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ABSTRACT

Platinum-based chemotherapeutics, particularly cisplatin, are crucial in the treatment of various malignancies due to their strong
antitumor effects. However, a significant side effect of cisplatin is muscle atrophy, which severely impairs physical strength, di-
minishes quality of life and complicates cancer therapy. Cisplatin-induced muscle wasting arises from a complex interplay of
enhanced proteolysis, reduced muscle protein synthesis and systemic inflammation. Understanding the underlying molecular
mechanisms of muscle atrophy is vital for identifying new therapeutic targets. This review systematically explores molecular-
based therapies and plant-derived natural compounds, providing a comprehensive overview of their efficacy in vivo and in vitro
for preventing cisplatin-induced muscle atrophy. Both molecular-based therapies and plant-derived natural compounds present
promising strategies for mitigating cisplatin-induced muscle atrophy. Ghrelin, growth hormone secretagogues and testosterone
stimulate anabolic pathways and reduce muscle degradation, whereas natural compounds like capsaicin and naringenin exert
protective effects by reducing inflammation and oxidative stress. A better understanding of the pathophysiology of muscle atro-
phy, combined with optimized therapeutic applications, may facilitate the clinical translation of these interventions to improve
outcomes for cancer patients undergoing chemotherapy.

Abbreviations: 4E-BP1, eukaryotic translation initiation factor 4E binding protein 1; ActRIIB, activin A type IIB receptor; ALP, autophagy-lysosome pathway; Bax,
B-cell lymphoma 2-associated X protein; Bcl-2, B-cell lymphoma 2; Bnip3, B cell lymphoma 2/adenovirus E1B 19-kDa protein-interacting protein 3; FoxO, forkhead
box O; GDF-8, growth differentiation factor 8; GDF-15, growth differentiation factor 15; IGF-1, insulin-like growth factor; IGF-1R, IGF-1 receptor; IL-1, interleukin-1;
IL-6, interleukin-6; IL-1R, IL-1 receptor; IL-6R, IL-6 receptor; JAK, Janus kinase; LC3, microtubule-associated protein 1 light chain 3; MAFbx, muscle atrophy F-box
protein; MHC, myosin heavy chain; mTOR, mammalian target of rapamycin; MuRF-1, muscle-specific RING-finger 1; NF-xB, nuclear factor kappa light-chain-
enhancer of activated B cells; PI3K, phosphatidylinositol-3-kinase; ROS, reactive oxygen species; STAT, signal transducers and activators of transcription; TNF-a,
tumour necrosis factor alpha; TNF-aR, TNF-a receptor; UPP, ubiquitin-proteasome pathway.
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1 | Introduction

Chemotherapy is widely used in cancer treatment, involving
the systematic administration of anticancer drugs according
to established regimens [1]. Among the most commonly used
broad-spectrum anticancer drugs are those that exert their ef-
fects by damaging deoxyribonucleic acid (DNA). This category
includes a family of platinum-based molecules, such as cisplatin,
carboplatin and oxaliplatin, each differing in efficacy and toxic-
ity [2]. Cis-diamine-dichloroplatinum (II), commonly known as
cisplatin or CDDP, is the most extensively utilized drug within
this family, which plays a crucial role as the standard of care
for treating various human cancers [3]. It stands out as a highly
effective cancer drug with significant clinical implications,
particularly for patients diagnosed with head and neck, lung,
bladder, ovarian and testicular cancers [4]. The activation of cis-
platin occurs intracellularly through the aquation of one of its
two chloride leaving groups, leading to covalent binding to DNA
adducts. This process initiates several intracellular pathways,
including DNA-damage recognition and repair, cell-cycle arrest
and programmed cell death.

Despite its effectiveness, cisplatin-based chemotherapy is ac-
companied by severe side effects, including neurotoxicity, neph-
rotoxicity, ototoxicity and muscle wasting [5]. Notably, cancer
patients undergoing cisplatin treatment often experience signif-
icant body weight loss, primarily attributed to muscle atrophy
[6]. The emergence of cachexia, a metabolic syndrome char-
acterized by the loss of skeletal muscle mass, body fat and in-
flammation, contributes to more than 20% of all cancer-related
deaths. Certain cancer treatments, including chemotherapy,
may contribute to the development of cachexia [7].

This syndrome serves as a significant prognostic factor for many
cancer patients, and preserving body weight and muscle wasting
is crucial for enhancing the chances of survival and improving
their overall quality of life [8]. Consequently, it is crucial to de-
velop more effective and safer chemotherapeutic adjuvants or
nutritional supplements to alleviate muscle atrophy induced by
cisplatin. Understanding the molecular pathways responsible
for cisplatin-induced muscle atrophy is essential for identify-
ing highly promising therapeutic targets. This review aims to
explore the molecular mechanisms of cisplatin-induced mus-
cle atrophy and find potential therapeutic strategies to mitigate
muscle wasting and improve outcomes for cancer patients.

Natural compounds have long been explored for their diverse
structural and functional properties, offering potential benefits
with limited adverse effects [9]. Although many natural com-
pounds have been developed into standard drugs or serve as
models for drug design, there remains a gap in research con-
cerning their molecular mechanisms, bioavailability and clini-
cal trials [10]. Therefore, this review is structured to consolidate
recent advancements in understanding the mechanisms, ther-
apeutic potentials of natural products affecting skeletal muscle
atrophy and muscle strength. These insights could pave the way
for the development of these compounds into dietary supple-
ments, adjuvant therapeutics or even drugs. Additionally, we
provide an overview of the molecular mechanisms underlying
muscle wasting triggered by cisplatin-based chemotherapy.
Also, we highlight potential therapeutic approaches and natural

compounds proposed to mitigate cisplatin-induced atrophy in
skeletal muscle.

2 | Molecular Mechanism of Cisplatin-Induced
Muscle Atrophy

The equilibrium between protein synthesis and degradation is
essential for maintaining the physiological turnover of muscle
proteins. In cancer patients undergoing cisplatin treatment,
muscle weakness and loss are among the most prevalent symp-
toms, primarily due to the depletion of skeletal muscle mass [5].
Cisplatin-induced muscle wasting results from the activation
of various mechanisms, including ubiquitin—proteasome path-
way (UPP), caspase pathway, autophagy lysosome pathway
(ALP), GDF-8/15 pathway and the insulin-like growth factor-1
(IGF-1)/phosphatidylinositol-3-kinase (PI3K)/Akt pathway [8].
Furthermore, oxidative stress and the upregulation of proin-
flammatory cytokines exacerbate muscle deterioration, com-
pounding the adverse effects on muscle health [11].

Several molecular pathways regulate muscle mass. The UPP
is responsible for degrading myofibrillar and regulatory pro-
teins involved in muscle protein turnover, primarily through
the upregulation of muscle-specific E3 ligases. In contrast, the
ALP facilitates the elimination of mitochondria and other cel-
lular components, regulated by autophagy-related genes [12].
Additionally, upregulation of the IGF-1/PI3K/Akt/mTOR mo-
lecular signal enhances muscle hypertrophy, whereas activation
of the GDF-8/15 pathway results in muscle atrophy, and it trig-
gers inflammation by increasing proinflammatory cytokines,
activating the nuclear factor kappa light-chain-enhancer of
activated B cells (NF-xB) pathway [13]. These combined effects
lead to increased protein degradation and decreased protein
synthesis, leading to muscle atrophy. Understanding these path-
ways is essential for developing targeted therapeutic strategies to
mitigate muscle wasting and associated complications in cancer
patients undergoing cisplatin chemotherapy (Figure 1).

2.1 | Ubiquitin-Proteasome Pathway

UPP is essential for protein degradation in skeletal muscle fi-
bres. It involves ubiquitin-activating enzymes (E1), ubiquitin-
conjugating enzymes (E2) and ubiquitin—protein ligases (E3) in
a two-step process [14]. Ubiquitination of myofibrillar proteins
begins with the formation of the Ub-E1 complex, which transi-
tions to Ub-E2 and finally transfers the proteins to E3 for pro-
cessing. These polyubiquitinated proteins are then recognized
and degraded by the 26S proteasome [5]. The transcription factor
forkhead box O (FoxO) enhances the expression of two muscle-
specific E3 ligases: muscle-specific RING finger 1 (MuRF-1)
and muscle atrophy F-box protein (MAFbx, also known as atro-
gin-1). MuRF-1 plays a critical role in myofibrillar protein degra-
dation, targeting myosin light chains 1 and 2 (MLC 1/2), myosin
heavy chain (MHC), myosin-binding protein C and troponin I.
Its significance in skeletal muscle atrophy is underscored by its
downregulation in cardiac and skeletal myopathy [6]. In con-
trast, MAFbx primarily targets desmin and vimentin, contribut-
ing to sarcomere Z-disc disassembly and filament degradation,
ultimately leading to muscle function loss [15]. Overall, this
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FIGURE1 | Molecular mechanism of muscle atrophy modulated by cisplatin in skeletal muscle cell. IGF-1/PI3K/Akt/mTOR pathway, IGF-1, ac-
tivates PI3K, which subsequently activates Akt. Akt prevents the repression of mTOR, regulating skeletal muscle mass by phosphorylating p70S6K

and inhibiting 4E-BP1 to promote protein synthesis. Akt also phosphorylates and suppresses the FoxO transcription factors, reducing MAFbx and
MuRF-1 expression and regulating autophagy-related genes, resulting in decreased protein synthesis and increased protein degradation. In the myo-
statin pathway, cisplatin binds to the ActRIIB receptor, promoting assembly with the activin A receptor, leading to SMAD2 and SMAD3 phosphor-
ylation. These form a complex with SMAD4, translocate to the nucleus and activate target genes like MAFbx and MuRF-1, inhibiting the myogenic
pathway. The NF-xB pathway is activated by cytokines such as TNF-a and IL-1, induced by cisplatin. These cytokines activate the IxB kinase (IKK)

complex, phosphorylating NF-xB, which then moves to the nucleus and induces MAFbx and MuRF-1 expression. Additionally, IL-6, induced by cis-

platin, enhances protein degradation signals through JAK/STAT pathway activation. Cisplatin increases reactive oxygen species (ROS) formation,

activating the proapoptotic protein Bax and downregulating the antiapoptotic protein Bcl-2 on the outer mitochondrial membrane. This triggers

cytochrome C release from the mitochondrial intermembrane space into the cytoplasm, leading to the activation of caspase-9, caspase-3 and PARP,

resulting in apoptosis and further enhancing protein degradation.

degradation results in polypeptide breakdown, ubiquitin release
and recycling, serving as a crucial mechanism for protein turn-
over and contributing to rapid muscle mass loss.

The UPP is regulated by various factors, including cytokines,
hormones and myostatin, and is inhibited by IGF-1. In atrophic
muscle, myostatin is thought to activate FoxO and NF-xB tran-
scription factors, which in turn upregulate MuRF-1 and MAFbx,
leading to proteasomal protein breakdown [16]. Importantly, cis-
platin is known to increase the expression of both MuRF-1 and
MAFDbx, thereby enhancing the degradation of myofibrillar pro-
teins [17]. These findings suggest that the administration of cis-
platin increases atrophic protein expression and may lead to an
imbalance between protein synthesis and protein degradation

pathways, which would lead to muscle atrophy. This upregula-
tion of the UPP pathway sheds light on one of the mechanisms
through which cisplatin contributes to muscle wasting in indi-
viduals undergoing chemotherapy [17]. Targeting UPP protein
expression, specifically MuRF-1 and MAFbx, represents a po-
tential therapeutic strategy for treating muscle atrophy. This
approach has shown consistency across various muscle atrophy
models, emphasizing the critical role of these genes in protein
degradation. However, although most literature supports that
cisplatin acts through the UPP and the E3 ubiquitin ligases to
mediate muscle wasting, there is a different finding showed
that cisplatin in tumour-bearing mice regulates muscle atrophy
independent of the ubiquitin proteasome pathway [18]. This re-
sult suggests that the regulation of muscle wasting induced by
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cisplatin may be mediated through activation of others signal-
ling pathway. Overall, by inhibiting these pathways, it may be
possible to mitigate muscle atrophy, offering a promising direc-
tion for future treatments.

2.2 | Caspase Pathway

Caspases, a family of protease enzymes, play critical roles in cell
death processes such as apoptosis and are implicated in muscle
wasting. A programmed cell death pathway can be divided into
intrinsic and extrinsic pathways [19]. The intrinsic apoptotic
pathway is activated in response to cellular stress or damage,
resulting in the upregulation of the proapoptotic protein B-cell
lymphoma 2-associated X protein (Bax) and the downregula-
tion of the antiapoptotic protein B-cell lymphoma 2 (Bcl-2) on
the outer mitochondrial membrane. This imbalance triggers
the release of cytochrome c from the mitochondrial intermem-
brane space into the cytoplasm, where it binds with apoptotic
protease-activating factor 1 (Apaf-1) and caspase-9 to form the
apoptosome. The formation of this complex leads to the activa-
tion of caspase-9, which in turn activates caspase-3, ultimately
resulting in apoptosis [19].

The extrinsic pathway, on the other hand, is initiated when
death receptors (DRs) on the cell membrane bind to their li-
gands, activating the caspase signalling pathway. This results in
the cleavage of downstream targets like Poly (ADP-ribose) poly-
merase (PARP), causing apoptosis [20].

Caspase-3 plays a critical role in muscle atrophy, as it has been
identified as a key enzyme in actomyosin degradation and is
closely associated with muscle wasting [21]. Under catabolic
conditions, caspase-3 activation leads to the generation of frag-
ments, such as a 14-kDa actin fragment, which serves as a sub-
strate for the UPP. Furthermore, caspase-3 activity enhances
proteasome-mediated protein degradation. Beyond its role
in protein turnover, caspase-3 also influences myogenesis by
cleaving promyogenic kinases and transcription factors, thereby
impairing muscle differentiation and limiting satellite cell self-
renewal [22]. These apoptotic mechanisms not only contribute
to protein degradation but also disrupt muscle regeneration
and maintenance, further exacerbating muscle atrophy. Several
studies have demonstrated that cisplatin-induced muscle atro-
phy is linked to apoptosis through increased caspase-3 activity,
an elevated Bax/Bcl-2 ratio and upregulated cytochrome c and
PARP protein expression in both in vivo and in vitro model
[23-25]. These findings reveal that cisplatin induces apoptosis,
thereby exacerbating muscle wasting and highlighting its role in
muscle degradation.

2.3 | Autophagy-Lysosome Pathway

In the context of catabolism, the ALP plays a critical role in
regulating muscle mass. Autophagy enables skeletal muscle fi-
bres to eliminate damaged organelles and misfolded proteins,
thereby maintaining cellular homeostasis. This process involves
the delivery of cytoplasmic contents and organelles to lyso-
somes for degradation, preventing the accumulation of protein
aggregates and preserving muscle fibre integrity [26]. However,

during catabolic states, the excessive and abnormal activation
of autophagy can disrupt this balance, enhancing the excessive
removal of cellular components necessary and exacerbating
muscle atrophy [27]. Among the key regulators of the multistep
autophagy pathway, lipidated microtubule-associated protein 1
light chain 3 alpha (LC3-II) and p62 are widely recognized as
biomarkers for assessing autophagy progression [28].

Among the various autophagic processes, mitophagy—the selec-
tive degradation of mitochondria—plays a central role in muscle
atrophy. Mitochondrial regulation is essential for maintaining
muscle function and metabolic homeostasis, as mitochondria
dynamically adjust their morphology and number in response
to muscle activity. This remodelling is mediated by fusion and
fission proteins and the selective removal of damaged mitochon-
dria via mitophagy [29].

In mammals, mitophagy is primarily regulated by PINKI,
Parkin, Bnip3 and Bnip3L, whose dysfunction leads to mito-
chondrial abnormalities [30]. Under normal conditions, PINK1
is rapidly degraded in healthy mitochondria, but upon mito-
chondrial damage, it accumulates and recruits Parkin, which
ubiquitinates outer membrane proteins, facilitating their rec-
ognition by p62 for autophagic vesicle formation. Meanwhile,
Bnip3 and Bnip3L, two BH3-only proteins, localize to the mi-
tochondrial outer membrane under stress, where they interact
with LC3-I, promoting its conversion to LC3-II, thereby initi-
ating autophagosome formation and elongation [30]. During
muscle atrophy, mitochondrial networks undergo extensive
remodelling, particularly in response to fasting or denervation,
with Bnip3-mediated mitophagy driving these changes [31].
Excessive mitochondrial fission contributes to muscle wasting,
whereas inhibiting fission mitigates muscle loss during dener-
vation, underscoring the critical role of mitochondrial network
disruption in atrophy. Furthermore, impaired mitophagy leads
to the accumulation of dysfunctional mitochondria, exacerbat-
ing oxidative stress and promoting myofiber degeneration [30].

In addition, FoxO3, a key transcriptional regulator, plays a cen-
tral role in orchestrating the complex and evolutionarily con-
served mechanisms of autophagy in muscle. FoxO3 modulates
the expression of essential autophagy-related genes, including
Bnip3, Gabarap, LC3 and autophagy-related gene 12 (Atgl2),
thereby promoting autophagosome formation and muscle deg-
radation [8].

Cisplatin has been shown to upregulate key autophagy-related
genes, including LC3-II/1 ratio, Beclin-1 and Bnip3, thereby
enhancing autophagic activity and contributing to muscle at-
rophy [32, 33]. In in vivo models of cisplatin-induced cachexia,
cisplatin administration specifically induces autophagy in
skeletal muscle, a process linked to reduced Akt signalling,
which in turn increases nuclear localization of phosphorylated
Fox03. This nuclear translocation enhances the transcription
of autophagy-associated genes, such as Beclin-1, which initiates
autophagy, as well as LC3-II and p62 [34]. A similar effect has
been focused in in vitro study conducted on C,C,, muscle cell
[35]. These findings highlight the intricate relationship between
cisplatin-induced muscle atrophy and autophagy dysregulation,
suggesting potential therapeutic targets to preserve muscle mass
and mitigate chemotherapy-induced muscle degradation.
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2.4 | IGF-1/PI3K/Akt/mTOR Protein-Synthesis
Pathway

The IGF-1 signalling pathway is one of the well-known path-
ways associated with muscle hypertrophy [36]. The IGF-1/PI3K/
Akt/mTOR pathway plays a pivotal role in increasing protein
synthesis and inhibiting protein degradation [36]. IGF-1 initiates
signalling by activating PI3K/Akt pathway. Akt subsequently
alleviates the repression of mTOR, regulating skeletal muscle
mass through two complexes, mTOR complex 1 and 2 (mTORC1
and mTORC2) [37]. mTORC]1 phosphorylated and activated p70
S6 kinase (p70S6K) and inhibits eukaryotic translation initia-
tion factor 4E binding protein 1 (4E-BP1), thereby promoting
protein synthesis. Moreover, Akt suppresses the FoxO family of
transcription factors. This suppression prevents their transloca-
tion to the nucleus and the expression of two ubiquitin ligases,
MAFbx and MuRF-1 [38].

The administration of cisplatin has been shown to reduce the
phosphorylation of Akt and mTOR, thereby inhibiting this sig-
nalling pathway and impairing protein synthesis. Concurrently,
cisplatin enhances FoxO-mediated proteolysis by upregulat-
ing genes involved in the UPP, contributing to muscle atrophy
[17]. Cisplatin-induced inhibition of mTORC?2 also triggers au-
tophagy, primarily through FoxO3. Additionally, cisplatin may
inhibit the IGF-1/PI3K/Akt/mTOR pathway by increasing myo-
statin expression [39, 40]. This intricate interplay highlights the
impact of cisplatin on muscle mass regulation through modula-
tion of key signalling pathways involved in both protein synthe-
sis and degradation.

2.5 | TGF-f Superfamily
2.51 | GDF-8Signalling Pathway

Growth differentiation factor 8 (GDF-8), also known as myo-
statin, is an autocrine/paracrine cytokine that functions as a
negative regulator of skeletal muscle hypertrophy and mass
maintenance [41]. As a member of the transforming growth
factor (TGF)-$ family, it is primarily expressed and released
by muscle fibres. Myostatin exerts its effects by binding to the
activin A type IIB receptor (ActRIIB) on muscle membranes,
forming a complex with either ALK4 or ALK5. This binding
triggers the phosphorylation of SMAD2 and SMAD3, which
then associate with SMAD4 to form a trimeric complex. This
complex translocates to the nucleus, where it modulates the
transcription of target genes involved in the regulation of
myogenesis and muscle mass homeostasis [42]. Furthermore,
myostatin negatively regulates myoblast proliferation by in-
hibiting the activation of satellite cells [43]. The release of
FoxO family transcription factors further contributes to the
upregulation of autophagy genes, disrupting the balance be-
tween protein synthesis and degradation [38]. Cisplatin ad-
ministration has been shown to induce myostatin expression
and increase the phosphorylation of its intracellular effector,
SMAD2, which further contributes to the reduction of skel-
etal muscle mass [17]. Overall, myostatin activation reduces
skeletal muscle mass through multiple regulatory pathways,
including inhibition of satellite cell activation, induction of
catabolic signalling through FoxO and autophagy-related

genes and disruption of protein synthesis pathways, particu-
larly through the IGF-1/PI3K/Akt/mTOR axis [44].

2.5.2 | GDF-15Pathway

Growth differentiation factor 15 (GDF-15), a member of the
TGF-f superfamily, was initially identified in activated mac-
rophages. It is a stress-responsive cytokine implicated in an-
orexia and muscle wasting in preclinical models and is strongly
associated with cachexia and poor clinical outcomes in cancer
patients [45, 46]. GDF-15 modulates energy balance by binding
to the glial cell-derived neurotrophic factor receptor alpha-like
(GFRAL), which is predominantly expressed in the area post-
rema (AP) and nucleus of the solitary tract (NTS) in the hind-
brain [46]. In animal models, GDF-15 induces conditioned taste
aversion in mice, pica behaviour in rats and emesis in musk
shrews, mirroring cisplatin-induced nausea and anorexia in
cancer patients [47, 48].

GDF-15 plays a pivotal role in cancer cachexia-associated
muscle atrophy through multiple regulatory mechanisms. It
has been shown to upregulate MAFbx and MuRF-1, thereby
promoting proteolysis and reducing myotube diameter [49].
Clinical studies have further confirmed elevated GDF-15 and
MAFDx levels in the atrophied rectus abdominis muscles of
cachectic patients [50], reinforcing its role in muscle wasting.
In addition to proteolytic activation, Zhang et al. [51] demon-
strated that GDF-15-enriched serum exosomes from colon
cancer-bearing mice promote gastrocnemius muscle loss via
the Bcl-2/caspase-3 apoptotic pathway. Moreover, increased
SMAD2/3 phosphorylation in the muscles of patients with
ICU-acquired weakness (ICU-AW) suggests that GDF-15 may
also mediate muscle atrophy through the classical SMAD sig-
nalling cascade [50]. Collectively, these findings highlight
GDF-15 as a central mediator of muscle wasting, integrating
proteolysis, apoptosis and SMAD-dependent transcriptional
regulation.

Cisplatin has been shown to significantly elevate circulating
GDF-15 levels in patients with testicular cancer [52], as well as in
healthy mice following treatment [47]. Supporting the role of the
GDF-15-GFRAL axis in cachexia, cisplatin-induced anorexia
and muscle loss were attenuated in GFRAL knockout mice [53].
Furthermore, pharmacological blockade of the GDF-15/GFRAL
axis using a GFRAL antagonist antibody effectively mitigated
anorexia and muscle wasting in a melanoma mouse model
treated with cisplatin [54]. These findings suggest that target-
ing the GDF-15/GFRAL signalling pathway could represent a
promising therapeutic strategy for managing cisplatin-induced
cachexia.

2.6 | Oxidative Stress

Oxidative stress arises from an imbalance between reactive ox-
ygen species (ROS) production and the capacity of the body's
antioxidant defence systems to neutralize them. ROS, including
superoxide anion (O,:7), hydrogen peroxide (H,0,) and hydroxyl
radical (-OH), are highly reactive molecules capable of damaging
cellular components such as proteins, lipids and DNA. Although
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ROS are generated at basal levels during normal cellular metab-
olism, oxidative stress occurs when their production exceeds
antioxidant defences [55]. Emerging evidence underscores the
critical role of oxidative stress in skeletal muscle health and dis-
ease, particularly in muscle atrophy [36]. Excessive ROS produc-
tion, coupled with impaired antioxidant defence mechanisms,
has been implicated in skeletal muscle deterioration, leading to
mitochondrial dysfunction, decreased protein synthesis and in-
creased proteolysis [56].

Mitochondria play a central role in cellular homeostasis, includ-
ing ATP production, ROS generation and apoptosis regulation
[57]. During oxidative phosphorylation, mitochondria utilize ox-
ygen to generate ATP but also produce ROS as byproducts. Two
key antioxidant enzymes regulate mitochondrial ROS metabo-
lism: peroxiredoxin III (PRX III) and mitochondrial manganese
superoxide dismutase (MnSOD). PRX III scavenges hydrogen
peroxide (H,0,), but excessive H,0, can lead to PRX III hyper-
oxidation, converting it into its sulfinylated (PRX-SO,) and sul-
fonylated (PRX-SO;) forms, thereby inactivating its enzymatic
function and exacerbating oxidative stress. MnSOD, on the
other hand, neutralizes superoxide radicals within mitochon-
dria, playing a pivotal role in mitigating oxidative damage [58].

Cisplatin chemotherapy is known to induce oxidative stress by
increasing mitochondrial ROS production in skeletal muscle,
as evidenced by elevated PRX-SOj3 levels and decreased mito-
chondrial PRX III and MnSOD expression [34]. Additionally,
cisplatin-induced myotube atrophy and apoptosis have been
linked to mitochondrial dysfunction, characterized by increased
ROS levels, reduced mitochondrial mass, impaired membrane
potential, diminished respiratory capacity and decreased
ATP production [59]. Huang et al. [24] further demonstrated
that cisplatin triggers ROS accumulation, thereby activating
mitochondria-associated intrinsic apoptotic pathways, ulti-
mately leading to muscle atrophy in C,C,, myotubes. These
findings highlight the significant role of oxidative stress in
cisplatin-induced muscle atrophy and underscore the need for
further investigation into potential therapeutic interventions
targeting mitochondrial ROS regulation.

2.7 | Inflammatory Cytokines

Inflammation plays a pivotal role in the development and pro-
gression of skeletal muscle atrophy. In muscle-wasting con-
ditions, inflammatory cytokines such as tumour necrosis
factor-alpha (TNF-a), interleukin-1 (IL-1), interleukin-6 (IL-6)
and interferon-gamma (IFN-y) significantly contribute to mus-
cle degradation by enhancing catabolic pathways and impairing
muscle regeneration [8]. Cisplatin-induced IL-6 expression leads
to activation of its receptor IL-6R, triggering homodimerization
of glycoprotein 130 (gp130). This dimerization activates Janus
kinases (JAKs), which subsequently stimulate the signal trans-
ducer and activator of transcription (STAT) family, ultimately
suppressing protein synthesis [60]. Additionally, cisplatin up-
regulates TNF-a and IL-1 expression, leading to activation of
NF-xB through phosphorylation of its p65 subunit, thereby sig-
nificantly increasing its DNA-binding activity [18]. NF-xB is a
transcription factor found in many cell types, including mature
skeletal muscle fibres, and can be activated by various stimuli

associated with biological processes. Normally, NF-xB proteins
was inactive in the cytoplasm, forming complexes with inhibi-
tors known as IxBs. However, during the conditions of muscle
wasting, the NF-xB is activated and then results in the phosphor-
ylation of IxBs, leading to their degradation via ubiquitination
[61]. Consequently, the activated NF-xB is translocated into the
nucleus where it induces the expression of MAFbx and MuRF-1.
These proteins promote muscle wasting and cachexia [5].

In animal model treated with cisplatin, skeletal muscle mass and
function were significantly reduced via up-regulating NF-xB
signalling and inflammatory cytokine levels [18, 62]. Moreover,
muscle-specific ubiquitin E3 ligases increased by cisplatin ad-
ministration [62, 63]. Therefore, inflammatory cytokines and
NF-xB activity may contribute to muscle wasting through UPP
mechanism, leading to muscle loss and skeletal muscle atrophy.

To mitigate cisplatin-induced muscle atrophy, targeting key
molecular pathways involved in muscle degradation, oxidative
stress and inflammation has emerged as a promising strategy.
Modulating these pathways—such as suppressing NF-xB sig-
nalling, reducing oxidative stress and preserving mitochondrial
function—can potentially attenuate muscle proteolysis and pro-
mote muscle preservation. Several pharmacological and natural
compounds have demonstrated protective effects by interfering
with these molecular mechanisms, offering potential therapeu-
tic avenues. In the following section, we further explore the pro-
tective effects of natural compounds, highlighting their ability
to counteract cisplatin-induced muscle atrophy through antioxi-
dative, anti-inflammatory and anticatabolic properties.

3 | Potential Therapeutic Agents for Alleviating
Cisplatin-Induced Muscle Atrophy

Skeletal muscle loss is a severe side effect of cisplatin treatment,
typically accompanied by increased catabolism, reduction in
appetite and significant weight loss. These outcomes not only
worsen the patient's clinical condition but also serve as negative
prognostic indicators for treatment success and are associated
with higher mortality [8]. Effective potential strategies to coun-
teract these effects are urgently required. Figure 2 and Tables 1
and 2 summarize the results of potential therapeutic agents and
their related molecular mechanism.

3.1 | Ghrelin

Ghrelin is a 28-amino-acid peptide primarily released by the
stomach, intestines and hypothalamus. It serves as a natural
ligand for the growth hormone (GH)-secretagogue receptor,
commonly known as the ghrelin receptor. Ghrelin plays various
roles, including increasing food consumption, promoting adi-
posity, stimulating GH secretion, supporting body weight and
muscle volume through enhanced food absorption and regulat-
ing IGF-1 and growth hormone levels [64].

It has been proposed that due to its orexigenic and neuropro-
tective properties, ghrelin, along with other agonists targeting
GHS-R1a, could serve as a potential therapy for cancer cachexia.
These agents may preserve muscle mass and strength, increase
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dation and ROS-mediated apoptosis, could counteract cisplatin-induced muscle atrophy.

food intake and alleviate weight and fat loss in cisplatin-induced
cachexia mice [65]. Also, Chen et al. [66] and Garcia et al. [67]
demonstrated in animal models of cachexia that ghrelin pre-
vents muscle wasting induced by tumours and cisplatin through
several mechanisms. These include downregulating inflamma-
tion and myostatin, increasing Akt phosphorylation, myogenin,
and MyoD, which collectively reduce proteolysis and improve
muscle mass. These changes directly target muscle cells and are
associated with improved muscle strength and survival follow-
ing ghrelin treatment.

3.2 | Growth Hormone Secretagogues (GHSs)

The GHS family comprises a diverse range of synthetic com-
pounds, including peptidomimetic, peptidyl and nonpep-
tidic structures. Also known as Growth Hormone-Releasing
Peptides (GHRP), these compounds were originally developed
to stimulate growth hormone (GH) secretion both in vitro and
in vivo [68].

GHS exhibits a wide range of endocrine and extra-endocrine ac-
tivities, impacting both central nervous system and peripheral
tissues. They have anticonvulsant, anti-inflammatory effects;
increase body weight, food intake and lean body mass; regulate
bone metabolism; influence gastric acid secretion and gastric
emptying; and provide protective benefits to the cardiovascular
system [69, 70]. Additionally, GHS have shown benefit in pre-
venting skeletal muscle atrophy in conditions related to cancer
cachexia and chemotherapy-induced muscle wasting [71].

Hexarelin and JMV2894, both specific GHS molecules, have
been investigated for their potential to inhibit cisplatin-induced
muscle loss [72, 73]. Hexarelin, a traditional GHS, and IMV2894,
a novel peptidomimetic derivative [74], are being extensively
studied for their various effects, including stimulating growth
hormone secretion and increasing food intake. In cisplatin-
treated rats, both compounds, especially IMV2894, have shown
the ability to mitigate the adverse effects of cisplatin. This re-
sults in improved body weight gain without significantly af-
fecting food intake or adipose tissue deposition. Instead, they
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TABLE 2 | Effects of therapeutic agents on the alleviation of cancer and chemotherapy-induced muscle atrophy in cell model.
Therapeutic
agents Dose Model Tumour Chemotherapy Duration Results
Ghrelin [66] 1uM Cc,.C, — Cisplatin 24h « | Inflammation, p38/C/
muscle (50uM) EBP-$/myostatin
myotube + 1 Akt, myogenin and
cell myoD
+ 1 Myotube diameter and
myosin heavy chain
Taurine [81] 5mM C,C,, — Cisplatin 12h « 1 Cell viability
(pretreatment) muscle (1ouM) « | Oxidative stress (ROS,
myotube MDA)
cell + | Apoptosis
« 1 Myotube Differentiation
« 1 MyoD1, myogenin and
MHC as well as myotube
differentiation ability
Testosterone [24] 1uM C,C, — Cisplatin 48h « 1 Cell viability
muscle (4o0uM) « | Proteolytic markers
myotube (MAFbx, MuRF-1,
cell myostatin)

1 Myotube diameter and
myosin heavy chain

Abbreviations: MDA, malondialdehyde; ROS, reactive oxygen species.

enhance muscle mass, effectively preventing muscle atrophy
[72, 73]. Hexarelin and JMV2894 positively impact muscle tis-
sue morphology by increasing the cross-sectional area (CSA) of
myofibers, which is a crucial indicator of skeletal muscle mass
and myofibrillar size. They also reduce the size of damaged
areas, including inflammatory cell infiltration, necrotic tissue
and nonmuscle components. Gene expression analysis supports
these protective effects on muscle tissue by showing a decrease
in MuRF-1 mRNA levels, responsible for muscle breakdown
[72, 73]. Experiments conducted on extensor digitorum longus
(EDL) muscles of cisplatin-treated rats demonstrated that GHS
could enhance skeletal muscle functionality, as evidenced by
improvements in electrophysiological properties [73].

Overall, GHSs show potential as therapeutic options for preserv-
ing muscle function in conditions involving muscle wasting,
such as cancer cachexia and chemotherapy-induced muscle in-
jury. Further research is necessary to fully elucidate the molec-
ular mechanisms and their specific effects on skeletal muscle.

3.3 | Taurine

Taurine, also known as 2-aminoethanesulfonic acid, is a natural
amino acid found in various mammalian tissues. The synthesis
of taurine in the body varies among individuals and is influenced
by factors such as nutritional status, protein intake and cysteine
availability [75]. Taurine is present in the brain, heart and skel-
etal muscle, with intracellular concentrations ranging between
5 and 20 umol/g wet weight. Its concentration in plasma is ap-
proximately 100 times lower than in tissues, indicating its cru-
cial role in cellular functions. The primary source of taurine in
humans is the diet, with an estimated intake ranging from 40 to

400mg/day [76]. Taurine is recognized for its energizing and an-
tifatigue properties and is commonly included in energy drinks
and supplements for athletes [77]. Taurine supplementation has
been shown to modulate autophagy and reduce apoptosis and
endoplasmic reticulum (ER) stress induced by cisplatin in renal
injury model [78, 79].

Skeletal muscle has the unique ability to accumulate large quan-
tities of taurine through a specific active transporter that moves
taurine into cells against concentration gradients. In this tissue,
taurine stabilizes phospholipids in the sarcolemma, regulates
calcium (Ca?*) and chloride (Cl-) channel activity and reduces
exercise-induced weakness [80]. A study conducted on C,C,,
cells, a mouse myoblast cell line, demonstrated that pretreat-
ment with taurine prevents myotubes from cisplatin-induced
atrophy. Taurine has also been found to regulate the autophagy-
lysosome pathway by maintaining the proper size of perinuclear
autophagic vesicles and mitochondria [81, 82]. Moreover, tau-
rine protected myoblasts from the decrease in cell viability in-
duced by cisplatin, promoted the clearance of cellular ROS and
enhanced the expression of MHC, MyoD, myogenin and myo-
tube differentiation ability [81]. This in vitro study suggests a
promising role for taurine in mitigating cisplatin-induced mus-
cle atrophy, opening the path for further research of molecular
and biochemical studies in animal models to define the impact
of taurine on muscle function.

3.4 | Testosterone
Serum testosterone levels have been correlated with muscle

myopathy and mortality [83]. Testosterone is known to induce
hypertrophy of muscle fibres, leading to an increase in muscle
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strength in dose dependent. It stimulates muscle synthesis pro-
teins and enhances grip strength and muscle mass [84]. When
combined with exercise and diet, testosterone have a positive
effect on muscle [85]. In a randomized phase II clinical trial,
results demonstrated potential therapeutic benefits of testos-
terone (100mg/week, 7weeks) in mitigating body mass loss
among patients undergoing standard treatment for cancer cell
of the cervix or head and neck, which included chemotherapy
and chemoradiation. Also, testosterone not only improved lean
body mass but also enhanced quality of life and physical activity
levels compared to the placebo [86]. A study reported by Huang
et al. [24] showed that administration with testosterone (15 mg/
kg body weight) served as a positive control for 7days could
protect against cisplatin-induced muscle atrophy with enhanc-
ing muscle mass, decreasing MAFbx, MuRF-1 atrophy-related
protein markers, and reducing serum TNF-a cytokine level in
animal study as well as in cell model.

According to the positive results of testosterone, researchers
have explored nonsteroidal compounds known as selective an-
drogen receptor modulators (SARMs) as potential alternatives
with fewer adverse effects. One of the advantages of SARMs is
their ability to remain in target organs without disrupting lutein-
izing hormone or stimulating other steroid receptors [87]. The
effects of these drugs on muscle atrophy-induced by cisplatin
are currently under evaluation, and they are being investigated
as potential treatments with fewer adverse effects compared to
traditional testosterone therapy.

4 | Others Potential Therapeutic Agent

The utilization of therapeutic agents extends beyond
chemotherapy-induced muscle atrophy. Here, we summa-
rize therapeutic agent that has been shown to improve muscle
function and may serve as potential modulators in addressing
chemotherapy-induced muscle atrophy.

4.1 | Myostatin Inhibitors

Myostatin inhibitors, which block the activity of this potent
negative regulator of muscle growth, are emerging as promising
therapies for muscle atrophy. By inactivating myostatin, these
inhibitors can induce muscle hypertrophy and counteract mus-
cle wasting [88].

Skeletal muscle size is negatively regulated by a group of growth
factors from the TGF-f superfamily, including myostatin,
GDF-11 and activins [8]. Specifically, activin A negatively im-
pacts myotube differentiation and muscle mass by binding to
ActRIIB, triggering intracellular signalling via SMAD2/3 [89].
Genetic deletion of myostatin, ActRIIB and SMAD3 in mice sig-
nificantly increases muscle mass, prompting the development of
therapies targeting ActRIIB signalling to treat muscle wasting
[90, 91].

ActRIIB/Fc, a soluble receptor inhibitor, effectively counters
muscle wasting induced by chemotherapy, including FOLFIRI,
doxorubicin and cisplatin [92, 93]. Additionally, ActRIIB an-
tagonists prevent UPP activation and promote IGF-1/PI3K/

Akt/mTOR pathway activation, with myostatin-neutralizing
antibodies showing potential in reducing muscle mass loss,
particularly in chemotherapy contexts [94]. Recent studies
have shown that treating elderly individuals with LY2495655
for 24 weeks, a myostatin antibody improved several muscle
strength metrics, including fast gait, chair-raise ability with
arms and stair-climbing speed [95]. However, LY2495655 into
clinical use faces significant challenges, particularly due to
the termination of Phase II clinical trials linked to lower sur-
vival rates [96]. Although the study failed to meet its primary
objectives, the results highlighted that signalling through the
ACctRIIB plays a critical role in the development and progres-
sion of cachexia. However, myostatin represents only one of
several ligands for this receptor [97]. The abnormal metabo-
lism associated with cachexia results from a complex inter-
play between host-derived and tumour-derived factors [98].
Consequently, it is possible that the inhibition of myostatin
with LY2495655 may have induced compensatory changes in
other factors, potentially contributing to the adverse outcomes
observed in this study population. To address these concerns,
further research is required to investigate the mechanisms
behind adverse outcomes, refine dosing strategies and ex-
plore potential combination therapies that mitigate risks.
Additionally, alternative pathways or modified therapeutic
molecules targeting muscle wasting should be explored to im-
prove safety and efficacy, ultimately aiming to enhance pa-
tient quality of life.

5 | Potential Effects of Plant-Derived Natural
Compounds Against Cisplatin-Induced Muscle
Wasting

Plant-derived compounds offer a multifaceted approach to im-
prove chemotherapy outcomes. Their ability to reduce side ef-
fects, enhance drug efficacy and protect against muscle atrophy
makes them valuable adjuncts in cancer treatment [9]. Therefore,
development of potential natural compounds is urgently needed
to address this side effect. Figure 3 and Tables 3 and 4 summa-
rize the outcome and molecular pathway modulated by plant-
derived natural compounds.

5.1 | Capsaicin

Capsaicin (CAP), the major active components found in chilli
peppers, is a valuable natural agents known for its therapeu-
tic applications in managing pain and inflammation [99].
Moreover, it has been widely investigated due to its extensive
bioactivities, which include antioxidant, analgesic, anticancer
and anti-inflammatory properties [99]. In a clinical trial, cap-
saicin supplementation (12mg) for physically active men sig-
nificantly increased exercise performance and also improved
middle-distance running performance in adults [100]. These
findings indicate notable improvements and enhancements in
muscle strength. Furthermore, one recent study indicates that
capsaicin has the potential effect to enhance muscle protein syn-
thesis, reduce muscle protein degeneration and alleviate skeletal
muscle atrophy administrated by cisplatin in vitro and in vivo
[24]. The results indicated that capsaicin at 10, 25 and 50puM
enhanced myotube diameter and cell viability and ameliorated
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Signalling pathways of plant-derived natural compounds against cisplatin-induced skeletal muscle atrophy. Plant-derived natural

compounds that restore cisplatin-induced autophagy, as well as TNF-a and myostatin-driven protein degradation, while enhancing IGF-1 pathway-

mediated protein synthesis, may help alleviate the progression of muscle atrophy.

cisplatin-induced muscle atrophy by upregulating Akt, mTOR
protein synthesis markers and downregulating apoptosis and
autophagy pathway of protein degradation in C,C,, muscle
cell. Moreover, in animal model, receiving capsaicin at 10 and
40mg/kg/day relieved serum malondialdehyde (MDA), an
oxidative stress marker and cytokine level via modulating au-
tophagy-lysosome fusion, thereby enhancing grip strength, mit-
igating body weight reduction and muscle atrophy induced by
cisplatin [24]. These findings indicate that capsaicin may serve
as a protective agent against cisplatin-induced muscle loss and
atrophy, providing the potential future applications of capsaicin
in therapeutic strategies.

5.2 | Linalool

Linalool (LIN) is a monoterpene sourced from fruits, Chinese
herbal medicines and aromatic plants, such as Citrus reticulata

peel and Amomum aurantiacum [101]. LIN has demonstrated
inhibitory effects on colon cancer and liver cancer cells and
enhances the therapeutic efficacy of anthracyclines in breast
cancer treatment [102, 103]. Furthermore, LIN possesses anti-
inflammatory properties, reduces respiratory tract inflamma-
tion and alleviates inflammation-related pain [104]. Recent
study showed that LIN might be the potential as a treatment
for skeletal muscle atrophy in the context of cisplatin-induced
cachexia and muscle atrophy [101]. One research showed LIN
alleviated the loss of skeletal muscle, reduced anorexia and
prevented declines in muscle strength and other symptoms of
cachexia induced by cisplatin administration in a mouse model
bearing Lewis lung cancer. Also, LIN treatment resulted in de-
creased protein expression of MAFbx and MuRF-1 in muscle
through activation of the IGF-1/Akt/FoxO pathway in vivo and
in vitro [101]. These findings indicate that LIN has potential as a
therapeutic agent against cisplatin-induced muscle atrophy, thus
improving cachexia symptoms.
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| Effects of natural compounds on the alleviation of cancer and chemotherapy-induced muscle atrophy in cell model.

TABLE 4

Natural

Results

Chemotherapy Duration

Model Tumour

Dose

compounds

48h « 1 Cell viability

Cisplatin (40 uM)

C,C,, muscle
myotube cell

10, 25, 50uM

Capsaicin [24]

(MAFbx, MuRF-1, myostatin)
« 1 Myotube diameter and myosin heavy chain

« 1 p-mTOR/mTOR, p-Akt/Akt

« | Proteolytic markers

« | Apoptosis (Bax, Bcl-2, cleaved caspase-3)

« 1 Autophagy function

« | Proteolytic markers

24h

Cisplatin (40 uM)

C,C,, muscle
myotube cell

25uM

Linalool [101]

(MAFbx, MuRF-1, myostatin)
« 1 MyHC, MyoG, and MyoD

« 100puM had no cytotoxic effect

« | Proteolytic markers

24h

Cisplatin (40 uM)

C,C,, muscle
myotube cell

2.5-200uM

Naringenin [62]

(MAFDbx, MuRF-1, FoxO3)
» 1 MyHC and MyoG

» | p-NF-xB expression
» 1 IxBa expression

5.3 | Magnolol

Magnolol is a lipophilic compound with a hydroxylated biphe-
noid structure and is one of the active components found in ex-
tracts of Magnolia officinalis. It possesses various pharmacological
properties, including antimicrobial, anticancer, antioxidant and
anti-inflammatory effects [105]. Additionally, magnolol has been
reported to alleviate muscle atrophy by downregulating myostatin
and FoxO3 molecular pathways [6]. Chen et al. [6] discovered that
combining magnolol with chemotherapeutic drugs like gemcit-
abine and cisplatin significantly decreases skeletal muscle atrophy
and body weight loss compared to chemotherapy alone. Its benefi-
cial effects are linked to inhibiting myostatin formation with sup-
pressing FoxO3 transcriptional activity through Akt activation and
thereby reducing MuRF-1 and MAFbx protein expression, inflam-
matory cytokines and proteasomal enzyme activity. Furthermore,
magnolol promotes IGF-1 production and protein synthesis, fur-
ther contributing to its protective effects against muscle wasting
induced by chemotherapy [6]. Another study in a mouse model of
cisplatin-induced muscle wasting also found that magnolol (1, 5
and 10mg/kg) significantly mitigated body weight loss and muscle
atrophy. Treatment with magnolol notably increased the diameter
of the tibialis anterior muscle in cisplatin-treated mice. Moreover,
magnolol enhanced the expression of IGF-1, which was the muscle
protein anabolic pathway [106]. These results suggest that magno-
lol holds promise as a chemoprotective agent for preventing muscle
atrophy.

5.4 | Naringenin

Naringenin (NAR) is a dihydroflavonoid compound found in
Rosaceae and Citrus plants. Many in vivo and in vitro studies
have shown that NAR has antibacterial, anti-inflammatory and
antitumour activities, highlighting its significant medicinal po-
tential [107]. The study revealed that NAR mitigated reduction in
muscle mass, body weight, food intake and muscle grip strength
in Lewis lung tumour-bearing mice treated with cisplatin. NAR
also reduced serum TNF-« levels and prevented the reduction
in muscle fibre cross-sectional area through inhibiting the NF-
B pathway in skeletal muscle. In addition, in cisplatin-treated
C,C,, myotubes, NAR reduced myotube atrophy by inhibiting
the NF-xB pathway and downregulating MAFbx and MuRF-1
expression. These results suggest that NAR may be an effective
chemoprotective agent for preventing muscle atrophy [62].

6 | Other Potential Plant-Derived Natural
Compounds

The exploration of natural compounds in platinum
chemotherapy-induced muscle atrophy is limited and ongoing.
However, several natural compounds may contribute to improv-
ing muscle performance and could potentially be beneficial in
addressing chemotherapy-induced muscle atrophy.

6.1 | Curcumin

Curcumin (CUR) is a natural polyphenol from turmeric and re-
sponsible for the yellow colour of this spice. Beyond its culinary
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FIGURE 4 | Schematic diagram illustrating the proposed mechanism of therapeutic agents and plant-derived compounds against cisplatin-

induced skeletal muscle atrophy. A schematic overview summarizing therapeutic agents and plant-derived natural compounds that target the molec-

ular mechanisms involved in cisplatin-induced muscle atrophy. Key molecular modulators include autophagy, cytokines, myostatin and apoptosis-
driven protein degradation, as well as IGF-1-mediated protein synthesis, highlighting the potential of these interventions for clinical application in

mitigating muscle atrophy.

use, turmeric has a long history of traditional herbal medicine
application in various Asian countries [108]. It has been re-
ported that curcumin exhibits antioxidant, anti-inflammatory,
antitumour, antithrombotic, chemopreventive, antimutagenic
and immunomodulatory activities. Also, it showed effectiveness
in alleviating muscle atrophy and promoting muscle recovery
and performance in physically individuals [109]. Moreover, cur-
cumin can also suppress the UPP following exercise-induced
muscle damage in human trial [110]. One study showed that
CUR at dose 15uM could improve relative force, time to peak
force and peak force of twitch contractions in the extensor digi-
torum longus (EDL) muscle, enhancing skeletal muscle strength
and endurance [111].

Chronic inflammation, another contributor to muscle degrada-
tion, is mitigated by CUR through the reduction of proinflam-
matory cytokines, inhibition of prostaglandin synthesis and
modulation of NF-xB translocation [112]. CUR administered at
a dosage of 100mg/kg has been shown to effectively decrease
the levels of proinflammatory cytokines TNF-c and IL-6 follow-
ing intraperitoneal injection during ischemia-reperfusion (I/R)
muscle injury [113]. However, its precise mechanism for inhib-
iting the proteolytic system in cisplatin-induced muscle wasting
is not fully understood.

6.2 | Quercetin

Quercetin (QC) is a dietary antioxidant flavonoid abundant in
various fruits and vegetables and possesses remarkable antioxi-
dant properties [114]. Notably, QC has demonstrated significant
efficacy in reducing the expression levels of thiobarbituric acid
reactive substances, inducible nitric oxide synthase (iNOS),
MuRF-1 and MAFbx in disused gastrocnemius muscle, surpass-
ing other flavones and N-acetyl-L-cysteine in its effects [115].
Moreover, QC exhibits anti-inflammatory effects in myotubes

by attenuating TNF-a cytokine level through modulation of
Nrf-2/HO-1-dependent mechanism [116].

QC exhibits protective effects against oxidative stress-induced
apoptosis in the C,C,, cell line. By reducing the production
of reactive oxygen species, QC helps restore mitochondrial
membrane potential and decrease the Bax/Bcl-2 ratio, ulti-
mately suppressing apoptosis. Additionally, QC counteracts
dexamethasone-induced upregulation of apoptotic factors such
as Bax, cytochrome C, apoptotic protease activating factor-1 and
mitochondrial apoptotic proteins, as well as the activation of
caspase-3 and -9 [117]. Another study demonstrates that QC im-
proved muscle mass and mitochondrial quality in C26 tumour
and 5-fluorouracil (5-FU)-induced cachexia mice [118]. These
findings indicate that QC may effectively modulate key apop-
totic pathways and provide chemoprotective benefits. Future
research should focus on elucidating the specific molecular
mechanisms through which QC mitigates muscle atrophy in-
duced by cisplatin and other chemotherapeutic agents.

7 | Conclusion and Future Perspectives

Cisplatin is known to be associated with significant morbidity,
including many adverse effects such as muscle atrophy. The
impact of cisplatin on muscle mass regulation involves mod-
ulation of multiple molecular pathways, leading to increased
proteolysis. The combined effects of activating catabolic path-
ways (proteasome, caspase and autophagy) and inhibiting an-
abolic pathways (IGF-1/PI3K/Akt/mTOR) result in increased
protein degradation and decreased protein synthesis, ultimately
leading to muscle wasting. Extensive in vitro and animal stud-
ies have provided critical insights into the molecular mecha-
nisms of cisplatin-induced skeletal muscle atrophy, identifying
key pathways that could serve as potential therapeutic tar-
gets. However, translating these findings into clinical practice
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remains challenging due to limited human validation. Bridging
this gap requires well-designed clinical studies that evaluate
muscle function, metabolic changes and biomarker profiles in
cancer patients receiving cisplatin therapy. Emerging evidence
suggests that circulating biomarkers such as creatine kinase
and troponin T may indicate muscle damage (S1 and S2 in the
Supporting Information) whereas inflammatory markers like
IL-6 and TNF-a, along with metabolic alterations including lac-
tate dehydrogenase levels and amino acid imbalances, may re-
flect systemic muscle dysfunction [S3]. Future research should
integrate multiomics technologies, noninvasive muscle imaging
techniques such as MRI, ultrasound and patient-derived cellular
models to validate these biomarkers and elucidate their clinical
significance.

This review provides a comprehensive summary of thera-
peutic agents and potential natural compounds for mitigating
cisplatin-induced muscle atrophy, with an emphasis on molec-
ular mechanisms, highlighting their potential for clinical appli-
cation (Figure 4). We anticipate that future research in this field
should aim to understand the specific contributions of chemo-
therapeutic agents, explore the molecular pathways responsible
for muscle wasting and identify potential therapeutic targets for
clinical intervention to mitigate these adverse effects. Moreover,
identification of innovative drug candidates derived from plant
compounds for treating this situation is crucial that could sub-
stantially enhance quality of life for patients.
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