SirtlI-KO mice display impaired
muscle development [18]. Similarly, Sirt6 knockout
mice demonstrate decreased muscle mass and fiber
thickness, with potential implications on muscle
biology that deserve additional research. Notably,
administration of nucleoside reverse-transcriptase
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inhibitors has shown a potential to ameliorate the
effects of SIRT6 deficiency on muscle-related
parameters [127].

5. Sirtuins in Skeletal Muscle Disorders

Sirtuins, especially SIRT1/6, play critical roles in
regulating skeletal muscle disorders by modulating
pathways related to protein degradation, muscle
wasting, mitochondria, and inflammation (Table 4).

5.1 Muscle atrophy

Muscle atrophy, the muscle strength and mass
loss, is influenced by various factors [2,128]. Sirtuins,
especially SIRT1, SIRT2, SIRT3, and SIRT6, play
crucial roles in regulating muscle atrophy by
modulating pathways related to protein degradation
and muscle wasting. Studies show that SIRT1
deficiency exacerbates muscle atrophy, while its
overexpression inhibits muscle wasting by
suppressing critical atrogenes and reducing overall

proteolysis [61,92].

Table 3. Skeletal muscle phenotypes in development and differentiation with modified sirtuin expression in animals.

Sirtuin Genetic manipulation Cell targeted (animal) Skeletal muscle phenotype Proposed mechanism Refs.
SIRT1 AAV-mediated SIRT1 Skeletal muscle-specific (mice) Partial preservation of TA muscle mass under [147]
overexpression androgen deprivation in males. Not reported
Inducible SIRT1 Skeletal muscle-specific (a-skeletal Increased nuclei count, smaller myonuclear ~ Not reported [124]
overexpression actin promoter in a domain size in muscle fibers; no impact on
tamoxifen-inducible manner; mice) force capacity.
Conditional-knockout Skeletal muscle-specific (MCK-Cre Decreased nuclei numbers and increased Not reported [124]
mice) myonuclear domain in skeletal muscle fibers.
AAV-mediated SIRT1 Skeletal muscle (mice) Shift towards oxidative fiber markers Not reported [17]
overexpression increases MYHCI protein content.
Conditional-knockout Muscle-specific knockout and Reduced size initially, smaller fiber Increased global H4K16ac, decreased [18]
satellite cells from adult skeletal cross-sectional areas, impaired regeneration.  Pax7 expression.
muscle knockout (Pax7-Cre mice).
Transgenic-knockdown Muscle-specific SIRT1 knockdown Increased skeletal muscle atrophy. Not reported [92]
(HSA-Cre mice) subjected to two
weeks of hindlimb suspension.
In vivo electrotransfer for Skeletal muscle (mice) Induced rapid muscle fiber hypertrophy, Inhibition of FoxOs and activation of [61]
SIRT1 overexpression increasing muscle mass. PGC-1a.
Conditional-knockout Skeletal muscle-specific (Myl1-Cre No change in muscle mass. Not reported [94]
mice)
Conditional-knockout Skeletal muscle-specific knockout Decreased slow-twitch fiber formation, Decreased mitochondrial electron [83]
(MCK-Cre mice) reduced OXPHOS capacity, diminished transport gene levels.
endurance.
Knockout Myoblasts collected from SIRT1 mutation hampers myoblast Glucose restriction activates AMPK, [15]
four-week-old wild-type & differentiation in low glucose; heterozygous  leading to increased NAD* levels and
SIRT1+/- (mice) mice maintain robust muscle gene expression. decreased NAM levels, activating SIRT1.
Transgenic overexpression All (mice) No change in gastrocnemius muscle weight. ~ Not reported [148]

SirtlAS AAV-mediated SIRT1AS All (mice) Reduced lean mass, greater muscle fiber size, Enhanced Sirt] translation via [105]

overexpression and unchanged fat mass. sequestering miR-34a.

SIRT2 Transgenic overexpression All (mice) Decreased muscle mass, slightly increased Not reported [149]
adiposity.

Knockout All (mice) Delayed muscle regeneration, exhibited Decreased MyoD, MyoG, and Myf5, [121]
muscle atrophy after injury. increased atroginl, and decreased IGF1
and mTOR impede muscle hypertrophy
post-injury.

SIRT3  Knockout All (mice) Accelerated lean mass loss, increased protein  Triggered Ang II-induced skeletal [116]
hyper-acetylation, and expedited fiber type muscle atrophy by promoting fiber-type
transition. shifting and metabolic reprogramming.

Transgenic mice overexpress  Skeletal muscle-specific (FLAG Reduced muscle mass, enhanced oxidative Upregulated FoxO1, leading to increased [107]
SIRT3MS3 (Short-isoform) with MCK, mice) muscle fiber formation. MuRF1 level.
Knockout All (mice) No differences in muscle or fat mass observed. Not reported [29]

SIRT4 Knockout All (mice) No lean mass changes, unchanged muscle Not reported [7]
fiber types post-exercise, normal growth
curves on a low-fat diet.

SIRT5 Knockout All (mice) Not reported Not reported [42]

SIRT6  Conditional-knockout Skeletal muscle-specific (SIRT6/1  Resisted Dex-induced muscle wasting, SIRT6 boosts IGF/PI3K/ AKT signaling  [132]

myogenin-Cre mice) protected against fiber type shift, and reduced via c-Jun-induced IGF2 expression.

atrogene expression.

Conditional-knockout Skeletal muscle (Myl1-Cre, mice)  Reduced oxidative fiber density, increased SIRT6 influences Sox6 expression via [91]
glycolytic fiber size. CREB activation.

Knockout All Decreased muscle mass, thinner fibers. Accumulation of cytoplasmic LINE1 [127]

cDNA.

CRISPR/Cas9-mediated SIRT6 All (monkeys) Muscle fibers predominantly comprised Not reported [57]

knockout. immature, fast-twitch fibers.

BAC-mediated SIRT6 All (mice) No differences in muscle, fat mass, or body Not reported [33]

overexpression. weight detected.

SIRT7 Knockout All (mice) Not reported Not reported [58]
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Table 4. Sirtuin modifications in diseases or muscle aging associated with skeletal muscle phenotypes in mice.

Sirtuin Disease model/ Muscle Modification Skeletal muscle phenotypes Proposed mechanisms Refs.
aging

SIRT1  Type 2 diabetes AAV-mediated SIRT1 overexpression in Enhanced autophagy levels and reduced  Increased LC3B, decreased p62. [150]
mellitus Zucker diabetic fatty rats both fat deposits and swelling in skeletal

muscle.
Cancer-induced Reduced SIRT1 expression in cancer cells using Reduced muscle fiber cross-sectional area, Resulted in NF-xB activation, leading  [130]
cachexia shRNA, then implanted into mice to establish ~ weaker forelimb grip strength, increased  to increased Nox4 expression and

tumor growth in vivo atrophy markers (Trim63 and Fbxo32 oxidative stress.

muscle-specific ubiquitin ligases), elevated

ROS.
Muscle aging (mice Specific-skeletal muscles-KO (mice) lowered exercise capacity, increased Not reported [86]
26-30 months; aged) glycolytic type-IIx+IIb fibers, reduced

oxidative type-Ila fibers in the soleus

muscle.
Muscle aging (mice Specific-skeletal muscles-KO Displayed mild dystrophic features: Not reported [85]
6-12 months; (ACTA1-Cre79Jme/] mice) centrally nucleated myofibers, increased
middle-aged) fiber splitting and regeneration, muscle

weakness, limited exercise endurance, and

strength reduction.
Muscle aging (mice 20+ Skeletal muscle and satellite cell knockout Decreased muscle force, fatigue resistance, SIRT1 enhances muscle fatigue [84]
months; aged) using Cre-lox (B6;129-Sirt1tm1Ygu/J mice and satellite cell proliferation after CTX resistance post-injury through

crossed with MCK-Cre and PAX7-Cre). injury. interaction with p53.

Muscle aging (mice 20+ Overexpressed in skeletal muscle (BAC; Increased contraction force recovery after  Not reported. [84]
months; aged) B6.Cg-transgenic-SIRT1-ASrn/] mice) CTX injury.
Duchenne muscular Skeletal muscle-specific Sirtl overexpression  Increases slow-twitch fibers, alleviates Elevated PGC-1a, lowered muscle [83]
dystrophy (mdx mice) (transgenic mice) dystrophic phenotype, and influences atrophy gene expression.

fiber-type plasticity.
Muscle aging (mice KO Exhibited a phenotype resembling Reduced mRNA levels in 13 [48]
4-10 months; aging-related mitochondrial dysfunction. =~ mitochondrially encoded OXPHOS
middle-aged) genes.

SIRT3  Spinal and Bulbar Mice overexpress FLAG-tagged SIRT3 (M1 Enhanced muscle mass. Reduced protein acetylation, [131]
Muscular Atrophy isoform) under the CAG promoter. particularly proteins in TCA cycle and
(AR100Q mice) fatty acid beta-oxidation.

SIRT6 Duchenne muscular CKO; Skeletal muscle-specific (Pax7-Cre) decreased myofiber damage, decreased SIRT6 suppresses H3K56 acetylation in [134]
dystrophy (mdx mice) dystrophic muscle pathology, and the utrophin gene enhancer region,

enhanced muscular performance. controlling its regulation.
Cancer-associated Skeletal muscle-specific SIRT6 overexpressing Preserved muscle weight and fiber size, Reduced myostatin and plasma-free  [133]
cachexia (mice) mice bearing tumor-induced cachexia. suppressed tumor growth. fatty acids, maintained plasma insulin
levels. Downregulated CXCL10 and
WNT4, upregulated GLUT4
expression.
Muscle aging (mice 24  Transgenic overexpression Improved glucose tolerance, reduced Upregulated AMPK [151]
months; aged) age-related inflammation, increased
exercise activity.
Atrogenes, such as Atrogin-1 (MAFbx) and acid beta-oxidation [131]. Conversely, SIRT3M3

MuRF]1, regulate muscle protein breakdown and are
often upregulated in conditions causing muscle loss,
like disuse, aging, or certain diseases. Resveratrol
mitigates muscle aging and atrophy [129]. SIRT1 also
controls muscle cachexia associated with chronic
diseases like cancer [130]. Cachexia, often seen in
cancer patients, is marked by significant weight loss,
muscle wasting, anorexia, and weakness, involving
increased muscle protein breakdown.

SIRT2 and SIRT3 play distinct roles in muscle
atrophy. Inhibiting SIRT2 reduces muscle mass
through autophagy-related protein regulation [65],
while SIRT3 deficiency accelerates atrophy by
affecting protein acetylation and mitochondrial
function [116]. SIRT3 reduces protein degradation in
the AR100Q mouse model, used to study
neurodegenerative diseases like SBMA or Kennedy's
disease, where mutations in the androgen receptor
(AR) gene cause toxic effects on skeletal muscle,
leading to muscle weakness and neurodegeneration.
SIRT3 achieves this by reducing protein acetylation in
metabolic pathways such as the TCA cycle and fatty

enhances muscle protein degradation by upregulating
FoxO1 expression and increasing MuRF1 expression
[107]. SIRT6 regulates muscle atrophy by modulating
IGF/PI3K/AKT signaling and influencing the
expression of atrogenes [132]. It also plays a role in
cancer-associated cachexia, preserving muscle mass
and function while suppressing tumor growth [133].
Understanding sirtuin function in skeletal muscle
offers potential avenues for preventing and treating
muscle-related illnesses.

5.2 Muscular dystrophy

Genetic diseases known as muscular dystrophies
are characterized by increasing muscle weakening
and degeneration, primarily due to gene mutations
essential for muscle cell structure and function.
Sirtuins, particularly SIRT1 and SIRT6, promise to
mitigate muscular dystrophy (MD) effects by
improving muscle function and reducing
degeneration in preclinical models. In Duchenne MD
(DMD), mutations in the DMD gene lead to
dystrophin protein absence, crucial for muscle
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integrity. In a study using the mdx mouse model of
DMD, previously injured tibialis anterior muscles
from calorie-restricted mice exhibited enhanced
regenerative capacity compared to controls, attributed
to elevated NAD* levels and SIRT1 upregulation
[118]. Skeletal muscle-specific Sirt1-KO  mice
demonstrate a somewhat dystrophic phenotype,
whereas mdx mice with SIRT1 overexpression have
improved pathology and enhanced exercise capacity
[83,85]. Resveratrol, also enhances characteristics of
muscular dystrophy in mdx mice [63,64]. In
myofibers, SIRT6 deacetylates H3K56ac, which
inhibits the production of utrophin. In the mdx
mouse, utrophin decreases disease by stabilizing the
sarcolemma when dystrophin is not present. SIRT6
inactivation in mdx mice reduces myofiber
disruption, improving muscle function [134]. These
findings suggest targeting SIRT1 and SIRT6 as
potential therapeutic avenues for DMD, opening new
paths for effective treatments.

5.3 Metabolic disorders affecting muscle
(insulin resistance and diabetes)

Metabolic disorders disrupt muscle function by
impacting metabolism. Sirtuins, including SIRTI,
SIRT2, SIRT3, and SIRT6, play crucial roles in
regulating  cellular = metabolism, and their
dysregulation contributes to insulin resistance and
diabetes, notably affecting skeletal muscle. Insulin
resistance is correlated with a decrease in SIRT1 levels
in muscle tissue in type 2 diabetes [135-137]. Insulin
resistance correlates with diminished mitochondrial
presence in skeletal muscle [138]. SIRT1 and
resveratrol enhance insulin sensitivity by suppressing
the expression of PTP1B, a crucial enzyme involved in
insulin signaling and glucose metabolism regulation.
This suppression prevents tyrosine dephospho-
rylation on the insulin receptor and substrate [136]. In
C2C12 cells, SIRT1 overexpression improves insulin
sensitivity under high glucose conditions [49], while
in vivo, insulin resistance caused on by a high-fat diet
is reduced by modest SIRT1 overexpression, which
improves mitochondrial performance and lowers
oxidative stress [137]. Electroacupuncture treatment
in mice improves insulin sensitivity by upregulating
SIRT1 expression in skeletal muscle [139]. Conversely,
SIRT2 deletion induces muscle insulin resistance,
while inhibiting SIRT2 improves insulin sensitivity in
insulin-resistant muscle cells [28,140]. SIRT3
expression reduction contributes to insulin resistance,
and its overexpression enhances glucose uptake and
reduces ROS production in insulin-resistant muscle
cells [29,141,142]. Enhanced SIRT6 levels defend
against diet-induced type 2 diabetes by improving
insulin sensitivity in muscle and liver, while

inhibiting SIRT6 improves glucose tolerance [33,34].
These findings suggest that targeting sirtuins could
offer therapeutic strategies for managing insulin
resistance and diabetes. Further research is needed to
explore optimal methods for modulating SIRT6 in
type 2 diabetes.

6. Conclusion and Future Perspectives

In conclusion, skeletal muscle undergoes
significant metabolic adaptations in response to
exercise, with sirtuins playing pivotal roles in
orchestrating these biological events. SIRT1, SIRT2,
SIRT3, and SIRT6 are key regulators of mitochondrial
biogenesis, fatty acid oxidation, and antioxidant
defense mechanisms, crucial for optimizing energy
utilization and enhancing physical performance.
Additionally, sirtuins play critical roles in skeletal
muscle development, including myogenesis,
determination of muscle fiber type, regeneration, and
hypertrophic responses. Moreover, the therapeutic
potential of sirtuins in addressing various skeletal
muscle disorders is underscored by their impact on
muscle health and function. To leverage the
full-potential of sirtuins for therapeutic interventions,
there is a compelling need to develop and rigorously
test small molecule SIRT activators or inhibitors
tailored for specific muscle disorders. Such
compounds could modulate sirtuin activity to
promote mitochondrial health, improve energy
metabolism, and mitigate muscle dysfunction
associated with aging and disease. Furthermore,
NAD* boosting therapies, which enhance cellular
NAD* levels and thereby activate sirtuins, hold
promise for combating age-related declines in muscle
function. By augmenting NAD* availability, these
therapies could enhance sirtuin-mediated metabolic
adaptations and promote muscle health during aging
and in muscle disorders. Future investigations should
focus on elucidating the intricate mechanisms
underlying sirtuin-mediated metabolic adaptations
induced by exercise, and explore innovative
therapeutic strategies to enhance the benefits of
exercise on muscle health. Research efforts should
also prioritize addressing age-related declines in
muscle function through targeted interventions
harnessing the regulatory potential of sirtuins. In
summary, leveraging the regulatory capabilities of
sirtuins through the development of specific
modulators and NAD* boosting therapies represents
a promising avenue for advancing therapeutic
approaches to enhance mitochondrial function,
optimize energy metabolism, and mitigate age-related
muscle loss, ultimately contributing to overall health
and well-being.
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Abbreviations

AAV: adeno-associated virus; Ac: acetylation;
AGK2: 2-cyano-3-[5-(2,5-dichlorophenyl)-2-furanyl]-
N-5-quinolinyl-2-propenamide; AICAR:
5-aminoimidazole-4-carboxamide ribonucleotide;
AMPK: AMP-activated protein kinase; BAC: bacterial
artificial chromosome; Bnip3: BCL2/adenovirus E1B
19 kDa protein-interacting protein-3; CREB: cAMP
response element-binding protein; EDL: extensor
digitorum longus; FoxOs: forkhead box Os; H4K16:
histone-H4 lysine-16; HFD: high-fat diet; HIF-la:
hypoxia inducible factor-la; KO: knockout; LCAD:
long-chain  acyl-CoA  dehydrogenase;  MCD:
malonyl-CoA decarboxylase; MCK: muscle creatine
kinase; MEF2C: myocyte enhancer factor-2C; Mfnl:
mitofusin-1; MuRF1: Muscle RING-finger protein-1;
mTORC1: mechanistic-target of rapamycin-complex
1, NAD*: nicotinamide adenine dinucleotide; NF-kB:
nuclear factor Kb; OPAl: optic atrophy-1; OSCP:
oligomycin sensitivity conferral protein; PCAF:
p300/CBP-associated  factor; PDH: pyruvate
dehydrogenase; PGC-la: peroxisome proliferator-
activated receptor-y coactivator-la; PINK1:
PTEN-inducible putative kinase-1; PTP1B:
protein-tyrosine phosphatase-1B; SBMA: spinal and
bulbar muscular atrophy; Stat3: signal transducer and
activator of transcription-3.
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