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Abstract: Background: Muscle atrophy, i.e., the loss of skeletal muscle mass and function, is an
unresolved problem associated with aging (sarcopenia) and several pathological conditions. The im-
balance between myofibrillary protein breakdown (especially the adult isoforms of myosin heavy
chain, MyHC) and synthesis, and the reduction of muscle regenerative potential are main causes of
muscle atrophy. Methods: Starting from one-hundred dried hydroalcoholic extracts of medical plants,
we identified those able to contrast the reduction of C2C12 myotube diameter in well-characterized
in vitro models mimicking muscle atrophy associated to inflammatory states, glucocorticoid treat-
ment or nutrient deprivation. Based on their ability to rescue type II MyHC (MyHC-II) expression
in atrophying conditions, six extracts with different phytochemical profiles were selected, mixed in
groups of three, and tested on atrophic myotubes. The molecular mechanism underpinning the effects
of the most efficacious formulation, and its efficacy on myotubes obtained from muscle biopsies of
young and sarcopenic subjects were also investigated. Results: We identified WST (Withania som-
nifera, Silybum marianum, Trigonella foenum-graecum) formulation as extremely efficacious in protecting
C2C12 myotubes against MyHC-II degradation by stimulating Akt (protein kinase B)-dependent
protein synthesis and p38 MAPK (p38 mitogen-activated protein kinase)/myogenin-dependent
myoblast differentiation. WST sustains trophism in C2C12 and young myotubes, and rescues the
size, developmental MyHC expression and myoblast fusion in sarcopenic myotubes. Conclusion:
WST strongly counteracts muscle atrophy associated to different conditions in vitro. The future
validation in vivo of our results might lead to the use of WST as a food supplement to sustain muscle
mass in diffuse atrophying conditions, and to reverse the age-related functional decline of human
muscles, thus improving people quality of life and reducing social and health-care costs.

Keywords: skeletal muscle atrophy; medical plant extracts; cytokines; malnutrition; glucocorticoids;
signaling pathways
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1. Introduction

Skeletal muscle atrophy is a complex and highly regulated process characterized by
a substantial decrease in muscle mass, strength and regenerative capacity, together with
increased myocyte apoptosis [1,2]. Muscle atrophy is associated with aging (sarcopenia),
disuse, diabetes, denervation, cancer (cachexia), and several diseases characterized by
systemic chronic inflammation, in which muscle atrophy contributes to morbidity and
mortality. Muscle atrophy also occurs systematically in response to fasting/nutrient
deprivation, a common condition in aged people and critically ill patients, and prolonged
therapeutic treatment with glucocorticoids (GCs), a widely medication used for a variety
of neoplastic and chronic inflammatory diseases [3]. Despite muscle atrophy represents
an enormous medical problem that complicates the diseases in which it occurs, increases
hospitalization, and worsens quality of patients’ life, an efficacious therapy is still lacking.
Regardless of etiology, the increase of a catabolic state resulting in the breakdown of
myofibrillary proteins, especially adult MyHC isoforms, by the activation of the UPS
(ubiquitin-proteasome system) and ALS (autophagy-lysosome system), as well as the
decrease of muscle protein synthesis [1,2] seem to be necessary to induce muscle atrophy.
Atrophying stimuli activate several catabolic pathways [i.e., p38 MAPK (p38 mitogen-
activated protein kinase), ERKs (extracellular signal-regulated kinases) and JNK (c-Jun N-
terminal kinase)] and transcription factors [such as NF-κB (nuclear factor kappa-light-chain-
enhancer of activated B cells)] which are involved in the induction of the muscle-specific
ubiquitin ligases, atrogin-1 or Fbxo32 (muscle atrophy F-box protein) and MuRF-1 (muscle
RING finger-1) or Trim63 (Tripartite motif containing 63), known as atrogenes, leading to
muscle proteolysis. At the same time, the main anabolic pathway, PI3K (phosphoinositide 3-
kinase)/Akt (protein kinase B)/mTOR (mammalian target of rapamycin) is deactivated by
atrophying stimuli [1,2]. Some pathways involved in the maintenance of muscle trophism,
including p38 MAPK and Akt have been shown to play a determinant role in myoblast
survival and differentiation [4].

Several bioactive compounds of plant origin have shown ability to reduce muscle
inflammation, oxidative stress, fatigue, and damage and increasing muscle differentiation
and regeneration [5]. However, results in literature are limited to a few types of medical
plants, and their molecular mechanisms of action have not been fully investigated.

We tested one hundred dried hydroalcoholic extracts from medical plants in C2C12
myotubes in order to select plants without toxic effect in normal condition and subsequently,
we evaluated their activity in well-characterized in vitro experimental models mimicking
muscle atrophy, i.e., treatment of C2C12 myotubes with proinflammatory cytokines TNFα
(tumor necrosis factor α)/IFNγ (interferon γ) mimicking muscle atrophy induced by an
inflammatory status [6], excess of the glucocorticoid dexamethasone (Dex) or nutrient
deprivation (starvation) [7]. We identified a multi-extract formulation strongly efficacious
against muscle atrophy associated to different conditions in vitro, and suitable to develop
a herbal product to be marketed after further investigation in vivo.

2. Materials and Methods
2.1. Plant Material

Plant material was provided by Laboratory Biokyma S.r.l, Anghiari (AR), (Italy) from
different countries (Table S1) and identified by Dr. Franco Maria Bini. Laboratory Biokyma
ensured the quality of the medicinal plant in accordance with UNI EN ISO 9001 quality
management certification. The food grade was checked by microbiological and chemical
analysis. Each plant was processed in order to decrease the water content down to 10%;
to isolate the plant organ containing the highest concentration of active principle (vegetal
drug); and to finally obtain a powdered product. Vouchers of crude drugs were deposited
in Department of Pharmacy and Biotechnology, University of Bologna (via Irnerio 42,
Bologna, Italy) to produce a standardized dry hydroalcoholic extract from each plant as
reported in Table S1. The same batch of product were used in the various experiments.
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2.2. Preparation of the Extracts and the Formulations

Thirty mg of dried and powdered plant material were extracted by sonication for
30 min using 1.5 mL of 50% EtOH. The samples were centrifuged for 20 min and the
supernatant was dried to yield the crude extracts, which were firstly solubilized in water
at a concentration of 10 mg/mL, and then opportunely diluted to be tested at final con-
centration of 100 µg/mL in the bioassays. For each sample four extracts were prepared in
order to obtain the adequate number of replicates for the bioactivity tests.

In a second step, to test the combined bioactivity of different extracts, the six most
efficacious extracts were added to the culture media in groups of three in a 1:1:1 (w/w/w)
ratio at a concentration of 33.33 µg/mL for each extract (total concentration of the mix,
100 µg/mL).

2.3. Cell Cultures

Murine C2C12 myoblasts were grown in high glucose (4500 mg/L) Dulbecco’s Mod-
ified Eagle’s Medium (DMEM, Gibco) supplemented with 20% fetal bovine serum (FBS,
Gibco), 100 U/mL penicillin and 100 mg/mL streptomycin (P/S) (growth medium, GM).
Differentiation into myotubes was induced by shifting sub-confluent myoblasts to DMEM
supplemented with 2% horse serum (HS, Gibco) (differentiation medium, DM) for 4 days [8].
Single plant extracts (100 µg/mL) or different combinations of three extracts (100 µg/mL
total concentration) were added to myotubes in absence or presence of 20 ng/mL of recom-
binant TNFα (Cell Guidance Systems) plus 100 U/mL of IFNγ (Merck-Millipore), 1 µM of
Dex (Sigma-Aldrich, St. Louis, MO, USA) or in starvation condition obtained by removing
the differentiation medium and incubating myotubes with PBS (phosphate buffered saline),
for the indicated time.

2.4. Muscle Samples

Vastus lateralis muscle biopsies were obtained from one young (age 30 years) and two
aged sarcopenic (age 74.5 ± 2.5 years) subjects undergoing voluntarily needle-biopsy in
accordance to the protocol approved by the Ethics Committee for Biomedical Research,
University of Chieti (PROT COET 1884/09 recently renewed doc. no. 16 of 5 Septem-
ber 2019). The elderly subjects had a diagnosis of sarcopenia according to the criteria
of the Centers for Disease Control and Prevention (CDCP). Biopsies were obtained as
described [9], and samples were immediately treated to obtain explants placed in culture,
as described [10]. The first mononucleated cells migrated out of the explants within 7 to 13
days from the beginning of the culture, independently of the donor age. Isolated activated
satellite cells (i.e., myoblasts) were grown in GM containing Ham’s F-10 (Invitrogen) supple-
mented with 20% FBS (Hyclone), 20 mM l-glutamine, P/S, and 50 µg/mL gentamycin. To
induce differentiation, DMEM was supplemented with 2% HS, P/S, 50 µg/mL gentamycin,
10 µg/mL insulin, and 100 µg/mL apo-transferrin (DM) [11].

2.5. May-Grünwald/Giemsa Staining

The cells were fixed and processed as previously described [12]. The cells were ac-
quired (Olympus IX51) at 4× magnification and myotube areas were measured in each
photo by the use of Image J software (https://imagej.nih.gov/ij/).

2.6. Immunofluorescence (IF) for MyHC-II Expression.

Myotubes cultivated on sterile glass coverslips were fixed with 4% paraformalde-
hyde (PFA), permeabilized using 0.1% Triton X-100 in PBS, blocked with blocking buffer
containing 1% glycine (SERVA) and 3% bovine serum albumin (BSA, Sigma-Aldrich) in
PBS, and incubated in a humid chamber overnight at 4 ◦C with mouse anti-MyHC-II
primary antibody (eBiosciences) in PBS containing 3% BSA. The next day, coverslips were
incubated with anti-mouse Alexa Fluor 488-conjugated antibody (Thermo Fisher Scien-
tific, Waltham, MA, USA) in PBS containing 3% BSA, in a light-tight humid chamber,
and counterstained with DAPI (4′,6-diamidino-2-phenylindole) to visualize the nuclei.

https://imagej.nih.gov/ij/
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Coverslips were mounted with fluorescent mounting medium containing 80% glycerol and
20% PBS, and viewed in an epifluorescence microscope (Leica DMRB) equipped with a
digital camera.

2.7. Morphometric Evaluations

Fusion index (FI), nuclei per myotube (NpM) and myotube diameters were determined
on images of MyHC-II staining at 20× magnification using Image J software as previously
described [13]. FI was calculated as (number of nuclei in myotubes containing minimum
3 nuclei/total number of nuclei) × 100 in 5 randomly selected fields per well. NpM were
counted in 50 randomly chosen myotubes. Average diameters of at least 100 myotubes
from 10 randomly chosen fields for each condition were determined. The width of each
myotube was measured at 3 different points along the longitudinal axis of the cell.

2.8. Western Blotting

Myotube cultures were lysed in protein extraction buffer described in Chiappalupi
et al., 2020 [8]. Equal amounts of total protein extract (20 to 30 µg) were resolved by SDS-
PAGE (Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis) and transferred to
nitrocellulose blots (ProtranTM, 0.45 µm). Following blocking with 5% nonfat dried milk
primary and secondary antibodies were applied as indicated in Table S2. The immune
reactions were developed by enhanced chemiluminescence. C-DiGit Blot Scanner (LI-COR,
USA) was used for blot analysis.

2.9. Real-Time PCR

RNA extraction, reverse-transcription and real-time PCR analyses of mRNA contents
were performed as previously described [8]. Calculation was performed with the spe-
cific software MXPRO-Mx 3000P (Agilent) in comparison with a standard gene (Gapdh).
The primers used for real-time PCR analysis are reported in Table S3.

2.10. Total Phenolic and Flavonoids Content

The assays were performed in Spectrophotometer Jasco V-530 as described by [14].

2.11. NMR (Nuclear Magnetic Resonance) Analysis

For NMR analysis extracts were prepared at a concentration of 10 mg/mL in D2O con-
taining 0.1 M phosphate buffer and 0.01% of TMSP (trimethylsilylpropanoic acid) standard.
1H NMR spectra were recorded at 25 ◦C on a Varian Inova 600 MHz NMR instrument
(600 MHz operating at the 1H frequency) as described by Mandrone et al. 2019 [15].

2.12. Statistical Analysis

Quantitative data are presented as means± SD (standard deviation) or SEM (standard
error of the mean) of at least three independent experiments. Counts were performed
by three independent operators blind to the treatments. Representative experiments
and images are shown unless stated otherwise. Statistical analysis was performed using
two-tailed, unpaired t test. Samples were compared for their phenolic and flavonoid
contents by one-way analysis of variance (ANOVA) performed with ‘aov’ function using
‘stats’ package, followed by Tukey’s honestly difference (HSD) post-hoc test presents in
‘stats’ package [15]. p values < 0.05 were considered statistically significant. Correlations
between parameters were examined using the Spearman’s rho correlation test. Statistical
analyses were performed using R Studio software (version 1.1.463) based on the R software
version 4.0.3.
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3. Results and Discussion
3.1. Selection of Plant Extracts with Protective Effect Against TNFα/IFNγ-Induced
Myotube Atrophy

One-hundred hydroalcoholic plant extracts, selected based on the reported effects on
muscle, traditional use or casually, were added to C2C12 myotubes for 48 h in order to eval-
uate their effect on myotube area (Figure S1). Four extracts (B. vulgaris, V. album, C. scolymus
and A. montana) were discarded since they showed a dramatic toxic effect. Interestingly,
these plants are known for their strong anti-cancer activity by inducing apoptosis [16–19],
and likely they use a common mechanism to overcome the anti-apoptotic resistance typical
of cancer cells and myotubes [20]. Among the remaining 96 extracts, R. rosea, I. paraguarien-
sis and E. angustifolia showed the strongest effect in increasing myotube area (Figure S1),
suggesting a stimulation of pathways involved in muscle hypertrophy in normal condi-
tions. In accordance, R. rosea is traditionally used to alleviate fatigue [21]; I. paraguariensis
(yerba mate) accelerates muscle strength recovery after exercise and stimulates mito-
chondriogenesis [22]; and E. angustifolia improves the regeneration process in damaged
myocardium [23].

The treatment of C2C12 myotubes with TNFα (20 ng/mL)/IFNγ (100 U/mL) (T/I)
is known to induce a pronounced reduction of myotube size through selective degra-
dation of sarcomeric MyHC-II, mimicking muscle atrophy induced by an inflammatory
status [6]. C2C12 myotubes treated for 48 h with T/I showed ~30% reduction of total
area (Figure S2A). Twelve plant extracts (P. boldus, S. marianum, A. archangelica, R. officinale,
C. intybus, P. ginseng, T. foenum-graecum, U. dioica, T. platyphyllos, V. vinifera, W. somnifera
and S. chinensis) completely abolished the effect of T/I, with S. marianum and W. somnifera
resulting particularly efficacious (~47% increase in myotube area in the presence of cy-
tokines compared to untreated control) (Figure S2A,B). Five plant extracts (A. membranaceus,
H. procumbens, G. biloba, A. repens and T. avellanedae), in the presence of which T/I were able
to reduce myotube area only up to 10% (Figure S2A, dotted line), were included for further
investigation.

The anti-atrophic effect of the seventeen selected plant extracts was confirmed by
measurement of myotube diameters after IF staining for MyHC-II in the presence of
T/I. Treatment with T/I reduced myotube diameters by ~40% vs. untreated myotubes
(19.7 ± 0.1 vs. 33.5 ± 0.8 µm, respectively) (Figure 1A). S. marianum, P. ginseng, R. officinale
and W. somnifera completely counteracted the effects of T/I, with myotube diameters even
increased vs. untreated controls in the presence of W. somnifera or P. ginseng. Interestingly,
silymarin (a mixture of flavonolignans extracted from S. marianum seeds) and W. som-
nifera have been proposed as natural intervention for sarcopenia [24,25]. Our data suggest
that these plants are able to maintain muscle trophism in the presence of proinflamma-
tory cytokines, which are responsible of the chronic low-grade systemic inflammation,
which contributes to the loss of muscle mass in elderly. P. boldus, T. foenum-graecum, G. biloba,
A. repens, U. dioica and S. chinensis partially counteracted the atrophying stimuli (~2–17%
decrease in myotube size in the presence of T/I) (Figure 1A). Of note, R. officinale, A. repens
and P. boldus have not been linked to muscle physiology so far, opening to the possibility to
use them in muscle wasting conditions.
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Figure 1. (A–C) C2C12 myotubes were treated or not with TNFα (tumor necrosis factor α,
20 ng/mL)/IFNγ (interferon γ, 100 U/mL) (T/I), dexamethasone (Dex, 1 µM) or starved with
PBS (phosphate buffered saline) in the absence or presence of each selected plant extracts for different
times. Immunofluorescence (IF) analysis for myosin heavy chain (MyHC)-II was performed after
48 h or 16 h (PBS), and myotube diameters were measured by Image J software. Reported are
representative images with myotube diameters (µm) (A) and the percentages of myotube diameters
with respect to untreated control (A–C). The green bars represent the extracts able to protect against
myotube atrophy induced by different stimuli. Results are means± SEM (standard error of the mean)
(A–C). Statistical analysis was conducted using t-test * p < 0.05, ** p < 0.01 significantly different from
untreated control; # p < 0.05 and ## p < 0.01 significantly different from T/I, Dex or PBS. Bars, 100 µm.

In conclusion, ten plant extracts appeared able to abolish/reduce the myotube atrophy
induced by inflammatory cytokines, and underwent for further investigation.
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3.2. Selected Plant Extracts Protected Myotubes Against Reduction of Diameter in Different In
Vitro Models of Muscle Atrophy

We tested the effects of the ten selected plant extracts in two other well-characterized
models of muscle atrophy in vitro consisting of C2C12 myotubes treated with dexametha-
sone (Dex, 1 µM) for 48 h or nutrient deprivation (PBS) for 16 h [7]. In the presence of
Dex, C2C12 myotubes showed a ~24% reduction of their diameter compared to untreated
controls (Figure 1B and Figure S3A). As for T/I, the presence of P. ginseng and W. somnifera
resulted in a complete inability of Dex to affect myotube size (average diameters 35.8 ± 2.2
and 35.6 ± 2.5 µm, respectively, i.e., even larger than untreated controls). Treatment with
S. marianum, T. foenum-graecum, A. repens or S. chinensis restrained Dex effect (30.5 ± 2.6,
27.1 ± 1.7, 31.4 ± 2 and 27.2 ± 1.3 µm, respectively), whereas the other extracts resulted
inefficacious (Figure 1B and Figure S3A). P. boldus, P. ginseng, T. foenum-graecum, A. repens
and W. somnifera proved protective (only ~20% reduction of myotube diameter compared
to control) against the strong (~46%) and rapid reduction of myotube diameter induced by
PBS (Figure 1C and Figure S3B).

The maintenance of muscle functionality is linked not only to mass but also to other
factors including fibre type composition and the relative isoforms of MyHC. In particular,
the myosin fast isoform, MyHC-II, is responsible of skeletal muscle power and speed of
movement determining the quality of adult muscles [26]. In the atrophying conditions
mimicked by our in vitro experimental models, MyHC-II is the isoform preferentially
degraded, and a shift toward the slow isoform, MyHC-I is also reported [27]. The decrease
in MyHC-II leads to decrease in shortening velocity and specific tension of the single my-
ofibers translating into reduced skeletal muscle power and speed of movement [26]. Thus,
we investigated the effect of the selected extracts against MyHC-II degradation induced
by proinflammatory cytokines. Surprisingly, none of the ten selected plants (including
W. somnifera) was significantly able to preserve MyHC-II expression (Figure S5A), despite
a remarkable effect on myotube diameter in the presence of T/I.

3.3. 1H NMR Profiling and Total Flavonoid Content

Since our aim was to propose a herbal product efficient in a wide range of atrophying
conditions and able to contrast the degradation of the adult MyHC isoform occurring in
muscle atrophy, we decided to analyse the most abundant metabolites contained in the
single plant extracts by 1H NMR profiling (Figure 2A and Figure S4) in view of obtaining
a herbal mixture potentially endowed with synergistic interactions [28]. We found that,
except for trigonelline and caffeic acid, the most prominent compounds detected in the
extracts were primary metabolites, such as carbohydrates, amino acids, and organic acids.
A relevant concentration of caffeic acid was found in U. dioica (47.5 µg/mL calculated by
semi-quantitative NMR analysis). The same metabolite was present also in A. repens at
lower level (2 µg/mL) than U. dioica. T. foenum-graecum was characterized by the presence
of the secondary metabolite trigonelline (25.7 µg/mL). The spectrum of P. ginseng was
characterized by the presence of several aliphatic protons, most likely due to the steroidal
compounds (ginsenosides) contained in this plant. G. biloba and P. boldus, followed by
R. officinale, T. foenum-graecum and U. dioica, yielded the highest content of total flavonoids,
generally considered important for the overall bioactivity of a plant extract, especially due
to their antioxidant potential [29] (Figure 2B).
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P. ginseng, W. somnifera, A. repens, S. marianum and S. chinensis, which are the most
potent extracts counteracting Dex-dependent myotube diameter reduction (Figure 1B and
Table S4), were characterized by a low content of total phenolic and flavonoid compounds
(Figure 2B). We confirmed by Spearman’s rho statistic test that an inverse and significant
correlation exists between phenolic (R2 = 0.841; p = 0.002) and flavonoid (R2 = 0.744;
p = 0.01) compounds and the anti-trophic effects of the extracts, evaluated as percent
change of myotube diameter in the presence of Dex compared to untreated myotubes
(Figure 1B and Figure S3A). Interestingly, corticosteroid-like actions (i.e., anti-inflammatory
and hormonal activities) have been attributed to flavonoids [29], justifying the inability of
the extracts containing high amounts of these compounds to contrast Dex effects.

3.4. Analysis of Mixed Formulations in Different In Vitro Models of Muscle Atrophy

Although we considered all ten selected extracts as valuable to develop a commercial
product, such as a food supplement, able to improve muscle functionality taking advantage
by different anti-atrophic mechanisms, we decided to narrow the field to six plants. Thus,
we combined in groups of three equal amounts of P. boldus (B), S. marianum (S), P. ginseng
(G), U. dioica (U), T. foenum-graecum (T) and W. somnifera (W). The selection here done does
not exclude the possibility, in a future work, to explore the activity of the other plants
in combination. U. dioica was selected for the greatest content of caffeic acid since the
chlorogenic acid, an ester of caffeic acid, improves glucose uptake, mitochondrial function,
and strength in muscles [30]. These evidences suggest that this class of compounds might
contribute to the anti-atrophic effect of U. dioica. Moreover, aimed at combining plants
with diverse phytochemicals, we selected also T. foenum-graecum for the peculiar content of
alkaloid trigonelline, which possess numerous biological activities [31]. T. foenum-graecum
is traditionally used as a tonic, and possess ergogenic and anabolic properties, likely due to
protein synthesis stimulation by sapogenin diosgenin, a compound with similar-steroidal
activity [32]. W. somnifera was chosen since it exerted the highest anti-atrophic activity,
and S. marianum was also chosen for the relevant content of citric acid, which is recognized
and utilized as a dietary supplement to eliminate fatigue after physical exercise [33].
P. boldus and P. ginseng were considered interesting also for their high content of flavonoids.
Moreover, the ginsenoside, Rg1, was shown to prevent muscle protein degradation in
starved and Dex-induced atrophic myotubes [34]. Our data confer to P. ginseng the ability
to contrast cytokine-induced wasting as well.

Five of the twenty formulations obtained by mixing the six selected plants (i.e., WGS,
WST, WUT, WBT and GST) completely prevented the T/I-induced reduction of myotube
area (Figure S5B), but only WGS, WST and WBT were able to counteract the reduction of
myotube diameter (Figure 3A). Subsequently WGS, WST and WBT formulations were eval-
uated in other atrophying conditions (i.e., Dex and starvation) (Figure 3B,C). WST emerged
as the most efficacious formulation in preserving myotube diameter in all the atrophying
conditions tested (14.6% vs. −43.2%, 12.4% vs. −22.7%, and −37.2% vs. −48.6% change
in myotube diameter compared to untreated controls, in the presence of T/I, Dex and
starvation, respectively) (Figure 3A–C).
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Figure 3. (A–C) The best formulations were tested (100 µg/mL) on C2C12 myotubes treated or not with TNFα (tumor necro-
sis factor α, 20 ng/mL)/IFNγ (interferon γ, 100 U/mL) (T/I) or dexamethasone (Dex, 1 µM), or starved with PBS (phosphate
buffered saline). After 48 h or 16 h (PBS), immunofluorescence (IF) staining for myosin heavy chain (MyHC)-II was per-
formed and myotube diameters were measured. Reported are representative images with myotube diameters (µm) and the
percent changes of myotube diameters with respect to untreated control. The green bars represent the formulations able to
protect against myotube atrophy induced by different stimuli. Results are means ± SEM (standard error of the mean) (A–C).
Statistical analysis was conducted using t-test ** p < 0.01 significantly different from untreated control; # p < 0.05 and
## p < 0.01 significantly different from T/I (A), Dex (B) or PBS (C). Bars, 100 µm.
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3.5. WST Formulation Sustains the Activity of the Anabolic Kinase Akt and Myoblast
Differentiation in Different In Vitro Models of Muscle Atrophy

A dose-dependent analysis revealed that WST 100 µg/mL was the most efficacious
concentration in counteracting T/I-induced reduction of MyHC-II expression (Figure 4A).
On the contrary, WST ≥300 µg/mL exerted the opposite effect (Figure 4A), suggesting that
an excess of anti-oxidant metabolites in the formulation can result in detrimental effects by
reductive stress [35].
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Figure 4. (A) C2C12 myotubes were treated with TNFα (tumor necrosis factor α, 20 ng/mL)/IFNγ (interferon γ, 100 U/mL)
(T/I) in the absence or presence of different doses of WST for 48 h and myosin heavy chain (MyHC)-II expression were
analyzed by WB (western blotting). (B–D) WST was tested on myotubes untreated or treated with T/I (B) or dexamethasone
(Dex, 1 µM) (C), or starved with PBS (phosphate buffered saline) (D) for indicated time-points. MyHC-II, p-AKT (phospho-
protein kinase B), AKT, p-p38 MAPK (phosphor-p38 mitogen-activated protein kinase) and p38 MAPK expression were
analyzed by WB. Tubulin was used as a loading control (A–D). Reported are representative images and the relative densities
with respect to tubulin or total form of phosphorylated protein (A–D). Results are means ± SD (standard deviation) (A–D).
Statistical analysis was conducted using t-test * p < 0.05, ** p < 0.01 significantly different from untreated control; # p < 0.05
and ## p < 0.01 significantly different from T/I (A,B), Dex (C) or PBS (D).
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In the absence of atrophying stimuli, WST (100 µg/mL) increased the activation
state of Akt, mTOR, ERK1/2 and p38 MAPK, upregulated MyHC-II protein and mRNA,
and reduced the activation of NF-κB (p65) without affecting the levels of the differentia-
tion marker MyoD (myoblast determination protein 1), concomitantly with significantly
increased myotube diameter (Figure 4B–D and Figure S6A–E). Thus, WST exerts trophic
effects per se in myotubes. T/I, Dex and starvation are known to cause MyHC-II degrada-
tion and reduction of myotube size by different mechanisms [1,6–8]. In the presence of T/I,
WST counteracted the reduction of MyHC-II levels and deactivation (dephosphorylation)
of Akt (Figure 4B), without affecting the reduction of MyoD and Myh2 levels, and the
activation state of mTOR, NF-κB (p65) and ERK1/2 (Figure S6A,B). Thus, WST preserves
MyHC-II expression in the presence of atrophying stimuli likely by sustaining an Akt-
dependent mTOR-independent protein synthesis. In this condition, Akt is likely to regulate
protein synthesis by inhibiting the other downstream target, GSK-3 (glycogen synthase
kinase 3) as reported during the regeneration of atrophied skeletal muscles [36].

WST blunted also the atrophying effects of Dex in terms of MyoD and MyHC-II expres-
sion, Akt activation (Figure 4C and Figure S6C), and Myh2 and Fbxo32 levels (Figure S6D),
suggesting the ability of WST to reduce UPS activation. Akt activation and preservation
of MyHC-II expression were also observed when WST was added to starved myotubes
(Figure 4D). Thus, WST counteracts muscle protein degradation induced by different atro-
phying stimuli by a common Akt-dependent mechanism, with or without interfering with
the activation of UPS system.

In all the atrophying conditions tested, WST caused a strong activation of p38 MAPK
(Figure 4B–D), one of the principal pathways inducing muscle catabolism [1] but also
crucial for myoblast fusion and differentiation [4]. We evaluated the fusion index (FI) as a
marker of myogenic differentiation, and the number of nuclei per myotube (NpM) as an
indicator of myotube growth by addition of nuclei derived from non-fused myoblasts.

In T/I- or Dex-treated myotubes the FI (8.0% and 16.6%, respectively) and the NpM
(5.5 and 8.1, respectively) were significantly lower than in untreated myotubes (~21% FI
and ~12 NpM), and WST significantly preserved the myogenic potential and myotube
growth (Figure 5A,B).

T/I and Dex also suppressed the expression of the differentiation marker, myogenin
(Figure 5C). WST alone increased the expression of myogenin, which was even more up-
regulated in the presence of atrophying stimuli, in accordance with the observed high activity
of p38 MAPK and expression of MyHC-II compared to control (cfr. Figures 4B,C and 5C).

Collectively, these data suggest that WST formulation is able to contrast muscle atro-
phy induced by different atrophying stimuli via two common pathways, i.e., p38 MAPK
to maintain the myogenic potential and myotube growth, and Akt activation to reduce
apoptosis and protein degradation, and sustain muscle trophism preserving myotube
diameters and protein content.

3.6. WST Formulation Rescues Size and Developmental MyHC (dMyHC) Expression in Human
Myotubes Obtained by Sarcopenic Subjects

Sarcopenia is a complex age-related syndrome affecting 40% of adults over 60 and
characterized by progressive loss of skeletal muscle mass and strength leading to severe
adverse outcomes such as falls, fractures, loss of ambulatory independence, and high
hospitalization costs [37]. Malnutrition, treatment with steroid drugs, and low-grade
chronic systemic inflammation have been reported as the main causes of muscle protein
degradation in sarcopenia. Data obtained in the present work strongly suggest that WST
formulation is able to hinder the mechanisms underlying muscle atrophy, also in sarcopenic
conditions (Figures 3 and 4), and may represent a useful tool to counteract the age-related
decline of muscle tissue.
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Figure 5. (A–C) C2C12 myotubes were treated with TNFα (tumor necrosis factor α, 20 ng/mL)/IFNγ

(interferon γ, 100 U/mL) (T/I) or dexamethasone (Dex, 1 µM) in the absence or presence of WST
for 48 h. The number of nuclei inside myotubes and the total nuclei were counted and the fusion
index was calculated and reported (A). The average nuclei inside each myotube was calculated (B).
WB (western blotting) analysis for Myogenin were performed (C). Tubulin was used as a loading
control (C). Reported are representative images and the relative densities with respect to tubulin
(C). Results are means ± SD (standard deviation) (A–C). Statistical analysis was conducted using
t-test * p < 0.05, ** p < 0.01 significantly different from untreated control; # p < 0.05 and ## p < 0.01
significantly different from T/I or Dex; $ p < 0.05 significantly different from WST.

Human primary myotubes derived from myoblasts isolated from Vastus lateralis
muscles of sarcopenic subjects showed smaller size and lower amounts of developmental
MyHC (dMyHC) in comparison with those derived from a young subject (Figure 6A,B).
Addition of WST to the culture medium resulted in increased diameter of both young and
sarcopenic myotubes (Figure 6A), in accordance with the data showed in Figure 4 showing
hypertrophic and anti-atrophic effects of the WST formulation. Moreover, WST was able to
increase dMyHC expression in sarcopenic myotubes (Figure 6B). In order to establish if the
observed increase in myotube size and MyHC expression were the result of hypertrophic
effect or increased fusion of myoblasts into myotubes, we evaluated the average number
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of myonuclei/myotube, and found that in sarcopenic cultures, but not in the young
culture, WST formulation stimulates myoblast fusion (Figure 6C). Since the possibility to
improve the performance of aged muscle precursor cells by modifying the extracellular
environment (i.e., the satellite cell niche) has been reported [38], our result suggests an
important rejuvenating effect exerted by the WST formulation, and the possible use of WST
as a nutritional supplement to contrast the age-related muscle atrophy, which is largely
dependent on the satellite cell efficiency [39].
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Figure 6. (A–C) Human myotubes obtained by culturing myoblasts derived from young and sarcopenic subjects (#1 and #2)
for 4 days in differentiation medium (DM) were treated or not with WST for 48 h. (A) Immunofluorescence (IF) staining
for myosin heavy chain (MyHC)-II was performed and myotube diameters were measured. Reported are representative
images with indicated the myotube diameters (µm), and the percent changes of myotube diameters with respect to young
untreated control. (B) Myotubes were lysed to analyze developmental MyHC (dMyHC) expression by WB (western
blotting). Reported are representative images and the relative densities with respect to tubulin. (C) The average numbers
of nuclei/myotube are reported. Results are means ± SEM (standard error of the mean) (A,C). Statistical analysis was
conducted using t-test. * p < 0.05 and ** p < 0.01 significantly different from young untreated control. # p < 0.05 and
## p < 0.01 significantly different from internal control. Bars, 100 µm.
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4. Conclusions

Out of one-hundred extracts tested, we identified P. boldus, S. marianum, P. ginseng,
T. foenum-graecum, U. dioica and W. somnifera with remarkable ability to prevent/counteract
MyHC-II degradation under different atrophying stimuli in vitro. NMR profiling and
total phenolic and flavonoid content provided a first overview of the phytochemical
composition of the extracts suggesting the presence of multiple metabolites with potential
anti-atrophic activity. By mixing the selected extracts in combination of three, we identified
WST as a herbal formulation extremely potent in protecting C2C12 myotubes against
diameter reduction and MyHC-II degradation under all the atrophying conditions tested
by: (i) sustaining MyHC-II synthesis through activation of Akt pathway, independently
of mTOR; (ii) activation of p38 MAPK allowing myoblast differentiation; (iii) protecting
muscle cells against T/I-induced apoptosis; and (iv) reducing Dex-dependent activation of
the UPS.

Malnutrition (fasting or nutrient deprivation), prolonged therapeutic treatments with
GCs, or systemic chronic inflammation, are common conditions in aged people predispos-
ing to sarcopenia. Due to the growing life expectancy, sarcopenia represents an urgent
and major social and financial problem in Western countries. We showed that WST has a
hypertrophic effect on myotubes derived from a young subject and on C2C12 myotubes,
with an involvement of the Akt-mTOR pathway in the latter case. Moreover, WST is able
to improve the size, dMyHC expression and myoblast fusion in myotubes derived from
sarcopenic subjects. Based on our promising in vitro results, further studies in vivo should
be performed to evaluate the absorption extent, bioavailability and efficacy of the active
compounds contained in the WST formulation. Consequently, a low-cost food supplement
could be developed to improve the quality of life of patients and elderly affected by muscle
atrophy, also contributing to reduce social and health-care costs.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-664
3/13/1/49/s1, Table S1: Plants tested in this study, including their vernacular and botanical names,
family, organ/s used, and voucher number., Table S2: List of primary and secondary antibodies used
in WB, Table S3: List of primers used in real-time PCR.
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