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Abstract: Objectives: The aim of this study was to evaluate the impact of a novel antioxidant
formulation (RP-25) containing CoQ10, alpha-lipoic acid, and Chaga extract on mitochondrial
dysfunction and oxidative stress. The formulation’s potential to modulate cellular energy metabolism
and neurotransmission was explored using a combination of NMR-based metabolomics and UHPLC-
HRMS analytical techniques. Methods: SH-SY5Y neuroblastoma cells were treated with RP-25, and
cell viability was assessed via CCK-8 assay. Metabolomic profiles of the treated and untreated cells
were analyzed by 1D-NMR, providing insights into the endo- and esometabolomes. Additionally, a
UHPLC-HRMS method was developed for quality control and analysis of the RP-25 formulation.
Multivariate statistical approaches, including PLS-DA and volcano plot analysis, were used to
identify key metabolic changes. Results: RP-25 treatment did not affect cell viability but significantly
modulated metabolic pathways, including amino acid biosynthesis, oxidative phosphorylation, and
glycolysis. Increased levels of ATP, glutamate, tyrosine, and proline were observed in treated cells,
indicating enhanced cellular energy production and neurotransmission activity. Pathway enrichment
analysis highlighted the formulation's influence on mitochondrial energy metabolism and oxidative
stress response. Conclusions: RP-25 demonstrated potential as a therapeutic strategy for mitigating
mitochondrial dysfunction and oxidative stress, with implications for conditions associated with
aging and neurodegenerative diseases.

Keywords: coenzyme Q10; lipoic acid; Inonotus obliquus; SH-SY5Y cells; UHPLC-HRMS/MS; 1TH NMR
metabolomics; mitochondrial dysfunction; cellular metabolism; neurotransmission; fibromyalgia

1. Introduction

Mitochondrial dysfunction has emerged as a central feature of aging and a variety of age-related
diseases, including neurodegenerative disorders, cardiovascular diseases, diabetes, cancer, and
fibromyalgia [1,2]. Mitochondria, the powerhouse of the cell, are responsible for producing the
majority of cellular ATP through oxidative phosphorylation, a process that is highly sensitive to stress
and damage. In particular, mitochondrial dysfunction is often associated with inefficient respiration,
leading to the overproduction of reactive oxygen species (ROS), which can damage cellular
components such as lipids, proteins, and DNA [3,4]. This accumulation of oxidative damage is
thought to contribute significantly to cellular senescence, chronic inflammation, and the pathogenesis
of numerous diseases.

In recent years, research has increasingly implicated mitochondrial dysfunction in fibromyalgia
[5] a chronic pain syndrome that affects millions of people worldwide. Patients with fibromyalgia

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202501.0977.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 January 2025 d0i:10.20944/preprints202501.0977.v1

2 of 19

exhibit altered mitochondrial function, which is believed to contribute to their symptoms, including
fatigue, pain, and impaired energy production [6]. Studies have shown that mitochondrial
dysfunction in fibromyalgia leads to impaired cellular respiration, exacerbating oxidative stress and
inflammation, and contributing to the disease's hallmark features, including muscle pain and fatigue
[7,8]. This has led to growing interest in targeting mitochondrial health as a potential therapeutic
strategy for fibromyalgia and other chronic pain disorders.

A promising approach to combat mitochondrial dysfunction and its downstream effects is the
use of bioactive compounds with antioxidant and mitochondrial-supportive properties. Among
these, coenzyme Q10 (CoQ10), a-lipoic acid, and extracts from medicinal mushrooms have garnered
significant attention due to their well-documented beneficial effects on cellular metabolism and
mitochondrial health [9]. CoQ10, a vital component of the electron transport chain, has been shown
to enhance mitochondrial function and reduce oxidative stress. Similarly, a-lipoic acid, a potent
antioxidant, is known to improve mitochondrial efficiency and restore cellular redox balance [10,11].
Chaga mushroom (Inonotus obliquus), rich in bioactive compounds such as {-glucans, has also
demonstrated promising effects on immune modulation, oxidative stress reduction, and
mitochondrial health [12].

In this context, we developed a novel formulation, RP-25, which combines CoQ10, a-lipoic acid,
and Chaga extract, along with additional micronutrients (vitamins E and B3, dihydroquercetin, zinc,
manganese, copper, and selenium), designed to enhance mitochondrial function and combat
oxidative stress. The aim of this study was to investigate the effects of RP-25 on the metabolism of
SH-SY5Y neuroblastoma cells, focusing on its potential to modulate mitochondrial function and
reduce oxidative stress. Using an untargeted 1TH-NMR metabolomic approach, we aimed to gain
insights into the broader metabolic shifts induced by RP-25 treatment, specifically in relation to
mitochondrial respiration, energy production, and the regulation of metabolites linked to oxidative
stress.

Metabolomics, particularly Nuclear Magnetic Resonance (NMR) spectroscopy, has emerged as
a powerful tool for studying cellular metabolism and identifying disordered metabolic pathways that
underlie various diseases. NMR-based metabolomics provides a non-invasive, comprehensive, and
high-throughput method to monitor the entire metabolic profile of cells, revealing subtle changes in
cellular metabolism that are often indicative of pathological states [13]. In the context of
mitochondrial dysfunction, NMR allows the identification of key metabolic biomarkers and
pathways disrupted by oxidative stress, energy dysregulation, or altered cellular function. This
makes NMR-based metabolomics an invaluable tool for assessing the metabolic effects of therapeutic
interventions and gaining insights into the molecular mechanisms of diseases linked to mitochondrial
dysfunction, such as fibromyalgia, neurodegenerative diseases, and cancer.

Through this study, we sought to evaluate the potential of RP-25 as a therapeutic strategy for
mitigating mitochondrial dysfunction and associated cellular damage, with implications not only for
aging and related chronic diseases but also for conditions like fibromyalgia, where mitochondrial
dysfunction plays a key role in disease pathophysiology.

2. Materials and Methods
2.1. Chemical and Standards

Analytical grade ethanol (EtOH), methanol (MeOH), chloroform, MS grade formic acid
(HCOOH), and the reference standards of rutin, hesperidin, quercetin, were provided by Merck
Chemicals (Milan, Italy). MS grade acetonitrile and water were purchased from Romil (Cambridge,
UK). Ultrapure water (18 MQ) was prepared using a Milli-Q purification system (Millipore, Bedford,
TX, USA).
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2.2. Formulation of RP-25

The formulation of RP-25 consisted of several active ingredients, including Coenzyme Q10
(CoQ10), a-lipoic acid, Chaga fruit extract (Inonotus obliquus) standardized to 25% beta-glucans,
dihydroquercetin, and a selection of essential vitamins and minerals. Specifically, the formulation
included CoQ10 at 200 mg, a-lipoic acid at 200 mg, Chaga fruit extract (Inonotus obliquus) with 25%
beta-glucans at 200 mg, Vitamin E at 48 mg, dihydroquercetin at 50 mg, Vitamin B3 (niacin) at 16 mg,
and essential trace elements including Zinc (10 mg), Manganese (4 mg), Copper (1 mg), and Selenium
(0.075 mg). The Chaga extract used in the formulation was a water-based extract, along with all other
components of the RP-25 formulation, kindly supplied by Laboratoarele Medica Srl (Bu-105 Charest,
Romania). The preparation of RP-25 was carried out at the Department of Pharmacy of the University
of Salerno, where all ingredients were measured using an analytical balance for precision. The active
components were carefully weighed and combined in a mixing bowl, ensuring thorough mixing to
achieve even distribution of the various ingredients. Special care was taken during the blending
process to maintain the integrity and efficacy of each component, ensuring a homogenous mixture
for optimal formulation. The final product was carefully prepared to meet the required specifications
for each ingredient and to guarantee its therapeutic potential.

2.3. UHPLC-HRMS/MS Analysis of RP-25 Formulation

The RP-25 formulation was analyzed using a high-resolution UHPLC-HRMS/MS method to
profile and characterize its chemical constituents. The samples were dissolved in a hydroalcoholic
solution (70% v/v) with a matrix/solvent ratio of 1:20. Chromatographic analysis was performed
using a Vanquish Flex UFPLC system (Thermo Fisher Scientific, Milan, Italy) interfaced with an
Orbitrap Exploris 120 mass spectrometer equipped with a heated electrospray ionization source
(HESI-II). The system utilized a Kinetex C18 column (100 x 2.1 mm I.D., 2.6 yum; Phenomex, Bologna,
Italy) at a flow rate of 500 pL/min and a column temperature of 30°C. A 5 pL injection was used for
analysis, with the mobile phase consisting of water (A) and MeCN (B), both containing 0.1% formic
acid. A gradient elution method was employed, ranging from 2% to 98% MeCN, and each run was
followed by a washing and re-equilibration step to ensure system stability. The mass spectrometer
was operated in both negative and positive ionization modes, utilizing Full MS/dd-MS2 acquisition
for data collection. The resolution was set to 60,000 FWHM for Full MS scans, with fragmentation via
stepped HCD (20, 40, and 60 eV) for targeted MS/MS analysis. The detected compounds were
identified based on accurate mass, fragmentation patterns, and retention times, with additional
confirmation through reference standards or published chemo-taxonomic data. The analysis resulted
in the identification of fifteen compounds in the RP-25 formulation, including seven flavonoids, three
fatty acids, and four saponins, as detailed in Table 1.

2.4. Coenzyme Q10 Analysis

For the determination of CoQ10, a separate UHPLC-UV method was employed. The sample
preparation involved extraction with n-hexane (matrix/solvent ratio of 1:20) followed by sonication
for 30 minutes and centrifugation at 13,000 rpm. The supernatant was evaporated under a nitrogen
stream, and the residues were reconstituted with the mobile phase (ACN:THF: Milli-Q water, 50:40:5,
v/v/v). The chromatographic separation was achieved using a Kinetex C18 column (100 x 2.1 mm L.D.,
2.6 um; Phenomex, Bologna, Italy) at a flow rate of 400 pL/min, and the analysis was carried out
under isocratic conditions with detection at 265 nm. CoQ10 was quantified by comparing the
sample's UV profile to a reference standard (250 pg/mL).

d0i:10.20944/preprints202501.0977.v1
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2.5. Cell Culture

Undifferentiated SH-SY5Y neuroblastoma cells (ATCC, Rockville, MD, USA) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, 4500 mg/mL glucose), supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin. Cells were
maintained in a humidified incubator at 37°C with 5% CO», and were subcultured every 2 days.

2.6. Cell Viability Assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8; Dojindo Laboratories,
Rockville, MD, USA), which measures the ability of viable cells to reduce the tetrazolium salt WST-
8. SH-SY5Y cells were plated in a 96-well plate at a density of 8 x 10° cells/well, allowed to adhere
overnight, and then treated with various concentrations of RP-25 (0.80-200 ug/mL) for 24 hours. After
treatment, CCK-8 solution (10 pL) was added to each well, and absorbance was measured at 450 nm.
Cell viability was expressed as the percentage of viable cells relative to untreated controls. Data are
presented as mean + SD from three independent experiments. The statistical significancy was
evaluated using the one-way analysis of variance (ANOVA), followed by Bonferroni’s test, with
GraphPad Prism 8.0 software (San Diego, CA, USA) assuming significance at p < 0.05.

2.6. Exposure of Cells to RP-25

SH-SY5Y cells were plated in 100 mm culture dishes (Corning, Corning, NY, USA) and allowed
to adhere overnight. The cells were then treated with RP-25 (25 pg/mL) for 24 hours. The control
group was treated with vehicle only. At the end of the treatment, the cell medium was collected, and
the dishes were washed with cold PBS (pH 7.4) before metabolite extraction.

2.7. Sample Extraction

The culture medium was collected, centrifuged at 1000x g for 5 minutes, and the cellular
metabolites were extracted using a methanol:chloroform:water (1:1:1) mixture. After cell scraping
and homogenization, samples were centrifuged at 6000 rpm for 10 minutes at 4°C to separate the
phases [14]. The polar extracts were dried under vacuum using an SP-Genevac EZ-2 4.0 concentrator,
and the resulting extracts were stored at -80°C prior to NMR analysis.

2.8. NMR Spectra Acquisition

Bruker Ascend™ 600 MHz spectrometer was used to acquire the spectra. The spectrometer was
equipped with a 5 mm triple resonance Z gradient TXI probe (Bruker Co., Rheinstetten, Germany) at
298 K. TopSpin, version 3.2 was used for the spectrometer control and data processing (Bruker
Biospin). All the experiments performed as Nuclear Overhauser Enhancement Spectroscopy
(NOESY) 1D were acquired in triplicate. Spectra acquisition was made using 12 ppm spectral width,
20 k data points, presaturation during relaxation delay and mixing time for water suppression [15]
and spoil gradient, 5 s relaxation delay, and mixing time of 10 ms. A weighted Fourier transform was
applied to the time domain data with a line widening of 0.5 Hz followed by a manual step and
baseline correction in preparation for targeted profiling analysis.

2.9. Statistical Analysis

NMR spectra of SH-SY-5Ycells cultures eso and endometabolome were analysed using an
untargeted metabolomic approach. All the spectra were assigned using Chenomx NMR-Suite v8.0
(Chenomx Inc., Edmonton, 252 Canada) and quantified by NMRProcFlow as previously reported
[16]. The quantification matrices reported the metabolites identifiedand quantified in the eso and
endometabolome of SH-SY-5Y treated and untreated with ST-65 were analyzed using the open-
source tool Metaboanalyst 6.0 [17]. The Volcano plot combined T-test and Fold Change performed
the univariate approach [18,19]. After normalization by sum log and Pareto, we applied a supervised

d0i:10.20944/preprints202501.0977.v1
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multivariate approach partial 1least-squares discriminant analysis (PLS-DA) method. The reliability
of the supervised model was analyzed using a cross-validation approach, considering the accuracy
and pa- rameters Q2 and R2. The metabolites responsible for clusters’ separation in the PLS-DA score
plot were classified according to VIP, considering only the metabolites with VIP>1 [17]. Enrichment
Pathways tools were applied to identify the dysregulated biochemical pathways by KEGG
database. Only the KEGG paths that reported a rate of false discoveries (FDR) lower than 1, the p-
value lower than 0.05 and the hits value related to the number of metabolites belonging to the
pathway >1, were chosen [19].

3. Results

3.1. UHPLC-HRMS/MS Analysis

The UHPLC-HRMS/MS analysis of the RP-25 formulation facilitated the identification and
characterization of several key bioactive compounds present in the product. Given that the Chaga
extract (Inonotus obliquus) was incorporated into the formulation, the detected compounds can be
attributed not only to the active ingredients added to the formulation (such as CoQ10, a-lipoic acid,
and dihydroquercetin) but also to the bioactive constituents derived from the Chaga extract itself. As
presented in Table 1 and the corresponding chromatograms (Figure 1), the high-resolution mass
spectrometry analysis revealed the presence of several compound classes. Flavonoids: a series of
flavonoid derivatives, including quercetin, kaempferol, isorhamnetin, and rutin, were identified in
the RP-25 formulation. These compounds are likely derived from the Chaga extract, which is known
for its high content of phenolic compounds exhibiting potent antioxidant activity [20]. The MS/MS
fragmentation patterns provided clear evidence for the presence of quercetin and kaempferol
derivatives, with product ions observed at m/z 301.0344, 285.0403 (quercetin derivatives) and m/z
285.0403, 271.0476 (kaempferol derivatives). These findings are consistent with previous reports
attributing significant antioxidant activity to these flavonoids in Chaga [21]. The peaks observed in
the UHPLC chromatogram at retention times of 9.7, 10.8, 12.6, and 13.0 minutes correspond to
quercetin pentose-rutinoside (2), rutin (3), kaempferol rutinoside (4), and isorhamnetin rutinoside
(5), as detailed in Table 1. Fatty Acids: alpha-lipoic acid (m/z 205.0362), a key ingredient in the
formulation, was readily detected as expected. Additionally, isomers of dodecenedioic acid
(compounds 10 and 11) were identified in the formulation. These compounds are likely derived from
the Chaga extract, known to contain various fatty acids and their derivatives [22]. The mass spectra
for these compounds (m/z 227.1289 for dodecenedioic acid isomers) are consistent with those
reported in the literature for Chaga-derived fatty acids. The identification of alpha-lipoic acid at
retention time 17.3 min and the dodecenedioic acid isomers at 22.8 min and 23.5 min further
corroborates the formulation's composition as outlined in Table 1. Saponins: several saponin-like
compounds (12-15) were detected, with the aglycone moiety identified through characteristic
fragmentation patterns. The MS/MS spectra showed a prominent fragment ion at m/z 439 for
compounds 12, 13, and 14, consistent with the presence of a Cs0HsO: aglycone, identified as 3-§,22-
dihydroxy-lanosta-7,9(11),24-triene. These compounds are likely derived from the Chaga extract,
which is known to contain diverse saponins [23]. The observed fragmentation patterns confirm the
presence of these compounds. These saponins were eluted between 26.9 min and 28.7 min, as
indicated in Table 1. Since the analysis was conducted on the complete RP-25 formulation, the
compounds detected, including flavonoids, fatty acids, and saponins, are attributed to the Chaga
extract contribution within the formulation. UHPLC-UV analysis was employed to determine the
concentration of CoQ10 in the RP-25 formulation. CoQ10 was detected at a concentration of 200 mg
per dose, which corresponds to the expected amount in the formulation. The CoQ10 chromatogram
shows a distinct peak at a retention time of 2.8 min, with a mass value of m/z 863.4467, corresponding
to CoQ10 in its integrated form within the formulation matrix saponins [24]. The peak intensity and
area under the curve are in full agreement with the expected CoQ10 concentration, thereby
confirming that the CoQ10 content in the RP-25 formulation meets the intended specification. The
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CoQ10 analysis, therefore, validates the accuracy and precision of the formulation preparation,
confirming the quality of the final product. The analytical data confirmed that the RP-25 formulation
contains the expected active ingredients, CoQ10, a-lipoic acid, and dihydroquercetin, at their
specified concentrations. The overall chromatographic and mass spectrometric profile aligns with the
intended composition of the product, supporting its quality and consistency.
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Figure 1. UHPLC-HRMS profile of ST-65 Formulation.

Table 1. UHPLC-HRMS data of compounds detected in RP-25 formulation.

N.a R,T m/z Formula ppm MS/MS Name
[min].
1 70 443.0696 C2HnOs 1424 221,125,80 unknown
2 97 741188 CnHwOw 1053  300/301 Quercetin pentose-
rutinoside

3 10.8  609.1457 Cx H2» O1s 1.213 300/301 Rutinb

4 12.6  593.1509 Czr H O15 1.422 284/228257' 255, Kaempferol rutinoside

5 13.0 623.1613 C2sHs1 O1s 1.057 315,299,271  Isorhamnetin rutinoside

6 15.0 253.0506 CisHoOs 4.563 Dadzein®

7 16.3 301.0353 CisHeOr 3.425 179, 151 Quercetin®

8 17.3  205.0362 CsHi3025: 5.084 171, 127 lipoic acid

9 176 269.0456 CisHoOs 4.349 Apigenin®

10 22.8 2271289 Ci2HiwOs 5.127 209,183,165 Dodecenedioic acid isomer
11 235 2271288 Ci2H1wOs 4.686 209,183,165 Dodecenedioic acid isomer
12 269 9415097 CsH»Ois 0.713 439 lanostane-type saponin
13 27.8 7954530 Ca2Hez O 0.587 439 lanostane-type saponin
14 279 9115001 CyH7O1z 0332 439,421 lanostane-type saponin
15 287 925.5159 CasHr7 Oz 0.435 423 lanostane-type saponin

2aCompounds are numbered according to their elution order. "Compared with reference standards.
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3.2. Cell Viability

As a preliminary step, the effect of the RP-25 formulation on cell viability was evaluated using
SH-SY5Y neuroblastoma cells. Figure 2 illustrates that the RP-25 formulation did not significantly
affect the viability of SH-SY5Y cells after 24 hours of treatment, even at the highest concentration of

200 ug/mL.

100
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& v VAT

RP-25 concentration (ng/ml)

Figure 2. Histogram representing the percentage of viable cells 24 hours after treatment with various
concentrations of RP-25 (0.80-200 pig/mL). Cell viability was calculated as the percentage of viable cells in treated
cultures relative to untreated controls. Data are presented as mean + standard deviation (SD) from three
independent experiments. The statistical significancy was evaluated using the one-way analysis of variance
(ANOVA), followed by Bonferroni’s test, with GraphPad Prism 8.0 software (San Diego, CA, USA). Significance
was assumed at p < 0.05. The statistical test showed the viability of cell exposed to each concentration of RP-25

is not significantly different from the control.

3.3. Untargeted IH-NMR Metabolomics Analysis

To further explore the metabolic effects of RP-25, we employed an untargeted 1H-NMR
metabolomic approach to analyze the endo- and exometabolomes of SH-SY5Y cells, both treated and
untreated with RP-25. Using Chenomix software, 42 metabolites were identified in the
endometabolome and 39 in the exometabolome (Figure 3A, 3B). The metabolite quantification was

performed relative to the internal standard (TSP).
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Figure 3. 1ID-NMR spectra of the endometabolome (A) and exometabolome (B) of SH-SY5Y cell extracts, showing
42 and 39 metabolites, respectively.

The quantification matrices were analyzed using MetaboAnalyst 6.0, employing both univariate
and multivariate approaches. After normalization (median scaling and log transformation),
univariate analysis and multivariate analysis using Partial Least Squares Discriminant Analysis (PLS-
DA) were performed [25].

The PLS-DA score plots reveal distinct metabolic profiles between RP-25-treated and untreated
cells in both the endo- and exometabolomes (Figure 4A, 4B). Cross-validation (CV) analysis
confirmed the robustness of the model, with R2 values of 1.0 for both components and Q2 values of
0.98 and 0.86 for the endometabolome and exometabolome, respectively [26].
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Figure 4. PLS-DA score plots for the endometabolome (A) and exometabolome (B) of RP-25-treated (green) and
untreated (red) cells. VIP scores (C, D) highlight the metabolites responsible for the clustering observed in both
endometabolome and exometabolome. Volcano plots (E, F) show metabolic changes, with red points indicating

upregulated metabolites and blue points indicating downregulated ones.

Volcano plot analysis showed a significant decrease in the concentration of Formate in the
endometabolome of treated cells, along with increased levels of Glycine, Coenzyme A, Proline,
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Tyrosine, Valine, Acetone, AMP, and ATP. Elevated levels of Tyrosine were also observed in the
exometabolome, along with increased concentrations of Tryptophan and decreased Arginine levels
in the medium of treated cells (Figures 4C, F).

Variable Importance Projection (VIP) analysis identified key metabolites driving the separation
between treated and untreated groups [27]. Among the metabolites with VIP > 1.0, Tyrosine, Glycine,
Glutamate, Valine, and Proline were significantly upregulated in treated cells (Figure 4B). In the
exometabolome, higher concentrations of Tyrosine, Serine, and Alanine were observed (Figure 4F).

3.4. Enrichment Pathway Analysis

Enrichment pathway analysis confirmed the impact of RP-25 on several metabolic pathways,
particularly those related to neurotransmission and cellular energy metabolism. Notably,
dysregulated pathways included Tyrosine metabolism, Phenylalanine metabolism, and
Phenylalanine-Tyrosine-Tryptophan biosynthesis, as well as Glutamate, Alanine, Aspartate, and
Glycolysis/Gluconeogenesis metabolism (Table 2). Increased AMP and ATP concentrations suggest
potential effects on oxidative phosphorylation and cellular energy regulation.

Table 1. Enrichment pathway analysis of significant biochemical pathways affected by RP-25 treatment.
Pathways with more than two metabolites and p-value and False Discovery Rate (FDR) values below 0.05 are

considered significant.

Hits p-value FDR

Pantothenate and CoA biosynthesis 4 9,56E-05 3,82E-03
Glyoxylate and dicarboxylate metabolism 6 4,60E-02 9,20E-01
Tyrosine metabolism 3 4,63E-01 0.00046293

3 0.00052912  0.0035275

3 0.0015907 0.0079534

Glutathione metabolism 5 0.0018923 0.0084101
Phenylalanine metabolism 2 0.0028912 0.0096374
2
2
2
2
4
g

Lipoic acid metabolism

Histidine metabolism

0.0028912 0.0096374

0.0060371 0.017249

0.0060371 0.017249
0.015772 0.03943
0.020867 0.049098
0.026161 0.038135

Phenylalanine tyrosine and tryptophan biosynthesis

Glycolysis / Gluconeogenesis
Pyruvate metabolism
Taurine and hypotaurine metabolism
Alanine aspartate and glutamate metabolism

Arginine and proline metabolism

4. Discussion

This study aimed to evaluate the effects of the RP-25 formulation, composed of CoQ10, a-lipoic
acid, Chaga extract, and micronutrients, on the mitochondrial function and metabolic profiles of SH-
SY5Y neuroblastoma cells, using untargeted '"H-NMR metabolomics. The results demonstrate that
RP-25 treatment induces significant changes in cellular metabolism, providing valuable insights into
its potential therapeutic effects, particularly in the context of mitochondrial dysfunction and diseases
associated with oxidative stress, including neurodegenerative disorders and fibromyalgia.

4.1. RP-25 Formulation

The RP-25 formulation represents a complex blend of active, including CoQ10, alpha-lipoic acid,
dihydroquercetin, Chaga extract, and essential micronutrients, each contributing to the overall
cellular bioenergetic and antioxidant profile of the product. Analytical characterization via UHPLC-
HRMS/MS and HPLC-UV confirmed the presence of all targeted compounds and further identified
additional bioactive constituents derived from the Chaga extract, underscoring the complex nature
of this formulation. The synergistic interaction between these components is aimed at improving
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mitochondrial efficiency, reducing oxidative stress, and supporting cellular integrity across multiple
biological systems.

Coenzyme Q10 (CoQ10) is an integral component of the mitochondrial electron transport chain,
specifically within complex I and III, where it functions as an electron carrier. CoQ10 facilitates the
transfer of electrons from NADH and FADH: to oxygen, driving the production of ATP through
oxidative phosphorylation. Beyond its role in bioenergetics, CoQ10 is a potent lipophilic antioxidant
that stabilizes cellular membranes and scavenges reactive oxygen species (ROS), mitigating oxidative
damage at the cellular level [28]. The decline in CoQI10 levels with age is associated with
mitochondrial dysfunction and increased oxidative stress, contributing to cellular senescence and
age-related diseases[29]. In RP-25, CoQ10 is present at 200 mg per dose, as confirmed by UHPLC-UV
analysis, ensuring that the formulation provides sufficient concentrations to support mitochondrial
bioenergetics and antioxidant defenses. This dosage is intended to restore mitochondrial function,
enhance ATP synthesis, and protect against ROS-induced cellular damage, particularly in energy-
demanding tissues, such as muscle and nervous tissue [30,31].

Alpha-lipoic acid (ALA), a sulfur-containing fatty acid, is both a cofactor for mitochondrial
enzymes and a multifaceted antioxidant. ALA participates in mitochondrial bioenergetics by acting
as a coenzyme for pyruvate dehydrogenase, an enzyme complex crucial for the conversion of
pyruvate into acetyl-CoA, thus facilitating the entry of carbon substrates into the citric acid cycle
(Krebs cycle). This action optimizes the production of NADH and FADH?2, which feed into the
electron transport chain for ATP synthesis. ALA also enhances the regeneration of other antioxidants,
including vitamins C and E, through the reduction of their oxidized forms [32,33]. This regenerative
effect amplifies the antioxidant capacity of cells, particularly in high-oxidative stress environments.
In RP-25, ALA is included at a concentration of 200 mg per dose, which has been shown in previous
studies to restore mitochondrial function, enhance cellular redox balance, and reduce inflammatory
markers associated with aging [34]. The UHPLC-HRMS analysis confirmed its incorporation at the
expected retention time of 17.3 minutes, indicating its optimal concentration for cellular protection
and energy metabolism.

A central feature of RP-25 is the inclusion of Chaga extract (Inonotus obliqguus), which contains a
diverse array of bioactive compounds, including flavonoids, polyphenols, polysaccharides and
terpenoids, each contributing to the formulation’s antioxidant, anti-inflammatory, and
immunomodulatory effects [35,36]. Flavonoid derivatives such as quercetin, kaempferol, and
isorhamnetin, identified through UHPLC-HRMS/MS, are potent antioxidants known to scavenge free
radicals and modulate intracellular signaling pathways that regulate oxidative stress. These
flavonoids exert their effects by inhibiting the production of ROS and enhancing the activity of
antioxidant enzymes, such as superoxide dismutase (SOD) and catalase, thereby reducing oxidative
damage [37,38]. Polysaccharides from Chaga exhibit a wide range of health-promoting effects, one of
which involves the activation of the Nrf2-Keap1 pathway, a pivotal cellular defense mechanism. This
pathway orchestrates the transcriptional activation of phase II detoxifying enzymes, including
quinone reductase 1 (NQOL1) and glutathione S-transferase (GST). The upregulation of these enzymes
enhances the cell’s antioxidant capacity, facilitating the neutralization and detoxification of reactive
oxygen species (ROS) and electrophilic toxins, thereby maintaining cellular redox homeostasis and
mitigating oxidative stress [39]. These mechanisms suggest the potential of RP-25 in protecting
against oxidative damage, supporting cellular longevity and possibly reducing the risk of chronic
degenerative diseases by enhancing cellular defense systems and maintaining redox balance.

Moreover, Chaga extract also contributes bioactive fatty acids, such as dodecenedioic acid,
which have been implicated in the regulation of cellular membrane fluidity and stability. These fatty
acids contribute to maintaining membrane integrity and enhancing the function of membrane-bound
enzymes, which are essential for proper cell signaling and metabolic processes [40]. The identification
of saponins (compounds 12-15) in RP-25 further supports its antioxidant and immune-modulating
properties. Saponins are known for their ability to interact with cellular membranes and modulate
immune responses by influencing the activity of macrophages and dendritic cells. These compounds
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can inhibit the activation of nuclear factor-kappa B (NF-kB), a transcription factor that regulates the
expression of pro-inflammatory cytokines, thereby reducing systemic inflammation and promoting
tissue homeostasis [41].

Micronutrients such as zinc, manganese, copper, and selenium are essential cofactors in key
antioxidant enzyme systems. Zinc, for example, is a critical cofactor for the enzyme superoxide
dismutase (SOD), which catalyzes the conversion of superoxide radicals to hydrogen peroxide,
thereby preventing oxidative damage [42]. Selenium is incorporated into the active site of glutathione
peroxidase, an enzyme responsible for detoxifying hydrogen peroxide and lipid peroxides,
protecting cellular components such as lipids and proteins from oxidative modification [43]. Copper
and manganese contribute to the activity of SOD by facilitating the conversion of superoxide radicals
into less harmful molecules, reducing oxidative injury to cellular structures [44-46]. The inclusion of
these micronutrients in RP-25 thus enhances the formulation's capacity to maintain cellular redox
balance and mitigate the harmful effects of oxidative stress.

Vitamins such as vitamin E and vitamin B3 (niacinamide) further complement the formulation's
antioxidant profile. Vitamin E, a fat-soluble antioxidant, integrates into cellular membranes, where it
neutralizes lipid peroxyl radicals and protects membranes from oxidative damage. This action is
particularly beneficial in reducing photoaging and UV-induced cellular damage by preventing lipid
peroxidation in epidermal cells [47]. Niacinamide, or vitamin B3, plays an integral role in cellular
respiration by participating in the synthesis of NAD* (nicotinamide adenine dinucleotide), which is
essential for mitochondrial function and energy production. Additionally, niacinamide has been
shown to modulate the expression of matrix metalloproteinases (MMPs), enzymes involved in the
breakdown of extracellular matrix components, thus improving tissue integrity and reducing
collagen degradation [48]. The inclusion of these vitamins enhances the cellular resilience of tissues,
supporting the overall longevity and health of cells exposed to chronic oxidative and environmental
stress.

Finally, dihydroquercetin (taxifolin), a flavonoid with known vascular protective and
antioxidant properties, contributes to the formulation’s efficacy by enhancing microcirculation and
supporting collagen synthesis. Dihydroquercetin modulates the expression of key vascular markers,
such as vascular endothelial growth factor (VEGF), thereby improving capillary function and
promoting nutrient delivery to tissues. This action improves collagen cross-linking and maintains
tissue elasticity, which is crucial for cellular function and the prevention of age-related tissue
degeneration [49,50].

In summary, the RP-25 formulation combines multiple bioactive compounds that function
synergistically to optimize mitochondrial function, enhance cellular bioenergetics, and provide
robust antioxidant protection. The inclusion of both plant-derived bioactives and essential
micronutrients supports the formulation’s broad-spectrum ability to combat oxidative stress,
maintain redox balance, and improve cellular resilience. The detailed analysis through UHPLC-
HRMS/MS and HPLC-UV has confirmed the identity and concentrations of all active ingredients,
ensuring the consistency, quality, and therapeutic potential of the formulation.

4.2. Impact on Mitochondrial Function and Energy Metabolism

A key finding of this study is the modulation of cellular energy metabolism following RP-25
treatment, as revealed by 'H-NMR metabolomics. Notably, RP-25 treatment led to significant
increases in the intracellular concentrations of AMP and ATP, indicating an enhancement in cellular
energy production [51]. These changes suggest a potential improvement in mitochondrial
bioenergetics, with RP-25 likely promoting oxidative phosphorylation and ATP synthesis. The
increased ATP levels in particular point towards a more efficient mitochondrial energy production,
which is essential for cellular function. This observation is consistent with the known roles of CoQ10
and a-lipoic acid in improving mitochondrial efficiency. CoQ10, a critical electron carrier in the
mitochondrial electron transport chain (ETC), optimizes electron flow, thereby facilitating ATP
production and maintaining redox balance, while a-lipoic acid serves as a cofactor in several key
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mitochondrial enzyme complexes, including pyruvate dehydrogenase, which is pivotal for efficient
energy production.

In addition to the direct evidence of enhanced ATP production, the metabolomic analysis
highlighted significant shifts in key metabolic pathways involved in energy metabolism, particularly
in glycolysis, gluconeogenesis, and pyruvate metabolism. Specifically, RP-25 treatment was
associated with a notable increase in oxaloacetate excretion and a reduction in ketone body levels
such as 3-hydroxybutyrate, acetate, and 2-oxobutyrate. These metabolic changes suggest a
reprogramming of cellular metabolism towards more efficient ATP production, potentially via
enhanced glycolytic activity and reduced reliance on fatty acid oxidation pathways, including
ketogenesis. The shift from ketogenesis to glycolysis aligns with a more efficient energy production
mechanism, possibly facilitated by RP-25’s ability to optimize mitochondrial function [52].

The metabolic changes observed were further validated by enrichment pathway analysis, which
identified significant dysregulation in energy-producing pathways, such as glycolysis,
gluconeogenesis, and pyruvate metabolism. These alterations in key metabolic routes suggest that
RP-25 may help restore metabolic homeostasis in cells affected by mitochondrial dysfunction, a
hallmark of diseases like fibromyalgia. In fibromyalgia, mitochondrial inefficiency and disrupted
cellular energy production contribute significantly to the pathophysiology of the disease, manifesting
as fatigue, pain, and cognitive dysfunction [8,53,54]. The observed modulation of energy pathways
in response to RP-25 treatment offers a promising avenue for therapeutic intervention in such
conditions.

Taken together, these metabolomic findings support the hypothesis that RP-25 may help
optimize cellular metabolism by improving mitochondrial function and energy production. These
changes have significant therapeutic potential for conditions characterized by mitochondrial
dysfunction and impaired energy metabolism, including fibromyalgia. Further studies are needed to
confirm these effects and elucidate the specific molecular mechanisms by which RP-25 influences
mitochondrial activity and overall metabolic regulation.

4.3. Neurotransmission and Amino Acid Metabolism

A second major observation from the NMR analysis was the modulation of amino acid
metabolism, particularly in relation to neurotransmission. RP-25 treatment led to significant
upregulation of several amino acids involved in neurotransmitter synthesis and synaptic function,
including tyrosine, glutamate, glycine, proline, and valine. These metabolites are crucial for the
synthesis of neurotransmitters such as dopamine, norepinephrine, and serotonin, all of which play
key roles in maintaining normal brain function [55].

Tyrosine and phenylalanine metabolism were particularly affected, as evidenced by the Variable
Importance in Projection (VIP) score analysis, which highlighted these pathways as major
contributors to the differentiation between RP-25-treated and untreated cells. The increase in tyrosine
and its metabolic products suggests that RP-25 may facilitate the biosynthesis of dopamine and
norepinephrine, both of which are involved in mood regulation and cognitive function. Tyrosine is
also a precursor of thyroid hormones, which are essential for metabolic regulation and
neuroprotection [56].

Furthermore, the elevation of glutamate and glycine levels, key excitatory and inhibitory
neurotransmitters respectively, suggests that RP-25 may enhance synaptic plasticity and neuronal
activity. Glutamate is the principal excitatory neurotransmitter in the brain and plays a central role
in synaptic transmission, learning, and memory, while glycine functions as an inhibitory
neurotransmitter and modulates excitatory neurotransmission [57]. The increased presence of these
metabolites may indicate improved neurotransmission and synaptic function, which are critical for
maintaining cognitive and motor functions, particularly in the context of neurodegenerative
conditions.

In addition, the observed changes in the exometabolome, specifically the elevation of alanine,
serine, and tryptophan, provide further evidence that RP-25 influences brain metabolism. Alanine
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and serine are involved in the synthesis of proteins and neurotransmitters, while tryptophan is a
precursor of serotonin, a neurotransmitter that regulates mood, sleep, and appetite [58]. The increase
in these metabolites suggests that RP-25 may not only modulate neurotransmitter synthesis but also
influence broader metabolic pathways linked to brain function.

The findings from this study are in line with existing literature on the neuroprotective effects of
a-lipoic acid and CoQ10. Both compounds have been shown to exert beneficial effects on brain health
through their antioxidant properties and by supporting mitochondrial function in neurons. CoQ10,
in particular, is crucial for maintaining mitochondrial bioenergetics and has been shown to alleviate
mitochondrial dysfunction in neurodegenerative diseases [59]. The observed upregulation of
neurotransmitter-related metabolites such as glutamate, glycine, and tyrosine further supports the
hypothesis that RP-25 may aid in restoring neurochemical balance and improving neuronal
communication, making it a promising candidate for the treatment of conditions characterized by
neurotransmission dysregulation, such as Alzheimer's disease, Parkinson's disease, and fibromyalgia
[60,61].

4.4. Oxidative Stress and Redox Balance

The impact of RP-25 on oxidative stress was evident in our metabolomic analysis, which
revealed significant alterations in key metabolites involved in cellular redox regulation. Specifically,
RP-25 treatment led to a marked reduction in formate levels and an increase in coenzyme A and
proline, metabolites that play critical roles in redox homeostasis and cellular function [13,62,63].
Formate is a product of one-carbon metabolism, generated as an intermediate in the folate cycle, and
is frequently associated with oxidative stress and impaired mitochondrial function [62]. Elevated
formate concentrations have been linked to mitochondrial dysfunction and increased production of
reactive oxygen species (ROS), which can damage cellular macromolecules such as lipids, proteins,
and DNA [64]. The observed decrease in formate concentration in RP-25-treated cells suggests a
potential reduction in mitochondrial oxidative stress, indicating that RP-25 may help mitigate
oxidative damage at the cellular level. This is consistent with the known antioxidant properties of a-
lipoic acid and CoQ10, both of which have been shown to scavenge ROS and restore redox balance
by regenerating other antioxidants [51]. The reduction in formate levels could, therefore, reflect a
more favorable redox state, potentially contributing to the overall reduction in oxidative stress
observed in RP-25-treated cells.

Additionally, the increase in coenzyme A levels suggests an enhancement of cellular energy
metabolism and improved mitochondrial function. Coenzyme A plays a pivotal role in the Krebs
cycle (citric acid cycle), which is central to cellular respiration and ATP production [65]. An increase
in coenzyme A levels may indicate enhanced mitochondrial efficiency, allowing for better ROS
detoxification and more efficient energy production [13]. This result aligns with previous studies
demonstrating the role of a-lipoic acid and CoQ10 in supporting mitochondrial bioenergetics and
reducing oxidative stress by facilitating proper electron transport in the mitochondrial respiratory
chain [51].

Another important finding from the metabolomic data was the increase in proline levels, a key
amino acid involved in the synthesis of collagen and other structural proteins, as well as a regulator
of redox balance. Proline has antioxidant properties, as it can scavenge ROS and protect cellular
structures from oxidative damage. Moreover, proline is involved in the activation of the proline
dehydrogenase enzyme, which plays a role in the regulation of cellular oxidative stress responses
[66]. The upregulation of proline suggests that RP-25 may enhance cellular antioxidant capacity,
possibly by boosting the activity of antioxidant enzymes and promoting the repair of oxidative
damage.

Furthermore, pathway enrichment analysis highlighted the involvement of glutathione
metabolism in RP-25-treated cells. Glutathione is one of the most abundant and effective intracellular
antioxidants, crucial for neutralizing ROS and maintaining cellular redox homeostasis [67].
Dysregulation of glutathione metabolism is often observed in various disease states characterized by
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oxidative stress, such as fibromyalgia, where chronic pain and fatigue are thought to result, at least
in part, from persistent oxidative damage [8,68]. Our data suggest that RP-25 treatment may help
restore glutathione homeostasis by modulating the expression of enzymes involved in its synthesis
and recycling, thereby enhancing the cell’s capacity to combat oxidative stress. This is further
supported by the observed changes in key metabolites such as formate, coenzyme A, and proline,
which are interconnected in the cellular antioxidant network.

4.5. Potential Therapeutic Implications for Mitochondrial Diseases and Fibromyalgia

The results of our study suggest that RP-25 holds significant promise as a potential therapeutic
agent for improving mitochondrial function, restoring metabolic balance, and reducing oxidative
stress in cells affected by mitochondrial dysfunction. Given the crucial role of mitochondrial health
in a variety of pathological conditions, including neurodegenerative diseases, cardiovascular
disorders, and fibromyalgia, RP-25 may offer a novel approach for the treatment of these diseases. In
particular, fibromyalgia has increasingly been recognized as a condition associated with
mitochondrial dysfunction, where patients often exhibit impaired mitochondrial respiration and
resultant energy deficits, which contribute to the chronic pain, fatigue, and cognitive dysfunction
typical of this disorder.

Our recent clinical trials [8,54], which included a comprehensive metabolomic analysis of
biological fluids from fibromyalgia patients, further underscores the relevance of mitochondrial
dysfunction in fibromyalgia pathophysiology. In this study, we observed distinct alterations in the
metabolome of patients with fibromyalgia, particularly in amino acid metabolism related to
neurotransmission and energy production. For example, we found decreased serum phenylalanine
and increased urinary isoleucine, indicating a disruption in amino acid balance that is integral to
neurotransmitter synthesis. Furthermore, we identified changes in key pathways related to energy
metabolism, including a reduced capacity for ATP production and the dysregulation of metabolic
intermediates involved in mitochondrial function, such as proline and formate. These findings
suggest that mitochondrial dysfunction in fibromyalgia may be coupled with an impaired metabolic
response to stress, leading to the hallmark symptoms of fatigue and pain [8,54].

In light of these insights, the potential of RP-25 to modulate mitochondrial efficiency and
enhance ATP production becomes particularly relevant. The combination of CoQ10, a-lipoic acid,
chaga and other key components of RP-25, is known to support mitochondrial bioenergetics by
improving electron transport and restoring redox balance, thereby promoting efficient oxidative
phosphorylation. This mechanism may help address the mitochondrial dysfunction observed in
fibromyalgia patients, as demonstrated by our clinical trial, where interventions aimed at improving
energy metabolism showed promising results in alleviating symptoms such as fatigue and muscle
pain [8,54]. Moreover, RP-25’s ability to modulate key amino acids, like glutamate and proline, which
are involved in both neurotransmission and cellular metabolism, may help restore balance in these
metabolic pathways, thus alleviating the neurological and muscular symptoms seen in fibromyalgia.

The integration of NMR-based metabolomics in our study provides a robust methodology for
identifying subtle but clinically relevant metabolic changes in mitochondrial diseases and
fibromyalgia. By capturing a broad spectrum of metabolic alterations, metabolomic profiling allows
for a deeper understanding of the cellular mechanisms underlying these conditions, offering
potential biomarkers and therapeutic targets for intervention. For example, the identification of
dysregulated metabolites such as phenylalanine, tyrosine, and formate in fibromyalgia patients
suggests specific metabolic pathways that may be targeted for therapeutic intervention with RP-25.
Additionally, the modulation of redox balance and energy metabolism in RP-25-treated cells may
offer a promising strategy for mitigating mitochondrial dysfunction and its associated symptoms.

5. Conclusions

Our study provides compelling evidence that RP-25 significantly influences cellular metabolism,
particularly mitochondrial function, energy production, and oxidative stress regulation. By
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modulating key metabolic pathways involved in energy metabolism, neurotransmission, and redox
balance, RP-25 shows potential as a therapeutic strategy for diseases linked to mitochondrial
dysfunction, including fibromyalgia. The integration of 1H-NMR-based metabolomics has offered
new insights into the complex metabolic changes induced by RP-25, highlighting its potential for
identifying biomarkers and therapeutic targets.

A key strength of this study is its comprehensive use of advanced metabolomic techniques,
which allowed us to capture a broad spectrum of metabolic alterations and gain valuable mechanistic
insights. These findings contribute to the growing understanding of mitochondrial dysfunction in
chronic diseases and underscore the potential of RP-25 to address these disturbances.

However, some limitations remain. While our in vitro results are promising, clinical studies are
necessary to confirm RP-25's therapeutic effects in human populations. Additionally, while 1TH-NMR
profiling provided valuable information on metabolic shifts, further research incorporating
additional omics approaches may offer a deeper understanding of its molecular impact.

In conclusion, RP-25 shows significant potential as a therapeutic agent for mitochondrial
dysfunction-related conditions, including fibromyalgia. Further clinical trials are needed to validate
these findings and fully explore its therapeutic potential.
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