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ORIGINAL ARTICLE

A standardized combination of Sphaeranthus indicus and Mangifera indica extracts improves antioxidant defense and anabolic signaling and attenuates dexamethasone-induced skeletal muscle atrophy
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Abstract

Background: Skeletal muscle atrophy is characterized by impaired protein synthesis, increased proteolysis, oxidative stress, and mitochondrial dysfunction. Phytoceutical interventions with antioxidant and cytoprotective properties may offer therapeutic potential in muscle-wasting conditions.

Objective: To assess the effects of LI12542F6 SMI, a standardized formulation of Sphaeranthus indicus (SI) flower heads and Mangifera indica (MI) bark extracts (2:1), on dexamethasone (DEX)-induced skeletal muscle atrophy and to elucidate the underlying molecular mechanisms.

Design: In vitro studies assessed antioxidant activity, endothelial nitrite production, protein synthesis, and the activation of the phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin signaling (PI3K/AKT/mTOR) pathway, with or without DEX. In vivo, male Sprague Dawley rats received DEX (0.1 mg/kg body weight) and were supplemented with SMI (0, 45, or 90 mg/kg body weight) for 12 days. Outcomes included lean body mass, grip strength, muscle histology, antioxidant enzyme activity, and the expression of anabolic and catabolic protein markers.

Results: SMI enhanced reactive oxygen species scavenging and increased endothelial nitrite production via PI3K/AKT-mediated activation of endothelial nitric oxide synthase. In DEX-treated rats, SMI attenuated declines in lean body mass, grip strength, and muscle fiber morphology. Mechanistically, SMI improved antioxidant markers, activated PI3K/AKT/mTOR signaling and myogenic markers, and suppressed catabolic and apoptotic proteins. The hepatic or renal biochemical parameters were unaltered.

Discussion: These findings indicate that SMI mitigates glucocorticoid-induced muscle atrophy through coordinated modulation of oxidative stress, mitochondrial function, and anabolic signaling pathways. The activation of PI3K/AKT/mTOR signaling appears central to its effects, linking antioxidant activity with enhanced protein synthesis and the suppression of apoptotic signaling.

Conclusions: SMI attenuates DEX-induced skeletal muscle atrophy and improves functional and molecular markers. These findings suggest further investigation and clinical substantiation of this phytoceutical as a possible intervention for muscle-wasting conditions.
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Popular scientific summary


	Gradual loss of muscle mass and function occurs due to chronic stress, advancing age, or the use of corticosteroids, which are associated with oxidative stress and reduced protein synthesis.

	A combination of Sphaeranthus indicus (SI) and Mangifera indica (MI) extracts, LI12542F6 (SMI), demonstrated antioxidant and muscle-protective activities.

	SMI supported muscle protein synthesis and reduced mitochondrial membrane depolarization in vitro.

	In dexamethasone-induced rats, SMI maintained muscle mass and strength, suggesting the possibility for managing muscle-wasting conditions.



Skeletal muscle atrophy is characterized by a progressive decline in muscle mass, strength, and function, contributing to frailty, falls, and loss of independence. It can arise from diverse conditions, including aging, immobilization, cachexia, malnutrition, and glucocorticoid exposure. Sarcopenia refers specifically to age-related muscle loss and is increasingly recognized as a geriatric syndrome with significant clinical and public health implications (1). It affects approximately 10–20% of individuals aged 60 or older, with a higher prevalence in older populations (2), and is now included in the International Classification of Diseases (ICD-10) (3). However, multiple forms of muscle atrophy share common underlying mechanisms, including oxidative stress, mitochondrial dysfunction, and dysregulated protein turnover.

At the molecular level, skeletal muscle atrophy results from an imbalance between protein synthesis and degradation pathways. Oxidative stress plays a central role in this process, as excessive production of reactive oxygen species (ROS) damages cellular macromolecules and disrupts intracellular signaling (4). Mitochondrial dysfunction is a characteristic feature of aging skeletal muscle, acting both as a source and target of ROS, thereby amplifying oxidative damage and impairing cellular bioenergetics (5). Elevated ROS levels activate transcription factors such as forkhead box O (FOXO) and nuclear factor-κB (NF-κB), which stimulate the expression of muscle-specific E3 ubiquitin ligases, including Atrogin-1 and muscle RING finger-1 (MuRF-1), and promote ubiquitin-proteasome-mediated protein degradation (6). In addition, chronic low-grade inflammation (inflammaging) contributes to muscle loss by inhibiting myogenic differentiation and suppressing insulin/insulin-like growth factor-1 (IGF-1) signaling pathways, which are critical for maintaining muscle mass (7).

Plant-derived bioactive metabolites with antioxidant and anti-inflammatory properties have attracted increasing attention as potential modulators of skeletal muscle metabolism. Polyphenols and flavonoids can reduce oxidative stress, improve mitochondrial function, and regulate signaling pathways involved in muscle protein turnover (8). Metabolites such as mangiferin, apigenin, and ginsenosides have demonstrated protective effects against muscle degeneration in experimental models by suppressing inflammatory signaling and restoring anabolic pathways (9–11).

An array of scientific evidence substantiates that Sphaeranthus indicus L. (Asteraceae) flower heads contain several bioactive metabolites, including sesquiterpene lactones such as 7-hydroxyfrullanolide and flavonoids structurally related to quercetin and apigenin, which have been reported to exhibit antioxidant and immunomodulatory activities (12). Experimental studies have shown that 7-hydroxyfrullanolide suppresses pro-inflammatory mediators by modulating NF-κB signaling and exhibits anti-inflammatory activity in vivo (13). The stem bark of Mangifera indica L. (Anacardiaceae) contains abundant polyphenolic metabolites, particularly the C-glucosyl xanthone mangiferin, which exhibits strong antioxidant, anti-inflammatory, and cytoprotective properties (9, 14). Mangiferin has also been reported to regulate mitochondrial function and redox homeostasis as well as to influence signaling pathways involved in skeletal muscle metabolism (8). Standardized extracts of M. indica bark have demonstrated antioxidant and immunomodulatory activities, including the inhibition of Tumor necrosis factor alpha (TNF-α)-induced NF-κB activation and the attenuation of inflammatory responses in experimental models (9, 15, 16). These pharmacological activities are mechanistically relevant to skeletal muscle wasting, where oxidative stress and inflammatory signaling accelerate proteolysis and impair anabolic recovery.

Recent randomized placebo-controlled trials have reported improvements in muscle strength, lean mass, and endurance following supplementation with a standardized botanical formulation containing Sphaeranthus indicus and Mangifera indica extracts (17, 18). However, the molecular mechanisms underlying these effects remain unclear. Given the central role of oxidative stress and dysregulated anabolic signaling in skeletal muscle atrophy, bioactive metabolites with antioxidant and cytoprotective properties may modulate pathways governing muscle protein turnover. The activation of the phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR) signaling axis promotes protein synthesis while suppressing FOXO-mediated transcription of atrophy-related genes (19).

Based on this mechanistic rationale, we hypothesized that the standardized botanical formulation SMI may attenuate skeletal muscle atrophy by restoring redox balance and activating anabolic signaling pathways. This proof-of-concept study demonstrates that the botanical combination mitigates glucocorticoid-induced muscle atrophy by regulating redox homeostasis and the PI3K/AKT/mTOR signaling pathway. In this investigation, we employed complementary in vitro and in vivo models, enabling a comprehensive assessment of functional performance along with biochemical and molecular markers of muscle atrophy.

Materials and methods

Test item

LI12542F6 or SMI is a proprietary formulation containing a blend of Sphaeranthus indicus L. (Asteraceae) (SI) flower heads and Mangifera indica L. (Anacardiaceae) (MI) stem bark extracts (2:1). SI flower heads were collected from wild-crafted sources in Odisha, India, and MI bark was obtained from plantation-grown trees in Andhra Pradesh, India. A certified taxonomist authenticated the plant materials through morphological comparison with authenticated reference specimens. The voucher specimens of S indicus L. flower heads (voucher no. 6578) and M indica L. stem bark (voucher no. 6246) were deposited in the herbarium of the Taxonomy Division, Laila Nutra Private Limited, Vijayawada, India, for future reference. The dried plant materials were pulverized and extracted separately using ethanol-ethyl acetate for SI and aqueous ethanol for MI under controlled temperature conditions. The resulting extracts were individually filtered, concentrated under reduced pressure, and dried before combination. The resulting mixture was pulverized, sieved, and thoroughly mixed to obtain LI12542F6 as a uniform free-flowing powder. The formulation was standardized to contain not less than 4% 7-hydroxyfrullanolide (7-HF) and 2.5% mangiferin (MGF), as determined by high-performance liquid chromatography (HPLC). The phytochemical profile of LI12542F6 was analyzed using a HPLC system (Waters Acquity, Waters Corporation, Milford, MA, USA) equipped with an autosampler, a column oven with thermostatic control, a photodiode array detector, and a Empower 2 software. Samples were extracted with aqueous methanol and filtered through a 0.22 μm polyvinylidene difluoride (PVDF) membrane before analysis. Separation was performed on a Waters X Bridge C18 column (100 × 4.6 mm, 3.5 μm). The mobile phase consisted of solvent A (0.1% orthophosphoric acid in water) and solvent B (acetonitrile) at a flow rate of 1.0 mL/min. The gradient program started with 87% A and 13% B for 5 min, followed by a rapid change to 65% A and 35% B, which was maintained for 14 min. The column oven compartment was maintained at 40°C. MGF and 7-HF were detected at 210 nm with retention times of 2.461 and 14.744 min, respectively (Fig. 1), and were identified using authentic reference standards (Sigma-Aldrich, St. Louis, MO).

Fig. 1.A typical HPLC chromatogram of SMI showing elution peaks of mangiferin (MGF) and 7-hydroxyfrullanolide (7-HF) at 210 nm with retention times of 2.461 and 14.744 min, respectively. HPLC: high-performance liquid chromatography.
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Chemicals and reagents

The primary and secondary antibodies were procured from commercial sources (Supplementary Table S1). Cycloheximide (CHX, cat# 239763-M), dexamethasone (DEX, D4902), ethylenediaminetetraacetic acid (EDTA, cat# E6758), phenylmethylsulfonyl fluoride (PMSF, cat# 52332), sodium carboxymethyl cellulose (CMC-Na, cat# 419338), Lipopolysaccharides from Escherichia coli O111:B4 (LPS, cat# L2630), phorbol 12-myristate 13-acetate (PMA, cat# 52440), wortmannin (WORT, cat# 681675), rapamycin (RAPA, cat# R0395), 2’,7’-dichlorofluorescin diacetate (DCF-DA, cat# D6883), and other analytical-grade reagents were purchased from Sigma-Aldrich (St. Louis, MO).

In vitro experiments

Cell culture and treatments

Primary human umbilical vein endothelial cells (HUVEC, cat# CRL-1730), Human leukemia (HL) promyelocytic cells HL-60 (cat# CCL-240), and L6 rat myoblast cells (cat# CRL-1458) were purchased from the American Type Culture Collection (ATCC, Manassas, VA). HUVECs were maintained in vascular cell basal medium supplemented with 10% fetal bovine serum (FBS, cat#16000044, Gibco, Waltham, MA), 1% penicillin-streptomycin, 4.5 g/L D-glucose, and 1 mM sodium pyruvate. HL-60 cells were cultured in RPMI medium (Hi-Media Labs, Mumbai, India) containing 10% FBS and 1% penicillin-streptomycin (HiMedia Laboratories Pvt. Ltd, Mumbai, India). L6 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS, 1% penicillin-streptomycin, 4.5 g/L D-glucose, and 1 mM sodium pyruvate. Cells were incubated at 37°C in a humidified atmosphere containing 5% CO2, and all experiments were conducted using mycoplasma-free cells between passages 5 and 10. All in vitro experiments were performed in three independent replicates, each conducted with duplicate culture wells.

For Western blot experiments, HUVECs were seeded at 3 × 105 cells per well in 6-well plates and incubated at 37°C in 5% CO2 for 24 h. The following day, the medium was replaced with serum-free medium, and cells were maintained overnight before treatment. For L6 differentiation, cells at approximately 80% confluence were cultured in DMEM supplemented with 2% horse serum (cat# 16050122, Gibco, Waltham, MA) for eight consecutive days, with medium changes every 48 h. Fully differentiated myotubes were then serum-starved overnight. Serum-starved HUVECs or L6 myoblast cells were treated with SMI (1 μg/mL), with or without 10 μM WORT, for 30, 60, or 120 min for signaling studies. In a separate experiment, overnight serum-starved L6 myotubes were pre-treated with SMI (0.1 or 1.0 μg/mL) for 2 h, followed by DEX exposure for 72 h.

Cell viability assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8, cat# 96992, Sigma-Aldrich, St. Louis, MO) to evaluate the cytotoxicity of the test samples. An equal number (10,000/well in a 96-well culture plate) of HL-60 cells in logarithmic growth were seeded in 100 μL of complete RPMI-1640 and maintained at 37°C in 5% CO2 overnight. Then, cells were treated with SI, MI, or SMI at different concentrations (0.5, 1.0, 2.5, 10, and 20 μg/mL) or vehicle control (0.1% DMSO, VC) and incubated for an additional 24 h. The wells containing medium without cells served as blanks. Following treatment, 10 μL of CCK-8 reagent was added directly to each well, and the plates were incubated for 2 h at 37°C in the dark. Absorbance was measured at 450 nm using a microplate reader (SpectraMax M5, Molecular Devices, San Jose, CA). Background-corrected absorbance values were used to calculate cell viability relative to VC using the formula:
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Experiments were performed in triplicate wells and repeated independently three times.

DCF-DA assay

ROS levels in HL-60 cells were assessed using the DCF-DA assay (12). Cells (1.25 × 105/well) were pre-incubated with DCF-DA for 30 min, then stimulated with 100 nM PMA, and immediately treated with 0.5–10 μg/mL of SI, MI, or SMI. Fluorescence was measured over 180 min (Ex: 460 nm / Em: 550 nm) using a multi-mode reader (Enspire, PerkinElmer, Shelton, CT).

Nitrite assay

Nitrite production in HUVEC cells was quantified using the Griess assay (20). Cells (0.5 × 106/well) were seeded in 6-well plates and treated with SI, MI, or SMI (1–10 μg/mL) for 24 h. After treatment, 50 μL of conditioned media was mixed with 50 μL of freshly prepared Griess reagent [a 1:1 mixture of 1% sulfanilamide in 5% phosphoric acid and 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride (NED) in distilled water] and incubated for 10 min at 37°C. Absorbance was measured at 550 nm using a Spectramax M5 microplate reader (Molecular Devices, San Jose, CA).

Western blot assay

Treated HUVEC, L6 myoblasts or myotubes, or gastrocnemius muscle (GM, 100 mg) were lysed in standard lysis buffer [10 mM Tris-HCl (pH 7.4) containing 1 mM EDTA, 150 mM NaCl, 1% (v/v) Triton X-100, 0.5% (w/v) sodium deoxycholate, 1 mM PMSF, 10 μg/mL aprotinin, 10 μg/mL leupeptin, 1 μM pepstatin, 1 mM sodium fluoride, and 1 mM sodium orthovanadate]. Lysates were clarified (13,000 × g, 15 min, 4°C), and protein contents were determined via bicinchoninic acid (BCA) assay (Thermo Scientific, Waltham, MA). Proteins were separated in SDS-PAGE, transferred to PVDF membranes, and probed with primary antibodies (overnight, 4°C), followed by HRP-conjugated secondary antibodies. Bands were visualized using chemiluminescence (ChemiDoc MP imaging system, Bio-Rad, Hercules, CA) and quantified using ImageJ (v1.53e; NIH, Bethesda, MD). Protein levels were normalized to unphosphorylated proteins or β-actin/Glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Protein synthesis assay

Protein synthesis in L6 myoblasts was quantified by L-homopropargylglycine (HPG) incorporation using the Click-iT™ HPG Alexa Fluor™ 488 assay kit (cat# C10428, Thermo Scientific, Waltham, MA) per manufacturer’s protocol. In 96-well culture plates, an equal number of cells (20,000/well) were maintained (37°C, 5% CO2) overnight. After replacing the medium, the cells were treated with SMI (0.1 or 1.0 μg/mL) prepared in a working stock solution of Click-iT HPG prepared in methionine-free RPMI (cat# A1451701-01, Gibco, Waltham, MA). The cells were treated with SMI in the presence or absence of WORT, RAPA, or CHX for 30 min. Fluorescence (Ex: 495 nm/Em: 519 nm) was measured using a microplate reader (Enspire, PerkinElmer, Shelton, CT).

Mitochondrial membrane potential (MMP, ∆ψm) assay

MMP (∆ψm) was assessed using 5,5,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazylcarbocyanine iodide (JC-1, 2 μM; cat# T3168, Thermo Fisher Scientific, Waltham, MA), as described earlier (21). L6 myoblast cells (50,000/well) were seeded in a 6-well plate, incubated overnight, and then treated with DEX (25 μM) in the presence or absence of SMI (0.1 or 1.0 μg/mL) for 72 h. Following treatment, the cells were stained with JC-1 for 30 min in the dark. The stained cells were washed, trypsinized, and resuspended in a 2% fluorescence-activated cell sorting (FACS) buffer. Flow cytometric acquisition was performed using a BD FACSVerse flow cytometer (Franklin Lakes, NJ). The gating strategy involved first acquiring unstained control cells to establish the baseline population and set the quadrant gates. Subsequently, JC-1-stained control cells were acquired to adjust and confirm quadrant settings. DEX-treated cells, with or without LI12542F6, were then analyzed using the predefined quadrant gates. Mitochondrial membrane potential was expressed as the ratio of red to green fluorescence intensity.

In vivo study

Animal husbandry and ethics approval

Male Sprague Dawley rats (10–12 weeks old; body weight (BW): 260–320 g) were obtained from the RCC Laboratories India Pvt. Ltd. (Hyderabad, India). The animals were housed in the animal facility of Laila Impex R&D Center, Vijayawada, India (License no. 204/PO/Rc/S/2000/CPCSEA) under identical environmental conditions (22 ± 3°C, relative humidity 30–70%, 12 h light/12 h dark cycle) with free access to standard laboratory chow and water throughout the study. All experimental procedures were conducted in accordance with the guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Government of India, and were approved by the Institutional Animal Ethics Committee (IAEC) of Laila Impex R&D Center, Vijayawada, Andhra Pradesh, India (protocol no. LI240509, dated May 25, 2024). All procedures involving animals were conducted in accordance with the ARRIVE 2.0 (Animal Research: Reporting of In Vivo Experiments) guidelines. This study was conducted between July 2024 and August 2024.

Experimental design

The efficacy of SMI was evaluated in a well-established model for studying glucocorticoid-induced muscle wasting (22, 23). A total of 40 rats were randomly assigned to four groups based on BW: G1 (Vehicle), G2 (DEX 0.1 mg/kg), G3 (DEX + SMI 45 mg/kg), and G4 (DEX + SMI 90 mg/kg). The sample size (n = 10 rats per group) was determined based on the group sizes used in previous pharmacological studies evaluating glucocorticoid-induced skeletal muscle atrophy and functional outcomes (22, 23). Dexamethasone (0.1 mg/kg BW/day, intraperitoneally) was administered from days 5 to 12 to induce skeletal muscle atrophy. The dose and treatment duration were selected based on established models of glucocorticoid-induced muscle wasting that reliably induce morphological and functional alterations in skeletal muscle (22, 23). The SMI doses were administered orally (days 1–12), selected based on the conversion of clinically used human doses to rat-equivalent doses using the body surface area-based method (18).

BWs were measured on days 1, 5, 8, and 12 on a weighing balance (GE7101, Sartorius AG, Göttingen, Germany). All animals completed the experimental protocol, and no animals or data points were excluded from the analyses, except for Western blot evaluation of muscle protein markers. Analyses were performed using a subset of samples (n = 6) from each group. Post-experiment, blood samples were collected via retro-orbital plexus puncture under isoflurane anesthesia. Rats were sacrificed (CO2 inhalation), and the GM and soleus muscle (SM) were excised, weighed on an analytical balance (CP224S, Sartorius AG, Göttingen, Germany), fixed for histology, or snap-frozen for biomarker analysis. All outcome assessments, including functional measurements, muscle histology quantification, densitometric analysis, immunoblots, and data analysis, were performed using coded samples to minimize observer bias.

Randomization, allocation concealment, and blinding

Animals were randomly assigned to experimental groups following baseline body weight assessment to ensure balanced group distribution. Group allocation was performed before treatment initiation, and treatment identity was concealed using coded cages and sample identifiers. Outcome assessments were conducted using coded samples to minimize observer bias. Investigators performing forelimb grip strength measurements, histological evaluations, densitometric analyses of immunoblots, and data analyses were blinded to treatment allocation. Histological sections were coded before image acquisition and before quantification of muscle fiber cross-sectional area. Blinding was maintained until completion of data collection and primary statistical analyses.

Measurement of forelimb grip strength and calf thickness

Forelimb grip strength was measured using a T-bar grip strength meter (Orchid Scientific, Mumbai, India). Each rat underwent three trials, and the average force (Newtons) was recorded (24). Calf thickness was measured bilaterally using a digital Vernier caliper (VWR, Leuven, Belgium).

Dual X-ray Absorptiometry (DEXA)

Lean body mass was assessed on the final day of the study using DEXA (25). Each rat was anesthetized and positioned supine on the scanning platform of a densitometer (QDR Discovery A, S/N 82382, Hologic Inc., Bedford, MA) with its limbs fully extended. Scans were conducted using the small animal application with rat-specific whole-body software (v13.4.2).

Muscle fiber morphometry

GM and SM were fixed in 10% neutral buffered formalin, processed, paraffin-embedded, sectioned (4–6 μm), and stained with Picro Sirius Red. Sections were imaged at 20× magnification (Axio Vision Observer Z1, Carl Zeiss, Thornwood, NY) using a ProgRes C5 CCD camera. Muscle fiber cross-sectional area (CSA) was quantified using ImageJ software (v1.53e; NIH, Bethesda, MD) by analyzing 50 randomly selected fibers per section (24).

Data and statistical analysis

Data are expressed as mean ± standard deviation (SD). Statistical analyses were performed using GraphPad Prism (version 5.0, GraphPad Software, San Diego, CA, USA). For in vitro experiments comparing two experimental conditions, statistical significance was evaluated using an unpaired Student’s t-test. Data normality was assessed using the Shapiro–Wilk test prior to conducting parametric analyses. For comparisons involving a single factor, one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc test was applied; for experiments involving two factors, two-way ANOVA followed by Bonferroni’s multiple-comparison test was used. Thus, appropriate corrections for multiple comparisons were consistently applied as appropriate. A P-value < 0.05 was considered statistically significant. Original Western blot images are provided in the supplementary file. In SMI-treated rats, recovery percentage from DEX-induced loss of lean body mass, grip strength, and muscle fiber CSA was calculated using the following formula:
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Results

SMI enhances ROS scavenging and nitric oxide signaling through PI3K/AKT/eNOS activation

ROS scavenging activity

The effects of SI, MI, and their combination (SMI) on ROS generation were evaluated in PMA-stimulated HL-60 cells. Concentration-dependent reductions in ROS levels were observed (Fig. 2A). The mean IC50 values (± SD) for SI, MI, and SMI were 9.03 ± 1.71, 9.09 ± 1.69, and 4.06 ± 0.67 μg/mL, respectively. Across the concentration range of 1–10 μg/mL, SMI demonstrated significantly greater ROS scavenging activity than the individual extracts (P < 0.05). Consistent with these observations, the IC50 of SMI was significantly lower than that of SI (P = 0.0251) or MI (P = 0.0233).

Fig. 2.SMI enhances ROS scavenging, nitric oxide production, and PI3K/AKT/eNOS signaling. (A) ROS scavenging activity of Sphaeranthus indicus (SI), Mangifera indica (MI), and their combination (SMI) in PMA-stimulated HL-60 cells. (B) Nitrite production in HUVECs following treatment with SI, MI, or SMI. (C) Representative immunoblots and densitometric analysis showing phosphorylation of PI3K, AKT, and eNOS in HUVECs treated with SMI in the presence or absence of wortmannin (WORT). Data are presented as mean ± SD from three independent experiments. ROS: reactive oxygen species; PMA: phorbol 12-myristate 13-acetate; HUVEC: human umbilical vein endothelial cells; P13K/AKT: phosphatidylinositol 3-kinase/protein kinase B; eNOS: endothelial nitric oxide synthase. *P < 0.05 vs. control; **P < 0.05 SMI vs. SI or MI; #P < 0.05 vs. SMI-treated group.

[image: FNR-70-14578-F2.jpg]

Cell viability analysis indicated that treatment with SI, MI, or SMI at concentrations up to 20 μg/mL did not significantly affect HL-60 cell viability, suggesting that the observed antioxidant effects were not associated with cytotoxicity (Supplementary Fig. S1).

Nitrite production in endothelial cells

The effects of SI, MI, and SMI on nitric oxide (NO) production were examined in HUVECs by measuring nitrite levels. All treatments increased nitrite production in a concentration-dependent manner (Fig. 2B). At each concentration tested (1–10 μg/mL), SMI produced significantly higher nitrite levels than SI or MI alone (P < 0.05). At 10 μg/mL, SMI increased nitrite production by approximately 75.7%, whereas SI and MI increased nitrite levels by 48.5% (P = 0.0184) and 53.5% (P = 0.0033), respectively.

Activation of PI3K/AKT/eNOS signaling

To determine whether NO production was associated with endothelial signaling activation, phosphorylation of phosphatidylinositol 3-kinase (PI3K), protein kinase B (AKT), and endothelial nitric oxide synthase (eNOS) was assessed in HUVECs following SMI treatment. SMI induced a time-dependent increase in phosphorylation of all three proteins (Fig. 2C). Compared with untreated controls, phosphorylation of PI3K, AKT, and eNOS increased by 47.0% (P = 0.0112), 24.2% (P = 0.0356), and 40.0% (P = 0.0353), respectively, at 30 min; 55.3% (P = 0.0150), 46.3% (P = 0.0462), and 45.0% (P = 0.0283) at 60 min; and 72.7% (P = 0.0334), 42.9% (P = 0.0384), and 73.7% (P = 0.0071) at 120 min of treatment.

Cotreatment with the PI3K inhibitor wortmannin significantly attenuated SMI-induced phosphorylation in a time-dependent manner. Relative to SMI alone, wortmannin reduced phosphorylation of PI3K, AKT, and eNOS by 15.6% (P = 0.1293), 8.2% (P = 0.2488), and 13.4% (P = 0.3342) at 30 min; 34.5% (P = 0.0165), 30.1% (P = 0.0399), and 30.0% (P = 0.0866) at 60 min; and 55.4% (P = 0.0080), 52.7% (P = 0.0078), and 56.1% (P = 0.0002) at 120 min of treatment (Fig. 2C).

SMI activates PI3K/AKT-dependent mTOR signaling and protein synthesis in L6 myoblast cells

To investigate the molecular mechanisms underlying the anabolic effects of SMI in L6 myoblasts, we assessed the PI3K/AKT/mTOR signaling activation using immunoblot assays. SMI treatment increased p-PI3K levels by 37.3% (P = 0.0112), 38.5% (P = 0.0581), and 44.7% (P = 0.0332) at 30, 60, and 120 min, respectively. Similarly, p-AKT increased by 42.6% (P = 0.0352), 53.1% (P = 0.0139), and 62.9% (P = 0.0171) at these same time points (Fig. 3A). The downstream p-mTOR was increased by 17.0% (P = 0.0088), 21.8% (P = 0.0312), and 38.3% (P = 0.0020), while p-P70S6K increased by 12.8% (P = 0.3990), 68.7% (P = 0.0171), and 107.9% (P = 0.0300) at 30, 60, and 120 min, respectively (Fig. 3A).

Fig. 3.SMI activates PI3K/AKT/mTOR/P70S6K signaling and increases protein synthesis in L6 myoblasts. (A) Representative immunoblots and densitometric analysis of phosphorylated PI3K, AKT, mTOR, and P70S6K in L6 myoblasts treated with SMI with or without wortmannin (WORT). (B) Nascent protein synthesis assessed by HPG incorporation in cells treated with SMI alone or in combination with WORT, rapamycin (RAPA), or cycloheximide (CHX). Data are presented as mean ± SD from three independent experiments. P13K/AKT/mTOR: phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin; HPG: L-homopropargylglycine. *P < 0.05 vs. vehicle control; #P < 0.05 vs. SMI-treated group.
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Cotreatment with WORT attenuated SMI-induced phosphorylation of PI3K, AKT, mTOR, and P70S6K proteins (Fig. 3A). Compared to SMI alone, WORT reduced p-PI3K levels by 20.7% (P = 0.0379), 35.7% (P = 0.0240), and 51.6% (P = 0.0045), and p-AKT levels by 6.2% (P = 0.3601), 31.1% (P = 0.1356), and 43.5% (P = 0.0326) at 30, 60, and 120 min, respectively. The p-mTOR expressions were decreased by 20.6% (P = 0.0353) and 46.9% (P = 0.0006), and p-P70S6K by 35.4% (P = 0.0304) and 65.9% (P = 0.0237) at 60 and 120 min, respectively, while changes at 30 min were minimal and not significant (Fig. 3A).

The Click-iT HPG assay (Fig. 3B) demonstrated that SMI enhanced de novo protein synthesis in L6 myoblasts, increasing incorporation by 8.8% (P = 0.0134) and 51.7% (P < 0.0001) at 0.1 and 1.0 μg/mL, respectively. Cotreatment with WORT or RAPA attenuated the SMI-induced protein synthesis at 1.0 μg/mL, reducing incorporation by 19.9% (P = 0.0138) and 28.4% (P < 0.0001), respectively. In contrast, at 0.1 μg/mL SMI treatment, the inhibitory effects of WORT and RAPA were minimal and not statistically significant (Fig. 3B).

SMI modulates myogenic proteins and attenuates apoptosis and atrophy-related marker proteins in DEX-treated L6 myotubes

In L6 myotubes, DEX reduced p-AKT and p-mTOR expressions by 38.2% (P = 0.0106) and 31.1% (P = 0.0325), respectively, as compared with VC. DEX also decreased the expression of key myogenic regulatory proteins MyoD, Myogenin, and Myf-6 by 33.2% (P = 0.0251), 44.1% (P = 0.0247), and 36.9% (P = 0.0433), respectively (Fig. 4A). At 0.1 μg/mL, SMI cotreatment recovered the DEX-induced loss of protein levels and elevated p-AKT, p-mTOR, MyoD, Myogenin, and Myf-6 levels by 94.2% (P = 0.0046), 80.9% (P = 0.0029), 35.6% (P = 0.0472), 107.9% (P = 0.0048), and 80.7% (P = 0.0182), respectively, from DEX treatment. Similarly, the higher dose of SMI (1.0 μg/mL) produced similar or greater effects, increasing p-AKT, p-mTOR, MyoD, Myogenin, and Myf by 97.7% (P = 0.0052), 93.5% (P = 0.0184), 44.7% (P = 0.0210), 111.6% (P = 0.0110), and 71.7% (P = 0.0248), respectively, as compared with DEX (Fig. 4A).

Fig. 4.Effects of SMI on anabolic, apoptotic, and atrophy-related markers and mitochondrial membrane potential in DEX-treated L6 cells. (A) Representative immunoblots and densitometric analysis of p-AKT, p-mTOR, and myogenic regulatory proteins (MyoD, Myogenin, and Myf-6) in dexamethasone (DEX)-treated L6 myotubes with or without SMI. (B) Expression of apoptotic proteins (Caspase-3, Bax, and Bcl-2) and atrophy-related markers (Atrogin-1, MuRF-1, and GDF-8). (C) Representative JC-1 flow cytometry plots showing mitochondrial membrane potential. I–IV represent vehicle control (VC), DEX, DEX + 0.1 μg/mL SMI, and DEX + 1.0 μg/mL SMI, respectively. (D) Quantification of JC-1 fluorescence ratios. Data are presented as mean ± SD from three independent experiments. DEX: dexamethasone; mTOR: mammalian target of rapamycin. *P < 0.05 vs. vehicle control; #P < 0.05 vs. DEX-treated group.
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DEX-treated L6 myotubes showed significant elevation in caspase-3 and Bax levels by 63.7% (P = 0.0040) and 40.8% (P = 0.0361), respectively, and reduction in Bcl-2 levels by 62.3% (P = 0.0022), compared with VC. DEX also increased Atrogin-1, MuRF-1, and Growth differentiation factor-8 (GDF-8) expressions by 90.1% (P = 0.0168), 104.0% (P = 0.0066), and 213.0% (P = 0.0045), respectively, vs. VC. At 0.1 μg/mL, SMI decreased caspase-3 and Bax levels by 10.3% (P = 0.0583) and 10.5% (P = 0.1883), respectively, compared with DEX, while increasing Bcl-2 expression by 136.6% (P = 0.0293). Simultaneously, Atrogin-1, Murf-1, and GDF-8 expressions were also decreased by 36.3% (P = 0.0309), 16.2% (P = 0.1825), and 22.9% (P = 0.1586), respectively. The higher dose (1.0 μg/mL) yielded stronger protections, reducing caspase-3, Bax, Atrogin-1, Murf-1, and GDF-8 by 24.1% (P = 0.0111), 23.6% (P = 0.0217), 37.2% (P = 0.0236), 31.0% (P = 0.0393), and 48.6% (P = 0.0141), respectively, while increasing Bcl-2 by 214.5% (P = 0.0081) vs. DEX (Fig. 4B).

SMI protects against DEX-induced mitochondrial membrane depolarization in L6 myoblasts

Flow cytometry analysis revealed that DEX treatment significantly increased (P < 0.002) the JC-1 green fluorescence, as represented by the mean red/green fluorescence ratio (1.14), as compared to the VC (3.32), indicating an increase in the monomeric form of JC-1 (membrane depolarization) through the disruption of MMP (Fig. 4C & 4D). Cotreatment with 1.0 μg/mL SMI attenuated (P < 0.005 vs. DEX) the membrane depolarization, as indicated by a mean red/green fluorescence ratio of 2.42, with increased red fluorescence (JC-1 aggregates) indicating alleviation from DEX-induced membrane depolarization (Fig. 4C & 4D).

SMI mitigates DEX-induced loss of muscle mass and function in Sprague Dawley rats

DEX treatment (G2) significantly reduced (P < 0.05) BW, lean mass, grip strength, calf thickness, and GM weight compared to controls (G1) (Fig. 5A–D). SMI (45 and 90 mg/kg in G3 and G4, respectively) dose-dependently mitigated these effects, with 90 mg/kg showing significant (P < 0.05) recovery in BW (41.3%) (Fig. 5A), lean mass (50.6%) (Fig. 5B), grip strength (62.7%) (Fig. 5C), and calf thickness (75%) (Fig. 5D). Trends in recovery of GM and SM muscle weight were observed in the SMI-supplemented groups, but the differences were not significant (vs. G2) (Fig. 5D).

Fig. 5.SMI attenuates DEX-induced reductions in lean body mass, muscle strength, and muscle fiber thickness in rats. (A) Body weight change, (B) lean body mass, and (C) forelimb grip strength in vehicle control (G1), DEX-treated (G2), and DEX + SMI-treated groups (G3 and G4). (D) Calf thickness, gastrocnemius muscle weight, and soleus muscle weight. Representative histological sections and quantification of muscle fiber cross-sectional area (CSA) in gastrocnemius (E) and soleus (F) muscles are shown. Data are presented as mean ± SD (n = 10). DEX: dexamethasone. *P < 0.05 vs. G1; #P < 0.05 vs. G2.

[image: FNR-70-14578-F5.jpg]

Morphometric analysis revealed that DEX-induced reduction in CSA (GM: 52.5%, SM: 28.4%) was recovered by SMI supplementation (P < 0.05 vs. G2) in GM (36.8 and 42.8% in G3 and G4, respectively) and SM (67.8 and 73% in G3 and G4, respectively) (Fig. 5E and 5F lower panels, respectively).

SMI improves anabolic signaling and suppresses proteolytic and apoptotic pathways, and regulatory proteins in DEX-induced rats

Figure 6A presents representative immunoblots showing the modulation of anabolic and catabolic protein expressions in the GM of the experimental rats. The table summarizes the group-wise means ± SD of normalized protein expression (relative to unphosphorylated proteins or GAPDH) obtained from densitometry analysis (Fig. 6B). DEX administration (G2) reduced Poly ADP Ribose Polymerase (PARP), p-mTOR, Bcl-2, IGF-1, and p-FOXO3a protein expressions and concurrently increased Caspase-3, BAX, Atrogin-1, Murf-1, and p-LDH protein expressions in the GM, compared with the vehicle control group (G1). SMI supplementation at 45 and 90 mg/kg BW (G3 and G4) improved these parameters. Atrogin-1, Murf-1, and GDF-8 protein levels were significantly reduced (P < 0.05 vs. G2) (Fig. 6B).

Fig. 6.Effects of SMI on anabolic, catabolic, and apoptotic protein markers in the gastrocnemius muscle of DEX-induced rats. (A) Representative immunoblots showing proteins involved in anabolic signaling, proteolysis, and apoptosis, in gastrocnemius muscle from the vehicle control (G1), DEX-treated (G2), and DEX + SMI-treated groups (G3 and G4). (B) Densitometric quantification of normalized protein expression. Data are presented as mean ± SD (n = 6). DEX: dexamethasone. *P < 0.05 vs. G1; #P < 0.05 vs. G2.
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SMI increases antioxidant defense and reduces muscle damage in DEX-induced rats

DEX (G2) reduced glutathione (GSH) levels (19.7%, P < 0.05) and suppressed glutathione peroxidase (GPx) (34.9%, not significant, NS) and CAT (27.7%, NS) activities in the GM, as compared to control rats (G1). Treatment with SMI, particularly at the 90 mg/kg BW dose, recovered muscle GSH (P < 0.05). However, the partially recovered GPx and CAT activities were not significant (vs. G2) (Table 1).




Table 1.Oxidative stress and biochemical markers in SMI-treated DEX-induced rats


	Parameters
	Vehicle control (G1)
	DEX (G2)
	DEX + SMI (45 mg/kg BW) (G3)
	DEX + SMI (90 mg/kg BW) (G4)





	Gastrocnemius muscle



	 GPx (nmol/min/mg)
	10.20 ± 2.38
	6.64 ± 2.55
	8.15 ± 1.15
	9.24 ± 3.46



	 GSH (μM/mg)
	5.24 ± 0.71
	4.21 ± 0.98*
	4.52 ± 0.28
	5.33 ± 0.61#



	 CAT (μM/mg)
	8.84 ± 2.13
	6.39 ± 2.16
	8.27 ± 1.22
	7.79 ± 3.14



	Serum



	 BUN (mg/dL)
	20.74 ± 2.43
	21.10 ± 4.86
	20.53 ± 3.01
	20.93 ± 2.35



	 Creatinine (mg/dL)
	0.29 ± 0.02
	0.26 ± 0.03
	0.26 ± 0.02
	0.29 ± 0.06



	 AST (U/L)
	175.2 ± 27.39
	155.2 ± 24.85
	188.7 ± 29.47
	184.8 ± 39.51



	 ALT (U/L)
	101.9 ± 23.28
	104.6 ± 19.29
	126.6 ± 30.56
	117.0 ± 35.23



	 CK (U/L)
	31.30 ± 14.38
	56.40 ± 19.60#
	41.96 ± 15.53
	39.55 ± 12.61



	Values are present as mean ± SD; n = 10. *P < 0.05 vs. G1; #P < 0.05 vs. G2 (one-way ANOVA followed by Dunnett’s post-hoc test). ALT: Alanine aminotransferase; AST: Aspartate transaminase; BUN: Blood urea nitrogen; CAT: Catalase; CK: Creatine kinase; DEX: Dexamethasone; GSH: Glutathione; GPx: Glutathione peroxidase.





Serum biochemical parameters – blood urea nitrogen (BUN), creatinine, aspartate transaminase (AST), and alanine aminotransferase (ALT) – remained unaltered across all experimental groups, indicating no hepatic or renal toxicity. Serum creatine kinase (CK) levels were elevated by DEX (80.2% vs. G1, P < 0.05), while SMI treatment showed 25.6 (NS) and 29.9% (NS) reductions in the low (G3) and high (G4) dose groups, as compared to the G2 rats, respectively (Table 1).

Discussion

Muscle atrophy involves progressive loss of skeletal muscle mass, integrity, and strength, arising from aging, glucocorticoid use, or chronic disease. Oxidative stress plays a central role in its pathogenesis, with elevated ROS levels promoting proteolysis via the activation of the ubiquitin–proteasome system, and upregulation of E3 ligases such as MuRF-1 and MAFbx (26, 27). Accordingly, targeting oxidative stress represents a rational strategy to mitigate muscle degeneration.

In this context, complementary in vitro models were used to investigate the mechanistic effects of SMI. HUVECs assessed eNOS activation and NO signaling, which are relevant to vascular and anabolic functions (28), and HL-60 cells evaluated the antioxidant properties of SMI (29). L6 myoblasts were employed to examine anabolic signaling, mitochondrial function, and myogenic differentiation (30). Together, these models enabled an integrated evaluation of SMI effects on redox balance, endothelial signaling, and muscle anabolic pathways.

SMI demonstrated greater ROS scavenging ability and NO production than the individual extracts, suggesting complementary activity among the constituent botanicals. Such interactions are consistent with the Loewe additivity model for combination effects (31). Increases in endogenous antioxidant markers, including GSH and GPx, activities in gastrocnemius muscle, consistent with the modulation of oxidative stress-related processes, accompanied the antioxidant activity.

NO is a key regulator of skeletal muscle physiology, influencing protein synthesis and signaling pathways, involving AMPK, PGC-1α, and PI3K/AKT/mTOR (32). In this study, SMI increased nitrite production and enhanced phosphorylation of PI3K, AKT, and eNOS, indicating the activation of NO signaling. AKT-mediated phosphorylation of eNOS at Ser1177 is critical for NO production (33), and wortmannin-mediated attenuation confirms the involvement of the PI3K/AKT pathway. These findings are consistent with evidence that eNOS activity is required for muscle regeneration (34).

Beyond endothelial signaling, SMI activated mTOR signaling, a central regulator of protein translation and muscle hypertrophy (32). The formulation contains bioactive polyphenols, including apigenin, quercetin, and mangiferin, which are associated with enhanced mitochondrial function and anabolic signaling (8, 35). Consistently, SMI increased protein synthesis by activating the PI3K/AKT/mTOR pathway. Although wortmannin and rapamycin attenuated this response, incomplete inhibition suggests involvement of additional regulatory pathways (36).

Upregulation of myogenic regulatory factors, including MyoD, myogenin, and Myf-6, supports a role for SMI in promoting muscle regeneration, as these transcription factors control satellite cell differentiation and repair (37, 38). SMI partially attenuated mitochondrial membrane potential in DEX-treated myoblasts, indicating improved mitochondrial function. Given that mitochondrial depolarization is an early trigger of catabolic signaling pathways, including AMPK-FOXO3, autophagy, and ubiquitin-proteasome-mediated proteolysis (39), the preservation of mitochondrial membrane potential may help limit cellular stress responses associated with muscle atrophy.

Consistent with these cellular findings, DEX administration in rats reduced IGF-1 expression and was accompanied by the suppression of anabolic signaling markers. SMI supplementation improved IGF-1 levels and was associated with increased phosphorylation of proteins within the PI3K/AKT/mTOR signaling pathway. IGF-1 is a key regulator of skeletal muscle growth and coordinates PI3K/AKT/GSK3β and PI3K/AKT/mTOR signaling to promote protein synthesis while suppressing FOXO-mediated transcription of atrophy-related genes (40).

SMI improved lean body mass, grip strength, and muscle fiber cross-sectional area in DEX-treated rats, consistent with enhanced anabolic signaling and reduced proteolysis at the molecular level. Grip strength is a validated indicator of muscle function and a key diagnostic criterion for sarcopenia (41, 42). Comparable protective effects have been reported for phytochemicals such as ginsenoside Rc and coumestrol, which attenuate glucocorticoid-induced muscle wasting by modulating protein degradation pathways (22, 23). SMI reduced the expression of key atrophy-associated proteins, including Atrogin-1, MuRF-1, and myostatin, which regulate the ubiquitin-proteasome pathway (43). It also modulated apoptotic signaling by increasing Bcl-2 and decreasing Bax and caspase-3 levels, consistent with reported effects of mangiferin on the Bcl-2/Bax axis (44). Reduced serum creatine kinase further indicates protection against muscle damage, while unchanged hepatic and renal biochemical parameters support a favorable signal safety profile in vivo.

SMI also influenced skeletal muscle energy metabolism. DEX increased lactate dehydrogenase phosphorylation, indicating a shift toward glycolysis and impaired mitochondrial oxidative capacity (45). SMI reduced this effect, suggesting partial restoration of oxidative metabolism. This may reflect its antioxidant properties and the activation of PI3K/AKT/mTOR signaling, both of which support mitochondrial function and metabolic homeostasis (46).

Although the overall outcome from the present study is a proof-of-concept, which is interesting and encouraging, this study has some limitations. First, the findings were generated using DEX-induced cellular and animal models, which may not fully represent the complex pathophysiology of age-related sarcopenia or other chronic muscle-wasting conditions. Second, although SMI treatment was associated with the activation of PI3K/AKT/mTOR signaling, the contribution of this pathway to the observed anti-atrophic effects was not directly evaluated using pathway inhibitors to confirm the effects. Third, mitochondrial assessment was limited to measuring mitochondrial membrane potential with JC-1 staining and therefore does not provide a comprehensive assessment of SMI’s effects on mitochondrial function. Further studies are warranted to clarify the underlying mechanisms and to evaluate the effects of SMI in long-term experimental models of muscle atrophy.

Taken together, the findings indicate that SMI treatment modulated oxidative stress, reduced mitochondrial membrane depolarization, and altered markers of anabolic and catabolic signaling pathways in experimental models of glucocorticoid-induced muscle atrophy. These observations provide a basis for further investigation of the mechanisms underlying the effects of this botanical formulation.

Conclusion

The present study demonstrates that a standardized botanical formulation, SMI, comprising Sphaeranthus indicus flower heads and Mangifera indica bark extracts, attenuates DEX-induced skeletal muscle atrophy through multiple complementary mechanisms (Fig. 7). SMI reduced oxidative stress, improved mitochondrial membrane potential, and was associated with the modulation of protein expressions of anabolic pathways, including increased phosphorylation of components of the PI3K/AKT/mTOR signaling. These molecular changes were accompanied by improvements in lean body mass, grip strength, and muscle fiber cross-sectional area in DEX-treated rats. As a proof-of-concept study, these findings support further investigation to clarify the effects of this botanical formulation in longer-duration studies and to determine the translational relevance of these observations in clinical studies.

Fig. 7.Proposed mechanisms of SMI in dexamethasone-induced skeletal muscle atrophy. SMI activates IGF-1/PI3K/AKT signaling, leading to mTOR activation and increased protein synthesis. It is also associated with inhibition of FOXO3a-mediated expression of Atrogin-1 and MuRF-1, reducing proteolysis. Additionally, SMI modulates eNOS activity, oxidative stress, mitochondrial function, and apoptotic markers (Bcl-2, Bax, caspase-3, and PARP). These combined effects are associated with attenuation of muscle atrophy. IGF-1: insulin-like growth factor-1; P13K: phosphatidylinositol 3-kinase; eNOS: endothelial nitric oxide synthase; mTOR: mammalian target of rapamycin.

[image: FNR-70-14578-F7.jpg]

Acknowledgments

The authors thank Suheung Technology Research Institute, Gyeonggi-do, Republic of Korea (grant number SH240430), for financially supporting this investigation.

Author contribution statement

SK: Investigation, Data Curation, Validation, Writing – original draft; TR: Investigation, Data curation, Writing – original draft; GDP: Funding acquisition, Project administration, Writing – review & editing; KSK: Funding acquisition, Resources, Writing – review & editing; SRK: Funding acquisition, Project administration, Writing – review & editing; KVA: Methodology, Resources, Software, Supervision, Writing – original draft; KS: Conceptualization, Formal analysis, Supervision, Visualization, Writing – review & editing.

Data availability statement

The data supporting the findings of this study are available within the article and its Supplementary file. Additional raw data are available from the corresponding author upon reasonable request.

Conflict of interest and funding

The authors declare that they have competing interests. SK, TR, KVA, and KSG are employees of Laila Nutra Private. Ltd., Vijayawada, India; GDP, KSK, and SRK are employees of Suheung Technology Research Institute, Gyeonggi-do, Republic of Korea.

References


	1.	Hyatt HW, Powers SK. Mitochondrial dysfunction is a common denominator linking skeletal muscle wasting due to disease, aging, and prolonged inactivity. Antioxidants (Basel) 2021; 10(4): 588. doi: 10.3390/antiox10040588

	2.	Landi F, Calvani R, Cesari M, Tosato M, Martone AM, Ortolani E, et al. Sarcopenia: an overview on current definitions, diagnosis and treatment. Curr Protein Pept Sci 2018; 19(7): 633–8. doi: 10.2174/1389203718666170607113459

	3.	Anker SD, Morley JE, von Haehling S. Welcome to the ICD-10 code for sarcopenia. J Cachexia Sarcopenia Muscle 2016; 7(5): 512–14. doi: 10.1002/jcsm.12147

	4.	Meng SJ, Yu LJ. Oxidative stress, molecular inflammation and sarcopenia. Int J Mol Sci 2010; 11(4): 1509–26. doi: 10.3390/ijms11041509

	5.	Bellanti F, Lo Buglio A, Vendemiale G. Mitochondrial impairment in sarcopenia. Biology (Basel) 2021; 10(1): 31. doi: 10.3390/biology10010031

	6.	Chen M, Wang Y, Deng S, Lian Z, Yu K. Skeletal muscle oxidative stress and inflammation in aging: focus on antioxidant and anti-inflammatory therapy. Front Cell Dev Biol 2022; 10: 964130. doi: 10.3389/fcell.2022.964130

	7.	Xu X, Wen Z. The mediating role of inflammaging between mitochondrial dysfunction and sarcopenia in aging: a review. Am J Clin Exp Immunol 2023; 12(6): 109–26.

	8.	Nikawa T, Ulla A, Sakakibara I. Polyphenols and their effects on muscle atrophy and muscle health. Molecules 2021; 26(16): 4887. doi: 10.3390/molecules26164887

	9.	Martínez G, Delgado R, Pérez G, Garrido G, Núñez Sellés AJ, León OS. Evaluation of the in vitro antioxidant activity of Mangifera indica L. extract (Vimang). Phytother Res 2000; 14(6): 424–7. doi: 10.1002/1099-1573(200009)14:6<424::aid-ptr643>3.0.co;2-8

	10.	Wang D, Yang Y, Zou X, Zhang J, Zheng Z, Wang Z. Antioxidant apigenin relieves age-related muscle atrophy by inhibiting oxidative stress and hyperactive mitophagy and apoptosis in skeletal muscle of mice. J Gerontol A Biol Sci Med Sci 2020; 75(11): 2081–8. doi: 10.1093/gerona/glaa214

	11.	Kim A, Park SM, Kim NS, Lee H. Ginsenoside Rc, an active component of panax ginseng, alleviates oxidative stress-induced muscle atrophy via improvement of mitochondrial biogenesis. Antioxidants (Basel) 2023; 12(8): 1576. doi: 10.3390/antiox12081576

	12.	Ahmed KA, Sawa T, Ihara H, Kasamatsu S, Yoshitake J, Rahaman MM, et al. Regulation by mitochondrial superoxide and NADPH oxidase of cellular formation of nitrated cyclic GMP: potential implications for ROS signalling. Biochem J 2012; 441(2): 719–30. doi: 10.1042/BJ20111130

	13.	Fonseca LC, Dadarkar SS, Lobo AS, Mishra PB, Thakkar AD, Chandrababu S, et al. NF-κB-mediated anti-inflammatory activity of the sesquiterpene lactone 7-hydroxyfrullanolide. Eur J Pharmacol 2011; 657(1–3): 41–50. doi: 10.1016/j.ejphar.2011.01.050

	14.	Huang Y, Chen K, Ren Q, Yi L, Zhu J, Zhang Q, et al. Dihydromyricetin attenuates dexamethasone-induced muscle atrophy by improving mitochondrial function via the PGC-1α pathway. Cell Physiol Biochem 2018; 49(2): 758–79. doi: 10.1159/000493040

	15.	Garrido G, Blanco-Molina M, Sancho R, Macho A, Delgado R, Muñoz E. An aqueous stem bark extract of Mangifera indica (Vimang) inhibits T cell proliferation and TNF-induced activation of nuclear transcription factor NF-kappaB. Phytother Res 2005; 19(3): 211–15. doi: 10.1002/ptr.1656

	16.	Rivera DG, Balmaseda IH, León AA, Hernández BC, Montiel LM, Garrido GG, et al. Anti-allergic properties of Mangifera indica L. extract (Vimang) and contribution of its glucosylxanthone mangiferin. J Pharm Pharmacol 2006; 58(3): 385–92. doi: 10.1211/jpp.58.3.0014

	17.	Rokkam MP, Gora O, Konda MR, Koushik A. A proprietary blend of Sphaeranthus indicus flower head and Mangifera indica bark extracts increases muscle strength and enhances endurance in young male volunteers: a randomized, double-blinded, placebo-controlled trial. Food Nutr Res 2023; 67: 8972. doi: 10.29219/fnr.v67.8972

	18.	Salter D, Swamy S, Salis KM, Deep DK, Nadig P. A botanical extract blend of Mangifera indica and Sphaeranthus indicus combined with resistance exercise training improves muscle strength and endurance over exercise alone in young men: a randomized, blinded, placebo-controlled trial. Front Nutr 2024; 11: 1393917. doi: 10.3389/fnut.2024.1393917

	19.	Jaiswal N, Gavin M, Loro E, Sostre-Colón J, Roberson PA, Uehara K, et al. AKT controls protein synthesis and oxidative metabolism via combined mTORC1 and FOXO1 signalling to govern muscle physiology. J Cachexia Sarcopenia Muscle 2022; 13(1): 495–514. doi: 10.1002/jcsm.12846

	20.	Weissman BA, Gross SS. Measurement of NO and NO synthase. Curr Protoc Neurosci 2001; Chapter 7: Unit7.13. doi: 10.1002/0471142301.ns0713s05

	21.	Sinha S, Alluri KV, Somepalli V, Golakoti T, Sengupta K. A synergistic blend of Garcinia mangostana fruit rind and Cinnamomum tamala leaf extracts enhances myogenic differentiation and mitochondrial biogenesis in vitro and muscle growth and strength in mice. Food Nutr Res 2023; 67: 9750. doi: 10.29219/fnr.v67.9750

	22.	Hah YS, Lee WK, Lee S, Seo JH, Kim EJ, Choe Y, et al. Coumestrol attenuates dexamethasone-induced muscle atrophy via AMPK-FOXO1/3 signaling. J Funct Foods 2023; 100: 105387. doi: 10.1016/j.jff.2022.105387

	23.	Kim A, Park SM, Kim NS, Park M, Cha S. Ginsenoside Rc prevents dexamethasone-induced muscle atrophy and enhances muscle strength and motor function. J Ginseng Res 2025; 49(1): 42–52. doi: 10.1016/j.jgr.2024.09.002

	24.	Konda MR, Alluri KV, Janardhanan PK, Trimurtulu G, Sengupta K. Combined extracts of Garcinia mangostana fruit rind and Cinnamomum tamala leaf supplementation enhances muscle strength and endurance in resistance trained males. J Int Soc Sports Nutr 2018; 15(1): 50. doi: 10.1186/s12970-018-0257-4

	25.	Nagy TR, Clair AL. Precision and accuracy of dual-energy X-ray absorptiometry for determining in vivo body composition of mice. Obes Res 2000; 8(5): 392–8. doi: 10.1038/oby.2000.47

	26.	Qiu J, Fang Q, Xu T, Wu C, Xu L, Wang L, et al. Mechanistic role of reactive oxygen species and therapeutic potential of antioxidants in denervation- or fasting-induced skeletal muscle atrophy. Front Physiol 2018; 9: 215. doi: 10.3389/fphys.2018.00215

	27.	Agrawal S, Chakole S, Shetty N, Prasad R, Lohakare T, Wanjari M. Exploring the role of oxidative stress in skeletal muscle atrophy: mechanisms and implications. Cureus 2023; 15(7): e42178. doi: 10.7759/cureus.42178

	28.	Zeng G, Nystrom FH, Ravichandran LV, Cong LN, Kirby M, Mostowski H, et al. Roles for insulin receptor, PI3-kinase, and Akt in insulin-signaling pathways related to production of nitric oxide in human vascular endothelial cells. Circulation 2000; 101(13): 1539–45. doi: 10.1161/01.cir.101.13.1539

	29.	Inayat-Hussain SH, Osman AB, Din LB, Taniguchi N. Altholactone, a novel styryl-lactone induces apoptosis via oxidative stress in human HL-60 leukemia cells. Toxicol Lett 2002; 131(3): 153–9. doi: 10.1016/s0378-4274(02)00025-5

	30.	Briolay A, Jaafar R, Nemoz G, Bessueille L. Myogenic differentiation and lipid-raft composition of L6 skeletal muscle cells are modulated by PUFAs. Biochim Biophys Acta 2013; 1828(2): 602–13. doi: 10.1016/j.bbamem.2012.10.006

	31.	Duarte D, Vale N. Evaluation of synergism in drug combinations and reference models for future orientations in oncology. Curr Res Pharmacol Drug Discov 2022; 3: 100110. doi: 10.1016/j.crphar.2022.100110

	32.	Kobayashi J, Uchida H, Kofuji A, Ito J, Shimizu M, Kim H, et al. Molecular regulation of skeletal muscle mass and the contribution of nitric oxide: a review. FASEB Bioadv 2019; 1(6): 364–74. doi: 10.1096/fba.2018-00080

	33.	Fulton D, Gratton JP, McCabe TJ, Fontana J, Fujio Y, Walsh K, et al. Regulation of endothelium-derived nitric oxide production by the protein kinase Akt. Nature 1999; 399(6736): 597–601. doi: 10.1038/21218

	34.	Aguiar AF, Vechetti-Júnior IJ, Souza RW, Piedade WP, Pacagnelli FL, Leopoldo AS, et al. Nitric oxide synthase inhibition impairs muscle regrowth following immobilization. Nitric Oxide 2017; 69: 22–7. doi: 10.1016/j.niox.2017.07.006

	35.	Kwak HJ, Kim J, Kim SY, Park S, Choi J, Kim SH. Moracin E and M isolated from Morus alba Linné induced the skeletal muscle cell proliferation via PI3K-Akt-mTOR signaling pathway. Sci Rep 2023; 13(1): 20570. doi: 10.1038/s41598-023-47411-2

	36.	Mirzoev TM. Skeletal muscle recovery from disuse atrophy: protein turnover signaling and strategies for accelerating muscle regrowth. Int J Mol Sci 2020; 21(21): 7940. doi: 10.3390/ijms21217940

	37.	Dumont NA, Bentzinger CF, Sincennes MC, Rudnicki MA. Satellite cells and skeletal muscle regeneration. Compr Physiol 2015; 5(3): 1027–59. doi: 10.1002/cphy.c140068

	38.	Zammit PS. Function of the myogenic regulatory factors Myf5, MyoD, Myogenin and MRF4 in skeletal muscle, satellite cells and regenerative myogenesis. Semin Cell Dev Biol 2017; 72: 19–32. doi: 10.1016/j.semcdb.2017.11.011

	39.	Chen X, Ji Y, Liu R, Zhu X, Wang K, Yang X, et al. Mitochondrial dysfunction: roles in skeletal muscle atrophy. J Transl Med 2023; 21(1): 503. doi: 10.1186/s12967-023-04369-z

	40.	Yoshida T, Delafontaine P. Mechanisms of IGF-1-mediated regulation of skeletal muscle hypertrophy and atrophy. Cells 2020; 9(9): 1970. doi: 10.3390/cells9091970

	41.	Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, Cederholm T, et al. Sarcopenia: revised European consensus on definition and diagnosis. Age Ageing 2019; 48(1): 16–31. doi: 10.1093/ageing/afy169

	42.	Chen LK, Woo J, Assantachai P, Auyeung TW, Chou MY, Iijima K, et al. Asian working group for sarcopenia: 2019 consensus update on sarcopenia diagnosis and treatment. J Am Med Dir Assoc 2020; 21(3): 300–7.e2. doi: 10.1016/j.jamda.2019.12.012

	43.	Pang X, Zhang P, Chen X, Liu W. Ubiquitin-proteasome pathway in skeletal muscle atrophy. Front Physiol 2023; 14: 1289537. doi: 10.3389/fphys.2023.1289537

	44.	Chen L, Li S, Zhu J, You A, Huang X, Yi X, et al. Mangiferin prevents myocardial infarction-induced apoptosis and heart failure in mice by activating the Sirt1/FoxO3a pathway. J Cell Mol Med 2021; 25(6): 2944–55. doi: 10.1111/jcmm.16329

	45.	Macedo AG, Almeida TAF, Massini DA, De Paula VF, De Oliveira DM, Pessôa Filho DM. Effects of exercise training on glucocorticoid-induced muscle atrophy: literature review. Steroids 2023; 195: 109240. doi: 10.1016/j.steroids.2023.109240

	46.	Jiang R, Wang M, Shi L, Zhou J, Ma R, Feng K, et al. Panax ginseng total protein facilitates recovery from dexamethasone-induced muscle atrophy through the activation of glucose consumption in C2C12 myotubes. Biomed Res Int 2019; 2019: 3719643. doi: 10.1155/2019/3719643



*Krishanu Sengupta
Laila Nutra Private Limited
JRD Tata Industrial Estate
Vijayawada, 520007
Andhra Pradesh, India
Email: krishanu.s@lailanutra.in

OPS/CoverDesign.jpg
1SSN 16546628

food & nutrition

research

A standardized combination of Sphaeranthus indicus and Mangifera

indica extracts improves antioxidant defense and anabolic signaling

and attenuates dexamethasone-induced skeletal muscle atrophy

Sreenath Kurdini, Thirupathi Roo, Geur Duck Park, Kyung Seok Kim, $00 Ro Kim,
Kishnaraju Venkata Alluri and Krishanu Sengupta






OPS/FNR-70-14578-E1.jpg
Cell viability (“0) = [(OD,
OD,_ )] x 100

= 0Dy MOD,

reated





OPS/FNR-70-14578-F2.jpg
ROS scavenging (%)
Doa a2
> 8 a 2

o

0.5 1.0 25 5

Treatments (ug/ml)

10

C
SMI  WORT +SMI

0 30 60120 30 60 120 (min)
= = ow o ww es o pPI3K (Tyrd67)
——————— P[3K
- o - o= en e oo p-AKT (Serd73)
LR A A 2 = AKT
o wm == s o peNOS (Serl177)
- = o= = = = ¢NOS

———— v w3 Actin

Normalized
protein expression

= S. indicus
M. indica
= sMI

s

—
=
S

sk

<]
P

Nitrite production
increase (%)
% 2

o

1.0 25 5.0

Treatments (ug/ml)

10

H 0 min

W SMI-60 min

B WORT + SMI-30 min
B WORT + SMI-120 min

W SMI-30 min
1 SMI-120 min
B WORT + SMI-60 min

1.2

o
IS

p-PI3K/PI3K

p-AKT/AKT  p-eNOS/eNOS





OPS/FNR-70-14578-F1.jpg
Arbitray units

0.40-

A

et
B
3

0.10

0.00 /\A

| L T L T T T

T T T
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00
minutes






OPS/FNR-70-14578-F6.jpg
Gl G2 G3 G4

——— - —
- ——
—— - - ——— —
..------
— s em e -
-

EREEENNS

IGF-1

p-PI3K (Tyrd67)

PI3K
p-AKT (Serd73)
AKT

p-mTOR (Ser2448)

mTOR

p-FOXO03a (Ser253)

- D I S = G @ @ OXO3a

Gl G2 G3 G4

D TS GNP WP WP B W @ | Caspase 3

[ e - gAY

—_——— e EEe B
- e o o &h o pARP

S S S B S s e D-LDH (Tyr10)
- — - e ewemew | DH
W S e e Atrogin-1
- e - - o = Murf-1

s —————————GDF-8

esevesevesevede» GAPDH eseseseseseseses (\PDH
B
G1 G2 G3 G4
IGF-1/GAPDH 0.79 +0.34 0.30 +0.08*% | 0.76 + 0.22# 0.56 +0.23
p-PI3K/PI3K 0.73 +0.42 0.48 +0.09%  0.66 +0.12 0.64 = 0.07
p-AKT/AKT 1.09 £ 0.16 0.79+0.29%| 0.99 +0.12 1.04 +0.09
p-mTOR/mTOR 1.68 = 0.27 1.09£0.51% | 1.47+0.38 1.35 = 0.60
p-FOX03a/FOXO03a| 0.69 +0.22 0.48 £ 0.08 0.67 +0.13 0.57 £ 0.11
Caspase-3/GAPDH | 0.90 +0.19 1.12£0.09% | 0.91x 0.12# 0.92 + 0.07#
BAX/GAPDH 0.89 + 0.06 0.97 +0.13 0.83 £ 0.07 0.88+0.12
Bcl-2/GAPDH 0.71 £0.14 0.69 = 0.29 0.82+0.17 0.92 £ 0.11
PARP/GAPDH 0.85+0.14 0.60 +0.14% | 0.69 +0.07 0.78 + 0.12#
p-LDH/LDH 0.53£0.17 1.04£0.06% | 0.63 +0.01# 0.70 £ 0.02#
Atrogin-1/GAPDH 0.47 £0.16 0.73+0.22% | 0.57+0.14 0.44 = 0.09#
Murf-1/GAPDH 0.49+0.10 0.68 + 0.15% | 0.49 + 0.10# 0.44 = 0.08#
GDF-8/GAPDH 0.67 £ 0.34 0.99 £ 0.26 0.76 £ 0.25 0.59 = 0.11#






OPS/FNR-70-14578-F5.jpg
- w
s 3

B

% change
(Body weight)
°

G2 G3 G4
Gl
#
*

0
S

a

300
@y 69

200

100

Body lean mass (g)

G1 G2 G3 G4

Muscle Weight ()

Day 12

S

14.7£0.5

D
18 . 67 9) (62 7
6
0

Gl G2 G3 G4

Grip strength (N)

# #
(36.8) (@2.8)

GM CSA (um?)

Gl G2 G3 G4

# #
(67.8) (73.0)

SM CSA (um?)
2
S

G1 G2 a3 G4





OPS/FNR-70-14578-F4.jpg
A DEX +SMI

= ve
VO DEX 01 10 pgml = DEX
b e el S = DEX + SMI-01
R I2 OER ER AT = DEX + SMI-LO
AKT
pmTOR (Ser 2445)

H

— o w— — MTOR - s
2%

-_—— — — My Z8
£3

— s ——Myogenin £c
e ———— zg
b — &+ ¢ Rl g

B DEX +SMI

VC DEX 01 10 pgmL . #

12 *
———— Cagpase 3 "

——— — BAX
- B s

== == Atrogin-l

—— — ——— Murf-l

Normalized
protein expression
° s
b 2
je————=—
_—
=
e —
.
Y
=
——
»
=
j——
=

| —— — —— GDF3$

B-Actin Caspase-3 BAX  Bel2  Atroginl Murfl GDF-§
C I n D E
HFITC
- 100 4 SPEFITC
AR 4 £ .
. N o g
3 o = £ s 2 g
. m v = 5
5 &
] @ 25 1
g
1 ’ 0 0
] DMSO  + o+
- DEX - o+ o+ o+
sM1 - - 01 10 (ugml)

FITC-A





OPS/FNR-70-14578-E2.jpg
[(Treatment — DEX) / (Vehicle control — DEX)| X 100





OPS/FNR-70-14578-F3.jpg
A WORT
SMI + SMI

0 30 60 120 30 60 120  (min)
== == == == == == p-PI3K (Tyrd76)

e e e e e e PI3K

= == == == = = — p-AKT (Ser473)

e - AKT

= 52 5= = = == 51 pmTOR (Ser2448)

m=m = E= o= == == == mTOR

“= e2 72 1 £7 77 1 p-PTOSGK (Thr3go)

———— - —— — — P70S6K

e e e e B-Actin

B 2500

HPG incorporation
(Alexa fluor intensity)
5 E R
g g5 8
2 3 2 2

o

DMSO

SMI (ug/mL)
WORT (10 uM)
RAPA (50 jig/mL)
CHX (100 pg/mL)

o 0min B SMI-30 min

# SMI-60 min % SMI-120 min

® WORT +SMI-30 min B WORT + SMI-60 min
B WORT + SMI-120 min

=
kS

Normalized
protein expression

oprlsKIPuK P-AKT/AKT  p-mTOR/  p-PTOS6K/

mTOR P70S6K






OPS/FNR-70-14578-F7.jpg
Myostatin

Pmllfemwﬂ

SMI

/ @
< %

- - NO - vxsodlmlon stnzse—!
DNA
Rtpalr
/ Cleaved
G = o — D EEy -

j/’ Protein

¢<— smI I_| ) A2 Ceseeter Apoptosis
1

spym.mmlris c:::::e LDH l

Muscle
Atrophy






