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Editorial on the Research Topic

Current trends in muscle diseases and their treatment strategies
s

Muscle diseases encompass a broad spectrum of disorders, including genetic,
degenerative and age-associated neuromuscular conditions, all characterized by muscle
degeneration, functional impairment and in many cases, premature mortality. These
diseases impose significant clinical burdens, with cardiorespiratory failure, fatal motor
neuron loss and frailty in aging populations. Advanced diagnostic strategies, ranging from
genetic testing and biomarker analysis to advanced imaging techniques have improved early
and accurate detection. Meanwhile, therapeutic breakthroughs such as gene therapy and
epigenetic modulators are transforming patient care. However, therapeutic development
critically depends on translational animal models, particularly porcine models replicating
human pathology. This Research Topic tries to present a comprehensive overview of the
latest progress in muscle diseases.

Duchenne muscular dystrophy (DMD) is a fatal neuromuscular disease caused
by loss-of-function mutations in the X-linked dystrophin gene and characterized
by progressive muscle degeneration, loss of ambulation and premature death from
cardiac or respiratory failure. Remarkable advancements have been made in both
diagnostic methods and targeted therapies for DMD. Current diagnostic approaches
combine genetic testing for exon deletion/duplication analysis with ancillary methods
which include biomarker such as serum creatine kinase, muscle biopsy for dystrophin
analysis and histopathology, advanced imaging techniques (muscle MRI and emerging
MSOT), and cardiac monitoring through echocardiography and ECG. These ensure
accurate diagnosis and comprehensive disease characterization. Recent breakthroughs
in DMD treatment include exon-skipping therapies, gene editing-mediated reading
frame restoration, and artificial chromosome transfer. AAV-based micro-dystrophin
delivery (Elevidys) partially restores dystrophin expression and slows down disease
progression, which is FDA-approved for ambulatory children aged ≥6. Antisense
oligonucleotides (e.g., eteplirsen, viltolarsen, golodirsen, casimersen) promote exon
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skipping and produce functional truncated-dystrophin, which
benefit patients with specific mutations.

Emerging research has expanded to epigenetic modifications.
Histone deacetylases (HDACs) have been shown to be hyperactive
in patients with DMD and contribute to the pathology, HDAC
inhibition has arisen as a potential therapeutic option. The
HDAC inhibitor givinostat is the first nonsteroidal treatment
approved by FDA for DMD patients ≥6 years old. Aartsma-
Rus published a study investigating the multi-targeted mode of
givinostat in treating DMD. Givinostat has demonstrated the
potential to addresses the pathophysiological cascade of DMD
by targeting key pathological events originated by the lack of
dystrophin. Preclinical and clinical trials confirmed givinostat works
by inhibiting HDACs activity to promote histone acetylation and
improve chromatin structure, while significantly slows disease
progression by reducing fat infiltration, inflammation and fibrosis,
promoting muscle regeneration and improving muscle function
with a favorable safety profile. Furthermore, improved anesthesia
protocols address perioperative risks. Lian et al. provide a systematic
review of the pharmacological interventions for anesthesia and
sedation in patients with DMD. They confirmed that patients
with DMD are more sensitive to neuromuscular blocking agents
(NMBAs), leading to delayed onset time, prolonged recovery time
from anesthesia and risks such as malignant hyperpyrexia with
volatile anesthetics. Precautions for DMD patients should include
quantitative neuromuscular, electrocardiographic monitoring and
rapid airway protection throughout anesthesia. Regional anesthesia
was deemed relatively safer compared with general anesthesia.
This review emphasized avoiding succinylcholine to prevent known
anesthetic hazards such as rhabdomyolysis or hypercalcemia and
highlighted the efficacy of Dantrolene for reversing malignant
hyperpyrexial response to anesthesia.

Porcine DMDmodels, which replicate the biochemical, clinical,
and pathological features of human patients with accelerated disease
progression and early cardiac involvement, have been instrumental
in evaluating novel diagnostic tools like multispectral optoacoustic
tomography (MSOT) for non-invasive disease monitoring and
testing therapeutic strategies. Despite challenges like high cost,
porcine model of DMD remains invaluable for optimizing therapies
and diagnostics and developing personalized care strategies.

Amyotrophic lateral sclerosis (ALS) is an adult-onset
neurodegenerative disorder characterized by progressive
degeneration of upper and lower motor neurons, leading to muscle
weakness and atrophy, dysphagia or respiratory muscle palsy and
remains incurable with an average survival of 2–5 years post-
diagnosis. Current drugs like riluzole and edaravone offer only
modest benefits. ALS is a multifactorial disease, involving oxidative
stress, mitochondrial dysfunction, proteinmisfolding andmetabolic
disturbances.More than 30ALS-related genes, including superoxide
dismutase 1 (SOD1) gene, have been reported. Diagnosis of ALS
relies on clinical assessments and biomarkers, such as elevated
TDP-43 levels in peripheral blood mononuclear cells (PBMCs).
Therapeutic strategies under investigation include metabolic
interventions to restore glucose utilization in skeletal muscle. Fenili
et al. provide a review and explore the potential of physical exercise
as a co-adjuvant therapy for ALS. While intense exercise may pose
risks, moderate and tailored exercise such as swimming have shown
neuroprotective effects in animal models by improving glucose

metabolism, mitochondrial function, and antioxidant defense.
Resistance and endurance training may enhance quality of life and
slow down functional decline in human. This review underscores
the need for personalized exercise protocols in ALS. Transgenic pig
models such as hSOD1G93A and mSOD1-Tg pigs replicate human
ALS pathology, including biomarker dynamics and metabolic
dysfunction. These models have emerged as transformative tools
in testing diagnostics and therapies for ALS to enhance translational
relevance.

Sarcopenia, an age-related syndrome characterized by
progressive loss ofmusclemass, strength, and function, has emerged
as a critical health concern. Two representative surveys leveraging
China Health and Retirement Longitudinal study (CHARLS)
database revealed risk factors and predictive models in vulnerable
groups and offered insights for early intervention. Yang et al. proved
that sarcopenia mainly affects middle-aged and older Chinese
women, closely related to age, waist, education, marriage, area,
stroke, physical pain, depression, and region. They offer an effective
tool to help clinicians better screen potential female patients. Qiao
et al. developed a predictive model for sarcopenia risk in middle-
aged and older adults with diabetes mellitus (DM) and validated a
strong accuracy. Eight key predictors were identified: age, residence,
BMI, diastolic blood pressure, cognitive function, activities of
daily living (ADL), peak expiratory flow (PEF), and hemoglobin.
This model serves as a practical tool for early identification
of high-risk individuals and facilitates timely interventions to
mitigate sarcopenia progression in diabetic populations. Zhong
et al. employed bioinformatics and systems biology approaches to
explore the shared pathogenic mechanisms between COVID-19
and sarcopenia. They identified 66 common differentially expressed
genes (DEGs), including 15 hub genes. Enrichment analysis revealed
functions and pathways between two diseases. Key regulators
like FOXC1 and hsa-mir-155-5p were identified, and immune
infiltration analysis highlighted the correlation between hub genes
and immune factors.They also proposed potential therapeutic drugs
and showed that valinomycin PC3 UP is the best candidate for the
treatment of sarcopenia and COVID-19. Finally, they demonstrated
ALDH1L2 and KLF5 showed the best diagnostic potential for
COVID-19 and sarcopenia. These findings suggest shared pathways
in COVID-19 and sarcopenia, offering insights for early diagnosis,
effective treatment and targeted therapies.

Beyond above muscle diseases, several other neuromuscular
disorders present unique pathological mechanisms and therapeutic
challenges. Fibrosarcoma, an aggressive and poorly understood soft
tissue sarcoma, poses significant therapeutic challenges. Radzka
et al. evaluated the potential role of natural NF-κB inhibitors
in fibrosarcoma. The results showed selective cytotoxicity toward
cancer cells by inducing apoptosis and indicated that CAPE,
biochanin A, and CurE could inhibit actin polymerization and
disrupt the cytoskeleton of cancer cells. Cellular stress and
vacuolation as well as metabolic changes are more pronounced in
cancer cells compared to normal cells. This research supports the
effect and safety of these natural compounds with low-toxicity as
anticancer agents, particularly in the treatment of fibrosarcoma.
Lu et al. provide a review and explore the role of mitochondrial
defects in sporadic inclusion body myositis (sIBM), a subtype of
idiopathic inflammatorymyopathies (IIM)with unique pathological
features such asmuscle inflammation, rimmed vacuoles, and protein
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aggregation within the myofibers. Key mitochondrial abnormalities
including large-scale mitochondrial DNA deletion, aberrant protein
aggregation, and slowed organelle turnover are more prominent
in sIBM than in other types of IIM, indicating that non-immune
tissue dysfunction might contribute to the disease’s onset as patients
with sIBM are refractory to conventional immunosuppressant
treatment. They also discuss potential mitochondrial-targeted
therapies, such as antioxidants and mitophagy inducers like
Urolithin A. Understanding mitochondrial dysfunction in sIBM
could pave the way for novel treatments targeting organelle health.
Spinal muscular atrophy (SMA) is an autosomal recessive genetic
disorder marked by progressive, symmetrical muscle weakness and
atrophy. Jieda et al. provide a case report and describe a child with
initial limb hypotonia and abnormal signal changes in brain MRI.
Genetic testing ultimately confirmed the diagnosis of SMA. This
report highlights the rarity of brain MRI abnormalities in SMA and
the importance of early intervention, which may aid early diagnosis
alongside genetic testing. Pathogenic variations in gene encoding
the skeletal muscle ryanodine receptor (RyR1) are associated
with malignant hyperthermia (MH) and RYR1-related myopathies
(RYR1-RM). R615C porcine model, the first established preclinical
model, has been instrumental in understanding pathomechanisms
and testing potential therapeutics like dantrolene.

In addition to conventional treatment methods, recent studies
demonstrate the successful generation of humanized skeletal
muscle in MYF5/MYOD/MYF6-null pig embryos using blastocyst
complementation with human induced pluripotent stem cells
(hiPSCs). These findings offer potential of producing exogenic
tissues for xenotransplantation to address challenges in muscle
diseases treatment and highlight the feasibility of interspecies
chimeras in regenerative medicine.

In summary, the landscape of muscle disease research is rapidly
evolving driven by innovations in diagnostics, targeted therapies,
and preclinical models. These advances underscore the importance
of multidisciplinary collaboration. While challenges such as
therapeutic accessibility and complexity of disease heterogeneity
remain, future efforts should focus on personalized interventions,
translational research and animal models to bridge the gap between

bench and bedside, ultimately offering hope for improved outcomes
and enhancing the quality of life for patients worldwide.
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Mitochondrial defects in sporadic
inclusion body myositis—causes
and consequences

Elsie Chit Yu Iu1, Ho So2 and Chi Bun Chan1*
1School of Biological Sciences, The University of Hong Kong, Pokfulam, Hong Kong SAR, China,
2Department of Medicine and Therapeutics, Faculty of Medicine, The Chinese University of Hong Kong,
Shatin, China

Sporadic inclusion body myositis (sIBM) is a distinct subcategory of Idiopathic
Inflammatory Myopathies (IIM), characterized by unique pathological features
such as muscle inflammation, rimmed vacuoles, and protein aggregation within
themyofibers. Although hyperactivation of the immune system is widely believed
as the primary cause of IIM, it is debatedwhether non-immune tissue dysfunction
might contribute to the disease’s onset as patients with sIBM are refractory to
conventional immunosuppressant treatment. Moreover, the findings that
mitochondrial dysfunction can elicit non-apoptotic programmed cell death
and the subsequent immune response further support this hypothesis.
Notably, abnormal mitochondrial structure and activities are more prominent
in the muscle of sIBM than in other types of IIM, suggesting the presence of
defectivemitochondria might represent an overlooked contributor to the disease
onset. The large-scalemitochondrial DNA deletion, aberrant protein aggregation,
and slowed organelle turnover have provided mechanistic insights into the
genesis of impaired mitochondria in sIBM. This article reviews the disease
hallmarks of sIBM, the plausible contributors of mitochondrial damage in the
sIBM muscle, and the immunological responses associated with mitochondrial
perturbations. Additionally, the potential application of mitochondrial-targeted
chemicals as a new treatment strategy to sIBM is explored and discussed.

KEYWORDS

mitochondria, myositis, muscle, pathogenesis, pyroptosis, necroptosis

Introduction

Idiopathic inflammatory myopathies (IIM), commonly known as myositis, is a
heterogeneous group of muscle diseases with a global prevalence of 2–25 individuals
per 100, 000 persons (Khoo et al., 2023). Based on the clinical, serological, and histological
examination results, IIM can be classified into 5 major subtypes: dermatomyositis (DM),
polymyositis (PM), immune-mediated necrotizing myopathy (IMNM), overlap myositis
(OM), and sporadic inclusion body myositis (sIBM). Despite each IIM subtype has
distinctive clinical and unique histopathological features, a great majority of IIM
patients suffer from muscle weakness with muscle edema, fatty infiltration in muscle
fibers, and elevated serum creatine kinase (CK) level (Tsamis et al., 2022). Additionally,
most IIM patients demonstrate overactivation of cellular and humoral immunity as revealed
by the presence of infiltrating granzyme and perforin-secreting CD8+ cytotoxic T cells and
B cells in muscle and autoantibodies in their serum (Goebels et al., 1996; Greenberg et al.,
2005; Gunawardena et al., 2009). The involvement of innate immunity in IIM is also
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evidenced by the muscle enrichment of dendritic cells and
M2 macrophages for tissue repair (Rinnenthal et al., 2014).

Because the muscles of IIM patients exhibit mild-to-severe
inflammation phenotypes, most treatments for IIM target the
uncontrolled immune response. Glucocorticoids (GC) are the
front-line treatment that is widely adopted in PM and DM
(Greenberg, 2019). They are often administrated with other
immunosuppressants like azathioprine and methotrexate to
reduce steroid-related side effects like osteoporosis and
cardiovascular diseases (Oddis, 2016). Second-line treatments
such as cyclosporine, tacrolimus, and intravenous immunoglobin
are used to alleviate the disease symptoms in refractory or severe PM
and DM cases (Zeng et al., 2022; Skolka and Naddaf, 2023).
Nonetheless, these immunosuppressive agents are not enduringly
effective in treating some IIM patients, particularly those with sIBM
(Skolka and Naddaf, 2023). A recent study using human sIBM
xenografts demonstrated that T cell depletion does not alleviate the
muscle degenerative features (Britson et al., 2022), further
challenging the pathogenic role of inflammation in the disease.
Therefore, it is suspected that the immune response might not be the
fundamental cause of muscle damage in sIBM. Because abnormal
mitochondrial changes are commonly found in the muscle of sIBM
patients, which are more prevalent than other IIM subtypes (Oldfors
et al., 2006), impaired mitochondrial function might be an
underestimated factor in the pathogenesis of sIBM. Several
excellent reviews have discussed how mitochondrial dysfunction
may generate muscle weakness in sIBM (De Paepe, 2019; Chapa
et al., 2023; Danieli et al., 2023), but the underlying mechanism of
mitochondrial defects remains inconclusive. In this article, we
review the recent findings of mitochondrial dysfunction in sIBM
and discuss their possible linkage with various disease symptoms.
We will also discuss some potential mitochondrial-based therapeutic
strategies for the treatment of sIBM.

Symptoms, diagnosis, and current
treatment of sIBM

sIBM is a male-predominant disease that has a prevalence of
5–71 per million in the whole population (Tsamis et al., 2022).
Typically occurring after the age of 50 (Snedden et al., 2022),
sIBM is characterized by progressive and asymmetric weakness in
the quadriceps and long finger flexors rather than an acute or
subacute symmetrical proximal muscle weakness seen in other
subtypes of IIM (Zubair et al., 2023). Individuals with sIBM
experience a loss of muscle strength at a rate of 3.5%–28% per
year (Zubair et al., 2023) and can become wheelchair-bound at a
median time of 10.5 years after the disease onset (Skolka and
Naddaf, 2023). Respiratory compromise and dysphagia are
common risk factors for premature death in sIBM patients,
which may account for their slight but significantly shortened
lifespan when compared to healthy subjects (Shelly et al., 2021).
Recently, an association between sIBM and malignancy has been
proposed, although sIBM is not generally regarded as a risk factor
for cancer (Damian et al., 2022). Due to the slowly progressive
nature of symptom development, there is often a delay of
5–10 years between disease onset and confirmation (Huntley
et al., 2019).

The diagnosis of sIBM is typically made in patients having
experienced disease symptoms for more than 12 months with onset
after 45-year-old, (Greenberg, 2019; Skolka and Naddaf, 2023), and
most importantly exhibit histopathological hallmarks in their
muscle, including endomysial lymphocyte infiltration, rimmed
vacuoles, protein deposition, ragged red fibres, and the presence
of cytochrome c oxidase (COX)-negative myofibers (Tanboon et al.,
2020). The accumulation of proteins like amyloid beta (Aβ),
ubiquitin, phosphor-tau, sequestosome 1 (p62), and TAR DNA
binding protein 43 kDa (TDP-43) is also detected in the muscle
of some sIBM patients (Skolka and Naddaf, 2023). Autoantibodies
against cytosolic 50-nucleotidase (cN-1A), an enzyme highly
expressed in the skeletal muscle that catalyses the hydrolysis of
adenosine monophosphate (AMP) into adenosine and inorganic
phosphate (Salam et al., 2022; Diederichsen et al., 2023) can be
found in many sIBM patients but not in any other IIM subtypes
(Yamashita et al., 2023), making it an important evidence to the
disease diagnosis. Nevertheless, a substantial number of sIBM
patients displayed no elevated anti-cN-1A antibody in their
circulation, suggesting that the presence of antibody should not
be considered a necessary criterion in the disease diagnosis
(Mavroudis et al., 2021; Diederichsen et al., 2023). While
histological analysis of muscle biopsy remains an essential
procedure for sIBM diagnosis (Papadimas et al., 2019; Winkler
et al., 2021), other methods such as multi-osmics profiling are being
developed to screen for novel biomarkers with 100% sensitivity and
specificity (Cantó Santos et al., 2023).

The presence of anti-cN-1A antibodies and the elevated level of
inflammatory cytokines like interferon γ (IFN-γ), tumor necrosis
factor α (TNF-α), interleukin 7 (IL-7), and interleukin 32 (IL-32)
in the serum of sIBM patients indicate that both humoral and
cellular immunities are provoked (Tsamis et al., 2022). The
hyperactivation of cellular immunity in sIBM is demonstrated
by the transformation of CD4+ helper T-cells into CD28− cytotoxic
T-cells and the infiltration of CD8+ T cells in the patient’s muscle
(Miller et al., 2018). These cytotoxic T-cells might upregulate the
muscular expression of major histocompatibility complex I
(MHC-I) genes and induce muscle cell death, possibly via
perforin-granzymes or Fas ligand-mediated mechanisms (Fyhr
and Oldfors, 1998; Snedden et al., 2022). Indeed,
immunohistochemical analysis revealed stronger Fas
immunoreactivity in the atrophic fibres of sIBM patients than
that in other IIM subtypes (De Bleecker et al., 2001). Despite the
clear engagement of the immune system in the pathogenesis of
sIBM, disease alleviation via immune response inhibition is not
satisfactory, as a significant number of patients are irresponsive to
the classical immunosuppressive treatment (Askanas and Engel,
2008; Rygiel et al., 2015). For instance, some sIBM patients
receiving long-term GC treatment for more than 5 years had a
similar number of T-cells-invaded myofibers as those patients
without treatment (Pruitt et al., 1996). Muscle atrophy of sIBM
patients has also not ceased even though their CK levels have
returned to normal after GC treatment (Miller et al., 2018).
Moreover, the extent of immune cell infiltration in sIBM
patients was found to correlate poorly with the severity of
muscle weakness (Lightfoot et al., 2015). Hence, it is argued
that prolonged immune system activation in sIBM is secondary
to the intrinsic defects in the skeletal muscle.
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Presence of abnormal mitochondria
in sIBM

Mitochondrial DNA (mtDNA) mutation
and deletion

A distinguishing characteristic of sIBM that differentiates it
from other IIM subtypes is the presence of ragged red fibers in
the patient’s muscle (Boncompagni et al., 2012; Tanboon et al.,
2020), which appear as red rim in the speckled sarcoplasm after
Gomori Trichrome staining. Because ragged red signal is caused by
the accumulation of defective mitochondria below the plasma
membrane, these unusual histological signals are not exclusive to
sIBM but are also seen in the muscle of patients suffering from
primary mitochondrial disorders, such as myoclonic epilepsy with
ragged red fibers (MERRF) and mitochondrial thymidine kinase
(T2K) deficiency (DiMauro et al., 1985; Jou et al., 2022). Indeed,
some mitochondria in the muscles of sIBM patients are aberrant in
structure and function. In contrast to DM, where single point
mutations in mtDNA are frequently detected (Zhao et al., 2022),
sIBM muscle features large-scale, single segment deletions
(i.e., major rearrangement mutation) in the major arc of mtDNA
molecules. It has been reported that 122 deletion breakpoints and
33 different single nucleotide deletions were detected in the mtDNA
molecules of sIBM patients (Moslemi et al., 1997), which could lead
to the elimination of up to 1/3 of the whole mtDNA. Another study
confirmed an average of 67% lower mtDNA copy number in the
quadriceps and tibialis anterior muscle of sIBM patients than in
healthy subjects (Bhatt et al., 2019). Interestingly, heterogenous
mtDNA molecules with differential deletion regions could be
detected in a single myofiber (Rygiel et al., 2016), resulting in a
high heteroplasmy in the muscle. Moreover, the mtDNA deletion
might be present in continuous segments of the same muscle fiber,
creating a spatially unique pattern of the mitochondrial protein
COX staining within a single myofiber (Oldfors et al., 1995; Horvath
et al., 1998).

Biochemical outcomes ofmtDNA deletion in
sIBM—oxidative phosphorylation
(OXPHOS) defects

Because the human mtDNA encodes genes for electron transfer
complexes (ETC) subunits, mtDNA deletion might result in the loss
of mitochondrial content (Joshi et al., 2014; Catalán-García et al.,
2016a; Oikawa et al., 2020; Hedberg-Oldfors et al., 2021). In fact, the
severity of mtDNA deletion is highly associated with the number of
COX-deficient fibers, which are myofibers that contain abnormally
low levels of the mitochondrial complex IV, in the sIBM patients’
muscles (Landfeldt et al., 2015). Using single-cell analysis, Rygiel
reported that ~85% of COX-deficient cells have major mtDNA
deletion and rearrangement (Rygiel et al., 2016). Mitochondrion
morphology is also disrupted in the myofiber of sIBM patients, with
shortened and enlarged cristae and junction breaks, resulting in a
reduced mitochondrial length/width ratio (Oikawa et al., 2020). As
COX is an essential component of the ETC for ATP synthesis via
OXPHOS, COX deficiency in the myoblasts of sIBM patients leads
to a shift in ATP production from OXPHOS to glycolysis (Oikawa

et al., 2020), which is a key indicator of mitochondrial dysfunction
(Di Leo et al., 2023). The 31P-magnetic resonance spectroscopy
assessments revealed that the muscle of sIBM patients has a low
ability to synthesize ATP during resting, further supporting the
notion of impaired mitochondrial respiration in sIBM (Lodi et al.,
1998). A recent study also reported diminished mitochondrial
enzymatic activities in cultured sIBM myofibers under low
glucose availability, indicating compromised metabolic flexibility
(Catalán-García et al., 2020). Consequently, this low mitochondrial
activity might significantly impact the overall function of skeletal
muscle, causing weakness in contraction strength and endurance
(Gonzalez-Chapa et al., 2023).

Potential causes of mtDNA deletion in
sIBM—error in mtDNA replication

The occurrence of mtDNA deletion in the muscle of sIBM
patients is not limited to a consensus locus within a mtDNA
molecule but is present in multiple regions. This suggests that
the cause of mtDNA deletion and rearrangement might be more
complex than previously assumed. The underlying mechanism that
leads to the high frequency of mtDNA deletion in sIBM is still
unknown. However, it has been hypothesized that most truncated
mtDNA molecules in sIBM muscle are generated from the clonal
expansion of a single defective molecular species (Moslemi et al.,
1997). It has also been suggested that the mtDNA replication process
in sIBM muscle is prone to errors, further contributing to the
generation of multiple copies of defective mtDNA (Horvath
et al., 1998). The high replication error in sIBM is not caused by
any genetic defects in nuclear genes engaged in mitochondrial
genome maintenance, as a recent study found no pathogenic
variants in nuclear genes that contribute to the high levels of
mtDNA deletions in sIBM (Hedberg-Oldfors et al., 2021).
Instead, single nucleotide polymorphism of several key genes
involved in mtDNA replication and maintenance, including the
DNA helicase Twinkle, the DNA polymerase γ (POLG), and
ribonucleotide-diphosphate reductase subunit M2B (RRM2B), has
been identified in sIBM patients (Lindgren et al., 2015).
Nevertheless, the functional consequence of these single
mutations has not been elucidated.

Potential causes of mtDNA deletion in
sIBM—reactive oxygen species (ROS)
accumulation

A possible cause of high mtDNA damage in sIBM muscle is its
unique localization and structure. Mitochondria are the organelle
that produces ~90% of the total ROS in the cells as the byproducts of,
ETC complex I and III (Favaro et al., 2019). These short-lived yet
highly reactive molecules are unstable and cause structural damage
to mtDNA molecules (Urbina-Varela et al., 2020). The histone-free
nature of mtDNA molecules further increases their risk of ROS-
induced damage (Taylor and Turnbull, 2005). Histones protect
DNA against hydroxyl radical-induced strand breaks, which is a
critical defense mechanism against DNA damage (Ljungman and
Hanawalt, 1992). Indeed, the high ROS level and mitochondrial
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deletion are closely associated with each other inmany diseases, such
as hepatocellular carcinoma (Moriya et al., 2001) and chronic
periodontitis (Canakçi et al., 2006). It is important to note that
this “ROS-induced mutation” model can only be valid if the ROS
content in the muscle of sIBM patients is higher than that of the
healthy subjects. Several studies have demonstrated that ROS level is
augmented in the muscles of sIBM. First, myoblasts of sIBM patients
displayed a higher ROS concentration when treated with a
glutathione synthesis inhibitor (Oikawa et al., 2020). Second, a
high level of deglycase DJ-1, an important mitochondrial
protective protein against oxidative stress (Taira et al., 2004), has
been found in the mitochondria of sIBM muscle (Terracciano
et al., 2008), indicating the mitochondria are under high oxidative
stress and require stronger protection. In support of this notion,
fibroblasts cultured from sIBM patients displayed higher oxidative
stress, concomitant with increased antioxidant defense (Cantó-
Santos et al., 2023). Furthermore, the protein amount and gene
expression of ROS scavengers, Cu, Zn- superoxide dismutase (Cu,
Zn-SOD) and manganese superoxide dismutase (Mn-SOD), are
augmented in vacuolated myofibers in sIBM (Askanas and Engel,
1998; Tsuruta et al., 2002). However, comparable muscular lipid
peroxidation between sIBM patients and healthy subjects was also
reported (Catalán-García et al., 2016b), making the ROS
hypothesis inconclusive. Instead of having more mutation
inducers in the muscle, it is possible that the DNA repair
system is blemished in the patient’s tissue, hence facilitating the
propagation of mutated mtDNA. Because no examination of the
activity of DNA repairing machinery, such as apurinic/
apyrimidinic endonuclease (APE) or DNA damage-binding
protein (DDB) (Jang et al., 2019), in the sIBM sample, has been
performed, it remains unknown if the system is involved in the
accumulation of truncated mtDNA.

Potential causes of mtDNA deletion in
sIBM—β amyloid (Aβ) overproduction

In addition to the occurrence of mtDNA deletion, which
resulted in a loss of mitochondria in the muscle (Hedberg-
Oldfors et al., 2021), the accumulation of Aβ in the tissue
might further impair the function of the existing mitochondria
in sIBM. Studies have shown that overproduction of β amyloid
precursor protein (APP) in human muscle fibers resulted in
decreased COX activity, enlarged mitochondria, and the
formation of disrupted cristae that resemble the pathological
features of sIBM (Askanas et al., 1996). Abnormal
mitochondrial-related functions, including increased rate of
ROS production, reduced TCA cycle activities, and a shift of
fatty acid-to-glucose utilization, were also seen in the muscle of
APP transgenic mice (Boncompagni et al., 2012). It is believed that
the mislocation of Aβ to the mitochondrial membrane impedes the
function of the mitochondrial transporter, hence hindering the
imports of materials that are indispensable for mitochondrial
functions (Askanas et al., 1996; Devi et al., 2006). Although this
Aβ-mitochondrial interaction, as observed in neuronal tissues, is a
logical linkage of Aβ overproduction to the dysregulated
mitochondrial function, no colocalization of Aβ and
mitochondria in the muscle of sIBM patients has been reported.

Potential causes of mtDNA deletion in
sIBM—defective autophagy

It is also possible that the mitochondrial defect in sIBMmuscle is
attributed to the delayed organelle turnover, which might result in
the buildup of dysfunctional mitochondria. The “dysregulated
myoproteostasis” model, which covers protein synthesis defect,
improper folding, extensive post-translational modification, and
impaired degradation of proteins, has been proposed by Askanas
et al. to collectively explain the aggregation of abnormal proteins and
organelles in sIBM muscle (Askanas et al., 2015). Several studies
report that organelle degradation by macroautophagy is
compromised in sIBM. First, there is a lack of p62 binding
accuracy to LC3 in the patient’s muscle, although sIBM muscles
contain a higher frequency of LC3-positive autophagosomes,
indicating a stop of the autophagy process in its initial stages
(Lünemann et al., 2007; Nogalska et al., 2010; Suzuki et al.,
2019). Moreover, the activity of lysosomal enzymatic activity
cathepsin D and B was lower than the healthy control in the
sIBM muscle, which delays the clearance of LC3-associated
autophagosomes and the ubiquitinated proteins (Nogalska et al.,
2010). Indeed, the muscle biopsies of sIBM patients showed a high
density of lipofuscin aggregates, a marker of lysosomal dysfunction
(Lu et al., 2020). Nicot et al. (2014) further specified the mechanism
by demonstrating that the autophagy cargo receptor NBR1-
mediated removal of protein aggregates was inhibited in sIBM.
This delayed autophagy provides a logical explanation for the
accumulation of p62 and Aβ aggregates in the autophagic
vacuoles in sIBM (Güttsches et al., 2017). Furthermore, several
genes associated with autophagosome-lysosome processing have
been identified as the risk alleles in sIBM (Weihl et al., 2015;
Gang et al., 2016; Papadopoulos et al., 2017). Based on these
findings, pharmacological inhibition of autophagy by chronic
colchicine administration in mice is used as an animal model for
sIBM research (Ching et al., 2013). Interestingly, chaperone-
mediated autophagy is increased in the muscle of sIBM, as
evidenced by elevated levels of lysosomal membrane protein
LAMP2A and the chaperone Hsp70 co-aggregates (Cacciottolo
et al., 2013). Because chaperone-mediated autophagy mainly
targets specific proteins but not large organelles, this escalated
chaperone-mediated autophagy might be a compensatory
response to abnormal protein aggregation, like p62, in sIBM.
Given that the removal of damaged mitochondria is autophagy-
dependent, the dysregulated autophagy in sIBMmight jeopardize its
clearance. Although no comprehensive assessment of mitophagy,
the specific pathway of autophagy to induce mitochondria
degradation (Lu et al., 2023), has been performed in sIBM
muscle, decreased expression of dynamin-related protein 1
(DRP1) has been detected in cultured myoblasts of sIBM patients
(Oikawa et al., 2020). DRP1 is a critical factor that promotes the
splitting of mitochondria for subsequent degradation (Picca et al.,
2023); this low level of DRP1 indirectly supports the hypothesis that
the clearance of mitochondria in sIBM muscle might be impaired.
Moreover, abnormal accumulation of the mitochondrial fusion
marker mitofusin 1 (MFN1) and the mitophagy receptor Bcl-2
adenovirus E1B19 19-kDa interacting protein (BNIP3) was
observed in the ragged red fibers of the sIBM patients (Askanas
et al., 2015). Because mitofusin accumulation triggers mitochondrial
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enlargement, which hinders the sequestration of damaged
mitochondria (Joaquim and Escobar-Henriques, 2020),
augmented mitofusin content in the sIBM muscle may result in
defective clearance of Bnip3-tagged cargos.

Mitochondrial defects and immune
response in muscle

Although the invasion of immune cells is commonly observed in
all IIM, inflation of highly differentiated CD8+CD28− cytotoxic
T cells is uniquely present in sIBM (Greenberg and Bourc’his,
2019). It is proposed that autoimmunity is the root cause of
sIBM pathogenesis, as genetic mutation of TDP-43 and p62 in
myotilinopathies and desminopathies do not result in the formation
of protein aggregates (Olivé et al., 2008; Olivé et al., 2009). Moreover,
stimulation of cultured muscle cells by inflammatory cytokines, such
as IL-1β and IFNγ, or upregulation of much MHC class I alone is
sufficient to trigger the formation of protein aggregates and rimmed
vacuoles (Fréret et al., 2013; McCord and Day, 2023a; McCord and
Day, 2023b). Furthermore, rhabdomyosarcoma cells challenged
with the IgG from sIBM patients effectively induced the
aggregation of p62 (Tawara et al., 2017). Finally, altering the
immune system by virus infection like HIV can produce
pathological features of sIBM like p62 aggregates and the
formation of rimmed vacuoles in the muscle (Hiniker et al.,
2016). While these findings support the causal relationship
between autoimmunity and muscle degeneration, mitochondrial
defects in the muscle of sIBM might have feed-forward activity
to exaggerate tissue inflammation. Supporting this notion, Shelton
et al. (2019) found that mutation of the mitochondrial transporter,
aspartate glutamate carrier 1 (AGC1), produced a proinflammatory
phenotype in the muscle biopsies of dogs. Indeed, recent studies in
mitochondrial biology have confirmed that excessive mitochondrial
dysfunction can trigger tissue damage and subsequent immune
responses via regulated cell death mechanisms.

In principle, damaged mitochondria release their organelle
contents, such as mtDNA, cardiolipins, and Ca2+, into the cytosol
and the extracellular space (Picca et al., 2023). These mitochondrial-
derived damage-associated molecular patterns (DAMPs) are
regarded as foreign molecules by the pattern recognition
receptors of the immune cells due to the bacterial ancestry of
mitochondria. Induction of the innate immune response triggers
the activation of pro-inflammatory pathways like toll-like receptor
(TLR) signalling (Picca et al., 2023). Indeed, it has been reported that
binding of oxidized cardiolipins to TLR4 in the cytosol initiates the
NF-κB signalling, leading to increased myostatin (MSTN)
expression in the sIBM muscle (Sachdev et al., 2018).

The presence of mtDNA in the cytosol is an intrinsic warning of
pathogen infection or cellular dysfunction. These cytosolic mtDNAs
are sensed by the cyclic guanosine monophosphate (GMP)-AMP
synthase (cGAS) and promote its dimerization, leading to the
production of second messenger cyclic GMP-AMP (cGAMP).
The binding of cGAMP to the endoplasmic reticulum protein
STING (stimulator of interferon genes) induces its translocation
to the Golgi apparatus, where it activates the TANK-binding kinase
1 (TBK1) to phosphorylate the transcription factors interferon
regulatory factor 1 (IRF1) and the IκB kinase complex.

Consequently, transcription of NFκB-targeted genes such as type
I interferons will be enhanced, attracting the immune cells to the
injured muscle (Zhang et al., 2022). Although no studies have been
performed to evaluate the cGAS-STING pathway in the animal
models of sIBM or patient samples, the mtDNA-induced cGAS-
STING pathway activation is detected in cells when TDP-43 invades
mitochondria (Yu et al., 2020). Moreover, a recent report by Irazoki
et al. (2023) demonstrated that the release of mtDNA after
mitochondrial dysfunction is sufficient to induce sterile
inflammation in the skeletal muscle, further supporting the role
of cGAS pathway in myositis development.

The release of mtDNA may activate the pyroptotic cell-death
pathways via activating another intracellular DNA sensor NLRP
(nucleotide-binding oligomerization domain, leucine rich repeat
and pyrin domain containing) proteins to form inflammasomes
(Marchi et al., 2023) and the subsequent pyroptosis signalling.
Inflammasomes are multiprotein complex containing leucine-rich
repeated containing proteins (e.g., NLRP2, AIM2, Pyrin), the
adapter protein ASC (apoptosis-associated speck-like protein
containing a caspase recruitment domain CARD), and pro-
caspase 1. Although the molecular details of mtDNA-induced
NLRP activation are still unknown, the outcomes of
inflammasome formation have been well-defined. Once the
caspase 1 in the inflammasome is activated, it cleaves the
membrane pore protein Gasdermin D and interleukins (IL-1 and
IL-8). Consequently, the membrane permeability is increased,
leading to cell swelling, leakage of cellular proteins, and the
formation of functional IL-1β and IL-18, all of which are strong
inflammation inducers (Sharma and Kanneganti, 2021). A recent
study demonstrated that the formation of NLRP3 inflammasome
and pyroptosis was upregulated in the muscle fibers of DM and PM
(Liu et al., 2021), its activity in sIBM remains to be investigated.
Nevertheless, it has been demonstrated that ketogenic diet could
alleviate the clinical symptoms of sIBM patients, possibly through
suppressing NLRP3 inflammation activation, suggesting that
pyroptosis is involved in the pathogenesis of sIBM (Phillips
et al., 2020).

Recently, Kamiya et al. (2022) reported that inhibiting the
necroptosis signalling effectively ameliorated the invasion of
CD8+ cytotoxic T lymphocytes and thus suppressed muscle
injury in PM. Necroptosis is a caspase-independent form of
programmed cell death that results in membrane rupture, cell
swelling, and leakage of DAMPs to promote inflammation
(Pasparakis and Vandenabeele, 2015). The canonical necroptosis
pathway is typically initiated by the cytokine TNFα in caspase 8-
inactive cells. Once TNFα binds to its cognate receptor TNFR1, the
receptor forms a complex that contains TNFR1-associated death
domain protein (TRADD) and receptor-interacting serine/
threonine protein kinase 1 (RIPK1). In certain conditions such as
growth factor deprivation, the ligand activated TNFR-TRADD-
RIPK1 complex further recruits and activates caspase 8 to cleave
the downstream apoptosis executors like BH3-interacting domain
death agonist (BID) to induce mitochondrial member
depolarization and release of cytochrome c for caspase
3 activation (Luo et al., 1998). In cells with the absence of
caspase 8, activation of TNFR1 promotes the heterodimerization
of RIPK1 and RIPK3, forming the complex necrosome. Because
RIPK3 is a proteolytic substrate of caspase 8, the formation of
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necrosome will only be formed in the absence of caspase 8 (Kang
et al., 2013). The necrosome further recruits the mixed-lineage
kinase domain-like protein (MLKL), which is phosphorylated by
RIPK3 to form active oligomers for plasmamembrane translocation.
Due to its porous nature, the insertion of MLKL oligomers causes
leakage of cellular content to the extracellular environment or cell
rupture to induce the tethering of immune cells. Interestingly,
activation of RIPK1 and RIPK3 triggers mitochondrial
dysfunction (Chen et al., 2018) and activates the pyruvate
dehydrogenase complex to produce excessive ROS (Yang et al.,
2018), respectively. The high ROS feedbacks to the necrosome
complex formation, forming a positive feedback loop of the
necroptosis pathway to further enhance the necroptosis signalling
(Qiu et al., 2018). Peng et al. (2022) reported that the necroptosis
machinery is highly expressed in several subtypes of IIM, including
DM and IMNM. Moreover, overactivation of the necroptotic
pathway is sufficient to cause cell death of healthy muscle cells
(Peng et al., 2022). Although high expression of necroptosis inducer
TNF-α is detected in the muscle of sIBM patients (Schmidt et al.,
2008), the activity of caspase 8 in the muscle has never been studied,
making it a mystery if necroptosis is also elevated in sIBM like other
IIM subtypes.

Targeting mitochondrial health as a
new treatment strategy of sIBM

Due to the immunosuppressant-resistant feature of sIBM,
exercise remains the main-stay therapy for sIBM (Koo et al.,
2019). In general, endurance exercise is known to benefit skeletal
muscle by increasing the disposal of ROS-damaged proteins and the
synthesis of newmitochondria to accelerate mitochondrial turnover,
thereby maintaining a healthy mitochondria network with boosted
OXPHOS capacity (Sorriento et al., 2021). Resistance exercise also
enhances the cellular antioxidation capacity by activating FOXO3, a
transcription factor that induces the expression of antioxidant
enzymes like SOD, to improve muscle function in sIBM (Koo
et al., 2019). Interestingly, Coudert et al. (2022) recently reported
that testosterone supplementation and exercise training may exert
additive effects in improving muscle performance andmitigating the
overactivated immunity in sIBM patients. However, performing
regular exercise relies heavily on self-motivation and is difficult
for cane- or wheelchair-bound patients at the advanced stage of
IBM. Therefore, there is an urge to develop agents that recapitulate
the benefits of exercise, such as upregulating antioxidant activity,
increasing mitochondrial biogenesis, or promoting mitochondrial
removal in the muscle. Considering that AMPK activation is a
critical event in initiating mitochondrial biogenesis and mitophagy
during exercise, AMPK-activating agents are attractive candidates
for this purpose. Indeed, the AMP analogue 5-Aminoimidazole-4-
carboxamide-1-beta-D-ribofuranosyl 5′-monophosphate (AICAR)
downregulated the expression of atrophic marker Atrogin/MAFbx
in the gastrocnemius muscle and relieved cancer-induced muscle
atrophy in mice (Hall et al., 2018). Another Food and Drug
Administration (FDA)-approved AMPK activator, metformin, is
found to promote mitophagy in type 2 diabetic patients (Picca et al.,
2023). In a cardiovascular disease mouse model, metformin
treatment suppressed ROS production in the abnormal heart

tissue in an AMPK-dependent manner, which prevented the
NLRP3/IL-1β-mediated inflammation and cardiovascular lesions
(Marek-Iannucci et al., 2021).

Antioxidant application may be helpful in rescuing cell death in
the sIBM muscle by neutralizing ROS into less harmful products
(Johnson et al., 2023). For example, the well-known antioxidant
polyphenol resveratrol has been shown to suppress myostatin-
mediated cell death by activating the NF-κB signalling in
cultured sIBM myoblasts (Askanas et al., 2012). The use of
mitochondrial-targeted antioxidants like MitoQ and MitoVitE,
which are hundred folds more effective in rescuing mitochondrial
oxidative stress-induced cell death in human fibroblasts than other
non-specific, cellular antioxidants like idebenone and vitamin E
(Jauslin et al., 2003), might also alleviate the symptoms of sIBM
(Rostamzadeh et al., 2024). Indeed, studies in numerous
experimental models have confirmed the protective effect of these
mitochondrial-targeted antioxidants in treating ROS-associated
diseases like Parkinson’s Disease and atherosclerosis (Jiang et al.,
2020; Sulaimon et al., 2022), which provide a solid scientific basis to
extend their translational potential in ameliorating sIBM.
Nevertheless, caution must be exercised when antioxidants are
used in the sIBM treatment because exogenous supplementation
of NADH and GSH may disrupt the redox balance and impose
reductive stress on the cell (Xiao and Loscalzo, 2019). In fact,
multiple studies have correlated excessive reductive stress with
the development of inflammatory-associated diseases like
cardiomyopathy, muscular dystrophy, and Alzheimer’s disease
(Pérez-Torres et al., 2017).

Target mitophagy, a specific form of autophagy that degrades
mitochondria exclusively (Lu et al., 2023), may also be a viable
approach to alleviate myopathies associated with excessive oxidative
stress (Ito et al., 2022). Traditional mitophagy inducers like
oligomycin and carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) have been widely adopted in the in vitro system but
their high toxicity limits their clinical applicability (Lee et al.,
2023). Therefore, considerable efforts have been devoted to
screen for alternative inducers with low toxicity for clinical
applications. In 2021, Luan et al. (2021) reported that Urolithin
A (UroA) reversed the declined mitophagy in cultured myoblasts of
Duchenne Muscular Dystrophy (DMD) patients and mdx mice,
which led to a reduction in muscle damage. UroA is a metabolite of
microflora produced from the polyphenols ellagic acid and
ellagitannins in food (Faitg et al., 2024), which is considered safe
for oral consumption in humans as a dietary supplement by the FDA
(García-Villalba et al., 2022). In a randomized, double-blinded,
placebo-controlled clinical trial, subjects consuming UroA for
4 months exhibited augmented expression of mitophagy markers
in their muscle biopsy, which was associated with higher complex I
and II-mediated respiration (Faitg et al., 2024). Another clinical trial
demonstrated that UroA effectively improved mitochondrial
function in the skeletal muscle of the elderly by upregulating
mitochondrial gene expression (Andreux et al., 2019). The
positive effect of UroA on mitochondrial respiration was also
reflected by the 65% higher running capacity in the UroA-
administrated Wistar rats (Nat Med, 2016). Mechanically, UroA
triggers mitophagy via lowering the mitochondrial membrane
potential, as short-term UroA treatment induced membrane
depolarization followed by augmented mitophagy marker
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expression (Ryu et al., 2016). Based on the promising effect of UroA
in improving muscle function of age-related atrophic fibers, which
share some biochemical characteristics of sIBM myofibers (Romani
et al., 2021), it is reasonable to assume that UroA could also be
effective in ameliorating mitochondrial defects and reducing muscle
damage in sIBM. In supporting the idea that maintaining
mitochondria activity is important to sustain the survival of the
sIBM muscle cells, Oikawa et al. (2020) reported that mitochonic
acid 5 (MA-5), a plant derivative that facilitates mitochondrial
activities, such as increasing ATP synthesis, reducing ROS
production, and promoting OXPHOS, was effective in protecting
the myoblasts of sIBM patients from the buthionine sulfoximine-
induced cell death. Presumably, mitochondrial health-improving

agents like UroA andMA-5might represent safe and effective agents
for sIBM patients to improve their muscle function.

Conclusion

Although pathological hallmarks of sIBM have been recognized
for several decades, the precise molecular mechanism for these
cellular abnormalities is still mysterious. Most studies on sIBM
pathogenesis are associative in nature, and the lack of
mechanistic studies hinders the development of effective
treatment, making it still an incurable disease nowadays. The
slow progress in the development of new sIBM therapy can be

FIGURE 1
Prominent mitochondrial abnormalities in sIBM muscle include COX-negativity, OXPHOS suppression, delayed organelle clearance, and
mislocalization of proteins. Augmented ROS produced by the dysfunctional mitochondrial might damage the organelle, resulting in the release of
mitochondrial content into the sarcoplasm. These mtDAMPs are strong inducers of the TLR and cGAS-STING pathway, which promote inflammatory
cytokines production and muscle breakdown via the NF-κB signaling. Accumulation of mtDAMPs and ROS might also induce the formation of
NLRP-mediated inflammasome and TNF-α-triggered necrosome, leading to compromised sarcolemma integrity. Leakage of cellular content generates
DAMPs that might serve as activation signals for T-cell recruitment in sIBM.
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attributed, in part, to the uncertainty of the sequential relationship
between muscle damage and overactivated immune response.
Moreover, most studies of sIBM have primarily focused on the
detrimental consequence of hyperactive immune cells and protein
aggregation on skeletal muscle; the outcomes of other damaged
organelles like mitochondria have received little attention. The
conventional view of mitochondria solely as ATP-producing
powerhouses biased our perception that defective mitochondria
in IIM might only result in metabolic deficiency, thus
underestimating its functional outcomes. Recent discoveries that
highlight mitochondrial defects as inducers of immune response via
pyroptosis and necroptosis in many different issues have provided
new insights into the pathogenesis of IIM (Figure 1). Hence, it is
imperative to recognize the etiological role of mitochondria and
developing novel drugs that improve the mitochondrial health as a
novel treatment strategy for sIBM.
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Bioinformatics and system 
biology approach to identify 
potential common pathogenesis 
for COVID-19 infection and 
sarcopenia
Jun Zhong 1†, Hui Yuan 1†, Jinghong Yang 1, Yimin Du 1, Zheng Li 2, 
Xu Liu 1, Haibo Yang 1, Zhaojun Wang 1, Zi Wang 1, Lujun Jiang 1, 
Zhiqiang Ren 1, Hongliang Li 1, Zhong Li 2* and Yanshi Liu 2*
1 School of Clinical Medicine, Southwest Medical University, Luzhou, Sichuan, China, 2 Department of 
Orthopedics, Affiliated Hospital of Southwest Medical University, Luzhou, Sichuan, China

Sarcopenia is a condition characterized by age-related loss of muscle mass 
and strength. Increasing evidence suggests that patients with sarcopenia have 
higher rates of coronavirus 2019 (COVID-19) infection and poorer post-infection 
outcomes. However, the exact mechanism and connections between the two is 
unknown. In this study, we used high-throughput data from the GEO database 
for sarcopenia (GSE111016) and COVID-19 (GSE171110) to identify common 
differentially expressed genes (DEGs). We conducted GO and KEGG pathway 
analyses, as well as PPI network analysis on these DEGs. Using seven algorithms 
from the Cytoscape plug-in cytoHubba, we identified 15 common hub genes. 
Further analyses included enrichment, PPI interaction, TF-gene and miRNA-
gene regulatory networks, gene-disease associations, and drug prediction. 
Additionally, we evaluated immune cell infiltration with CIBERSORT and assessed 
the diagnostic accuracy of hub genes for sarcopenia and COVID-19 using ROC 
curves. In total, we identified 66 DEGs (34 up-regulated and 32 down-regulated) 
and 15 hub genes associated with sarcopenia and COVID-19. GO and KEGG 
analyses revealed functions and pathways between the two diseases. TF-genes 
and TF-miRNA regulatory network suggest that FOXOC1 and hsa-mir-155-5p 
may be identified as key regulators, while gene-disease analysis showed strong 
correlations with hub genes in schizophrenia and bipolar disorder. Immune 
infiltration showed a correlation between the degree of immune infiltration and 
the level of infiltration of different immune cell subpopulations of hub genes in 
different datasets. The ROC curves for ALDH1L2 and KLF5 genes demonstrated 
their potential as diagnostic markers for both sarcopenia and COVID-19. This 
study suggests that sarcopenia and COVID-19 may share pathogenic pathways, 
and these pathways and hub genes offer new targets and strategies for early 
diagnosis, effective treatment, and tailored therapies for sarcopenia patients 
with COVID-19.
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Introduction

Sarcopenia is a progressive and systemic disease of extreme 
skeletal muscle dysfunction (1) characterized by reduced muscle 
mass/quantity and muscle strength that is observed in both 
physiological and pathological processes (2, 3). According to the most 
recent guidelines from the European Working Group on Sarcopenia 
in the Elderly (EWGSOP), the primary diagnostic criteria for 
sarcopenia have shifted to include diminished muscle strength and 
function, rather than solely the loss of muscle mass. Additionally, 
impaired physical performance is now recognized as a key marker of 
advanced sarcopenia (4, 5). Studies have shown that sarcopenia occurs 
with age and the effects of many long-term conditions (2, 5), and is 
associated with decreased mobility, increased morbidity and increased 
mortality (6). Currently, sarcopenia affects over 50 million people and 
this number is expected to reach 500 million by 2050 (7, 8). Sarcopenia 
is estimated to affect 10–16% of older adults worldwide (9). One study 
reported that the prevalence of sarcopenia patients (EWGSOP 
definition) ranged from 8 to 36% in those aged <60 years and from 10 
to 27% in those aged ≥60 years (10). The pathogenesis of sarcopenia 
is complex, with high morbidity and mortality, and it is currently 
believed that the pathogenesis of sarcopenia may be related to factors 
such as reduced satellite cell numbers and aging (11, 12), 
mitochondrial dysfunction (13), loss of motor neurons, decreased 
activity of neuromuscular junctions (14), endocrine alterations (15), 
and weight loss with decreased appetite (16), or a combination of these 
factors (17).

COVID-19 is a multi-organ infectious disease caused by Severe 
Acute Respiratory Syndrome Coronavirus 2 (SARSCoV-2), 
particularly severe pneumonia and acute respiratory distress 
syndrome (18). As of September 7, 2023, the World Health 
Organization reported 770,437,327 confirmed cases, including 
6,956,900 deaths.1 COVID-19 can pose a serious health burden 
individuals, especially the elderly and those with underlying medical 
conditions such as advanced age (19), chronic kidney disease, diabetes 
mellitus, hypertension (20), and cancer (21, 22) are risk factors that 
have been widely documented to be  responsible for COVID-19 
infections and deaths. COVID-19 is characterized by severe 
inflammation and a highly muscle catabolic state, which affects the 
body’s metabolic stress and profound changes in body composition. 
Researchers have attempted to prevent and treat COVID-19 by 
investigating drugs and developing vaccines, but its intervention in 
adverse body states (e.g., sarcopenia) may facilitate the treatment of 
COVID-19 (23, 24).

A study indicated that patients with sarcopenia experienced a 
higher prevalence of infection and poorer prognosis during the 
COVID-19 pandemic (23). Patients with sarcopenia have impaired 
immune cells (e.g., peripheral monocytes, neutrophils, and natural 
killer lymphocytes) (25), which result in the production of aberrant 
myofactors such as IL-6, IL-7, IL-15, or LIF (26), which ultimately lead 
to muscle catabolism and immune senescence (24, 25). However, the 
onset and progression of sarcopenia is accelerated during COVID-19 
infection due to increased muscle atrophy and inhibition of muscle 
synthesis caused by severe inflammatory response and metabolic 

1  https://covid19.who.int/

stress (27), decreased physical activity and inadequate nutrient intake 
(28). Hospitalization, protein deficiency, and corticosteroid therapy 
during COVID-19 infection have been reported in several studies that 
often lead to the rapid progression of sarcopenia in patients with 
severe COVID-19 infection (29, 30). Skeletal muscle regulates 
immune system function through myokine signaling and expression 
of immunoregulatory surface molecules. Immune cells in turn 
severely affect muscle mass and function (25). This indicates that the 
interaction between sarcopenia and COVID-19 may be bidirectional, 
potentially creating a vicious cycle.

An increasing number of studies indicate a strong relationship 
between sarcopenia and COVID-19 infection; however, the 
mechanisms have not been fully elucidated. This study utilizes 
bioinformatics, R software, and several large databases to analyze the 
common DEGs and hub genes of sarcopenia and COVID-19 in terms 
of expression differences, functional enrichment, regulatory networks, 
disease drug prediction, and immune infiltration. This analysis will 
help further understand the potential co-pathogenesis of sarcopenia 
and COVID-19 and to screen for biomarkers and drug candidates.

Materials and methods

Data collection

RNA-seq data for patients with sarcopenia (GSE111016) and 
COVID-19 infections (GSE171110) were obtained from the GEO 
database.2 GEO is one of the largest public database that includes 
microarray data and high-throughput gene expression data 
submitted by research institutions around the world (31). Both 
datasets used the GPL 16791 (Illumina NextSeq  500) high-
throughput sequencing platform to extract RNA sequences. The 
GSE111016 dataset includes 20 muscle biopsies from healthy 
testers and 20 muscle biopsies from patients with sarcopenia (32). 
The GSE171110 dataset includes 44 COVID- 19 patients and 10 
healthy donors with whole blood gene expression profiling 
data (33).

Identification of common DEGs between 
sarcopenia and COVID-19

The “limma” package (version 4.3.1) of the R software (version 
4.3.1) was used to select DEGs between COVID-19 and 
non-COVID-19 and between sarcopenia and non-sarcopenia. 
Because of the differences in sample size and data quality, different 
difference multiples criteria were selected to ensure statistical 
significance and biological relevance of the results. In the 
sarcopenia dataset, genes with p < 0.05 and a fold change >1.2 
were identified as DEGs; for COVID-19, genes with p < 0.05 and 
a fold change >2 were identified as DEGs. In the sarcopenia 
dataset, the DEG of log2FC<−0.263 was considered down-
regulated, whereas log2FC>0.263 was considered up-regulated. 
For COVID-19, the DEG of log2FC<−1 was considered 

2  https://www.ncbi.nlm.nih.gov/geo/
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down-regulated, whereas log2FC>1 was considered up-regulated. 
The “Pheatmap” (version 1.0.12), “EnhancedVolcano” and 
“ggplot2” packages of the R software were applied to generate the 
heatmaps and volcano maps. Common DEGs for GSE111016 and 
GSE171110 were then obtained using the online VENN 
analysis tool.3

Enrichment analysis of gene ontology and 
pathways

EnrichrR4 is a comprehensive resource for analyzing gene sets 
generated from genome-wide experiments, containing a total of 
180,184 annotated gene sets from 102 gene set libraries (34). GO and 
pathway enrichment analyses were performed using EnrichR online 
tools [the Kyoto Encyclopedia of Genes and Genomes (KEGG)] to 
specify shared functions and pathways between sarcopenia and 
COVID-19. The GO terminology consists of three categories: 
biological process (BP), cellular component (CC), and molecular 
function (MF). A p-values <0.05 was considered 
significantly enriched.

PPI network construction

STRING5 (version 12.0) is a database for studying protein–protein 
association networks, with an expanded information coverage of 
more than 12,535 species, 59.3 million proteins, and 20 billion 
interactions, integrating experimental interaction evidence and 
computational interaction prediction information, with the goal of 
realizing a comprehensive and objective global network (35). 
We performed PPI network analysis of the common DEG using the 
STRING database to construct differentially expressed and potential 
interactions of genes with interaction scores >0.15. The protein–
protein interaction networks constructed in the String database were 
then imported into Cytoscape (version: 3.9.1) software for 
visualization (36, 37).

Identification and analysis of hub genes

In a PPI consisting of nodes, edges and their connections, the 
most entangled nodes were considered hub gene. Cytohubba6 is a 
novel plugin for Cytoscape that provides 11 topological analysis 
methods to rank nodes in a network (38). We applied seven algorithms 
(Closeness, MCC, Degree, MNC, Radality, Stress and EPC) to finally 
intersect them to select hub gene.

GeneMANIA7 is a flexible and user-friendly website that uses 
large amounts of genomics and proteomics data to generate 
hypotheses about gene function, analyze gene lists and prioritize genes 

3  http://jvenn.toulouse.inra.fr/app/example.html

4  https://maayanlab.cloud/Enrichr/

5  http://string-db.org

6  http://apps.cytoscape.org/apps/cytohubba

7  https://genemania.org

for functional analysis (39). We used it to construct co-expression 
networks of identified central genes.

Construction of TF-gene and miRNA-gene 
regulatory network

TFs are proteins that control the transcription of DNA into RNA by 
attaching to specific DNA sequences. miRNAs are mainly involved in 
the regulation of protein expression by binding to target sites on mRNA 
transcripts and inhibiting their translation, making them essential for 
regulating biomolecules (40, 41). We  visualized the co-regulatory 
network of hub genes through the NetworkAnalyst platform, which has 
been widely used as a bioinformatics tool (42). We used NetworkAnalyst 
to extract microRNAs interacting with hub genes from the miRTarBase 
database (43) and construct a DEG-microRNA (miRNA) interaction 
network, and then localized TFs binding to hub genes through the 
JASPAR database (44) and constructed a DEG-transcription factor 
interaction network. We performed GRN analysis using hub-DEG to 
reveal transcription elements and miRNAs that regulate DEG at the 
post-transcriptional level.

Gene-disease association analysis

DisGeNET is a comprehensive knowledge management 
platform that integrates and normalizes data on disease-associated 
genes and variants from multiple sources, including the scientific 
literature, and can be used to study the molecular basis of specific 
human diseases and their complications, to analyze the 
characterization of disease genes and to validate the performance 
of computationally predicted disease genes (45). It currently 
covers more than 24,000 diseases and traits, 17,000 genes and 
117,000 genomic variants (46). We  examined gene-disease 
relationships using the DisGeNET database through 
NetworkAnalyst to reveal diseases and their complications 
associated with central genes.

Correlation analysis of hub gene 
expression with immune infiltration

To explore the immune infiltration of multiple immune cells 
including T cells, B cells, NK cells, monocytes, macrophages, 
neutrophils, and dendritic cells in GSE111016 and GSE171110 
peripheral blood (47), single-sample gene set enrichment analysis 
(ssGSEA) (48) of 28 immune gene sets was performed using the 
“GSVA” R package, assessing the immunological characteristics of the 
samples. The Vioplot and pheatmap R packages were used for 
visualization. Finally, the Pearson correlation coefficient determined 
the correlation between hub genes and different immune infiltrating 
cells, visualized through the ggplot2 package.

Target drugs analysis

The DSigDB database is a new gene set resource that links drugs/
compounds to their target genes. It currently has 22,527 gene sets 
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FIGURE 1

Workflow of the whole study. DEGs, differentially expressed genes; GO, Gene Ontology; PPI, protein–protein interaction; TF, transcription factor.

consisting of 17,389 unique compounds, covering 19,531 genes (49). 
We detected 15 drug molecules identified based on hub genes from 
the DSigDB database on the Enrichr8 platform. These drugs 

8  https://amp.Pharm.mssm.Edu/Enrichr./

represent possible common drugs used for sarcopenia and 
COVID-19.

ROC curves of hub genes

The receiver operating characteristic (ROC) curve is a useful tool for 
evaluating classifiers in biomedical and bioinformatics applications. In 
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FIGURE 2

Expression characteristics of DEG in sarcopenia. (A) Heat map and (B) volcano plot present the DEGs identified between sarcopenia patients and 
normal controls (|log2FC|>0.263 defined as the screening criterion to obtain DEGs in sarcopenia). Blue color indicates low expression values and red 
color indicates high expression values.
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FIGURE 3

Expression characteristics of DEGs in COVID-19 patients. (A) Heat map and (B) volcano plot present the DEGs identified between COVID-19 patients 
and normal controls (|log2FC|>1.0 is defined as a screening criterion to obtain a DEG for COVID-19). Blue indicates a low expression value and red 
indicates high expression value.
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this study, R was established by “pROC” based on the expression profile 
data of hub genes (50). The area under the ROC curve (AUC) was used 
to evaluate the diagnostic value of candidate hub genes separately.

Results

Identification of DEGs and shared genes 
between sarcopenia and diabetes

The overall flowchart of this study is shown in Figure 1A. A total 
of 853 differential genes (DEGs) were identified based on the 
sarcopenia dataset GSE111016 using the limma R software package, 
of which 383 were upregulated and 470 were downregulated. The 
heatmap plot shows the identified DEGs (Figure 2A), and the heat 
map shows the distribution of the top 25 DEGs for up- and down-
regulation in sarcopenia patients and non-sarcopenia patients, 
respectively (Figure  2B). In addition, a total of 3,195 DEGs were 
obtained from the COVID-19 dataset GSE171110, of which 1,621 
genes were up-regulated and 1,574 genes were down-regulated. The 
top 25 DEG heat maps of up- and down-regulation and the volcano 

map of DEG are shown in Figures 3A,B. The intersection of DEGs 
from the GSE111016 and GSE171110 datasets was visualized by a 
Wayne’s diagram. In total, 34 common up-regulated DEGs and 32 
common down-regulated DEGs are shown (Figures 4A,B).

Gene ontology and pathway enrichment 
analysis

Enrichment analysis aids in further understanding the biological 
functions of genes shared between COVID-19 and sarcopenia 
patients. By analyzing Gene Ontology (GO) and the Kyoto 
Encyclopedia of Genes and Genomes (KEGG), we  predicted the 
functions of DEGs and their common differential genes in COVID-19 
and sarcopenia. GO analysis predicted gene functions in three 
categories: biological processes, cellular components, and molecular 
functions. Results indicated that key biological processes include 
alpha-beta T cell activation, amine metabolic processes, and the 
regulation of lymphocyte apoptotic processes. Primary cellular 
components involved are the alpha-beta T cell receptor complex, the 
external side of the plasma membrane, and the hippocampal mossy 
fiber to CA3 synapse. Predominant molecular functions include 
binding of bHLH transcription factors, transcription corepressor 
binding, and hydro-lyase activity (Figure 5; Supplementary Figure S2).

The enrichment pathways of common DEGs between COVID-19 
and sarcopenia were collected from the KEGG database and visualized 
in Figure 6. KEGG enrichment analysis showed that common genes 
were mostly enriched in the Th1 and Th2 cell differentiation, chemical 
carcinogenesis – receptor activation, and hematopoietic cell lineage 
pathways (Figure 6).

PPI network analysis

We utilized the STRING database to construct a Protein–Protein 
Interaction (PPI) network analysis of the shared genes, aiming to 

FIGURE 5

GO functional enrichment analysis of common genes between sarcopenia and COVID-19. (A) Bubble plot showing enriched GO terms. (B) Circle plots 
showing enriched GO terms. Results are shown by −log 10 (p-value).

FIGURE 4

Identification of shared DEGs between sarcopenia and COVID-19. 
Venn diagram showing two datasets owning (A) 34 common up-
regulated DEGs and (B) 32 common down-regulated DEGs.
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FIGURE 6

Functional enrichment analysis of the common gene KEGG between sarcopenia and COVID-19. Results are shown as −log 10 (p value).

predict interactions and adhesion pathways among common DEGs. 
The network was then imported into Cytoscape for visualization to 
explore their potential interactions. As expected 
(Supplementary Figure S3), the PPI network of shared DEGs 
comprises 40 nodes and 82 edges, and it was subsequently used in 
subsequent steps for identifying hub genes and detecting drug 
molecules for both COVID-19 and sarcopenia.

Identification of hub genes

From the PPI network in CytoHubba, a plugin for Cytoscape 
software, we selected the top 23 hub genes using seven algorithms. 
Through intersection using a Venn diagram, we ultimately identified 
15 common hub genes, including ACE, ALDH1L, CYP1A1, PYGL, 
KLF5, NNMT, PHGDH, IDO1, EME1, CD52, MYBL2, CDC25A, 
BCL6, CD3D, and ESM1 (Figure 7). These hub genes may be potential 
biomarkers and common molecular mechanisms of pathogenesis in 
patients with sarcopenia and COVID-19, which may guide new 
therapeutic strategies for disease research.

Functional enrichment analysis of hub 
genes

Based on GeneMANIA database, we constructed an interaction 
network of common hub genes and their related genes to decipher the 
biological functions and predictive values of these hub genes, with 

Co-expression of 65.97%, Co-localization of 19.71%, Predicted of 
12.57%, and Genetic Interactions was 1.75%. The GeneMANIA results 
also indicated that the functions of common hub genes and their 
related genes (CYP1B1, BCL6B, AGTR2, SERPING1, ZNF274 LIN54, 
BDKRB2, ACAP1, CYP2D6, etc.) were mainly related to the metabolic 
process of retinoids, steroid hydroxylase activity, protol metabolic 
processes, hormone metabolic processes, long-chain fatty acid 
metabolic processes, cytokinetic hormone metabolic processes, and 
monooxygenase activity (Figure 8).

To further explore the biological functions and signaling 
pathways associated with the hub genes involved in sarcopenia and 
COVID-19, we  performed gene ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analyses. GO 
analysis predicted the functional roles of the genes in terms of 
biological processes, cellular components and molecular functions, 
and the results showed (Figures  9A,C) that hub genes were 
enriched in several biological processes (BP), including pyridine 
nucleotide metabolism, nicotinamide nucleotide metabolism, 
pyridine compounds metabolism, vitamins metabolism, amine 
metabolism, and NAD biosynthesis; with regard to cellular 
component (CC), hub genes are mainly associated with sperm 
midpiece, replication fork, sperm flagellum, actin-based cell 
protrusion, active cilia, and T cell receptor complex. In MF it 
mainly includes electron transfer activity, heme binding, 
tetrapyrrole binding, hydroxymethyl-formyl- and related 
transferase activity, DNA endonuclease activity and bile acid 
binding. As shown in Figures  6, 9B KEGG pathways were 
significantly associated with sarcopenia and COVID-19 common 
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hub genes: chemical oncogenic-receptor activation of tryptophan 
metabolism, Chagas disease, cellular senescence, One carbon pool 
by folate, and renin-angiotensin system.

Determination of regulatory signatures

The NetworkAnalyst network tool was used to predict and 
generate TF and miRNAs separately for 15 hub genes, and to construct 
TF-gene and miRNA-gene interaction network. The TF-gene network 
(Figure 10) contained 63 nodes, 140 edges and 15 genes. Among them, 
BCL6, ACE and EME1 genes were regulated by 17, 16 and 14 TF 
genes, respectively, and the transcription factor FOXC1 was closely 
associated with 10 genes (CYP1A1, KLF5, NNMT, PHGDH, EME1, 
CD52, CDC25A, BCL6, CD3D, ESM1), and these transcription 
factors may be important molecules that regulate the expression levels 
of related genes at the same time.

Finally, we explored the upstream miRNAs that may regulate the 
expression levels of these genes and constructed the regulatory 
network of these 15 genes and all miRNAs (Figure 11), with a total of 
231 nodes, 242 edges and 12 genes. The results showed that the 
miRNA (hsa-mir-155-5p) was associated with four genes (CYP1A1, 
PHGDH, BCL6, PYGL) at the same time, while has-mir-21-5p, 

has-mir-92a-3p and has-mir-10a-5p were associated with three genes 
at the same time. In the future, we can intervene in the expression of 
these upstream to affect their downstream genes to further study and 
control the disease progression.

Identification of disease association

In some cases, different diseases can be linked or related, such as 
when they share one or more similar genes. Therapeutic design 
strategies for diseases open the door to revealing the relationship 
between genes and diseases. Through Networkanalyst’s analysis of 
gene-disease associations, we  found that schizophrenia, bipolar 
disorder, prostate tumors, and autosomal recessive susceptibility were 
most associated with our hub genes. The gene-disease associations are 
shown in Figure 12.

Immune cell infiltration and correlation 
analysis

To explore the relationship between the immune system and the 
co-occurrence of sarcopenia and COVID-19, immune infiltration 

FIGURE 7

The Venn diagram shows that 7 algorithms screen out 15 overlapping hub genes.

26

https://doi.org/10.3389/fmed.2024.1378846
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Zhong et al.� 10.3389/fmed.2024.1378846

Frontiers in Medicine 10 frontiersin.org

FIGURE 8

Analyze hub genes and their co-expressed genes by GeneMANIA.

analysis was performed on the sarcopenia and COVID-19 datasets. 
Figures A and B show the degree of infiltration of different immune 
cells in the sarcopenia dataset. The relationship between common key 
genes and immune cells was analyzed and visualized in Figure 13C. The 
sarcopenia group had lower expression scores of Activated.CD8.T.cell 
(p = 0.018) and Type.17.T.helper.cell (p = 0.015) compared to healthy 
controls, however, the proportion of other immune cell subsets did 
not differ significantly between the two groups. Subsequently, 
we evaluated the correlation between the expression of common hub 
genes and the level of infiltration of different cell subpopulations, and 
showed that CD52 had a strong positive correlation with 
Type.2.T.helper.cell, Type.1.T.helper.cell, MDSC, and Effector.
memory.CD4.T.cell cells (p < 0.0001), whereas PHGDH had a strong 
correlation with Effector.memory.CD4.T.cell and Type.1.T.helper.cell 
cells (p < 0.001). In contrast, MYBL2 was negatively correlated with 
Plasmacytoid.dendritic.cell, Monocyte and Immature.dendritic.cell 
(p < 0.01). Similarly, the immunoinfiltration results of the COVID-19 
dataset are shown in Supplementary Figure S1.

Identification of candidate drugs

Ten potential therapeutic small molecule drugs were identified 
using Enrichr based on transcriptional characterization of the DSigDB 

database, which represent possible common drugs used for sarcopenia 
and COVID-19. The results of potential small molecules were 
generated based on their p-values to indicate the proximity between 
the small molecule and the gene. Figure 14 show the top 10 enriched 
drugs (valinomycin PC3 UP, LUCANTHONE CTD 00006227, 
3-(1-methylpyrrolidin-2-yl) pyridine CTD 00006393, herbimycin a 
CTD 00001010, troglitazone CTD 00002415, cannabidiol CTD 
00005567, niclosamide MCF7 UP, colchicine CTD 00005701, 
Arsenenous acid CTD 00000922, Prazosin hydrochloride BOSS).

ROC curves of hub genes

ROC curves were plotted to assess the diagnostic efficacy of 15 key 
genes (Figure 15). ACE (AUC: 0.923), CYP1A1 (AUC: 0.902), EME1 
(AUC: 0.977), CD52 (AUC: 0.970), MYBL2 (AUC: 0.995), CDC25A 
(AUC: 0.998), BCL6 (AUC: 0.966) and CD3D (AUC: 0.955) showed 
relatively good diagnostic efficiency in distinguishing COVID-19 
patients from healthy controls. While in the sarcopenia dataset, ACE 
(AUC: 0.742), ALDH1L2 (AUC: 0.748), CYP1A1 (AUC: 0.765), PYGL 
(AUC: 0.73), KLF5 (AUC: 0.803), PHGDH (AUC: 0.76), IDO1 (AUC: 
0.72), EME1 (AUC: 0.703), MYBL2 (AUC: 0.711), BCL6 (AUC: 
0.705), and ESM1 (AUC: 0.746) demonstrated better diagnostic 
performance for distinguishing sarcopenia from healthy individuals. 
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Specifically, ALDH1L2 (AUC: 1) showed the best diagnostic efficiency 
for differentiation in the COVID-19 dataset, whereas KLF5 (AUC: 
0.803) demonstrated the best discriminatory ability in the 
sarcopenia dataset.

Discussion

There is evidence that patients with sarcopenia have a higher 
prevalence and worse prognosis after COVID-19 infection (23). 
COVID-19 infection can cause pathologic changes in multiple organs, 
including the musculoskeletal system (51), which may be associated 
with certain mechanisms of inflammation, immune response, and 
metabolic stress (52). Therefore, we sought to explore the common 
functions and pathways between COVID-19 and sarcopenia and to 
determine the interrelationship between COVID-19 and sarcopenaia. 

In this study, 66 common DEGs and 15 key genes (ACE, ALDH1L, 
CYP1A1, PYGL, KLF5, NNMT, PHGDH, IDO1, EME1, CD52, 
MYBL2, CDC25A, BCL6, CD3D, and ESM1) have been identified.

Four of these genes (ACE, KLF5, IDO1, and CDC25A) have been 
reported to be  associated with the pathological mechanisms of 
COVID-19 and sarcopenia. Angiotensin-converting enzyme (ACE) is 
a chloride- and zinc-dependent peptidyl-carboxypeptidase that 
hydrolyzes AngI (angiotensin I) to AngII and serves as a biologically 
active component of the renin-angiotensin system (RAS) and the 
kinin-releasing enzyme-kinin system (KKS) (53, 54). ACE has been a 
drug target for screening against cardiovascular diseases such as 
hypertension and heart failure (55), and inhibition of ACE activity can 
prevents mitochondrial decline, improves endothelial function and 
muscle metabolism, and thus plays an important role in water-
electrolyte homeostasis, blood pressure regulation, cardiovascular 
system development and vascular remodeling (53, 56). Meanwhile, it 

FIGURE 9

Functional enrichment analysis of Hub gene. (A) Bubble plot of gene ontology (GO) enrichment analysis of the Hub gene, including biological process 
(BP), cellular component (CC), and molecular function (MF). (B) Bubble plot of enrichment analysis of hub genes by the Kyoto Encyclopedia of Genes 
and Genomics (KEGG). (C) Circle plot of GO enrichment analysis.
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FIGURE 10

Hub-TF gene regulatory interaction network. Square nodes represent TF and round nodes represent genes.

has been reported that SARS-CoV-2 virus has a strong affinity for 
angiotensin-converting enzyme-2 (ACE2) receptor (57). The 
coronavirus type 2 spiking proteins bind to cells via angiotensin-
converting enzyme 2 (ACE2) receptors, leading to fusion of the viral 
envelope with the cell membrane and allowing viral genetic material 
to enter the cell where ACE2 receptors are prevalent throughout the 
body, leading to a wide range of tissue damage (58). KLF5 is a key zinc 
finger transcriptional regulator mediating muscle atrophy and is 
upregulated in atrophied myotubes (59, 60). It can play a key role in 
the development of muscle atrophy in vitro and in vivo by controlling 
lipid metabolism in mature skeletal muscle (61) and regulating muscle 
differentiation in adult myoblasts (62). It has been reported that KLF5 
can also physically interacts with the transcription factor Foxo1 and 
cooperates with it to control the transcription of Fbxo32 (63). IDO1 
(indoleamine-2,3-dioxygenase) is a cofactor-binding, redox-sensitive 
protein that converts tryptophan to kynurenine (Kyn) (64). Some 
studies have reported that inflammatory cytokines such as interferon-
gamma induce IDO1 production, which leads to catabolism to 
produce kynurenine. Kyn levels increase with age, which can lead to 
muscle atrophy and bone marrow stem cells aging, and are closely 
associated with diseases such as sarcopenia and osteoporosis (65). 
Meanwhile, IDO1, as an immunomodulatory enzyme that enhances 
cellular immune escape, has also been significantly associated with 
inflammatory neointima formation (66). Coronaviruses (CoV) can 
activate AhR and establish infection through the IDO1-
kynurenine-AhR signaling pathway (67). Recent histologic studies 
have shown that indoleamine 2,3-dioxygenase (IDO) is differentially 
expressed in the pulmonary vasculature in patients with COVID-19, 

and that IDO1 is predominantly present in lung tissues of patients 
with early/mild pneumonitis and those suffering from prolonged 
pneumonia (68). CDC25A (Cell Division Cycle-25A) plays a crucial 
role in the cell cycle and apoptosis by dephosphorylating its substrates 
(69). mRNA expression of CDC25A has been reported to be down-
regulated in aging skeletal muscle (70) and up-regulated in COVID-19 
(71). In COVID-19, CDC25A has been found to be closely associated 
with immune cell infiltration such as plasma cells, macrophages, T 
cells, dendritic cells and NK cells, and plays an important role in 
disease progression as a biomarker for COVID-19 diagnosis (71, 72). 
It has been demonstrated that MYBL2 and BCL6 are significantly 
upregulated in SARS-CoV-2 infected patients (73, 74). CYP1A1 is a 
key enzyme mediating the metabolism of broad-spectrum xenobiotics 
and endogenous elements, and is expressed predominantly in the 
peripheral airway epithelium (75). CYP1A1 has been extensively 
studied in pneumonia, and an association between CYP1A1 
polymorphisms and the risk of pneumonia has been reported (76). 
The role of the remaining eight key genes (ALDH1L, EME1, PYGL, 
NNMT, PHGDH, CD52, CD3D, and ESM1) in COVID-19 and 
sarcopenia has been less studied, emphasizing their importance in 
future research.

In our study, GO enrichment analysis revealed that these hub 
genes are mainly associated with biological processes involved in 
energy and nucleotide metabolism. This is consistent with earlier 
studies that dysfunctional mitochondria play a key role in the 
progression of sarcopenia (77), associated with decreased respiration 
and increased oxidative stress (78). KEGG analysis suggests that 
chemical oncogenic-receptor activation and tryptophan metabolic 
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signaling pathways are common pathogenic mechanisms in 
COVID-19 and sarcopenia. Tryptophan uses two metabolic pathways 
in humans, kynurenine and serotonin, and the imbalance in the 
synthesis of itself and its metabolites can lead to the occurrence of 
various neuropsychiatric disorders (79). In our study, disease-gene 
association analysis confirmed that these 15 hub genes were most 
associated with schizophrenia, bipolar disorder, prostate tumors, and 
autosomal recessive susceptibility. This finding is consistent with 
previous evidence that dementia and depression have been 
significantly associated with sarcopenia (80).

TFs and miRNAs regulate gene expression in transcription and 
post-transcription, respectively, and the results suggest that the 
transcription factor FOXC1 and miRNA (hsa-mir-155-5p) may 
be common molecules that simultaneously regulate the expression of 
these hub genes. FOXC1 is an important member of the FOX family of 
transcription factors, and several studies have reported that it is an 

important TF for COVID-19 (81, 82). And microRNA-155-5p is 
significantly upregulated in the acute phase of COVID-19, which 
promotes its immune-inflammatory response (83, 84), thus establishing 
its association with disease prognosis and playing an important role as 
a useful biomarker for monitoring and diagnosing COVID-19 disease 
(85). It suggests that in the future, we can intervene in its expression to 
regulate the gene and further study and control the disease.

In this study, we further analyzed the infiltration of immune cells 
in different diseases and the correlation between hub genes and 
immune factors. The results revealed that the sarcopenia group had 
lower expression scores of Activated.CD8.T.cells (p  = 0.018) and 
Type.17.T.helper.cells (p = 0.015) compared with the healthy controls 
group. CD52 had a strong positive correlation (p  < 0.0001) with 
Type.2.T.helper.cells, Type.1.T.helper. Cells and MDSC cells, whereas 
MYBL2 was negatively correlated with Plasmacytoid.dendritic.cell, 
Monocyte and Immature.dendritic.cell (p < 0.01). It was previously 

FIGURE 11

miRNA-hub gene regulatory interaction network. Square nodes represent miRNAs and round nodes represent genes.
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FIGURE 12

Gene-disease association network represent diseases associated with hub genes. Square nodes represent diseases, and round nodes represent genes.

proposed that the immune system regulates muscle regeneration and 
growth and plays an important role in the progression of sarcopenia 
(86). These immune cells, including lymphocytes, macrophages, 
neutrophils and other immune cells, work together to alter the 
condition of muscle fibers, leading to loss of muscle strength and 
muscle mass (87). It has also been found that aging of the immune 
system leads to a reduction in muscle stem cell populations, promoting 
their transition to a fibrotic phenotype, which regulates sarcopenia 
(88). This suggests the importance of different levels of immune cell 
infiltration for COVID-19 and sarcopenia. Several chemical agents 
and drugs have been used as potential therapeutic targets against 
COVID-19 or sarcopenia. However, to date, no drugs have been 
identified to treat individuals with both COVID-19 and sarcopenia. 
In our study, we explored 10 drugs that could be used as possible 
targets. The results showed that valinomycin PC3 UP is the best 
candidate for the treatment of sarcopenia and COVID-19.

Although some previous studies have reported the relationship 
between COVID-19 or sarcopenia and the hub gene, but the common 
molecular mechanisms between the two have not been explored by 
bioinformatics approaches. In this study, we explored and identified 
the common DEG and hub genes of COVID-19 and sarcopenia for 
the first time, which may help to further elucidate the common 
pathogenesis of both. However, there are some limitations of our 
study. First, the data were downloaded from public databases, and the 
amount of data and information was limited and unbalanced. In 
addition, even though differential and enrichment analyses were 
performed for sarcopenia and COVID-19, key genes driving disease 
progression may still be  missed. Finally, the pathological causal 
mechanism of diseases caused by HUB gene and immune infiltration 
require external experiments to further validate our findings.

Overall, we explored the link between sarcopenia and COVID-19 
using transcriptomic data analysis, further identified the common 
DEG and hub genes for sarcopenia and COVID-19, and performed 
several bioinformatics analyses based on them. It was found 
sarcopenia and COVID-19 share some common pathogenic 
mechanisms, which may be mediated by specific key genes. This study 
provides new biological targets and ideas for further investigation of 
molecular mechanisms, search for new drugs, and early diagnosis and 
effective treatment for patients with sarcopenia and COVID-19. 
However, the biological significance of these results needs to be further 
explored through in vitro and in vivo experiments.
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FIGURE 14

List of top 10 drugs recommended for COVID-19 and sarcopenia patients.

FIGURE 15

Validation of the common hub gene for diagnosis in the sarcopenia (GSE111016) dataset and the COVID-19 infected patient (GSE171110) dataset. 
(A) ACE, (B) ALDHIL2, (C) BCL6, (D) CD3D, (E) CD52, (F) CDC25A, (G) CYP1A1, (H) EME1, (I) ESM1, (J) IDO1, (K) KLF5, (L) MYBL2, (M) NNMT, (N) PHGDH, 
and (O) PYGL.
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Physical exercise in amyotrophic
lateral sclerosis: a potential
co-adjuvant therapeutic option to
counteract disease progression
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Amyotrophic lateral sclerosis (ALS) is a fatal disorder characterized by the
selective degeneration of upper and lower motor neurons, leading to
progressive muscle weakness and atrophy. The mean survival time is two to
five years. Although the hunt for drugs has greatly advanced over the past decade,
no cure is available for ALS yet. The role of intense physical activity in the etiology
of ALS has been debated for several decades without reaching a clear conclusion.
The benefits of organized physical activity on fitness andmental health have been
widely described. Indeed, by acting on specific mechanisms, physical activity can
influence the physiology of several chronic conditions. It was shown to improve
skeletal muscle metabolism and regeneration, neurogenesis, mitochondrial
biogenesis, and antioxidant defense. Interestingly, all these pathways are
involved in ALS pathology. This review will provide a broad overview of the
effect of different exercise protocols on the onset and progression of ALS, both in
humans and in animal models. Furthermore, we will discuss challenges and
opportunities to exploit physiological responses of imposed exercise training
for therapeutic purposes.

KEYWORDS

ALS, physical activity, muscle atrophy, neurodegenerative disease, exercise

1 Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal disorder characterized by the selective
degeneration of upper motor neurons in the primary motor cortex and lower motor
neurons in the brainstem and spinal cord, leading to progressive muscle weakness and
atrophy (Masrori and Van Damme, 2020). Overall survival varies from a few months to
decades, but on average death occurs between 2.5 and 5 years from the diagnosis (Cozzolino
et al., 2008), usually for respiratory failure (Masrori and Van Damme, 2020).

ALS can be classified in two different forms depending on the region of the primary
degeneration: bulbar or spinal. The spinal form (two-thirds of the cases) affects the muscles
of the limbs and the trunk, and causes muscular weakness and atrophy, cramps and
fasciculations. The bulbar form (one-third of the cases) affects at first the muscle of the lips,
tongue and throat, and results in dysarthria and dysphagia (Hulisz, 2018). Approximately,
90% of ALS cases are sporadic (sALS), while 10% are familial (fALS). Particularly,
pathogenic variants in superoxide dismutase 1 (SOD1), TAR DNA-binding protein
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(TARDBP), fused in sarcoma (FUS) and chromosome 9 open
reading frame 72 (C9orf72) genes, account for approximately
60% of the familial cases and about 10% of sporadic ALS
(Akçimen et al., 2023). SOD1 is an intracellular antioxidant
enzyme which protects cells by regulating basal levels of reactive
oxygen species (ROS) arising from mitochondrial and cytosolic
superoxide ions (Trist et al., 2021). To date, over 140 distinct
SOD1 mutations have been identified, but the precise
mechanisms underlying the effect of SOD1 mutants on
mitochondrial metabolism remain unclear. Nevertheless, ALS is
considered a multifactorial disease, due to a combination of risk-
genotypes that interact with environmental factors, impacting and
accelerating the neurodegenerative cascade (Al-Chalabi and
Hardiman, 2013).

Although numerous preclinical and clinical trials have been
performed, a cure for ALS does not exist yet. Indeed, since 1941,
more than 60 compounds, with different mechanisms of action,
have been evaluated in clinical trials for ALS treatment (Petrov et al.,
2017), but only four of them have been approved by FDA for clinical
use: riluzole (Rilutek, Tiglutik, Exservan), edaravone (Radicava),
tofersen (Qalsody), and AMX0035 (Relyvrio), which was removed
from the market in april 2024 due to negative topline data
(NCT03127514). The “usual care” for ALS patients consists of
treatments that slow the progression of the disease: to date,
riluzole is the only treatment that has been shown to prolong
survival in ALS (Bensimon et al., 1994), offered to all patients as
early as possible (Miller and Appel, 2017).

Several studies documented higher incidence and lower age
onset of ALS in high profile athletes, leading to the hypothesis
that strenuous, repetitive exercise may represent an environmental

risk factor to develop the disease (Chio et al., 2009). To date, the role
of regular exercise and fitness in the pathogenesis and treatment of
ALS is still controversial. ALS is commonly known as Lou Gehrig’s
disease, from a famous professional baseball player who was afflicted
by this devastating neurodegenerative disorder during the late 1930s.
Several studies have suggested that people with active lifestyle and
reduced body fat have increased risk to develop ALS (Scarmeas et al.,
2002), supporting the hypothesis that heavy exercise could represent
a suspected risk factor for ALS. Consistently, frequent, and
strenuous physical activity seems to increase the penetrance of
ALS, particularly those patients with a predisposing genotypic
background as C9ORF72 expansion have a higher risk to develop
exercise-aggravated disease. (Julian et al., 2021).

The role of intense physical activity in the etiology of ALS has
been debated for several decades (Harwood et al., 2009), without
reaching a clear conclusion. Most athletes and physically active
individuals do not develop ALS. Instead, regular physical activity has
been associated with increased quality of life and has shown
neuroprotective properties, ameliorating neurological impairment
in different neurodegenerative processes, even hindering age-related
neuronal loss. Physical activity can also enhance neurogenesis,
implementing neuronal plasticity (Radak et al., 2016).

A deeper understanding of the potential interaction between
genetic and environmental factors would be instrumental to deepen
this debate, and for the development of preventive strategies for
patients and their family members. Recent reviews have tried to
answer this question, to understand whether physical activity could
be considered a factor in the etiology of ALS (Chapman et al., 2023).
On the other hand, considering that physical activity is able to
induce cellular adaptations in the brain, spinal cord, and skeletal

GRAPHICAL ABSTRACT
Energy metabolism is dysregulated in ALS patients. On the left panel, metabolic processes shown to be affected in ALS patients can be partially
rescued with tailored low-impact exercise training protocols.
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muscles that could counteract the oxidative stress complication of
ALS, it is conceivable that exercise could be beneficial for ALS
patients (Elbasiouny and Schuster, 2011; Kincaid and Bossy-
Wetzel, 2013).

Physical activity represents one of the most commonly
prescribed therapies, either in terms of prevention or as non-
pharmacological adjunctive treatment for several chronic
conditions (Vina et al., 2012). Regular moderate-intensity
training reduces oxidative stress (Radak et al., 2008a; Radak
et al., 2008b), decreases levels of inflammatory markers in elderly
(Sellami et al., 2021), helps to preserve cardiovascular fitness and
brain function (Hotta et al., 2017), and protects individuals from the
negative effects of stress on cell aging (Rebelo-Marques et al., 2018).
In skeletal muscle, it attenuates mitochondrial deficits, thus
improving muscle function (Wyckelsma et al., 2017). However,
strenuous exercise training generates high levels of reactive
oxygen species (ROS) known to cause oxidative stress and
activate pathogenic pathways, thus accelerating the aging process
(Sahl et al., 2017). In ALS, mitochondrial dysfunction and oxidative
stress are tightly dependent on each other and represent the basis of
the redox dysregulation, which contributes, at least in part, to death
of motor neurons. Mitochondria are the main site of production of
ROS; hence, impairment of mitochondrial function, as in ALS,
increases the oxidative stress (Carrì et al., 2015). However,
exercise ROS production could also represent a potentially
harmful stressor able to promote adaptive changes, enabling to
tolerate subsequent stress. According to the mitohormesis, in
response to ROS perturbation the mitochondria can initiate and
transduce a signal transduction pathway coordinating a
transcriptional response which results in both mitochondrial and
non-mitochondrial adaptations, and maintains cellular homeostasis
(Merry and Ristow, 2016).

An additional layer of complexity is given by the impact of ALS
on energy metabolism. Indeed, altered metabolic homeostasis
represents an early event in ALS, documented both in patients
and in mouse models of ALS, with weight loss and reduced fat mass,
altered glucose and lipid handling, and increased resting energy
expenditure (Dupuis et al., 2004; Dupuis et al., 2011; Scaricamazza
et al., 2020; Steyn et al., 2020). Notably, these metabolic alterations
also affect the neurodegenerative process: as a result, increased
dietary lipid content offers neuroprotection and extends survival
in mouse models of ALS (Dupuis et al., 2004; Dupuis et al., 2011),
whereas restricting calorie intake exacerbates motor symptoms
(Pedersen and Mattson, 1999; Fergani et al., 2007). Affected
skeletal muscles decrease using glucose as a source of energy but
use lipids instead and this chronic pathologic alteration is
exacerbated with disease progression (Steyn et al., 2020). The
switch toward lipid use in glycolytic muscle precedes
neuromuscular junction denervation in mouse models (Dupuis
et al., 2009; Palamiuc et al., 2015). Remarkably, administration of
dichloroacetate (DCA), a halogenated organic acid that inhibits the
activity of PDK and facilitates the entry of pyruvate into the Krebs
cycle and the oxidation of glucose, is sufficient to force metabolism
toward glucose oxidation, reverting metabolic imbalance (Palamiuc
et al., 2015).

Given these reported findings, specific physical exercises are
expected to differentially shift the muscular energy metabolism
either toward an oxidative pattern, lipidic, in case of low-

intensity exercise, or toward a glycolytic metabolism, in case of
high-intensity exercise (Romijn et al., 1993; van Loon et al., 2001).

Herein, we review and discuss the effect of exercise training on
the onset and progression of ALS, both in humans and in animal
models, with particular emphasis on novel therapeutic options
intended to take advantage of the physiological response to
exercise, suggesting the possible set up of personalized therapies.

2 Physical activity and exercise training
in ALS

“Physical activity” and “exercise” describe different concepts,
often confused with one another. Physical activity is defined as any
body movement produced by skeletal muscles that require energy
and can be categorized into occupational, sports, conditioning,
household, or other activities. “Exercise” represents a subset of
physical activity that is planned, structured, and repetitive and
has, as final or intermediate objective, the improvement or
maintenance of physical fitness, physical performance, or health
(Caspersen et al., 1985).

The molecular basis of responses to acute and chronic exercise
training have been extensively studied both in humans and in mice
affected by ALS. While some researchers have found that exercise
may improve the quality of life of patients, other studies have shown
that exercise may paradoxically impair their neuromuscular
function (Angelini and Siciliano, 2021). For sure, exercise
training can offer physiological and psychological benefits for
patients with ALS, particularly during the early stages of the
disease (Lunetta et al., 2016). One important effect of physical
activity, besides its positive impact on mental and behavior
status, is that exercise improves metabolism in skeletal muscle by
enhancing both glucose metabolism and mitochondrial biogenesis,
which, in turn, strengthens the antioxidative defense.

So, what is the main difference between the exercise protocols
administrated?

Resistance exercise entails repetition of dynamic muscle-
shortening (concentric) and muscle-lengthening (eccentric)
contractions against external load (performed with the help of
weight machines or resistance bands). It improves muscle
strength and force, helps maintaining skeletal muscle function,
minimizes the risk of disability, also favoring muscle hypertrophy
(Smith et al., 2023).

Endurance exercise (or aerobic exercise) is associated with
training-induced improvements in maximal oxygen consumption
(VO2MAX). This exercise type is divided according to intensity: low
(<50%), moderate (~50%–79%) or high intensities (≥80%) of
VO2MAX (Smith et al., 2023).

3 Exercise training protocols in mouse
models of ALS

To elucidate whether physical exercise displays a positive or
negative effect on ALS onset and progression, different training
protocols have been administrated in animal models of ALS,
summarized in Table 1. Particularly, transgenic mice that express
G93A mutant SOD1 (SOD1G93A) human gene have been generated
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(Ripps et al., 1995) and extensively used for this purpose. SOD1G93A

mice develop progressive lower motor neuron weakness and
increased oxidative stress and reproduce the clinical and
pathological hallmarks of ALS (Ripps et al., 1995). Furthermore,
the Sod1G86R mouse models were developed, which express the
missense mutation Gly86 to Arg of the murine SOD1 enzyme
(Ripps et al., 1995), reported in the corresponding amino acid
residue (position 85) of some fALS patients (Deng et al., 1993;
Rosen et al., 1993).

In mice, three commonly used protocols for exercise training
have been developed: swimming, voluntary wheel running, and
“forced” wheel or treadmill running. Treadmill running and
wheel running induce adaptations in mice associated with

endurance exercise training (Kemi et al., 1985; Waters et al.,
2004; Massett and Berk, 2005). However, while with the treadmill
running protocol the total amount of work performed can be
precisely established through the selection of exercise testing and
training parameters, the voluntary wheel running does not offer this
advantage. Unlike for humans, there are no well-accepted standards
for exercise training paradigms or levels of activity required for
optimal changes in exercise capacity or other training adaptations
(Fuller and Thyfault, 1985). Unlike treadmill exercise, voluntary
wheel-running enables mice to run freely and at a lower intensity.
Although this practice may cause individual differences among mice
in the amount of exercise they get, the mice do not experience
much stress.

TABLE 1 Training protocols in mouse models of ALS. Specific protocols, outcomes and Reference of the studies are indicated.

Training protocol Outcomes Ref. Study

Running-based training protocol in ALS mice (Treadmill)

Treadmill running at 17 m/min for 30 min, 5 days/week Increased survival in males and females Kirkinezos et al. (2003)

Treadmill running at 16 m/min for 45 min, 5 days/week Delayed onset of disease in female
Decreased survival in males

Veldink et al. (2003)

Treadmill running at 20 m/min for 45 min, 5 days/week +/- nandrolone No changes on the onset of disease
Increased motor neuron counts after PA

Kassa et al. (2017)

Moderate intensity: treadmill running at 10 m/min, for 30 min, 3 days/week Delayed onset of Motor neuron deficit Carreras et al. (2010)

High intensity: treadmill running at 20 m/min, for 60 min, 5 days/week Hastened onset Motor neuron density
Decreased survival

Carreras et al. (2010)

Running in a speed-regulated treadmill (max. 13 m/min), for 30 min, 5 days/
week

No changes in the Onset of disease
No changes in Survival

Deforges et al. (2009)

Running in a speed-regulated treadmill (from 10 m/min to max. 22 m/min),
increasing from 15 to 60 min, 5 days/week

Anticipated onset
Decreased survival

Scaricamazza et al. (2024)

Running-based training protocol in ALS mice (wheels)

2 h daily exposure to running wheels Increased Survival Kaspar et al. (2005)

6 h daily exposure to running wheels Increased Motor performance
Increased Survival

Kaspar et al. (2005)

12 h daily exposure to running wheels Increased Motor performance
Increased Survival

Kaspar et al. (2005)

10 h daily exposure to running wheels: 40 × 10 min of running, 5 min rest No changes in the Onset of disease
No changes in Motor performance
Increased Survival

Liebetanz et al. (2004)

multiple exercise sessions at asymptomatic and pre-symptomatic stages in an
automated home-cage running-wheel system for 3 months

Anticipated onset
Decreased survival

Golini et al. (2023)

Swimming-based training protocol in ALS mice

Swimming (max. 5 L/min), for 30 min, 5 days/week Delayed Onset of disease
Increased Survival
Increased Motor performance

Deforges et al. (2009)

Swimming (max. 5 L/min), for 30 min, 5 days/week Increased Glucose tolerance
Increased Plasma lactate
Increased GLUT4 expression
Increased Lipid synthesis

Desseille et al. (2017)

Swimming (max. 5 L/min), for 30 min, 5 days/week Increased Motor performance
Decreased Mitochondrial dysfunction
Increased malate synthase activity

Flis et al. (2019)

Swimming (max. 5 L/min), for 30 min, 5 days/week Increased GPx activity Dzik et al. (2021)
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Swimming-based training protocol display changes in skeletal
muscle energetic metabolism of SOD1G93A mice, shifting energetic
fuels to the anaerobic glycolytic pathway, as detailed below.

Notably, mouse strain, sex, and age have been reported to
influence exercise training responses. For example, male mice
had significantly greater biochemical adaptations to exercise
training than female mice (Massett and Berk, 2005). Moreover,
the adaptation to exercise training strictly depends on factors such as
training load, duration, and frequency.

The first studies investigating the role of physical exercise on
ALS onset and progression demonstrated a beneficial effect achieved
by an endurance training protocol in SOD1G93A mice (Kirkinezos
et al., 2003). In particular, Kirkinezos and colleagues performed a
treadmill protocol with a 5 days per week exercise regimen of 30 min
at 17 m/min, showing a significant increase in the life span of both
male and female SOD1G93A mice (Kirkinezos et al., 2003).
Conversely, Veldink and colleagues found a positive
neuroprotective effect of their treadmill protocol only for female
SOD1G93A mice. In detail, the endurance exercise training, consisting
of 45 min per day, 5 days per week at 16 m/min, was able to delay the
onset of the disease in female but not in male SOD1G93A mice, that
showed instead a hastened death (Veldink et al., 2003). In either
case, the authors highlighted the potential role of sex hormones as a
possible explanation for their gender-specific response to exercise. A
similar protocol showed no impact on disease onset, whereas a
beneficial effect on survival of motoneurons was demonstrated
(Kassa et al., 2017). In this latter study the use of anabolic
steroids, still debated in epidemiological studies on patients and
murine models of ALS, was also assessed. The authors showed that
nandrolone treatment markedly enhanced motoneuron loss; its
detrimental effect was reverted by the combination with exercise,
suggesting a potential neuroprotective effect of physical exercise
(Kassa et al., 2017).

Carreras and colleagues found that moderate exercise (30 min of
exercise per day, 3 days a week at 10 m/min) was able to delay the
onset of motor deficit by over a week in SOD1G93A mice, whereas
high intensity exercise (60 min of exercise per day, 5 days per week at
20 m/min) slightly but significantly hastened the onset of motor
performance deficits (Carreras et al., 2010). More recently,
Scaricamazza and colleagues demonstrated that intense
endurance exercise exerted a detrimental effect on SOD1G93A mice
(Scaricamazza et al., 2024). Particularly, starting the training far
from the onset, they demonstrated that intense endurance exercise
was able to bring the onset of the disease forward and to worsens the
progression of symptoms by hastening the motor-skill impairment
and accelerating the denervation process and the motor neuron
death. These data suggest that intense endurance exercise could
represent a risk factor in ALS (Scaricamazza et al., 2024).

Running wheels protocols provided more positive results than
treadmill protocols, as mentioned above. Mice with the opportunity
to exercise with wheels voluntarily choose to do so; even those with
debilitating conditions, such as symptomatic SOD1G93Amice, exhibit
a strong motivation to use an exercise wheel. Hence, different
enrichment strategies, including running wheels, affect disease
progression and may have implications for experimental
outcomes (Sorrells et al., 2009). A short 2-h exposure to the
running wheels showed a significant 7-day extension in median
survival compared with non-running animals (Kaspar et al., 2005),

whereas 6–12-h exposure to the running wheels provided significant
benefits to motor functions (Kaspar et al., 2005). Even vigorous
training protocols, as achieved by chronic exposure to motor-driven
running wheels, did not negatively impact disease onset in SOD1G93A

mice, but increased survival of 1 week (Liebetanz et al., 2004).
Interestingly, exercise training was shown to exert a remarkable
synergistic effect with insulin-like growth factor-1 administration,
promoting motor neuron survival, attenuating astrogliosis,
improving motor function, and extending survival (Kaspar
et al., 2005).

Notably, the administration of multiple exercise sessions at an
early pre-symptomatic disease stage through a running wheels
system to SOD1G93A mice expressing low copy of mutant SOD1,
significantly worsened disease course predating the symptoms onset
(Golini et al., 2023). This latter evidence allows to hypothesize a
negative impact of intense physical exercise, if administered at a
very early age.

By comparing running-to swimming-based exercise protocols,
Deforges and colleagues demonstrated that, in SOD1G93A mice, a
swimming-based training protocol was able to sustain the motor
function limiting astrogliosis and hypertrophic processes, with a
remarkable increase in the life span by about 25 days (Deforges et al.,
2009). The magnitude of this beneficial effect is one of the highest
among those induced by any therapeutic strategy in ALS. Unlike
running, swimming significantly delayed spinal motoneuron death
and, more specifically, the motoneurons of large soma area. Analysis
of the muscular phenotype revealed a swimming-induced relative
maintenance of the fast phenotype in fast-twitch muscles (Desseille
et al., 2017). Moreover, high intensity swimming exercise
significantly improved glucose metabolism, which is strongly
impaired in SOD1G93A mice, as well as in ALS patients. These
swimming-induced benefits were associated with changes in
skeletal muscle energetic metabolism, leading to energetic fuel
shifts toward glucose re-use and fat deposition. In particular, the
increase in GLUT4 expression induced by swimming was
instrumental to switch energetic fuel, feeding the glycolytic pathway.

Thus, if running-based trainings showed to reinforce the
oxidative pathway contributing to the neurodegenerative process,
swimming-based training worked as modulator of skeletal muscle
energy metabolism, with concomitant improvement of skeletal
muscle function. Notably, swim training significantly decreased
the reduction in muscle strength clearly visible at the
symptomatic stage of ALS (Flis et al., 2018). Swim-training is
characterized by non-weight bearing exercises that minimize
damage to muscle fibers, reducing oxidative stress, and
improving muscle energy metabolism at the terminal stage of the
disease (Flis et al., 2018). As discussed above, energy metabolism
dysfunction is a characteristic sign of ALS disease and defects in
skeletal muscle energy metabolism deeply contribute to disease
progression (Dupuis et al., 2011). However, Flis and colleagues
report that after swim training the electron transport chain did
not change between wild type and SOD1G93A mice, in contrast
significant changes were observed in citrate synthase, malate
dehydrogenase, and cytochrome c oxidase (Flis et al., 2019). In
ALS skeletal muscles, the increase in the activity of malate
dehydrogenase and cytochrome C is accompanied by a decrease
in citrate synthase activity, activating a compensatory mechanism to
maintain the production of oxalacetate in the muscles, and thus the

Frontiers in Cell and Developmental Biology frontiersin.org05

Fenili et al. 10.3389/fcell.2024.1421566

41

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1421566


Krebs cycle. Administration of the swimming protocol was able to
significantly increase the citrate synthase activity while reducing the
malate dehydrogenase activity, thus maintaining ATP production
capacity by mitochondria (Flis et al., 2019). In this way, swimming-
training resulted neuroprotective and delayed muscle wasting, as
demonstrated by the grip strength test (Flis et al., 2019). Moreover,
the activation of the BDNF/TrkB neurotrophic signaling, which
retrogradely modulate neurotransmission and protect
neuromuscular junctions and motoneurons (Just-Borràs et al.,
2020), together with the increased glutathione peroxidase activity

(Dzik et al., 2021), could contribute, at least in part, to the beneficial
effect of the swimming training protocol.

4 Exercise training protocols in
ALS patients

In patients with ALS, various training protocols have been
proposed to evaluate their potential beneficial effects. These
protocols are summarized in Table 2. However, it is noteworthy

TABLE 2 Training protocols performed in ALS patients. Specific protocols, outcomes and reference of the studies are indicated.

Training protocol Outcomes Ref. Study

Resistance training

Resistance exercises to upper extremities (2 sets × 10 reps, 5 min rest), 6 days/week, for 75 days Beneficial effect Bohannon (1983)

Resistance training and stretching for the trunk muscles, upper and lower limbs, 6 days/week,
for 6 months

Beneficial effect; higher respiratory
function

Kitano et al. (2018)

Shoulder, elbow, hip, knee flexion; elbow, knee extension; grip; increase intensity, 3 days/week
for 6 months

Beneficial effect Clawson et al. (2018)

Moderate-load and moderate-intensity resistance exercise program to upper and lower
extremities, 3 days/week, for 6 months

Beneficial effect Bello-Haas et al. (2007)

Active exercises against gravity in six muscle groups in the upper and lower limbs (3 sets × 3 reps
each muscle group) performed daily for 2 weeks each month, for 6 months

No significative effect Lunetta et al. (2016)

Passive exercises consisting of 20 min of 20 flexion–extension movements per minute in the
upper and lower limbs, daily for 2 weeks/month, for 6 months

No significative effect Lunetta et al. (2016)

Passive, active and cycle ergometer exercises, strictly supervised; 2/week, for 6 months No effect on survival, reduced motor
deterioration

Lunetta et al. (2016)

Resistance exercises targeting both upper and lower body (2 sets × 5 reps at 6RM), 2–3 days/
week, for 12 weeks

Negative effect Jensen et al. (2017)

Endurance training

Endurance exercises to whole body, against modest loads, lasted 15 min twice daily, for
12 months

Beneficial effects Drory et al. (2001)

Walking on a weight-supported treadmill for 30 min (6 sets × 5 min, 5 min rest), 3 days/week,
for 8 weeks

Beneficial effect Sanjak et al. (2010)

10 min of upper limb exercise followed by 10 min lower limb exercise using a minicycle, 40%–

70% of target HR or 13–15 in Borg scale, 3 days/week for 6 months
Beneficial effect Clawson et al. (2018)

Aerobic exercise therapy in cycle ergometer; 50 min, 3 sessions a week, for 16 weeks No significant effect van Groenestijn et al. (2019)

Reclining stepped aerobic exercise of moderate intensity. 70 steps/minute; 40 min, 3 sessions a
week, for 4 weeks

No significant effect Sivaramakrishnan and Madhavan
(2019)

Ramp treadmill protocol. (exercise performed with the assistance of the ventilator Bipap STD®),
for 12 months

Beneficial effects Pinto et al. (1999)

Moderate aerobic exercise on a treadmill with non-invasive ventilation and body weight
supporting system, 2 days/week, for 6 months

Beneficial effect Braga et al. (2018)

Combined endurance and resistance training

Moderate/high intensity strength and endurance exercises; 30 min, 7 sessions a week, for
2 weeks

No significative differences Kato et al. (2018)

Submaximal aerobic exercise 65% HR and 80% strength RM; 50 min, 7 sessions a week, for
5 weeks

Beneficial effect Merico et al. (2018)

Moderate/high intensity aerobic and strength exercise; 50 min, 3 sessions a week, for 12 weeks Beneficial effect Ferri et al. (2019)

High frequency aerobic and resistance training (5/week) vs aerobic exercise, low frequency (2/
week); 45 min, for 10 weeks

No significative differences Zucchi et al. (2019)
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that these studies are constrained by the significant intrinsic
heterogeneity among ALS patients. Furthermore, it is important
to acknowledge that epidemiological studies conducted in this
patient population frequently rely on retrospective investigations,
which may introduce biases and potentially result in an
overestimation or underestimation of activity levels.

The first exercise protocol on ALS patients was performed by
Bohannon and colleagues (Bohannon, 1983); they reported an
increase in static strength in the muscles of upper extremities,
suggesting a beneficial effect of resistance training. These results
were confirmed by Kitano (Kitano et al., 2018), showing that
resistance and stretching exercise are safe and feasible for
patients at early stage of ALS, especially in respiratory function.
In 2017, Clawson and colleagues (Clawson et al., 2018)
demonstrated that resistance training ameliorated patient
function more than standard care (Bello-Haas et al., 2007). By
comparing individuals who received ‘standard care’ with a group
who underwent a strictly monitored exercise program (SMEP), it
was shown that the SMEP group obtained beneficial effects from the
training protocol (Lunetta et al., 2016). In particular, the SMEP
group was further divided into three subgroups: one performing an
active exercise program plus cycloergometer activity, a second
subgroup performing only active exercise, and a third subgroup
performing passive exercises. At a single 180-day endpoint of the
study, a difference in the ALSFRS-R was observed between those
who underwent the SMEP and those who received ‘standard care’,
but not at earlier time-points. Although no effect on survival was
demonstrated, the obtained results suggest that a strictly monitored
exercise program may significantly reduce motor deterioration in
ALS patients (Lunetta et al., 2016). The only study with negative
results reported that did not attenuate disease progression with
possible negative effects on skeletal muscle (observed by
functionality, voluntary muscle activation and cross-sectional
area), with loss of muscle strength and power (Jensen et al., 2017).

Collectively these studies indicate that resistance training
increases muscle strength, power, and force. Although these
parameters are fundamental to ameliorate the lifestyle, they do
not reduce the disease progression.

In 2001, Drory and colleagues performed a comparison between
a daily endurance exercise program and usual daily care (Drory
et al., 2001). They noticed that a tailorized, moderate range of
motion training displays a beneficial effect on muscle endurance
and a mild, temporary positive effect on the motor deficit, disability,
fatigue, and health-related quality of life (Sanjak et al., 2010).
Endurance training was also shown to display an improvement
in work capacity and gait function in ALS patients dependent on
walking aids devices (Sanjak et al., 2010). The comparison of
endurance exercise to SROM (Stretching/Range of Motion)
revealed that this latter appeared safe and well tolerated, whereas
endurance training appeared too vigorous and had lower overall
compliance (Clawson et al., 2018). Van Groenestijn and colleagues
(van Groenestijn et al., 2019) proposed for the first-time aerobic
exercise therapy (AET). Due to the small number of patients who
completed the exercise protocol, they concluded that AET should
not be included in usual care therapy. As specified in the
United Kingdom clinical guidelines for motor neuron disease, the
“usual care” comprises medications and treatments such as non-
invasive ventilation, physiotherapy and gastrostomy, and access to

other hospital-based and community-based services, including
equipment and adaptations, orthotics, respiratory,
gastroenterology, clinical psychology, neuropsychology, and
counselling, as well as social care services. Even if a stepping
exercise was well tolerated by all study participants, no significant
improvements in clinical parameters were documented
(Sivaramakrishnan and Madhavan, 2019).

In general, the beneficial effects of endurance exercise appear
enhanced using non-invasive ventilation.

To maximize the beneficial effects of exercise therapy, a few
clinical trials have included a combination of aerobic and resistance
training protocols. However, they did not show differences in
comparison to usual care (Kato et al., 2018; Merico et al., 2018;
Ferri et al., 2019; Zucchi et al., 2019).

5 Exercise impact on skeletal muscle
metabolism

Physical exercise impacts on specific energy fuels depending
on the intensity and duration. An acute bout of exercise leads to
the activation of signaling pathways driving short-term and long
-term systemic adaptations. As first, breakdown of ATP and
phosphocreatine, provides a substantial quantity of high-energy
phosphate in a remarkably short time, typically within
milliseconds. If the physical activity last up to 1 min, also
anaerobic glycolysis is used for energy production, giving rise
to lactate by lactate-dehydrogenase (LDH). Glycolysis rate-
limiting enzyme phosphofructokinase (PFK) activation is
promoted by the increase of glucose cytoplasmatic
concentration. Eventually, for exercise longer than 1 min,
oxidative phosphorylation is the major ATP-generating
pathway. Increased metabolic demands are accomplished
through mechanisms that are mostly mediated by the
sympathetic nervous system, such as lipolysis, mobilization of
hepatic glycogen stores, that favor the increase in available glucose
and free fatty acids for the exercising skeletal muscles (Hawley
et al., 2014). Chronic aerobic exercise upregulates oxidative
metabolism in a time-dependent manner, immediately reverted
to baseline following abstinence from exercise. Indeed, skeletal
muscles undergo multiple adaptive mechanisms, including
increased mitochondrial biogenesis, expression of fatty acid
transporters, activity of oxidative enzymes and of those
involved in the electron transport chain in the mitochondria,
contributing to skeletal muscle hypertrophy (Hawley et al., 2014).

Changes in mitochondrial bioenergetics might underlie defects
in exercise capacity of ALS muscles. As anticipated above, a switch
from glucose to lipid metabolism occurs early in the disease process
and prior to any detectable motor and clinical symptoms in animal
models (Scaricamazza et al., 2020). Thus, the decreased capacity to
tolerate acute physical exercise that solicits anaerobic metabolism in
muscle occurs before muscle weakness or denervation (Palamiuc
et al., 2015; Scaricamazza et al., 2020). This low resistance to intense
exercise seems in contrast with the enhanced endurance capacity
observed during acute aerobic exercise. This observation suggests
that ALS mice acquire new properties in muscle fibers that enhance
global aerobic capacity and promote endurance ability (Pradat et al.,
2010; Palamiuc et al., 2015).
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Endurance exercise is supported by slow-twitch oxidative type I
fibers, while intense exercise is supported by fast-twitch glycolytic
type IIb fibers (Bassel-Duby and Olson, 2006). Remarkably, a switch
in fiber type, from glycolytic to oxidative, has been described in ALS
patients (Telerman-Toppet and Coërs, 1978) as well as and in mice
(Deforges et al., 2009), thus explaining the different exercise
capacity. The increase in endurance capacity in ALS mice might
underlie a profound alteration of fuel preference in muscle fibers,
paralleling altered glucose metabolism. The rate-limiting enzyme of
the glycolysis is represented by the phosphofructokinase-1 (PFK1),
whose inhibition leads to an increase in glycogen synthase activity
and glycogen accumulation in skeletal muscle, which is in fact a
characteristic of a muscle subjected to endurance training
(Vestergaard, 1999), but also a characteristic of ALS mice
(Palamiuc et al., 2015) (Figure 1, left panel). At symptomatic
stages of disease in ALS mouse models, a fiber type switching
toward more oxidative metabolism (Deforges et al., 2009) is
paralleled by the increased expression of genes encoding enzymes
involved in lipid metabolism (Dupuis et al., 2004; Fergani et al.,
2007), which may support lipid mobilization and uptake. This can
lead to increased β-oxidation by-products, thus activating the
pyruvate dehydrogenase lipoamide kinase isozyme 4 (PDK4) and
inhibiting pyruvate dehydrogenase (PDH) activity (Denton et al.,

1975). In line with this observation, PDK4 is strongly induced in
ALS mouse models and patients (Palamiuc et al., 2015).
PDK4 phosphorylates PDH and inhibits the entry of pyruvate
into the Krebs cycle, thus hampering glucose oxidation (Denton
et al., 1975). Increased β-oxidation of fatty acids leads to the
generation of lipid by-products that contribute to ROS
production (Aon et al., 2014). At later stages of the disease,
reduced activities of both PFK1 and glycogen synthase, together
with an increase in the glycogen stores and reduced levels of
pyruvate, give evidence of the inhibition of the glycolytic
pathway (Figure 1, left panel). In contrast, the lipid pathway is
stimulated (Dupuis et al., 2004), as documented by the increased
lipid clearance in ALS mice (Fergani et al., 2007) and patients
(Pradat et al., 2010).

The upregulation of the muscle-specific peroxisome
proliferator-activated receptor β/δ (PPARβ/δ) could explain
the shift from fast-twitch to slow-twitch fibers (Wang et al.,
2004). PPARβ/δ acts as a metabolic regulator in several tissues; its
activation, as upon physical exercise or long-term fasting,
promotes fatty acid oxidation in skeletal muscle and induces a
switch toward type I muscle fibers, resembling the fiber type
transition induced by endurance training (Wang et al., 2004).
Activation of PPARβ/δ enhances mitochondrial capacity and fat

FIGURE 1
Schematicmodel of the energeticmetabolism of ALS skeletal muscles and their changes induced by swimming-training. Themain alterations in ALS
skeletal muscles observed in the glycolytic and lipidicmetabolism are shown on the left (red panel), whereas the improvements in energetic fuels induced
by exercise protocols, particularly swimming, are schematized on the right (green panel). Abbreviations: GLUT4, glucose transporter 4; PFK1,
phosphofructokinase 1; LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase; VLDLR, very-low-density lipoprotein receptor; PPAR β/γ,
peroxisome proliferator-activated receptor; PDK4, pyruvate dehydrogenase lipoamide kinase isozyme 4; CPT1, carnitine palmitoyltransferase 1; aCoA,
acetyl coenzyme A; ROS, reactive oxygen species; ALS, amyotrophic lateral sclerosis.
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oxidation in the skeletal muscle (Figure 1). Thus, the metabolic
imbalance in muscle fibers of ALS mice and patients represents
an early event; glycolytic muscle fibers become progressively
unable to use glucose as an energy substrate, switching to lipid
use to maintain energy supply, as reported by Steyn and
colleagues that described a decreased metabolic flexibility in
muscle fibers obtained from ALS patients (Steyn et al., 2020).
In particular, the authors observed an increased propensity to use
lipids with respect to glucose as energy source in skeletal muscle
of ALS patients. The restoration of metabolic equilibrium in
glycolytic muscle fibers induced by exercise, particularly
swimming endurance training, could protect muscle
mitochondria and hamper oxidative stress, also preventing
denervation and atrophy. Remarkably, physical exercise,
particularly swimming, can lead to increased glucose uptake
also by upregulating GLUT4 expression, thus contributing to
improve glycolysis, as revealed by the enhanced lactate
production (Desseille et al., 2017). This suggests that pyruvate
is used to enhance the anaerobic glycolytic pathway in ALS
muscles. Therefore, a tailored physical exercise could help in
restoring the correct glucose uptake by skeletal muscle,
decreasing insulin or glucose resistance observed in both
mouse models and patients (Dobrowolny et al., 2018;
Scaricamazza et al., 2020). The use of glucose instead of fatty
acids might decrease mitochondrial overwhelming with a
positive impact on oxidative stress. Conversely, reinforcing the
oxidative pathway by running-based training seems to contribute
to altering energetic metabolism in ALS muscle and to favor the
neurodegenerative process.

6 Concluding remarks

ALS is a complex neurodegenerative disease where several
pathological mechanisms contribute to the selective death of
motor neurons, including glutamate excitotoxicity, protein
aggregation, oxidative stress, neuroinflammation and
dysregulation of energy metabolism (Tefera et al., 2021). In
particular, overproduction of ROS overwhelms the protective
defense mechanism of cells, in particular, thus contributing to
neurodegenerative diseases, including ALS. These events, in turn,
can cause mitochondrial dysfunction and excitotoxicity. Direct
consequences of the redox imbalance are lipid peroxidation,
oxidation of proteins, DNA damage, and interference of ROS
with signal transduction pathways. These consequences become
even more harmful when associated with inherited genetic
variations. Therefore, therapeutic strategies should aim at
reducing free-radical formation, and at improving clearance.
On the other hand, cellular adaptations to redox imbalance
can get cells used to low doses of ROS, thus buffering cellular
response and contributing to mitigate direct consequences of
ROS interference. In fact, beyond inducing oxidative stress, ROS
play a crucial role in maintaining cellular function. In the skeletal
muscle, exercise-induced ROS can promote adaptive changes,
including enhanced protein synthesis, activation of insulin
signaling, mitochondrial biogenesis, regulation of muscle
development, gene expression, and positive modulation of
antioxidants (Ristow et al., 2009). Hence, repeated exposure to

sublethal stress, such as during exercise training, can enhance
stress resistance and ultimately increase survival rates due to the
hormesis process (Merry and Ristow, 2016). To this regard, the
intake of vitamins C and E is sufficient to reduce the positive
effects of exercise via ROS-related induction of PPARγ, PGC1α,
and PGC1β, as well as the ROS-detoxifying enzymes, indicating
that the removal of ROS can reduce, or even inhibit, the health
benefits of exercise (Ristow et al., 2009). These reported findings
highlight the role of ROS as signaling molecules in promoting
skeletal muscle health during exercise.

Several exercise protocols have been tested in ALS patients
and mouse models of the disease. Besides the neuroprotective
effects exerted by any physical activity, swimmimg-based
protocols displayed the most positive outcomes in mice.
Particularly, swimming-based protocol resulted in a
remarkable increase in the lifespan and neuroprotection,
associated with changes in skeletal muscle energetic
metabolism, leading to energetic fuel shifts toward glucose
(Deforges et al., 2009). Although swimming is suggested as an
advantageous type of exercise in many neurological disorders
(Ayán and Cancela, 2012), its beneficial role has not yet been
experimentally validated in ALS patients.

Overall, endurance training with a supplemental support such as
ventilation or weight support seems to have positive effects on
respiratory capacity, functionality, and physical performance in
ALS patients, but further studies investigating the therapeutic
benefits of exercise with a larger number of participants are
needed to confirm these findings.

Future work should also consider the interaction of exercise
with the full spectrum of genetic changes linked to ALS, both in
humans and in mice. To date, however, small sample sizes, non-
representative control populations, heterogeneous disease-
stage of patients, have strongly affected the interpretation of
results. Thus, while promising, more pre-clinical and clinical
studies are needed to elucidate the role of exercise training in
ALS patients.

In conclusion, disturbances in energetic metabolism are clearly
linked to the selective vulnerability of motor neurons, thus, a
therapeutic strategy tackling energy metabolism through tailored
exercise protocols in ALS patients may pave the ground for future
combined therapeutic interventions.
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Introduction: NF-κB plays a pivotal role in the progression of cancers, including
myosarcomas such as fibrosarcoma. Plants possess considerable potential for the
provision of chemotherapeutic effects against cancer. The present study
assessed, among others, the cytotoxicity, migration capacity and DNA damage
induced by several natural compounds (berberine, curcumin, biochanin A,
cucurbitacin E (CurE) and phenethyl caffeic acid (CAPE)) in cancer cells
(WEHI-164) and normal muscle cells (L6).

Methods: IC50 parameter was determined for all substances after 24-hour
incubation. Molecular docking studies were performed to assess compound
binding to cytoskeletal proteins. Neutral comet assay and
immunocytochemical analysis were used to assess the intensity of apoptosis,
and transmission electron microscopy was employed to validate these results at
the ultrastructural level.

Results and Discussion: The results showed that the tested compounds had a
significantly increased cytotoxic effect on cancer cells compared to normal cells.
Furthermore, molecular docking studies indicated that CAPE, biochanin A, and
CurE could inhibit actin polymerization, suggesting their potential role in
disrupting the cytoskeleton of cancer cells. Increased expression of caspase-3
and PARP-1 in WEHI-164 cells after treatment indicated the induction of
apoptosis. Transmission electron microscopy confirmed the presence of
cellular stress and vacuolation in cells treated with these compounds, with
more pronounced effects observed in cancer cells compared to normal cells.
The results indicate that natural NF-κB inhibitors may be capable of selectively
targeting cancer cells, reducing their viability and inducing apoptosis while
sparing normal cells. This selectivity is of great importance for the
development of safer anticancer therapies. The results of this research
support the hypothesis that these natural compounds may be effective
anticancer agents, particularly in the treatment of fibrosarcoma. Further, in
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vivo studies and clinical trials are required to gain a full understanding of their
mechanisms of action and potential synergies with existing chemotherapeutic
agents.

KEYWORDS

muscle cancer, berberine, cucurbitacin E (CurE), curcumin, biochanin A, caffeic acid
phenethyl ester (CAPE)

1 Introduction

Cancer is currently a significant public health issue, ranking
among the leading causes of death worldwide. Approximately 70%
of cancer-related deaths occur in developing nations. According to
estimates by the International Agency for Research on Cancer
(IARC), the annual number of new cancer cases is projected to
increase to around 21.7 million by 2030, with deaths reaching
13 million (Dalton et al., 2019). Among the various strategies for
cancer treatment, chemotherapy is widely recognized as one of the
most commonly used methods to prevent and treat cancer.
However, current chemotherapeutic drugs have significant side
effects and can lead to acquired drug resistance (Srivastava et al.,
2016). Therefore, it is imperative to identify new, effective, and less
toxic therapeutic agents for the treatment of cancer. Plants possess
considerable potential for the provision of chemotherapeutic effects
against cancer. Over 60% of anti-cancer drugs have been derived
from natural sources, including plants, microorganisms, and marine
organisms (Dey et al., 2019). The research presented in this work
makes use of a number of substances derived from natural sources.
Biochanin A (5,7-dihydroxy-4′-methoxyisoflavone) is an isoflavone
that can be found, among others, in red clover (Trifolium pratense
L.) (Yu et al., 2019). Biochanin A has been demonstrated to inhibit
epithelial-mesenchymal transition and to reduce the proliferation
rate of lung cancer cells. This is achieved by activating the Bcl-2 and
caspase-3 pathways, in addition to regulating the expression of cell
cycle-related proteins (Y. Li et al., 2018). The polyphenol compound
curcumin, derived from the spice turmeric (Curcuma longa), has
been demonstrated to inhibit the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) signalling pathway in a range
of cancer types, including rhabdomyosarcoma. As a naturally
occurring chemotherapeutic agent, curcumin has the potential to
prevent and slow the progression of carcinogenesis. Additionally, it
exhibits antioxidant and anti-inflammatory properties. The
inhibition of factors responsible for cell proliferation and the
inhibition of apoptosis, such as COX-2, AP-1, and NF-κB, is
likely to occur as a result of the prevention of IκB
phosphorylation by curcumin (Radzka et al., 2023). Berberine is
a compound belonging to the isoquinoline alkaloid group that
occurs naturally in a number of plant species, including those
belonging to the Annonaceae, Berberidaceae, and
Menispermaceae genera (Neag et al., 2018). Berberine exerts its
effect by inhibiting the phosphorylation of the nuclear factor IκBα,
which is responsible for activating NF-κB. Furthermore, evidence
indicates that berberine treatment impairs the phosphorylation of
the NF-κB subunit transcription factor p65. Berberine has been
demonstrated to possess anti-cancer properties, whereby it
downregulates caspase-1/IL-1β and also inhibits the cell cycle at
the G1 phase in RMS cells (Jin et al., 2017). Caffeic acid phenethyl

ester (CAPE) is a component identified in propolis. A substantial
body of scientific literature attests to the antioxidant, anti-
inflammatory, and cytotoxic effects of CAPE on cancer cells. It
has been demonstrated that CAPE can inhibit NF-κB signaling by
preventing the activation of upstream kinases, including IκB kinase
(IKK) and TGF-β-activated kinase (TAK1), which are involved in
the activation of the NF-κB pathway (Wang et al., 2010).
Furthermore, evidence indicates that caffeic acid can inhibit the
nuclear translocation of NF-κB and its binding to DNA, which are
crucial steps in the transcriptional activation of NF-κB target genes
(Abdel-Latif et al., 2005). Cucurbitacin E (CurE) is a triterpenoid
compound that has been identified in a number of different plant
species, including bitter melon (Momordica charantia) and
cucumber (Cucumis sativus) (Chanda et al., 2020). This
compound has been shown to modulate NF-κB signaling by
inhibiting its activation and nuclear translocation (Qiao et al.,
2013). Cucurbitacin E has been demonstrated to inhibit TNF-α-
induced phosphorylation of inflammatory cytokines by modulating
the NF-κB pathway. Additionally, cucurbitacin E inhibits the PI3K/
Akt/mTOR pathway and the epithelial-mesenchymal transition
(EMT) in osteosarcoma cells (Jia et al., 2015).

The NF-κB factor has been identified as the regulator of genes
involved in tumour promotion, including those related to cell
proliferation, angiogenesis, and adhesion. Furthermore, the
activation of NF-κB has been demonstrated to influence the
production of prostaglandins through the COX2 protein, which is
overexpressed in a number of different types of cancer (Colotta et al.,
2009). In neoplastic tissues, where elevated levels of the NF-κB factor
are observed, there is an accumulation of pro-inflammatory cytokines,
which contribute to the creation of a pro-neoplastic environment.
Prolonged inflammation results in genomic instability and the
emergence of genetic mutations that promote the formation and
development of tumours (Elinav et al., 2013). Fibrosarcoma, an
aggressive and poorly understood form of soft tissue sarcoma,
poses significant therapeutic challenges, and recent evidence
suggests that the NF-κB pathway may play a key role in its
progression or angiogenesis (46). In this study, we demonstrated
the effects of naturally occurring NF-κB inhibitors on fibrosarcoma
cells, a cancer type where NF-κB’s role has not been extensively
characterised in the context of these specific inhibitors. Although
previous studies have investigated the activity of these compounds in
various cancer models, their effects on fibrosarcoma remain
underexplored, representing an important area of investigation.
Fibrosarcoma is a particularly aggressive form of soft tissue
sarcoma with a paucity of efficacious therapeutic options.
Emerging evidence suggests that the NF-κB pathway plays a
crucial role in its progression. By targeting NF-κB in fibrosarcoma,
our objective is to provide new insights into potential therapeutic
approaches for this malignancy. Apoptotic genes, including FLICE
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inhibitory protein, survivin, XIAP, c-IAP1/2 inhibitor, and the Bcl-2
family of proteins, are overexpressed in numerous types of cancer
cells. The NF-κB factor induces this overexpression. It is therefore
postulated that NF-κB plays a role in the regulation of anti-apoptotic
mechanisms in the context of tumour formation (Kucharczak et al.,
2003). A study of human prostate cancer cells (PC-3M cell line) has
demonstrated that NF-κB plays a role in angiogenesis, invasion, and
metastasis by regulating vascular endothelial growth factor (VEGF)
and matrix metalloproteinases (MMP) (Huang et al., 2001). It has
been demonstrated that the NF-κB factor exerts an influence on the
resistance of cells to a range of chemotherapeutic agents. NF-κB plays
a role in regulating the expression of the mdr1 gene, which is
responsible for producing P-glycoprotein (P-gp). P-glycoprotein is
a plasma membrane-associated multidrug transporter that affects the
efflux of chemotherapy drugs, thereby contributing to treatment
resistance (Wang et al., 2015). It has been demonstrated that NF-
κB inhibits P-glycoprotein expression and may reactivate
chemosensitivity. The involvement of the NF-κB factor in the
degradation of muscle proteins has been demonstrated by research
using cell cultures and in in vivo studies on laboratory animals (Wyke
et al., 2004). In the study conducted by Moore–Carrasco et al., rats
with hepatocellular carcinoma (AH-130 cell line) were treated with an
NF-κB inhibitor (SP100030) and an activator protein-1 (AP-1)
activator. The treatment was found to be effective in addressing
skeletal muscle atrophy (Moore-Carrasco et al., 2007). Muscle
wasting is a common occurrence in individuals of advanced age
and those suffering from pathological conditions such as cancer. A
study using a murine model indicated that the levels of NF-κB were
elevated in the skeletal muscle tissues of animals with Lewis Lung
Cancer (LLC). The study demonstrated that the transgenic
overexpression of the super-repressor mutant protein IκBα
(IκBαSR) resulted in a significant reduction in skeletal muscle and
body weight loss in mice with LLC, which was achieved by inhibiting
NF-κB activity (Cai et al., 2004). Recently, there has been a surge in
interest in fructose 1,6-bisphosphatase (FBP) in the scientific
community. This is a consequence of research which has
demonstrated that FBP not only regulates the synthesis of glucose
and glycogen from carbohydrate precursors, but also impacts (in a
non-catalytic manner) a variety of cellular processes thanks to
interactions with numerous proteins, e.g., mitochondrial VDAC,
ANT, and ATP synthase, CAMK2, and transcription factors
HIF1α and NF-κB. As a result of these interactions, FBP exerts
influence over a number of cellular processes, including cell cycle-
related events, mitochondrial biogenesis and membrane polarization,
microtubule stability, glycolytic enzyme expression, synaptic
plasticity, and even the progression of cancer (Gizak et al., 2012;
Pirog et al., 2014). Mammalian tissues exhibit two distinct isoenzymes
of fructose 1,6-bisphosphatase: liver FBP (FBP1) and muscle FBP
(FBP2). The physiological function of FBP2 is modulated not only by
its cellular expression levels but also by its oligomeric state. The
dimeric form of FBP2 is associated with mitochondria, where it
confers protection against cellular stress, while the tetrameric form
is localized within the cell nucleus (Wiśniewski et al., 2017). FBP
exerts negative effects on cell growth, and inhibits the progression of
gastric cancer (Li et al., 2013). A study conducted in 2016 assessed the
transcriptional levels of FBP1 and FBP2, revealing that elevated levels
of FBP1 mRNA were associated with a favorable prognosis in gastric
cancer. Subsequent verification of FBP1 protein expression confirmed

that its overexpression correlated with improved clinical outcomes in
patients with gastric cancer following surgical resection. Functional
analyses further demonstrated that FBP1 expression significantly
inhibited the proliferation and invasion of gastric cancer cells (Li
et al., 2016). Additionally, FBP2 has been demonstrated to impede the
progression of sarcomas by inhibitingmitochondrial biogenesis. It has
been demonstrated that FBP2 impedes the progression of sarcoma by
hindering mitochondrial biogenesis. Soft tissue sarcomas (STS)
constitute a heterogeneous group of neoplasms that originate from
connective tissues. Despite the considerable genetic heterogeneity
observed among these tumours, an aberrant glucose metabolism is
a common feature, although the underlying mechanism remains
elusive. As was reported, FBP2 is absent in numerous STS
subtypes, and reintroduction of FBP2 has been observed to
significantly slow the growth of sarcomas. The researchers
identified two distinct tumour-suppressing roles for FBP2 based on
its location within the cell. Cytosolic FBP2 was observed to decrease
glucose breakdown through its enzymatic function, while nuclear
FBP2was found to suppress a crucial factor involved inmitochondrial
formation and function. The two roles of FBP2 result in a reduction in
the energy supply to the cancer cells, which provides an explanation
for the frequent loss of FBP2 in STS and its potential as a therapeutic
target (Huangyang et al., 2020). In 2022, studies demonstrated that the
chemically induced tetramerization of FBP2, resulting in a reduction
of FBP2-mitochondria interactions, was associated with a range of
changes in HL-1 cells. These included a decrease in mitochondrial
membrane potential, disruption of the tubulin network and tubulin-
mitochondria interactions, a marked reduction in mitochondrial
membrane potential, and an increase in the speed and extent of
mitophagy (Pietras et al., 2022). Furthermore, motor proteins, such as
myosin, utilize ATP to generate force and facilitate movement along
these actin filaments. This movement is essential for a number of
cellular activities, including cell motility and structural integrity
(Masters et al., 2017). The particular actions of myosins in relation
to actin serve to illustrate their function in the organisation of the
cytoskeleton and in the performance of cellular processes. Myosins,
driven by the hydrolysis of ATP, interact with actin filaments,
enabling their movement. This process is crucial for a range of
cellular activities, including migration, division, and maintaining
cellular shape (Nambiar et al., 2010). Recent research indicates that
FBP2 is present in mitochondria under specific circumstances, where
it interacts with a range of mitochondrial proteins. This mitochondrial
localization is significant as it may affect processes such as fusion and
fission, which are vital formaintaining the functionality and structural
integrity of mitochondria. One investigation demonstrated that
FBP2 interacts with proteins such as Voltage-Dependent Anion
Channels (VDAC), Adenine Nucleotide Translocator (ANT), and
elements of the mitochondrial ATP synthase complex. These
interactions have the potential to influence mitochondrial
membrane potential and regulate mitochondrial biogenesis. The
presence of FBP2 in the mitochondria might also be involved in
managing the mitochondrial response to stress, as well as processes
such as mitochondrial trafficking and mitophagy (Collins, 2004).
Furthermore, mitochondrial dynamics, which encompass the
processes of fusion and fission, are vital for preserving
mitochondrial structure, distribution, and functionality within cells.
Fusion serves as a quality control mechanism, whereby the contents of
partially damaged mitochondria are mixed. In contrast, fission is
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essential for the removal of damaged mitochondrial components and
the distribution of mitochondria during cell division. The
involvement of FBP2 in these processes indicates that it may have
a broader role in cellular homeostasis and the response to metabolic
changes (Reynolds, 1963). The results of our studies presented here
support the hypothesis that natural compounds acting as NF-κB
inhibitors may be effective anticancer agents, particularly in the
treatment of fibrosarcoma.

2 Materials and methods

2.1 Cell cultures

Two cell lines were used in in vitro studies: WEHI-164 -
fibrosarcoma cells isolated from mice and L6 – myogenic cell line
isolated from skeletal muscles of rat (ATCC®, LGC Standards,
Teddington, UK). The WEHI-164 cells were grown in RPMI
culture medium supplemented with 10% fetal bovine serum (FBS,
HyClone, Logan, UT, USA) and 1% penicillin/streptomycin (Sigma-
Aldrich, Merck-Millipore, Poznań, Poland). The L6 cells were grown
in DMEM culture medium (Dulbecco’s Modified Eagle’s Medium,
Sigma-Aldrich, Merck-Millipore, Poznan, Poland) with 10% fetal
bovine serum (FBS, HyClone, Logan, UT, USA), 1% penicillin/
streptomycin (Sigma-Aldrich, Merck-Millipore, Poznan, Poland)
and 1% L–glutamine (ThermoFisher, Alab, Poland). Cell culture
of both types of cell lines was carried out at 37°C and 5% CO2. Both
cell lines were negative for mycoplasma (MycoBlue Mycoplasma
Detector, Vazyme Biotech, China). Cell passages were carried out
2–3 times a week when confluency was about 80%–90%. Cells were
then removed from the flasks by trypsinization (trypsin 0.25% and
EDTA 0.02%; IITD, Wroclaw, Poland) and washed with DPBS
buffer (Sigma-Aldrich, Merck-Millipore, Poznan, Poland).

2.2 Preparation of drug solutions

CurE (number CAS 18444-66-1), biochanin A (number CAS
207-744-7), CAPE (number CAS 104594-70-9), curcumin (number
CAS 458-37-7) and berberine (number CAS 633-65-8) were
obtained from Sigma-Aldrich (Merck-Millipore, Poznan, Poland).
All reagents were dissolved according to the manufacturer’s
protocols. DMSO was used as a solvent. Then, immediately
before the tests, the substances were diluted in DMEM/RPMI to
obtain the concentrations necessary for assays. CurE was diluted to
concentrations of 5; 3;2.5; 2;1; 0.5 µM. Biochanin A was diluted to
concentrations of 30; 20; 10; 5;2; 0.5 µM. CAPE was diluted to
concentrations of 50; 25; 15; 10; 5;1 µM. Curcumin and berberine
were diluted to concentrations of 50; 25; 20; 15; 10; and 5 µM.
DMEM/RPMI without drugs was used as a control.

2.3 MTT viability assay

Briefly, WEHI-164 and L6 cells were plated in 96-well
microculture plates at 1x104 cells/well and incubated with
berberine, curcumin, biochanin A, CAPE, and CurE at the
indicated concentrations and periods. The culture medium was

then removed from each well and 100 µL/well of MTT reagent
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
(Sigma-Aldrich, USA) was added, and the cells were incubated
for 2 h at 37°C. After incubation, acidified isopropanol (100 PL,
0.04 M HCl in 99.9% isopropanol) was added to dissolve the formed
formazan crystals. The samples were completely dissolved using the
pipette mixing technique. The absorbance value was measured at
570 nm using a GloMax® Discover multimode microplate reader
(Promega, Madison, WI, USA). The IC50 values were calculated
using Quest Graph™ IC50 Calculator (AAT Bioquest, Inc,
Sunnyvale, CA, USA). IC50 was determined with a non-linear
model. The experiments were carried out in five replicates. The
results are expressed as the percentage of viable cells relative to
untreated control cells.

2.4 Molecular docking

Molecular simulation of CurE, biochanin A and CAPE docking
to cytoskeletal proteins: tubulin (PDB: 1TUB) and actin (PDB:
1J6Z). Crystal structures of monomeric actin (PDB:1J6Z) and
polymeric actin were obtained from the Protein Data Base (PDB)
for the studies. Small molecule compounds were generated using
Avogadro Software. Before simulations and screening, both
structures were prepared using LigPrep and Protein Prepare.
Analysis of the results was performed using Meastro and Canvas
Software. The Glide Extra Precision (XP) docking was performed
prior to the MM-GBSA calculations. All the data from the in silico
experiments has been collected and analysed.

2.5 Neutral comet assay (NCA)

Detection of DNA fragmentation associated with apoptosis or
the intermediate damage neutral comet assay method described by
Collins was used (Collins, 2004). Briefly, after exposure to the
examined compounds, WEHI-164/L6 cells (104 cells/well) were
subjected to a trypsinization process. In the next step, 1x105/ml
cells were washed with PBS chilled to 4°C, mixed with low-
temperature melting agarose at a ratio of 1:10, and spread on a
slide glass. Slides were submerged in precooled lysis buffer (2.5 M
NaCl, 100 mM EDTA, pH 10, 10 mM Tris base, and 1% Triton X-
100) at 4°C for 1 h. After lysis and rinsing, slides were equilibrated in
TBE solution (40 mM Tris/boric acid, 2 mM EDTA, pH 8.3) and
electrophoresed at 1.0 V/cm for 20 min and then silver staining was
performed. For scoring the comet pattern, 100-200 nuclei were
counted from each slide. The ranking of apoptotic comets was
performed using the method developed by Collins (Collins, 2004).

2.6 Confocal microscopy studies

WEHI-164 and L6 cells were seeded on the microscopic cover
slides, placed in a 6-well plate (Sarstedt, Germany) and incubated
overnight for adhesion. The cells were then incubated for 24 h with
one of the cytotoxic substances: biochanin A (5 µM), CAPE (25 µM),
CurE (2.5 µM), curcumin (20 µM) and berberine (50 µM).
Untreated cells were used as a control. Cells were fixed with 4%
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paraformaldehyde (PFA) in phosphate-buffered saline (PBS),
permeabilized with 0.5% Triton X-100 in PBS (v/v) for 5 min,
and blocked with 1% Bovine Serum Albumin (BSA) in PBS for
45 min at room temperature. All washing steps were performed
using PBS. The following primary antibody was used: muscle FBPase
(mouse, SC390209) antibody at a dilution of 1:250 in PBS. The
following secondary antibodies were used: AlexaFluor488 (A11029)
antibody at a dilution of 1:200 in PBS. Incubation with primary
antibodies was conducted for 120 min and for 1 h with secondary
antibodies at room temperature. For the imaging (Zeiss Axio
Observer 7 SP stand for LSM 980) confocal laser scanning
microscopes was used.

2.7 Immunocytochemical staining

WEHI-164 and L6 cells were seeded on 8-well slides (Thermo
Scientific) and incubated overnight for adhesion. The cells were then
incubated for 24 h with cytotoxic substances: biochanin A (5 µM),
CAPE (25 µM), CurE (2.5 µM), curcumin (20 µM) or berberine
(50 µM). Untreated cells were used as a control. The apoptotic
activity was assessed by immunocytochemical determination of
anti-caspase-3 (C8487) (Sigma-Aldrich, Merck-Millipore, Poznan,
Poland) and PARP-1 (SC-74470) (Santa Cruz, USA Biotechnology),
and antibodies were diluted in PBS (CAS-3 1:800; PARP-1 1:500).
Then, the samples were fixed in 4% formalin, and antibodies were
applied for 24 h at 4°C. Then, the slides were washed 3 × 5 min in
PBS with Triton. Subsequently, the slides are incubated for 1 h with
ImmPRESS Reagent Peroxidase Universal (Anti-mouse/rabbit Ig)
(Vector Laboratories, Newark, USA). The slides were rinsed again in
PBS for 5 min. Thereafter, the DAB + chromogen diluted in DAB +
Substrate Buffer was added for 5 min (incubation in the darkness)
and rinsed in distilled water for 10 min. Then, hematoxylin was used
to counterstain nuclei (1 min). In the following steps, dehydration
was performed by increasing the concentration of ethanol and
xylene and mounted in DPX Mounting Medium (Fluka,
Germany). The upright microscope (Olympus BX51, Shinjuku,
Tokio, Japan) was used to examine the immunocytochemical
reaction. Stained cell numbers were evaluated by counting
100 cells in 3 randomly selected fields. The results were judged
to be positive if staining was observed in more than 5% of the cells.
The intensity of immunohistochemical staining was evaluated as
follows: (−) negative, (no reaction), (+)weak, (++) moderate, and
(+++) strong.

2.8 Transmission electronmicroscope (TEM)

Ultrastructural analysis of L6 and WEHI-164 cell lines was
performed. The cells were incubated for 24 h with cytotoxic
substances: biochanin A (5 µM), CAPE (25 µM), CurE (2.5 µM),
curcumin (20 µM) or berberine (50 µM). Untreated cells were used
as a control. The cells were then fixed for 30 min in 2.5% (vol/vol)
glutaraldehyde and 0.1M phosphate buffer (pH 7.4). After post-
fixation in 1% (wt/vol) osmium tetroxide, cells were dehydrated
through a graded series of acetone and embedded in Epon (Sigma
Aldrich, St. Louis, MI, USA). The Epon blocks were cut on Reichert
Ultracut E. Ultrathin sections were, contrasted with uranyl acetate

and lead citrate according to the standard method (Kong et al., 2009)
and examined with a Talos L120C (ThermoFisher).

2.9 Immunofluorescent studies

WEHI-164 and L6 cells were seeded on the cover microscopic
slide, placed in a 6-well plate (Sarstedt, Germany), and incubated
overnight for adhesion. The cells were then incubated for 24 h with
cytotoxic substances: biochanin A (5 µM), CAPE (25 µM), CurE
(2.5 µM), curcumin (20 µM) or berberine (50 µM). Untreated cells
were used as a control. Cells were fixed with 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) and permeabilized with
0.5% Triton X-100 in PBS (v/v) for 5 min. Following, the incubation
with FBS was performed for 1 h at 37°C and 5% CO2. Next, the cells
were washed with Triton-X100. The following primary antibodies
were used: Anti-beta tubulin (rabbit, AB108342) antibody at a
dilution 1:300 and Zyxin (mouse, MAB6977) antibody at a
dilution of 1:300 in PBS. The following secondary antibodies
were used: Anti-Mouse AlexFluor488 (AB150113) antibody at a
dilution of 1:200 and AlexaFluor594 (A11012) antibody at a dilution
of 1:200 in PBS. Primary antibody was added for 1-h incubation at
37°C and 5%CO2. Following, the cells were washed with PBS and the
secondary antibody was added for 1-h incubation at room
temperature in the dark. In the end, the samples were washed
with PBS. For the nuclei visualization and cell mounting
Fluoroshield™ (Sigma-Aldrich, St. Louis, MI, USA) with DAPI
(4,6-diamidino-2-phenylindole) was applied. In the end, the
samples were washed with PBS. The samples were observed on
the Olympus IX53 microscope (40x, Olympus, Tokyo, Japan) after
blue, red, and green laser excitations (depending on the
fluorophore).

2.10 BCAA–Glo Assay

To measure changes in branched chain amino acids (leucine,
isoleucine, valine), L6 and WEHI-164 cells were seeded in 96-well
luminescent plates at 25,000 cells/well. Cells were then treated with
berberine (50 µM), curcumin (20 µM), biochanin A (5 µM), CAPE
(25 µM), or CurE (2.5 µM) for 24 h. The experiment was performed
using BCAA-Glo Assay (JE9300, Promega, Madison, WI, USA).
Following the completion of the compound treatment, the medium
was removed and discarded, and the cells were washed three times
with 200 μL of cold PBS. A volume of 25 μL of PBS was then added to
the cells that had been washed. A negative control, comprising PBS
without cells, was included to ascertain the background of the assay.
A volume of 12.5 µL of 0.6N HCl was then added. The mixture was
then combined by agitation of the plate for a period of 5 minutes. A
volume of 12.5 µL of neutralisation buffer was then added. The
mixture was then agitated for 1 minute. A volume of 50 µL of BCAA
detection reagent, comprising reductase, NAD, leucine
dehydrogenase, reductase substrate and luciferin detection
solution, was then added. The solution was then incubated at
room temperature for 1 hour. The luminescence value was
measured using a GloMax® Discover multimode microplate
reader (Promega, Madison, WI, USA). The experiments were
carried out in five replicates.
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2.11 Glycogen levels detection by
luminescent assay

To perform the glycogen sensing measurement, L6 and WEHI-
164 cells were seeded in 96-well luminescent plates at 25,000 cells/
well. Cells were then treated with berberine (50 µM), curcumin
(20 µM), biochanin A (5 µM), CAPE (25 µM), or CurE (2.5 µM) for
24 h. The experiment was performed using Glycogen-Glo Assay
(J5051, Promega, Madison, WI, USA). Following the completion of
the compound treatment, the medium was removed and discarded,
and the cells were washed three times with 200 μL of cold PBS. A
volume of 30 µL of PBS was then added to the washed cells. A
solution of 0.3 N HCl was then added to the cells in order to lyse
them. The contents of the plate were mixed by agitation for a period
of 5 minutes. A further 15 µL of Tris buffer (pH 8.0) was then added.
The contents of the plate should be mixed by shaking for 1 minute.
Twenty-5 μL of each sample, the positive control (glycogen
standards in the same buffer as the samples) and the negative
control (buffer only) were transferred to a well of a 96-well plate.
A volume of 25 μL of the glucoamylase digestion solution,
comprising glucoamylase and glucoamylase buffer, was added to
each well. The samples were then incubated for 1 hour at room
temperature. A volume of 50 µL of the glucose detection reagent,
comprising reductase, NAD, reductase substrate, glucose
dehydrogenase, and the luciferin detection solution, was added to
each well. The plate was mixed by agitation for a period of 1 minute,
after which it was incubated for 90 min at room temperature. The
luminescence value was determined using a GloMax® Discover
multimode microplate reader (Promega, Madison, WI, USA).
The experiments were conducted in five replicates. The signal-to-
noise ratio (S/N) was calculated by dividing net luminescence (mean
luminescence for the sample minus mean luminescence for the
negative controls) by the standard deviation of the negative control.

2.12 Wound healing assay

Cells from the L6 and WEHI-164 lines were cultured in 96-well
plates (8 × 104) for 24 h until they formed a confluent layer. A
scratch was made with a sterile 200 μL pipette tip across the cell
monolayer. The medium was removed and the cells were washed
twice with DPBS to remove contaminants from the separated cells.
Then the DPBS was removed and 200 ul of substances were added to
each well in the following concentrations: biochanin A (5 µM),
CAPE (25 µM), CurE (2.5 µM), curcumin (20 µM) and berberine
(50 µM). Untreated cells were used as a control. Photos were taken
every 12 h to assess the crack closure until a monolayer of cells was
obtained again. Cell cultures were observed and photographed
under the CKX41 Olympus microscope (Tokyo, Japan). Software
ImageJ (LOCI, University of Wisconsin) was used to quantify the
areas of the closing gap.

2.13 Statistical analysis

The experiments were performed in 3 replicates. The statistical
analysis was performed using the GraphPad Prism 8 (GraphPad
Software Inc, San Diego, CA, USA). Data are expressed as mean ±

SD (standard deviation) of the mean and were analysed by two-way
ANOVA (analysis of variance), with p < 0.05 being considered
statistically significant.

3 Results

3.1 Cytotoxicity of the examined substances
and IC50 determination

MTT assay assessed the cytotoxicity of the biochanin A, CAPE,
CurE, curcumin and berberine. Figure 1 shows the response of
L6 cells to 24 h and 48 h incubation with the analyzed substances.
Incubation with berberine (e) and CurE (d) did not significantly
change the mitochondrial activity of L6 cells compared to the
untreated control group. In the case of incubation of L6 cells
with biochanin A (c) it was observed that the cytotoxic effect
increased with increasing concentration of the substance, both in
the case of 24 h and 48 h incubation. At the highest concentration of
30 μM, cell survival after 24 h of incubation was ~30% and after
48 h–18%. Incubation of cells with curcumin (a) showed an
enhanced cytotoxic effect with prolonged incubation time (48 h).
After exposure of cells to CAPE (b), the strongest cytotoxic effect
was observed at a concentration of 1 µM (48 h). Then, with
increasing CAPE concentration and prolonged incubation (48 h),
cell survival increased, which can be possibly induced by the decay of
CAPE in cells.

Figure 2 shows the response ofWEHI-164 cells to 24 h and 48 h
incubation with the analyzed substances. Control represents the
viability of untreated cells. WEHI-164 cells showed increased
sensitivity to all of the tested substances. In the case of
incubation with berberine (e), the strongest cytotoxic effect was
obtained after 48 h of incubation at a concentration of 10 μM,
where the percentage of cell survival was ~33%. There was a clear
decrease in the mitochondrial activity of cells incubated with
biochanin A (c) at a concentration of 10 μM–30 µM and was
~17%–9% (24 h). When incubated with CurE (d) and curcumin
(a), cell survival decreased significantly with prolonged incubation
and increasing concentration. All analysed substances had a
stronger effect on cancer cells from the WEHI-164 line than on
normal muscle cells from the L6 line. Table 1 presents the IC50

values calculated for biochanin A, curcumin, berberine,
CAPE and CurE.

3.2 Apoptosis evaluation

The apoptotic cell death was detected by neutral comet assay.
The obtained results are demonstrated in Figures 3 and 4. Apoptotic
cells in the L6 line were observed after 24 h of incubation with
curcumin (12.5%) and CurE (1%) (a). No cell death was observed
after exposure to the remaining substances. After 48 h of incubation
of the L6 cells, apoptosis was observed in the case of incubation with
curcumin (15.8%), CAPE (13.3%), biochanin A (3.6%) and CurE
(2.5%) (c). In the case of WEHI-164 cells, apoptotic cells were
observed after 24 h of incubation with CAPE (3.5%) and berberine
(2.5%) (b). After 48 h of incubation of theWEHI-164 cells, apoptosis
was observed after incubation with CAPE (12.7%), curcumin (4.4%),
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CurE (3.1%), biochanin A (2.2%) and berberine (1.6%) (d). There
was a significant difference in the number of cells indirectly
damaged after an extended (48 h) incubation time with the
analysed substances. In the case of L6 cells, the highest
percentage of damaged cells was observed following incubation
with berberine (53%), while in the case of WEHI-164 cells, the
highest percentage of damaged cells was observed following
incubation with biochanin A (89.5%).

3.3 Immunocytochemical evaluation of
PARP-1 and caspase-3

Immunocytochemical staining of PARP-1 and caspase-3 in
L6 and WEHI-164 cells treated with biochanin A (5 µM), CAPE
(25 µM), CurE (2.5 µM), curcumin (20 µM) or berberine (50 µM)
was performed (Figures 5 and 6). PARP-1 is cleaved by caspase-3
during apoptosis, which leads to its inactivation (Wiśniewski et al.,

FIGURE 1
L6 cells viability measured by the MTT assay after 24 h and 48 h incubation with (A) berberine, (B) biochanin A, (C) CurE, (D) curcumin, (E) CAPE.
Notes: (mean ± SD) N = 3, *p < 0.05, **p < 0.01, ***p < 0.005.
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FIGURE 2
WEHI-164 cells viability measured by the MTT assay after 24 h and 48 h incubation with (A) berberine, (B) biochanin A, (C) CurE, (D) curcumin, (E)
CAPE. Notes: (mean ± SD) N = 3, *p < 0.05, **p < 0.01, ***p < 0.005

TABLE 1 IC50 values for the tested compounds determined after 24 h treatment of L6 and WEHI-164 cells.

Cell line/substance Biochanin A CAPE CurE Berberine Curcumin

L6 5.903 [µM] 13.694 [µM] 10.38 [µM] 12.075 [µM] 29.305 [µM]

WEHI-164 6.395 [µM] 7.018 [µM] 66.476 [µM] 27.043 [µM] 14.049 [µM]

Based on the results presented above, low-toxic concentrations were selected for further experiment: biochanin A (5 µM), curcumin (20 µM), berberine (50 µM), CAPE (25 µM) and CurE

(2.5 μM).
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FIGURE 3
The neutral comet assay was performed on L6 and WEHI-164 cells after 24 h (A, B) and 48 h (C, D) of incubation with berberine, biochanin A, CurE,
curcumin or CAPE.

FIGURE 4
Example micrographs of assessed comets in not damaged, intermediately damaged and apoptotic states. Magnification ×600.
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2017), (Li et al., 2013). The results of immunocytochemical analyses
of the apoptotic proteins are presented in Table 2. PARP-1
overexpression was observed in L6 cells after exposure to each
compound in ca. 10%–15% of cells similarly to control cells.
Caspase-3 expression was observed in ~<5% of untreated
L6 cells. In the case of incubation with biochanin A and
berberine, the expression level of caspase-3 was increased in 45%
of cells, and in other cases in 80%–90% of cells. PARP-1
overexpression was observed in WEHI-164 cells at a low level,

i.e., in less than 5% of cells after berberine treatment and in
untreated cells. After the exposure to biochanin A, CAPE and
CurE, PARP-1 expression was increased in 40%–50% cells. The
highest level of PARP-1 95% of cells, was noted after incubation
with curcumin. Interestingly, in the case of control WEHI-164 cells
caspase-3 expression was observed in 40% of cells, and after
incubation with biochanin A, CAPE, CurE and curcumin it was
detected in 85%–95% of cells. Only after the treatment with berberine,
expression of caspase-3 was observed in less than 5% of cells.

FIGURE 5
Caspase-3 and PARP-1 expression in L6 cells after 24 h incubation with curcumin, CurE, CAPE, berberine and biochanin A.

FIGURE 6
Caspase-3 and PARP-1 expression in WEHI-164 cells after 24 h incubation with curcumin, CurE, CAPE, berberine and biochanin A 1.3.
Molecular Docking.

TABLE 2 Evaluation of immunocytochemical reaction with anti-PARP-1 and anti-caspase 3 antibodies in L6 and WEHI-164 cells, after exposition to
biochanin A (5 µM), CAPE (25 µM), CurE (2.5 µM), curcumin (20 µM) and berberine (50 µM) for 24 h

Compound WEHI-164 cell line L6 cell line

PARP-1 Caspase-3 PARP-1 Caspase-3

Control cells <5% 40%, + 20%, + <5%

Biochanin A [5 µM] 40%, + 95%, +++ 15%, + 45%, +

CAPE [25 µM] 50%, + 95%, +++ 10%, + 80%, ++

CurE [2.5 µM] 50%, + 85%, ++ 15%, + 90%, ++

Curcumin [20 µM] 95%, +++ 95%, +++ 20%, + 80%, ++

Berberine [50 µM] <5% <5% 15%, + 45%, ++
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FIGURE 7
Molecular docking of actin (PDB:1J6Z) and tubulin (PDB:1TUB) with CAPE, biochanin A and CurE.

FIGURE 8
Morphology of untreated cells, where (A, B) WEHI-164, and (C, D) L6 cells. IV–intracellular vesicles; LD–lipid droplets; mt–mitochondria; Nu–cell
nucleus; RER–rough endoplasmic reticulum.
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3.4 Molecular Docking

The obtained results indicate that CAPE, biochanin A and CurE
showed anticancer activity (Figure 7). The compounds are also NF-
κB and cell cycle inhibitors and therefore should be considered in the
treatment of muscle cancers. According to molecular docking, the
most likely binding site corresponds to the Taxotere (TMR) binding
site (Dey et al., 2019). TMR is an agent that inhibitors actin
polymerization, thus the same site of CAPE and biochanin A
binding may indicate that the substances will extend similar
effect on actin and tubulin.

Berberine does not act specifically on actin or tubulin but
interacts with intracellular kinases (AMP-activated kinases). This
is an important distinction because the results of molecular docking
of berberine to actin and tubulin would not reflect the actual
mechanism of action of this compound (Alakurtti et al., 2006).

Curcumin, the active component of turmeric, is known for its
potential anti-cancer, anti-inflammatory, and antioxidant

properties. However, its interactions with tubulin and actin, key
cytoskeletal proteins, have not been extensively studied. This is due
to the high binding specificity required by these proteins, which may
not be achieved by curcumin’s broad spectrum of activity.
Additionally, the dynamic nature of the cytoskeleton makes
experimental confirmation of these interactions challenging.
Focusing solely on docking with tubulin and actin may not fully
reflect curcumin’s anti-cancer mechanism, considering its
interactions with multiple signalling pathways and molecular
targets. These factors limit the attractiveness of curcumin as a
targeted therapeutic agent for cytoskeletal protein interactions.

In addition to NF-κB, we included tubulin as a secondary target
in our molecular docking studies. Tubulin was selected due to its
well-established role in cancer cell division and its relevance as a
therapeutic target. Inhibiting tubulin can disrupt the mitotic process,
which may enhance the anti-proliferative effects of NF-κB
inhibition. Although this dual-target approach provides a
promising strategy for cancer treatment, it should be noted that

FIGURE 9
WEHI-164 cells’ morphology after the exposure to (A, B) CAPE (25 µM), (C, D) CurE (5 µM), (E, F) berberine (50 µM). AB–apoptotic bodies;
IV–intracellular vesicles; mt–mitochondria; Nu–cell nucleus.
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molecular docking, while useful for predicting potential binding
interactions, offers only preliminary insights.

3.5 Alternations in cell
ultrastructure–TEM study

Transmission electron microscopy (TEM) was employed to
investigate the ultrastructural effects of biochanin A, curcumin,
and berberine on sarcoma (WEHI-164) and normal muscle (L6)
cells. This analysis aimed to elucidate the cellular stress mechanisms
and morphological changes induced by these natural compounds,
providing insights into their potential anticancer activity. By
comparing treated and untreated cells, we were able to discern
distinct cytotoxic and protective effects, highlighting the differential
responses of normal and cancerous cells to these agents. The results
are shown in Figures 8–12 below.

Figure 8 shows that cells typically exhibit a particularly dark
cytoplasm, a regular cell membrane, a barely discernible cell nucleus
(Nu), a well-developed rough endoplasmic reticulum (RER), and
undamaged mitochondria (mt). It is noteworthy that WEHI-164
cells typically exhibit a minimal number of intracellular vesicles. In
comparison, L6 (C and D) cells display a less electron-dense
cytoplasm with a predominantly euchromatic nucleus.
Additionally, they often contain numerous lipid droplets (LD)
and intracellular vesicles (IV), including phagolysosomes and
autophagolysosomes with visible lamellar cellular debris.

Figure 9 demonstrates the impact of natural drug exposure on
cancer cell morphology. CAPE did not significantly affected cell

structure. The general morphology of the cells remains unaltered,
and the mitochondria are mostly unaffected. However, there is an
slightly increase in the number of intracellular vesicles (IV).
Administration of CurE results (Figures 9C, D) in more
pronounced alterations. The images demonstrate the presence of
numerous intracellular vesicles, a blebbing plasma membrane with
intact organelles inside blebs. The presented images suggest the
occurrence of early (C) and late (D) apoptotic events, as evidenced
by the presence of damaged apoptotic bodies (AB). The exposure of
WEHI-164 cells to berberine (Figures 9E, F) resulted in an increased
number of visibly damaged mitochondria (mt) and visible distortion
of the cell membrane.

As we can observe biochanin A induced an increased number of
intracellular vesicles (IV), yet no other significant alterations in
mitochondria or cell membrane are observed. Cells cultured with
curcumin exhibited a slightly elevated number of intracellular
vesicles and, on occasion, lipid droplets. Some mitochondrial
damage is evident, though not pervasive.

Figure 11 shows the L6 cells ultrastructure after the exposure to
natural drugs. As we can see CAPE induced visible mitochondrial
damage, with the presence of numerous lamellized mitochondrial
debris. However, there is no evidence of mitophagy or autophagy
when cells were treated by CurE. Berberine treatment induced
similar alternations.

The exposure of L6 to biochanin A induced comparable events
to those observed in Figure 11, with addition to spontaneous
mitochondrial damage, and the presence of autophagosomes were
observed. These findings suggest that biochanin A induces cellular
stress leading to autophagic activity. Curcumin appears to induce

FIGURE 10
A comparative analysis of the morphological characteristics of WEHI-164 cells treated with (A, B) biochanin A (5 µM) and (C, D) curcumin (20 µM).
IV–intracellular vesicles; LD–lipid droplets; mt–mitochondria; Nu–cell nucleus.
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the most pronounced changes, including distortion of the cell
membrane (C) and an increased number of cellular debris (D),
including evidence of programmed cell death.

We suspect these cellular structures appear to be
autophagosomes. Autophagosomes are double-membrane vesicles
involved in the degradation and recycling of cellular components
through the process of autophagy. These structures are typically seen
as spherical or cup-shaped with distinctive membranes, and appear
when cells are exposed to stress, e.g., in response to therapy (Yun and
Lee, 2018).

Our results indicate that exposure of WEHI-164 cells to
berberine (Figures 9E, F) highlighted severe cellular damage,
suggesting apoptotic or autophagic processes. The results
obtained from TEM analysis revealed differential responses
between normal muscle L6 cells and sarcoma WEHI-164 cells to
natural anticancer drugs. Biochanin A and berberine induced
significant vacuolization and cellular stress in both cell types,
with more pronounced effects in cancerous cells. Curcumin

appeared to have a more selective impact, causing notable
morphological changes in WEHI-164 cells while preserving
L6 cell integrity. These findings underscore the potential of these
natural compounds in cancer therapy, with varying degrees of
cytotoxicity and cellular responses observed under electron
microscopy.

3.6 Immunofluorescent visualization of
tubulin and zyxin reorganization and FBPase
distribution

The distribution of proteins responsible for cytoskeleton
organization - zyxin and tubulin, was detected using the
immunofluorescence method, and is shown in Figure 13 for
normal cells, and Figure 14 for WEHI-164 cells. Control group
showed normal distribution and intensity of the tubulin-related
(anti-beta tubulin) and zyxin-related fluorescence, indicating

FIGURE 11
A comparison of the ultrastructure o L6 cells, treated by (A, B)CAPE (25 µM), (C, D)CurE (5 µM) and berberine (E, F) (50 µM). IV–intracellular vesicles;
LD–lipid droplets; ly–lysosomes. mt–mitochondria; Nu–cell nucleus.
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standard cytoskeletal organization. Curcumin exposure resulted in
a noticeable decrease in fluorescence intensity for both tubulin and
zyxin, suggesting cytoskeletal disruption. When cells were treated
by CurE, a reduction in intensity and some disorganization was
noted, though less pronounced as compared to Curcumin. CAPE
treatment caused significant reduction in fluorescence intensity,
indicating major cytoskeletal disruption. In cells incubated with
berberine a lower fluorescence intensity and potential structural
changes suggesting cytoskeletal disturbance were observed.
Biochanin A incubation induced a reduced intensity and altered
distribution of cytoskeletal proteins, indicating reorganization.
The obtained results indicate that the treatments with
Curcumin, CurE, CAPE, Berberine, and Biochanin A induce
disrupt cytoskeletal organization in cancer cells, potentially
impairing cell division and motility.

Immunofluorescent analysis of FBPase is demonstrated in
Figure 15 A and B.

In the cell L6 line, only in samples incubated with CurE the
fluorescence was more intense compared to the control. In the
analysis performed on the WEHI-164 cell line, the fluorescence was
significantly more intense compared to the control in samples after
incubation with CurE, berberine, curcumin and biochanin A
(Figure 15 B). Moreover, FBPase localization ceased to be
granular, becoming more homogeneous, suggesting that exposure
to CurE reduced FBPase interactions with the tubulin cytoskeleton
and/or mitochondria. FBPase released from the protein complex is
more easily accessible to antibodies. And therefore, the FBPase-
related fluorescence is more intense, as it was observed in cancer
cells, after CAPE and biochanin.

3.7 Glycogen levels regulation by
natural compounds

The evaluation of glycogen levels in L6 (rat myoblast) andWEHI-
164 (mouse fibrosarcoma) cells after exposure to natural anticancer
drugs may help to understand the metabolic impact of these
treatments. Specifically, it enables to investigate whether these
drugs disrupt glycogen metabolism, which could lead to reduced
glycolytic flux and subsequent energy deprivation in cancer cells. The
results of our analysis are shown in Figure 16. These data indicate that
L6 cells have higher baseline glycogen levels compared to WEHI-164
cells. This suggests a possible difference in glycogen metabolism or
storage capacity between the 2 cell lines. In the case of the drug
exposure, all tested compounds reduced glycogen levels in both
L6 and WEHI-164 cells, with varying degrees of impact. Berberine
and Biochanin A treatment resulted in the most significant reduction
in glycogen levels in L6 cells, suggesting a strong inhibitory effect on
glycogen storage or synthesis. Curcumin and CAPE moderately
reduced glycogen levels in L6 cells. CurE had the least effect on
glycogen levels in L6 cells, indicating it may be less effective at altering
glycogenmetabolism in this cell line. Interestingly, inWEHI-164 cells,
all treatments resulted in minor reductions in glycogen levels, but
overall the levels remained low compared to L6 cells.

The reduction in glycogen levels may indicate that these
compounds inhibit glycogen synthesis or promote glycogen
degradation, leading to decreased energy reserves in the cancer
cells. This could contribute to the observed cytotoxic effects, as
cancer cells are deprived of a crucial energy source, impairing their
proliferation and survival.

FIGURE 12
Ultrastructural effects of (A, B) biochanin A (5 µM) and (C, D) curcumin (20 µM) on L6 cells. AB–apoptotic bodies. IV–intracellular vesicles.
mt–mitochondria. Nu–cell nucleus.
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3.8 Branched-chain amino acids levels
regulated by natural compounds

Branched-chain amino acids (BCAA), including valine, leucine,
and isoleucine, are pivotal amino acids for tumour formation in a
range of human malignancies (Xu et al., 2023). A growing body of
evidence from scientific studies indicates that there are significant

alterations in the metabolism of BCAA and their associated proteins
in a number of different cancer phenotypes. This suggests that
disturbances in the metabolism of BCAA may become a significant
factor in the reprogramming of cancer metabolism (Jung et al.,
2021). Elevated levels of branched-chain amino acids (BCAA) have
been linked to the suppression of tumour growth, suggesting their
potential as anticancer agents (Martin et al., 2020). The findings are

FIGURE 13
Presentation of the effect of curcumin (20 µM), CurE (2.5 µM), CAPE (25 µM), berberine (50 µM) and biochanin A (5 µM) on L6 cells after 24 h of
incubation. Nuclei are stained blue with DAPI, zyxin is stained green with AlexaFluor488 and anti-beta tubulin antibody is stained red with AlexaFluor594.
Scale bar = 20 μm.
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illustrated in Figure 17. BCAA levels were found to be significantly
elevated in cancer cells in comparison to normal muscle cells. The
highest concentration of BCAA was observed in WEHI-164 cells
following incubation with biochanin A and berberine. The lowest
level of BCAA was observed in the cancer cells following incubation

with curcumin. In the case of L6 cells, the highest level of
luminescence is observed following the use of biochanin A. The
remaining compounds demonstrate a lower level of luminescent
activity in comparison to biochanin A, which may suggest that this
compound exerts the strongest effect on these cells.

FIGURE 14
Presentation of the effect of curcumin (20 µM), CurE (2.5 µM), CAPE (25 µM), berberine (50 µM) and biochanin A (5 µM) onWEHI-164 cells after 24 h
of incubation. Nuclei are stained blue with DAPI, zyxin is stained green with AlexaFluor488 and anti-beta tubulin antibody is stained red with
AlexaFluor594. Scale bar = 20 μm.
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3.9 Wound healing assay

The assay was performed to assess whether berberine (50 µM),
CAPE (25 µM), CurE (2.5 µM), curcumin (20 µM) and biochanin A
(5 µM) affected the migration of L6 andWEHI-164 cells. Progress in
wound healing was analysed after 12, 24, 36 and 48 h with a
microscope (magnification ×20). The following photographs
show the process of 500 μm cell-free wound gap closure
(Figures 18, 19).

Based on the obtained data (Tables 3, 4), it can be concluded
that the analysed substances inhibited the closing of the wound
gap in cancer cells from the WEHI-164 line. After 48 h of
incubation with CurE, the gap was closed by 26.12%
compared to the control, which was the lowest result of all the
analysed ones. After 48 h of incubation of WEHI-164 cells with
curcumin, the gap was closed by 37.12% and after incubation
with CAPE by 39.12% compared to the control. The strongest

wound closure was observed after 48 h of incubation with
biochanin A, where the gap was closed by 72.24%. When the
normal L6 cells was incubated substances, the gaps were closed to
a very similar extent as in the control case. The results that
differed the most from those obtained under control conditions
were obtained after 48 h of incubation with berberine, where the
gap was closed by 87.12%.

4 Discussion

The present study investigated the effects of several natural NF-κB
inhibitors (berberine, curcumin, biochanin A, CurE and CAPE) on
fibrosarcoma (WEHI-164) and normal muscle cells (L6). The results
showed that these compounds had a stronger cytotoxic effect on cancer
cells compared to normal cells, suggesting their potential as effective
anti-cancer agents. Moreover, such a selective toxicity is essential to

FIGURE 15
Presentation of the effect of curcumin (20 µM), CurE (2.5 µM), CAPE (25 µM), berberine (50 µM) and biochanin A (5 µM) on L6 and WEHI-164 cells
after 24 h of incubation using CLSM (A). Muscle FBPase stained green with AlexFluor488. Scale bar = 10 μM. Intensity of fluorescence of AlexaFluor488
(A11029) in L6 and WEHI-164 cells in arbitrary units (B); *p < 0.05.
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minimize side effects in cancer therapy. Apoptosis was induced in
WEHI-164 cells by all compounds, with CAPE and curcumin showing
significant apoptotic effects after 48 h of incubation. Other studies
revealed that curcumin and berberine can inhibit cancer cell migration
and invasion by modulating cytoskeletal dynamics and cellular
adhesion properties (Pavan et al., 2016). Our results of viability
assays confirmed the selective cytotoxicity of these compounds, with
cancer cells being more adversely affected than normal muscle cells.
Molecular docking revealed that CAPE, biochanin A and CurE
inhibited actin polymerization, indicating their potential role in
disrupting the cytoskeleton of cancer cells. Berberine’s interaction

with intracellular kinases, such as AMPK, suggests a unique
mechanism where it modulates cellular energy balance and
metabolic pathways (Kim et al., 2009). It has been shown that
curcumin is able to inhibit actin polymerization and reduce the
metastatic potential of cancer cells (Sadeghi et al., 2023). Similarly,
CAPE has been shown to interfere with microtubule dynamics, leading
to cell cycle arrest and apoptosis in cancer cells (Chuu et al., 2012).
Immunocytochemical analysis revealed increased expression of
caspase-3 and PARP-1 in WEHI-164 cells after treatment with the
tested compounds, supporting the assumption of induction of
apoptosis. Transmission electron microscopy revealed cellular stress

FIGURE 16
Measurement of glycogen levels in L6 and WEHI-164 cells in arbitrary units. Notes: (mean ± SD) N = 3.

FIGURE 17
Measurement of BCAA levels in L6 and WEHI-164 cells in arbitrary units. Notes: (mean ± SD) N = 3.
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and vacuolization in cancer cells treated with the compounds, with
more pronounced effects observed in cancer cells compared to
normal cells.

We also verified glycogen and branched-chain amino acids
(BCAA) levels. We found that all tested compounds reduced
glycogen levels. In cancer cells, glycogen metabolism can support
rapid proliferation by providing a quick energy source and
intermediates for biosynthetic pathways. It can also impact the
Krebs Cycle. The Krebs cycle (TCA cycle) relies on acetyl-CoA
derived from glycolysis and other sources. Reducing glycogen levels
could reduce glycolytic flux and thereby inhibit the TCA cycle,

potentially starving cancer cells of energy and biosynthetic
precursors (Halabe Bucay, 2007). Cancer cells often rely on
aerobic glycolysis (Warburg effect) rather than oxidative
phosphorylation (Pelicano et al., 2006). However, inhibiting
glycogen could still stress their metabolism, especially under
fluctuating glucose conditions. Compounds that decrease
glycogen levels in cancer cells can potentially inhibit their growth
by reducing available glucose for glycolysis and the TCA cycle. A
decrease in glycogen levels can lead to reduced ATP production,
slower proliferation, and increased sensitivity to other metabolic
stresses or treatments. Our findings highlight the potential of natural

FIGURE 18
Closure of the wound gap in L6 cells after 12, 24, 36 and 48 h after incubation with CurE [2.5 µM].

FIGURE 19
Closure of the wound gap in WEHI-164 cells after 12, 24, 36 and 48 h after incubation with CurE [2.5 µM].

TABLE 3 Percentage of L6 cells wound gap closure after incubation of the cells with the analyzed substances.

Concentration Incubation time

12 h 24 h 36 h 48 h

Control 24.32% 47.22% 68.82% 99.24%

Berberine [50 µM] 8.22% 23.34% 51.09% 87.12%

Caffeic acid phenethyl ester (CAPE) [25 µM] 22.98% 41.12% 72.02% 91.14%

Cucurbitacin E (CurE) [2.5 µM] 23.92% 49.12% 87.24% 93.12%

Curcun1in [20 µM] 12.93% 42.12% 74.93% 92.22%

Biochanin A [5 µM] 22.21% 34.12% 64.33% 91.12%
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compounds to disrupt cancer cell metabolism and cytoskeletal
organization, contributing to their antiproliferative and cytotoxic
effects. For anticancer therapy, targeting glycogen metabolism to
decrease glycogen levels in cancer cells could be beneficial (Khan
et al., 2020). This approach could (i) starve cancer cells, i.e., reduce
energy supply and biosynthetic precursors from glycolysis and the
TCA cycle (ii) increase stress and make cancer cells more susceptible
to metabolic inhibitors or other treatments. Natural compounds
which are potential NF-κB inhibitors can selectively induce
apoptosis, disrupt cytoskeletal organization, and impair glycogen
metabolism in fibrosarcoma cells while sparing normal muscle cells.
These compounds’ ability to reduce glycogen levels, inhibit cell
migration, and interact with cytoskeletal proteins underscores their
potential as multifaceted anti-cancer agents. By targeting both
metabolic and structural components of cancer cells, these
natural compounds offer a promising approach for cancer
therapy, enhancing the effectiveness of existing treatments and
reducing side effects.

Berberine has been combined with cisplatin (CPP) (Xiong
et al., 2022) or doxorubicin (DOX) (Almatroodi et al., 2022) in
studies showing that it enhances the cytotoxicity of cisplatin in
cancer cells while protecting normal cells from damage by
reducing oxidative stress. This combination has been
particularly investigated in lung and ovarian cancers. Similarly
CAPE also enhanced anticancer efficacy of DOX (Liang et al.,
2023). CAPER revealed promising activity in resistant breast or
colon cancers. Other studies showed that curcumin can be used
with paclitaxel by inhibiting NF-κB and reducing cancer cell
resistance, particularly in breast and ovarian cancer (Aggarwal
et al., 2005). Cur was also combined with 5-Fluorouracil (5-FU)
demonstrating synergistic effects in colon cancer (Xu et al., 2020).
Also CuE was combined with DOX (Si et al., 2019) impaired AKt
activation in gastric cancer, or with CPP inhibited the growth of
human breast cancer cells in vitro (Lan et al., 2013). Thus, these
combinations underscore the potential of using natural
compounds alongside classical chemotherapeutic agents to
improve treatment outcomes, reduce drug resistance, and
minimize side effects. Thus, our results contribute to the
growing knowledge in the use of natural compounds for cancer
treatment. However, future studies should further elucidate the
molecular mechanisms involved and explore the synergistic effects
of combining these natural inhibitors with conventional
chemotherapy and radiotherapy.

5 Conclusion

Results of the study support the hypothesis that natural NF-κB
inhibitors can selectively target cancer cells, reducing their viability
and inducing apoptosis, while sparing normal cells. This selectivity
is critical for the development of safer cancer treatments. The
findings provide a rationale for the potential use of these natural
compounds in anti-cancer therapy, particularly for fibrosarcoma.
Their ability to inhibit key metabolic pathways and induce
apoptosis in cancer cells without significantly affecting normal
cells positions them as promising candidates for further preclinical
and clinical evaluation. Although the in vitro results are
encouraging, they may not fully reflect the intricate in vivo
environment. The study is constrained by its exclusive focus on
cell lines, consequently, further research involving animal models
and clinical trials is required to validate these findings. Further
research is required to elucidate the detailed mechanisms of action
of these compounds in vivo, their pharmacokinetics, and potential
synergistic effects with existing chemotherapeutic agents. The
findings of this study demonstrate the efficacy of natural NF-κB
inhibitors in targeting fibrosarcoma cells, offering a promising
direction for the development of more effective and less toxic
cancer therapies.
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Histone deacetylase inhibition
with givinostat: a multi-targeted
mode of action with the potential
to halt the pathological cascade
of Duchenne muscular dystrophy

A. Aartsma-Rus*

Department of Human Genetics, Leiden University Medical Center (LUMC), Leiden, Netherlands

Muscle repair and regeneration are complex processes. In Duchenne muscular
dystrophy (DMD), these processes are disrupted by the loss of functional
dystrophin, a key part of the transmembrane dystrophin-associated
glycoprotein complex that stabilizes myofibers, indirectly leading to
progressive muscle wasting, subsequent loss of ambulation, respiratory and
cardiac insufficiency, and premature death. As part of the DMD pathology,
histone deacetylase (HDAC) activity is constitutively increased, leading to
epigenetic changes and inhibition of muscle regeneration factors, chronic
inflammation, fibrosis, and adipogenesis. HDAC inhibition has consequently
been investigated as a therapeutic approach for muscular dystrophies that,
significantly, works independently from specific genetic mutations, making it
potentially suitable for all patients with DMD. This review discusses how HDAC
inhibition addresses DMD pathophysiology in a multi-targeted mode of action
and summarizes the recent evidence on the rationale for HDAC inhibition with
givinostat, which is now approved by the United States Food and Drug
Administration for the treatment of DMD in patients aged 6 years and older.

KEYWORDS

dystrophinopathy, acetylation, muscle repair, myogenesis, inflammation, FAP cells,
satellite cells, miRNA

Introduction

In patients with Duchenne muscular dystrophy (DMD), the direct effect of the
characteristic lack of dystrophin is the loss of muscle sarcolemma membrane stability,
which results in DMD pathology (Mozzetta et al., 2024). DMD is characterized by
progressive loss of muscle tissues, leading to loss of ambulation and the need for
assisted ventilation, and, eventually, premature death in the 2–4th decade (Ryder et al.,
2017; Walter and Reilich, 2017). Indirectly, the loss of dystrophin results in a cascade of
pathological events in the muscle cell that include chronic inflammation and failed
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regeneration (Dowling et al., 2023). One pathological aspect
perpetuating the pathological pathways is the increased activity of
histone deacetylase (HDAC) enzymes. As such, the global inhibition
of HDAC activity has received attention as a therapeutic approach
for treating muscular dystrophies (Lamb, 2024). Preclinical and
clinical studies have demonstrated positive effects of HDAC
inhibition on multiple levels of DMD-related pathogenic events
(Mozzetta et al., 2024). Pivotal phase 3 clinical trial data have
recently been published for givinostat, an HDAC inhibitor that
was investigated in ambulant boys aged 6 years and older with DMD
(Mercuri et al., 2024). In this multicenter, randomized trial,
givinostat significantly delayed DMD disease progression
compared with placebo and had a positive risk/benefit profile.
Givinostat has recently been approved by the US Food and Drug
Administration for the treatment of DMD in patients aged 6 years
and older (Lamb, 2024; United States Food and Drug
Administration, 2024), and evaluation by the European
Medicines Agency is ongoing (Duchenne UK, 2023). The

purpose of this narrative review is to elaborate on how HDAC
inhibition addresses DMD pathophysiology in a multi-targeted
mode of action and to summarize the recent evidence on the
rationale for HDAC inhibition with givinostat.

Dystrophin and DMD

DMD results from mutations in the DMD gene encoding
dystrophin, the largest known human gene (Aartsma-Rus et al.,
2016; Okubo et al., 2017). So far, over 7,000 mutations in the DMD
gene have been identified (Aartsma-Rus et al., 2016; Bladen et al.,
2015). These mutations result in the absence of functional
dystrophin (Blake et al., 2002; Hoffman et al., 1987).

Dystrophin has a mechanical, stabilizing function in skeletal
muscle fibers by connecting the cytoskeleton—part of the contractile
machinery—to the connective tissue surrounding each muscle fiber.
Specifically, dystrophin binds to F-actin in the cytoskeleton and to a

FIGURE 1
Constitutive HDAC activity contributes to dystrophic muscle pathology. DAPC, dystrophin-associated protein complex; DMD, Duchenne muscular
dystrophy; FAP, fibro-adipogenic progenitor; HAT, histone acetyltransferase; HDAC, histone deacetylase; MuSC, muscle stem cell; NO, nitrous oxide;
NOS, nitric oxide synthase. LEFT: healthy muscle fibers with intact dystrophin and DAPC. (A)MuSC and satellite cells reside on the muscle fibers ready to
differentiate into newmuscle fibers (B) Intact DAPC regulates activity of HDAC to allow translation of muscle regeneration factors (C) In the nucleus
HDAC and HAT work in balance to regulate the expression of muscle regeneration factors RIGHT: DMD muscle with mutated dystrophin and disrupted
DAPC (D) Absent or mutated dystrophin leads to disruption of the DAPC with multiple consequences for muscle repair (E) These consequences include
damage to the sarcolemma leading to cytoplasmic leakage displacement of NOS and decreased levels of NO, which, in turn, lead to aberrant constitutive
expression of HDACs (F) Increased HDAC activity results in repression of translation and transcription of muscle repair regeneration factors (G) The
absence of gene transcription leads to changes in the production of newmyofibres from satellite cells, prolongation of inflammatory phases of repair into
a chronic state, and induction of FAP differentiation into fibroblasts and adipocytes.
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part of the transmembrane dystrophin-associated glycoprotein
protein complex (DAPC) called beta-dystroglycan, which in turn
binds to the connective tissue protein laminin (Mukund and
Subramaniam, 2020; Wilson et al., 2022; Campbell and Kahl,
1989; Ervasti and Campbell, 1993; Guiraud et al., 2015).

Normal muscle repair

Muscle contraction and relaxation cause stress to the muscle
fibers, and damage can occur during regular activity or trauma.
Muscle fibers are postmitotic, and muscle damage repair is
orchestrated by satellite cells, quiescent cells that lie on top of
muscle fibers, which are activated when there is damage. Upon
activation, satellite cells proliferate into muscle stem cells (MuSC),
which differentiate intomuscle fibers to repair the damage (Figure 1)
(Mukund and Subramaniam, 2020). Healthy skeletal muscle has a
unique immune-privileged status, with fewer antigen-presenting
cells and pro-inflammatory cells present, and no constitutive
major histocompatibility complex class I (MHCI) or II (MHCII)
expression, resulting in less necrosis and a lower capacity to generate
abscesses (Bez Batti Angulski et al., 2023; Sciorati et al., 2016).
Contraction can cause membrane damage and leakage of
cytoplasmic content into the extracellular compartment. Due to
skeletal muscle’s unique immune privilege, rapid membrane repair
mechanisms, and membrane stability conferred by intact
dystrophin, this inflammatory response is limited, controlled, and
quickly resolved in healthy muscle (Sciorati et al., 2016).

Myogenesis also depends significantly on the interaction
between satellite cells and their microenvironment (Mukund and
Subramaniam, 2020). In healthy muscle, injury is repaired by the
asymmetric division of satellite cells; the interactions of DAPC
subunits are essential for this process (Chang et al., 2018; Duan
et al., 2021; Dumont et al., 2015). The activation and migration of
satellite cells to the injury site and their proliferation and
differentiation into muscle fibers is a synchronized series of
stepwise processes. First, upon muscle injury, there is an acute
and transient innate immune system response. During this
process, the immune system will inhibit the myogenic repair
system, enabling inflammatory cells (neutrophils, eosinophils, and
macrophages) to be recruited to clear the area of debris.
M1 macrophages arrive first and induce a pro-inflammatory
phase that, in muscle, causes the secretion of cytokines,
promoting myogenic cell proliferation. In the subsequent anti-
inflammatory phase, M2 macrophages facilitate myogenic
differentiation, stimulating the activation, proliferation, and
division of satellite cells (Blau et al., 2015; Rugowska et al., 2021;
Ziemkiewicz et al., 2021). Once the damage is cleared, fibro-
adipogenic progenitors (FAPs) are activated to repair the
extracellular matrix. FAPs are muscle-resident multipotent
mesenchymal stem cells that can differentiate into adipocytes,
fibroblasts, or osteocytes. Intrinsic and extrinsic regulatory
mechanisms control the activation, proliferation, cell fate
decision, and clearance of FAPs (Molina et al., 2021). Finally,
satellite cells are activated to proliferate and differentiate into
mature muscle either by fusing with the remaining muscle fiber
or by forming a new fiber within the shell of connective tissue. Many
transcription factors are involved in muscle development and repair,

and they have a temporal sequence of activation across various
stages of myogenesis (Mukund and Subramaniam, 2020). While the
differentiation of satellite cells produces newmyofibers necessary for
muscle repair and regeneration, the self-renewal of satellite cells is
crucial for maintaining the stem cell population (Kodippili and
Rudnicki, 2023).

Failed muscle repair in DMD

The loss of functional dystrophin in DMD results in the
disassembly of DAPC complexes, reduced expression levels of
certain DAPC components, and the loss of the interaction
between the F-actin cytoskeleton and the extracellular matrix.
This leads to wide-ranging consequences, including loss of
membrane and myofiber integrity, impaired muscle fiber
contractile activity, contraction-induced membrane rupture, and
progressive muscle degeneration (Figure 1) (Dowling et al., 2023;
Kodippili and Rudnicki, 2023). The membrane leakage leads to
continuous release of cytoplasmic content, including damage-
associated molecular patterns that are ligands to toll-like
receptors, P2RX7, and other pattern recognition receptors on
muscle and adaptive immune cells (Bez Batti Angulski et al.,
2023; Giordano et al., 2015; Henriques-Pons et al., 2014;
Sinadinos et al., 2015). Pattern recognition receptors activate
downstream signaling cascades and initiate the innate immune
response, and pro-inflammatory cytokines induce the expression
of MHCI and MHCII on muscle fibers, removing the immune
privilege (Bez Batti Angulski et al., 2023).

Membrane leakage also results in abnormal calcium handling
and associated proteolytic degradation of muscle proteins, leading to
a cascade of pathological events in the muscle cell and a
desynchronization of the repair processes with failure of proper
myogenic repair (Dowling et al., 2023).

Compared with the cycling states in normal muscle tissue, the
innate and adaptive immune system becomes chronically activated
in patients with DMD, inhibiting muscle repair even at locations
where the debris has been cleared. The chronic inflammatory
response in muscle fibers of patients with DMD is maintained by
overlapping pro- and anti-inflammatory signaling, preventing the
full resolution of inflammation (Bez Batti Angulski et al., 2023).
FAPs are improperly activated and persist at sites of tissue damage.
Here, they produce excess connective tissue leading to fibrosis and
differentiate into fibroblasts and fat cells that produce fat tissue
(adiposis) (Giuliani et al., 2022). TheMuSCsmaintain a proliferative
state, and due to the signals from inflammatory cells and FAPs, they
transdifferentiate into FAPs—additionally, increased symmetric
satellite cell expansion results in satellite cell hyperplasia. Fewer
asymmetric cell divisions lead to low myogenic progenitor cell
numbers (Kodippili and Rudnicki, 2023).

Functions of HDACs

HDACs are evolutionarily conserved enzymes that remove
acetylated groups from lysine residues in histones. This action
leads to a “closed” histone structure and reduced DNA
accessibility. The HDAC counterparts, histone acetylases, add

Frontiers in Cell and Developmental Biology frontiersin.org03

Aartsma-Rus 10.3389/fcell.2024.1514898

74

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1514898


acetyl groups to proteins, leading to an “open” histone structure and
increased DNA accessibility for transcription factors (Eslaminejad
et al., 2013; Mozzetta et al., 2024).

The combinations of histone modifications determine their
overall interaction with DNA, leading to activation and/or
inhibition of transcription (Eslaminejad et al., 2013). Many
chromatin states are regulated and maintained in a tissue-specific
way, ensuring DNA is accessible at specific times and precise
locations (Mariño-Ramírez et al., 2005). Specifically, the
acetylation and deacetylation of proteins influence important
processes in muscle cells (Sandonà et al., 2023).

HDACs have many roles (Molinari et al., 2023; Sandonà et al.,
2023); by both directly and indirectly regulating gene expression,
they also control key cellular processes through the deacetylation of
non-histone proteins and act as effectors in response to
physiological and pathological signals (e.g., acetylation of SMADs
can dampen TGF-β signaling by reducing SMAD phosphorylation)
(Osseni et al., 2022). Genetic and pharmacological manipulations of
HDACs in both in vitro and in vivo settings have emphasized their
crucial role in the maintenance and adaptation of skeletal muscle
metabolism (Molinari et al., 2023).

Increased levels of HDACs in DMD

A lack of dystrophin results in HDAC hyperactivity, which
exacerbates, at least in part, the pathological processes outlined
above. Dystrophin, as part of the DAPC, has many other important
roles in addition to providing mechanical stability to muscle fibers
(Dowling et al., 2023). It is crucial for signal transduction between
the internal and external environments of the muscle cell, providing
a scaffold responsible for the membrane localization of signaling
proteins. In health, the DAPC anchors a variety of signaling
molecules to their functional sites at the sarcolemma via the
syntrophin protein. One such is the enzyme nitric oxide synthase
(NOS), which regulates the intramuscular generation of nitric oxide
and microribonucleic acids (miRNAs) required for muscle tissue
maintenance and regeneration. This is achieved through the
modification of HDACs (Marrone and Shcherbata, 2011). In
DMD, dystrophin loss and DAPC disassembly lead to the
displacement of muscle-specific NOS. The resultant reduction in
nitric oxide generation leads to an aberrant, constitutive
hyperactivation of HDACs due to NO-mediated S-nitrosylation
(Kodippili and Rudnicki, 2023; Marrone and Shcherbata, 2011;
Sandoná et al., 2016).

The consequences of constitutive
HDAC activity

Aberrant and constitutive hyperactive HDACs in patients with
DMD cause excessive acetyl group removal from histone proteins,
preventing transcription of key homeostatic genes (Mozzetta et al.,
2024), resulting in a decrease in the levels of myogenic miRNAs
(Rugowska et al., 2021).

This has many pathological consequences for muscle damage
repair. First, the immune system becomes chronically activated in
the muscle (Rosenberg et al., 2015). HDACs appear to have a role in

the regulation of the immune response (Licciardi and Karagiannis,
2012; Sweet et al., 2012). In the context of DMD, in which immune
cells infiltrate muscles and contribute to disease pathology, the
constitutive hyperactivity of HDACs affects the balance between
pro-inflammatory and anti-inflammatory immune cell populations,
thereby influencing disease progression (Figure 1) (Bez Batti
Angulski et al., 2023; Kulthinee et al., 2022; Licciardi and
Karagiannis, 2012). Specifically, HDAC hyperactivity has been
associated with the suppression of regulatory T cells through the
deacetylation of Foxp3 (Beier et al., 2011).

Second, it results in altered FAP activity. The FAPs stall in
connective tissue production mode and become fibroblasts and fat
cells instead of supporting the satellite cells to differentiate and
repair muscle (Figure 2) (Marrone and Shcherbata, 2011; Ren et al.,
2024; Rugowska et al., 2021; Saccone et al., 2014; Sandoná et al.,
2016). Evidence from a DMD mouse model (mdx) has revealed an
HDAC-regulated network that consists of myogenic miRNAs and a
chromatin remodeling complex that is able to activate the myogenic
program in FAPs. HDAC-mediated repression of myogenic
miRNAs is reported in dystrophic muscles (Saccone et al., 2014).

Third, activated satellite cells cannot differentiate into new fibers
without FAP involvement (Figure 1). Hyperactive HDACs
deacetylate faster than HATs (Hyperactive HDACs deacetylate
faster than HATs acetylate), thereby reducing the activity of
transcription factors and co-factors critical for myogenic
differentiation, such as MyoD and MEF2 (Marrone and
Shcherbata, 2011; Rugowska et al., 2021) and impairing the
differentiation of satellite cells (Marrone and Shcherbata, 2011;
Ren et al., 2024). This leads to ineffective muscle repair and
regeneration in patients with DMD. Furthermore, the FAPs
produce factors causing activated satellite cells to
transdifferentiate into fibroblasts and lose muscle repair
capability (Molina et al., 2021; Ren et al., 2024).

Proteins other than histones are also regulated by the addition
and removal of acetyl groups, which can further exacerbate muscle
damage and pathology in DMD. For example, a key regulator of
fibrosis, TGF-β, works by triggering the addition of a phosphate
group to a protein complex, SMAD, leading to fibrosis (Biernacka
et al., 2011). Normally, this process is inhibited by SMAD acetylation
(Osseni et al., 2022). However, with HDAC hyperactivity, these
acetyl groups are actively removed, reducing the threshold for
adding phosphate groups and thus further increasing fibrosis.

HDAC inhibition in dystrophinopathy

The finding that dystrophin deficiency leads to constitutive
HDAC activation in muscles has provided a rationale for
investigating HDAC inhibitors such as givinostat in DMD
(Lamb, 2024): given that multiple muscle damage and repair
processes are exacerbated by excessive HDAC activity, inhibiting
HDAC activity could improve muscle repair and alleviate DMD
pathology. HDAC inhibition is expected to allow immune cells to
transition from a pro-inflammatory state to a modulatory state,
which would diminish the immune response and reduce the
inhibition of muscle repair processes. HDAC inhibition might
also direct FAPs to regain their supportive role in muscle repair
and prevent their production of fat and connective tissues. Evidence
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suggests that FAPs exposed to HDAC inhibitors increase the
extracellular vesicle levels of a subset of miRNAs that target
biological processes such as regeneration, fibrosis, and
inflammation (Sandonà et al., 2020). Satellite cells can also be
prompted to differentiate into muscle fibers rather than
remaining stalled in proliferation mode (Figure 2) (Kodippili and
Rudnicki, 2023).

Exposure of mdx mice to HDAC inhibitors demonstrated
therapeutic effects in dystrophinopathy, including histological
improvement in fibrosis and inflammation, as well as enhanced
muscle regeneration, decreased membrane permeability, and
increased muscle strength and performance (Mozzetta et al., 2024).

Effects of givinostat in DMD

Although HDAC inhibitors have been in development for many
years and for many diseases, relatively few have been approved for
use in specific indications (Mozzetta et al., 2024). HDAC inhibitors
have a narrow therapeutic window; doses above a certain threshold
are required for a therapeutic effect, but high doses can be associated
with dose-limiting side effects (Sandonà et al., 2023).

Givinostat is an orally bioavailable, potent HDAC inhibitor
(Lamb, 2024; United States Food and Drug Administration,

2024) designed to overcome the challenges observed in previous
studies (Mozzetta et al., 2024). Unlike other HDAC inhibitors,
givinostat has shown efficacy at dosing levels that are generally
tolerated (Lamb, 2024; Mercuri et al., 2024).

On a molecular level, HDAC inhibition by givinostat leads to a
cascade of changes in gene expression, protein function, and cellular
processes. Specifically, one effect of HDAC inhibition by givinostat
leads to hyperacetylation of histones, resulting in a more open and
relaxed chromatin structure. Consequently, transcription factors
and other regulatory proteins can more easily access DNA,
enhancing the transcription of genes involved in muscle repair
and anti-inflammatory responses. The effects of this inhibition by
givinostat have been consistently demonstrated throughout a
defined preclinical and clinical program.

Preclinical evidence of
givinostat efficacy

The effect of givinostat on myogenic miRNAs has been
investigated in mdx mice. In untreated mdx versus wild-type
mice, 120 miRNAs were found to be significantly upregulated
and 66 were found to be significantly downregulated (Licandro
et al., 2021), and correlations noted with patients with DMD

FIGURE 2
Multiple effects of HDAC inhibition on DMD-related pathogenesis. DMD, Duchenne muscular dystrophy; EV, extracellular vesicle; FAP, fibro-
adipogenic progenitor; HDACi, histone deacetylase inhibitor, MuSC, muscle stem cell. HDAC inhibition leads to (A) Reduction in hyperacetylation of
chromatin by HDAC and restoration of gene transcription (B) Increase in the number of EVs produced by FAPS that contain microRNAs that influence the
biological processes controlling muscle regeneration, fibrogenesis, and inflammation (C)Decrease in the differentiation of FAP cells into adipocytes
and fibroblasts (D) Decrease in chronic inflammation and reduction in inflammatory cytokines, which also reduces fibrosis (E) Increases transcription of
muscle genes and decreases myofiber membrane leakage andmyofiber degeneration/necrosis. Inhibits activation of TGF-β signaling (F) Increases fusion
of myoblasts into differentiated myotubes (G) Increases formation of regenerating, center-nucleated myofibers.
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(Cacchiarelli et al., 2011; Licandro et al., 2021). Furthermore, specific
miRNAs have been shown to correlate with DMDpathology. Inmdx
mice, givinostat was shown to induce miRNAs (miR-449a-5p and
miR-92b-3p) that are known to be linked to stem cell pluripotency
and are reduced in patients with heart failure (Licandro et al., 2021).
Both in vitro and ex vivo, givinostat restored human DMD FAP
ability to support MuSC differentiation into multinucleated
myotubes, indicating that additional events resulting from DAPC
disassembly can be dysregulated in DMD MuSCs (Sandonà et al.,
2020). The muscle regeneration factor, miR-206, is repressed in
DMD MuSCs (Cacchiarelli et al., 2011); and could be compensated
by FAP-derived EVs-miR-206 to restore MuSC ability to regenerate
dystrophic muscle (Sandonà et al., 2020).

Histopathological analysis also demonstrated improvements
with givinostat treatment. Givinostat significantly reduced fibrosis
by up to 30%–40% inmdxmice compared with healthy controls and
reduced inflammation (Consalvi et al., 2013). In another study,
givinostat also reduced fibrosis, necrosis, and fat replacement in
skeletal muscle tissue in mdx mice (Licandro et al., 2021). Fibrosis,
often regarded as the most detrimental consequence of disease
progression in DMD mouse models, arises from complex
interactions between resident cell types and inflammatory
infiltrates. The myeloperoxidase (MPO) enzyme produced by
neutrophils, monocytes, and macrophages serves as a marker for
quantifying inflammation linked to muscle degeneration in
muscular dystrophies. Significantly reduced MPO activity was
observed in the muscles of mdx mice treated with givinostat
compared to those treated with a vehicle control. These results
were also supported by functional improvements in mdx mice,
where givinostat treatment resulted in muscle regeneration.
Histological images showed that givinostat increased muscle fiber
diameter (measured as myofiber cross-sectional area) in mdx mice
compared to control (Consalvi et al., 2013). Givinostat treatment
resulted in increased muscle strength, demonstrated by dose-
dependent improvements in the grip test (Licandro et al., 2021).
Improvements were also seen in the treadmill exhaustion test, both
in terms of distance covered and time to exhaustion (Consalvi et al.,
2013; Licandro et al., 2021).

First-in-human evidence of HDAC
inhibition by givinostat

Orally administered givinostat 50 or 100 mg transiently reduced
the in vitro production of pro-inflammatory cytokines (while not
affecting anti-inflammatory cytokines) in a phase 1 trial in healthy
males. After seven daily doses of givinostat 200 mg, the reductions in
cytokine production were generally similar to those following the
initial dose (Furlan et al., 2011).

Clinical evidence of givinostat efficacy

In an open-label, two-part, phase 2 study, the histological effects
of givinostat were analyzed in 20 ambulant boys with DMD (Bettica
et al., 2016). The histological effect of givinostat treatment was
confirmed, with a significant increase in muscle tissue and
reductions in fibrosis, tissue necrosis, and fatty replacement.

Givinostat was subsequently shown to slow DMD progression in
a placebo-controlled phase 3 trial, in which both groups continued
to receive corticosteroids. The results indicated that over 18 months
of treatment, givinostat significantly improved muscle function and
strength compared with the placebo group. It effectively slowed the
progression of muscle degeneration in the participants. The primary
endpoint, change in four-stair climb from baseline, was met. All
secondary endpoints were in favor of givinostat, including other
timed function tests, the North Star Ambulatory Assessment and
muscle strength. Givinostat reduced fat infiltration in the vastus
lateralis in patients with DMD by 30%. Magnetic resonance
spectroscopy evidence suggested less fat infiltration in the vastus
lateralis at 72 weeks with givinostat compared to control group
(LSM difference in fat fraction −2.92% [–5.64 to −0.20] (Mercuri
et al., 2024). These findings are consistent with those observed in the
givinostat pre-clinical studies (Consalvi et al., 2013; Licandro et al.,
2021) and phase 2 clinical trial (Bettica et al., 2016).

In terms of safety, givinostat was generally well tolerated. The
most common side effects were mild to moderate and included
monitorable gastrointestinal symptoms such as diarrhea,
thrombocytopenia and hypertriglyceridaemia, and were
manageable with dose adjustments. No severe or serious adverse
events were directly related to the drug or resulted in study
withdrawal (Mercuri et al., 2024).

Future considerations for
combination treatment

Now that givinostat is approved by the Food and Drug
Administration (United States), there is an opportunity for
combination with other approved treatments that induce
production of partially functional dystrophin. The expectation
is that the combination would have added benefit, as the
dystrophin-restoring approaches rely on the presence of
muscle and muscle quality. The micro-dystrophin gene
therapy approach (delandistrogene moxeparvovec) relies on a
muscle-specific promotor and thus the transgene will only be
expressed in skeletal and cardiac muscle (Hoy, 2023).
Furthermore, the micro-dystrophin is only partially functional
and will slow down but not stop pathology. As such, a second
treatment aiming to slow down muscle pathology should be
beneficial. The exon skipping approach (eteplirsen, golodirsen,
casimersen and viltolarsen) uses antisense oligonucleotides that
target exons during pre-mRNA splicing of dystrophin transcripts
(Aartsma-Rus, 2023). These transcripts are only produced in
muscle tissue and not in fibrosis or adipose tissues. For exon
skipping however, an added benefit of givinostat co-treatment is
expected, as it has been shown that dystrophin transcript
expression is reduced in patients with DMD due to chromatin
remodeling. It is expected that givinostat treatment can increase
dystrophin expression per se. Without exon skipping, this would
not lead to dystrophin protein production; after exon skipping, it
would. Indeed, in the mdx mouse model, treatment with mouse
specific exon skipping compounds and givinostat resulted in
increased levels of dystrophin transcripts and protein
compared with exon skipping by itself (García-Rodríguez
et al., 2020).
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Conclusion

DMD pathogenesis is complex and multifaceted. All currently-
available dystrophin-restoring treatments restore only partially
functional dystrophins that may slow down disease pathology,
but the pathophysiological processes remain inevitable. HDACs
have been shown to be hyperactive in patients with DMD and
contribute to this pathology, therefore HDAC inhibition has arisen
as a potential therapeutic option. Through its novel, multi-targeted
mode of action, the HDAC inhibitor givinostat has demonstrated
the potential to address the pathophysiological cascade of DMD by
targeting key pathological events originated by the lack of
dystrophin. The reduction of muscle degeneration is achieved by
lowering inflammation in the muscle, reverting inhibition of
myogenesis, promoting muscle regeneration, and decreasing
fibrogenesis and adipogenesis in patients with DMD.

Givinostat is the first nonsteroidal treatment for DMD to be
approved for use irrespective of the specific genetic variant
underlying the disease and received its first approval for the
treatment of DMD in patients ≥6 years old in March 2024 in the
United States (Lamb, 2024). Ongoing clinical studies continue to
evaluate the potential of HDAC inhibition in DMD and other
disorders where elevated HDAC activity plays a role.
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Background: Patients with duchenne muscular dystrophy (DMD) have an

increased risk of complications when they undergo sedation or general

anesthesia. However, due to improvements in cardiopulmonary therapies during

anesthetic care, patients with DMD are experiencing an unprecedented duration

of survival. We performed a systematic analysis to assess the benefits and risks of

pharmacological interventions for the management of anesthesia and sedation

in DMD patients.

Methods: We included any type of study reporting any drug intervention

to manage anesthesia and sedation in participants previously diagnosed

with DMD. Our primary outcomes were the onset time, recovery time, and

neurodevelopmental disabilities. Seven electronic databases and three clinical

trial registry platforms were searched. Data from the eligible studies were

combined to calculate pooled risk ratios or standardized mean di�erences, and

some included studies are presented in a narrative synthesis.

Results: Forty studies with 196 DMD participants were included in the analysis.

Compared with those of the control group, the sensitivity of patients with

DMD to neuromuscular blocking agents (NMBAs) may have resulted in a

prolonged onset time [MD = −0.96, 95% CI (0.71, 2.60), I
2 = 33%, P <

0.0001] and recovery time [MD = 2.22, 95% CI (1.14, 3.30), I
2 = 76%, P

< 0.0001] from anesthesia. The neuromuscular blocking e�ects showed a

significant age dependence in DMD patients, and the safe use of 2 mg/kg

sugammadex to antagonize deep neuromuscular blockade and rapid recovery

has been reported. Furthermore, DMD patients are at risk of developing

malignant hyperpyrexia with general/inhaled anesthesia, and dantrolene is often

used for e�ective rescue. In addition, general anesthesia and central neuraxial

blockade in patients with severe DMD are unsafe because respiratory depression

and myocardial complications may occur after the administration of volatile

anesthetics and depolarizing muscle relaxants (succinylcholine) during the

induction of anesthesia.
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Conclusions: Patients with DMD are more sensitive to NMBAs with delayed

onset times and prolonged recovery times. Precautions for DMD patients

should include quantitative neuromuscular monitoring, electrocardiographic

monitoring and rapid airway protection throughout anesthesia. Compared with

general anesthesia, regional anesthesia may be a relatively safe option.

KEYWORDS

Duchenne muscular dystrophy, sedative, anesthesia, pharmacological interventions,

systematic review, meta-analysis

1 Introduction

Duchenne muscular dystrophy (DMD) is a progressive

neuromuscular disease transmitted by X-linked inheritance with

an incidence of ∼1 in 3,500 live male births (1, 2). The onset

of clinical symptoms usually occurs during early childhood, and

progression of the disease leads to a loss of ambulation in late

childhood. At present, no cure exists for DMD, and treatment is

aimed at minimizing symptoms (3).

Since patients with DMD present a wide range of symptoms,

the associated treatment of health concerns is particularly necessary

for each individual patient. Thus, patients with DMD often require

anesthetic care during muscle biopsy or correction of progressive

orthopedic deformities (4). Depending on the type of surgical

procedure and the neurocognitive level of the patient, options

include general anesthesia, regional anesthesia or procedural

sedation (5, 6). However, the potential impacts of DMD on

perioperative morbidity and even mortality cannot be ignored, as

the literature has suggested a significantly increased risk during

anesthetic care in these patients (8, 9). Earlier reports have outlined

the potential for perioperative mortality with cardiac arrest and

death in 2 of 25 patients requiring anesthetic care (10).

However, more recent reports have shown that with a

better understanding of the pathophysiology of the disease, end-

organ involvement and improvements in favorable perioperative

care outcomes are possible even in this challenging patient

population. In a review of 91 DMD patients who underwent 232

orthopedic surgical procedures, Muenster et al. reported no severe

anesthesia-related complications and no cases of unexplained

fever or rhabdomyolysis (11). Furthermore, in nearly all patients,

neuromuscular blockade agents (NMBAs) were used; therefore,

the complete spontaneous recovery of neuromuscular blockade

(NMB) in DMD patients remains unclear, and the safest anesthetic

technique has yet to be established (12–16).

Given the indispensable nature of sedatives and/or analgesia in

DMD surgery/diagnosis and the frequency with which medically

compromised DMD patients present for treatment, an increased

need exists for reliable data that can inform clinical decision-

making. Moreover, the relevant question of whether developments

and changes in anesthetic techniques in recent years have improved

the safety of anesthesia in this special group of DMD patients

has gradually attracted widespread attention, but no studies have

been published. Thus, the present review aimed to search for

current evidence related to the use of analgosedation in the context

of both the drugs used and their side effects and to formulate

recommendations in this respect. This review is an up-to-date

summary of the medical literature concerning this topic and

identifies areas in need of future research.

2 Materials and methods

This systematic review and meta-analysis was performed

according to the recommendations in the Preferred Reporting

Items for Systematic Reviews and Meta Analyses (PRISMA)

statement and the guidelines described in the Cochrane

Handbook (17).

2.1 Search strategy

Our search comprised three English electronic databases

(PubMed, Embase, and Cochrane Library) and four Chinese

electronic databases (China National Knowledge Infrastructure,

Wan Fang Database, Chinese Biomedical Literature Database, and

VIP Database for Chinese Technical Periodicals). Three clinical

trial registry platforms were used to identify additional studies,

including Clinical Trials.gov, the World Health Organization

Clinical Trials Registry Platform and the Cochrane Central Registry

of Controlled Trials. The search strategy was specific for each

database and included a combination of medical subject headings

and free text terms (“DMD” or “Duchenne muscular dystrophy”)

and (“sedation” or “anesthesia” or “analgosedation”). We looked

for additional studies in the reference lists of the selected articles

and contacted the authors when the information was unclear. The

deadline for the retrieval of all studies was September 2024.

2.2 Inclusion criteria

The following studies were included: (1) studies examining

human participants of any age and sex who were previously

diagnosed with DMD; (2) any type of drug intervention

used for the management of pain and/or sedation; (3) type

of study—randomized/non-randomized controlled trials (RCTs),

observational studies, case series, and case reports reporting

on patients with previously diagnosed DMD; (4) outcomes—

the degree and effectiveness of sedation provided by different

pharmacological agents, feasibility, and tolerability were assessed,

whereas the secondary outcomes included other adverse events.
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The exclusion criteria were as follows: (1) studies with incomplete

or missing information; (2) studies were not published in Chinese

or English; (3) abstracts from conferences and unpublished data;

(4) no outcomes related to sedative/narcotic drugs or a lack of a

specific sedative/narcotic drug detailed regimen.

2.3 Data extraction

Two authors independently extracted the data using a

previously designed data extraction table. The data extracted

were the authors, year of publication, country, experimental

design, sample size, mean age, intervention measure, dose, type of

procedure, and any outcome that met the inclusion criteria.

Two independent reviewers screened all the titles and abstracts

to identify potentially eligible articles. They independently applied

the eligibility criteria to perform the final selection. When

discrepancies occurred between the two reviewers regarding the

inclusion of the articles, they discussed and identified the reasons

to either include or exclude the articles and then made the final

decision. If they could not reach an agreement, the final decision

was made by a third reviewer.

2.4 Risk of bias assessment

The Interventions’ (MINORS) tool was used to assess the risk

of bias in non-randomized studies (18). The quality of case report

studies was evaluated using the Joanna Briggs Institute of Australia

(JBI) quality assessment tool (19).

2.5 Statistical analysis

The meta-analysis was conducted with RevMan 5.3. The

data were pooled and reported as relative risks (RR) or Mean

Difference (MD) with 95% confidence interval (CI). Heterogeneity

was assessed using I-squared (I2) statistics. A fixed effects model

was initially constructed. If significant heterogeneity existed

among trials (I2 > 50%), potential sources of heterogeneity were

considered, and where appropriate, a random effects model was

used (20, 21). We planned to report outcome data in tables if a

meta-analysis was deemed inappropriate, for example, because of

clinical or statistical heterogeneity.

3 Results

3.1 Study search and characteristics

The titles and abstracts of a total of 734 studies were screened,

of which 670 were deemed irrelevant (Figure 1). The full texts of

the remaining 64 studies were read, and 24 were excluded, leaving

40 studies with 196 patients to be included (35 case reports and five

non-randomized controlled trials; Tables 1–3) (4, 7, 12–16, 22–54).

All patients needed sedation or anesthesia before surgery

or diagnostic procedures, had an American Society of

Anesthesiologists (ASA) grade of I–III, and had no history of

allergies. Most of the patients were male, whereas three were

female and underwent radical mastectomy, cesarean section, and

laparoscopic hysterectomy (25, 36, 43). The age ranged from 5 to

58 years. The sample sizes of the included studies varied between 1

and 29. The studies were conducted in Korea (n= 4), Iran (n= 2),

China (n= 3), Germany (n= 2), America (n= 9), Turkey (n= 2),

the UK (n = 3), the Netherlands (n = 2), Italy (n = 1), Japan (n =

5), France (n = 1), Brazil (n = 1), Belgium (n = 1), and India (n =

4) from 1995–2019. Some patients with DMD underwent general

anesthesia for percutaneous nephrolithotomy, muscle biopsy,

corrective orthopedic surgery, laparoscopic cholecystectomy,

tumor excision, cholelithiasis, cholecystectomy, etc. Some other

patients with DMD underwent local anesthesia for reduction

internal fixation, upper extremity amputation, fistulectomy

and intercostal nerve blocks. In addition, some patients with

DMD underwent general anesthesia supplemented with regional

anesthesia for laparoscopic cholecystectomy and traumatic cataract

surgery. The duration of most anesthesia operations arranged from

30min to 2 h.

3.2 Quality assessment (risk of bias
assessment)

The quality of case report studies was evaluated using the

JBI quality assessment tool. Thirty-five case report studies were

included (4, 7, 22–54). The results of the quality evaluation

revealed that 82.86% (29/35) of the studies described adverse

events and unexpected events, 88.57% (31/35) of the studies clearly

described patients’ history and the researched intervention and/or

treatment measures, 88.57% (31/35) of the studies clearly described

patients’ demographic characteristics. A total of 91.43% (32/35)

of the studies clearly described the health status of the patients

after the intervention, and 61.5% (8/13) of the studies described

the implications of the study. A total of 85.71% (30/35) of the

studies clearly presented the current clinical health problems of

the patients. Eighty percent (28/35) of the studies clearly described

the diagnosis, assessment method, and outcomes, indicating that

the overall quality of case reports was high. The results of quality

evaluation of the case reports are shown in Table 4.

A methodological appraisal of the selected non-randomized

studies using theMINORS tool is presented in Table 5 (50–54). The

assessment scores ranged from 11 to 13, with a maximum global

score of 16. Three studies clearly stated the aim of the investigation,

reported the prospective collection of data, and properly described

the main outcomes. Additionally, no loss of treated subjects during

the follow-up period was reported. However, limitations were

found in the description of the inclusion of consecutive patients and

in the prospective calculation of the study size (50–54). Thus, three

studies were classified as “moderate quality” (51, 53, 54) and two

studies as “high quality” (50, 52).

3.3 Preoperative evaluation

The cardiac status needs to be carefully considered in the

preoperative evaluation of DMD patients. Most of the included
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FIGURE 1

Flow diagram of selecting study.

studies performed electrocardiography or pulmonary auscultation

before surgery and reported the results. The American Society of

Anesthesiologists’ physical status of the patients was reported to

be I–III (13, 14, 31, 51). The preoperative evaluation should focus

on the end-organ involvement of DMD, its evaluation, and the

development of an anesthetic drug plan based on these findings.

In addition to cardiac involvement, as noted above, respiratory

involvement is universally present in patients with DMD. For

a full discussion regarding the respiratory concerns of patients

with DMD, the reader is referred to the review in the journal

written by the pulmonologists who participated in the development

of the consensus statement from the American College of Chest

Physicians (55).

3.4 Pharmacological interventions

Tables 1, 2 present the drug management strategies used for

DMD patients during the induction, maintenance, and recovery

periods from anesthesia. Five non-randomized controlled trials

compared the DMD group with the control group. Wick et al.

(51) determined the onset time and complete spontaneous recovery

from neuromuscular blockade after the administration of a

standard dose of 0.6 mg/kg rocuronium in patients with advanced

DMD compared with controls. Ihmsen et al. (50) compared

children with DMD with normal patients to investigate the effects

of mivacurium on neuromuscular blockade. Tino Muenster et al.

investigated the onset time, peak effect and complete spontaneous

recovery from neuromuscular blockade after the administration

of a single dose of 0.3 mg/kg rocuronium in DMD patients and

compared the data with those of controls (52). Ririe et al. (53)

used vecuronium to characterize the neuromuscular blockade of

patients with DMD and the response to that of the controls. In

addition, Kako et al. (54) evaluated a combination of ketamine with

two different doses of dexmedetomidine for sedation duringmuscle

biopsy in patients with DMD.

3.4.1 Main mode of anesthesia
Twenty-six of the included studies involved general anesthesia

(4, 12–16, 22–24, 28, 30–32, 37, 39–41, 44, 47–54). Standard

intraoperative monitoring, including electrocardiography,

automatic blood pressure, and pulse oximetry, was used in

the studies. General anesthesia was mostly induced with

propofol, fentanyl, pentothal sodium, and midazolam (22–

26, 50–52). Rocuronium was administered as a muscle relaxant

(14, 15, 24, 32, 39, 48). Anesthesia was mostly maintained with

propofol and remifentanil with an oxygen–air mixture (13, 14, 22–

25, 28–31). Moreover, a few studies used inhalation induction for

general anesthesia with sevoflurane and nitrous oxide (28, 40, 41).

Six studies included regional anesthesia (26, 27, 35, 36, 42,

43). These studies reported local nerve blockade with lidocaine,
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TABLE 1 Characteristics of included non-randomized controlled trials.
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e
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)

R
e
c
o
v
e
ry

ti
m
e
(m

in
)

Ihmsen
et al. (50)

Iran 8 6.3± 1.6 25± 8 Control group
children

General anesthesia The plasma
cholinesterase
activity was
within the
normal range

Midazolam
orally 45min

2 g/kg fentanyl
and
3 mg/kg
propofol

8 mg/kg propofol
and remifentanil

NA NA NA 2.0
(1.3–3.0)

8.5
(6.5–12.0)

8 13.5±
2.6

54± 9 Control group
adolescents

NA NA 2.5
(2.0–3.5)

9.1
(7.5–9.8)

11 7.9± 1.2 27± 6 DMD group
children

NA NA 2.2
(1.5–4.7)

12
(3.0–21)

11 13.8±
1.5

54± 20 DMD group
adolescents

NA NA 4.0
(1.8–7.0)

18
(4.5–45)

Wick et al.
(51)

Germany 12 13.3±
2.0

49.8±
13.6

DMD group General anesthesia ASA III 3.75mg
midazolam

2–3 µg/kg
fentanyl,
3 mg/kg
propofol

8–12 mg/kg
propofol,
remifentanil

5–7 h NA NA 203
(90–420) s

71.0
(39–144)

12 13.8±
3.0

54.5±
15.9

Control group ASA I 2–3 h NA NA 90
(60–195) s

16.8
(13–36)

Muenster
et al. (52)

Germany 12 13.5±
1.7

60.5±
9.8

DMD Group Generalanesthesia Early left
ventricular
hypertrophy

3.75mg
midazolam
orally 45min

2–3 µg/kg
fentanyl and
propofol
3 mg/kg

8–12 mg/kg
propofol,
remifentanil

5–7 h NA NA 315
(120–465) s

72.0
(36–141)

12 13.7±
2.8

53.8±
17.8

Control group NA 2–3 h 195
(75–270) s

13.8
(7–18)

Ririe et al.
(53)

USA 8 12
(11–15)

NA DMD Group General anesthesia ASA I 1 mg/kg oral
midazolam

10 µg/kg
glycopyrrolate,4
mg/kg
thiopental, 5–10
µg/kg fentanyl

2–5 µg/kg/h
fentanyl, 0.03
mg/kg midazolam

NA NA NA 28
(15–43)

36
(13–52)

8 12
(8–18)

NA Control group NA NA 20
(14–33)

6
(4–9)

Kako et al.
(54)

USA 24 9.7± 1.4 33.3±
7.7

DMD with 1
µg/kg
dexmedetomidine

Procedural
sedation

ASA nil per os 0.5 mg/kg
midazolam,
topical lidocaine
cream

Dexmedetomidine
and 1 mg/kg
ketamine

1 µg/kg
dexmedetomidine

21±
5min

15 mg/kg
acetaminophen

Airway
obstruction;
vomiting

3.7± 2.3 174± 58

29 8.8± 1.8 30.2±
10.8

DMD with 0.5
µg/kg
dexmedetomidine

Dexmedetomidine
and 1 mg/kg
ketamine

0.5 µg/kg
dexmedetomidine

22±
7min

Vomiting 2.8± 1.6 146± 65
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TABLE 2 Characteristics of included case reports of DMD patients.
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Kim and

Chun (22)

Korea 1 11 53 DMD with percutaneous

nephrolithotomy

General

anesthesia

Glycopyrrolate

0.2mg was

injected

intramuscularly

5 mg/kg

opentothal

sodium and 5mg

omidazolam

250

mg/kg/min

propofol and

0.3 mg/kg/min

oremifentanil

2.0 mg/kg

sugammadex

(106mg)

90min NA No adverse

event

Jung et al.

(24)

Korea 1 6 19 DMD with muscle biopsy General

anesthetia

No

premedication

Midazolam 1mg,

fentanyl 25 µg,

Rocuronium

bromide 6mg

Propofol 4mg

pyridostigmine

and 0.16mg

glycopyrrolate

45min NA No

complication

Bang et al.

(26)

Korea 1 22 47 DMD with a left distal femur

fracture and needed to

undergo reduction and

internal fixation

Peripheral

nerve

blocks

20ml of

0.375%

ropivacaine

NA 15 and 5ml of

0.375%

ropivacaine

into the

femoral nerve

and the lateral

femoral

NA 40min NA NA

Büget et al.

(27)

Turkey 1 17 NA DMD with upper extremity

amputation

Regional

anesthesia

1% lidocaine 30ml 0.5%

bupivacaine

NA 2 h NA Fever of

39◦C

de Boer

et al. (12)

Netherlands 1 9 46 DMD with a humerus

fracture

General

anesthesia

1,000mg

paracetamol

8–12 mg/kg

propofol,

0.05–0.20

µg/kg/min

remifentanil,1.0

mg/kg

rocuronium

4.0 mg/kg

sugammadex

(184mg)

35min NA Uneventful

Wefki

Abdelgawwad

Shousha

et al. (13)

Italy 1 25 NA DMD with open

cholecystectomy

General

anesthesia

Ciprofloxacin

2 gm;

metronidazole

500mg;

ondansetron

4mg

Propofol 150mg,

fentanyl 200 mcg,

and rocuronium

bromide 10mg

Fentanyl in a

total dose of

400 mcg (200–

100–100),

rocuronium

bromide 5mg

repeated every

45min

150mg

sugammadex

240min NA NA

Obata et al.

(28)

Japan 1 11 40 kg DMD with strabismus Inhalational

induction

NA Sevoflurane 4%,

nitrous oxide 66%

Sevoflurane

1.5–3.0%,

nitrous oxide

64%

1 mg/kg

dantrolene

sodium

51min 25mg

diclofenac

Rhabdomyolysis
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Obata et al.

(28)

Japan 1 11 40 kg DMD with strabismus Inhalational

induction

NA Sevoflurane 4%,

nitrous oxide 66%

Sevoflurane

1.5–3.0%,

nitrous oxide

64%

1 mg/kg

dantrolene

sodium

51min 25mg

diclofenac

Rhabdomyolysis

Richa et al.

(30)

France 3 11/13/

10

31/35/

38 kg

DMD wtih posterior spinal

surgery

General

anesthesia

1 mg/kg of

hydroxyzine

1 µg/kg/min

remifentanil,

propofol 3–5

mg/kg

0.1–0.4

µg/kg/min

remifentanil,

3–9 mg/kg/h

propofol

NA 345± 31min Morphine 4

µg/kg,

paracetamol

15 mg/kg

No adverse

event

Saldanha

et al. (31)

Brazil 1 5 20 DMD with tumor excision

and cervical emptying

General

anesthesia

5mg

midazolam

0.5 µg/kg/min

remifentanil,

6µg/ml propofol

0.3 µg/kg/min

Remifentanil

and 3µg/ml

propofol

NA 180min 0.2 mg/kg

nalbuphine,

50 mg/kg

dipirone

Without

intercurrences

1 24 NA DMD with cholelithiasis 15mg

propofol,

topic

lidocaine

2.9µg/ml

propofol, 0.3

µg/kg/min

remifentanil

NA NA 40min NA NA

Kocabas

et al. (32)

Turkey 1 5 15 DMD with correction of

Fallot’s Tetralogy

General

anesthesia

NA 6 mg/kg

ketamine, 0.02

mg/kg

atropine,0.05

mg/kg midazolam

and 2 µg/kg

fentanyl,

Rocuronium 0.6

mg/kg

15 µg/kg

fentanyl and

2–5 mg/kg/h

ketamine

NA 240min 15 mg/kg

rectal

paracetamol,

0.05 mg/kg

morphine

i.v

NA

Smelt (15) Netherlands 1 16 60 DMD with scoliosis

correction

General

anesthesia

NA 1.0mg alfentanil,

160mg propofol,

30mg

rocuronium

Piritramide

and

desflurane?

1.0mg

adrenaline

40min NA Ventricular

fibrillation

Irwin and

Henderson

(16)

Hong

Kong

1 14 NA DMD with posterior spinal

fusion

General

anesthetic

Temazepam Propofol and

alfentanil

supplemented

with 65% nitrous

oxide, atracurium

Alfentanil with

65% nitrous

oxide

Adrenaline

0.5mg, nitrous

oxide

45min PCA

morphine

pump

Asystole

(Continued)
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Rajmala

et al. (33)

India 1 9 36 DMD with ophthalmic

surgery

General+

regional

anesthesia

NA 2 mg/kg propofol,

0.05 mg/kg

vecuronium,

3 mg/kg

propofol

oxygen (33%),

nitrous oxide

(67%), 0.25%

bupivacaine

0.05 mg/kg

neostigmine,

0.02 mg/kg

atropine

NA NA Respiratory

efforts

Vandepitte

et al. (35)

America 1 27 41 DMD with pathologic

fracture

Intercostal

nerve

blocks

NA 4ml of ropivacaine 0.75%

(T7–12)

NA NA Paracetamol

500 mg/6 h

NA

Molyneux

(36)

UK 1 36

woman

60.3 DMD with a 37

weeks’pregnant woman

Spinal-

epidural

anesthesia

NA A total of 2.5ml of 0.5%

hyperbaric bupivacaine with

diamorphine

NA NA NA No adverse

event

Van

Obbergh

et al. (37)

Belgium 1 6 16 DMD with bilateral hip

osteotomies

General

anesthesia

NA 5mg ketamine,

60mg

thiopentone,

10mg

atracurium,

0.5 µg/kg/min

remifentanil

NA NA Paracetamol

15 mg/kg

No adverse

event

Horikoshi

et al. (39)

Japan 1 4 16 DMD with inguinal hernia General

anesthesia

NA 3mg

remimazolam,

100 µg fentanyl,

1.0 mg/kg/min

remifentanil, 15

mg/h

remimazolam,

10mg

rocuronium

15 mg/h

remimazolam,

1.0 mg/kg/min

remifentanil

40mg

sugammadex

NA 15mg

flurbiprofen

axetil

No

complications

Sethna and

Rockoff

(40)

America 1 5 NA DMD with muscle biopsy Inhalation

anesthesia

NA Nitrous oxide,

oxygen and

halothane by face

mask

Dantrole (total

dose 9 mg/kg)

NA NA Cardiac

arrest

Chalkiadis

and Branch

(41)

UK 1 8 30.2 DMD with left orchidopexy Inhalation

anesthesia

No

premedication

5 mg/kg

thiopentone,1.6

µg/kg fentanyl

50% nitrous

oxide, oxygen,

isoflurane

1.5%

Dantrolene 1

mg/kg

35min NA Cardiac

arrest
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Shafy et al.

(42)

America 1 36 61.1 DMD with right ischial

pressure ulcer

Regional

anesthesia

4mg

midazolam

Superficial

anesthesia of the

skin,

subcutaneous

tissue was

achieved with 1%

lidocaine, 3%

chloroprocaine

NA NA 1,000mg

acetaminophen

No adverse

event

Rathi et al.

(43)

India 1 34 76 DMD with radical

mastectomy

Regional

anesthetic

2% lignocaine 0.375%

ropivacaine,

dexamethasone

4mg

NA 1 h 1mg

paracetamol

No adverse

event

Kulshrestha

et al. (45)

India 1 12 48 DMD with dentigerous cyst Procedural

sedation

0.2mg

glycopyrrolate,

1 µg/kg

fentanyl

Dexmedetomidine was

administered slowly with a

loading dose of 1 µg/kg over

15min followed by a

continuous infusion at 0.5

µg/kg/h

NA 40min NA NA

Raman

et al. (46)

America 1 9 45 DMD with

esophagogastroduodenoscopy

(EGD)

Sedation 15mg

midazolam

1 µg/kg

dexmedetomidine, 1

mg/kg ketamine

NA 15min NA NA

Rozmiarek

et al. (7)

America 1 21 43 DMD with bone marrow

aspiration

Sedation NA 1 µg/kg

Dexmedetomidine,

20mg Ketamine

NA NA NA NA

Wang and

Stanley (47)

America 1 2 15 DMD with silicon implant General

anesthesia

0.2mg

atropine

0.25%−2.75%

halothane, 50%

nitrous oxide

0.1mg

atropine,

40mg

succinylcholine

15mg

dantrolene

NA NA Malignant

hyperthermia

1 3 15 DMD with muscle biopsy General

anesthesia

NA 350mg

methohexitone,

50% nitrous

oxide,42 µg

fentanyl, 7mg

atracurium

Fentanyl, 50%

nitrous oxide

40mg

dantrolene

NA NA NA
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Kim et al.

(48)

Korea 1 20 39 DMD with LVAD

implantation

General

anesthesia

NA 4 mcg/ml

propofol, 3 ng/ml

remifentanil,40mg

rocuronium

2–2.5 mcg/ml

propofol,

1–2 ng/ml

remifentanil, 2

mcg/kg/min

Rocuronium

NA NA 1,000 mcg

fentanyl,

0.3mg

ramosetron

No

complications

Frankowski

et al. (4)

America 2 10-

year-

old/9-

year-

old

54

kg/

20 kg

DMD with heel cord

surgeries

General

anesthesia

1.5–2mg

Midazolam

1–2 mg/kg

sodium

thiopental,

1.5–2.0 mg/kg

lidocaine, 2–5

mg/kg fentanyl,

2–4 mg/kg

propofol

Propofol and

remifentanil

infusions at

rates of 45–150

µg/kg/min

NA 2.5–3 h NA Uneventful
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TABLE 3 Characteristics of included case reports of BMD patients.
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Parish and

Farzin (23)

Iran 1 43 80 BMD with

orthopedic

surgery

General

anesthesia

200mg

hydrocortisone

2mg midazolam,

250 µg

remifentanil and

60mg lidocaine

2%

75–100

µg/kg/min

propofol and

0.05–2

µg/kg/min

remifentanil

NA 90min NA No adverse

event

Zhou et al.

(25)

China 1 56

woman

48 BMD with

laparoscopic

hysterectomy and

bilateral

adnexectomy

General

anesthesia

NA 2mg midazolam,

16mg etomidate,

20 µg sufentanil

75–100 µg

/kg/min

propofol and

0.05–2

µg/kg/m

remifentanil,2%

sevoflurane

NA 90min 5mg

sufentanil

and 30mg

ketorolac

No adverse

event

Iwata et al.

(29)

Japan 1 58 75 kg BMD with

laparoscopic

cholecystectomy

General+

regional

anesthesia.

NA 4µg/ml propofol

and 0.2mg

fentanyl, and 0.25

µg/kg/min

remifentanil

2.5–3µg/ml

propofol;

0.75%

ropivacaine,

1% lidocaine

20ml

NA NA Flurbiprofen

axetil 50mg

No adverse

event

Shimauchi

et al. (14)

Japan 1 54 54 BMD with

cholelithiasis

General

anesthesia

NA 3 µg/kg fentanyl

and 0.6 mg/kg

midazolam,0.4

mg/kg

Rocuronium

2–4 mg/kg/h

propofol,

0.05–0.3

µg/kg/min

remifentanil

100mg

sugammadex

(2 mg/kg)

92min Pethidine

(30mg)

No adverse

event

Jain (34) India 1 34 NA BMD with

fistulectomy

under saddle

block

General+

regional

anesthesia

NA 1.8ml of 0.5% bupivacaine

L3–L4; 1.5mg midazolam;

30mg propofol.

Propofol was

stopped,

nebulized

salbutamol

NA NA Coughing

Peng and Wei

(38)

China 1 2 15 BMD with

inguinal hernia

General+

regional

anesthesia

NA 0.15mg atropine,

0.5mg

midazolam,

45mg propofol,

30 µg fentanyl,

1mg

cisatracurium

besylate. 0.25%

ropivacaine 6ml

2–4 mg/kg/h

propofol,

0.05–0.1

µg/kg/min

remifentanil

0.2mg

neostigmine,

0.1mg

atropine

20min NA No adverse

event

(Continued)
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TABLE 3 (Continued)
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Kawaai et al.

(44)

Japan 1 19 59 BMD with dental

treatment

General

anesthesia

10mg

Midazolam,

10mg

famotidine

50mg propofol 6–10 mg/kg

propofol, 67%

nitrous oxide,

33% oxygen

NA 2 h NA No

complications

1 5 11 BMD with dental

treatment

General

anesthesia

6mg

Diazepam,

2.5mg

famotidin

5% sevoflurane,

67% nitrous

oxide, 33%

oxygen

6–12 mg/kg

propofol,

0.5–1.5%

sevoflurane,

67% nitrous

oxide, 33%

oxygen

NA 2 h 20min NA No

complications

Bush and

Dubowitz (49)

UK 1 6 NA BMD with dental

treatment

General

anesthetic

Diazepam Nitrous oxide,

oxygen and

halothane

NA Calcium

chloride,

dantrolene

NA NA Cardiac

arrest
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TABLE 4 Quality evaluation results of case reports.
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Kim and Chun (22) Yes No Yes Yes Yes Yes Yes Yes

Parish and Farzin (23) Yes Yes Yes Yes Yes Yes Yes Yes

Jung et al. (24) No No Yes Yes Yes Yes No Yes

Zhou et al. (25) Yes Yes No Yes Yes Yes Yes Yes

Bang et al. (26) Yes Yes Yes Yes Yes Yes Yes No

Frankowski et al. (4) Yes Yes No Yes Yes No Yes Yes

Büget et al. (27) Yes Yes Yes Yes Yes Yes Yes Yes

de Boer et al. (12) Yes Yes Yes Yes Yes Yes Yes Yes

Wefki Abdelgawwad Shousha et al.

(13)

Yes Yes Yes Yes Yes Yes Yes Yes

Obata et al. (28) Yes Yes Yes Yes Yes Yes Yes Yes

Iwata et al. (29) No No Yes Yes Yes Yes No Yes

Richa et al. (30) Yes Yes Yes Yes Yes Yes Yes Yes

Shimauchi et al. (14) Yes Yes Yes Yes Yes Yes Yes Yes

Saldanha et al. (31) No No Yes No Yes Yes Yes Yes

Kocabas et al. (32) Yes Yes Yes Yes Yes Yes No Yes

Smelt (15) Yes Yes Yes No Yes Yes Yes Yes

Irwin and Henderson (16) Yes Yes Yes Yes Yes Yes Yes Yes

Rajmala et al. (33) Yes Yes Yes No Yes Yes Yes Yes

Jain (34) Yes Yes Yes Yes Yes Yes Yes Yes

Vandepitte et al. (35) Yes Yes Yes Yes Yes Yes No Yes

Molyneux (36) Yes Yes Yes Yes Yes Yes Yes Yes

Van Obbergh et al. (37) Yes Yes Yes Yes Yes Yes Yes Yes
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Peng and Wei (38) Yes Yes Yes Yes Yes Yes Yes Yes

Horikoshi et al. (39) Yes Yes No Yes Yes Yes Yes Yes

Sethna et al. (8) No Yes Yes Yes Yes Yes Yes Yes

Chalkiadis and Branch (41) Yes Yes Yes Yes Yes Yes Yes Yes

Shafy et al. (42) Yes Yes Yes No Yes Yes Yes Yes

Rathi et al. (43) Yes Yes No Yes Yes Yes Yes Yes

Kulshrestha et al. (45) Yes Yes Yes No Yes No Yes Yes

Raman et al. (46) Yes Yes Yes No Yes Yes No Yes

Rozmiarek et al. (7) Yes Yes Yes Yes Yes No No Yes

Wang and Stanley (47) Yes Yes Yes Yes Yes Yes Yes Yes

Kim et al. (48) Yes Yes Yes Yes Yes Yes Yes Yes

Bush and Dubowitz (49) Yes Yes No Yes Yes Yes Yes Yes

Kawaai et al. (44) Yes Yes Yes No Yes Yes Yes Yes
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ropivacaine and other drugs. These studies suggested that general

anesthesia or central neuraxial blockade in patients with severe

DMD is an unsafe approach to anesthesia because of hemodynamic

instability and respiratory depression. Peripheral nerve block is the

best way to reduce the risk of critical complications and is a safe and

feasible approach to anesthesia in patients with severe DMD.

Four of the included studies involved general anesthesia

supplemented with regional anesthesia (29, 33, 34, 38). Anesthesia

was induced and maintained with propofol, remifentanil, and

fentanyl; local nerve block with ropivacaine and lidocaine

was performed.

Moreover, four of the included studies involved the use of

procedural sedation (7, 45, 46, 54). Procedural sedation was

induced and maintained with dexmedetomidine, ketamine and

midazolam (7, 45, 46, 54).

3.4.2 Anesthesia premedication
Nineteen studies involved the use of anesthesia drugs as a

premedication (4, 12, 13, 16, 22, 23, 30, 31, 42, 44–47, 49–54).

The drugs used included midazolam, acetaminophen, morphine,

ondansetron, and hydroxyzine. Kim and Chun (22) reported

that 0.2mg of glycopyrrolate was injected intramuscularly for

anesthesia premedication. Parish and Farzin (23) reported that a

total of 200mg of hydrocortisone was injected as the stress dose.

Some studies have used midazolam as an anesthesia premedication

at doses ranging from 1 to 5 mg (4, 50–54).

3.4.3 Anesthesia induction
Twenty-three studies involved the use of anesthesia induction

drugs (4, 13–16, 22–25, 28–33, 37–39, 41, 44, 47–49). The drugs

used includedmidazolam, pentothal sodium, rocuronium bromide,

sodium thiopental, propofol, and fentanyl. In patients in whom

a muscle relaxant is used, monitoring of muscle relaxation was

performed via acceleromyography. The agents used for anesthetic

induction should be based on the patient’s comorbid cardiac

condition. Although the effect of etomidate on adrenal function

has led to a re-evaluation of its use during endotracheal intubation

in critically ill ICU patients, it may still be an appropriate choice

for anesthetic induction in patients with diminished myocardial

function (56). The depolarizing agent succinylcholine is absolutely

contraindicated and should not even be drawn into a syringe.

Rocuronium bromide, with its usually short onset time, could be

a suitable alternative to succinylcholine in DMD patients when

the clinical conditions require rapid muscle relaxation for airway

protection. When motor-evoked potentials are used to monitor

spinal cord function, a single dose of a non-depolarizingNMBA can

be used to facilitate endotracheal intubation. However, in patients

with myopathic conditions such as DMD, the duration of blockade

is prolonged (57).

Moreover, five non-randomized controlled trials, including a

total of 155 patients, compared the DMD group with the control

group to determine the onset time and recovery time after the

administration of a standard dose of NMBAs in patients (50–

54). Compared with the control group, the sensitivity of patients

with DMD to NMBAs may result in a prolonged onset time

[MD = −0.96, 95% CI (0.71, 2.60), I2 = 33%, P < 0.0001;
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FIGURE 2

Meta-analysis of the onset time (min).

FIGURE 3

Meta-analysis of the recovery time (min).

Figure 2] and recovery time [MD = 2.22, 95% CI (1.14, 3.30),

I2 = 76%, P < 0.0001; Figure 3] from anesthesia. Therefore, the

anesthetic management of these patients is challenging and may

cause serious problems for anesthesiologists. A sensitivity analysis

of each comparison revealed no robust changes in significance.

Similarly, Jung et al. (24) documented that the responsiveness

of DMD patients administered a standard dosage of non-

depolarizing NMBAs differs from that of normal patients.

The delayed onset of blockade in DMD patients following

the administration of standard-dose rocuronium and prolonged

recovery from rocuronium-induced blockade necessitate the need

for a careful assessment of neuromuscular function. If rocuronium

is administered to patients with DMD, an quantitative assessment

of complete neuromuscular recovery, such as acceleromyography,

is mandatory.

3.4.4 Anesthesia maintenance
Thirty-two of the included studies involved anesthesia

maintenance (4, 7, 12–16, 22–25, 28–34, 37, 39–41, 44–47, 49–54).

Intravenous anesthetics such as propofol, fentanyl, remifentanil,

ketamine, dexmedetomidine, and rocuronium bromide are

reasonable alternatives and are commonly used at variable doses

(Table 1). In addition, some studies used inhalation anesthesia with

nitrous oxide, oxygen, sevoflurane, isoflurane and halothane to

maintain anesthesia (40, 41, 44).

Richa et al. (30) recommended remifentanil for children with

DMD. They reported that the combination of propofol and

remifentanil infusions with nitrous oxide in oxygen was successful

for patients with DMD undergoing spinal surgery. Exaggerated

reactions to drugs were not observed. The patient’s intraoperative

blood pressure and heart rate were stable, and the wake-up

test was successful. Alternatively, endotracheal intubation can be

accomplished with a combination of propofol and remifentanil to

avoid the need for a neuromuscular blocking agent (41).

Moreover, the multidisciplinary panel suggested the use of

total intravenous anesthesia (TIVA) to induce and maintain

general anesthesia (e.g., propofol and short-acting opioids) (55).

Maintenance anesthesia during surgery for scoliosis generally

includes TIVA not only due to the abovementioned concerns

of rhabdomyolysis related to volatile anesthetic agents but also

to facilitate neurophysiological monitoring using motor and

somatosensory evoked potentials. Despite the popularity and

clinical experience of the use of propofol for TIVA in these patients,

recent concerns have been expressed regarding the effect of

propofol on mitochondrial oxidative function (10). These concerns

have been raised because rhabdomyolysis, which is thought to be

secondary to the disruption of mitochondrial fatty acid oxidation,

can occur with prolonged propofol infusion in the pediatric ICU

setting, and a defect in mitochondrial oxidative capacity is known

to occur in patients with muscular dystrophies (58–61). Despite

such concerns, TIVA with propofol and a synthetic opioid remains

the most commonly chosen anesthetic regimen (11). However,

dexmedetomidine may be added to decrease the propofol dose

(62, 63). Kako et al. (54) reported that the use of dexmedetomidine

(0.5 µg/kg) and ketamine (1 mg/kg) as loading doses followed

by continuous infusion of 0.5 kg/kg/h dexmedetomidine achieved

the appropriate sedation level with a shorter total recovery

time than the higher-dose dexmedetomidine regimen. Therefore,

the combination of dexmedetomidine and ketamine is safe and
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effective for moderately painful procedures with limited respiratory

and cardiovascular effects on high-risk patients.

3.4.5 Adverse events of anesthesia
The sensitivity of patients with DMD to sedative, anesthetic and

neuromuscular blocking agents may result in intraoperative and

early postoperative cardiovascular and respiratory complications,

as well as prolonged recovery from anesthesia. When

sedation/anesthetic was excessive, sedation/anesthesia reversal was

particularly necessary. Sixteen of the included studies involved the

use of anesthesia reversal (12–16, 22, 24, 28, 33, 34, 38–41, 47, 49).

Sugammadex, neostigmine and atropine were administered

at different doses to reverse cisatracurium besylate-induced

neuromuscular blockade (Table 1).

These studies described the efficacy of sugammadex for

reversing a prolonged blockade in this setting, but no adverse events

were observed (12–14, 22). Jung et al. (24) reported the use of

4mg of pyridostigmine and 0.16mg of glycopyrrolate to reverse

deep NMB in a child with DMD. Rajmala et al. (33) used 0.05

mg/kg neostigmine and 0.02 mg/kg atropine after the appearance

of respiratory efforts, and the postoperative course was uneventful.

Similarly, Peng and Wei (38) used 0.2mg of neostigmine and

0.1mg of atropine to reverse deep NMB. Treatment with inotropic

agents such as milrinone or dobutamine may be necessary to

support myocardial function. Close monitoring of cardiac rhythm

should be standard, and rhythm abnormalities should be promptly

treated (57). Pyridostigmine has been shown to be an effective

reversal agent in patients with DMD (24).

Notably, many reports of fatal hyperkalemic cardiac arrest

associated with the use of succinylcholine in patients with DMD

have raised anesthetists’ awareness of this potential complication

(16, 28, 40, 41, 47, 49). Therefore, the anesthesia community now

commonly accepts that this drug should be strictly avoided in

patients with DMD (11). However, rhabdomyolysis may occur

in the absence of succinylcholine intraoperatively and during

postoperative cardiac arrest as a result of hyperkalemia in patients

with DMD (16, 27, 28, 40, 41, 47, 49, 64). The eventual contribution

of general anesthetic agents to the cause of the event cannot

be ascertained because events occurred during IV and inhaled

anesthetic exposure without succinylcholine (16, 28). Moreover,

we identified seven cases of rhabdomyolysis and intraoperative

cardiac arrest secondary to hyperkalemia during the use of the

inhaled anesthetics isoflurane, halothane, and sevoflurane (16, 28,

40, 41, 47, 49). In these patients, a clear precipitant rhythm or

event was difficult to discern. Resuscitations persisted in excess

of 60min, with full recoveries obtained in six patients. However,

one patient was discharged home with no subjective changes

in cerebral function. However, he was paraplegic (sensory level

T) (41). Dantrolene is often used empirically after documented

concomitant metabolic and respiratory acidosis, with or without

modest temperature increases. These cases suggest a predisposition

to rhabdomyolysis upon exposure to volatile anesthetics, regardless

of surgical stress. The disease is not known to be associated

with MH; the components of effective resuscitation are difficult

to discern, but a reduction in serum potassium levels is crucial

(28, 40, 41, 47, 49).

3.4.6 Postoperative pain control
Appropriate analgesics should be encouraged to provide

postoperative analgesia without affecting the patient’s normal

respiratory function. As in other patients, the analgesic drugs of

choice for patients with DMD are opioids. Depending on the

duration of the surgical intervention, the choice of opioid should

be based on the pharmacological effect and pharmacokinetics. We

have administered nearly all clinically used opioids in our series

(Tables 1, 2). Six of the included studies investigated postoperative

pain control (14, 16, 25, 26, 28–32, 35, 37, 39, 42, 43, 48, 54).

Postoperative interventions, such as paracetamol, PCA, morphine

pumps, pethidine, nalbuphine, dipirone, flurbiprofen axetil,

diclofenac, sufentanil, ketorolac and atropine, were administered at

different doses to provide postoperative analgesia (Table 1).

Given the severity of the surgical procedure, several options

exist for the provision of postoperative analgesia. In patients

undergoing spinal fusion surgery, neuraxial techniques have been

used to achieve analgesia through the intermittent or continuous

infusion of opioids and/or local anesthetics via epidural catheters,

with minimal respiratory side effects (65).

In addition, given their effects on the central control of

ventilation and cough effort, options that limit the use of

opioids, including adjunct agents or regional anesthesia, should

be considered. Preliminary data from the adult population have

shown the potential role of the preoperative administration

of pregabalin or gabapentin (66). Additionally, postoperative

administration of the a2-adrenergic agonist dexmedetomidine and

intravenous acetaminophen may play a role. Moreover, caution has

been suggested with the use of non-steroidal anti-inflammatory

agents given their anecdotal and temporal association with

rhabdomyolysis (67, 68).

4 Discussion

Patients with DMD are uniquely vulnerable to the adverse

physiological effects of general anesthesia and procedural sedation

(55). Tachycardia, ventricular fibrillation and cardiac arrest have

been reported during the induction of anesthesia (40, 41, 69–

71). In almost all patients assessed in these case reports, DMD

was not suspected until a further investigation was prompted by

the occurrence of cardiac manifestations. In addition, ventricular

fibrillation or cardiac arrest has also been described in patients

who are known to have DMD following a return of consciousness

while the patient is still in the recovery room (72). Therefore,

patients with DMD should receive a detailed preoperative

assessment, thoughtful disease-specific intraoperative management

and aggressive postoperative monitoring if they are to avoid

anesthesia- and surgery-relatedmorbidity andmortality.Moreover,

all children presenting for the administration of general anesthesia

or sedation should be screened for motor milestones. The inability

to walk at an age >18 months or other signs of motor loss or

elevated levels of CPK should prompt a suspicion of subclinical

myopathy and should warrant a neurological evaluation and

genetic testing before elective surgery. Most cases of DMD are

detected via genetic testing (55). In addition, timing disease-related

major surgical procedures, such as scoliosis surgery, early in a

child’s life prior to the onset of significant myocardial dysfunction is
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recommended to minimize the cardiovascular risk. Finally, surgery

for DMD patients should be performed in a hospital equipped to

address the unique issues faced by patients with neuromuscular

disorders (57).

In addition, because postoperative pulmonary complications

might be one of the causes of postoperative complications in

DMD patients, before general anesthesia or procedural sedation,

the following lung function parameters should be measured to

assess the patients’ risk of respiratory complications and the

need for perioperative and postoperative assisted ventilation or

cough. The application of non-invasive ventilation modalities in

the preoperative and postoperative setting to limit pulmonary

postoperative complications using personalized non-invasive

respiratory support is important (55). Options for respiratory

support include manual ventilation using a flow-inflated manual

resuscitation bag (standard “anesthesia bag”) with a full face or

nasal mask interface and mechanical support using a conventional

or non-invasive positive pressure ventilator via a full face or

nasal mask.

Furthermore, these included case studies also revealed that

general anesthesia and central neuraxial blockade in patients with

severe DMD are unsafe approaches to anesthesia. Peripheral nerve

blocks are the best way to reduce the risk of critical complications

and are a safe and feasible approach to anesthesia in patients with

severe DMD (26, 27, 42, 43). Notably, the general anesthetics that

resulted in cardiac complications at induction were succinylcholine

and volatile anesthetics. Therefore, the anesthesia community now

commonly accepts that anesthetic machines free of volatile agents

(including a new disposable breathing circuit) should be used

and that succinylcholine is avoided. Monitoring should include a

temperature probe, an ECG, and a nerve stimulator (73).

In addition, although general anesthesia may be required for

specific procedures, moderately painful procedures such as bone

marrow aspiration and biopsy can be performed with procedural

sedation and the maintenance of spontaneous ventilation. Given

these issues, a need remains for a better agent or agents for

procedural sedation. The current evidence suggests the use of a total

intravenous anesthesia (TIVA) technique to induce and maintain

general anesthesia (e.g., propofol and short-acting opioids) and

is advised rather than the use of depolarizing muscle relaxants

(48). The authors reported their experience with a combination

of ketamine and dexmedetomidine for sedation during bone

aspiration and biopsy in an adolescent with DMD (7), which

revealed that the application of dexmedetomidine in patients with

DMD has the potential to be a promising treatment option in

the future.

Moreover, the sensitivity of patients with DMD to NMBAs

may result in prolonged onset and recovery times from anesthesia.

Muenster et al. speculated that one reason for the prolonged

duration of NMB in these patients could be the known degradation

of muscle fibers and their replacement by fatty and fibrous

tissue with the progression of the disorder. These structural

changes are obviously accompanied by a decrease in the total

number of neuromuscular junctions and receptors. Consistently,

in an experimental study in mdx mice, accelerated degradation

of adult nicotinic acetylcholine receptors was observed (74).

Such a situation with a reduced number of receptors strongly

influences the dose–response relationship of administered non-

depolarizing NMBA. Therefore, the wide interpatient variability

in the recovery time after the administration of a reduced dose

does not allow an estimation of the time needed for complete

recovery in a single patient (52). In particular, regarding the

prolonged onset time, special attention must be paid to the effect

of the relaxant agent used. The use of muscle relaxants is a

major concern when performing anesthesia in DMD patients

(52). Several prospective investigations have shown that nearly all

commonly used non-depolarizing NMBAs can be used in patients

with DMD (11). This situation is especially true for rocuronium

and mivacurium (11, 52). These reports also revealed that the

response to non-depolarizing NMBAs is altered in patients with

DMD. The most striking difference is the delayed onset of blockade

in DMD patients compared with normal patients. This effect

should be considered in situations where rapid airway protection is

necessary. Another significant difference is the prolonged duration

of recovery from NMB in DMD following standard doses of non-

depolarizing NMBAs. Notably, depending on the time of reversal,

the duration of residual block after rocuronium may exceed the

duration of antagonism by the reversal agent. Therefore, using

reversal agents in this situation involves the risk of possible

“recurarization” (51). Therefore, even after the administration of

a reversal agent, monitoring of muscle strength in the recovery

room either quantitatively or clinically should be performed (51).

Furthermore, these effects depend on the stage of the disease,

with more pronounced effects observed with ongoing progression.

This altered response to non-depolarizing NMBAs in patients with

DMDmakes a quantitative assessment of complete neuromuscular

recovery, such as acceleromyography, necessary (11).

In addition, the existing evidence implicates calcium

dysregulation as an underlying crucial event in the pathophysiology

of DMD (73). In malignant hyperthermia, defective influx and

efflux of Ca from the sarcoplasmic reticulum has been observed

in mouse models. Since a malignant hyperthermia-like syndrome

may occur in DMD patients during anesthesia, maneuvers capable

of reducing Ca influx into cells have beneficial effects on these

patients DMD; thus, the possibility that a reduction in Ca influx

from the sarcoplasmic reticulum by a Ca antagonist, such as

dantrolene, may result in additional benefits for patients with

DMD (74).

Several limitations of the study should be acknowledged. The

strengths of this systematic review include the broad and complete

search strategy, the publication of a protocol a priori, and the

validated methodology used to assess the included studies, e.g.,

Cochrane’s “Risk of Bias” 2.0 tool and ROBINS-I. We adhered

to the protocol to minimize intellectual bias in conducting and

reporting the findings. Two authors independently screened studies

for inclusion and performed the risk-of-bias assessment. Potential

limitations include our broad approach, i.e., for example, we

included all studies regardless of the type of drugs, which may

have contributed to the high degree of clinical heterogeneity of

the included studies. Furthermore, our choice of the definition of

outcomes could be discussed. We chose analgesia, sedation and

mortality at discharge as the primary outcomes. Unfortunately, a

possibility of poorly documented minor complications or minor

adverse events caused by anesthetic medication always exists.
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Finally, we did not explore the significance of a diagnosis

of respiratory or cardiac involvement in the prediction of

perioperative complications in DMD patients, and we were not able

to perform a retrospective evaluation. No cases of patients requiring

postoperative ventilatory support were documented, regardless of

whether NMBAs had been used. Follow-up examinations after

adverse reactions to general anesthesia are often incomplete,

and some patients receive the same type of anesthesia again

(75). Whether the negative responses in DMD patients originate

during multiple exposures to anesthesia or sedation is unknown,

and additional high-quality research is needed to provide more

comprehensive information.

Finally, the primary difference between DMD and BMD is the

quantity of dystrophin present in skeletal and cardiac muscle. In

patients with DMD, dystrophin is almost always absent, whereas

partially functional dystrophin is present in patients with BMD

and results in a milder form of the disorder and longer survival,

which was consistent with the data in Tables 2, 3. However, 2

patients with BMD who were very young were described (23, 49).

In addition, compared with patients with BMD, patients with DMD

hadmore comorbid conditions and higher rates of cardiomyopathy

and severe restrictive lung disease. However, patients with BMD

are present with serious postoperative adverse reactions (49).

Postoperatively, DMD and BMD patients must be monitored until

cardiorespiratory function returns to the baseline. The current

case reports are insufficient for generating definitive conclusions

regarding the significant differences between patients with BMD

and DMD. Overall, the anesthesia technique must be customized

and adjusted for each patient.

5 Conclusions

The results of the included studies confirmed that patients with

DMD are more sensitive to NMBAs, which may result in a delayed

onset time and prolonged recovery time from anesthesia, and these

effects depend on the stage of the disease, with more pronounced

effects observed with ongoing progression. Precautions for

DMD patients should include quantitative neuromuscular and

electrocardiographic monitoring and rapid airway protection

throughout anesthesia. The strict avoidance of succinylcholine

and volatile anesthetics during anesthesia in patients with DMD

can prevent known anesthetic hazards such as rhabdomyolysis

or hypercalcemia. Compared with general anesthesia, regional

anesthesia can be a relatively safe option (if the surgical site is

appropriate for the technique). Dantrolene should be available

in the theater and be readily used if events consistent with a

malignant hyperpyrexial response to anesthesia occur. However,

further prospective clinical trials are needed to determine the most

effective interventions for patients with DMD.
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Background: Sarcopenia is a disease characterized by losing muscle mass,

strength, and function with age. Studies have shown that sarcopenia is generally

higher in women than in men. Therefore, this study used the 2015 China Health

and Retirement Longitudinal Study (CHARLS) data to explore further the risk

factors associated with sarcopenia in middle-aged and older Chinese women.

Methods: In this study, data from the 2015 CHARLS database were analyzed,

comprising 7,805 eligible participants. Participants were categorized into either

the sarcopenia group (n = 2,160) or the non-sarcopenia group (n = 5,645)

based on the presence or absence of sarcopenia. Through the utilization of

logistic regression analysis, multiple risk factors were identified. Additionally,

the predictive value of these risk factors was assessed by applying receiver

operating characteristic (ROC) curve analysis. Subsequently, a visual nomogram

prediction model was developed by incorporating the identified risk factors into

R4.1.2 software.

Results: Age, area, education, marriage, waist circumference, stroke, body

pain, depression, and region may be closely related to Chinese women with

sarcopenia. In addition, this study integrated these sarcopenia-related variables

into a comprehensive index, and ROC analysis results showed that the AUC of

the composite index was 0.738.

Conclusions: This study found that sarcopenia in Chinese women may be

closely related to age, waist, education, marriage, area, stroke, physical pain,

depression, and region. In addition, this study constructs a nomogram to help

clinicians better screen potential female patients with sarcopenia.

KEYWORDS

women’s health, middle and aged women, sarcopenia, nomogram, risk factors

Introduction

Sarcopenia is characterized by the loss of muscle mass, strength, and function that

occurs with aging (1). It is a natural part of the aging process, and after middle age,

muscle mass typically declines by about 1% per year (2). The consequences of sarcopenia

can be significant, including decreased mobility, increased risk of falls and fractures,

and decreased quality of life. Moreover, it can also lead to an increased risk of chronic
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diseases such as diabetes, obesity, and osteoporosis (3–5). Several

factors contribute to the development of sarcopenia, including

hormonal changes, decreased physical activity, poor nutrition, and

inflammation (3).

Although sarcopenia is common in men and women,

Petermann-Rocha et al. found that the prevalence of sarcopenia

was higher in women than in men (6). Women generally exhibit

lower muscle mass than men, starting from a younger age

(7). Consequently, they are at an elevated risk for developing

sarcopenia as they age. Hormonal changes during menopause,

such as a decrease in estrogen, can further accelerate muscle loss

and increase the risk of sarcopenia in women (8). Additionally,

certain lifestyle factors may impact sarcopenia risk differently in

women. For example, women are more likely to engage in low-

impact exercises like walking or yoga, which may not provide

enough resistance training to maintain muscle mass. High-impact

exercises, such as weightlifting or resistance training, are more

effective in preserving muscle mass (9). Hence, it is crucial to

prioritize research exploring the connection between sarcopenia

and middle-aged and older women.

The China Health and Retirement Longitudinal Study

(CHARLS) is a comprehensive research project to gather high-

quality microdata representing individuals and families aged 45

and above in China (10). Its primary purpose is to analyze the

population aging problem in China and promote interdisciplinary

research on this issue. The initial phase of CHARLS, known as

the national baseline survey, took place in 2011. It encompassed

150 county- and 450 village-level units and involved ∼17,000

people from around 10,000 households. To ensure the continuity

of the study, subsequent surveys will be conducted every 2–3

years, allowing for longitudinal tracking of the participants. The

ongoing CHARLS project is valuable, providing comprehensive

and periodically updated data on aging and health trends among

middle-aged and older individuals in China.

This study used the 2015 CHARLS data to explore further the

risk factors associated with sarcopenia in middle-aged and older

Chinese women. By analyzing survey data from a large sample,

we sought to reveal the prevalence of sarcopenia in middle-aged

and older women and possible risk factors in order to provide a

scientific basis for prevention and treatment.

Methods

Study design

The study included 7,805 eligible participants from the 2015

CHARLS database. According to the presence or absence of

sarcopenia, the patients were divided into the sarcopenia group

(n = 2,160) and non-sarcopenia group (n = 5,645) (Figure 1).

Age, waist, body mass index (BMI), sleep duration in the past

month, education, smoking history, region, region, marriage,

Abbreviations: CHARLS, China Health and Retirement Longitudinal Study;

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood

pressure; CESD-10, 10-item Center for Epidemiological Studies Depression

Scale; AWGS, Asian Working Group for Sarcopenia; ROC, receiver operating

characteristic; AUC, area under the curve.

FIGURE 1

Flow chart of participants in the study. CHARLS, China Health and

Retirement Longitudinal Study; BMI, body mass index; SBP, systolic

blood pressure; DBP, diastolic blood pressure; CESD-10, 10-item

Center for Epidemiological Studies Depression Scale; AWGS, Asian

Working Group for Sarcopenia.

depression, high blood pressure, dyslipidemia, diabetes or high

blood sugar, chronic lung disease, heart disease, stroke, digestive

disease, emotional problems, memory-related diseases, arthritis or

rheumatism, asthma, frequency of drinking in the past year, body

pain, liver disease, and cancer were included in the study.

In addition, this study divides the study population into

seven regions based on geographical, economic, and cultural

considerations. Northeast (Heilongjiang, Jilin, and Liaoning

provinces), East (Anhui, Fujian, Jiangsu, Jiangxi, Zhejiang,

Shandong, and Shanghai), North (Hebei, Shanxi, Inner Mongolia

Autonomous Region, Tianjin, and Beijing), Central (Hubei,

Hunan and Henan provinces), South (Guangdong and

Guangxi provinces), Southwest (Yunnan, Guizhou, Sichuan

and Chongqing) and Northwest China (Qinghai, Shaanxi, Gansu

and Xinjiang Autonomous Region). The survey did not include

Hainan Province, Taiwan Province, Ningxia Autonomous Region,

Tibet Autonomous Region, Hong Kong Special Administrative

Region, and Macao Special Administrative Region.

Self-reports were used to determine whether participants

had hypertension, dyslipidemia, diabetes or high blood sugar,

cancer, chronic lung disease, liver disease, heart disease, stroke,
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kidney disease, digestive disease, emotional problems, arthritis or

rheumatism, memory-related diseases, and asthma. For example,

participants were asked, “Has a doctor ever told you that you

have dyslipidemia?” If the participant answered “Yes” to this

question, the participant was considered to have dyslipidemia. In

addition, according to Chinese clinical guidelines, participants are

also considered to have high blood pressure when their average

systolic blood pressure (SBP) is greater than or equal to 140 mmHg

or their average diastolic blood pressure (DBP) is greater than or

equal to 90 mmHg.

Depression was evaluated using the 10-item Center for

Epidemiological Studies Depression Scale (11) (CESD-10) in the

CHARLS questionnaire. Participants with a CESD-10 score of 10

or higher were categorized as having depressive symptoms.

The definition of sarcopenia

According to the consensus of the 2019 version of the Asian

Working Group for Sarcopenia (AWGS) (12), sarcopenia is defined

as “age-related loss of muscle mass coupled with low muscle

strength and/or low physical performance.” Low muscle strength is

primarily defined as a grip strength greater than 28 kg for men and

less than 18 kg for women. Low physical performance was defined

as a 6-meter walk of less than 1.0 m/s or five chair standing tests

greater than or equal to 12 s.

This study divided participants into sarcopenia and non-

sarcopenia groups based on whether they met diagnostic criteria

for low muscular strength or low physical performance.

Inclusion and exclusion criteria

The inclusion criteria were: (1) Female, (2) The diagnostic

criteria of sarcopenia conform to the consensus of the 2019 version

of the AWGS. The exclusion criteria were: (1) Clinical baseline

characteristics were missing, such as education, BMI, etc. (2) Male.

Statistics

Data distribution was assessed using the Shapiro-Wilk test.

Patient characteristics were described using median (interquartile

range [IQR]) or frequency and percentage, as appropriate. A non-

parametric test (Mann-Whitney U-test or Kruskal-Wallis test) was

employed for data with non-normal distribution or heterogeneity

of variances. Categorical variables were presented as percentages

and analyzed using the Pearson Chi-squared test. Relevant risk

factors (P < 0.05) were identified through multivariate logistic

regression analysis and integrated into a composite index. The

predictive performance of this composite index was evaluated using

the receiver operating characteristic (ROC) curve. All statistical

analyses were conducted using SPSS software (version 26.0; SPSS

et al., USA).

Furthermore, the final risk factors were integrated into

the R4.1.2 software (R Foundation for Statistical Computing,

Vienna, Austria) to establish a nomogram prediction model. The

effectiveness of the model’s predictions was assessed using the

consistency index (C-index), with a range of 0.5–1.0. Accuracy was

positively associated with the C-index value. The calibration curve,

which included an image comparison of predicted and actual risks,

was used to evaluate the prediction consistency. The conformity of

the model was determined by how closely the predicted risk aligned

with the standard curve.

Results

A total of 7,805 female participants were included in the

study, of whom 2,160 had sarcopenia, and 5,645 did not. There

were significant differences in age, waist, BMI, sleep duration

over the past month, education, smoking history, region, area,

marriage, depression, hypertension, dyslipidemia, diabetes or high

blood sugar, chronic lung disease, heart disease, stroke, digestive

diseases, emotional problems, memory-related diseases, arthritis or

rheumatism, asthma, and body pain (all P values < 0.05). There

were no significant differences in the frequency of drinking in the

past year, liver disease, and cancer (Table 1).

A binary multi-factor logistics regression analysis was used to

analyze the above-related variables, and it was finally found that

age, area, education, marriage, waist, stroke, body pain, depression,

and region were risk factors for female sarcopenia (P values were

all < 0.05) (Table 2). In addition, these risk factors were integrated

into a composite index (age+ area+ education+marriage+waist

+ stroke+ body pain+ depression+ region).

ROC curve analysis showed that the area under the curve

(AUC) of the composite indicator for predicting sarcopenia was

0.738 (95% CI 0.725–0.750 p < 0.001) (Figure 2). In addition,

this study established a nomogram to visually screen Chinese

female patients with sarcopenia by screening relevant risk factors

(Figure 3). After 1,000 repetitions of bootstrap self-sampling, the

C-index of the model is 0.738, indicating that the agreement

between the predicted value and the actual observed value meets

the standard. Moreover, Figure 4 shows that the calibration curve

is well-fitted.

Discussion

A series of variables, such as age, BMI, and educational

background, were included in this study. It was finally found

through logistics regression analysis and other related analysis

methods that age, area, education background, marriage, waist,

stroke, body pain, depression, and region may be closely related to

female sarcopenia patients. In this study, these sarcopenia-related

variables were integrated into a composite indicator, and ROC

analysis was used to evaluate the efficacy of this composite indicator

in predicting female sarcopenia patients. The results of the ROC

analysis showed that the AUC of this composite index was 0.738,

which was effective in evaluating sarcopenia. In addition, this study

created a nomogram of the risks associated with sarcopenia to help

clinicians better screen women with sarcopenia.

Long-term living environment is also closely related to the

prevalence of sarcopenia. In this study, similar to previous

studies, the prevalence of sarcopenia was generally higher in rural
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TABLE 1 Comparison of clinical baseline features between the two groups.

Variables Non-sarcopenia (n = 5,645) Sarcopenia (n = 2,160) P value

Age (years) 58 (52–65) 66 (59–74) <0.001

Waist (cm) 86.0 (79.0–92.6) 86.6 (79.0–94.6) 0.003

BMI (kg/m2) 24.20 (21.93–26.61) 23.71 (21.13–26.57) <0.001

Sleep duration over the past month (hours) 6.0 (5.0–8.0) 6.0 (4.5–8.0) <0.001

Education, n (%) <0.001

No formal education 4672 (82.8) 1902 (88.1)

Elementary school 276 (11.3) 184 (8.5)

Middle school 193 (3.4) 46 (2.1)

High school or higher 232 (4.1) 28 (1.3)

Smoking history, n (%) <0.001

Never smoked 5,232 (92.6) 1,894 (87.7)

Have smoked 419 (7.4) 267 (12.3)

Frequency of drinking in the past year, n (%) 0.069

No drinking 4,762 (84.3) 1,863 (86.1)

Drink but less than once a month 423 (7.5) 120 (5.5)

Drink more than once a month 467 (8.3) 181 (8.4)

Region, n (%) <0.001

Northeast 431 (7.6) 183 (8.5)

East 1,840 (32.6) 660 (30.6)

North 634 (11.2) 317 (14.7)

Central 915 (16.2) 273 (12.6)

South 494 (8.8) 139 (6.4)

Southwest 966 (17.1) 352 (16.3)

Northwest 365 (6.5) 236 (10.9)

Area, n (%) <0.001

Urban 1,372 (24.3) 397 (18.4)

Rural 4,273 (75.7) 1,763 (81.6)

Marriage, n (%) <0.001

Unmarried 611 (10.8) 542 (25.1)

Married 5,034 (89.2) 1,618 (74.9)

Depression, n (%) 2,415 (42.8) 1,095 (50.7) <0.001

Hypertension, n (%) 2,067 (36.6) 1,066 (49.4) <0.001

Dyslipidemia, n (%) 498 (8.8) 233 (10.8) 0.008

Diabetes or high blood sugar, n (%) 298 (5.3) 167 (7.7) <0.001

Cancer, n (%) 71 (1.3) 35 (1.6) 0.217

Chronic lung diseases, n (%) 408 (7.2) 251 (11.6) <0.001

Liver disease, n (%) 203 (3.6) 83 (3.8) 0.607

Heart disease, n (%) 614 (10.9) 365 (16.9) <0.001

Stroke, n (%) 68 (1.2) 66 (3.1) <0.001

Kidney disease, n (%) 303 (5.4) 151 (7.0) 0.006

Digestive disease, n (%) 1,322 (23.4) 618 (28.6) <0.001

(Continued)
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TABLE 1 (Continued)

Variables Non-sarcopenia (n = 5,645) Sarcopenia (n = 2,160) P value

Emotional problems, n (%) 65 (1.2) 43 (2.0) 0.005

Memory-related disease, n (%) 51 (0.9) 39 (1.8) 0.001

Arthritis or rheumatism, n (%) 1,883 (33.3) 949 (43.9) <0.001

Asthma, n (%) 140 (2.5) 100 (4.6) <0.001

Body pain, n (%) 1,834 (32.5) 1,023 (47.4) <0.001

BMI, body mass index.

TABLE 2 Logistic regression analysis of female sarcopenia related factors.

Variables P OR 95% CI

Age (years) <0.001 1.079 1.072–1.086

Area <0.001 1.514 1.317–1.740

Education 0.039 0.903 0.820–0.995

Marriage <0.001 0.759 0.654–0.881

Waist 0.026 1.005 1.001–1.009

Stroke 0.002 1.773 1.225–2.566

Body pain <0.001 1.634 1.4456–1.834

Depression 0.040 1.127 1.006–1.262

Region <0.001

East 0.001 0.651 0.502–0.845

North <0.001 0.472 0.384–0.579

Central 0.015 0.752 0.597–0.947

South <0.001 0.407 0.323–0.513

Southwest <0.001 0.338 0.258–0.444

Northwest <0.001 0.447 0.357–0.559

areas than in urban areas (13). The prevalence of sarcopenia

is generally higher in rural areas, possibly due to a series of

reasons such as poor environment and lower education level in

rural areas. In China, seven regions are divided according to

economic and geographical characteristics, including Northeast,

North, East, Central, South, Southwest, and Northwest. Various

factors, including environmental factors, genetic background, and

medical resources, may influence the differences in the prevalence

of sarcopenia between different regions. In this study, sarcopenia

patients were mainly found in southern China. As the most

economically active region in China, the southern region has

attracted many people to migrate and settle here. Sarcopenia is a

genetic disorder that is passed on through genetic mutations. Due

to the large population in the southern region, the susceptibility to

genetic mutations is relatively high, which may partly explain the

results of this study.

Numerous risk factors were linked to sarcopenia in recent

research. Zhang et al. found that imbalances in protein metabolism

(protein degradation over protein synthesis), which lead to severe

reductions in muscle strength and motor capacity, are associated

with regulation of the ubiquitin-proteasome system, oxidation

FIGURE 2

Discriminatory accuracy for predicting female sarcopenia by

receiver operator characteristics (ROC) analysis calculating area

under the curve (AUC).

reactions, and autophagy, as well as potential novel mechanisms,

including altered miRNA profiles and gut microbiota (14). At the

same time, sarcopenia is closely related to glucose metabolism,

and studies have found that sarcopenia is related to hypoglycemia

treatment in skeletal muscle, Inflammation, insulin resistance,

and impaired intramuscular blood flow regulation significantly

affect how skeletal muscles process glucose (15). Aging, type

2 diabetes, and obesity are all associated with changes in the

metabolism of fatty acids (FAs); lipid buildup inside muscle

cells is a major cause of muscle insulin resistance and ceramide

formation. One of the main indicators of sarcopenia is muscular fat

infiltration (16). In addition, gynecological cancer patients are at

risk of sarcopenia, Cancer-related malnutrition has a complicated

etiology that includes metabolic abnormalities, such as lipolysis and

proteolysis, and a systemic pro-inflammatory state of malignancy

(17, 18).

The relationship between age and sarcopenia is a complex

one. Sarcopenia is commonly associated with aging and is often

seen in older adults (19). As we age, several physiological
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changes contribute to the development of sarcopenia. These

include hormonal changes, decreased physical activity, inadequate

nutrition, and chronic inflammation (20, 21). These factors can

lead to a progressive loss of muscle mass, strength, and function.

Similar to the above study, age is also an essential factor in female

sarcopenia patients in this study.

While age is a significant risk factor for developing sarcopenia,

it is not the sole determinant. Lifestyle factors such as physical

activity level, dietary habits, and overall health also play a role (22).

This study found that female sarcopenia patients were generally

less educated and unmarried. Highly educated people and married

people tend to devote their spare time to exercise and nutrition

intake to maintain a healthy state, which prevents the occurrence

of sarcopenia to a certain extent (23, 24). In addition, similar to the

findings of Sousa-Santos et al. (25), this study found that marriage

and high education were negatively correlated with the occurrence

of sarcopenia.

In this study, the waist of female patients with sarcopenia

was significantly higher than that of non-sarcopenia patients.

Waist circumference is frequently utilized as an indicator of

abdominal obesity. There is growing evidence of a link between

sarcopenia and abdominal obesity (26, 27). The findings of

Kim et al. (28) also support the conclusion of this study that

obesity is significantly related to the occurrence of sarcopenia.

There are a few mechanisms through which abdominal obesity

may contribute to sarcopenia. Chronic inflammation and

insulin resistance, often in people with abdominal obesity, can

negatively affect muscle protein synthesis and promote muscle

breakdown (26). Additionally, adipose tissue produces various

substances called adipokines that can harm muscle function and

metabolism (29).

As an aging, degenerative disease, sarcopenia is closely related

to many chronic diseases, such as depression, stroke, and body

FIGURE 4

Calibration curve for nomogram prediction of female sarcopenia.

FIGURE 3

A nomogram was established to predict the female sarcopenia. Identify the individual characteristics: For each characteristic (e.g., Region, Age, Area,

etc.), locate the corresponding value for the individual. Draw a vertical line from the value to the “Points” scale at the top to determine the score for

that characteristic. Calculate the total score: Add up all the points from the individual characteristics to calculate the “Total Points.” Estimate the risk:

Match the total score to the “Risk” scale at the bottom of the chart to obtain the estimated probability of the risk. Variable Descriptions: Region: The

geographic region where the individual resides (South, Southwest, Northeast, Northwest, or Central). Age: The individual’s age, ranging from 45 to 95

years. Area: Indicates whether the individual lives in an urban or rural area. Education: The highest level of education attained: High school or higher;

Elementary school; No formal education; Marriage: Whether the individual is married or unmarried. Waist: Waist circumference in centimeters,

ranging from 10 to 150. Stroke: Indicates whether the individual has a history of stroke (0 = No, 1 = Yes). Body_pains: Indicates whether the

individual experiences body pains (0 = No, 1 = Yes). Depression: Indicates whether the individual has symptoms of depression (0 = No, 1 = Yes). Risk

Scale: The risk scale at the bottom translates the total score into a probability value (ranging from 0.1 to 0.9). This value represents the likelihood of

the outcome being assessed (e.g., a health condition or disease).
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pain. People with depression may experience reduced physical

activity, lack of motivation, and interest, which can lead to a loss

of muscle mass. In addition, because people with depression may

suffer from distress and distress, they may neglect or abandon

proper eating and exercise habits in terms of self-care, which can

also lead to further declines in muscle function and mass (30, 31).

Because strokes damage the neural pathways between the brain and

muscles, patients can experience muscle atrophy, decreased muscle

strength, and dysfunction after a stroke. In addition, patients often

require a long rehabilitation and recovery process after a stroke,

which can lead to chronic inactivity and loss of physical function,

further exacerbating the extent of sarcopenia (32, 33). There are

some correlations between body pain and sarcopenia. Although

body pain is not a direct symptom of sarcopenia, there can be

an interaction between the two. Individuals with sarcopenia often

encounter a decline in muscle mass and strength, which can result

in abnormal loads and imbalances in the body. Consequently,

this can provoke muscle and joint pain. However, pain can lead

to movement restrictions that prevent the muscles from being

adequately stimulated and used. This lack of movement and activity

may promote muscle atrophy and decreased function, worsening

sarcopenia (34, 35).

However, there are several limitations to this study.

First of all, this study is a cross-sectional study, so there

are difficult to control confounding factors, recall bias, and

other limitations. Second, due to the significant absence of

certain sarcopenia-related variables, such as participants’

daily activity levels, this study did not include them. Finally,

due to the absence of some biomarker data in the 2018

CHARLS data, the 2015 CHARLS data were included in this

study. These studies may lead to some bias in the results of

this study.

Conclusion

This study found that sarcopenia in Chinese women may be

closely related to age, waist, education, marriage, area, stroke,

physical pain, depression, and region. In addition, this study

constructs a nomogram to help clinicians better screen potential

female patients with sarcopenia.
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Background: People with diabetes mellitus (DM) have a significantly increased 
risk of sarcopenia. A cross-sectional analysis was performed using nationally 
representative data to evaluate possible sarcopenia in middle-aged and older 
adults with diabetes mellitus, and to develop and validate a prediction model 
suitable for possible sarcopenia in middle-aged and older adults with diabetes 
mellitus in the Chinese community.

Methods: Data from the China Health and Retirement Longitudinal Study 
(CHARLS), which focuses on people 45 years of age or older, served as the basis 
for the prediction model. CHARLS 2015 participants were used in the study, 
which examined 53 factors. In order to guarantee model reliability, the study 
participants were split into two groups at random: 70% for training and 30% for 
validation. Ten-fold cross-validation and Least Absolute Shrinkage and Selection 
Operator (LASSO) regression analyses were used to determine the best predictors 
for the model. The factors associated with sarcopenia in DM were researched 
using logistic regression models. Nomogram were constructed to develop the 
predictive model. The performance of the model was assessed using area under 
the curve (AUC), calibration curves and decision curve analysis (DCA).

Results: A total of 2,131 participants from the CHARLS database collected in 2015 
passed the final analysis, and the prevalence of sarcopenia was 28.9% (616/2131). 
Eight factors were subsequently chosen as predictive models by LASSO logistic 
regression: age, residence, body mass index, diastolic blood pressure, cognitive 
function, activities of daily living, peak expiratory flow and hemoglobin. These factors 
were used in the nomogram predictive model, which showed good accuracy and 
agreement. The AUC values for the training and validation sets were 0.867 (95%CI: 
0.847~0.887) and 0.849 (95%CI: 0.816~0.883). Calibration curves and DCA indicated 
that the nomogram model exhibited good predictive performance.

Conclusion: The nomogram predictive model constructed in this study can 
be used to evaluate the probability of sarcopenia in middle-aged and older adult 
DM, which is helpful for early identification and intervention of high-risk groups.

KEYWORDS

diabetes mellitus, middle-aged and older adults, sarcopenia, prediction model, 
nomogram
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1 Introduction

Diabetes mellitus (DM) is a metabolic disease that is 
hyperglycemia caused by defective insulin secretion or action. The 
prevalence of DM is high, with one in eleven people worldwide 
currently diagnosed with DM (1). According to the statistics of the 
International Diabetes Federation (IDF), as of 2021, the global DM 
patients have reached 537 million cases, of which 6.3 million died of 
DM, and it is expected that by 2045, the global DM patients will reach 
nearly 784 million, of which China leads the world in diabetes cases 
with 140 million diabetics in 2021 and has the fastest growing diabetes 
incidence in the world (2). Notably, the prevalence is highest in the 
middle-aged and older adult population (3). With the progression of 
DM, a series of complications occur when the function of organs such 
as kidneys, blood vessels, nervous system and eyes of the body are 
affected (1). In recent years, sarcopenia has been recognized as the 
third type of complication in diabetic patients, presenting a reversible 
character (4).

The European Working Group on Sarcopenia (EWGSOP) was the 
first to publish a consensus on sarcopenia, defining sarcopenia as a 
geriatric syndrome with loss of muscle mass, loss of muscle strength 
and/or reduced somatic function associated with ageing (5). It has 
been reported that the number of patients with muscle wasting 
disorders will reach 200 million worldwide in 2050 (6). As muscle 
mass declines, it increases the risk of falls, disability, re-hospitalisation 
and death in patients, leading to an increase in adverse clinical events 
and placing a significant strain and economic burden on healthcare 
systems and society (7).

DM and sarcopenia are mutually reinforcing, they share common 
risk factors and age-related trends (5). Therapeutic strategies for DM 
limit energy intake, accelerating the loss of muscle strength and 
muscle mass in patients, further increasing the incidence of sarcopenia 
(8). The risk of sarcopenia in diabetic mellitus patients is 1.5–3 times 
higher than that in the non-diabetic people (9, 10). Significantly, 
patients with sarcopenia also exacerbate glucose metabolism disorders 
due to their decreased muscle mass and function (11), and the two 
disorders contribute to each other.

The prevalence and related variables of sarcopenia in older 
persons are currently the subject of increased research, whereas fewer 
studies have developed risk prediction models for the risk of 
sarcopenia in DM. A predictive model for sarcopenia in the Chinese 
older adult population has been developed by based on the CHARLS 
database (12), but the study was conducted only in the older adult, and 
was not applicable to the specific population of middle-aged and older 
adult DM. To improve the prognosis of the DM population, it is 
crucial to construct a predictive model appropriate for the risk of 
sarcopenia in middle-aged and older DM patients.

2 Methods

2.1 Study participants

The data used for this article were obtained from the CHARLS 
investigators and are publicly available at http://charls.pku.edu.cn. The 
CHARLS is an ongoing longitudinal survey that provides high-quality 
microdata on households and individuals aged 45 years and older in 
China With the aim of analyzing population ageing issues and 

promoting interdisciplinary research on ageing. The project received 
approval from the Biomedical Ethics Committee (IRB00001052-
11015) of Peking University in Beijing, China, and our study strictly 
adhered to the principles outlined in the Declaration of Helsinki; 
informed consent was obtained from all participants. For this study, 
we  used data from the 2015 CHARLS to extract demographic 
background, general health status, disease history, and biochemical 
parameters. The inclusion criteria were as follows: (a) age ≥ 45 years; 
(b) having diabetes mellitus; (c) answering the questions about 
sarcopenia. Data missing by more than 20% were excluded. Finally, a 
total of 2,131 respondents participated in the study. The data filtering 
process is shown in Figure 1.

2.2 Assessment of diabetes

During blood collection for the CHARLS data, we  asked 
participants to fast the night before. Blood collection was performed 
by medical professionals. If participants were unable to meet the 
fasting requirement, blood samples were still collected and blood 
glucose values were analyzed as higher random plasma glucose (RPG). 
Participants with incident DM were identified based on the following 
criteria (13): previously diagnosed with diabetes; higher hemoglobin 
A1c (HbA1c) level (≥6.5%); higher fasting plasma glucose (FPG) level 
(≥126 mg/dL); and/or RPG level (≥200 mg/dL).

2.3 Assessment of sarcopenia

In this study, we adopted the Asian Working Group for Sarcopenia 
(AWGS) 2019 standard to define and evaluate sarcopenia using three 
indexes: muscle strength, physical function and appendicular skeletal 
muscle mass (ASM) (14), specific assessment of sarcopenia can 
be found in Supplementary material.

2.3.1 Muscle strength
Muscle strength was measured using a grip strength meter, and 

values below 28 kg for males and below 18 kg for females indicate 
decreased muscle strength.

2.3.2 Physical function
Physical function included the gait speed, the five-time chair 

stand test, and the short physical performance battery (SPPB). The 
total score of SPPB was 12 points with 4 points for each test. According 
to the AWGS 2019 recommendations, low physical performance was 
defined as 6-m walking speed <1 m/s or 5-times chair stand test 
time ≥ 12 s, or SPPB score ≤ 9 points.

2.3.3 Appendicular skeletal mass (ASM)
In our article, we used an anthropometric equation to estimate the 

muscle mass, which has previously been validated in Chinese 
individuals, and the ASM equation model showed a high level of 
agreement with DXA (15, 16).
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( ) ( ) ( )ASM 0.193 weight kg 0.107 height cm – 4.157 gender male 1,female 2 – 0.037 age – 2.631= × + × × = = ×

Height-adjusted muscle mass was calculated as ASM/Ht2 = ASM/
height (m)2. The cut-off point for low muscle mass was based on the 
lowest 20% percentile of ASM/Ht2 in the study population. Since our 
data are derived from the 2015 CHARLS data, we refer to the criteria 
of Wu et  al. (17). Therefore, the ASM/Ht2 cut-off for female was 
<5.08 kg/m2, and the ASM/Ht2 cut-off for male was <6.88 kg/m2.

2.4 Predictors

2.4.1 Demographic characteristics
Demographic characteristics include age, body mass index, sex, 

marital status, residence, education, pension insurance, and 
health insurance.

2.4.2 Vital signs
Vital signs including temperature, pulse, respiratory rate, systolic 

blood pressure (SBP) and diastolic blood pressure (DBP) at the first 
records after admission.

2.4.3 Health status and behavior
Health status and behaviors include smoking, drinking, history of 

disease (chronic disease, hypertension, cancer, lung disease, heart 
disease, stroke, arthritis, dyslipidaemia, liver disease, kidney disease, 
stomach disease, asthma), fall down, sleep duration, myopia, 
hyperopia, hearing, self-reported health status, peak expiratory flow 
(PEF), activities of daily living (ADL) and social participation.

	(1)	 The CHARLS assesses the respondents’ ability to perform 
activities of daily living using the Basic Activities of Daily 
Living (BADL) and Instrumental Activities of Daily Living 
(IADL), with six items selected for the BADL: dressing, 
bathing, eating, getting in and out of bed, going to the toilet, 
and controlling urine and faeces; and six items for the IADL: 
doing household chores, cooking, shopping on one’s own, 
making a phone call, taking medication, and controlling 
money. In both BADL and IADL, completing all 6 items 
without difficulty was considered to be functionally intact, and 
completing any one of them without difficulty was defined as 
functionally impaired (18, 19).

	(2)	 The data on participation in social activities were obtained 
from the CHARLS questionnaire, ‘Did you  do any of the 
following activities in the past month (multiple answers 
allowed)’, with the following answers: (a)visiting the home, 
socializing with friends; (b) playing mahjong, chess, cards, 
going to the community room; (c) providing help to your 
relatives, friends or neighbors who do not live with you, 
without any compensation, friends or neighbors; (d) going to 
parks or other places to dance, work out, practice qigong; (e) 
taking part in community organizations; (f) volunteering or 
charitable activities; (g) taking care of sick people or people 
with disabilities you do not live with free of charge; (h) going 
to school or attending training courses; (i) speculating on 
stocks (funds and other financial securities); (j) surfing the 
internet; (k) others; (l) none of the above. For the above 12 

FIGURE 1

Flowchart of the study.
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options, if you choose any one of (a) to (l), you are considered 
to have participated in activities, and it is marked as ‘1’, while if 
you choose (l), you are considered to have not participated in 
social activities, and it is marked as ‘0’ (20, 21).

2.4.4 Mental health parameters
Mental health parameters included self-reported depression and 

cognitive function.

	(1)	 Depression was assessed by the 10-item score of the Centre for 
Epidemiological Studies Depression Scale (CESD-10) from the 
CHARLS data. It was divided into 4 levels according to scores 
of 0, 1, 2, and 3, and the 10-item scores ranged from 0–30, with 
>10 defined as having a tendency to be depressed (22, 23).

	(2)	 Measurement of cognitive function included two dimensions, 
situational memory and mental state, with overall cognitive 
function scores ranging from 0 to 21, with higher scores 
indicating better cognitive function. (a) Situational memory: a 
total score of 10 points, divided into instantaneous memory 
and delayed recall. Instantaneous memory was measured by 
asking the respondents to immediately recall the 10 words just 
read to them by the investigator; delayed recall required the 
respondents to recall the same 10 words again after 4 to 10 min. 
One point was awarded for each correctly recalled word, and 
the average of the two tests was taken as the total situational 
memory score. (b) Mental state: The total score is 11 points, 
divided into time orientation, calculation ability and drawing 
ability. Time orientation requires respondents to answer the 
day of the year, month, day, season and day of the week, answer 
1 correctly scored 1 point, a total of 5 points. Computing ability 
requires respondents to carry out five calculations (answer 100 
minus 7 equals how much, the answer to the value of the value 
of the answer and then subtracted from the 7, repeat 4 times), 
if the respondent calculations are wrong, but the results of the 
next calculation is equal to the last error value minus 7, can still 
be  scored one point, a total of five points. Drawing ability 
requires respondents were asked to draw a picture of two 
overlapping pentagrams displayed by the investigator, and one 
point was awarded to those who drew the picture (24).

2.4.5 Biochemical parameters
After the home interview, 8 mL of fasting venous blood was 

collected by professional staff and the samples were sent to the 
laboratory of the Chinese Center for Disease Control and Prevention 
(CDC) in Beijing, China, where they were stored at 
−80°C. Hemoglobin (Hb), white blood cell (WBC), c-reactive protein 
(CRP), Hematocrit (HCT), mean corpuscular volume (MCV), 
Platelets (PLT), total cholesterol (TC), triglyceride (TG), high-density 
lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol 
(LDL-c), Blood Urea Nitrogen (BUN), Creatinine, Uric acid and 
Cystatin C were collected by a professional staff.

2.5 Statistical analyses

Statistical analyses were performed using R 4.3.0. The CHARLS 
data were randomly divided into a training set and an internal 
validation set in a ratio of 7:3.

	(1)	 Statistical description: quantitative data conforming to normal 
distribution were expressed as means ± standard deviations, 
and the t-test was used for inter-group comparisons. 
Non-normally distributed data were expressed as medians and 
tertile range, and the rank sum test was used for inter-
group comparisons.

	(2)	 Predictor variable screening: model over-fitting was prevented 
by LASSO regression, penalties on coefficients prevented the 
problem of covariance, and logistic regression was subsequently 
performed to determine the independent risk factors for 
sarcopenia in middle-aged and older adult diabetic 
populations. All tests were two-sided, and p < 0.05 was 
considered a statistically significant difference.

	(3)	 Nomogram predictive model construction: logistic regression 
was used to construct the predictive model, and the ‘rms’ 
package was used to construct the nomogram predictive model 
for sarcopenia.

	(4)	 Evaluation of the model: the C_index of the sarcopenia 
nomogram predictive model was calculated to assess the 
discriminatory ability of the model, and the calibration curve 
of the sarcopenia predictive model was produced to determine 
the degree of agreement between the predicted probability and 
the observed results. Clinical validity was assessed by decision 
curve analysis (DCA).

	(5)	 Model validation: AUC, calibration curves and DCA were used 
to validate the predictive performance of the nomogram model.

3 Results

3.1 Participants characteristics

Our study included 2,131 middle aged and older adult diabetic 
patients. The mean age was 63.32 ± 8.90 years, of which 1,227 (57.6%) 
were male and 904 (42.4%) were female. The prevalence of sarcopenia 
in middle-aged and older adult diabetic patients was 28.9% 
(616/2,131). Baseline characteristics are shown in 
Supplementary Table 1. Among middle-aged and older adult diabetic 
patients, 1,492 (70%) and 639 (30%) were randomly assigned to the 
training and validation sets, respectively. The results in 
Supplementary Table 2 show that there was no significant difference 
(p > 0.05) between the predictors of the training and validation date 
sets and the baselines were comparable. The baseline characteristics of 
the training set participants are shown in Table 1.

3.2 LASSO and logistic regression

Using whether or not sarcopenia occurred in middle-aged or 
older adult diabetic participants as the outcome variable, all candidate 
predictor variables were included in LASSO regression, and the 
independent variable screening and cross-validation process of 
LASSO regression are shown in Figures 2A,B, respectively. Non-zero 
coefficients were selected as potential predictors of sarcopenia. In 
order to ensure that the model is both efficient and concise, and 
considering the simplicity and operability in the process of practical 
clinical application, the Lambda.lse value (Lambda = 0.02787465) 
with the cross-validation error within the range of plus or minus one 
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TABLE 1  Baseline characteristics of the training set participants.

Variables Overall 
(n = 1,492)

No sarcopenia 
(n = 1,063)

Possible sarcopenia 
(n = 429)

p-value

Demographic characteristics

Age, Median (IQR) 63.0 (57.00,69.00) 61.00 (55.00,67.00) 69.00 (62.00,75.00) <0.001

BMI (kg/m2) 25.03 (22.62,27.65) 25.81 (23.96,28.28) 22.08 (19.72,24.89) <0.001

Sex (%) <0.001

 � Male 650 (43.6) 512 (48.2) 138 (32.2)

 � Female 842 (56.4) 551 (51.8) 291 (67.8)

Education (%) <0.001

 � Primary school or below 704 (47.2) 434 (40.8) 270 (62.7)

 � Junior high school/ technical secondary school 610 (40.9) 479 (45.1) 131 (30.5)

 � High school and above 178 (11.9) 150 (14.1) 28 (6.5)

Marital status (%) <0.001

 � Married 1,258 (84.3) 938 (88.2) 320 (74.6)

 � Unmarried 234 (15.7) 125 (11.8) 109 (25.4)

Residence (%) <0.001

 � Urban 622 (41.7) 470 (44.8) 146 (34.0)

 � Rural 870 (58.3) 587 (55.2) 283 (66.0)

Medical insurance (%) 0.016

 � No 108 (7.2) 66 (6.2) 42 (9.8)

 � Yes 1,384 (92.8) 997 (93.8) 387 (90.2)

Endowment insurance (%) 0.001

 � No 541 (36.3) 457 (43.0) 84 (19.6)

 � Yes 951 (63.7) 606 (57.0) 345 (80.4)

Vital signs

Temperature (°C) 36.7 (36.6, 37.0) 36.7 (36.6, 37.0) 36.6 (36.5; 37.0) 0.615

Pulse (times/min) 75.50 (68.00,83.00) 75.00 (67.50,82.50) 76.50 (69.00,84.50) 0.014

Respiratory rate (times/min) 20.0 (20.0, 20.0) 20.0 (20.0, 20.0) 19.0 (19.0, 20.0) 0.471

SBP (mmHg) 130.00 (118.13,145.38) 130.00 (119.50,145.50) 130.50 (114.50,145.00) 0.276

DBP (mmHg) 75.50 (68.00,83.50) 76.50 (69.00,84.00) 71.50 (65.50,80.25) <0.001

Health status and behavior

Smoking (%) <0.001

 � No 860 (57.6) 575 (54.1) 285 (66.4)

 � Yes 632 (42.4) 488 (45.9) 144 (33.6)

Drinking (%) 0.006

 � No 835 (56.0) 571 (53.7) 264 (61.5)

 � Yes 657 (44.0) 492 (46.3) 165 (38.5)

Chronic diseases (%) 0.670

 � No 129 (8.6) 94 (8.8) 35 (8.2)

 � Yes 1,363 (91.4) 969 (91.2) 394 (91.8)

Hypertension (%) 0.673

 � No 684 (45.8) 491 (46.2) 193 (45.0)

 � Yes 808 (54.2) 572 (53.8) 236 (55.0)

Cancer (%) 0.743

 � No 1,465 (98.2) 1,043 (98.1) 422 (98.4)

 � Yes 27 (1.8) 20 (1.9) 7 (1.6)

(Continued)
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TABLE 1  (Continued)

Variables Overall 
(n = 1,492)

No sarcopenia 
(n = 1,063)

Possible sarcopenia 
(n = 429)

p-value

Chronic lung disease (%) 0.001

 � No 1,270 (85.1) 925 (87.0) 345 (80.4)

 � Yes 222 (14.9) 138 (13.0) 84 (19.6)

Heart disease (%) 0.173

 � No 1,077 (72.2) 778 (73.2) 299 (69.7)

 � Yes 415 (27.8) 285 (26.8) 285 (26.8)

Stroke (%) 0.012

 � No 1,397 (93.6) 1,006 (94.6) 391 (91.1)

 � Yes 95 (6.4) 57 (5.4) 38 (8.9)

Arthritis (%) <0.001

 � No 787 (52.7) 607 (57.1) 180 (42.0)

 � Yes 705 (47.3) 456 (42.9) 249 (58.0)

Dyslipidemia (%) <0.001

 � No 930 (62.3) 617 (58.0) 313 (73.0)

 � Yes 562 (37.7) 446 (42.0) 116 (27.0)

Liver disease (%) 0.347

 � No 1,350 (90.5) 957 (90.0) 393 (91.6)

 � Yes 142 (9.5) 106 (10.0) 36 (8.4)

Kidney disease (%) 0.290

 � No 1,311 (87.9) 928 (87.3) 383 (89.3)

 � Yes 181 (12.1) 135 (12.7) 46 (10.7)

Stomach disease (%) 0.019

 � No 1,016 (68.1) 743 (69.9) 273 (63.6)

 � Yes 476 (31.9) 320 (30.1) 156 (36.4)

Asthma (%) <0.001

 � No 1,375 (92.2) 1,003 (94.4) 372 (86.7)

 � Yes 117 (7.8) 60 (5.6) 57 (13.3)

Fall down (%) 0.002

 � No 1,187 (79.6) 868 (81.7) 319 (74.4)

 � Yes 305 (20.4) 195 (18.3) 110 (25.6)

Tap water (%) 0.001

 � No 368 (24.7) 238 (22.4) 130 (30.3)

 � Yes 1,124 (75.3) 825 (77.6) 299 (69.7)

ADL (%) <0.001

 � Non-disability 938 (62.9) 727 (68.4) 211 (49.2)

 � Disability 554 (37.1) 336 (31.6) 218 (50.8)

Social participation (%) <0.001

 � No 664 (44.5) 423 (39.8) 241 (56.2)

 � Yes 828 (55.5) 640 (60.2) 188 (43.8)

Hyperopia (%) <0.001

 � Good 409 (27.4) 248 (23.3) 161 (37.5)

 � Fair 723 (48.5) 530 (49.9) 193 (45.0)

 � Poor 360 (24.1) 285 (26.8) 75 (17.5)

(Continued)
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standard error of the minimum error was selected as the optimal 
penalty coefficient in our study, at which time the model contained 
13 variables, including age, gender, BMI, residence, smoking, 
arthritis, cognitive function, depression, social participation, ADL, 
PEF, DBP, and Hb. These factors were then included in the logistic 
regression model. It was ultimately found that, Age (p < 0.001), 
Residence (p = 0.003), BMI (p < 0.001), Cognitive function 
(p = 0.003), ADL (p < 0.001), DBP (p = 0.019), Breathing (p < 0.001) 
and Hb (p < 0.001) were found to be associated with the development 
of sarcopenia in middle-aged and older adult diabetic mellitus 
(Table 2).

3.3 Developing predictive models

Logistic regression was used to establish the predictive model. 
Variance inflation factor (VIF) test was performed and the VIF values 
for all variables were in the range of 1.09 to 1.54, with VIF values 
below five. The model was well fitted with no covariance. A predictive 
model was presented using nomogram, which allowed for a 
quantitative possible predictive of sarcopenia in middle-aged and 
older adult diabetic patients (Figure 3). Individual scores for each 
predictor variable in the nomogram model ranged from 0 to 100, and 
total scores ranged from 420 to 600. When using the nomogram 

TABLE 1  (Continued)

Variables Overall 
(n = 1,492)

No sarcopenia 
(n = 1,063)

Possible sarcopenia 
(n = 429)

p-value

Myopia (%) 0.002

 � Good 354 (23.7) 229 (21.5) 125 (29.1)

 � Fair 766 (51.3) 550 (51.7) 216 (50.3)

 � Poor 372 (24.9) 284 (26.7) 88 (20.5)

Hearing (%) <0.001

 � Good 251 (16.8) 153 (14.4) 98 (22.8)

 � Fair 798 (53.5) 580 (54.6) 218 (50.8)

 � Poor 443 (29.7) 330 (31.0) 113 (26.3)

Self-assessed health status (%) <0.001

 � Good 507 (34.0) 321 (30.2) 186 (43.4)

 � Fair 747 (50.1) 561 (52.8) 186 (43.4)

 � Poor 238 (16.0) 181 (17.0) 57 (13.3)

Sleep time (h) 6.00 (5.00,8.00) 6.00 (5.00,8.00) 6.00 (5.00,8.00) 0.297

PEF (L/min) 300.00 (220.00,380.00) 329.00 (250.00,400.00) 240.00 (170.00,310.00) <0.001

Mental health parameters

Depression (scores) 8.00 (4.00,13.00) 7.00 (3.00,12.00) 10.00 (5.00,16.00) <0.001

Cognitive function (scores) 11.50 (8.50,14.00) 12.00 (9.50,14.50) 9.50 (6.50,12.35) <0.001

Biochemical parameters

Hb (g/dL) 13.70 (12.60,14.80) 13.90 (12.80,15.00) 13.00 (12.00,14.10) <0.001

WBC (1,000) 6.10 (5.10,7.32) 6.13 (5.19,7.33) 5.84 (4.93,7.30) 0.021

CRP (mg/L) 2.00 (1.00,3.57) 2.10 (1.10,3.50) 1.80 (0.90,5.60) 0.084

HCT (%) 41.35 (38.00,44.60) 42.00 (38.70,45.10) 39.70 (36.45,43.25) <0.001

MCV (fl) 91.20 (87.10,94.80) 91.20 (87.30,94.60) 91.60 (87.05,95.35) 0.289

PLT (109/L) 203.00 (159.00,246.00) 204.00 (162.00,246.00) 201.00 (154.00,246.00) 0.295

TC (mg/dl) 187.64 (163.03,213.13) 187.64 (162.93,212.74) 186.87 (163.32,213.32) 0.879

TG (mg/dL) 143.36 (98.23,209.73) 150.44 (104.42,221.24) 122.12 (85.84,177.88) <0.001

HDL-c (mg/dL) 47.49 (40.93,54.83) 46.33 (40.15,53.28) 49.81 (42.66,59.46) <0.001

LDL-c (mg/dL) 102.32 (84.17,122.78) 103.09 (84.56,122.78) 101.16 (83.01,123.55) 0.666

BUN (mg/dL) 15.13 (12.61,18.21) 15.13 (12.61,18.21) 15.13 (12.61,18.49) 0.823

Creatinine (mg/dL) 0.74 (0.63,0.89) 0.75 (0.64,0.88) 0.72 (0.63,0.90) 0.489

Uric acid (mg/dL) 4.90 (4.10,6.00) 5.00 (4.20,6.00) 4.90 (3.90,5.80) 0.025

Cystatin C (mg/L) 0.86 (0.74,0.98) 0.83 (0.72,0.95) 0.93 (0.78,1.06) <0.001

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; ADL, activities of daily living; PEF, peak expiratory flow; Hb, hemoglobin; WBC, white blood cell; CRP, 
c-reactive protein; HCT, hematocrit; MCV, mean corpuscular volume; PLT, platelets; TC, total cholesterol; TG, triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density 
lipoprotein cholesterol; BUN, blood urea nitrogen.
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predictive model, the corresponding scores of each independent 
influencing factor were projected onto the first row, and then the 
scores of the eight influencing factors were cumulatively summed to 
obtain the total score, based on which the probability of the occurrence 
of sarcopenia in middle-aged and older adult diabetic patients was 
judged to be high or low.

3.4 Predictive model validation

As shown in Figure 4A, the AUC value for the predictive model 
was 0.867 (95%CI: 0.847~0.887), and the optimal threshold was 0.279, 
sensitivity was 0.797 and specificity was 0.778. The calibration curve 
indicated a good model fit (χ2 = 13.483, df = 8, p = 0.097), p > 0.05, the 

difference was not statistically significant, suggesting that the 
predictive ability of the predictive model was more consistent with the 
actual incidence rate, and the Brier score was 0.009, indicating that the 
model was well calibrated (Figure 5A). The clinical validity of the 
model was assessed using a DCA curve, which showed that the 
training set exceeded the extremes, indicating that the nomogram 
predictive model provided superior net benefit and predictive 
accuracy (Figure 6A). Validation of the predictive model using the 
validation set showed an AUC value of 0.849 (95%CI: 0.816~0.883) for 
the validation set (Figure 4B), and the calibration curve indicated a 
good fit of the model (χ2 = 14.327, df = 8, p = 0.074) (Figure 5B). The 
DCA curves demonstrate the clinical validity of the model (Figure 6B).

4 Discussion

The results of this study indicated that the prevalence of 
sarcopenia in middle-aged and older adult diabetic patients in China 
was 28.9%, higher than the findings of Li et al. (25) (18.86%), and the 
reason for analysis was mainly related to the different ages of the 
included population, with the prevalence of sarcopenia gradually 
increasing with age, and middle-aged and older adult population as a 
priority group (26). Sarcopenia has been considered as the third type 
of complication in diabetic patients, as a new diabetic complication, 
presenting reversible characteristics, so the early identification of 
diabetic patients with the presence of sarcopenia in the high-risk 
group, and the prevention in advance, can delay or even reverse the 
occurrence of sarcopenia.

In this study, age was found to be a risk factor for the development 
of sarcopenia in diabetic mellitus. Older adult patients are already a 
high prevalence group for sarcopenia, and the prevalence of 
sarcopenia has been as high as 6.8% to 18.5% in the Chinese 
community’s older adult population, and even higher in the middle-
aged and older adult population with associated chronic diseases (27). 
The decline in muscle mass and muscle strength with age is greater in 

FIGURE 2

Demographic and clinical feature selection using the LASSO regression model. (A) According to the logarithmic (lambda) sequence, a coefficient 
profile was generated, and non-zero coefficients were produced by the optimal lambda. (B) The optimal parameter (lambda) in the LASSO model was 
selected via tenfold cross-validation using minimum criteria. The partial likelihood deviation (binomial deviation) curve relative to log (lambda) was 
plotted. A virtual vertical line at the optimal value was drawn using one SE of minimum criterion (the 1-SE criterion).

TABLE 2  The prediction model with multivariate logistic regression.

Variables OR 95%CI p-value

Residence 0.003

 � Urban Reference

 � Rural 1.575 [1.163,2.133]

ADL <0.001

 � Non-disability Reference

 � Disability 1.874 [1.392,2.522]

Cognitive function 0.927 [0.888,0.967] <0.001

Age 1.079 [1.060,1.100] <0.001

BMI 0.759 [0.725,0.795] <0.001

DBP 0.984 [0.970,0.997] 0.019

PEF 0.995 [0.993,0.996] <0.001

Hb 0.860 [0.795,0.931] <0.001

BMI, body mass index; ADL, Activities of daily living; DBP, mean diastolic blood pressure; 
Hb, Hemoglobin; OR, odds ratio; CI, confidence interval.
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diabetic patients than in non-diabetic patients (5, 28, 29). After the age 
of 50 years, muscle mass decreases by approximately 1 to 2% per year, 
accompanied by a progressive loss of muscle mass, strength and 
function due to a decrease in the number and size of type II muscle 

fibres (30, 31). Therefore, muscle mass in the older adult diabetic 
population needs to be taken care of.

The results of the present study showed that lower BMI increased 
the risk of developing sarcopenia, similar to the findings of Chen et al. 

FIGURE 3

A nomogram predictive model for sarcopenia in middle-aged and older adult diabetic patients in China.

FIGURE 4

(A) Nomogram ROC curves generated from the training data set. (B) Nomogram ROC curves generated using the validation data set.

117

https://doi.org/10.3389/fpubh.2025.1521736
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Qiao et al.� 10.3389/fpubh.2025.1521736

Frontiers in Public Health 10 frontiersin.org

(32). Decrease in BMI was associated with low muscle mass, and lower 
BMI was considered as a dietary tendency to choose a lower protein 
content for intake. However, Dai et  al. (33) found that the risk of 
developing sarcopenia was about 6.12 times higher when the BMI was 
≥30 kg/m2. Middle-aged and older adult diabetic patients with high 
body fat may be more likely to develop sarcopenia, considered as 
infiltration of adipose tissue in muscle and bone tissue stimulates 
sarcopenia (34). Adipose tissue can also cause chronic inflammation, 
leading to adipose-secreted cytokines that inhibit muscle protein 

synthesis, osteoblast differentiation and production, resulting in 
abnormal bone tissue and muscle function (35). Therefore, in addition 
to diabetes patients with low BMI, obese individuals should also be the 
focus of attention when evaluating for community sarcopenia groups.

The results of this study also showed that decreased Hb is a risk 
factor for sarcopenia, and decreased Hb responds to conditions such 
as anaemia and malnutrition in the organism (36, 37). In diabetic 
mellitus patients, the normal energy intake of the organism is affected 
due to long-term dietary control and medication. If energy intake is 

FIGURE 5

(A) Calibration plots for training data set. (B) Calibration plots for validation data set.

FIGURE 6

(A) DCA curves for training data set. (B) DCA curves for validation data set.
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low and cannot match the level of energy expenditure, it leads to 
weight loss and muscle mass loss in the older adult, and loss of muscle 
mass and function is the main feature of sarcopenia (5). As a result, a 
diabetic diet can be customized based on the patient’s BMI and Hb test 
results. Maintaining a healthy nutritional status is crucial for blood 
glucose control and preventing sarcopenia.

The results of the study showed that the prevalence of sarcopenia 
was higher in middle-aged and older adult diabetic patients living in 
rural areas compared to those living in urban areas. For middle-aged 
and older adult diabetic patients living in urban areas, early diagnosis 
and prevention of the illness are simpler, and information is easier to 
obtain (38). At the same time, some activities and exercise venues and 
equipment are more available in the city. Therefore, in the future, 
middle-aged and older adult people living in rural areas should pay 
more attention to muscle exercise and DM health education.

Our study revealed that the risk of sarcopenia increases with 
poorer cognitive function. DM patients are prone to cognitive 
dysfunction due to thickening of the basement membrane of the brain 
and increased permeability of the blood–brain barrier, where proteins 
and other plasma constituents penetrate into the perivascular 
compartments and damage neurons (39, 40). In individuals with 
diabetes, cognitive impairment may be  a contributing factor to a 
decrease in physical activity duration and an increase in the frequency 
and length of periods of inactivity and lying down. Secondly, low 
cognitive function can lead to difficulties with dietary intake and 
reduced eating, and diabetics themselves require long-term dietary 
control due to disease factors, all of which accelerate sarcopenia. 
Notably, hyperglycaemia may also lead to oxidative stress and 
inflammatory responses, which are common mechanisms for both 
cognitive impairment and sarcopenia (28). Focusing on muscle 
function is therefore much more crucial for people with DM who also 
have cognitive problems.

The results of this study showed that disability is a risk factor for 
sarcopenia in diabetic patients. Chronic disruptions in glucose 
metabolism can result in a number of consequences, including 
cardiovascular disease, nephropathy, and neuropathy. These 
conditions can make it more difficult for the patient to take care of 
themselves and raise the risk of incapacitation (41). Disability most 
directly leads to decreased mobility and increased prevalence of 
sarcopenia. Sarcopenia should therefore be considered while screening 
for disabilities.

Peak expiratory flow (PEF) is a simple screening tool for lung 
function and is defined as the instantaneous velocity at the fastest 
expiratory flow during exertion spirometry, reflecting the strength of 
the respiratory muscles (42). In this study, PEF was found to be a risk 
factor for the development of sarcopenia in middle-aged and older 
adult DM patients. The hyperglycaemic state of the body in diabetic 
patients affects lung physiology, inflammation and bacterial infections, 
which may lead to a loss of respiratory muscle mass and strength, and/
or a decrease in lung function, which is known as sarcopenia (43). 
According to the 2010 consensus of the European Working Group on 
Sarcopenia in the older adult, PEF is determined by respiratory muscle 
strength in people without lung disease (5), and it can be used as an 
indicator of respiratory sarcopenia (44). Consequently, middle-aged 
and older diabetes patients with pulmonary dysfunction must actively 
manage their blood glucose levels. Lip-contraction belly breathing 
training is one way to strengthen the respiratory muscles and lessen 
respiratory sarcopenia.

Also, this study found that low diastolic blood pressure is strongly 
associated with the development of sarcopenia. Diastolic blood 
pressure is the pressure generated by the elastic retraction of arterial 
blood vessels when the heart is in diastole, and low diastolic blood 
pressure may indicate that the heart is not pumping enough blood to 
the body during diastole, which may also affect the supply of nutrients 
to the muscles (44). Low diastolic blood pressure may be a sign of 
declining fitness in the older adult, which is closely associated with 
sarcopenia. Therefore, in the future, patients with DM combined with 
hypertension should be concerned about muscle loss in addition to 
cardiac, cerebral, and renal complications.

The nomogram prediction model constructed in our study has a 
good prediction performance. First, the area under the ROC curve of 
the model is 0.867, which is greater than 0.800, indicating that the 
model has a good degree of discrimination. Second, the calibration 
curve of the model is close to the standard curve (45-degree line), 
indicating a high degree of agreement between the predicted 
probabilities and the observations. Finally, the DCA curve is within 
the probability threshold interval and above the reference line, 
indicating that the model has some clinical application value. Our 
study compares with the study by Zhang et al. (45) on sarcopenia in 
the older adult, where BMI and DBP were common predictors in both 
studies, but the AUC in our study was 0.867 (95%CI: 0.847~0.887) 
much higher than the latter (0.77, 95%CI: 0.75~0.79). And the results 
of the present study were more applicable to DM population. As 
shown in the nomogram predictive model, BMI was relatively more 
important, followed by PEF, age, Hb, DBP, cognitive function, ADL, 
and residence. The nomogram predictive model is simple and easy to 
use and the eight predictors are easily accessible. Community workers 
can assign values to each predictor and calculate the total score, and 
differentiate between high- and low-risk groups according to the 
optimal threshold value of 0.279, which not only reduces the 
computational burden of the users, but also saves the time of the 
assessment effectively.

The predictive model we constructed had good discrimination 
and accuracy, and the results of internal validation were found to be a 
valuable tool for assessing sarcopenia in DM patients. However, this 
study also has some limitations. Firstly, only data from 2015 in the 
CHARLS database were selected for this study, which was 
retrospective. Second, this study was only internally validated without 
external validation, and the study population was from China, which 
limits its generalization. Finally, the survey method of this study is 
self-report, the results of the questions will be affected by the subjective 
consciousness of the patients, and this study selected the middle-aged 
and older adult population, some of them will have memory bias, and 
the accuracy of the results may be affected to some extent. Large-
sample, multi-center studies should be carried out in the future to 
investigate causality and validate the results.

5 Conclusion

Our study constructed a risk predictive model for sarcopenia in 
middle-aged and older adult DM patients with good predictive 
efficacy, which screened 8 predictors, including age, gender, residence, 
PEF, Hb, DBP, cognitive function, and ADL. The predictive model was 
built by combining the above 8 independent risk factors for sarcopenia 
in diabetic patients, which transformed the complex equation into a 
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visual model. This novel screening tool is accurate, specific, and cost-
effective, highlighting its potential value in clinical applications.
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Spinal muscular atrophy (SMA) is an autosomal recessive genetic disorder marked

by progressive, symmetrical muscle weakness and atrophy. While only a limited

number of studies on human SMA have demonstrated brain involvement, there

are also few reports detailing early brain MRI changes in SMA patients. In this

paper, we present the case of a child whose initial symptom was limb

hypotonia. The child’s brain MRI revealed abnormal signal changes and genetic

testing ultimately confirmed the diagnosis of SMA. By reviewing relevant

literature, we aim to summarize the brain MRI signal changes observed in SMA

patients and explore their possible mechanisms, with the goal of enhancing

clinicians’ ability to identify and treat neonatal SMA at an early stage.

KEYWORDS

neonatal, spinal muscular atrophy (SMA), SMN, brain MRI, case report

Introduction

SMA is a degenerative neuromuscular disease affecting lower motor neurons in the

anterior horn of the spinal cord, primarily caused by a homozygous deletion of SMN1

on chromosome 5q13 (1, 2). Its incidence ranges from 1/6,000 to 1/10,000, with a

carrier frequency of 1/40 to 1/60 (1, 2). This case initially presented with decreased

muscle tone in the extremities. Although some structures of the brain MRI showed

abnormal signal changes similar to bilirubin encephalopathy, clinical manifestations and

additional examinations did not support this diagnosis, leading to a final diagnosis of

SMA through genetic testing. Characteristic brain imaging findings in neonatal SMA

are rarely reported and are often confused with conditions like bilirubin

encephalopathy, hypoxic-ischemic encephalopathy, and hypoglycemic encephalopathy,

making diagnosis challenging. Further research is needed to clarify the diagnostic value

of brain imaging changes in SMA.

Case report

We report a neonate presenting with hypotonia one day after birth. Born at 40+5 weeks

with Apgar scores of 1–5–10 min are all rated at 10 and a weight of 2,700 g, the child

showed no abnormalities in the amniotic fluid, umbilical cord, or placenta, nor signs of
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intrauterine distress or premature rupture ofmembranes. The child did

not show any decrease in fetal movement or fetal heart rate during

pregnancy. The mother’s gestational age was 32 years. His parents

had no history of smoking, alcohol, drug use, or inherited metabolic

diseases. The child exhibited good development, alertness, and mild

jaundice. Physical examination showed no abnormalities in the heart,

lungs, or abdomen and no barrel chest or paradoxical breathing

exercises. The child’s upper limbs could move horizontally but could

not be lifted off the bed, both lower limbs could be lifted slightly off

the bed but could not resist resistance, the limbs were floppy and

could not be flexed naturally in the supine position, and they were in

a “frog position” in the prone position. None of the tendon reflexes

were elicited, the feeding and sucking reflex could be elicited,

whereas the grip and hug reflexes were markedly diminished. He

had difficulty in erecting his head, and he had no myoclonus, tongue

spasms, or finger contractures. The “Medical Research Council Scale

for Muscle Strength” suggests grade 2 muscle strength in the upper

limbs and grade 3 in the lower limbs. Upon admission, blood

glucose was 3.4 mmol/L, serum total bilirubin was 9.5 mg/dl, and

blood gas analysis was normal. During hospitalization, results for

NSE (35 ng/ml), blood cell analysis + CRP, urine analysis, stool

routine, liver and kidney function tests, electrolytes, blood culture,

TORCH tests, procalcitonin, pre-blood transfusion, and Epstein–Barr

virus tests were all normal. A spine MRI was unremarkable, while a

brain MRI on postnatal day 3 showed symmetrical patchy T1W1

hyperintensity in the bilateral basal ganglia, thalamus, periventricular

area, and brainstem (Figure 1). We did genetic testing, which showed

a homozygous deletion of exon 7 of the SMN1 gene, with a

heterozygous deletion in both parents, confirming a diagnosis of

spinal muscular atrophy. Sadly, the child’s parents withdrew

treatment, and he died of respiratory failure a week later.

Discussion

In this case, the child was admitted to the hospital with reduced

muscle tone as the primary symptom. His brain MRI showed high

signal changes in multiple regions on T1WI. Neonatal brain MRI

signal changes can have various causes, we excluded the diagnosis

of bilirubin encephalopathy and the fact that the child had no

postnatal hypoxic-ischemic events, such as asphyxia, intrauterine

distress, severe hypoglycemia, or significant infections, making the

origin of the MRI changes unclear. Ultimately, a diagnosis of SMA

was confirmed through genetic testing.

SMA is the second most common fatal autosomal recessive

disease in infancy and is classified into five types based on

symptom onset and highest motor milestones achieved (2, 3).

Patients with type 0, I, and II are more severe, and they mostly

die from respiratory failure, while type III and IV life expectancy

are generally not affected (1). Two SMA-related genes, SMN1

and SMN2, are located on chromosome 5, differing by a single

nucleotide (C-to-T transition in exon 7); SMN1 produces SMN

protein normally, whereas SMN2 produces only 10% of the total

SMN protein (1). When a homozygous deletion of SMN1 exon 7

occurs on 5q13, SMN2 alone produces insufficient SMN protein,

leading to SMA. Therefore, its severity and prognosis are closely

linked to the number of SMN2 copies, with fewer copies

indicating a more severe disease.

SMN protein levels in the brain have been found to decrease

during development, especially in the fetal and postnatal stages (4),

suggesting a critical role for SMN protein in the early stages of

brain development. Neuropathological data show that severe forms

of SMA affect the brain (5), and reduced brain structural size is

observed in mouse models of severe SMA, especially in regions

associated with high SMN protein levels, suggesting that high SMN

protein levels are required for brain development (6). We speculate

that the brain MRI changes may be related to SMA, although few

studies have explored this. To further explore the characteristics of

MRI changes in the brain of SMA, we reviewed the previously

published English literature. Three case-control studies showed

abnormal gray matter changes in patients with SMA, and seven

individual studies reported a total of 16 patients with different types

of SMA. They mention the presence of symmetrical high signal in

the white matter, putamen and thalamus in patients with SMA

type 0 (7); periventricular posterior horn of the lateral ventricle and

bilateral anterolateral thalamus high-signal-intensity lesions in

children with SMA type I (8); periventricular high intensity around

the posterior horns of lateral ventricles and delayed myelin

formation in patients with SMA type II (9) (Table 1).

Further exploration of the pathogenesis suggests that there is a

modifier gene for SMA, the zinc finger protein (ZPR1) gene (10). It

can interact with SMN sites to induce neuronal differentiation,

stimulate axon growth in motor neuron-like cells, and increase

SMN levels (10, 11). We hypothesized that previously reported

cerebral atrophy may be related to chronic hypoxia in the brain

(12), because defects in ZPR1 in critically ill SMA patients

contribute to phrenic nerve axonal loss of function and myelin

proliferation, leading to defects in diaphragmatic respiratory

function causing respiratory muscle weakness, which ultimately

can lead to chronic hypoxia in the brain (10), Hypoxia can cause

brain MRI signal changes, and abnormal signals may appear in

the basal ganglia, thalamus and surrounding cortex (13).

Moreover, the low SMN levels in SMA can lead to motor neuron

degeneration, potentially causing insufficient myelin maturation.

This could explain white matter atrophy and high-signal

intensity in the lateral ventricle and thalamus, which may reflect

unmyelinated regions or abnormal myelin development (14).

Obviously, these brain MRI changes are unusual, and the brain

MRI changes in SMA patients are diverse, and we cannot

conclude that the brain MRI changes in SMA patients are

specific. The mechanism of brain MRI changes in patients with

SMA is not fully understood, and the evidence that ZPR1

deficiency allows hypoxic episodes and reduced SMN protein

levels to cause brain MRI signal alterations remains insufficient.

However, abnormal MRI signal may indicate the presence of

SMA, and clinicians should be alert to the occurrence of such

diseases. This paper reports abnormal MRI signal changes in a

patient with SMA, suggesting a possible connection to the

disease. A limitation of this case is that the child did not

undergo SMN2 gene copy number testing, but in combination

with the time of onset of the disease and the characteristics of

the child, we made a clinical diagnosis of SMN type 0.
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SMN1 deletion and SMN2 copy number can be detected by a

variety of techniques, with genetic testing serving as the gold

standard for diagnosing SMA. Although brain MRI is not

required for diagnosis, it can reveal structural brain changes and

is a widely available, non-invasive tool that may assist in the

diagnostic process. Early treatment has been shown to prevent

FIGURE 1

(A–D axial view) bilateral basal ganglia, thalamus, lateral ventricle, brain stem symmetrical patchy T1WI high signal shadow. (E–H sagittal view) Bilateral

basal ganglia, thalamus, lateral ventricle, brain stem symmetrical patchy T1WI high signal shadow.
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the most severe forms of SMA, with its effectiveness highly

dependent on early administration. Presymptomatic treatment can

result in normal or mildly subnormal motor development that

would otherwise progress to severe disease. Currently, several

approaches are available for early treatment of SMA (15), which

are based on the general principle of increasing SMN protein

expression. Pharmacological or gene therapies that increase SMN2

expression, antisense oligonucleotide (ASO) -based therapies, and

virus-mediated therapies are included (1). ZPR1 upregulates

SMN2 protein transcription and promotes SMN protein activation

for myelin regeneration, and upregulation of ZPR1 expression to

increase SMN levels is a viable therapeutic target for the

development of new approaches to SMA treatment (10, 11).

Conclusion

Brain MRI signal changes of SMA are rare, with high mortality and

poor prognosis. So far, SMAcanonly delay the progression of the disease

rather than completely cure it (1), which highlights the difficulty and

importance of differential diagnosis of this disease. Genetic testing is

the key to the diagnosis of SMA, and cranial MRI may be helpful for

the diagnosis. Prenatal diagnosis and newborn screening are the most

important prevention options, and early identification and treatment

can help improve the prognosis of SMA patients.
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TABLE 1 Review the literature on brain MRI signal changes in SMA patients.

No. Ref. Year Classification of type/
number of cases

The main imaging findings

1 Shen et al. (16) 2024 II/22

III/21

Children with type 2 and type 3 SMA have extensive, multifocal, symmetric gray and white matter

changes.

2 Losito et al. (9) 2021 II/1 T1W1: There was an area of high intensity around the posterior horn of the lateral ventricle,

delayed myelination, and dysplasia of the corpus callosum

3 de Borba et al.

(17)

2020 III/19

lV/6

The cerebellar volume of SMA patients was significantly smaller and lobular gray matter was

significantly reduced. (T1-weighted image)

4 Maeda K et al.

(7)

2019 0/1 Progressive atrophy was observed in the cerebral cortex, subcortical white matter, thalamus, and

basal ganglia, and symmetrical hyperintensities were observed in the white matter, putamen, and

thalamus.

5 Mendonca et al.

(12)

2019 0/3 There was supratentorial atrophy, thinning of the corpus callosum, widening of the sulci and

ventricles, severe reduction of white matter (3/3), and severe atrophy of the hippocampus. In two

patients, the putamen and thalamus (lateral and occipital) were detected symmetrically

hyperintense on T2-weighted images and FLAIR sequences, with ventricular dilatation.

6 Querin G et al.

(18)

2019 III/19

lV/6

Patients with SMA have increased gray matter density in motor and extra-motor areas.

(T1-weighted image)

7 Ito et al. (8) 2004 I/1 T2-weighted and FLAIR images showed high signal intensity lesions around the posterior horn of

the lateral ventricle and bilateral anterolateral thalamus.

8 Oka et al. (19) 1995 I/1 T1w1-weighted images diffuse brain atrophy with more prominent white matter, with agenesis of

the corpus callosum, enlargement of the third ventricle and lateral ventricle, and T2-weighted

sequences showed areas of hyperintensity around the posterior horn of the lateral ventricle.

9 Cneude et al.

(20)

1999 I/1 Central nervous system (thalamus, cerebellum) lesions, Severe cortical dysplasia.

10 Yohannan et al.

(21)

1991 I/8 Seven cases showed generalized cortical atrophy, and one case showed hypoattenuated, non-

enhancing areas in the white matter involving both frontal lobes.
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