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A B S T R A C T   

Age-associated osteosarcopenia is an unresolved syndrome characterized by the concomitant loss of bone 
(osteopenia) and skeletal muscle (sarcopenia) tissues increasing falls, immobility, morbidity, and mortality. 
Unbalanced resorption of bone in the remodeling process and excessive protein breakdown, especially fast type II 
myosin heavy chain (MyHC-II) isoform and myofiber metabolic shift, are the leading causes of bone and muscle 
deterioration in the elderly, respectively. Equisetum arvense (EQ) is a plant traditionally recommended for many 
pathological conditions due to its anti-inflammatory properties. Thus, considering that a chronic low-grade in
flammatory state predisposes to both osteoporosis and sarcopenia, we tested a standardized hydroalcoholic 
extract of EQ in in vitro models of muscle atrophy [C2C12 myotubes treated with proinflammatory cytokines 
(TNFα/IFNγ), excess glucocorticoids (dexamethasone), or the osteokine, receptor activator of nuclear factor 
kappa-B ligand (RANKL)] and osteoclastogenesis (RAW 264.7 cells treated with RANKL). We found that EQ 
counteracted myotube atrophy, blunting the activity of several pathways depending on the applied stimulus, and 
reduced osteoclast formation and activity. By in silico target fishing, IKKB-dependent nuclear factor kappa-B (NF- 
κB) inhibition emerges as a potential common mechanism underlying EQ′s anti-atrophic effects. Consumption of 
EQ (500 mg/kg/day) by pre-geriatric C57BL/6 mice for 3 months translated into: i) maintenance of muscle mass 
and performance; ii) restrained myofiber oxidative shift; iii) slowed down age-related modifications in osteo
porotic bone, significantly preserving trabecular connectivity density; iv) reduced muscle- and spleen-related 
inflammation. EQ can preserve muscle functionality and bone remodeling during aging, potentially valuable 
as a natural treatment for osteosarcopenia.  

Abbreviations: Akt, protein kinase B; BS, bone surface; BV, bone volume; Cb, cortical bone zone; Cbt, cortical bone thickness; CnAr/ TV, cancellous bone area/tibia 
volume; Conn. D, connectivity density; CSA, cross-sectional area; Dex, dexamethasone; EQ,, Equisetum arvense; FI, fusion index; GC, gastrocnemius; IFN-γ, interferon- 
γ; IκB, IkappaB kinase; IKKB, protein Kinase-1-mediated IκB Kinase β; MAPK, mitogenic activated protein kinase; METz, metaphyseal zone; mTOR, mammalian target 
of rapamycin; MyHC-II, type II myosin heavy chain; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NpM, nuclei per myotube; OB, osteoblast; 
OC, osteoclast; PPAR-γ, peroxisome proliferator-activated receptor gamma; RSK1, p90 ribosomal S6 kinase 1; OS, osteosarcopenia; QF, quadriceps femoris; RANKL, 
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1. Introduction 

Osteoporosis and sarcopenia are characterized by deterioration of 
bone microarchitecture and by progressive and extensive loss of skeletal 
muscle mass, respectively, compromising their functionality [1,2]. The 
imbalance between osteoclast (OC; bone-resorbing cells) and osteoblast 
(OB; bone-reforming cells) activity is the main cause of osteoporosis, 
whereas sarcopenia is principally due to the reduction of the protein 
synthesis in conjunction with an increase of protein breakdown, espe
cially of the myofibrillar protein myosin heavy chain (MyHC). A meta
bolic shift of type II glycolytic (fast-twitch) towards type I oxidative 
(slow-twitch) fibers in muscle also occurs during aging [3]. Alarmingly, 
elderly people in Western countries are predisposed to the coexistence of 
osteoporosis and sarcopenia leading to a new concept of “osteosarco
penia” (OS) as a unique geriatric syndrome [1,4]. Indeed, bone and 
muscle are anatomically and metabolically linked, communicating each 
other through osteokines and myokines. The altered presence of these 
small molecules during aging disrupts the physiological bone-muscle 
crosstalk contributing to the synchronous degeneration of both tissues 
in OS, leading to an increased number of falls, bone fractures, hospi
talizations and thus a reduction in quality of life [5,6]. Sarcopenia and 
osteoporosis also share risk factors and pathogenesis, including the 
chronic low-grade inflammatory status known as “inflammaging” [1–6]. 
Currently, efficacious therapies acting concomitantly on both sarcope
nia and osteoporosis are unavailable. Physical activity combined with 
protein supplementation and the treatment with the anti-osteoporosis 
drug Denosumab showed partial beneficial effects on the muscle-bone 
unit in OS conditions [1]. However, this approach is not applicable in 
fragile elderly subjects, encouraging further investigation on therapeutic 
strategies simultaneously targeting muscle and bone tissues. 

Due to their bioactive compound content, many phytoextracts have 
been investigated to counteract multiple diseases. Equisetum arvense 
(EQ), commonly known as horsetail, is a perennial fern with green and 
sterile stems representing the plant’s drug. Hepatoprotective, diuretic, 
anti-bacterial, anti-inflammatory, and antioxidative properties have 
been assigned to EQ in virtue of its flavonoid content. Since EQ is the 
terrestrial plant with the highest concentration of silicates (5–8% of the 
dry herb), calcium, potassium, and other minerals [7], it is traditionally 
used to prevent osteoporosis around the World, and it is mentioned in 
the European Pharmacopoeia for its ability to increase bone and carti
lage formation and strengthen bones. However, scientific evidence is not 
enough to declare EQ as bone-protecting in clinical practice [8] and the 
role of EQ in muscle homeostasis and sarcopenia has not been investi
gated so far. Since inflammaging is a crucial mechanism in both sarco
penia and osteoporosis conditions, we assessed the potential beneficial 
effects of EQ in OS. To this aim, we used several in vitro models as well as 
geriatric mice. The molecular mechanisms underpinning the effects of 
EQ and the potential active compounds were uncovered. 

2. Material and methods 

2.1. Reagents and resources 

See Supporting Information. 

2.2. Equisetum arvense (EQ) standardized dried extract 

We used a standardized dried extract of Equisetum arvense L. with 
10% (w/w) minimum silica content established by thin-layer chroma
tography (TLC). The extract was bought from A.C.E.F. spa, Italy, lot nr: 
N23240N1. Equisetum arvense L. was harvested during the period of 
June-August 2019. After the conformity assessment of raw material to 
the food grade requirements, the entire herb extract was extracted by a 
water/ethanol (80/20 v/v) solution, with an approximate DER (Drug 
Extract Ratio) of 8–1. The dry extract of Equisetum was then made by 
spray-drying technique in a maltodextrin-based matrix. 

2.3. Ultra-high performance liquid chromatography-tandem mass 
spectrometry (UHPLC-MS/MS) 

Liquid chromatographic separation and mass spectrometric analysis 
were performed on a UHPLC-MS/MS system consisting of an Agilent 
1290 Infinity II combined with the Agilent 6560 mass spectrometer 
(Agilent Technologies Inc., Santa Clara, California, United States). The 
chromatographic separation was performed using a ZORBAX RRHD 
Eclipse Plus C18 column (50 mm×2.1 mm, 1.8 µm, 95 Å, Agilent 
Technologies Inc.). UHPLC eluent A was water (LC-MS grade, LiChro
solv, Supelco) with 0.1% (v/v) formic acid (LC-MS grade, LiChropur, 
Supelco) while eluent B was acetonitrile (LC-MS grade, LiChrosolv, 
Supelco). The optimized gradient program was the following: 0–2.5 min, 
5% (v/v) B; 2.5–4 min, 5–25% (v/v) B; 4–7 min, 25–35% (v/v) B; 
7–9.5 min, 35–97% (v/v) B; 9.5–10.5 min, 97% (v/v) B; 10.5–11 min, 
97–5% (v/v) B; 11–16 min, 5% (v/v) B (column equilibration/condi
tioning). The column temperature was set at 30 ◦C and the flow rate at 
0.3 mL min− 1. The injection volume was 5 µL. The UV-Vis chromato
grams were recorded at 250, 280, 320, and 350 nm. For MS detection, 
the Dual AJS ESI source operated in positive ion mode. The Gas tem
perature was set at 300 ◦C with a flow of 5 L min− 1 while the Sheath Gas 
Temperature was 350 ◦C with a flow of 11 L min− 1. The nebulizer 
pressure was set at 35 psi and the Capillary and Fragmentor voltages 
were 3500 V and 300 V, respectively. In the case of MS2 analysis, mul
tiple experiments using the iterative algorithm of the instruments were 
carried out. The fragmentation patterns of the compounds were recor
ded at a fixed collision energy (20 eV) with an isolation width of 4 m/z. 
The Masshunter Workstation Data Acquisition 10.0 (Agilent Technolo
gies Inc., Santa Clara, California, United States) program was used for 
data acquisition while the Masshunter Qualitative Analysis 10.0 (Agilent 
Technologies Inc., Santa Clara, California, United States) software was 
used for data processing. 

2.4. Cell cultures and treatments 

Murine C2C12 myoblasts were cultured in Dulbecco’s Modified Ea
gle’s Medium (DMEM) containing high glucose (4500 mg/L) and sup
plemented with 20% fetal bovine serum (FBS), 100 U/mL penicillin and 
100 mg/mL streptomycin (P/S) (growth medium, GM). Myotubes were 
obtained by shifting sub-confluent myoblasts to DMEM supplemented 
with 2% horse serum (HS) (differentiation medium, DM) for 4 days [9]. 
EQ (25–600 µg/mL) was added to myoblasts or to preformed myotubes 
in the absence or presence of recombinant tumor necrosis factor (TNF)-α 
(20 ng/mL) plus interferon (IFN)-γ (100 U/mL), dexamethasone (Dex; 
1 µM), or receptor activator of nuclear factor kappa beta (RANKL; 
100 ng/mL), for the indicated time. Pre-treatment with BAY11–7082 
(10 μM) for 30 min was used to inhibit NF-κB (nuclear factor 
kappa-light-chain-enhancer of activated B cells). 

The murine macrophage cell line RAW 264.7 was cultured in RPMI- 
1640 supplemented with 10% FBS, 2 mM L-glutamine and P/S. To 
induce differentiation in OCs, cells were treated with RANKL (100 ng/ 
mL) for 5 days, in the absence or presence of EQ (12.5–400 µg/mL), 
refreshing the culture medium every third day [10,11]. 

2.5. May-Grünwald/Giemsa staining 

The cells were fixed and processed as previously described [12]. The 
images were acquired (Olympus IX51) at 4× or 10× magnification. 

2.6. Immunofluorescence (IF) for MyHC-II expression 

Myotubes cultivated on sterile glass coverslips were fixed and pro
cessed as previously described [9] by using mouse anti-MyHC-II primary 
and anti-mouse Alexa Fluor 488-conjugated antibodies. Nuclei were 
visualized with DAPI (4′,6-diamidino-2-phenylindole). Coverslips were 
mounted with a fluorescent mounting medium and viewed with an 
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epifluorescence microscope (Leica DMRB) equipped with a digital 
camera. 

2.7. Cell viability by MTT 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide assay 

C2C12 myotubes and OCs were incubated with 110 μL of medium 
containing MTT 50 µg. After 4 h, solubilization buffer (SDS 10% in HCl 
0.01 M) was added to each well, and absorbance at 570 nm was 
measured using a UV/visible spectrophotometer (TECAN, Thermo 
Fisher Scientific, Waltham, MA, USA). 

2.8. TRAP (tartrate-resistant acid phosphatase) staining and activity 

OCs were stained with TRAP reagent and images were acquired by a 
bright-field light microscope (Olympus IX51) at 10× magnification. 
TRAP-positive multinucleated cells with three or more nuclei were 
considered OCs and were counted in randomly selected visual fields of 
each well using Image J software (Table S1). As previously described, 
TRAP activity was assayed in 30 µL of harvested supernatants [10,11, 
13]. Absorbance at 540 nm was measured using a UV/visible spectro
photometer (TECAN, Thermo Fisher Scientific, Waltham, MA, USA). 

2.9. F-actin ring-formation assay 

OCs were fixed with 4% PFA for 20 min and stained with 10 µg/mL 
rhodamine-conjugated phalloidin for 60 min at 37◦C. Nuclei were 
stained with DAPI. The samples were viewed with an epifluorescence 
microscope (Leica DMRB) equipped with a digital camera. The number 
of OCs was counted as previously described [13]. 

2.10. Animal models 

The dry extract of EQ was dissolved in water and administered at the 
dose of 500 mg/kg/die to 21-month-old male and female C57BL/6 mice 
(EQ Old; n=10), while the control group did not receive any treatment 
(Untr. Old; n=8). Adult (6-month-old) male (n=3) and female (n=3) 
mice were used as controls. Based on previous studies measuring the 
primary outcome of the present work (i.e., age-dependent skeletal 
muscle weight loss), at least 6 mice per group were estimated to be 
sufficient to detect a relative difference of about 30% in the means of EQ- 
treated vs. untreated mice assuming an SD of 0.04, an 80% power, and a 
type I error p=0.05. After three months, animals were sacrificed, and 
hindlimb muscles, spleens, and inguinal and epididymal adipose tissues 
were surgically excised and weighed. The tibia and femur were removed 
and immediately frozen in liquid nitrogen. Animal procedures followed 
the 3Rs principles in alignment with Directive 2010/63/EU of the Eu
ropean Union and approved by the Ethics Committee of Perugia Uni
versity and the Italian Ministry of Health. Mice were housed under 
specific pathogen-free conditions on a 12 h light/day cycle and raised 
under a standard mouse diet. 

2.11. Kondziela’s inverted screen test 

Twice a week during the three months, each mouse was placed in the 
center of a wire mesh screen, which was gently overturned by 180◦, and 
the time when the mouse falls off, was recorded for a maximum of 8 min. 
The test was repeated three times with 10 min inter-trial intervals for 
each mouse [9]. 

2.12. Western blotting 

Samples were lysed in a protein extraction buffer [9] and equal 
amounts of total protein extract (20–30 µg) were resolved by SDS-PAGE 
(Sodium Dodecyl Sulfate-PolyAcrylamide Gel Electrophoresis) and 
transferred to 0.45 μm nitrocellulose blots. Following blocking with 5% 

non-fat dried milk primary and secondary antibodies were applied as 
indicated in Table S1. The immune reactions were developed by 
enhanced chemiluminescence and acquired by the C-DiGit Blot Scanner 
(LI-COR, USA). 

2.13. Real-time PCR 

RNA extraction, reverse transcription, and real-time PCR analyses of 
mRNA contents were performed as previously described for cellular and 
organ samples [9]. The primers and software used for real-time PCR 
analysis are reported in Tables S2 and S1, respectively. Bones were 
pestled in a liquid nitrogen-cooled mortar to lyse in RNAzol. RNA was 
retro-transcribed with High-Capacity cDNA Reverse Transcription Kit, 
and real-time PCR was performed using the TaqMan assays, Col1a1 
(Mm00801666_g1) and Gapdh (Mm99999915_g1) as the housekeeping 
gene. 

2.14. Histology, immunohistochemistry (IHC), and IF 

Muscles and spleens were formalin-fixed and paraffin-embedded. 
Four-μm cross-sections were obtained and processed for hematoxylin/ 
eosin staining (H&E), IHC or IF [9]. Antibodies and dilutions are re
ported in Table S4. Not disarticulated femur and tibia of the left hin
dlimb were fixed for 2 days in PFA and embedded in 80% (v/v) methyl 
methacrylate (MMA) stabilized with benzoyl peroxide and placed in 
capped 5 mL glass vials at 37◦C overnight for at least 3 days [14]. After 
the polymerization, the glass vials were broken, and moistened sections 
(80 µm) were cut on a Leica SP 1600 Saw Microtome with a rotating 
diamond saw blade for high-quality sample preparation of hard mate
rials for microscopical analysis. Cuts were done on the long axis of the 
femur and tibia and the sections were stained using H&E or Fuchsin 
Light Green for histological evaluation. The prepared sections were 
examined morphologically and morphometrically by an investigator 
blinded to the identity of the material. 

2.15. Morphometric evaluations 

Morphometric evaluations were performed by using Image J soft
ware. Myotube areas, fusion index (FI, number of nuclei in myotubes 
containing minimum 3 nuclei/total number of nuclei), and nuclei per 
myotube (NpM) were calculated on images of May-Grünwald/Giemsa as 
previously described [12]. FI was calculated as × 100 in 5 randomly 
selected fields per well. NpM were counted in 50 randomly chosen 
myotubes. Myotube diameters were determined after IF MyHC-II 
staining at 20× magnification as previously described [12]. 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. 

Slices were analyzed and photographed with a bright field micro
scope (Olympus BX51) equipped with a digital camera to measure 
myofiber cross-sectional area (CSA), centrally nucleated, and MyHC- 
slow and -fast myofibers on total sections at 100 μm intervals for each 
muscle. 

The bone morphometric analysis was performed using a semi
automatic image analyzer (GIPS Image processing software for the I.T.I. 
PCV board) connected to a Leitz Laborlux S light microscope. The bone 
structure, resorption, and mass were measured in the cortical or under 
the metaphyseal (Metz) regions of the tibia of female C5/BL/6 mice. The 
thickness of the cortical bone was measured in the tibias’ mid-shaft re
gion through twenty-five random linear measurements of cortex thick
ness in 2 mm length of tibia diaphysis for each animal studied. 
Cancellous bone area (CnAr) was estimated for bone resorption in the 
upper tibiae under the growth plate and without considering it or in the 
epiphyseal region, through semiautomatic image delineation of green 
trabecular area in fuchsin fast green stained bone. All measurements 
were performed at 4× or 20× magnification respectively for cortical 
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thickness or trabecular areas and done by two blinded investigators by 
Image J software (Table S1). 

2.16. Micro-CT analysis 

Femur and tibia were fixed with 4% PFA for Quantum GX2 micro-CT 
Imaging System (PerkinElmer, Massachusetts, USA) analysis by using 
the following parameters: 90 kV tube potential, 88 μA X-ray tube cur
rent, 0.5 mm Al filter, 0.4 ̊ rotation step, 5 μm3 size isotropic voxel, 4 min 
exposure time, 14 min collection time, 18 mm visual field and 36μm 
pixel size. Each leg was rotated 360◦ to obtain the data, which were 
entered into the analyzing software (Table S1) to reconstruct 3D images 
of distal femurs and proximal tibiae. To measure bone microarchitecture 
parameters proximal tibiae was selected and the epiphysis or growth 
plate was excluded from the analysis; the growth plate plus 0.2 mm was 
used as a structural reference among samples and 1 mm region of thick 
was selected. The trabecular and the cortical parts were separated with 
semi-automatically drawn contours and 3D parameters i.e., bone volume 
(BV), bone surface area (BS), trabecular thickness (Tb.Th), trabecular 
number (Tb.N), and trabecular connectivity density (Conn. D) were 
calculated and expressed according to American Society for Bone and 
Mineral Research (ASBMR) recommendations [15]. 

2.17. In silico target fishing 

The 2D structure of compounds 1-15 were retrieved from PubChem 
(https://pubchem.ncbi.nlm.nih.gov/) and prepared by using the Lig
Prep [16] to produce low energy 3D structures taking into account the 
ionization states, stereochemistry, the tautomerism, and ring confor
mations at the desired pH (7.5 ± 0.5). As protein model, the structure of 
IKKB co-crystallized with K252a (PDB ID: 4KIK) was downloaded from 
RCSB PDB [17] and prepared using Schrödinger’s Protein Preparation 
Workflow (Schrödinger Release 2024–1) [18–21] to obtain satisfactory 
starting structures for the docking studies. The complex was 
pre-processed as follows: i) hydrogen atoms were added and bond orders 
were assigned to amino acid residues and ligands; ii) the missing side 
chains were filled; iii) the protein was capped with acetyl (ACE) and 
N-methylamine (NMA) groups; iv) all water molecules beyond 3 Å from 
heteroatoms were deleted; and v) Epik (Schrödinger Release 2024–1) 
[19] was used to predict the ionization and tautomeric states for the 
ligands (pH = 7.0 ± 2). Then, the H-bond network of the complex was 
optimized using PROPKA for the assignment of the residue protonation 
states (pH = 7.0). Finally, the complex was submitted to a restrained 
minimization (OPLS4 force field [22]), which was stopped when the 
RMSD of heavy atoms reached 0.30 Å. 

Docking studies were performed using Schrödinger’s Glide software 
(Schrödinger Release 2024–1) [23,24]. In our protocol, the crystallo
graphic position of K252a (PDB ID: 4KIK) was used as a reference to 
center the grid. The docking space was defined as a cubic box (24 Å outer 
box), with an inner cubic box (10 Å) defining the region where the 
centroid of the ligand had to be located. The centroid for the 4KIK 
protein had coordinates of 48.35, 29.97, and − 56.52 to the x-, y-, and 
z-axis, respectively. After grid preparation with the “receptor grid gen
eration” tool, docking experiments were performed using the Glide SP 
(Standard Precision) protocol. For each ligand, the poses generated 
during the docking simulations were clustered using a root mean square 
deviation threshold of 1.5 Å and a maximum atomic displacement 
threshold of 2.3 Å. Finally, one pose for each ligand was retained. 

2.18. Statistical analysis 

Quantitative data are presented as means ± SD (standard deviation) 
or SEM (standard error of the mean) of at least three independent ex
periments. 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 the 

ANOVA one-way analysis or two-tailed, unpaired t-test when appro
priate. The IC50 values were calculated by non-linear regression method 
[log(inhibitor) vs. response–Variable slope] using GraphPad Prism 
Version 8.0.1 software. P values <0.05 were considered statistically 
significant. Statistical analyses were performed using R Studio software 
or Prism GraphPad (Table S1). 

3. Results 

3.1. Equisetum arvense (EQ) protects myotubes against multiple 
atrophying stimuli and promotes myoblast differentiation and fusion into 
myotubes 

Treatment of C2C12 myotubes with EQ (6.25–800 μg/mL) in the 
absence of atrophying stimuli reduced cell viability at the highest dose 
used (400 and 800 μg/mL) (Fig. S1A) without affecting preformed 
myotube diameter and MyHC-II expression (Fig. S1B, C), suggesting that 
highest doses of EQ might exert toxic effects in non-fused myoblasts 
present in the culture. 

Preformed myotubes treated with TNFα/IFNγ (T/I) or dexametha
sone (Dex) are well-characterized in vitro models of atrophy in which a 
pronounced and selective degradation of MyHC-II is induced [25]. 
Indeed, we found that T/I reduced myotube area by ~60%, and the 
addition of EQ significantly counteracted this effect starting from 
25 µg/mL and with the highest efficacy at 100 µg/mL (Fig. S2A). Based 
on the dose-dependent EQ atrophy-protective effect observed within the 
five lowest tested doses (EC50=58.88 µg/mL), EQ 100 µg/mL was 
selected for further investigation (Fig. S2B). We found that EQ 
100 μg/mL abolished the T/I-induced reduction of myotube diameters 
(Fig. 1A) and MyHC-II expression (Fig. 1B). Interestingly, higher 
200 µg/mL concentrations were not efficacious in inhibiting the T/I 
atrophic effect resulting in a bell-shaped dose-response curve (Fig. S2C), 
as reported for other natural extract activities [26]. 

Similarly to T/I, Dex treatment reduced myotube diameters and 
MyHC-II content, and the addition of EQ hampered the glucocorticoid’s 
atrophying effect (Fig. 1C,D). EQ preserved myotube size and MyHC-II 
expression also in the presence of atrophying amounts of receptor acti
vator of nuclear factor kappa-B ligand (RANKL) (Fig. 1E,F), a chemokine 
that activates RANK pathway sustaining the pathogenesis of osteopo
rosis, with implication in sarcopenia [27]. 

Finally, EQ exerted direct effects on myoblasts since C2C12 cells 
cultured in DM in the presence of EQ showed i) increased myotube total 
area, fusion index (FI), and number of nuclei per myotube (NpM) at 72 h 
(Fig. S3A,B); ii) strong activation of the pro-myogenic p38 mitogen- 
activated protein kinase (MAPK) [28] at 48 h (Fig. S3C); and, iii) 
increased expressions of the terminal differentiation markers, myogenin 
and MyHC-II, at 72 h and 6d, respectively (Fig. S3C). 

3.2. EQ preserves protein content affecting different pathways depending 
on the applied atrophying stimulus and inhibiting NF-κB as a common 
mechanism 

To unravel the molecular mechanism(s) underpinning the anti- 
atrophic effect of EQ, we investigated pathways known to be affected 
by T/I or Dex [28–30], the mechanism used by RANKL being poorly 
understood [31]. We confirmed the T/I- and Dex-dependent phosphor
ylation (activation) of catabolic p38 MAPK, NF-κB(p65), and signal 
transducer and activator of transcription 3 (STAT3), the deactivation of 
the anabolic protein kinase B (Akt)/mammalian target of rapamycin 
(mTOR) axis, and reduced MyoD levels [28] (Fig. 2A,B). EQ selectively 
counteracted the activation of p38 MAPK, NF-κB(p65), and STAT3 
induced by T/I, and the activation of NF-κB(p65) and Akt/mTOR axis 
induced by Dex (Fig. 2A,B). Moreover, EQ blunted the Dex-induced 
ubiquitin-proteasome system (UPS)-dependent proteolysis by restrain
ing the upregulation of the atrogene Trim63 (muscle RING finger-1; 
MuRF-1), and its upstream transcription factor Foxo3 (forkhead box 
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O3) (Fig. 2C). Treatment with RANKL did not interfere with Akt/mTOR 
and STAT3 pathways (Fig. S4), while it translated into activation of p38 
MAPK and NF-κB(p65) (Fig. 2D), and upregulation of the atrogenes, 
Trim63 and Fbxo32 (atrogin-1) (Fig. 2E). EQ abolished RANKL’s effects 
completely (Fig. 2D,E). In the absence of atrophying stimuli, EQ did not 
modulate the investigated kinases (Figs. 2 and S3), in line with the 
inability of EQ to affect myotube size and MyHC-II expression in basal 
conditions (Fig. S1). 

NF-κB activation emerged as the common mechanism inducing 
myotube catabolism (Fig. 2A,B,D), and a target of the EQ’s antiatrophic 
activity. Pre-treatment with the NF-κB inhibitor, BAY11–7082 strongly 
hampered the effects of T/I, Dex or RANKL in reducing myotube di
ameters, at a comparable extent to that observed with EQ (Fig. S5A,B,D). 

Interestingly, BAY11–7082 completely or partially abolished the 
upregulation of Fbxo32 and Trim63 (Fig. S5E) induced by RANKL or Dex 
(Fig. S5C), respectively, suggesting that NF-κB is a major inducer of 
atrogenes in RANKL-treated myotubes. In contrast, Dex might use 
several pathways to induce its atrophying effects [30,32]. 

Finally, EQ counteracted the T/I-, Dex- or RANKL-induced reduction 
in NpM (Fig. S6), suggesting that in the presence of atrophying stimuli 
EQ might sustain the myogenic potential of muscle precursor cells, 
which might contribute to slowing down the loss of muscle mass during 
aging [3]. 

3.3. EQ inhibits RANKL-induced osteoclastogenesis 

EQ is suggested for the treatment of osteoporosis thanks to its very 
high silica content which helps in the absorption and use of calcium and 
collagen synthesis, which is essential in the bone remodeling process 
[33]. Although the ability of EQ to improve OB function has been 
broadly investigated [7,8], the mechanisms underlying the effects of EQ 
in osteoclastogenesis are still unknown [9,12]. EQ increased the viability 
of RANKL-treated RAW 264.7 cells, demonstrating the absence of 
toxicity (Fig. S7A). Tartrate-resistant acid phosphatase (TRAP) staining, 
which allows identifying osteoclasts (OCs) as purple-pink multinucle
ated (≥3 nuclei) cells, showed that RANKL-dependent OC formation was 
significantly reduced by EQ (12.5–400 µg/mL) in a dose-dependent 
manner starting from 25 µg/mL (Fig. 3A), with a maximum inhibition 
at 200 µg/mL (IC50=40.93±5.9 µg/mL) (Fig. 3B). In accordance, EQ 
drastically reduced the number of big (>3 nuclei) but not small (3 
nuclei) OCs with intact-structured F-actin rings (Fig. S7B,C), which are 
indispensable for OC adhesion to the matrix and subsequent bone 
resorption [27,34]. 

Moreover, EQ dose-dependently prevented both RANKL-induced 
TRAP enzymatic activity (Fig. 3C) and upregulation of the osteoclasto
genic markers, Acp5 (acid phosphatase 5, tartrate resistant; TRAP), Calcr 
(calcitonin receptor), Mmp9 (matrix metallopeptidase 9), and Ctsk 
(cathepsin K) (Fig. 3D) [11]. 

3.4. EQ counteracts the loss of muscle mass and performance in geriatric 
mice 

Sarcopenia occurs in 18–25-month-old male and female mice [35]. 
Thus, we treated (EQ Old) or not (Untr. Old) 21-month-old C57BL/6 
mice with EQ (500 mg/kg/day in drinking water) for 3 months, in 
comparison with untreated adult mice (Adult). Comparable food and 

water consumption were registered among the experimental groups 
(Fig. S8A), thus excluding the effects of different intakes on the pa
rameters analyzed. We observed that at the start of the experiment Untr. 
Old mice showed higher total body weights than adult mice (Fig. 4A). 
They did not lose body weight during the time of the experiment 
(Fig. 4A), according to previous data showing that differently from 
cancer-induced muscle atrophy (i.e., cachexia), age-dependent sarco
penia is not necessarily accompanied by a decrease in body weight [3]. 
Differently, at the end of the experiment, increased fat weights were 
measured in Untr. Old vs adult mice (Fig. 4B), as expected [3]. EQ did 
not affect either body weight (Fig. 4A) or inguinal and epididymal fat 
amounts in old animals (Fig. 4B). 

Notably, Untr. Old showed reduced tibialis anterior (TA), gastrocne
mius (GC), and quadriceps femoris (QF) muscle weights (up to ~45% 
reduction) confirming the onset of sarcopenia. In contrast, muscles EQ 
Old had comparable masses to those of Adult mice (Fig. 4C). Moreover, 
between 21 and 24 months of age, mice experience a drastic drop in 
force, which was prevented by EQ treatment (Fig. 4D), supporting that 
EQ confers protection against age-induced muscle wasting. This was 
confirmed by the analysis of GC, the muscle most affected by aging [35]. 
Indeed, GC of Untr. Old mice showed a significant prevalence of atrophic 
(thin) myofibers (Fig. 4E) and a 31.7% reduction in the average 
cross-sectional area (CSA) compared with adult mice (Fig. 4F), whereas 
only an 18.8% reduction of myofiber area was observed in GC of EQ Old 
mice (Fig. 4F). Relating to Untr. Old mice, EQ Old mice showed lower 
percentages of centrally-nucleated myofibers (Fig. S8B,C) and expres
sion of Myh3 (MyHC3) (Fig. S8D), the embryonic myosin typical of 
regenerating myofibers [36]. Similar results were obtained in TA mus
cles (Fig. S9A-C). 

3.5. EQ preserves the expression of MyHC-II in hind-limb muscles of 
geriatric mice and restrains the metabolic shift to slow-twitch fibers 

The protein levels of MyHC-fast (MyHC-II) were strongly reduced in 
GC, TA, and QF muscles of Untr. Old mice but not in muscles of EQ Old 
mice compared with adult mice (Fig. 5A and S10A). EQ Old GC muscles 
showed similar expression levels of Myh4 (MyHC-fast) to those of adult 
mice (Fig. 5B). In addition, GC muscles of both Untr. Old and EQ Old 
mice contained remarkably higher amounts of MyHC-I (MyHC-slow) 
protein (Fig. 5A) and increased percentages of slow-twitch fibers 
(Fig. 5C) compared with adult mice, indicating the occurrence of a shift 
towards oxidative myofiber type [36]. However, EQ reduced the loss of 
fast fibers in old muscles, translating into a less compromised fast/slow 
fiber ratio (Fig. 5C). 

We found that according to data obtained from recent transcriptome 
analyses [36], Foxo6 (Forkhead box O6) and Foxo1 (Forkhead box O1), 
which are involved in the maintenance of muscle mass [36], were 
down-regulated in 27-month-old muscles and maintained at levels 
similar to adult muscles in EQ Old mice (Fig. S10B). Moreover, EQ 
restrained the upregulation of Il1b, which may predispose to muscle 
atrophy [36], in old mice (Fig. S10B). Finally, in agreement with in vitro 
data (Fig. 2A), consumption of EQ restrained the activation of STAT3 
and NF-κB(p65), as observed in the QF muscles of old mice (Fig. S10C). 

Fig. 1. Equisetum arvense (EQ) extract counteracts myotube diameter decrease and myosin heavy chain (MyHC)-II degradation induced by different atrophying 
stimuli. (A-F) Myotubes obtained by culturing C2C12 myoblasts in differentiation medium (DM) for 4 days were treated with TNFα (tumor necrosis factor α, 20 ng/ 
mL)/IFNγ (interferon γ, 100 U/mL) (T/I) (A,B), dexamethasone (Dex, 1 µM) (C,D) or receptor activator of nuclear factor kappa-В ligand (RANKL, 100 ng/mL) (E,F) in 
the absence or presence of EQ at the indicated doses (A,B) or 100 µg/mL (C-F) for 48 h. (A,C,E). Immunofluorescence (IF) analysis for MyHC-II was performed, and 
myotube diameters were measured by Image J software. Reported are values (µm) and percentage changes of myotube diameters vs untreated controls. (B,D,F) 
Western blotting (WB) analysis for MyHC-II was performed, and relative densities were calculated with respect to tubulin. Reported are representative images (A-F). 
The green bars represent the doses of EQ with significant effects. Results are the means ± standard error of the mean. Statistical analysis was conducted using the 
two-tailed t-test. * p<0.05 and ** p<0.01, significantly different from untreated control; # p<0.05 and ## p<0.01, significantly different from T/I, Dex, or RANKL. 
Scale bars (A,C,E), 100 µm. 
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3.6. EQ counteracts osteopenia in geriatric mice 

Despite both male and female C57BL/6 J mice developing osteopo
rotic features between 18 and 24 months of age [37], gender 
compartment-specific bone loss and extent of severity have been re
ported [38]. Thus, given the remarkable effect of EQ in counteracting 
osteoclastogenesis in vitro (Fig. 3), we assessed the potential effect of EQ 
in protecting from age-related osteoporosis by performing bone analyses 
in old female mice, which are characterized by more severe osteopo
rosis. Female adult mice (n=3) showed a visible tibia metaphyseal zone 
(METz) formed by a thick layer of chondrocytes (Ch) and characterized 
at the bottom by the beginning of the trabecular (Tb), which appeared 
normal and typically dense, uniform, and continuous along the bone, 
and well-developed cortical zone (Fig. 6A). METz was excluded from the 
morphometric measurement as it was absent in old ones. The tibiae of 
female Untr. Old mice (n=3) were characterized by a dramatically 
altered Tb morphology, which appeared moderately thin with wider 
spaces and lacking in some areas, in addition to an increase of adipose 
tissue (AT) (Fig. 6B), indicating a typical osteoporotic histological pro
file. EQ consumption in female old mice (n=3) translated into narrowed 
separation, improved Tb uniform distribution, and a low presence of AT 
(Fig. 6C). 

The measurement reported in Fig. 6D confirmed a CnAr similar to 
adult mice in EQ Old mice concomitantly with preserved levels of Col1a1 
(collagen type I alpha 1 chain) (Fig. 6F), which is essential in the bone 
remodeling process [39]. Both parameters were found to decrease 
enormously in Untr. Old mice (Fig. 6D,F). In line with the recognized 
susceptibility of trabecular bone to osteopenia, no changes in cortical 
bone thickness (Cbt) were observed among the different groups 
(Fig. 6A-C, E), as frequently reported in animal models of osteoporosis 
[40]. 

Micro-CT analysis of the tibia (Fig. 7) confirmed Tb decrease in Untr. 
Old compared with adult mice, morphologically preserved by EQ con
sumption (Fig. 7A). Moreover, Untr. Old mice compared with adult mice 
revealed a marked decrease in bone volume (BV), bone surface (BS), Tb 
number (TbN) and percentages of Tb with thickness >0.144 mm (Tb. 
Th), and an increase in percentages of Tb with thickness <0.144 mm 
(Fig. 7 B,C). Moreover, a dramatic drop in the connectivity density 
(Conn.D), another Tb architectural index recently introduced [40], was 
observed in Untr. Old mice (Fig. 7D). The values of BV and BS in EQ Old 
mice were not significantly different from those of Untr. Old animals and 
adult mice (p=0.08 and p=0.06, respectively) (Fig. 7B). Although the 
EQ Old group vs adult mice showed a significant decrease in TbN, the 
percentage of Tb >0.144 mm was doubled vs Untr. Old mice (Fig. 7C) 
and Conn.D were maintained at similar values to adult mice (Fig. 7D). 
We also evaluated (data not shown) Cbt at the tibia shaft in addition to 
the trabecular region confirming the absence of significant changes 
between the samples (p>0.05) as reported in histologic and morpho
metric observations (Fig. 6A-C, E). 

3.7. EQ counteracts the age-induced alterations in spleen 
microarchitecture and inflammatory cytokine profile in geriatric mice 

The disruption of splenic microanatomy and the dramatic expansion 
of immune cells typical of aging contribute to peripheral immunose
nescence and inflammaging, common causes of sarcopenia and osteo
porosis in the elderly [41]. The spleens of Untr. Old mice were found 
heavier than those of adult mice (Fig. 8A), and showed hallmarks of 
active inflammation, including loss of macrophage marginal zone, 
increased amounts of giant cells, and MAC3-positive macrophages 
typical of the red pulp infiltrating the white pulp (Fig. 8B-D). In contrast, 
EQ Old mice showed spleen weight and morphology similar to those of 
adult mice (Fig. 8A,B), MAC3-positive macrophages generally confined 
to the marginal zone (Fig. 8D), and levels of the pro-inflammatory cy
tokines Il1b, Il6, Tnfa and Ifng lower than Untr. Old mice (Fig. 8E). 

3.8. Targeted ultra-high performance liquid chromatography-tandem 
mass spectrometry (UHPLC-MS) analysis of the EQ extract 

Our results were obtained using a commercial extract of EQ con
taining 10% silica, which might justify EQ’s anti-osteoclastogenic and 
anti-osteoporotic effects in vitro and in vivo respectively. However, to 
explain the unexpected effects of EQ on muscle tissue we decided to 
analyze the most abundant metabolites (mostly of phenolic nature) 
contained in the plant extract profiling. Thus, based on literature data 
[42], a targeted MS analysis on the sample was performed by applying 
the UHPLC-MS. In this way, the fifteen compounds listed in Table 1 were 
identified. MS/MS spectra are shown in Fig. S11. More in detail, the 
following species, here distinguished for their structural characteristics, 
were identified: the iridoid glycoside 8-acetylharpagide; the phenolic 
acid trans-ferulic acid; the chalcone derivative 2′,4′-dihydrox
y-4-prenyloxy chalcone; the three flavonoid glycosides isoquercetin, 
kaempferol-3-O-glucoside, and apigenin-4′-O-glucoside; the simple 
non-methylated flavonoids quercetin, kaempferol (or luteolin), and 
apigenin; the fatty acids monolinolenin, and pinolenic acid; the terpenes 
myrcene, and dihydroactinidiolide; the simple methylated flavonoids 
genkwanin, and 7-O-methylchrysin. 

3.9. In silico target fishing 

In the presence of different atrophying stimuli, EQ modulated the 
activation state of specific catabolic and anabolic pathways concluding 
in the common reduction of phosphorylated/activated NF-κB p65 sub
unit (Figs. 2 and S5), strongly implicated in age-related diseases 
including osteoporosis and sarcopenia [43]. To elucidate the role of 
NF-κB pathway in the mechanism of action of EQ and identify potential 
molecular targets modulated by the compounds highlighted in Table 1, 
we performed a computational target fishing study. Specifically, we 
employed the Polypharmacology pLATform prediction (PLATO) tool 
[44], which is a predictive drug discovery web platform for ligand-based 
protein target fishing and bioactivity profiling of small molecules. It 
relies on 2D Tanimoto similarities of the query compounds against a 
dataset of 632,552 compounds with experimentally measured 

Fig. 2. Equisetum arvense (EQ) extract protects myotubes against atrophy by affecting different pathways depending on the applied stimulus. (A,B) 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 EQ 
(100 µg/mL). After indicated time, total and phosphorylated p38 mitogen-activated protein kinase (MAPK), nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-κB)-p65, signal transducer and activator of transcription 3 (STAT3), AKT (protein kinase B), mTOR (mammalian target of rapamycin), MyoD (myoblast 
determination protein 1) and tubulin levels were analyzed by Western blotting (WB). (C) The expression levels of Trim63 (Murf-1) and Foxo3 (Forkhead box O3) were 
analysed by real-time PCR in myotubes treated with Dex in the absence or presence of EQ (100 µg/mL) after 24 h. (D,E) C2C12 myotubes were treated with receptor 
activator of nuclear factor kappa-В ligand (RANKL, 100 ng/mL) in the absence or presence of EQ (100 µg/mL). After 15 min, total and phosphorylated p38 mitogen- 
activated protein kinase and p65 levels were analyzed by WB (D). See also Fig. S3. The expression levels of the atrogenes, Trim63 and Fbxo32 (atrogin-1) were 
analysed by real-time PCR after 24 h (E). Reported are representative images and the relative densities with respect to tubulin or the total form of phosphorylated 
proteins (A,B,D). Gene expressions were normalized to Gapdh (C,E). Results are means ± standard error of the mean (A,B,D) or ± standard deviation (C,E). Statistical 
analysis was conducted using the two-tailed t-test. * p<0.05, ** p<0.01 and *** p<0.001, significantly different from untreated control; # p<0.05 and ## p<0.01, 
significantly different from T/I, Dex, or RANKL. 
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Fig. 3. Equisetum arvense (EQ) inhibits receptor activator of nuclear factor kappa-В ligand (RANKL)-induced osteoclastogenesis. (A-D) RAW 264.7 cells were treated 
for 5 days with RANKL in the absence (black bars) or presence (gray bars) of EQ at the indicated doses. Untreated controls (Untr.; white bars) were also shown. TRAP 
(tartrate-resistant acid phosphatase) staining was performed and TRAP-positive osteoclasts (OCs; ≥3 nuclei) were counted. Representative images are reported; 
arrowheads mark OCs (A). A concentration-response curve was obtained to determine the IC50 of EQ using non-linear regression (B). Supernatants of cells in A were 
collected, and TRAP activity was measured by TRAP reaction buffer and reported as fold change vs. RANKL treatment (assigned value, 1) (black bar) (C). See also 
Fig. S6. Real-time PCR analysis of the OC markers, Acp5 (acid phosphatase 5, tartrate resistant), Calcr (calcitonin receptor), Mmp9 (matrix metallopeptidase 9), and 
Ctsk (cathepsin K) was performed. Gene expressions were normalized to Gapdh and reported as fold change vs. RANKL treatment (assigned value, 1) (black bar) (D). 
Six independent experiments were performed. Results are means ± standard error of the mean (A-C) or ± standard deviation (D). Statistical analysis was conducted 
using the two-tailed t-test. * p< 0.05, ** p< 0.01, and *** p< 0.001, significantly different from RANKL; # p< 0.05 and ## p< 0.01, significantly different from Untr. $ 

p< 0.05 and $$ p< 0.01, significantly different. 
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Fig. 4. Equisetum arvense (EQ) extract counteracts the loss of muscle mass and performance in geriatric mice. (A-F) Pre-geriatric C57BL/6 mice were administered 
with (EQ Old) or not (Untr. Old) EQ (500 mg/Kg/die) melted directly in the water for 3 months. Six-month-old C57BL/6 mice were used as control (adult). Body 
weights were measured at the beginning and the end of experimentation and the average for each group of animals is reported (A). After sacrifice, inguinal (iWAT) 
and epididymal (eWAT) white adipose tissue (B), and Tibialis anterior (TA), Gastrocnemius (GC), and Quadriceps femoris (QF) muscles were weighed (C). Reported are 
the means of time latencies to fall in Kondziela’s inverted screen test performed at the beginning (t0) and the end (t3) of the experiment (D). GC muscles were 
formalin-fixed and paraffin-embedded, and hematoxylin/eosin (H&E) staining was performed. Representative images and high-magnification insets are reported (E). 
Reported data are the average percentages of GC myofiber cross-sectional area (CSA) in each diameter range measured by Image J software and the average myofiber 
areas (µm2) for the different animal groups. The percentage changes of Gastrocnemius (GC) myofiber areas vs adult mice are also reported (F). Results are means ±
standard error of the mean. Statistical analysis was conducted using the two-tailed t-test. * p<0.05 and ** p<0.01, significantly different from adult; # p<0.05, 
significantly different from Untr. Old. $ p<0.05 and $$ p<0.01 significantly different. Scale bars (E), 200 µm. 
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bioactivity data for 6047 protein targets sourced from ChEMBL release 
32 [45]. Each compound listed in Table 1 underwent thorough analysis 
using the PLATO platform, which suggested several potential targets for 
each query molecule. To refine the selection, the protein targets were 
subsequently subjected to stringent filtration criteria: i) minimum score 
threshold (≥5) and reliability assessment (reliable: yes) to ensure that 
only the most pertinent macromolecules were retained for further 
investigation; and ii) involvement in modulating the activation status of 
NF-kB p65. 

From the computational target fishing approach, five proteins 
involved in NF-kB p65 activity emerged as potential targets of the 
investigated compounds (Table 2). In particular, eight out of fifteen 

compounds i.e., isoquercetin, quercetin, kaempferol-3-O-glucoside, 
luteolin, apigenin-4’-O-glucoside, apigenin, genkwanin and 7-O-meth
ylchrysin could potentially target IKKB, the primary enzyme responsible 
for the phosphorylation and subsequent degradation of the NF-kB in
hibitor IκB that directly binds p65 subunit. The degradation of IκB al
lows p65 to be phosphorylated and enter allowing its phosphorylation 
and entry into the nucleus to regulate gene transcription [46]. 

We also found the following proteins as potential targets: i) PPARγ, 
which physically interacts as an E3 ubiquitin ligase with p65 to induce 
its ubiquitination and degradation [47]; ii) adenosine receptors, which 
attenuate NF-κB p65 phosphorylation [48]; iii) STAT3, which physio
logically binds p65 amplifying the transcription of inflammatory genes 

Fig. 5. Equisetum arvense (EQ) extract preserves the expression of fast myosin heavy chain (MyHC) isoform in hind-limb muscles of geriatric mice. (A-C) GC muscles 
of adult and pre-geriatric C57BL/6 mice treated (EQ Old) or not (Untr. Old) with EQ were excised after the sacrifice and processed for different analyses. The 
expression of fast and slow MyHC isoforms was evaluated by Western blotting. Reported are representative images and relative densities with respect to α-actinin (A). 
Myh4 (Myosin light chain 4), the gene encoding for the fast MyHC-IIb isoform, was analyzed by real-time PCR. Gene expressions were normalized to Gapdh (B). The 
expression of slow and fast MyHC isoforms was evaluated by immunohistochemistry. The table reported the average percentage and ratio of fast and slow myofibers 
for the different animal groups (C). Reported are representative images (A,C). Results are means ± standard error of the mean. Statistical analysis was conducted 
using the two-tailed t-test. *p<0.05 and **p<0.01, significantly different from adult; #p<0.05, significantly different from Untr. Old. 
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Fig. 6. Equisetum arvense (EQ) extract restrains the aging-related histological change of the bone. (A-F) Left femur and tibia from adult and pre-geriatric C57BL/6 
mice treated (EQ Old) or not (Untr. Old) with EQ were excised after the sacrifice and processed no disarticulated for different analyses. Representative images at 
different magnifications were obtained after hematoxylin/eosin (H&E) or Fuchsin/Light green staining. AT, adipose tissue; Cb, cortical bone zone; Ch, chondrocytes; 
METz, metaphyseal zone; Tb, trabeculae. Scale bars, 200 nm (A-C). Morphometric measurements of cancellous bone area (CnAr)/tibia volume (TV) and cortical bone 
thickness (Cbt) (D,E). Expression of Col1a1 (collagen type I alpha 1 chain protein) was analyzed by real-time PCR. Gene expression was normalized to Gapdh (F). 
Results are means ± standard error of the mean. Statistical comparison was performed with One-way ANOVA, Tukey’s Test (A-E) or two-tailed t-test (F). * p<0.05 
and ** p<0.01, significantly different from adult. 
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[49] and iv) RSK1, which phosphorylates IκB contributing to the 
persistent activation of NF-κB [50]. These data strongly support the 
involvement of NF-κB pathway in the EQ’s anti-atrophic effects, and 
suggest IKKB as a major target of the active compounds tested. 

Furthermore, among the predicted targets, IKKB emerges as the 
foremost candidate warranting further investigation. Interestingly, 

previous computational studies identified the compound quercetin as a 
possible ligand of the specific ATP-binding pocket of IKKB [51], thus 
attenuating LPS-dependent NF-κB activation [52]. Since we observed 
that EQ exerted similar biological effects of quercetin (Figs. 2 and S5), 
we performed molecular docking experiments to investigate the poten
tial intermolecular interactions between the eight molecules in Table 2 

Fig. 7. Evaluation of Equisetum arvense (EQ) consumption in bone microarchitecture status by micro-CT. (A-D) The right tibia from adult and pre-geriatric C57BL/6 
mice treated (EQ Old) or not (Untr. Old) with EQ were excised after the sacrifice and processed for different analyses. In the main panels, representative longitudinal 
Micro-CT images of the tibia in 2D dimension are shown. The other images show sagittal, axial and coronal sections (from left to right, respectively) (A). Graphs 
reported BV (Bone Volume of the segmented region in mm3), BS (Bone Surface of the segmented region in mm2), Tb. N (Trabecular number, measured as the average 
number of Tb/1/mm length), Tb.Th (Trabecular thickness, assessed in mm using direct 3D methods and reported as percentages), and Conn. D (Connectivity density 
of segmented region in 1/mm3) (B-D). Results are means ± standard error of the mean. Statistical comparison was performed with One-way ANOVA, Tukey’s Test (B) 
or two-tailed t-test (C,D). * p<0.05, ** p<0.01, and *** p<0.001, significantly different from adult. # p<0.05, significantly different from Untr. Old. 
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and the protein kinase IKKB. All the compounds demonstrated a favor
able predicted binding affinity (docking scores ranging from − 7.21 to 
− 9.77 Kcal/mol) as well as the ability to establish favorable contacts 
with the pocket residues. Specifically, the eight compounds showed 
common interactions involving Leu21, Val29, Glu97, Tyr98 and Cys99 
(Table 3). The highest predicted affinity was observed for genkwanin 
(docking score of − 9.77 Kcal/mol). In its predicted binding mode, this 
small molecule established i) two hydrogen bonds with the backbone of 
the hinge residues Glu97 and Cys99 (Fig. 9), ii) an additional 
hydrogen-bond with Lys44, and iii) favorable contacts with Leu21, 
Val29, Ala42, Met96, Glu97, and Gly102 (Table 3). 

The observations emerged from the in silico analysis pave the way for 
further future studies to validate the putative molecular targets modu
lated by the single EQ active compounds. 

4. Discussion 

Sarcopenia and osteoporosis are associated with unhealthy aging and 
coexist in osteosarcopenia (OS), the most prevalent musculoskeletal 
syndrome in the elderly, favoring the loss of function in daily activities, 
co-morbidities, fragility, falls, hospitalizations, and mortality [1–3]. 
Efficacious treatments simultaneously affecting muscle and bone are 
still missing although enormously urgent due to the sharp increase in the 
aging population. Herbal extracts have recently aroused interest in 
human health research also in osteoporosis or sarcopenia conditions 
[53], and natural bioactive compounds such as resveratrol or 
epigallocatechin-3-gallate in combination with physical exercise have 
been partially validated in sarcopenic women [54,55]. 

Here, for the first time, we deeply investigated the effects of EQ on 

Fig. 8. Equisetum arvense (EQ) extract maintains spleen morphology and counteracts age-dependent increase of pro-inflammatory cytokines. (A-E) Spleens of adult 
C57BL/6 mice, and geriatric mice treated (EQ Old) or not (Untr. Old) with EQ were weighed post-mortem (A), and formalin-fixed and paraffin-embedded before 
hematoxylin/eosin (H&E) staining. Dashed lines define the marginal zone between white and red pulps (B). The number of giant cells was reported (C). Expression of 
the activated macrophage marker, MAC3 was analysed in spleen sections by immunofluorescence. 4′, 6-diamidino-2-phenylindole (DAPI; blue) was used to stain 
nuclei (D). The levels of the pro-inflammatory cytokines Il1b (interleukin 1β), Il6 (interleukin 6), Ifng (interferon-γ), and Tnfa (tumor necrosis factor α), were 
evaluated by real-time PCR. Gene expressions were normalized to Gapdh (E). Reported are representative images (B,D). Results are means ± standard error of the 
mean. * p<0.05 and ** p<0.01, significantly different from adult; # p<0.05, significantly different from Untr. Old. Scale bars (B,D), 250 µm. 
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both skeletal muscle and bone homeostasis in vitro and its translational 
potential as a treatment for OS in vivo. EQ is traditionally considered a 
treatment to prevent osteoporosis [8], and a beneficial effect on skeletal 
muscle could be seen as an indirect consequence of bone-muscle cross
talk. However, our data demonstrate that EQ directly affects muscle 
cells, both myoblasts and differentiated myotubes, where it has 
pro-myogenic and anti-atrophic activity, respectively. Indeed, EQ ac
celerates myoblast terminal differentiation and fusion into myotubes 
likely by activating the pro-myogenic p38 MAPK-myogenin axis. EQ 
maintains the myogenic potential of muscle precursor cells in the pres
ence of atrophying stimuli, preserving myotube growth by adding nuclei 
derived from non-fused myoblasts. Notably, EQ does not rely on an 
intrinsic hypertrophic effect, as it does not affect myotube trophism in 
physiological conditions. More importantly, EQ counteracts the reduc
tion in myotube diameter and MyHC-II expression under atrophying 
stimuli mimicking low-grade chronic systemic inflammation, treatment 
with steroids, or exposure to altered levels of osteokines, i.e., the leading 

causes of muscle protein degradation in sarcopenia [3,6]. Indeed, in the 
presence of T/I, EQ reduces the levels of catabolic p38 MAPK and the 
transcription factor STAT3, known to complex NF-kB thus inhibiting 
MyoD-induced MyHC-II synthesis [25]. Unexpectedly, EQ does not 
affect MyoD expression, suggesting that another downstream effector of 
STAT3, e.g. inducible nitric oxide synthase (iNOS), is used to protect 
against T/I-induced atrophy [29]. In Dex-dependent atrophy, EQ re
duces key muscle atrogenes and sustains protein synthesis, by main
taining the physiological activation state of NF-kB and Akt-mTOR axis, 
respectively. The reduced NF-kB activation might also prevent the 
decrease of the anabolic Akt-mTOR pathway, as reported in fasting with 
high levels of glucocorticoids [56]. Thus, in all the atrophying condi
tions tested, EQ maintains a physiological activation state of the cata
bolic and anabolic pathways specifically affected in myotubes, by 
inhibiting NF-κB as a common mechanism. The in silico target fishing 
approach confirms that the pharmacological effect of the analyzed EQ 
active compounds likely consists in modulating the activity of proteins 

Table 1 
Results of the targeted MS and MS2 analysis. Compounds are listed according to their retention time and recorded using the applied method. In bold, the fragment with 
the highest intensity. The relatively low score is due mainly to poor signal-to-noise ratio (a). Despite the coelution of the pairs Isoquercetin/Quercetin and Kaempferol- 
3-O-glucoside/Kaempferol (or Luteolin), the appraisal of the chemical identity was however possible (b).  

Cpd RT m/z MS2 fragmenta Formula Exp Mass Calc Mass Score Error 
(in 
ppm) 

Possible Candidate  

1  0.715 424.1777 
[M+NH4]+

409.1570, 348.1471, 275.0944, 
239.0682, 180.0603. 

C17H26O11  406.1453  406.1475 58.33b  -5.49 8-Acetylharpagide  

2  4.35 195.0637  C10H10O4  194.0565  194.0579 67.81  -7.31 Ferulic Acid  
3  4.466 342.17 

[M+NH4]+
297.1119, 265.0854, 222.0664, 191.0838, 
85.0590. 

C20H20O4  324.1363  324.1362 79.63b  0.49 2’,4’-dihydroxy-4- prenyloxy 
chalcone  

4  4.914 465.1034 303.0860, 285.0762, 257.0803, 209.0444, 
167.0329. 

C21H20O12  464.0955  464.0955 99.56  -0.03 Isoquercetinc  

5  4.914 303.0496 286.0466, 231.0645, 151.0400, 77.0399, 
55.0532. 

C15H10O7  302.0424  302.0427 99.14  -0.96 Quercetinc  

6  5.13 449.1070 393.1851, 287.0553, 224.0925, 153.0174, 
97.0261. 

C21H20O11  448.1010  448.1006 98.59  0.92 Kaempferol-3-O-glucosidec  

7  5.13 287.0552  C15H10O6  286.0479  286.0477 85.75  0.7 Kaempferol (or Luteolin)c  

8  5.246 433.1127 271.0611, 193.0871, 137.0960, 111.0794, 
91.0536. 

C21H20O10  432.1059  432.1056 83.94  0.51 Apigenin-4’-O-glucoside  

9  7.354 271.0603 242.0571, 166.0593, 153.0175, 119.0495, 
57.0702. 

C15H10O5  270.053  270.0528 96.33  0.55 Apigenin  

10  7.586 370.2942 
[M+NH4]+

C21H36O4  352.2604  352.2614 95.18  -2.69 Monolinolenin  

11  7.752 137.1322  C10H16  136.1252  136.1252 90.91  -0.1 Myrcene  
12  8.283 203.1048 

[M+Na]+
C11H16O2  180.1157  180.115 73.57b  3.65 Dihydroactinidiolide  

13  8.814 285.0756 270.0520, 242.0570, 197.0602, 167.0340, 
124.0154. 

C16H12O5  284.068  284.0685 97.92  -1.57 Genkwanin  

14  9.528 269.0817  C16H12O4  268.0742  268.0736 81.34  2.56 7-O-Methylchrysin  
15  9.644 279.2311  C18H30O2  278.2244  278.2246 82.14  -0.69 Pinolenic acid  

Table 2 
The five potential targets and related scores (when available) computed for each examined compound. The CHEMBL target ID provided by the PLATO tool is also 
reported for each target.  

Compound NR1C3 (CHEMBL235) ADORA1 (CHEMBL226) IKKB (CHEMBL1991) STAT3 (CHEMBL4026) ISPK1 (CHEMBL2345) 

8-Acetylharpagide        7.01   
Ferulic Acid        7.49   
2’,4’-dihydroxy-4- prenyloxy chalcone           
Isoquercetinc      9.47    11.63 
Quercetinc    7.98  8.83     
Kaempferol-3-O-glucosidec      7.99    12.12 
Kaempferol (or Luteolin)c  11.69  12.55  8.78  9.19   
Apigenin-4’-O-glucoside      9.52    10.36 
Apigenin  13  13  8.97  10.1   
Monolinolenin           
Myrcene           
Dihydroactinidiolide           
Genkwanin  11.75  7.72  7.02  6.88   
7-O-Methylchrysin  11.16  11.71  7.71     
Pinolenic acid  12.39          
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participating in the NF-κB signaling, including STAT3 and IKKB, which 
emerges as the foremost candidate. The possible involvement of PPARγ, 
adenosine receptors, and S6K1 in the mechanism used by EQ in exerting 
its beneficial effects deserves further investigation. Interestingly, PPARγ 
[57] and S6K1 [58] have a role in skeletal muscle metabolism, and the 
regulation of protein quality and muscle force, respectively. 

In old mice, EQ consumption delays the appearance of sarcopenia 
translating into strong resistance against the loss of muscle protein and 
mass (weight and cross-sectional area, respectively) using mechanisms 
similar to those observed in vitro. EQ specifically preserves the physio
logical amount of MyHC-II, which is expressed in fast-twitch glycolytic 
myofibers and responsible for skeletal muscle power and speed of 
movement and is preferentially degraded in sarcopenia [59], translating 
into unchanged muscle functionality in EQ Old vs adult mice. Although 
EQ does not inhibit the age-dependent shift towards slow-twitch 
oxidative myofibers, it partially contrasts the fast/slow fiber ratio 
reduction in old muscles, likely acting on motor unit composition, 
mainly associated with metabolic myofiber changes [38]. Moreover, EQ 
Old mice showed lower compensatory muscle regeneration process 
activation, i.e., reduced number of centrally nucleated myofibers and 
Myh3 levels vs Untr. Old mice, suggesting less age-related stress accu
mulation and impaired repair capacity [36]. 

EQ strongly counteracts the RANKL-dependent OC differentiation 
and functionality, as evidenced by the reduced number of TRAP-positive 

cells, big F-actin rings indispensable for OC adhesion to the bone matrix 
and bone resorption, the appearance of molecular markers of mature 
OCs involved in extracellular matrix proteolysis, and reduced OC ac
tivity mediator, TRAP [11,13,14]. As revealed by viability assay, the 
absence of toxic effects of EQ in RANKL-derived OCs, strengthens the 
direct anti-osteoclastic effects of EQ. Together with the known ability of 
EQ to stimulate OBs [12,14,60], our data on OCs, strongly suggest that 
EQ might counteract the age-dependent imbalance of bone turnover. 
Based on our target fishing results, further investigation on adenosine 
receptors, which are involved in bone turnover [61], is encouraged since 
these receptors are likely involved in the EQ-dependent suppression of 
NF-κB activity and in subduing RANKL-induced OC differentiation. 

Notably, the effects on OCs observed in vitro translated into the 
beneficial effect of EQ administration against age-induced osteoporosis 
in vivo in old female mice. Collagen is an osteogenic biomarker with an 
essential role in bone remodeling, and decreases with aging impairing 
the mechanical properties of bone [62]. Indeed, Col1a1 in Untr Old mice 
was significantly lower than in adult mice, and EQ increased its mRNA 
expression indicating the presence of more active OBs. Micro-CT scan
ning of the tibia of 24-month-old female mice showed that EQ diet 
supplement inhibits the reduction of bone volume and surface induced 
by aging, likely through repression of OC formation and activity as 
suggested by in vitro data. The thinning of trabeculae was also preserved 
by EQ treatment in old mice. In particular, trabecular connectivity is a 

Table 3 
Docking scores and number of contacts that each investigated compound established with the IKKB pocket residues in its predicted binding mode.   

Genkwanin Kaempferol-3-O- 
glucosidec 

Apigenin 7-O- 
Methylchrysin 

Quercetin Kaempferol (or 
Luteolin) 

Isoquercetin Apigenin-4’-O- 
glucoside 

Docking score 
(Kcal/mol)  

-9.77  -9.52  -9.45  -8.94  -8.93  -8.85  -8.76  -7.21 

Glu19                3 
Arg20                5 
Leu21  5  11  3  6  6  6  8  13 
Gly22    3          3   
Thr23              1   
Val29  4  3  4  3  3  3  6  2 
Ala42  3    3  2  3  3    4 
Lys44  4  3  4  1  3  3  4   
Glu61          2  1  4   
Met96  2    2  2  5  3  3  2 
Glu97  3  3  3  1  1  1  1  4 
Tyr98  2  2  1  2  1  1  1  2 
Cys99  4  4  3  5  4  4  3  4 
Gly102  2    2  2  1  1  1  3 
Asp103    6    2  1  2  5  7 
Lys106                1  

Fig. 9. Molecular docking studies of genkwanin on protein kinase IKKB. 3D (A) and 2D (B) representation of the predicted binding mode of genkwanin to IKKB.  
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fundamental property of 3D network, vital for maintaining bone volume 
and subsequent strength. Bone volume decrease corresponds to con
nectivity decline, possibly due to loss of small-diameter interconnecting 
trabeculae [40] as found in bones of Untr Old mice. EQ Old mice keep 
this parameter closer to adult mice confirming to slow down the 
osteopenic trabecular bone modification typically associated with aging. 
Data obtained in old mice suggest that EQ supplementation is sufficient 
to preserve a good bone microarchitecture and metabolism in the 
elderly. However, some parameters investigated were not significantly 
affected by EQ consumption, possibly due to the low number of old fe
male mice. Therefore, further studies designed explicitly on OS treat
ment in a larger number of geriatric female mice are needed. 

Data showing that EQ contrasts RANKL-dependent atrophy and 
osteoclastogenesis are particularly relevant for OS, suggesting that EQ 
might prevent osteoporosis and sarcopenia reducing the excessive 
RANKL activities in old mice. We also elucidated that RANKL, a critical 
factor in the muscle-bone crosstalk, induces atrophy mainly activating 
NF-kB, as demonstrated by its inability to reduce myotube diameter and 
atrogenes upregulation in the presence of BAY11–7082. The unaltered 
levels of Akt-mTOR suggest that RANKL does not interfere with muscle 
protein synthesis. 

Thanks to its high content in silica, EQ is known to induce bone 
regeneration and inhibit osteoclastogenesis in vitro [60,63], and enhance 
bone mineralization and formation in ovariectomized rats [33]. In 
addition to silica, secondary metabolites in our EQ extract represent a 
surprisingly potent cocktail in limiting osteoclastogenesis in vitro and 
regulating bone remodeling in vivo based on previously published data. 
Flavonoids contained in EQ extract might be responsible for its effects on 
osteoporotic bone, considering that isoflavonoids and prenyl flavonoids 
maintain bone density and strength in menopausal women [64,65] and 
in ovariectomized rats [66], respectively [67]. In particular: i) quercetin 
targets both OC progenitors and mature OC suppressing bone resorption 
by inhibiting differentiation and actin ring formation in mature osteo
clasts [68]; ii) kaempferol with anti-inflammatory and anti-oxidative 
properties showed anti-osteoporotic effects in different experimental 
models of osteoporosis such glucocorticoid-treated and ovariectomized 
(OVX) mice as well as bone fracture models by interacting with its es
trogenic receptor and modulating BMP-2, NF-κB, MAPK, and mTOR 
signaling pathways [69]; iii) apigenin significantly suppressed trabec
ular bone loss, and increased the mineral content and density of the 
trabecular bone without affecting cortical bone loss in OVX animals [70, 
71]. Moreover, ferulic acid suppresses osteoclast fusion, differentiation 
and bone erosion via the inhibition of RANKL dependent NF-κB 
signaling pathway in vitro [72,73] and protects neonatal rats against 
glucocorticoid-induced osteoporosis by activating SIRT1 and NF-κB 
[74]. 

Interestingly, low doses of glycosides kaempferol-3-O-glucoside 
(GKA) strongly suppressed osteoclastogenesis induced by RANKL and 
the bone resorption activities by inhibiting the p38 MAPK pathway and 
showed a therapeutic effect on the osteolytic bone loss induced by LPS 
and OVX in vivo significantly improving bone loss indexes, including BV/ 
TV, Tb.Th, Tb.N, and Conn.D, suggesting that GKA content might be 
mainly responsible for reducing the total amount of osteoclasts and 
density of osteoclasts per bone surface in old mice treated with EQ [75]. 

The content of simple flavonoids in our extracts might also explain 
EQ’s notable effects on the preservation of muscle trophism under 
multiple atrophying conditions [76]. In C2C12 myotubes, quercetin 
suppressed TNF- and Dex-induced myotube atrophy by reducing the 
ubiquitin ligases and by regulating mitochondrial membrane potential 
and reducing ROS production, respectively [77,78]. Moreover, quer
cetin treatment has been extensively associated with preventing muscle 
atrophy in different experimental animal models i.e., obesity- or 
Dex-induced muscle atrophy, cancer-associated cachexia, suspension- or 
denervation-induced muscle atrophy. The quercetin-dependent reduc
tion of muscle mass loss in atrophic conditions is due to different 
mechanisms as reported for our EQ extract including the attenuation of 

protein degradation through MuRF-1 and Atrogin-1 downregulation by 
phosphorylation of Akt and the modulation of inflammatory cytokine 
release and their downstream signaling pathways [79–81]. Interest
ingly, long-term (24 weeks) oral treatment with quercetin glycoside 
effectively improved motor performance and increased muscle (quad
ratus femoris, gastrocnemius, tibialis anterior, and soleus) mass during 
the early stages of aging [82]. Similarly, apigenin, highlighted for its 
anti-atrophic effect in vitro and in vivo, prevented aging-induced loss of 
hind-limb muscle mass, and increased the muscle fiber size in aged mice 
by reducing oxidative stress [76,83] and enhancing muscle function. 
The potential role of apigenin in preventing age-related sarcopenia has 
been attributed to the promotion of myosin expression and its 
pro-myogenic activity in C2C12 cells [84]. Thus, apigenin content might 
be responsible for the pro-myogenic effect of EQ in physiological and 
atrophying conditions. Additionally, in denervated mice, apigenin 
attenuated the loss of muscle mass by specific upregulation of fast MyHC 
[85]. 

Interestingly, the administration of ferulic acid promoted fast 
glycolytic and slow oxidative muscle growth in Dex-induced myopathic 
rats by downregulating myostatin and oxidative stress [86]. In a 
zebrafish model, ferulic acid administration for 30 days caused the hy
pertrophic growth of fast-type myofibers by promoting protein synthesis 
and increasing the expression of transcription factors myogenin and 
MyoD [87]. 

According to the molecular docking results, genkwanin emerges as 
the virtual optimal antagonist among those screened of the IKKB ATP 
binding site, resulting in sustained cytoplasmic retention of NF-κB and 
reduction of muscle atrophy in the presence of different atrophying 
stimuli. Previous results showed that genkwanin exerts an anti- 
rheumatoid arthritis effect by targeting proteins of NF-κB pathway, 
including IKKs, thus reducing inflammatory markers [88]. In line with 
our results, kaempferol and quercetin are considered competitors for the 
IKKB ATP-binding pocket explaining their inhibitory activity on NF-κB 
pathway in other conditions [89,90]. Conversely, the potential molec
ular interactions of apigenin, 7-O-methylchrysin and isoquercetin with 
IKKB have not been previously reported and deserve further 
investigation. 

Overall, our data suggest that EQ might delay the onset of OS in mice 
by acting directly on bone and muscle tissues, and indirectly on spleen- 
related inflammaging [41]. Indeed, we found that EQ strongly restrains 
age-related spleen microanatomy disruption and inflammation, preser
ving spleen size, reducing the number of giant cells and 
pro-inflammatory cytokines production, and limiting the expansion of 
macrophages. These results are in line with published data showing the 
anti-inflammatory capability of EQ in several immune cells [91]. 
Furthermore, in obesity-induced skeletal muscle atrophy apigenin 
treatment increased muscle mass, fiber size, and exercise capacity by 
suppressing the levels of inflammatory cytokines (TNF-α, IL-6, and IL-1) 
in serum and muscle tissue, in accordance with EQ effects in old mice 
[92]. Notably, apigenin, kaempferol, and 3′,4′-dichloroflavone are 
considered the best flavonoids able to reduce the production of IL-1β 
[93], which results down-regulated by EQ administration in both serum 
and muscle tissues, suggesting that EQ could interrupt pro-inflammaging 
status deriving by both spleen and myokine secretion thanks to flavo
noid content. 

Further investigations could consolidate our findings to include the 
supplement of EQ inside a multidimensional clinical approach for the 
prevention of OS onset and progression, considering that no toxicity was 
detected in our and others’ studies [94] 

5. Conclusions 

Collectively, our data identify EQ as the first natural compound to 
simultaneously preserve muscle functionality and bone micro
architecture restraining the age-related modification in both tissues and 
by reducing the inflammatory state in muscle and spleen. We showed 
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that EQ has anti-atrophic and anti-osteoclastogenic activities in vitro 
blunting the deleterious effects of common risk factors for osteoporosis 
and sarcopenia, i.e., inflammaging, excess of glucocorticoids and un
balanced release of the RANKL osteokine. Moreover, EQ maintains 
muscle size and strength, and bone structure during aging. In addition to 
silica, targeted UHPLC-MS profiling of our EQ extract provided a coex
istence of multiple metabolites with already demonstrated properties in 
muscle and bone tissues justifying its beneficial effects on osteosarco
penic experimental models. In silico analyses provide the opportunity to 
investigate new molecular pathways underlying the EQ biological ef
fects. Based on our promising results, further pre-clinical and clinical 
studies should be performed to evaluate the absorption extent, 
bioavailability, and efficacy of EQ extract. As a result, developing a low- 
cost food supplement emerges as a promising intervention for address
ing OS, a pressing and unresolved health concern exacerbated by 
increasing life expectancy. 
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