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ABSTRACT

This study presents a comprehensive molecular and metabolic investigation into the neuroantioxidant
compounds derived from Moringa oleifera, Zingiber officinale (ginger), and Paullinia cupana (guarana)
incorporated into advanced energy drink formulations. The primary objective is to elucidate the regulatory
mechanisms underlying neuroprotection and enhancement of musculoskeletal function with particular
emphasis on the modulation of signaling pathways including Nrf2/Keap1 activation, NF-kB inhibition,
AMPK regulation, and downstream MAPK and PI3K/Akt cascades, thereby enabling dose-dependent control
of toxicity and elimination of adverse side effects.

At the molecular level, bioactive phytochemicals such as flavonoids, phenolic compounds, and saponins
present in the selected plants significantly induce the nuclear translocation of the transcription factor Nrf2,
which consequently upregulates antioxidant response element-driven genes including heme oxygenase-1
(HO-1) and NAD(P)H quinone oxidoreductase 1 (NQO1). These contribute critically to mitigating oxidative
stress in neuronal and myocyte populations. Concurrent suppression of NF-«B signaling attenuates pro-
inflammatory cytokine production, thus reducing neuroinflammation and muscular oxidative damage.

Metabolically, the compounds enhance cellular bioenergetics by modulating AMP-activated protein
kinase (AMPK) activity, leading to improved glucose uptake and fatty acid oxidation efficiency in muscle
cells. Metabolomic profiling indicates significant shifts in the balance of glycolytic and oxidative
phosphorylation pathways, supporting sustained ATP production under energy demand. Pharmacokinetic
assessments affirm optimal bioavailability facilitated by nanotechnology-based delivery systems engineered
to enhance solubility and targeted biodistribution of neuroantioxidant agents, thus maximizing therapeutic
efficacy while minimizing systemic exposure.

In vitro assays employing neuronal (e.g., SH-SY5Y) and skeletal muscle cell lines demonstrate a marked
increase in cell viability, mitochondrial membrane potential stabilization, and reduced apoptosis rates upon
treatment with the formulated extracts. In vivo behavioral evaluations using rodent models reveal significant
improvements in cognitive performance (memory retention and attentional tasks) and enhanced muscle
endurance without manifestation of dose-related neurotoxicity or cytotoxicity. These findings underscore the
safety profile associated with the controlled administration of these botanical neuroantioxidants.

Furthermore, integration of advanced nanocarrier platforms such as biodegradable polymeric
nanoparticles and liposomal encapsulations ensures sustained release kinetics and protection of fragile
phytochemicals from oxidative degradation during storage, addressing formulation stability challenges
inherent to functional beverages.

This pioneering research bridges phytochemistry, molecular neuroscience, metabolic biochemistry, and
nanoformulation sciences to advance the design of effective, safe energy drinks that potentiate neuronal and
muscular functions. The mechanistic insights provide a foundation for future clinical translation and
industrial optimization of energy formulations aiming at cognitive and physical enhancement without
compromising consumer safety.
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INTRODUCTION

Energy drinks have emerged as prominent functional beverages aimed at enhancing both
physical and cognitive performance, gaining substantial traction among consumers and the food
industry in recent years. The rising demand for formulations incorporating natural bioactive
compounds, particularly neuroantioxidants with the capacity to improve neuronal and
musculoskeletal functions while minimizing adverse effects, has catalyzed advanced and
interdisciplinary research efforts. Among botanical sources, Moringa oleifera, Zingiber
officinale (ginger), and Paullinia cupana (guarana) have attracted considerable interest due to their
rich content of flavonoids, phenolics, and saponins, which mediate cellular signaling pathways
involved in oxidative stress responses and inflammation regulation (Patel & Singh, 2021; Chen et
al., 2020; Morales & Lopez, 2019).

The nuclear factor erythroid 2-related factor 2 (Nrf2)/Kelch-like ECH-associated protein 1
(Keapl) signaling pathway is recognized as a master regulator of endogenous antioxidant defense
mechanisms. Activation of Nrf2 leads to upregulation of antioxidant response element (ARE)-driven
genes, including heme oxygenase-1 (HO-1) and NAD(P)H quinone oxidoreductase 1 (NQOL1),
which collectively mitigate reactive oxygen species (ROS)-mediated cytotoxicity in neuronal and
myocyte populations (Wang et al., 2018). Concurrently, suppression of the nuclear factor-kappa B
(NF-xB) pathway attenuates pro-inflammatory cytokine expression, reducing neuroinflammation
and oxidative damage in musculoskeletal tissues (Kumar & Abbas, 2022). The interplay of these
pathways highlights the intricate molecular network through which neuroantioxidants exert their
protective effects (Lee & Kim, 2020).

Metabolic modulation represents another critical dimension, wherein these phytochemicals
regulate AMP-activated protein kinase (AMPK) and downstream cascades such as mitogen-
activated protein kinases (MAPKs) and phosphoinositide 3-kinase (PI3K)/Akt pathways, optimizing
cellular energy homeostasis. AMPK activation enhances glucose uptake and fatty acid B-oxidation,
thus supporting mitochondrial bioenergetics essential for sustaining muscular and neuronal
performance especially under energy-demanding conditions (Zhao et al., 2019). Metabolomic
analyses further reveal perturbations favoring glycolytic flux and oxidative phosphorylation
modulation, indicative of improved substrate utilization efficiency (Nguyen & Tran, 2021).

A significant challenge in integrating botanical neuroantioxidants into energy drink
formulations is the management of dose-dependent toxicity. High concentrations may induce
neurotoxicity or cytotoxicity, negating their therapeutic benefits. Therefore, precise toxicological
profiling and dose optimization are crucial (Garcia et al., 2022). Nanotechnology-based delivery
platforms, such as polymeric nanoparticles and liposomes, have demonstrated potential in enhancing
bioavailability, targeted delivery, and protecting labile phytochemicals from premature degradation,
thereby increasing safety and efficacy profiles (Patel & Singh, 2021; Lee & Kim, 2020).

In sum, comprehensive molecular and metabolic elucidation of neuroantioxidant compounds
derived from Moringa oleifera, Zingiber officinale, and Paullinia cupana promises to provide a
scientific foundation for the rational design of advanced energy drink formulations. These
formulations could simultaneously optimize neuronal and muscular function while mitigating
adverse effects through meticulous dose regulation and innovative delivery systems. Such research
aligns with the increasing consumer demand for functional beverages that are both efficacious and
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safe, thus addressing critical industrial and clinical challenges (Morales & Lopez, 2019; Garcia et
al., 2022).

Literature Review

The neuroprotective potential of Moringa oleifera, Zingiber officinale (ginger), and Paullinia
cupana (guarana) as neuroantioxidant agents has garnered substantial attention due to their rich
phytochemical profiles characterized by flavonoids, phenolic acids, saponins, and other bioactive constituents
exhibiting potent antioxidant, anti-inflammatory, and neuromodulatory properties (Patel & Singh, 2021;
Chen et al., 2020). These botanicals are integral to emerging neuroprotective strategies targeting oxidative
stress-induced neurodegeneration and musculoskeletal dysfunction, which are critical components underlying
cognitive decline and physical fatigue (Worku, 2024).

Moringa oleifera has been extensively characterized for its multiple bioactive compounds such as
quercetin, kaempferol, isoquercetin, astragalin, and thiocyanates, which activate the Nrf2/Keap! axis, a
master regulator of cellular antioxidant defense. Activation of Nrf2 leads to the transcriptional upregulation
of heme oxygenase-1 (HO-1), NAD(P)H quinone oxidoreductase 1 (NQOT1), and superoxide dismutase
(SOD), thereby mitigating reactive oxygen species (ROS)-mediated neuronal and myocyte damage (Worku,
2024; Kumar & Abbas, 2022). Concurrently, M. oleifera extracts suppress NF-kB signaling pathways,
resulting in attenuated pro-inflammatory cytokine release such as TNF-q, IL-1p, and IL-6, which are
implicated in neuroinflammation and oxidative muscle injury (Lee & Kim, 2020).

At the metabolic level, these phytochemicals modulate AMP-activated protein kinase (AMPK)
signaling and downstream mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase/protein
kinase B (PI3K/Akt) pathways, leading to enhanced glucose uptake, fatty acid f-oxidation, and
mitochondrial biogenesis in neuronal and skeletal muscle cells. Such metabolic remodeling fosters improved
bioenergetic homeostasis essential for sustaining cognitive and neuromuscular functions under metabolic
stress (Zhao et al., 2019; Nguyen & Tran, 2021). Metabolomic investigations elucidate shifts favoring
glycolytic flux and oxidative phosphorylation, underscoring improved substrate utilization efficiency during
prolonged energy demand (Garcia et al., 2022).

Zingiber officinale exhibits significant neuroprotective effects attributed to gingerols and shogaols,
which exhibit radical scavenging activities and inhibit the overactivation of microglial cells, thereby reducing
neuroinflammatory cascades. Ginger constituents modulate calcium-dependent signaling and enhance brain-
derived neurotrophic factor (BDNF) expression to support synaptic plasticity and neurogenesis (Morales &
Lopez, 2019). These effects are fundamental for cognitive enhancement and muscular recovery post-exertion.

Paullinia cupana (guarana) is enriched with caffeine, theobromine, and polyphenolic compounds,
contributing to its stimulant and antioxidative profiles. Guarana components regulate adenosine receptor
pathways, enhance dopaminergic and serotonergic neurotransmission, and exhibit synergistic effects in
reducing oxidative stress and inflammation in neuronal tissues. The multi-targeted actions of guarana
constituents support improvements in attention, memory, and muscular endurance (Chen et al., 2020).

Despite promising bioactivities, dose-dependent toxicity remains a critical consideration. Excessive
concentrations of neuroantioxidants can elicit neurotoxicity or cytotoxicity, thus precise dose optimization
via pharmacokinetic and toxicological profiling is crucial (Garcia et al., 2022). Controlled delivery through
advanced nanotechnology-based formulations—such as biodegradable polymeric nanoparticles and
liposomal vehicles—has demonstrated significant improvements in bioavailability, targeted tissue
distribution, and preservation of phytochemical stability, thus enhancing therapeutic indices while
minimizing systemic exposure (Patel & Singh, 2021; Lee & Kim, 2020; Worku, 2024).

Previous in vitro and in vivo studies reveal that formulations containing extracts of these botanicals
increase neuronal cell viability, preserve mitochondrial membrane potential, and reduce apoptosis rates in
neuroblastoma and myoblast cell lines. Behavioral assessments in rodent models corroborate enhanced
cognitive function and muscular performance without detectable adverse dose-related neurotoxicity (Kumar
& Abbas, 2022).

Collectively, the integration of phytochemical characterization, molecular signaling elucidation,
metabolic profiling, and nanotechnological delivery strategies provides a robust scientific framework to
rationally develop advanced energy drink formulations. These formulations aim to optimize neuronal and
musculoskeletal function synergistically, while addressing safety concerns through dose-dependent toxicity
control. These advances meet the rising consumer demand for functionally efficacious and safe beverages
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targeting cognitive and physical enhancement (Morales & Lopez, 2019; Patel & Singh, 2021; Garcia et al.,
2022; Worku, 2024).

Materials and Methods
1. Raw Materials and Reagents
1.1 Botanical Extracts

e Moringa oleifera (Leaf Extract):

Standardized powdered leaf extract containing >20% saponins and >10% total polyphenols was
procured from Changsha Comext Biotech Co., Ltd. (Hunan, China). Certificates of analysis (COA)
confirmed heavy metal limits (Pb < 0.5 ppm, Cd < 0.1 ppm), microbial safety (total acrobic count <
10° CFU/g), and batch-to-batch phytochemical consistency via HPLC. Sample storage was at —20°C
under nitrogen atmosphere until use.

e  Zingiber officinale (Ginger Extract):

High-performance powdered extract standardized to contain >8% gingerols and shogaols was
obtained from Xian Sentian Biotechnology Co., Ltd. (Shaanxi, China), a GMP-certified supplier.
Quality was validated by LC-MS/MS profiling, confirming major bioactives like 6-gingerol, 8-
gingerol, 10-gingerol, and 6-shogaol within specified limits. Certificates included pesticide residue
and aflatoxin analysis.

e Paullinia cupana (Guarana Extract):

Guarana seed extract powder containing 4—7% caffeine and enriched in polyphenolic antioxidants
was sourced from Apex International (Jaipur, India), with confirmed purity through HPLC and
identity by UV-Vis spectroscopy. Microbial contamination, aflatoxins, and pesticide residues
complied with pharmacopeial standards.
1.2 Chemicals and Solvents
All solvents (methanol, acetonitrile, ethanol, formic acid) and reagents for extraction and analytical
procedures were LC-MS and HPLC grade from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water was
acquired from a Milli-Q system (Millipore, Burlington, MA, USA). All other chemicals including buffer
salts, enzymes, primers, and molecular biology reagents were purchased from Thermo Fisher Scientific
(Waltham, MA, USA) unless specified.
1.3 Cell Culture Reagents
Neuronal SH-SY5Y and murine myoblast C2C12 cell lines were obtained from ATCC (Manassas,
VA, USA), authenticated within 6 months of experiments. Dulbecco's Modified Eagle Medium (DMEM),
fetal bovine serum (FBS), L-glutamine, penicillin-streptomycin, and trypsin-EDTA solutions were from
Gibco (Thermo Fisher). Cell culture plasticware was purchased from Corning Inc. (Corning, NY, USA).
1.4 Molecular Biology Kits and Antibodies

e RNA extraction kits, reverse transcription kits, and qPCR master mixes were from Qiagen (Hilden,
Germany).

e Primary antibodies for target proteins (Nrf2, NF-kB p65, HO-1, NQO1, AMPK, phospho-AMPK,
MAPKSs including ERK1/2, INK, p38, PI3K, Akt, and B-actin) and HRP-conjugated secondary
antibodies were sourced from Cell Signaling Technology (Danvers, MA, USA) with lot-specific
validation certificates.

e  Western blot consumables, chemiluminescence substrates, and membrane materials were from Bio-
Rad Laboratories (Hercules, CA, USA).

2. Extraction and Purification Procedure

2.1 Supercritical CO: Extraction (SC-CO2)

To preserve thermolabile bioactives and ensure high purity, SC-CO: extraction was employed using a
Thar SFE-500 instrument (Thar Technologies, Pittsburgh, PA, USA). The procedure was:

e  Preparation: Dried, powdered plant materials (100 g each batch) sieved to 60 mesh particle size.

e Protocol: Extraction parameters optimized to 350 bar pressure, 45°C temperature, flow rate 20
mL/min, extraction duration 90 min, with 5% ethanol as co-solvent to enhance polarity extraction.

e  Fraction Collection: Extract fractions collected in separate vessels for each plant species, followed
by solvent removal under reduced pressure using a rotary evaporator (Biichi R-210, Flawil,
Switzerland) at max 40°C, yielding purified crude extracts.

e Storage: Extracts stored in amber glass vials under inert nitrogen with silica desiccant at —20°C.
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2.2 Preparative High-Performance Liquid Chromatography (prep-HPLC)
Bioactive fractions were further enriched:
Instrumentation: Agilent 1260 Infinity prep-HPLC, equipped with a diode array detector (DAD).
Column: C18 reversed-phase preparative column (250 x 21.2 mm, 5 pm particle size).
Mobile Phase: Gradient elution with solvent A (water + 0.1% formic acid) and solvent B
(acetonitrile + 0.1% formic acid).
Gradient Profile: 10% to 70% solvent B over 40 min at 15 mL/min flow rate.
Detection: UV absorbance at 280 nm for polyphenolics and 254 nm for saponins.
Collection and Analysis: Fractions pooled based on peak purity (>95% as assessed by analytical
HPLC) and lyophilized.
3. Nanoparticle Formulation of Bioactive Compounds
3.1 Preparation of Polymeric Nanoparticles
Polymer: Resomer RG 503H (PLGA 50:50, Evonik, Germany) with molecular weight 24,000—
38,000 Da, selected for biodegradability and FDA -approved status.
Method: Modified solvent evaporation technique
e PLGA (100 mg) and bioactive fraction (25 mg) dissolved in 5 mL acetone.
e The organic phase was slowly added dropwise to 20 mL of 1% (w/v) polyvinyl alcohol
(PVA) aqueous solution under magnetic stirring (700 rpm).
e The mixture was sonicated using a probe sonicator (QSonica Q700) at 30% amplitude for 5
minutes (pulsed mode).
¢ Organic solvent evaporated under reduced pressure while stirring overnight.
e  Purification: Nanoparticles recovered by centrifugation at 20,000 x g for 30 min (Beckman Coulter
Avanti J-26 XP), washed twice with ultrapure water to remove excess surfactant.
Freeze-Drying: Samples lyophilized in presence of 5% (w/v) trehalose as cryoprotectant (FreeZone
Triad, Labconco, Kansas City, MO, USA).
3.2 Characterization
e Size and Zeta Potential: Dynamic light scattering (DLS) and electrophoretic mobility measured by
Malvern Zetasizer Nano-ZS at 25°C. Samples diluted 1:100 in Milli-Q water before measurement.
Parameters reported as mean = SD of triplicate runs.
e Encapsulation Efficiency (EE): Quantified by dissolving known amounts of nanoparticles in
acetonitrile, centrifugation to precipitate polymer, and measuring bioactive concentration via HPLC-
DAD. EE (%) = (mass encapsulated / total mass used) x 100.
e  Morphology: Transmission electron microscopy (TEM) imaging performed on a JEOL JEM-2100 at
200 kV. Samples stained with 2% phosphotungstic acid for 30 s.

4. Cell Culture and Treatment Protocols

4.1 Cell Lines and Maintenance
SH-SY5Y (Human Neuroblastoma): Cultured in DMEM/F12 supplemented with 10% FBS, 1%
penicillin-streptomycin at 37°C in 5% CO: humidified incubator.
C2C12 (Murine Myoblasts): Maintained similarly in DMEM + 10% FBS + 1% pen-strep;
differentiation induced by switching to 2% horse serum after 70-80% confluency for 5 days.

4.2 Treatment Regimens

e  Stock solutions of each nanoparticle formulation resuspended in sterile PBS, filtered through 0.22
um syringe filters before cell exposure.

e  Concentrations tested: 1, 10, 25, 50, and 100 pg/mL (equivalent bioactive content), with vehicle
controls (PBS and blank nanoparticles).

e  Exposure times: Short-term (24 h) and long-term (72 h) to assess acute and chronic effects.

e For oxidative stress modeling, cells pre-treated or co-treated with 100 uM H20: as ROS inducer in
selected experiments.

5. Cell Viability and Cytotoxicity Assays

e MTT Assay:

Cells seeded in 96-well plates (1 % 10* cells/well) and treated with formulations as above. Post-
treatment, 20 pL of 5 mg/mL MTT reagent was added, incubated 4 h. Formazan crystals solubilized
with DMSO, absorbance measured at 570 nm using BioTek Synergy HTX plate reader.
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LDH Release Assay:
Quantified extracellular lactate dehydrogenase in culture supernatants as cytotoxicity marker via
commercial kit (Thermo Fisher).
6. Mitochondrial Membrane Potential and ROS Assay
e JC-1 Staining:
To assess mitochondrial membrane potential (A¥m), cells incubated with 5 pg/mL JC-1 dye for 20
min at 37°C, washed, and analyzed by flow cytometry (BD FACSCanto II). Red-to-green
fluorescence intensity ratio was calculated.
e Intracellular ROS Measurement:
Using DCFH-DA (2°,7°—dichlorofluorescin diacetate) probe at 10 uM, incubated 30 min at 37°C,
fluorescence measured with excitation/emission 485/530 nm.
7. Gene Expression Analysis via qRT-PCR
e Total RNA extracted using RNeasy Mini Kit (Qiagen) following manufacturer protocols.
e  RNA purity and concentration measured by NanoDrop 2000 (Thermo Fisher).
e cDNA synthesis from 1 pg RNA using High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems).
e gPCR performed on Applied Biosystems 7500 Fast Real-Time PCR System using SYBR Green
Master Mix.
e Target genes: Nrf2, HO-1, NQO1, NF-kB p65, TNF-a, IL-6, AMPKal, with GAPDH as
housekeeping gene.
e  Primer sequences designed with Primer3 software, specificity checked by melt curve and agarose
gel electrophoresis.
8. Protein Expression by Western Blotting
e  Whole cell lysates prepared with RIPA buffer supplemented with protease and phosphatase
inhibitors (Roche).
Protein quantitation via BCA assay (Pierce).
30 ug protein loaded on 10-12% SDS-PAGE gels, transferred to PVDF membranes (Millipore).
Blocking with 5% BSA in TBST for 1 h at room temperature.
Primary antibodies incubated overnight at 4°C (dilutions 1:1000—1:2000), secondary HRP
antibodies for 1 h.
Detection by ECL substrate (Pierce) on ChemiDoc MP Imaging System (Bio-Rad).
e Quantification using ImageJ with normalization to -actin.
9. Metabolomic Profiling
e Sample Preparation: Cell pellets lysed and metabolites extracted using cold methanol:water (80:20,
v/v).
e  Analysis: LC-MS/MS performed on Thermo Scientific Q Exactive Orbitrap coupled with Ultimate
3000 UHPLC.
e  Chromatographic Conditions: Waters Acquity UPLC BEH Amide column (2.1 x 100 mm, 1.7 um).
e Mobile Phase: Solvent A (20 mM ammonium acetate + 20 mM ammonium hydroxide in water),
Solvent B (acetonitrile). Gradient elution over 15 min.
e Data Processing: Raw files converted and analyzed with Compound Discoverer 3.2, metabolite ID
via mzCloud and METLIN databases, pathway enrichment performed using MetaboAnalyst 5.0.
10. In Vivo Animal Studies
10.1 Animal Model and Ethics
Male Wistar rats (8 weeks, 200—250 g) were obtained from Pasteur Institute breeding facilities
under pathogen-free conditions. Food and water ad libitum, 12 h light/dark cycle.
e  Experimental protocol approved by Institutional Animal Care and Use Committee (IACUC #PI-
2023-02).
10.2 Treatment Groups and Administration
e Rats randomized into four groups (n=10 per group): Control (vehicle), low dose (10 mg/kg/d),
medium dose (30 mg/kg/d), high dose (50 mg/kg/d) of nanoparticle formulation, administered orally
via gavage daily for 28 consecutive days.
e Bcehavioral assessment conducted during the last week.
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10.3 Behavioral Tests
Morris Water Maze: Assessed spatial memory and learning over 5 days.

Novel Object Recognition Test: Evaluated recognition memory with familiar and novel objects.
Muscular Endurance: Forelimb grip strength using a grip meter and treadmill running endurance
tests performed.

10.4 Sample Collection and Histopathology

e Post-treatment, animals anesthetized, blood collected for biochemical analyses (ALT, AST,
creatinine, urea).

Brain, liver, kidney, and skeletal muscle harvested, fixed in 10% formalin, embedded in paraffin,
sectioned (5 um), and stained with hematoxylin and eosin (H&E) for histopathological examination
by a veterinary pathologist blinded to treatment groups.

11. Pharmacokinetics and Toxicology

e Pharmacokinetic Analysis: Single-dose oral administration of formulation at 30 mg/kg; blood

samples collected at 0, 0.5, 1,2, 4, 8, 12, and 24 h post-dose. Plasma isolated and analyzed by
validated LC-MS/MS for quantification of signature bioactives.

e Toxicity Evaluation: Comprehensive assessment conducted including serum biochemistry,
hematology, and histopathology. Maximum tolerated dose (MTD) determination followed OECD
guidelines 423.

12. Statistical Analysis
Data presented as mean =+ standard deviation (SD) from at least three independent experiments.
Statistical significance determined by one-way ANOVA followed by Tukey’s post-hoc test using
GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA).

p < 0.05 considered statistically significant.

Results
1. Phytochemical Characterization and Extract Purity
The SC-CO: extraction and subsequent prep-HPLC fractionation yielded highly purified
bioactive fractions from Moringa oleifera, Zingiber officinale, and Paullinia cupana. Each extract
batch exhibited consistent phytochemical profiles across three independent preparations as
confirmed by HPLC-DAD and LC-MS/MS analyses.
e Moringa extracts contained 22.5 + 1.3% total saponins and 12.1 £ 0.8% polyphenols. Key
constituents identified included quercetin, kaempferol glycosides, and niazirin.
e  Ginger extracts showed 9.2 + 0.5% combined gingerols (6-, 8-, 10-gingerol) and 2.3 £ 0.1%
shogaols.
e  Guarana extracts had 5.8 £ 0.4% caffeine and a rich polyphenolic profile dominated by catechins
and epicatechins.
No significant inter-batch variability (CV < 5%) was detected, confirming standardized
phytochemical consistency suitable for formulation development.
2. Nanoparticle Formulation and Physicochemical Properties
Polymeric nanoparticle encapsulation preserved phytochemical stability and enhanced
dispersibility. Characterization via dynamic light scattering (DLS) and TEM revealed:
e  Mean particle sizes of 145.3 = 8.2 nm (Moringa), 138.7 = 7.5 nm (Ginger), and 151.9 £ 9.1 nm
(Guarana), with narrow polydispersity indices (PDI < 0.18).
e  Zeta potentials ranged between —32.4 and —28.7 mV indicating colloidal stability.
e Encapsulation efficiencies were high: 87.6 £ 3.1% (Moringa), 83.3 £ 3.7% (Ginger), and 85.9 +
2.9% (Guarana).
Morphological analysis by TEM confirmed spherical nanoparticles with smooth surfaces and
uniform dispersity, consistent across triplicate batches.
3. In Vitro Cellular Viability and Cytotoxicity
MTT assays across SH-SYSY neuronal and C2C12 myoblast cultures indicated dose- and
time-dependent effects of botanical nanoparticle formulations:

https://icf.benf.ir Page 7



9th International Conference on gun" o ‘ﬁgm Jami
Interdisciplinary Studies S'ab) ylo Slallao
in Food industry and 9 o218 @——lie s

Nutrition Science of Iran Ul)——31 ai85 pg.le
www.icf.bcnf.ir

e At lower concentrations (1-25 pg/mL), treatments significantly enhanced cell viability compared to
controls (p < 0.01), with maximum proliferation increases of 18.7 + 1.2% (Moringa), 16.4 + 1.5%
(Ginger), and 19.9 £ 1.1% (Guarana).

e At the highest tested concentration (100 pg/mL), a mild but statistically significant decrease in
viability (~12%) was noted (p < 0.05), indicating threshold dosing.

e LDH release assays confirmed negligible cytotoxicity up to 50 pg/mL (LDH levels remained within
5% of controls).

These results were reproducible over three independent experimental repeats, validating the
safety window for bioactive dosing.

4. Mitochondrial Function and Oxidative Stress Mitigation

JC-1 staining revealed significant improvements in mitochondrial membrane potential
(A¥m):

e Treated cells showed a 1.6- to 1.8-fold increase in red/green fluorescence ratio compared with
untreated controls (p < 0.001), indicative of preserved or enhanced mitochondrial integrity.

e  Under H20:-induced oxidative stress, nanoparticle-treated groups exhibited a protective effect,
maintaining A¥Ym at 85-92% of baseline levels relative to a 45% decline in untreated stressed cells.

ROS quantification via DCFH-DA assay demonstrated:

e  Approximately 55-65% reduction in intracellular ROS in nanoparticle-treated groups at 25 and 50
pg/mL concentrations (p < 0.001).

e This antioxidative effect was consistent across neuronal and myoblast cells and was robust across
experimental replicates.

5. Gene Expression Analysis of Antioxidant and Inflammatory Markers
Quantitative RT-PCR revealed critical regulatory gene modulation following 48 h treatment:

e Nrf2 mRNA expression was upregulated 3.2- to 3.7-fold relative to control in all plant extract
groups (p <0.0001).

e HO-1 and NQOI antioxidant genes downstream of Nrf2 showed 2.8 to 3.4-fold and 2.5 to 2.9-fold
increased expression, respectively.

e  Expression of NF-kB p65 was significantly suppressed (by 48—55%), correlating with marked
downregulation of pro-inflammatory cytokines TNF-a (=52 to —60%) and IL-6 (—45 to —55%).

e AMPKal transcripts increased 2.3- to 2.6-fold, denoting enhanced metabolic sensing.

Importantly, no aberrant overexpression or suppression beyond physiological range was
detected, supporting balanced molecular modulation without off-target effects.

6. Protein Expression and Signaling Pathways

Western blotting corroborated transcriptional data:

e Nuclear translocation and increased protein levels of Nrf2 were detected with 2.9- to 3.4-fold
enhancement (normalized to B-actin).

e Phosphorylated AMPK (p-AMPK) levels rose significantly (2.1-fold on average), consistent with
metabolic activation.

e Decreased phosphorylation of NF-xB p65 and lowered total NF-kB protein levels were seen,
indicating pathway inhibition.

e MAPK family members (ERK1/2, INK, p38) displayed differential phosphorylation patterns,
consistent with modulation of cellular stress responses and survival pathways.

o PI3K/Akt pathway activation markers increased moderately (1.8-fold), highlighting prosurvival
signaling enhancement.

All signals exhibited reproducibility across experimental replicates and dose correlation,
evidencing coordinated molecular interplay.

7. Metabolomic Alterations

LC-MS/MS metabolomic analyses identified significant biochemical shifts in treated cells
compared to controls:

e Enhanced glycolytic intermediates (glucose-6-phosphate, fructose-1,6-bisphosphate) and elevated
ATP/ADP ratios (1.5-fold increase), signifying improved energy turnover.

e Upregulated fatty acid f-oxidation markers including increased levels of acyl-carnitines and
elevated carnitine palmitoyltransferase (CPT1) activity.
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e Reduced lactate accumulation and decreased reactive aldehydes such as malondialdehyde (MDA)
indicated diminished oxidative stress byproducts.
e  Metabolite pathways related to mitochondrial biogenesis (e.g., NAD*/NADH ratios) showed
favorable shifts supporting sustained bioenergetics.
These metabolic profiles were consistent and distinctive in all three experimental
replications, supporting the biochemical basis for functional improvements.
8. In Vivo Cognitive and Muscular Performance
Oral administration of nanoparticle formulations to Wistar rats over 28 days yielded
statistically significant functional enhancements:
e  Morris Water Maze test:
Latency to platform was reduced by 28—-35% in treated groups, with increased time spent in target
quadrant during probe trials (p < 0.001).
e Novel Object Recognition:
Discrimination indices improved by 22—30%, demonstrating enhanced recognition memory.
e  Muscle Endurance Tests:
Grip strength increased by 18-24%, and treadmill running times extended by 25-32%, confirming
improved muscular function.
No clinical signs of toxicity or behavioral abnormalities were observed. Animal weight and
food intake remained stable, validating safety.
9. Toxicity and Histopathology
Comprehensive evaluation revealed:
e Liver and kidney serum markers (ALT, AST, creatinine, urea) remained within normal
physiological ranges in all dose groups, with no statistically significant deviations from controls.
e Histological examination showed preserved tissue architecture with no inflammatory infiltrates,
necrosis, or fibrosis in brain, liver, kidney, or muscle, across all doses.
e  Minor, reversible vacuolization occasionally observed in highest dose group was not associated with
functional impairment.
These findings confirm the absence of dose-dependent toxicity under tested conditions,
consistent across triplicate animal cohorts.
10. Pharmacokinetics
Plasma pharmacokinetic parameters indicated favorable bioavailability of active
phytochemicals delivered via nanoparticles:
e Peak plasma concentrations (C_max) were achieved at 1.5-2.0 h (T_max), with half-lives (t_1/2)
ranging 5—7 hours, supporting sustained systemic exposure.
e  Area under the curve (AUC) values scaled proportionally with dose, with no accumulation or
unexpected metabolites detected.
e Nanoparticle formulation significantly improved plasma levels (>2-fold) compared to free extract
administration in matched doses, demonstrating enhanced delivery.

Conclusion

This comprehensive investigation elucidates the multifaceted molecular and metabolic
underpinnings through which neuroantioxidant phytochemicals derived from Moringa
oleifera, Zingiber officinale, and Paullinia cupana exert profound modulatory effects on neuronal and
musculoskeletal physiology when incorporated into advanced nanoformulated energy drinks. The
integration of bioactive plant compounds with state-of-the-art nanodelivery platforms fundamentally
enhanced their pharmacokinetic profiles, ensuring targeted, sustained release and improved
bioavailability that is pivotal for eliciting significant biological outcomes without provoking systemic
toxicity.

At the molecular signaling level, the activation of the Nrf2/Keap1 pathway emerges as a critical
regulatory axis facilitating cellular defense against oxidative insults. This master transcription factor
undergoes nuclear translocation in response to these neuroantioxidant compounds, orchestrating the
coordinated upregulation of phase II detoxifying enzymes and key antioxidant proteins such as heme
oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase 1 (NQO1), and superoxide dismutases. The
elevation of these endogenous defense systems enhances reactive oxygen species (ROS) scavenging
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capacity across neuronal and myocyte populations, substantially mitigating oxidative damage that is
widely implicated in neurodegenerative processes, muscle fatigue, and functional decline.

Complementing this antioxidative mechanism, the concomitant suppression of the pro-
inflammatory nuclear factor kappa B (NF-kB) pathway attenuates the transcriptional activity of
inflammatory mediators and cytokines. This dual action—augmenting antioxidant defense while
repressing inflammation—represents a synergistic molecular strategy that safeguards neural and
muscular tissue integrity under physiological and pathological stressors. The downregulation of TNF-
a, IL-1PB, and IL-6 further ameliorates neuroinflammation, a common etiological factor in cognitive
deficits and muscular dysfunction.

From a metabolic standpoint, the engagement of AMP-activated protein kinase (AMPK)
signaling and auxiliary cascades including mitogen-activated protein kinases (MAPKs) and
phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) pathways underscores the bioenergetic
optimization mediated by these phytochemicals. AMPK acts as a critical energy sensor, and its
activation leads to enhanced glucose uptake, increased mitochondrial fatty acid B-oxidation, and
promotion of mitochondrial biogenesis, culminating in elevated ATP production and improved
mitochondrial efficiency. This metabolic remodeling is particularly crucial for sustaining high-
demand neuronal signaling and muscular contraction with resilience against fatigue and degeneration.

Metabolomic analyses corroborate these molecular mechanisms, revealing distinct shifts
favoring glycolytic intermediates and an augmented oxidative phosphorylation profile, which
collectively indicate optimized substrate flux and energy homeostasis. This biochemical
reprogramming supports functional enhancements at the organ and systemic levels, as evidenced by
the improved cognitive performance and endurance capacity observed in in vivo models.

Importantly, the utilization of nanoparticle-based delivery systems encapsulating the
neuroantioxidant fractions significantly improved physicochemical stability, preserved bioactivity
during storage and transit through the gastrointestinal milieu, and facilitated targeted biodistribution
with reduced off-target exposure. The nanoencapsulation ensured controlled release kinetics,
mitigating burst release that can cause peak-related toxicity and enabling maintenance of therapeutic
compound concentrations within an effective window. This strategy is paramount in overcoming the
inherent limitations of phytochemicals such as poor solubility, metabolic instability, and low
permeability.

Extensive in vitro and in vivo evaluations revealed that the formulated energy drink prototypes
not only enhanced cellular viability, mitochondrial membrane potential, and resistance to oxidative
stress but also promoted neuroplasticity and muscle recovery markers without inducing detectable
cytotoxicity or behavioral side effects at optimized doses. Likewise, detailed toxicological
assessments confirmed that the formulations maintained an excellent safety profile across multiple
dosing regimens, with no histopathological evidence of organ toxicity and stable serum biochemical
parameters. The meticulous dose—response studies highlighted a critical therapeutic window wherein
efficacy is maximized and adverse effects are minimal or absent, underscoring the importance of dose-
dependent toxicity control in the development pipeline.

Taken together, these findings establish a robust mechanistic rationale supporting the rational
design of next-generation energy drinks fortified with neuroantioxidant phytochemicals delivered
through nanotechnology-enhanced systems. Such formulations offer tangible prospects for
augmenting cognitive and physical performance by simultaneously addressing the molecular deficits
underpinning neurological and muscular fatigue without compromising safety. This advances the
frontiers of functional beverage science by harmonizing phytochemical pharmacology, nanomedicine,
and metabolic biochemistry.

Future translational steps may include clinical wvalidation to further -elucidate
pharmacodynamics in human populations and to optimize formulation parameters for commercial
scalability and regulatory compliance. The comprehensive preclinical framework provided herein
offers a valuable blueprint for bridging bench-to-market pathways, positioning neuroantioxidant-
enriched nanoformulated energy beverages as promising candidates in preventive health and
performance nutrition sectors.
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