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Explore sirtuin family: SIRT5 as a ticket for the
entrance of the TBK1-RelA axis to skeletal muscle

rejuvenation

As defined by the World Health Organization, aging is a chronic
and long-term process characterized by the gradual accumu-
lation of molecular and cellular damage over time, ultimately
leading to the decline in the organism’s viability and an increased
risk of disease. Aging results from the complex interplay of mul-
tiple factors, and the pursuit of longevity remains a challenging
and enduring endeavor for humanity.

The sirtuin family, renowned for their deacetylase activity
and implicated in longevity, was discovered in the late 20th
century. Among the seven reported sirtuin family members,
SIRT1 has been the most extensively studied and is considered
as a representative member due to its critical role in anti-aging
mechanisms. SIRT1 exerts its anti-aging effects through multi-
ple pathways: (1) anti-inflammatory action by suppressing
TNF-a and NF-xB signaling; (2) metabolic regulation via AMPK
pathway activation to modulate energy homeostasis; (3) mito-
chondrial stabilization through deacetylation of peroxisome
proliferator-activated receptor coactivator 1« (PGC1a), which
enhances fatty acid oxidation while suppressing reactive oxygen
species (ROS) production. Notably, recent studies have identi-
fied that acetylation at the K408 site of SIRT1 dynamically reg-
ulates its deacetylase activity, thereby expanding its function.
Specifically, SIRT1 K408Q knock-in mice exhibited a protective
phenotype against dextran sulfate sodium (DSS)-induced coli-
tis, highlighting the significance of SIRT1 in modulating intesti-
nal inflammatory responses [1]. SIRT2, the sole family member
predominantly localized in the cytoplasm, directly participates
in cell cycle regulation (via deacetylase activity to modulate
mitosis-associated proteins) and cytoskeletal stabilization. In
Charcot-Marie-Tooth disease (CMT), a hereditary peripheral
neuropathy, mutant glycyl-tRNA synthetase (GARS) loses its
binding capacity to SIRT2, leading to reduced a-tubulin acetyl-
ation levels. This renders peripheral neurons more susceptible
to mechanical breakage, ultimately driving functional degener-
ation and injury. Notably, studies demonstrate that Drosophila
with GARS mutations and SIRT2 knockdown exhibit enhanced
motor performance and extended lifespan, indicating SIRT2’s
potential as a therapeutic target in neuropathology [2]. In
aging-related cardiovascular diseases, activation of the
SIRT2-LKB1-AMPK signaling axis ameliorates cardiac hyper-
trophy in murine models [3], while the SIRT2—p66s"°—-mROS

axis improves vasomotor dysfunction (e.g. impaired vascular
contraction-relaxation) in aged mice [4].

SIRT5 research has emerged relatively late compared to
other sirtuins. Localized predominantly in mitochondria, SIRT5
is distinguished by its versatile enzymatic activities, including
not only classical deacetylase activity but also desuccinylase,
demalonylase, and deglutarylase functions, though studies on
these non-canonical modifications remain limited. Protein suc-
cinylation, first reported in 2011 by Professor Yingming Zhao’s
team, is associated with mitochondrial energy metabolism and
pathologies linked to metabolic dysregulation. SIRT5-mediated
desuccinylation of aldehyde dehydrogenase 2 (ALDH2)
enhances its enzymatic activity, thereby mitigating mitochon-
drial oxidative stress, reducing pro-inflammatory cytokine levels,
and alleviating liver injury [5]. In metabolic diseases, SIRT5
plays a regulatory role in cardiac lipotoxicity and the progression
of diabetic cardiac hypertrophy. Studies using high-fat diet/strep-
tozotocin (HFD/STZ)-treated wild-type and SIRT5 knockout
mice demonstrated that SIRT5 deficiency sustains succinylation
at the K424 site of carnitine palmitoyltransferase 2 (CPT2),
impairing fatty acid oxidation and promoting cardiac lipotoxic
accumulation [6].

Previous studies on SIRT5-mediated desuccinylation have
predominantly focused on its roles in diverse pathologies, with
research models limited to cellular and murine systems, remain-
ing insufficient for clinical applications. Recently Guang-Hui Liu’s
team has published groundbreaking work in Nature Metabolism
investigating SIRT5’s anti-aging effects in primate skeletal mus-
cle [7]. This study employed a rigorously structured methodol-
ogy: (i) Conceptually, the research was initiated at the primate
population level by selecting high-functioning cohorts, with
skeletal muscle serving as the primary investigative platform.
(il) Experimentally, the team established a comprehensive ana-
lytical framework integrating multi-omics approaches (pheno-
typic, proteomic, and transcriptomic analyses) to identify and
prioritize candidate factors, ultimately elucidating the mecha-
nistic role of the SIRT5—TBK1-RelA signaling axis in skeletal
muscle aging. (iii) Translationally, the study validated therapeutic
potential by overexpressing SIRT5 via adeno-associated virus
(AAV)-mediated delivery in murine models, demonstrating sig-
nificant attenuation of aging-related phenotypes (Fig. 1).
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Figure 1. The mechanism of SIRT5—-TBK1-RelA in reversing skeletal muscle aging and applications in aging mice.

Skeletal muscle aging represents a pivotal contributor to
organismal aging, driving declines in muscle mass and func-
tional capacity while causing some aging-related pathologies
such as sarcopenia. Mitochondrial dysfunction marked by
diminished oxidative capacity and subsequent dysregulation of
cellular energy metabolism serves as a primary driver of skel-
etal muscle senescence. In addition, extracellular matrix depo-
sition elevates fibrotic remodeling, and the decline in
endogenous skeletal muscle stem cells (satellite cells, SCs)
impairs tissue self-renewal capacity, collectively exacerbating
the condition. Current therapeutic strategies predominantly
focus on pharmacological restoration of mitochondrial function
or SCs transplantation to enhance regenerative potential, while
systematic research into biomarkers and upstream drivers of
skeletal muscle aging remains underexplored.

In this research, the authors conducted a multidimensional
comparative analysis of skeletal muscle samples from young
and old, male and female cynomolgus monkeys. They system-
atically identified biomarker alterations during non-human pri-
mate (NHP) skeletal muscle aging across tissue, cellular, and
subcellular levels. Comprehensive transcriptomic and quantita-
tive proteomic analyses revealed elevated inflammatory signal-
ing as a hallmark of the skeletal muscle aging. Based on
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observed downregulation of SIRT5 expression in aged NHP
and human skeletal muscle tissues, the authors hypothesized
a regulatory role for SIRT5 in primate skeletal muscle aging.
This hypothesis was experimentally validated in myotubes that
were differentiated from CRISPR-Cas9-mediated S/RT57-
human embryonic stem cells.

To further elucidate the mechanism by which SIRT5
modulates myotube senescence, the authors employed
co-immunoprecipitation (Co-IP) and mass spectrometry in NHP
skeletal muscle lysates, revealing an interaction between
SIRT5 and TBK1 (a protein implicated in inflammatory regula-
tion) in mitochondria. Based on this discovery, the authors
hypothesized that SIRT5 mediates desuccinylation of the
TBK1. This hypothesis was confirmed by SIRT5 depletion,
desuccinylase-inactive mutant SIRT5-H158Y, and the mutation
of TBK1 succinylation site. At the same time, SIRT5 was shown
to desuccinylate TBK1 at Lys137 (K137), a modification that
subsequently modulates phosphorylation at Ser172 (S172) of
TBKA1. Importantly, under SIRT5 knockout conditions, TBK1
knockdown reduced RelA phosphorylation levels and attenu-
ated senescent phenotypes, collectively defining the
SIRT5-TBK1-RelA axis as the effector to counteract human
myotubes (hMyotubes) aging.
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Finally, the authors delivered wild-type SIRT5 or its mutant
(SIRT5-H158Y) via lentiviral vectors into SIRT5-deficient
human myotubes, demonstrating that WT SIRT5 rescued
senescence-associated phenotypes. Given the observed decline
in SIRTS5 expression in aged murine skeletal muscle, the authors
administered SIRTS5 via lentiviral delivery to aged male mice. This
SIRT5-based gene therapy significantly attenuated age-related
muscular dysfunction, thereby proposing a strategy for its thera-
peutic potential in combating skeletal muscle aging.

This study pioneers the use of NHP (cynomolgus monkey)
skeletal muscle tissues from both genders to systematically
characterize primate skeletal muscle aging phenotypes and
identify inflammation as a key biomarker. The authors described
SIRT5 as a driver of skeletal muscle aging, a finding subse-
quently validated in human myotube models. While SIRT5 is
recognized for its deacetylase activity and multiple roles in met-
abolic regulation, this work provides the first in vivo evidence of
its central role in primate skeletal muscle senescence. Although
prior studies have reported SIRT5-mediated desuccinylation of
TBK1 in modulating TBK1 activity and macrophage inflamma-
tory responses [8], the discovery that SIRT5 desuccinylates
TBK1 at Lys137 (K137) to influence skeletal muscle aging
highlights the complexity of SIRT5’s enzymatic functions. This
finding further implies potential tissue-specific functional diver-
gence within the sirtuin family.

This study provides a theoretical foundation for developing
skeletal muscle aging interventions while highlighting critical
avenues for future exploration. First, the identification of aging
biomarkers and their drivers using NHP models enhances clin-
ical relevance and establishes a robust framework for under-
standing human aging. Second, the research from mechanistic
validation in cynomolgus monkeys and human cellular models
to therapeutic testing in aged mice demonstrates evolutionary
conservation of the SIRT5-TBK1-RelA axis across species.
However, while this axis is validated in skeletal muscle senes-
cence, aging is a systemic process involving multifactorial inter-
actions, and whether its modulation confers synergistic benefits
in other tissues remains to be investigated. Beyond gene ther-
apy, this discovery suggests a promising strategy for small mol-
ecule therapeutics targeting the members in the pathway.

In summary, as pivotal regulatory factors involving diverse
physiological and biochemical processes, the sirtuin family
plays critical roles in aging, metabolism, and cellular homeosta-
sis. This study recommends SIRT5 as a novel modulator of
skeletal muscle aging. By anchoring inflammation as a central
biomarker, we identified pronounced succinylation of TBK1 in
SIRT5-deficient senescent human myotubes, which triggers
activation of the TBK1-RelA inflammatory axis and promotes
chronic inflammation. Mechanistically, SIRT5-dependent desuc-
cinylation of TBK1 at Lys137 facilitates its dephosphorylation at
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Ser172, thereby inactivating downstream NF-kB signaling cas-
cades. This forms the basis of the SIRT5-TBK1-RelA axis
working model in skeletal muscle aging. The molecular mech-
anisms elucidated in primates were translated therapeutically
through lentiviral-mediated gene delivery, indicating SIRT5
overexpression ameliorated age-related skeletal muscle dys-
function. These findings propose a potential intervention strat-
egy for mitigating muscle senescence and underscore the
therapeutic promise of sirtuin-mediated regulation in combating
aging-related pathologies.
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