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Skeletal muscle atrophy, which involves the loss of skeletal muscle function, can be triggered by pathological factors
such as disuse, cancer cachexia, and aging. This condition is characterized by decreased muscle fiber size, reduced
myonuclear count, and subsequent weakening of muscle strength accompanied by depletion of contractile proteins.
Imbalances in anabolic hormones, elevated levels of transforming growth factor 3, myostatin, cytokines (such as
tumor necrosis factor-alpha, TWEAK, and interleukin-6), oxidative stress, and limited availability of amino acids
further contribute to the progression of muscle atrophy. To date, there are no FDA-approved drugs available for skeletal
muscle atrophy. In this study, we conducted molecular docking using HR-LCMS-QTOF identified garlic compounds
(375) against key targets involved in skeletal muscle atrophy, including histone deacetylase 4, Nuclear factor kappa-
light-chain-enhancer of activated B cells, Atrogin, Murfl, mammalian target of the rapamycin, Myostatin, insulin
like growth factor-1, and Beclin. These targets play crucial roles in the mechanism of skeletal muscle atrophy. Among
the 375 compounds analyzed, austalide A exhibited the highest binding affinity with all targets. The current study
findings provide a base for continued exploration of these natural compounds in the development of skeletal muscle

atrophy therapeutics.

1. INTRODUCTION

Skeletal muscle is an essential tissue that constitutes approximately
40% of the body weight and encompasses around 50% of the total
protein content. The somatic nervous system regulates skeletal
muscles, enabling control over body posture, facilitating gestures,
and supporting locomotion [1]. The fundamental functional units
of skeletal muscles are sarcomeres, which consist of two types of
filaments: actin (thin filaments) and myosin (thick filaments) [2].
Skeletal muscles are classified into three types based on their myosin-
heavy chain composition: Type-I (characterized by slow contraction
and high mitochondrial content), Type-Ila (exhibiting fast contraction
and reliance on oxidative phosphorylation), and Type-IIb (also fast-
contracting but with reduced ATP production).

Skeletal muscle function relies on a well-coordinated balance between
protein synthesis and degradation, maintaining its integrity [3,4].
Protein metabolism changes in response to various external stimuli
or biological factors. Muscle atrophy occurs in three different forms:
Primary atrophy (caused by inherited myopathies), secondary skeletal
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muscle atrophy (arising from underlying diseased conditions), or age-
related atrophy (known as sarcopenia) [5]. Secondary muscle atrophy
is influenced by diverse factors, including diseases such as cancer,
AIDS, diabetes, chronic diseases, and long-term infections, as well
as aging, starvation, and physical inactivity. Skeletal muscle atrophy
is characterized by specific alterations in muscle structure, including
the shrinkage of myofibers, changes in the composition of myosin
isoforms (types of muscle proteins), loss of cytoplasm, organelles, and
overall protein content [6].

Muscle atrophy is a complex process with mechanisms that
are not fully understood [Figure 1]. Increased oxidative stress,
inflammation, and impaired mitochondrial functions caused by
various diseases are important early signals in skeletal muscle
atrophy [7]. Protein degradation in muscle atrophy involves
multiple systems: The ubiquitin-proteasome system, autophagy-
lysosome system, caspase, and calpain systems that are involved in
proteolytic processing, modifying substrate structures and activities
[8-10]. These degradation systems do not work independently but
rather interact in a complex manner and result in complete protein
degradation [11-13]. Skeletal muscle, alongside other cells, secretes
IL-6, which activates STAT3 protein and promotes skeletal muscle
protein degradation by inhibiting JAK/STAT3, ERK, and PI3K/Akt
signaling pathways [14]. Additionally, TNF-o, a multifunctional
cytokine, inhibits protein synthesis and accelerates protein
degradation, particularly implicated in skeletal muscle protein loss
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associated with aging, cancer, and chronic obstructive pulmonary
disease [15,16].

MuRF1 and Atrogin-1 are crucial ubiquitin ligases involved
in muscle atrophy. MuRF1 targets myofibrillar proteins, while
Atrogin-1 ubiquitinates desmin and vimentin, both associated with
the sarcomere structure. Inhibiting these ligases shows potential for
treating muscle atrophy [17-21]. Autophagy (the degradation process
of cytoplasmic contents and organelles in lysosomes), is normally low
in skeletal muscles, but it is significantly upregulated in pathological
conditions such as oxidative stress, denervation, and fasting, leading
to protein degradation. FOXO3, a transcriptional regulator, controls
key autophagy genes, including Bnip3, Gabarap, LC3, and Atgl2
in muscle. The p38/MAPK pathway and downregulated histone
deacetylases (HDAC) also influence autophagy levels under oxidative
stress [22-26]. Caspases are protease enzymes that cleave various
substrates, including actomyosin complexes, contributing to skeletal
muscle wasting. Caspase-3 plays a key role by stimulating UPS-
mediated protein degradation. There is crosstalk between calpain
and caspase-3, where calpain promotes caspase-3 activation and
vice versa [27-30]. Calpains, calcium-dependent cysteine proteases,
including calpain 1 (u-calpain) and calpain 2 (m-calpain), contribute
to myofibril degradation. Molecular events such as SMYD2
glutathionylation, GSK3-f3 phosphorylation of desmin filaments, and
CaMKIIP signaling regulate calpain activity [31-35].

The mammalian target of the rapamycin (mTOR) pathway, consisting
of mTOR complex 1(mTORC1), and mTOR complex 2 (mTORC2),
plays a crucial role in regulating protein translation, autophagy,
ribosome biogenesis, and cell proliferation [36-38]. The transforming
growth factor 3 family, including myostatin, regulates skeletal muscle
regeneration and fibrosis. Myostatin, through activation of Smad2/3
and protein ubiquitination degradation, negatively affects muscle
mass, while inhibiting Smad2/3 alone is sufficient to induce muscle
growth [39,40]. HDAC4 plays a role in skeletal muscle atrophy by
repressing muscle-specific gene expression through deacetylating
transcription factors such as MyoD and MEF2. HDAC4 is regulated
by signaling pathways, and targeting it showed promising results in
mitigating muscle wasting [41]. Beclin-1 is a protein involved in the
process of autophagy, which is responsible for the degradation and
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recycling of cellular components in skeletal muscles. Studies have
shown that manipulating beclin-1 levels affects muscle mass, with
reduced expression attenuating muscle wasting and exacerbating
overexpression. However, the precise role of beclin-1 and autophagy
in skeletal muscle atrophy is complex and requires further
investigation [42]. These mechanisms are crucial for understanding
muscle disorder pathogenesis and developing potential therapeutic
interventions.

Currently, the management approaches for skeletal muscle atrophy
encompass various interventions such as physical exercise, nutritional
supplementation, medications, and alternative modalities. Exercise is
the most efficacious therapeutic strategy for skeletal muscle atrophy
among these but not feasible for all individuals. Regrettably, there is
a lack of approved pharmacological treatments and effective remedies
for skeletal muscle atrophy available in the market. Consequently,
exploring and identifying novel pharmaceutical agents to effectively
combat muscle atrophy is imperative. Garlic, which belongs to
Allium genus, is well known for its abundant natural antioxidants and
impressive medicinal properties since ancient times. Garlic exhibits
many health benefits, including antibacterial, antifungal, antiviral,
anti-inflammatory, and anti-cancer properties. These medicinal
properties are attributed to the presence of organosulfur and polyphenol
compounds in garlic, making it a valuable resource for medicinal
purposes [43-45]. In the current study, we have made an approach
to target the skeletal muscle atrophy-associated proteins by utilizing
garlic-identified natural compounds through molecular docking.
Current study findings will provide some efficient compounds that
can be evaluated further in vitro or in vivo to develop therapeutics for
skeletal muscle atrophy.

2. MATERIALS AND METHODS

2.1. Selection and Preparation of Receptors

The crystal structure of HDAC4:2VQM and DNA binding domain
of Nuclear factor kappa-light-chain-enhancer of activated B cells
(NFkB:1SVC) was retrieved from Protein Data Bank (PDB) (https://
www.rcsb.org/) [46,47]. Complete crystal structures for Beclinl,
Atrogin, insulin-like growth factor 1 (IGF1), mTOR, Murfl, and
Myostatin were unavailable on the PDB; therefore, structures of
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these proteins were downloaded from the AlphaFold protein structure
database. AlphaFold is an Al system developed by Deep Mind for
protein structure prediction, which predicts structure with high accuracy
and speed [48]. The structure of HDAC4 and NFkB was cleaned by
removing non-standard co-crystalized molecules (e.g., water, ligand/s,
and phosphates). All the receptors were prepared for docking using the
DockPrep tool of chimera-1.16 with default parameters [49].

2.2. Selection of Ligands

We prepared different garlic extracts (fresh, dry, heated, and aged)
with 50% methanol, n-butanol, and ethyl acetate (Only fresh garlic).
Then, these extracts were subjected to HR-LCMS-QTOF analysis
(IIT Bombay, India). We detected approximately 375 compounds
(Supplementary File 1), and all these compounds were used as ligands
to target different skeletal muscle atrophy-associated proteins.

2.3. Screening of Ligands

Pharmacokinetic (pk) properties for the ligands were predicted using
pkCSM (a machine learning-based platform to predict pk of small
molecules) [50]. SMILES of each compound were obtained from
PubChem (https://pubchem.ncbi.nlm.nih.gov/) [51] and used as input
on pkCSM (https://biosig.lab.uq.edu.au/pkesm/). Selected predicted
pk values were used for screening to obtain compounds with desired
absorption, distribution, metabolism, excretion, and toxicity (ADMET)
profiles. All the compounds were first screened on the basis of Caco-2
permeability (used for prediction of absorption of orally administered
drug), and all the compounds with log (Papp) values more than 0.90
were selected. Compounds obtained after the first screening were
analyzed for predicted human intestinal absorption values >30%. As
compounds with the potential to cross blood-brain barrier (BBB) may
cause side effects or toxicity in the brain, predicted BBB permeability
values were used to select compounds with logBB<—1. At last,
compounds were also analyzed to determine whether they have the
potential to cause AMES toxicity or inhibit hERG I/II. Only those
compounds that were negative as hERG I/II inhibitors and AMES
toxicity were selected and their 3D structure were downloaded from
PubChem for further studies.

2.4. Docking Studies

AutoDockTool-1.5.6 [52] module of MGLTools-1.5.6 was used for
preparing the grid parameter file (.gpf) and docking parameter file
(.dpf) for each receptor and ligand pair. Receptors were blindly docked
with selected standards to find their most probable binding site over
a receptor. For this, receptors were imported in AutoDockTool-1.5.6,
and Kollman charges were added followed by the computation
of Gasteiger charges. Ligand was added after protein, and its
rotatable bonds were detected automatically and selected as torsion.
Ligands were saved in pdbqt (PDB file with added information
of charges and torsions) format. For blind docking, whole protein
was provided in the grid box for docking. The parameter of grid
boxes for Atrogin (grid size: [266, 208, 216], Grid center: [13.984,
—11.025, —5.156], spacing 0.375 A), Myostatin (grid size: [222,
148, 230], grid center: [-1.904, 6.611, 2.852], spacing: 0.375 A),
NFkB ([188, 174, 152], [41.605, 13.011, 42.243], 0.4 A), Murfl (grid
size: [390, 156, 356], grid center: [—13.156, 5.191, —8.269], spacing
0.4 A), mTOR ([grid size: 324, 338, 332], grid center: [-1.5, 11.599,
—8.661], spacing 0.45 A), HDAC4 ([grid size: 172 214 126], grid
center: [21.337 85.419 25.307], spacing 0.375 A). Beclinl was docked
with selected ligands directly as no standard drug was available for
Beclinl and IGF1 was docked with Gherlin28 (protein) as standard

using Hex 8.0.0 [53]. In case of IGF1 docking with Gherlin28 in
hex shape, electro was selected as the correlation type while lest
of the parameters were unchanged. The maximum cluster site on
the receptors were considered as a potential binding site for their
corresponding standard and the same were used for specific docking
against the selected ligands, a grid box of (140, 134, 146), (120, 166,
92), (122, 220, 144), (150, 150, 150), (102, 86, 100), (240, 270, 394)
with grid center at (3.984, —16.025 2.844), (17.337, 79.419, 34.307),
(13.33, —16.901, 3.888), (13.5, 6.599, —22.661), (35.464, 17.682,
35.039), (0.096, —0.389, —23.148) and spacing of 0.375 A for Atrogin,
HDAC4, IGF1, mTOR, NFkB, and Myostatin respectively. Grid box
of (394, 156, 402), (390, 156, 356) with grid center at (23.669, 13.829,
—48.662), (—13.156, 5.191, —8.269) and spacing of 0.45 A, 0.4 A for
Beclin, Murfl, respectively. A genetic algorithm was used with 100
runs, 300 population size, and the rest of the parameters were kept
default as search parameters.

2.5. Interactions Study

Interactions between protein-protein and protein-ligand were studied
using the LigPlus tool [54]. To study interactions of protein-protein
complex, protein-ligand (for each pair of ligand and receptor)
complexes were generated using Hex 8.0.0 and AutoDockTool-1.5.7,
respectively. Interacting residues and H-bonding between receptor and
ligands were noted and compared with standard.

3. RESULTS AND DISCUSSIONS

3.1. Screening Analysis

A set of 375 compounds were primarily screened based on ADME/T
properties. Absorption property of molecules was predicted for Caco-2
permeability and intestinal absorption; 245 molecules were screened
out on the basis of predicted Caco-2 permeability. The remaining
130 molecules were studied for their potential to cross the BBB and
only five molecules were selected on the basis of predicted BBB
permeability. These 5 molecules were negative for AMES, hERG, and
Hepatotoxicity. These 5 compounds (Acetyl tributyl citrate, Adenine,
Austalide A, Austalide C, Citromitin) were used as ligands to study
their interactions with selected skeletal muscle receptors. Docking
results are compiled in Table 1 which shows interactions of ligands and
receptors showing their interacting residues and bonding and Table 2
represents the binding energies of ligands after docking with targeted
receptors.

3.2. Docking Analysis

HDAC4 docking with selected molecules shows that only Austalide
A (=7.32 kcal/mol) can bind with HDAC4 better than Trichostatin
A (—6.96 kcal/mol) in the same pocket and interacting with
similar residues with the receptor as Trichostatin. In literature,
apigenin, luteolin, dihydropyrimidines, dihydroxycinnamic acids,
andrographidine showed a binding affinity with different HDAC
isoforms with different binding energies [55-58].

Eicosapentaenoic acid binds NFkB with —5.81 kcal/mol whereas
among selected natural compounds Austalide A, Austalide C,
Citromitin were binding tightly to NFkB with B. E. =7.36 kcal/mol,
—6.51 kecal/mol, —6.31 kcal/mol, respectively which is greater than the
standard and Citromitin is interacting with almost similar residues as
standard.

Adenine (—4.99 kcal/mol) is binding with comparable energy while
Austalide A (—6.85 kcal/mol), Austalide C (=7.37 kcal/mol) and
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Table 2: Binding energies of ligands after docking with targeted receptors.

Receptors HDAC4 NFkB Atrogin
(With BE (-6.96 kcal/mol) (-5.81 kcal/mol) (-4.15 kcal/mol)  (-3.75 kcal/mol)  (-6.60 kcal/mol)
of Std.)—/

Ligands|

Acetyl -3.52 -3.21 -3.31
tributyl

citrate

Adenine —4.52 —4.69 —4.99
Austalide A -7.32 =7.36 —6.85
Austalide C —6.82 —6.51 =7.37
Citromitin -5.97 —6.31 —6.69

Murfl

-2.71

—4.56
=7.05
—6.40

-5.42

mTOR Myostatin IGF1 Beclin (No

(-4.53 kal/mol) (-78.58 kcal/mol) Standard)

-3.07 —3.49 —2.74 —3.82
—4.51 —4.56 —4.67 —4.18
—7.81 —8.71 —7.81 —7.54
—7.82 —8.34 —6.28 —6.88
=7.19 —6.66 —6.00 —6.03

All binding energies (B. E.) are in kcal/mol. Ligands: Selected ligands after screening, : | Ligands with Binding affinity >Corresponding standards, : Illll Ligands with Binding
affinity non-comparable due to different docking algorithm used for standard (peptide) undergoing Protein Protein docking. : Il Ligands with good Binding affinity without any
Corresponding standards, HDAC: Histone deacetylase, NFkB: Nuclear factor kappa B, mTOR: Mammalian target of the rapamycin, IGF1: Insulin like growth factor 1.

Citromitin (—6.69 kcal/mol) are binding strongly with atrogin as
compared to meloxicam (—4.15 kcal/mol). Interacting residues of
atrogin with meloxicam were similar in austalide A and austalide C.
Interacting residues of citromitin showed maximum similarity with the
set of residues interacting with standard.

Murfl is binding to meloxicam with B. E. —3.75 kcal/mol only, whereas
4 out of 5 selected compounds show tight binding with target receptor.
When their interacting residues were compared with the standard, no
similarity was found. However, adenine and austalide A were binding
around the same pocket except for austalide C and citromitin.

Docking studies on mTOR wee performed to find a better candidate
than resveratrol (—6.60 kcal/mol) to activate mTOR, and after
analyzing the docking results of the selected compounds, it was found
that austalide A, austalide C, and citromitin can be good candidates
to replace the standard (resveratrol) because they are binding energy
with —7.81 kcal/mol, —7.82 kcal/mol, and —7.19 kcal/mol. When
interacting residues were compared, maximum residues were common
in austalide C, citromitin, and resveratrol.

Myostatin binds formoterol with B. E. —4.53 kcal/mol, similar
to the B. E. of adenine (—4.56 kcal/mol) but has much lower B. E.
than austalide A (—8.71 kcal/mol), austalide C (—8.34 kcal/mol), and
citromitin (—6.66 kcal/mol). This makes them a good drug candidate to
inhibit myostatin. No common interacting residues were found when
ligands were compared with the standard. Dithymoquinone inhibited
myostatin with a binding free energy of —7.40 kcal/mol, which is lower
than austalide A and austalide C used in our study [59]. Curcumin and
gingerol also showed specific binding with myostatin among 38,000
Chinese traditional compounds with higher binding affinity than our
tested compounds [60]. Catechin and epicatechin exhibited stronger
bond with myostatin with energy —6.90 kcal/mol and —7.0 kcal/mol
respectively which is lower than austalide A and C [61].

In case of IGF1 protein-protein docking was performed as its activator
(Ghrelin 28) is a peptide. Ghrelin 28, being a peptide, binds to IGF1
with —78.58 kcal/mol, which is higher than the non-peptide drug
candidates austalide A (—7.81 kcal/mol), austalide C (—6.28 kcal/mol),
and citromitin (—6.00 kcal/mol), these three molecules are binding to
the same binding site where ghrelin 28 binds. Hence, they may be
better activator for IGF1 but due to difference between the nature of
standard and selected ligands it is difficult to interpret whether selected
candidates can replace Ghrelin 28 as a better activator or not. We found
that Austalide A, Austalide C, and Citromitin bind at the same site as

Ghrelin 28 and interact with similar residues. In literature, catechins
found in black tea showed significant binding with IGF1 with higher
binding energy than reported in our study [62]. Apigenin and luteolin
binds to IGF1 with —5.78 kcal.mol and —5.70 kcal/mol respectively,
which is lower than austalide A, C and Citromitin [63]. Therefore,
further docking studies and molecular dynamic simulation is required
to confirm their potential as a good activator.

Beclinl was docked blindly as no standard was not available for this
target but based on binding energies of selected ligands austalide A,
austalide C, and citromitin with B. E. =7.81 kcal/mol, —6.28 kcal/mol,
and —6.00 kcal/mol respectively can be potential inhibitors of Beclinl
but a comparative docking study of Beclin1 with its inhibitor is further
required. Interaction analysis showed that top three standards were
binding in similar pockets.

After analyzing all the docking results, it is clear that austalide A can
be a potential lead molecule as it is showing better binding with almost
all the targets if compared with other molecules [Figure 2]. Austalide A
is a polyketide compound classified as a natural product, isolated from
the marine fungus Aspergillus ustus. Notably, Austalide A possesses a
distinct chemical structure characterized by a macrolactone ring that
is highly oxygenated [64]. This compound has attracted considerable
scientific interest due to its exceptional biological activities, including
its anticancer, antiviral, and anti-osteoporosis properties [65].
Recently, a computational study (in silico) investigated austalide
X and demonstrated its potential in cancer prevention and the
inhibition of COVID-19 infection. The study revealed promising
pk and pharmacodynamic characteristics of austalide X [66].
In addition, austalides V and W exhibited significant anticancer
effects against prostate and bladder cancer cells [67]. Moreover,
austalide K demonstrated an anti-osteoporosis effect by inhibiting
the differentiation of osteoclasts induced by the receptor activator of
nuclear factor-xB ligand (RANKL) and enhancing the differentiation
of osteoblasts mediated by bone morphogenetic protein-2, without
causing harm to cells [68].

Despite the limited literature on austalides, it offers a broad scope
for exploring the therapeutic potential of these compounds in various
medical conditions. While austalide A has not been specifically
investigated through in silico studies, the existing literature strongly
indicates that austalides exhibit substantial anticancer activity and
possess diverse biological properties that can be harnessed to treat
different medical conditions. Notably, our own study demonstrated
the ability of austalide A to bind to all targets associated with
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Figure 2: Molecular docking of complex austalide A with selected skeletal muscle atrophy targets.

skeletal muscle atrophy, providing a promising avenue for further
investigations into its therapeutic properties in preventing skeletal
muscle atrophy.

4. CONCLUSION

The utilization of docking studies is essential for researchers to
comprehensively understand how ligands interact with therapeutic
targets, playing a crucial role in structure-based drug discovery by
identifying new biologically active compounds. The present study
conducted molecular docking investigations, focusing on proteins
related to skeletal muscle atrophy and the natural compounds found
in garlic. This research revealed that the tested garlic compounds
effectively bind to skeletal muscle atrophy-associated targets.
Austalide A, a prominent component, exhibits particularly strong
affinity due to intermolecular hydrogen bonding and hydrophobic
interactions, albeit with varying binding energies for different
receptors. However, it is necessary to emphasize the need for further
research into the intricate molecular pathways of these compounds
before considering their potential as treatments for skeletal muscle
atrophy.
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