Precision Medication 2 (2025) 100051

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Precision Medication

journal homepage: www.keaipublishing.com/en/journals/precision-medication/

Molecular aspects of metformin’s anti-aging properties for muscle function x

Check for

and longevity in Drosophila melanogaster

Milind Umekar™', Mohammad Qutub™’, Tanvi Premchandani®, Amol Tatode™",
Jayshree Taksansde®, Priyanka Singanwad®, Mayur Kale”, Mithun Maniyar®,
Ujban Md Hussain®

@ Department of Pharmaceutics, Smt. Kishoritai Bhoyar College of Pharmacy, Kamptee, Nagpur, Maharashtra, India

Y Department of Pharamcology, Smt. Kishoritai Bhoyar College of Pharmacy, Kamptee, Nagpur, Maharashtra, India

¢ Department of Pharmaceutics, SVERI's College of Pharmacy, Pandharpur, Maharashtra, India
d Department of Pharmaceutical Sciences, Rashtrasant Tukdoji Maharaj Nagpur University, Nagpur, Maharashtra, India

ARTICLE INFO ABSTRACT

Muscle aging, characterized by the progressive loss of muscle mass and function, presents a significant clinical
challenge, contributing to sarcopenia and age-related frailty. Recent research highlights metformin, a widely
used anti-diabetic drug, as a promising candidate for mitigating muscle aging by targeting conserved molecular
pathways. This review explores metformin’s mechanisms in Drosophila melanogaster, emphasizing its activation
of AMP-activated protein kinase (AMPK) and inhibition of the mechanistic target of rapamycin (mTOR), pivotal
regulators of cellular energy balance and proteostasis. Metformin enhances autophagy, reduces protein ag-
gregation, and preserves muscle integrity by modulating autophagy-related genes, such as Atgl and Atg8.
Furthermore, the drug's suppression of ribosomal S6 kinase (S6K) and eukaryotic initiation factor 4E (eIF-4E)
inhibits excessive protein synthesis, mitigating proteostatic stress. Studies in Drosophila reveal that metformin
extends lifespan, reduces oxidative stress, and improves muscle function, offering insights into its translational
potential for addressing sarcopenia. However, challenges remain in bridging the findings from Drosophila to
humans due to species-specific differences and the need for long-term clinical studies. By elucidating the in-
terplay of AMPK, mTOR, and autophagy pathways, this review underscores metformin’s therapeutic potential in
age-related muscle decline, providing a molecular foundation for its application in geroprotective interventions.
Future research should focus on optimizing dosing strategies, exploring synergistic therapies, and advancing
biomarkers for muscle aging to fully harness metformin’s clinical utility in promoting healthy aging.
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Introduction function”'°. Mitochondria, the powerhouses of the cell, exhibit reduced

efficiency with age, leading to decreased ATP generation, increased

Aging is an inevitable biological process that affects all organisms,
manifesting in various physiological and functional declines, including
the deterioration of muscle integrity':>. Muscle aging, often termed
sarcopenia, is marked by the progressive loss of muscle mass, strength,
and endurance, ultimately impairing mobility and increasing the risk of
metabolic disorders and mortality” °. The process of muscle aging is
multifaceted and involves a cascade of interconnected molecular, cel-
lular, and systemic changes that disrupt normal homeostasis® ®.

One of the hallmarks of muscle aging is mitochondrial dysfunction,
which impairs the energy production required to maintain muscle
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production of reactive oxygen species (ROS), and subsequent oxidative
damage to proteins, lipids, and DNA'"'?, These changes result in a
vicious cycle of cellular damage and energy deficits that accelerate
muscle deterioration. Furthermore, chronic low-grade inflammation,
often referred to as "inflammaging," exacerbates muscle atrophy by
activating catabolic pathways that degrade muscle proteins'®'". Si-
multaneously, dysregulation of proteostasis the balance between pro-
tein synthesis and degradation further disrupts muscle homeostasis,
compounding the decline in muscle structure and function'>'°®. Another
critical factor driving muscle aging is the impaired regenerative
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capacity of muscle stem cells, known as satellite cells'”. With age, sa-
tellite cells lose their ability to effectively repair and regenerate muscle
fibers following injury or stress'®'°, This decline is partly attributed to
changes in the systemic environment, such as altered signaling path-
ways involving insulin-like growth factor 1 (IGF-1) and the activation of
the mechanistic target of rapamycin (mTOR) pathway, which con-
tribute to the loss of anabolic signaling necessary for muscle main-
tenance”’ >

In recent years, pharmacological interventions targeting these un-
derlying mechanisms have emerged as potential strategies to mitigate
the effects of muscle aging”*”°. Among these, metformin, a well-es-
tablished anti-diabetic drug, has gained considerable attention for its
potential anti-aging properties®>”’. Originally developed to lower
blood glucose levels by improving insulin sensitivity, metformin has
since been recognized for its broader biological effects”®*°, These in-
clude activating AMP-activated protein kinase (AMPK), a key energy
sensor that promotes catabolic processes such as autophagy, reduces
oxidative stress, and inhibits the pro-aging mTOR pathway. Such ac-
tions make metformin an attractive candidate for addressing muscle
aging by targeting multiple interconnected pathways®’ >,

Baenas and Wagner (2019) have studied model organisms like
Drosophila melanogaster has been instrumental in uncovering the me-
chanisms through which metformin exerts its effects’>>. The fruit fly,
with its highly conserved genetic pathways and short lifespan, provides
a powerful platform for studying the molecular underpinnings of aging
and for testing pharmacological interventions®”. Studies on Droso-
phila have demonstrated that metformin can modulate mitochondrial
function, reduce oxidative stress, and improve overall muscle health,
thus delaying age-related muscle degeneration®®>°, These findings raise
intriguing questions about the translational potential of metformin for
human sarcopenia.

This review explores the complex interaction of cellular and mole-
cular processes underlying muscle aging and examines how metformin
influences these pathways in Drosophila melanogaster. By current evi-
dence, we aim to provide insights into metformin's potential as a
therapeutic intervention for delaying muscle aging and promoting
healthier aging.

Metformin: mechanisms underlying the anti-aging effect

Metformin has promising potential in mitigating the aging process
through several molecular mechanisms (Fig. 1). Metformin’s primary
action involves inhibiting mitochondrial respiratory complex I, redu-
cing cellular respiration and ATP production. This leads to an increased
AMP/ATP ratio, which activates AMPK, a key cellular energy sensor
that regulates metabolic pathways to restore energy balance’”"'. In
mammals, AMPK activation by metformin leads to decreased hepatic
glucose production increased glucose uptake in peripheral tissues, and
enhanced insulin sensitivity****. However, beyond its metabolic reg-
ulatory effects, AMPK plays a crucial role in modulating pathways as-
sociated with aging and longevity, including mTOR (mechanistic target
of rapamycin), FOXO (Forkhead box O transcription factors), and au-
tophagy-related processes”>*°.

One of metformin’s notable effects in aging research is its ability to
inhibit mTOR, a central regulator of cell growth, proliferation, and
metabolism®”**, mTOR activity is typically elevated in nutrient-rich
environments, promoting protein synthesis and inhibiting autophagy. A
cellular degradation process is essential for removing damaged proteins
and organelles”°°. Through AMPK activation (Figure 2), mTOR in-
hibition is a hallmark of lifespan extension and is associated with de-
layed onset of age-related diseases. Metformin’s modulation of the
AMPK/mTOR axis positions it as a promising agent for targeting aging
at the cellular level®’.

Studies in various model organisms, including nematodes, rodents,
and Drosophila melanogaster (fruit flies), have demonstrated that met-
formin can extend lifespan and mitigate age-related phenotypes®*>*.
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Fig. 1. Metformin-Mediated Modulation of mTORC]1 Signaling Pathway. Note:
The Fig. 1 illustrates how metformin modulates the mTORCI signaling cascade
to suppress cell growth and proliferation. Metformin increases the AMP/ATP
ratio, activating AMP-activated protein kinase (AMPK), which in turn inhibits
mTORCI both directly and indirectly through activation of the TSC1/2 com-
plex. In parallel, growth factors and insulin activate the Ras/Raf/MEK/ERK and
PI3K/Akt pathways, which stimulate mTORC1 activity via inhibitory effects on
TSC1/2 and activation of Rheb-GTP. Metformin counteracts these effects by
enhancing AMPK activity, which inhibits the upstream signaling and prevents
Rheb activation, thereby suppressing mTORC1 complex formation and down-
stream signaling. This leads to reduced cell growth and proliferation, high-
lighting metformin’s potential anti-proliferative and anti-cancer properties.

Drosophila melanogaster provides a powerful model for studying the
molecular mechanisms of aging due to its short lifespan, ease of genetic
manipulation, and conservation of key cellular pathways with higher
organisms, including humans®>°°. In Drosophila, metformin’s effects on
muscle aging are typically studied using the Gal4/UAS system, a binary
genetic tool that allows tissue-specific gene expression. This system
enables researchers to manipulate genes specifically in the muscle
tissue to study the role of AMPK, mTOR, and autophagy-related genes
in response to metformin treatment®”-°®, Lifespan assays in Drosophila
assess the overall longevity of flies treated with metformin. Ad-
ditionally, muscle aging is quantified through various physiological
assays, including climbing assays, which measure locomotor function,
and muscle immunohistochemistry, which detects the accumulation of



M. Umekar, M. Qutub, T. Premchandani et al.

ubiquitinated protein aggregates®® °'. Markers such as ubiquitinated
proteins and Atg8, an autophagosomal marker, are used to monitor
changes in proteostasis and autophagy in muscle tissue as flies age®* .
Specifically, in Drosophila, metformin has been shown to prevent the
aging-associated accumulation of ubiquitinated proteins in tissues such
as the intestine, fat body, and muscle. This suggests that metformin
supports the maintenance of proteostasis, which is vital for delaying
functional decline during aging®>°°.

In Drosophila muscle, aging is accompanied by the accumulation of
protein aggregates, impaired proteostasis, and a decline in autophagic
processes””-°%, Metformin’s ability to prevent these changes points to its
role in preserving muscle integrity during aging. Notably, the stimula-
tion of autophagy, a process that recycles damaged cellular compo-
nents, is a key feature of metformin’s anti-aging effects. Enhanced au-
tophagy helps to maintain cellular homeostasis and delay the
progression of age-related muscle degeneration®””°.

Genetic tools allow for precise control of AMPK activity in the muscle,
enabling researchers to dissect the pathway’s role in metformin’s anti-aging
effects”"”%. Muscle-specific knockdown or overexpression of key genes in-
volved in energy metabolism and protein homeostasis, such as AMPK,
mTOR, and autophagy-related genes, provides insights into how metformin
influences aging at the molecular level >,

AMPK activation and lifespan extension

AMPK is a key energy sensor that regulates cellular metabolism and
plays a crucial role in the anti-aging effects of metformin’*’>. Under
conditions of low energy, such as those induced by metformin, AMPK is
activated through an increased AMP/ATP ratio’®. In Drosophila mela-
nogaster, AMPK activation is essential for lifespan extension and the
suppression of age-related phenotypes, particularly in muscle tissues
ATP ratios, which signify low energy states’” ',

Metformin activates AMPK by directly inhibiting mitochondrial
complex I, which leads to reduced ATP production and an elevated
AMP/ATP ratio ’°. Activated AMPK phosphorylates a range of down-
stream targets that are involved in regulating metabolism, protein
synthesis, and autophagy®”. One of its primary effects is the inhibition
of the mechanistic target of rapamycin complex 1 (mTORC1), a central
regulator of cell growth, proliferation, and protein synthesis® ",

In Drosophila muscle, AMPK activation by metformin directly sup-
presses age-related accumulation of ubiquitinated protein aggregates, which
are characteristic of impaired proteostasis during aging®. The reduction in
protein aggregation is largely due to AMPK’s inhibition of mTORC1 sig-
naling, which decreases the activity of ribosomal S6K and elF-4E. These
factors are responsible for initiating cap-dependent protein synthesis, and
their downregulation helps limit the excessive production of proteins that
are prone to misfolding and aggregation in aged muscle cells®” *°,

Moreover, AMPK promotes autophagy, a process critical for the
clearance of damaged organelles and proteins. By inhibiting mTORCI,
AMPK relieves the repression of autophagy-related genes, such as Atgl
and Atg8, allowing for enhanced autophagosome formation and de-
gradation of protein aggregates”’. This increase in autophagy is a major
contributor to the maintenance of cellular homeostasis and delayed
muscle degeneration in aging flies treated with metformin®"°2,

Genetic evidence from Drosophila demonstrates the importance of
AMPK in lifespan extension. Overexpression of a constitutively active
form of AMPK (AMPKaT184D) in adult muscle significantly prolongs
lifespan and mimics the effects of metformin, even in the absence of the
drug. Conversely, muscle-specific depletion of AMPK using RNA inter-
ference (RNAi) abrogates metformin’s anti-aging effects, leading to in-
creased protein aggregation and shortened lifespan. These findings in-
dicate that AMPK activation is both necessary and sufficient for the
lifespan-extending effects of metformin in Drosophila’®?* 9193,

In addition to its direct effects on mTORC1, AMPK also indirectly
regulates other longevity-associated pathways, including FOXO tran-
scription factors. Metformin-mediated AMPK activation promotes the
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nuclear localization of FOXO, which upregulates the expression of
stress-resistance and autophagy-related genes, further contributing to
lifespan extension.

Involvement of mTOR and protein synthesis pathways

The mechanistic target of rapamycin (mTOR) is a key regulator of
cell growth, proliferation, and protein synthesis, particularly
through its involvement in the mTORC1 complex. mTORC1 in-
tegrates signals from nutrients, energy status, and growth factors to
promote anabolic processes such as protein translation and ribosome
biogenesis®”°®. In Drosophila, mTOR activity is closely linked to
aging, with increased mTOR signaling contributing to age-related
muscle degeneration due to excessive protein synthesis and reduced
autophagic activity”* %",

Amin et al. (2019) studied that metformin exerts its anti-aging
effects on Drosophila muscle primarily by inhibiting mTORC1. This
is achieved indirectly by activating AMPK, which phosphorylates
and activates TSC2 (tuberous sclerosis complex 2), an upstream
inhibitor of mTORC1. The inhibition of mTORC1 leads to the
downregulation of protein synthesis and the promotion of autop-
hagy, both critical processes in delaying muscle aging'®”. In normal
conditions, mTORC1 promotes the phosphorylation of downstream
targets like ribosomal S6K and eukaryotic initiation factor 4E (eIF-
4E), both of which are essential for initiating mRNA translation and
protein synthesis'°®'%*. Metformin-mediated inhibition of
mTORC1 reduces the phosphorylation of S6K and elF-4E, thereby
slowing down protein synthesis'’®. This reduction is crucial in
aging muscles, where excessive protein accumulation leads to the
formation of misfolded or damaged proteins that impair cellular
function'“°.

Ribosomal S6K is a major downstream effector of mTORC1 that
promotes protein synthesis by phosphorylating ribosomal protein S6,
facilitating ribosome biogenesis and mRNA translation'®”'°%, Over-
expression of constitutively active S6K (S6KCA) in Drosophila muscle
cancels out metformin's protective effects, indicating that the suppres-
sion of S6K activity is essential for reducing age-related protein accu-
mulation'®’. In contrast, inhibition of S6K mimics metformin’s anti-
aging effects, reducing muscle protein aggregation and preserving
muscle integrity’'°.

elF-4E is another critical component regulated by mTORC1, re-
sponsible for initiating cap-dependent translation by binding to the 5’
cap of mRNAs. Under normal conditions, mTORC1 phosphorylates and
inactivates the eIF-4E binding protein (4E-BP), a repressor of elF-
4E'' 1112 Metformin’s inhibition of mTORC1 leads to an increase in 4E-
BP activity, which binds to and inhibits eIF-4E, thereby suppressing
cap-dependent translation’''®. This reduction in translation initiation
limits the production of unnecessary proteins during aging, reducing
the burden on proteostasis mechanisms in aging muscle. Experimental
studies in Drosophila have provided strong genetic evidence supporting
the involvement of mTOR and protein synthesis pathways in metfor-
min’s anti-aging effects. Overexpression of wild-type mTOR (TorWT) in
muscle fails to extend lifespan or prevent aging, while dominant-ne-
gative forms of mTOR (TorTED) mimic the effects of metformin by
suppressing mTOR activity, thereby reducing protein synthesis and
delaying muscle aging. Similarly, genetic activation of S6K or elF-4E
abolishes metformin’s anti-aging effects, further underscoring the cri-
tical role of protein synthesis suppression in the drug’s mechanism of
aCtiOnll4ill77193.

Metformin’s inhibition of mTOR and its downstream effectors, S6K
and eIF-4E, highlights its role in balancing anabolic and catabolic
processes in muscle aging''®. By reducing excessive protein synthesis
and promoting autophagy, metformin helps to maintain cellular
homeostasis, delay the onset of muscle degeneration, and extend life-
span in Drosophila''®'?°,
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Autophagy and protein homeostasis

Autophagy is a vital intracellular process that regulates the de-
gradation and recycling of damaged organelles, misfolded proteins, and
other cellular debris. This pathway is essential for maintaining protein
homeostasis, especially in aging tissues, where the accumulation of
toxic protein aggregates and damaged organelles can lead to cellular
dysfunction’®'?*, In Drosophila melanogaster, autophagy plays a
crucial role in muscle health, as protein homeostasis declines with age,
leading to muscle degeneration and functional impairment. Metformin's
anti-aging effects in Drosophila are strongly linked to its ability to sti-
mulate autophagy, primarily through the activation of AMPK and in-
hibition of the mechanistic target of rapamycin complex 1 (mTORC1).
AMPK is a key energy sensor that promotes autophagy when cellular
energy levels are low. Metformin increases the AMP/ATP ratio, which
activates AMPK, triggering a cascade of events that ultimately enhance
autophagic flux'*°,

One of the primary downstream effects of AMPK activation is the
inhibition of mTORC1, a central regulator of cell growth and protein
synthesis'“°. mTORC1 acts as a negative regulator of autophagy by
phosphorylating and inhibiting Unc-51-like autophagy activating ki-
nase 1 (ULK1), which is essential for the initiation of autophagy'®.
When mTORCI is suppressed by metformin, ULK1 is dephosphorylated
and activated, initiating the autophagic process. This leads to the for-
mation of autophagosomes, which engulf damaged proteins and orga-
nelles, ultimately delivering them to lysosomes for degradation”®'?®,

In Drosophila, age-related muscle degeneration is associated with
the accumulation of ubiquitinated protein aggregates, which are mar-
kers of impaired proteostasis'”’. Autophagy plays a critical role in
clearing these aggregates, thereby maintaining muscle integrity. Studies
have shown that metformin-fed Drosophila exhibit a significant re-
duction in ubiquitinated protein aggregates in their muscle tissue,
suggesting enhanced autophagic activity. This reduction in protein
aggregates correlates with delayed muscle aging and extended lifespan
in the ﬂies]lv’().]b’].

Genetic studies in Drosophila further support the essential role of
autophagy in metformin’s anti-aging effects. Knockdown of key au-
tophagy genes, such as Atg6 (Beclinl homolog) or Atg8 (autophago-
some marker), abrogates the beneficial effects of metformin on muscle
aging, leading to the accumulation of protein aggregates and ac-
celerated muscle degeneration'®*'®?. Conversely, overexpression of
autophagy-related genes enhances the effects of metformin, leading to
improved muscle function and longevity' %1416,

In addition to promoting autophagy, metformin plays a critical role
in maintaining protein homeostasis by downregulating protein synth-
esis. This is achieved through the suppression of mTORC1 and its
downstream targets, including ribosomal S6K and eIF-4E. Both S6K and
elF-4E are essential for initiating cap-dependent translation and pro-
moting protein synthesis. In aging tissues, excessive protein synthesis
can contribute to the accumulation of misfolded proteins and cellular
stress, which in turn accelerates aging'®’.

H. Querfurth et. al. (2021) and Z. Mao et. al (2018) provided that,
by inhibiting mTORC1 and reducing the activity of S6K and elF-4E,
metformin decreases overall protein synthesis in Drosophila muscle.
This not only reduces the burden of newly synthesized misfolded pro-
teins but also allows the cellular machinery to focus on the degradation
of damaged proteins via autophagy, ensuring that protein homeostasis
is maintained during aging'®*'*°.

Anti-aging drugs and their mechanisms: a detailed overview
highlighting metformin’s superiority

Recent research as shown in Table 1'°°'®” has brought attention to
several drugs with significant anti-aging potential, each targeting un-
ique biological mechanisms to extend lifespan and promote healthier
aging. Rapamycin (sirolimus) functions as an inhibitor of the mTOR
pathway, stimulating autophagy and cellular repair processes; however,
its long-term use is limited due to its immunosuppressive
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properties’'**'*'. Similarly, alpha-ketoglutarate (AKG) targets mTOR
and ATP synthase while influencing DNA and histone demethylation
and reducing oxidative stress caused by reactive oxygen species
(ROS)***'*3, Both curcumin and tetramethylpyrazine nitrone (TMPN)
also interact with the mTOR pathway, with curcumin mitigating in-
flammation by suppressing NF-kB and TMPN safeguarding mitochon-
drial function via the AMPK/mTOR pathway'** ¢,

Antioxidant compounds such as, resveratrol and Tinospora cordi-
folia counteract oxidative stress by neutralizing ROS, thereby pre-
venting cellular damage'*’~'*°, Spermidine, on the other hand, fosters
autophagy, reduces inflammation, and regulates histone acetylation,
thereby maintaining cellular equilibrium’®’. Pentagalloyl glucose and
sulforaphane have been found to support longevity by promoting daf-
16 nuclear translocation, enhancing sod-3 expression, and modulating
insulin/IGF-1 signaling pathways. Fisetin and quercetin address cellular
senescence through apoptotic regulation, focusing on pathways like
PI3K/AKT/NF-kB and HIF-1q, respectively'®' " *°In addition, verapamil
serves as a calcium channel blocker, while atracurium influences neu-
romuscular signaling through its effects on the acetylcholine receptor
subunit unc-38, contributing to maintaining cellular function'>* "7,

Ligustilide has shown potential in countering adriamycin (ADM)-
induced immune senescence by preserving thymic function and anti-
oxidant effects by reducing the level of oxidative stress markers, while
procyanidin C1 acts as a senolytic by selectively inducing mitochondrial
dysfunction and ROS production in senescent cells to facilitate their
removal'°*'®!, Among these options, metformin stands out as the most
versatile and well-studied anti-aging drug. It operates through multiple
mechanisms, including the activation of AMPK, inhibition of mTOR,
reduction of oxidative stress, and modulation of inflammatory path-
ways.

Unlike rapamycin, metformin does not significantly suppress the
immune system, making it a safer option for extended use. Its afford-
ability, established safety in clinical applications, and metabolic bene-
fits position it as a leading candidate for anti-aging therapies'®%. On-
going studies, such as the TAME (Targeting Aging with Metformin) trial
which a multicenter, randomized, double-blind, placebo-controlled
clinical trial designed to investigate metformin's potential to delay
aging and extend healthspan by targeting multiple biological pathways
associated with age-related diseases, are further exploring its potential
to delay the onset of aging-related declines and improve overall
healthspan'®®'%%,

Implications for therapeutic applications

The findings from Drosophila studies suggest that metformin holds
promise as a therapeutic agent for age-related muscle decline. Its ability
to activate AMPK, suppress mTOR signaling, and induce autophagy
could potentially be leveraged to treat sarcopenia and other age-asso-
ciated muscle disorders. Given the conservation of these pathways in
mammals, further research is warranted to explore the translational
potential of metformin in human aging and muscle maintenance. The
molecular pathways influenced by metformin in Drosophila, particu-
larly AMPK, mTOR, elF-4E, and S6K, play crucial roles in its muscle
aging suppression effects. These pathways, along with others such as
autophagy and oxidative stress regulators, collectively contribute to the
preservation of proteostasis and delay of muscle degeneration. A de-
tailed breakdown of these pathways, their involvement in aging, and
experimental evidence in Drosophila is provided in Table 2'%%2'2,

Translating Drosophila findings to clinical applications

The molecular mechanisms by which metformin delays muscle
aging in Drosophila melanogaster primarily through AMPK activation,
mTOR inhibition, suppression of protein synthesis (eIlF-4E/S6K), and
enhanced autophagy are highly conserved in mammals. However,
translating these findings to humans requires careful consideration of
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species-specific differences in metabolism, tissue complexity, and aging
trajectories. Recent clinical studies provide critical insights into met-
5 formin’s potential for mitigating age-related muscle decline in humans,
though outcomes are context-dependent and sometimes paradoxical.
In older adults, metformin shows promise in reducing disuse-induced
muscle fibrosis and cellular senescence. A randomized trial in healthy
older adults (60 + years) revealed that metformin pretreatment during 5
days of bed rest attenuated type I myofiber atrophy, lowered collagen
deposition, and reduced markers of senescence and the senescence-asso-
ciated secretory phenotype (SASP) in muscle tissue during recovery. This

References

Biochemical activity or therapeutic

E was linked to improved proteostasis and reduced inflammation, aligning

g with Drosophila findings on metformin’s role in clearing protein ag-

5| & gregates via autophagy”'”. Conversely, the MET-PREVENT trial found no

E E improvement in 4-m walk speed or physical function in frail older adults

2| with sarcopenia after 4 months of metformin, highlighting tolerability is-
sues and suggesting limited efficacy in advanced frailty**.

Metformin’s impact on mitochondrial function and oxidative stress

in humans partially mirrors Drosophila outcomes but exhibits nuances.

Short-term metformin use (2 weeks) in glucose-tolerant older adults

g o increased mitochondrial H,O, emission a sign of mitohormesis which

E g correlated with satellite cell activation, suggesting a role in muscle

g i repair’’>. However, metformin blunted muscle hypertrophy and

E 2 AMPK/mTOR-related adaptations after resistance training in older

g 8 adults, indicating potential interference with anabolic pathways®'®.

‘:%‘ m% This contrasts with Drosophila, where metformin consistently promotes

muscle integrity. Beyond muscle, metformin may protect against age-
related cognitive decline. In men with T2D, metformin altered the gut
microbiome (increasing Akkermansia muciniphila) and plasma meta-
bolome (enriching arginine/proline pathways), which correlated with
improved memory scores”'’. Epigenetic age reversal in monocytes of
older people with HIV further supports its geroprotective potential®'®.
Large-scale clinical trials are currently exploring the broader anti-
aging effects of metformin. One such initiative, the TAME trial, aims to
evaluate the drug’s impact on age-related diseases in non-diabetic older
adults. The study plans to enroll approximately 3000 participants, aged
65-79, across about 14 centers throughout the United States. Rather
than examining metformin’s effects on individual conditions, the trial
will focus on the time to first occurrence of a composite outcome in-
cluding cardiovascular events, cancer, dementia, and all-cause mor-
tality. In addition, TAME will assess critical functional and geriatric
endpoints. If successful, the TAME trial could represent a paradigm shift
in medical research and practice, moving from disease-specific treat-
ments toward targeting the aging process itself>'°. This approach has
the potential to accelerate the development of more effective pharma-
cological strategies and significantly reduce healthcare costs associated
with aging. Meanwhile, the ANTHEM study is probing how metabolic
health status influences metformin’s efficacy on insulin sensitivity and
mitochondrial function®”’. Notably, metformin did not reduce cancer
incidence over 21 years in high-risk adults in the DPP trial, under-
scoring the need for biomarker-guided patient stratification®**.
Metformin’s mechanisms, elucidated in Drosophila, provide a robust
framework for exploring its therapeutic potential in human muscle
aging. Clinical evidence supports its role in reducing fibrosis and se-
nescence in specific contexts but cautions against uniform application
in frailty or alongside intense exercise. Future research should prioritize
personalized dosing, combinatorial approaches, and biomarkers like
epigenetic clocks or IgG glycosylation patterns to identify responders.
Bridging invertebrate models to human trials will be essential to har-
ness metformin’s full potential in promoting healthy aging.
Limitations and challenges in the study of metformin’s anti-
aging effects in Drosophila
The study of metformin's anti-aging effects in Drosophila melanogaster
presents several limitations, as highlighted in Table 3°****°, These include
species-specific metabolic differences that may not translate directly to
humans, challenges in determining appropriate dosage, and the lack of
clarity regarding healthspan versus lifespan benefits. Experimental

the National Center for Health Statistics (NCHS)
more than 80.4 nmol/! - showed increased lifespan

18,738 participants from the NHANES (National
2007-2010 & 2015-2018, a survey conducted by

Health and Nutrition Examination Survey)

In-vivo studies/In-vitro studies

cohort study-

modulating cellular processes to delay aging, including
reducing oxidative stress, enhancing autophagy

Targeting Pathway

25-hydroxyvitamin D

Drug

Table 1 (continued)



Precision Medication 2 (2025) 100051

80T€61

S0ZP0TE6T

00T

661

861°L61

961°G6TE6T

P61-161

061-881

-8urSe s[osnuwr uo syyoUq

s.uruIofaW sadnpoidax
(4OL 2Anesdau-jueurwiop)
AII0], JO uoIssaIdxaIonQ

‘uoneAndk YJWV ySnoyy
$109)J9 IS} SIORIANIUNOD
uruopaw Inq ‘Surde
d[Isnur 0 sped] IVNY TdOS
“UTULIONIOW SOTuITuI
uonIqIyur ‘s3109Jo Surde
-NUe s UruLIojlau saredau
uo1sSa1dXa19A0 YOH9S

*$109JJ9 UTULIOfW
Bupprumu ‘A3eydone pue
uedsajy | uona[dep ZOYOLW
-3ure Juanaxd jou ssop
LMJIOJ, ‘S109JJ° UIULIOfjouI
sayedr[dar (aAneSau-jueuTIop)
A110], Jo uoissaxdxaroaQ
‘sjyouaq

S, UTULIOJOU SAYI[NU IYNY
OXOd S193}J0 UTuIopdur
SOTWIUW UOTSSaIAXaI9A0 dTouad
y3noxyp uoneande OXO:d
*$109]J9 UIULIOJISW SOTUIUL
uo1ssaidxarono dg-ay
510939 UTULIONAW SAYI[NU
HAf — A2 JO UOIssaIdxa1oA0
dY1ads-a[snIA

*S109JJ9 S, UTULIOJIoUI

sorwmu 831y JO uoIssaIdxaIano
{S109p9 S, UTuLIOfaW

SeyI[U SpsNW ul TYNY 931V
‘way) sajedau

uonardop 881y (s1090
Burde-nue s ,uruLropour
soruru uoissa1dxa1oao 8§31y
*A3eydoine
Ppasnpur-uruLiofjaur syuasaxd
uonaydop o[rym ‘wedsayy

| 181V Jo uorssaxdxa1anQ
‘uonadap

PRIRIPSUI-TYNY <(eADOR
A[PABMINSU0Y) AY8TLONAINY
JO uoISsa1dxa19A0
Jy1oads-apsniA

*A3eydome pue 3uide
UO S}I3JJ0 S, UTULIOJISUI STUTUL
uonIqIyuI MY dY12ads-d[snA

“eriydosoiq

ur 3ure sposnur pue

uedssjI] U0 199JJ9 S, UTULIOJ 1oL
sorur [DYOL JO UOnIqIyu]
*sa1pJ pajardap

-1dOS Ul SIS ANBPIXO
surede s3p9101d uTULIONAW
‘3urde sajers[edde 1AOS

Jo uonardop dyrads-a[snA
*3[01 $)9S

Buny3iy3ry ‘Surde spsnw

UO $109]J9 S, UTULIOJISW S[odURD
VOO9S JO uoIssaidxaianQ
‘[asnur

eydosoxq ur uedsaji] pue
A3eydone | ‘uoneande JJINV
m 3Uo[e ‘UONIqIYUI ZDYOLW
‘JJauRq S, UTULIOfIAW Sajedau
YOI Jo uoissa1dxaIano 99JJ9
Burde-nue s,UTULIONOW SOTWITUI
1DYOLw jo uorssaxddng

‘uonemsaidn

dg-A pue uolsualxa uedsaJi
PoIRIPaW-UTULIOIDW 0]
AIeSS909U ST UONIBATIOR OXOA

‘uonen3ar sisayjuhs urajoxd ur
9101 s31 Sunedrpur ‘syoaye Suide
-TJUe S, UTULIOJIDUI SAYST[oqe
g — 412 JO U0Issa1dxXa19A0
's1se1s0a101d

Burroxdur ‘epsnur eqrydosorq
ur (sawosodeydone
aanisod-g31y) A3eydoine
sajowold UruLIONdN

‘xnyy

s18eydoine Suraoxdur ‘spsnur
eqrydosoi ur uorssaidxe

831y serendaidn uruLiopsN
-arosnur errydosolq

ur uonesdaid3e urejoxd

1 ‘A3eydoine Juspuadop

- 181V SedNpur UTULIONIN
*$109)J9 S, UTULIOJISUI

SIYI[[NU UMOP}OOUY

MdINY “8urde spsnwr sAeap
AV 2A19E A[9ATINIIISUOD

Jo uorssardxa1aaQ

“Jpsnw

ur A8eydoine | pue A11anoe
0x04 | ‘vonejdroydsoyd

PV | Urionapy

*A3eydoine
| pue sisayjuAs urajoad 1
£q 8ure sposnur skefaq

‘Aydone

S[snw pue s3ewrep
paosnpur-soy Sunuaaaxd
‘sso11s 9AnEpIXO |
‘sujo1d padeurep

JO uoneMWNIIE
parea1-ade sjuanaxd
‘stsauAhs urajoad |
‘uoreIauadap

Jposnur skefop
‘A8eydoine | ‘@due)sisax
$S2I1S $910WOI]
*A3eydoine

| ‘ourpap apsnuw
palea1-a8e skefap
‘stsauAs urajod |

-Burde aposnur

skepap ‘siseisoajord

| ‘@doueisisax

ssoms | ‘uedsajI] spusIXy

*sisejsoajoid |
‘uopemnumode jedardse
urejoxd Sunuasaid
‘uonersuen sassaiddng

‘uonerauadop

Spsnur sAeap ‘saredaidle
urayoxd | ‘surajoxd
paSeurep jo soueres |
"SUIIIP S[ISNUI Paje[al
-a8e shepep ‘Ayudajur
Spesnur surejuTeur
‘sujo1d pagdeurep sres))

-3urde aposnur
sKefop ‘sisesoajord
| ‘A8eydoine |

pPsnut

Sui8e ur sisejsosjord
| ‘uonedaidle urarord
1 ‘uedsojI] spuaxyg
-Burde aposnux

sAefop ‘A3eydoine
sajowoxd ‘A3anoe
1DYoLw sassaxddng

“uoneAndR 1N/ T8V
y3noxyy A3eydoine sajowoid
pue sisaypuAs ureroxd

1 IDYOL jo uonIqryur 1311

‘9ouRIBID
SOy pue £3eydoine |

01 MdIAV YIM SpeIul TA0S
‘9s

[ewosoqu jo uonejkoydsoyd
1 919S jo uoneande
PpareIpau-yo L syqryuy
*A3eydoine pue uonedo[suen
Tespnu OXO4 Sunowoxd
‘fQ1ande Py saremSarumop
2401w jo uoniqryug
*SISaYIUAS urajoxd

pue A1anoe )9S T £qazeyy
‘zos1 3unejiioydsoyd

Aq 1DYO.LW saremIatumoq

-dg-dp Surpnpur ‘@due)sisax
ssons pue ASeydome |
saua8 Jo uoissardxa sajowolq

-deo

VNYUW 9] [PIM UondeIaIUL
I $YP0[q Yo1yMm ‘Burpuiq dg
-dp ySno1yd gy — 1@ SIqIyu]

xnyy o18eydoine

| uonIqIyuI [DYOLW M
‘A8eydoine sajenmur TN

JO uoneande pajeIpIW-HJINY

*sa1e8a133e ureload jo
uonepeIdap pue uoneINIeur
swosoZeydoine sajowoid

‘sawosogeydoine
Jjo uoneuroy sajowold 131y
JO UOLBAT}OR PAJRIPIW-YJINY

‘skemped d1joqeue Suniqryur
aym (A8eydoine) sassavoxd
orjoqesed sajowoxd {HQTIYL,
18 DYJINV Jo uonejioydsoyq

*9DUE)SISAI SIS
pue A3eydone | ‘uoneanoe
0OXO4 0} Spea] PV Jo uonIqryuy

*A3eydoine

Bunowoid ‘uonejdioydsoyd
COS.L PaIeIpauW-ydNY ela
TDYOL SHqIYUI UTULIONAN

*SS9I1S DATIBPIXO | ‘UoneATIOR
A3eydoine e1a uruiopawr
£q parempowr Apda1rpuy
.mﬁu.ﬁ:% urajoxd

PpuE SIsaua2801q SW0SOqLI

1 ‘1oyorw Suissaxddns

£q )9S SNqIYUI UTULIONDI

*Kemiped Surreusis 1y/urmsur
Jo uorssaxddns el uruLIOfAW
Aq panquyur Apaxrpug
*A3eydoine

| pue uonefsuen
‘uoneATIdR YNV BIA A1ATIOR
1OYO.LW Syqiyur ultIonan

*dg-ay pue 81y

1] souad pajerar-A3eydoine
Jo uondudsuen | SNV BIA
OXO4 S91BATIOR UTULIONRIN

‘uone[suen) juapuadap
-de> 1 pue gi — 412 Suniqryur
‘Ay1anoe dd-ap | UIuIonoN

‘uonIqIyuI

IDYO.LUW pue UoneAnde
MY e1a £3eydoine
$9dNpUI UTULIONSAL

‘xnyy

s18eydoine | pue uoneurioy
swosoSeydone unowoid
‘A1anoe g31y | UTUWLIONAIA
*A3eydoine

Sunenur ‘uoniqryur
TOYOLUI BIA UONIBATIOR
181V sejowoxd UrULIONAN

*sIsayuAs urajord

Buniqryur pue £3eydone
Bunowoid ‘oner 4Iv/dAV |
£q YNV SereAnde UTULIOPSA

“Ananoe MdINV |
pue gDYO.Lw jo uoissarddns
BIA DY SIIQIYUI UTULIONISA

'S[9A9] A819Ud pue JusLINU
Bursuas Aq A3eydoine
pue yImoid 190 sajemoy

-aprxorad uadorpAy pue
uagdAxo ojur spixoradns jo
uoneInwsip 3y Surzreied

£q ssams aAnEpIXO 1

‘urdj01d [RWOsOqLL
9s 9y Sunejhioydsoyd Aq
SISaYIUAS urload sajowrorq

*$1030BJ IMOI3
Aq pajeanode ‘Tearams
[[® pue uonezue3io
[e1919¥S014d sajendoy

*SISOUIUAS
uro01d pue ‘uoneisjrjoid
Pmoid [[29 sar1emn3ay

*90UR)SISI SSAIS
pue ‘A3eydoine ‘Aj1as8uof
Ul PIAJOAUT s9UAS sa1en3ay

SYNYW
jo ded g ayy 03 Surpuiq
£q uone[suer sajenIU]

*sise)soaj01d 10§

Tenuassa ssadoxd SurpAdar
pue uonepeIdap JIenypd
‘uonjeperdap

urajoxd pue uorssaidoid
£3eydoine 10§ [enjuassa
Jusuodurod awosodeydony
-Burreusis

MV pue uoniqryur
goruw £q pajeande
‘A8eydoine jo rojenIUT £

*SuonIpuod A319Us

MoJ 1opun skemiped drjoqeled
0] JI[OgRUR WO WIST[ogeIaw
SYTYS Jet Josuas A81atryg
*£anode

1D¥0Lw Sunowoid pue
0X0d Suniqryur £q ymoi3
PUEB [RAIAINS [[9] SIIOWOI]

uonIqIyul 1DYOL

(T ssenwisip
aprxoradng) 1AOS

(193)
aseuny 9s [ewosoqry
(g xorduron
ufuredey
Jo 1931e],
dnsiueyaW) ZHYOo LW

(urofuredey

Jjo 1081e],
JnSTURYIIW) YOLW

(s1030B]
uondrsuen
0 X0q peaiod) OXOd

(4§ 10108 UOnENIU]

onoAreny) g — AR

A3eydoiny

(8 auald
pajefar-A8eydoiny) 81y

(1 suald
paeer-A3eydoiny) 181y

(oseun] urjo1d
pajeAnde-dINY) XdINV

(g 9seuny uPI01d) MV

SADURIRJY

uonendIuey 212U

e[rydosoiq
ur 9dUapIAY [eruswLIDdXy

Bury spsny uo 1917

19818, TRNO3[OIN

UONIY S UTWLIONRN

uonodunyg Arewriq

sjuauodwon/Aemyied

M. Umekar, M. Qutub, T. Premchandani et al.

‘e[iydosop ur uorssaiddns Surde s[osnur pajeIpaw-UTULIOJISW UT PIA[OAUT sAemired IeNIS[OIN
(A CLAA



M. Umekar, M. Qutub, T. Premchandani et al.

Table 3
Limitations of metformin’s anti-aging effects in Drosophila.

Precision Medication 2 (2025) 100051

Limitation Description

References

Species-Specific Responses
regulation seen in mammals.

-Divergent insulin signaling: Drosophila has fewer insulin-like peptides (Dilps) and lacks the complex hormonal

222

-Tissue heterogeneity: Mammalian muscle aging involves satellite cell decline and systemic inflammation
("inflammaging"), not fully recapitulated in flies.
-Autophagy regulation: Key regulators exhibit structural and functional divergence.

Dosage and Duration of Treatment

Metformin concentrations effective in Drosophila vastly exceed human therapeutic doses, raising concerns about:

- Off-target effects at high doses (e.g., mitochondrial toxicity).
- Uncertain long-term metabolic consequences (e.g., altered gut microbiota, vitamin B12 deficiency).

Lifespan vs. Healthspan

While metformin extends longevity in flies, its impact on functional aging is inadequately characterized:

- Limited data on age-related declines in mobility, resilience to stress, or reproductive fitness.
- Risk of prolonged lifespan with increased frailty (e.g., reduced climbing ability late in life).

Genetic Background & Experimental Variability

- Genetic background alters metformin sensitivity.

226

- Diet (sugar-yeast vs. high-sugar), temperature, and microbiota composition confound reproducibility.

Lack of Long-Term Mechanistic Insights
activity.

- Sustained AMPK activation/mTOR inhibition may impair muscle regeneration by suppressing satellite cell

N
Iy
N

- Excessive autophagy could deplete essential organelles/proteins, accelerating aging.

Broader Metabolic Effects of Metformin
aging in mammals by:

- Disrupting nutrient-sensing cross-talk.

- Altering NAD* sirtuin pathways.
Conflicting Evidence in Mammalian Systems

Paradoxical effects on muscle: While metformin reduces protein aggregation in flies, mammalian studies report:

Metformin’s systemic actions (e.g., glucose lowering, mitochondrial inhibition) may inadvertently accelerate =~ =%

216,230

-Blunted hypertrophy: Metformin inhibits resistance training-induced muscle growth in older adults by
suppressing mTORC1-driven protein synthesis.
-Exacerbated sarcopenia risk: Chronic mTORC1 inhibition may impair myofiber repair, worsening age-related

muscle loss.

variability, genetic background effects, and the broader metabolic impact
of metformin also complicate the interpretation of its long-term effects on
aging. Additionally, while short-term mechanisms such as AMPK and
mTOR regulation are well-documented, long-term consequences of sus-
tained pathway modulation, including potential detriments to tissue re-
generation and immune function, remain unclear. The influence of genetic
diversity and environmental factors, such as diet and stress, is often
overlooked, even though these variables significantly impact metformin’s
efficacy. The potential for synergistic effects with other anti-aging thera-
pies, such as rapamycin or dietary interventions, also remains under-
explored, raising questions about how combination treatments might en-
hance or hinder its benefit. Another limitation lies in the absence of
consistent biomarkers to reliably measure muscle aging and the ther-
apeutic impact of metformin. This makes it difficult to standardize findings
across different studies. Addressing these limitations is crucial for advan-
cing the clinical relevance of metformin as an anti-aging therapy.

Future directions

Metformin has shown promise in delaying muscle aging, but further
research is needed to fully understand its mechanisms and optimize its
applications. A key area of focus is determining the dose-dependent
effects and exploring how metformin interacts with dietary and en-
vironmental factors, such as caloric restriction or ketogenic diets, to
enhance its efficacy. Additionally, investigating its impact on autop-
hagy and proteostasis using advanced tools like transcriptomics could
uncover critical insights into its molecular pathways.

While much attention has been given to AMPK activation, future
studies should explore AMPK-independent mechanisms, such as mTOR
inhibition and mitochondrial biogenesis, to provide a more compre-
hensive view of metformin’s role in muscle aging. Longitudinal studies
tracking muscle strength, endurance, and structural changes over the
lifespan of Drosophila melanogaster are essential to assess its long-term
benefits. Genetic and epigenetic research, including studies on histone
modifications, could further elucidate how metformin influences aging
processes across diverse genetic backgrounds.

Combination therapies with other geroprotective agents, like rapa-
mycin or NAD + precursors, present an exciting avenue for amplifying
metformin’s effects. Translational studies bridging findings from
Drosophila to mammals and humans are crucial for clinical applications.

Moreover, the development of advanced biomarkers for oxidative stress
and mitochondrial health, along with non-invasive imaging methods,
could improve the evaluation of metformin’s efficacy. Finally, studying
how chronological age and sex influence its effects will help tailor in-
terventions to combat age-related muscle decline effectively. These ef-
forts will enhance our understanding of metformin’s potential and
contribute to innovative strategies for managing muscle aging.

Conclusion

Metformin exerts its anti-aging effects in Drosophila muscle through
a multifaceted mechanism involving AMPK activation, mTOR inhibi-
tion, reduced protein synthesis, and enhanced autophagy. Metformin
delays muscle aging and extends lifespan in Drosophila by targeting
these pathways. The molecular mechanisms by which metformin exerts
its effects, including the activation of AMPK, inhibition of mTOR, and
promotion of autophagy, all of which are critical for maintaining pro-
tein homeostasis and muscle integrity during aging. The suppression of
excessive protein synthesis through pathways like eIF-4E and ribosomal
S6 kinase, coupled with enhanced autophagic clearance of damaged
proteins, collectively contribute to preserving muscle function and de-
laying age-related decline. Experimental evidence from Drosophila
models has demonstrated that genetic manipulation of these pathways
can either replicate or negate metformin’s anti-aging effects, further
underscoring the importance of these signaling cascades. Given the high
conservation of these pathways across species, the findings in
Drosophila provide valuable insights into potential therapeutic inter-
ventions for age-related muscle decline in humans. Future research
should focus on translating these discoveries into clinical applications,
exploring metformin’s broader potential as a geroprotective agent.
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