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ARTICLE INFO ABSTRACT

Keywords: Background: Cancer chemotherapy often results in severe side effects due to its non-selective cytotoxicity toward
Methotrexate rapidly dividing normal cells. These adverse effects are largely driven by oxidative stress resulting from elevated
Docetaxel

reactive oxygen species (ROS) production. Riboceine (RIB), a synthetic precursor of glutathione (GSH), and N-

:;g;iﬁizms acetylcysteine (NAC), a clinically used antioxidant, hold promise in mitigating oxidative damage; however, their
N-acetyleysteine impact on chemotherapy efficacy and the molecular mechanisms involved remain incompletely understood.
Glutathione Aim: This study aimed to evaluate the cytoprotective potential of RIB and NAC against methotrexate (MET)- and

Reactive oxygen species docetaxel (DOC)-induced toxicity in normal and cancer cells, and to explore mechanistic pathways using inte-
grative network pharmacology and molecular docking approaches.
Methodology: Cytotoxic effects of MET and DOC, alone or in combination with RIB or NAC, were assessed in
normal prostate epithelial (PNT-2), prostate cancer (PC3), and breast cancer (MCF-7) cell lines using the
Resazurin assay. Intracellular ROS and GSH levels were quantified using DCF and OPA fluorescence assays,
respectively. Network pharmacology, protein-protein interaction (PPI) analysis, Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment, and molecular docking were conducted using Swis-
sTargetPrediction, STRING, ShinyGO, Cytoscape, and AutoDock Vina platforms.
Results: MET and DOC showed dose-dependent cytotoxicity in PNT-2 and PC3 cells, but limited efficacy in chemo-
resistant MCF-7 cells. RIB and NAC significantly reduced ROS and restored GSH levels in PNT-2 cells, protecting them
against oxidative injury. These antioxidants preserved anticancer effects in PC3 cells but reduced chemotherapy
efficacy in MCF-7 cells, likely due to elevated redox buffering and transporter expression. Network analyses identified
BCL-2, MAPKS, and SOD among key antioxidant and apoptotic targets. However, no direct experimental validation of
these mechanisms was performed, and apoptotic markers such as Annexin V or caspase-3 were not assessed.
Conclusion: RIB and NAC provide selective cytoprotection to normal prostate cells during chemotherapy while
maintaining anticancer effects in sensitive prostate cancer cells. However, their concurrent use in resistant
cancers like MCF-7 may reduce drug efficacy, warranting cautious clinical application. Time-shifted antioxidant
administration (e.g., post-chemotherapy) could be explored as a strategy to balance protection and efficacy.
Future studies should include in vivo validation, apoptosis profiling, and protein-level mechanistic assays to
confirm the predicted pathways.
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1. Introduction

Non-communicable diseases (NCDs), including cardiovascular dis-
eases, asthma, stroke, diabetes, and cancer, currently account for
approximately 74 % of deaths worldwide, with over three-quarters of
these fatalities occurring in low- and middle-income countries [1].
Among these, cancer is particularly concerning, ranking as the second
leading cause of mortality globally [2]. In 2022 alone, the global burden
of cancer reached 20 million new cases and approximately 9.7 million
deaths, reflecting a continuous upward trend driven primarily by de-
mographic shifts, aging populations, and lifestyle-related risk factors
[3]. Projections indicate that this burden will increase further [1],
underscoring the necessity for innovative approaches in cancer man-
agement, particularly in resource-limited settings.

In developing countries such as Ghana, where healthcare infra-
structure and resources remain constrained, the impact of cancer is
particularly severe. Recent estimates reported approximately 27,385
new cancer diagnoses and 17,944 cancer-related deaths in Ghana during
2022 [2]. Breast and cervical cancers are consistently the most prevalent
among women, while liver and prostate cancers predominate among
men, highlighting a critical need for improved early detection, targeted
preventive strategies, and better therapeutic options [3].

The primary modalities for cancer treatment include surgery,
radiotherapy, and systemic chemotherapy, the latter of which remains
central due to its broad applicability in controlling tumor growth and
proliferation. Chemotherapeutic agents such as methotrexate (MET) and
docetaxel (DOC) disrupt cancer cell division primarily by inducing DNA
damage and promoting apoptosis [4]. However, these therapies also
significantly elevate the production of reactive oxygen species (ROS),
leading to substantial oxidative stress in non-targeted, healthy cells
[5-7]. The resulting oxidative damage contributes significantly to
chemotherapy-induced toxicities, including hepatotoxicity, neurotox-
icity, and myelosuppression, complicating treatment regimens and
limiting therapeutic efficacy [8-11].

Reactive oxygen species, notably hydroxyl radicals (OH"), superoxide
anions (0Oz7), and hydrogen peroxide (H202), damage critical cellular
components such as lipids, proteins, and DNA, further exacerbating
cellular injury [12-15]. Under normal physiological conditions, endog-
enous antioxidant defense systems, including glutathione (GSH), cata-
lase, and superoxide dismutase (SOD), typically mitigate ROS-induced
damage, maintaining cellular redox homeostasis [16-19]. However,
during chemotherapy, the overwhelming surge in ROS production often
exceeds the detoxifying capacity of these antioxidant mechanisms,
resulting in oxidative stress and subsequent damage to healthy tissues
[12,20].

Glutathione, the most abundant intracellular antioxidant, plays a
crucial role in protecting cells from oxidative damage by scavenging
ROS and facilitating detoxification processes via its cysteine residues
[21-25]. Therapeutic approaches aimed at increasing GSH levels, such
as the use of synthetic precursors like N-acetylcysteine (NAC) and
Riboceine (RIB), have shown promise in enhancing cellular antioxidant
defenses and mitigating oxidative damage during chemotherapy
[26-28].

N-acetylcysteine has been extensively studied for its ability to
replenish intracellular cysteine and GSH stores, thereby offering cyto-
protection in various oxidative injury models, including those involving
anticancer agents [26,27]. Riboceine, a novel cysteine derivative
composed of D-ribose and L-cysteine, has demonstrated superior
bioavailability and efficacy in elevating intracellular GSH compared to
NAC in preclinical animal studies [29]. However, its potential to miti-
gate chemotherapy-induced cytotoxicity in human cancer and normal
epithelial cells remains poorly explored, particularly in comparison with
NAC.

Recent advances in cancer biology highlight the dualistic role of
antioxidants during chemotherapy: while protecting healthy cells from
ROS-induced toxicity, they may inadvertently shield malignant cells
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from oxidative damage, potentially reducing chemotherapy efficacy
[30,31]. Therefore, a critical balance must be achieved to ensure se-
lective cytoprotection. Notably, variations in antioxidant response be-
tween cell types, such as normal epithelial cells and chemoresistant
cancer cells, are often attributed to differences in redox homeostasis,
transporter expression, and stress-adaptive signaling pathways [32].
These differences emphasize the importance of model selection.

MCF-7 breast cancer cell line is an established model for chemo-
resistant tumors due to its estrogen receptor positivity, elevated baseline
antioxidant capacity, and documented overexpression of efflux proteins
such as P-glycoprotein and SLC7A11 [33-35]. In contrast, PC-3 prostate
cancer cells, which lack androgen receptors and exhibit greater che-
mosensitivity, are commonly employed to assess differential responses
to chemotherapy and antioxidant co-treatment [36]. The strategic se-
lection of these cells allows for the investigation of redox-dependent
cell-type-specific responses to NAC and RIB.

ROS and GSH play a central role in chemotherapy-induced cytotox-
icity, and recent studies demonstrated the pivotal role of ROS imbalance in
mediating both therapeutic efficacy and off-target toxicity of anticancer
agents [37,38]. Therefore, the ROS/GSH axis was selected as the primary
mechanistic focus of this study, and ROS and GSH levels as reliable and
mechanistically relevant approach for assessing antioxidant-mediated
chemoprotection.

The aim of the present study was to investigate the chemoprotective
properties of RIB and NAC against the cytotoxic effects of MET and DOC
in both normal and cancer cells, focusing specifically on ROS-mediated
cellular damage. Furthermore, to enhance mechanistic insight, this
research employed network pharmacology and molecular docking ap-
proaches to systematically explore potential molecular targets and un-
derlying pathways involved in the observed chemoprotective effects.
These computational methods offer a cost-effective and scientifically
robust alternative for generating mechanistic hypotheses, which are
essential for guiding future experimental validation.

2. Materials and methods
2.1. Materials

Normal human prostate cell line; PNT-2, human prostate cancer cell
line; PC3, and human breast carcinoma cell line, MCF-7 (estrogen
receptor-positive) were obtained from RIKEN BioResource Center Cell
Bank (Japan). Rose Park Memorial Institute (RPMI)-1640 medium,
Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum
(FBS), Phosphate Buffered Saline (PBS), Trypsin, O-phthalaldialdehyde
(OPA), Ethylenediaminetetraacetic acid (EDTA), Dimethyl Sulfoxide
(DMSO), Sodium Hydroxide (NaOH), Dichlorofluorescein-Diacetate
(DCF-DA), Distilled water, Resazurin, and penicillin-streptomycin anti-
biotic were obtained from the Clinical Pathology Department, Noguchi
Memorial Institute for Medical Research (NMIMR), College of Health
Sciences, University of Ghana. Riboceine was obtained from the
manufacturer (Max International Ghana), NAC, and the anticancer
agents (methotrexate and docetaxel) were purchased from Sigma. All
reagents and chemicals were of molecular and analytical grade and
obtained from standard suppliers.

2.2. Drug preparation

Stock solutions of MET, DOC, NAC, and RIB were prepared in DMSO.
Specifically, 4.544 mg of MET and 0.808 mg of DOC were each dissolved
in 1 mL DMSO to yield 10 mM and 1 mM stock solutions, respectively.
NAC was prepared at 100 mM by dissolving 16.32 mg in 1 mL DMSO.
For RIB, 25.33 mg was dissolved in 1 mL DMSO to yield a 100 mM stock
solution, based on its molecular weight of 253.28 g/mol. All stock so-
lutions were serially diluted with culture medium to prepare final
working concentrations ranging from 0 to 10 uM for all compounds used
in the experiments.
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Stock concentrations were expressed in millimolar (mM) and work-
ing concentrations were uniformly reported in micromolar (uM). RIB
stock solutions were freshly prepared prior to each experiment in amber
vials to minimize light and air exposure. Due to the presence of a sulfur-
containing moiety, RIB solutions were used promptly to prevent
degradation. All stock solutions were stored at —20 °C until use.

2.3. Cell culture

The cancer cell lines PC-3 and MCF-7 were readily available in our
institutional cancer cell bank and were utilized in this study. PNT-2 and
PC3 cells were cultured in RPMI 1640 medium, while MCF-7 cells were
cultured in DMEM medium. Both media were supplemented with 10 mM
HEPES, 2mM L-glutamine, sodium bicarbonate (NaHCOs), 10 % FBS,
and 1 % penicillin-streptomycin. The cultured cells were maintained in a
humidified incubator at 37°C with 5% CO.. Sub-culturing was per-
formed weekly to ensure optimal cell growth and viability.

2.4. Cell viability assay

The cytotoxic effects of MET and DOC, both alone and in combination
with the antioxidants NAC and RIB, were evaluated using the Resazurin
reduction assay, with slight modifications based on the protocol by
Tsakalozou et al. [38]. Briefly, PNT-2, PC3, and MCF-7 were seeded into
96-well plates at a density of 1 x 10° cells per well and allowed to adhere
overnight at 37°C in a humidified incubator with 5% COs..

After incubation, the cells were treated with increasing concentra-
tions of MET and DOC ranging from 0.625 uM to 10 pM, either alone or
in combination with fixed concentrations of antioxidants. For co-
treatment groups, NAC was applied at 1 mM and RIB at 3.95mM,
based on prior studies supporting their antioxidant efficacy and safety
[39,40], and on preliminary data indicating optimal protective effects
on PNT-2 without compromising the cytotoxic effects of MET and DOC
on PC3 cells. The treatment groups included MET alone, DOC alone, RIB
alone, NAC alone, MET+RIB, MET+NAC, DOC+RIB, and DOC+NAC.

After 24 h of treatment, 10 pL of Resazurin solution (0.15 mg/mL in
PBS) was added to each well, followed by a 4-hour incubation at 37°C.
The 24-hour exposure duration was selected based on literature evi-
dence indicating peak uptake of chemotherapeutic agents and signifi-
cant oxidative stress induction within this time frame [41]. Fluorescence
intensity was then measured using a Tecan Infinite M200 microplate
reader (Austria) with excitation and emission wavelengths of 560 nm
and 590 nm, respectively. All treatments were conducted in triplicate
across three independent experiments.

To quantify the cytotoxicity of MET and DOC, concentration-
response curves were generated and half-maximal inhibitory concen-
tration (ICso) values were calculated for each drug in all three cell lines.
From these, selectivity indices (SI) were determined by comparing ICso
values in normal versus cancer cell lines. Additionally, area under the
curve (AUC) analyses were used to quantitatively compare treatment
efficacy across the full concentration range.

2.5. Glutathione assay

The GSH levels in the cells were quantified using the ortho-
phthalaldehyde (OPA) assay, as described by Martin et al. [42].
Cultured cells were seeded at a density of 2 x 10° cells per well in a
24-well plate and incubated overnight at 37°C in a humidified atmo-
sphere with 5 % CO2. After incubation, the cells were treated with MET,
DOC, RIB, NAC (positive control), or hydrogen peroxide (H202, negative
control) at varying concentrations. Additionally, combinations of MET
or DOC or Hz0: with RIB or NAC were tested (i.e., MET+RIB,
MET+NAC, DOC+RIB, DOC+NAC, H202+RIB, and H202+NAC).

Following 24 h of treatment, the cells were detached and homoge-
nized by ultrasonication in 5% trichloroacetic acid containing 2 mM
EDTA for 15 min. The homogenates were centrifuged at 3000 rpm for
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30 min (Hettich Zentrifugen MIKRO 200, Germany). A 50 uL aliquot of
the resulting supernatant was transferred to a 96-well plate, neutralized
by adding 10 uL of 1 M sodium hydroxide (NaOH), and further mixed
with 50 uL of sodium phosphate buffer. Subsequently, 10 uL. of OPA
solution (10 mg/mL) was added, and the plate was incubated in the dark
at room temperature (26°C) for 15 min. The GSH levels in the super-
natant were determined by measuring fluorescence with an excitation
wavelength of 340 nm and an emission wavelength of 460 nm.

2.6. Measurement of intracellular reactive oxygen species

The intracellular ROS levels were measured using the dichloro-
fluorescein (DCF) assay, as described by Kawiak et al. [43]. Cultured
cells were seeded in a 24-well plate at a density of 2 x 10° cells per well
and incubated overnight at 37°C in a humidified atmosphere containing
5% COa. Following incubation, the spent media was discarded and
replaced with serum-free media. The cells were then treated with
varying concentrations of MET, DOC, RIB, NAC, and their combinations
(MET+NAC, MET+RIB, DOC+NAC, and DOC+RIB).

After 24 h of treatment, 10 pL of 5uM 2',7-dichlorofluorescin diac-
etate (DCFDA) was added to each well, and the plates were incubated for
an additional 120 min. The fluorescence intensity, indicative of intra-
cellular ROS levels, was measured at an excitation wavelength of
485 nm and an emission wavelength of 530 nm.

2.7. Screening of potential targets and intersection analysis

Potential molecular targets related to breast cancer, prostate cancer,
and oxidative stress were screened using the GeneCards database
(https://www.genecards.org/) and the Online Mendelian Inheritance in
Man (OMIM) database. A relevance score threshold greater than 10 was
applied in GeneCards to ensure the selection of highly relevant gene
targets associated with each disease and oxidative stress condition [44].
Additionally, the molecular targets of docetaxel (DOC), methotrexate
(MET), riboceine (RIB), and N-acetylcysteine (NAC) were obtained from
the SwissTargetPrediction database. Venn diagrams illustrating inter-
secting molecular targets among prostate cancer, oxidative stress, and
antioxidant treatments were generated using an online bioinformatics
tool available at http://www.bioinformatics.com.cn. Furthermore,
common targets among oxidative stress, chemotherapeutic drugs (DOC
and MET), and cancer types (breast and prostate cancers) were visual-
ized and analyzed using Cytoscape software (version 3.7.2).

2.8. Construction of protein-protein interaction (PPI) network and
identification of core targets

Common molecular targets were imported into the STRING database
(https://cn.string-db.org/) to construct protein-protein interaction (PPI)
networks. Parameters were set for Homo sapiens, with interactions
having a confidence score threshold of 0.7 considered significant to
ensure the robustness of the predicted interactions [45]. Disconnected
nodes were removed to refine network visualization. Subsequently, the
refined PPI network was imported into Cytoscape (version 3.7.2) for
visualization and further topological analysis. Using the CytoHubba
plugin, the top 10 hub targets were identified based on the Maximal
Clique Centrality (MCC) algorithm, a method that emphasizes densely
interconnected nodes and their biological relevance within the network.

2.9. GO functional enrichment and KEGG pathway analysis

To elucidate the biological significance of the identified hub targets,
Gene Ontology (GO) functional enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analyses were per-
formed using the ShinyGO database. The analysis focused on the top 10
key targets identified from the PPI network, setting the organism
parameter to Homo sapiens and a statistical significance threshold of
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p <0.05. The top 20 enriched signaling pathways were determined,
along with the top 10 most significant terms for each of the GO cate-
gories: Molecular Functions (MF), Cellular Components (CC), and Bio-
logical Processes (BP).

2.10. Molecular docking validation of core targets

Molecular docking analyses were performed to validate the predicted
interactions between identified targets and selected small molecules.
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Molecular docking is commonly utilized in drug discovery to evaluate
the potential binding affinity between ligands (small molecules) and
protein receptors. Docking affinity is typically reported as negative en-
ergy values (kcal/mol), with lower values indicating stronger and more
favorable ligand-protein interactions [46]. In this study, the 3D struc-
tures of key target proteins identified through network pharmacology
were retrieved from the Protein Data Bank (https://www.rcsb.org/).
Similarly, 3D structures of ligands, riboceine, N-acetylcysteine, metho-
trexate, and docetaxel, were obtained from the PubChem database (htt
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Fig. 1. The concentration-response curve and their area under the curve of (A) Cytoprotective effects of RIB and NAC against the cytotoxic activity of MET and DOC
on PNT-2, (B) The preservation of the cytotoxic activity of MET and DOC against PC3 in the presence of RIB and NAC and (C) The impairment of the cytotoxicity of
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ps://pubchem.ncbi.nlm.nih.gov). PyMOL software (version 2.5) was
utilized for the preparation of ligands and receptor proteins, involving
the removal of water molecules, non-participating side chains, and
existing ligands where necessary. Molecular docking simulations were
conducted using AutoDock Vina software, and the results were visual-
ized with PyMOL 2.5. Specifically, superoxide dismutase (SOD, PDB ID:
1PUO) [47] was docked with riboceine, while protein tyrosine phos-
phatase 1B (PTPN1, PDB ID: 10NZ) [48]. was docked with NAC.
Additionally, proteins with MCC scores above 190, Bcl-2 (PDB ID:
2W3L) [48], and MAPK8 (PDB ID: 2XRW) [49] were docked with
docetaxel, whereas the folate receptor alpha (FOLR1, PDB ID: 4LRH)
[50] was docked with methotrexate.

2.11. Statistical analysis

The results are expressed as the mean + standard deviation (SD) from
three independent experiments. Percentage inhibition was calculated as
the ratio of the activity of treated samples to that of the control samples.
Half-maximal inhibitory concentration (ICso) values were determined
using GraphPad Prism software. Statistical comparisons were performed
using the Student’s t-test for two-group comparisons and one-way anal-
ysis of variance (ANOVA) for multiple-group analyses. A p-value less than
0.05 (p < 0.05) was considered statistically significant.

3. Results

3.1. Cytoprotective effects of riboceine and N-acetylcysteine against
methotrexate- and docetaxel-induced cytotoxicity in normal and cancer
cells

The results demonstrate the cytoprotective effects of RIB and NAC
against the cytotoxic activities of MET and DOC on PNT-2, PC3, and
MCEF-7 cells. As shown in Fig. 1, RIB and NAC significantly enhanced cell
viability, particularly in normal cells (PNT-2), suggesting their potential
in mitigating the toxic effects of chemotherapy. The area under the curve
(AUCQ) values further quantified the extent of this cytoprotection. For
PNT-2 cells treated with MET, co-treatment with RIB or NAC showed
statistical significance at p < 0.001 compared to MET alone, while for
DOC-treated PNT-2 cells, co-treatment with RIB or NAC was significant
at p<0.02. In PC3 cells, the addition of RIB or NAC significantly
improved cell viability at p<0.05 in both MET- and DOC-treated
groups. No statistically significant cytoprotection was observed for
MCEF-7 cells under similar conditions.

Additionally, the ICso values presented in Table 1 revealed that MET
and DOC exhibited greater potency against PC3 cells (prostate cancer)
compared to PNT-2 (normal cells), with ICso values of 0.338 &+ 0.001 uM
and 0.320 + 0.001 uM, respectively, versus 0.552 + 0.029 uM and
0.524 + 0.010 uM for PNT-2 cells. In contrast, the ICso values for MCF-7
cells (breast cancer) exceed 10 uM for both MET and DOC, indicating
reduced sensitivity to these drugs. The selective index (SI) values further
highlight the limited selectivity of MET and DOC toward MCF-7 cells,
with values of 0.055 and 0.052, respectively, compared to PC3 cells,
which exhibit higher SI values of 1.633 and 1.638.

These findings underscore the efficacy of RIB and NAC in protecting
normal cells from chemotherapy-induced damage while maintaining

Table 1
Inhibitory concentration fifty (ICso) and selective index (SI) values of MET and
DOC on PNT-2, PC3 and MCF-7 Cells.

DRUGS ICs( Values (uM) Selective Index (SI)
CELLS

MET DOC MET DOC
PNT-2 0.552 + 0.029 0.524 + 0.010 - -
PC3 0.338 + 0.001 0.320 + 0.001 1.633 1.638
MCF-7 >10 > 10 0.055 0.052

Data are means + SEM (n = 3)
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some selective cytotoxicity against prostate cancer cells. However, the
low selectivity for MCF-7 cells raises concerns about the broader
applicability of MET and DOC in breast cancer treatment, emphasizing
the need for additional strategies to enhance therapeutic selectivity and
efficacy.

3.2. Effects of riboceine and N-acetylcysteine on glutathione levels in
normal and cancer cells treated with methotrexate and docetaxel

The results presented in Fig. 2 illustrate the effects of NAC, RIB,
hydrogen peroxide (H202), MET, DOC, and their combinations on GSH
content in PNT-2, PC3, and MCF-7 cells.

In PNT-2 cells (Fig. 2A), both NAC and RIB significantly increased
GSH levels compared to untreated (UNT) cells (p < 0.001). Treatment
with MET or DOC alone significantly reduced GSH levels (p < 0.001)
compared to UNT cells. However, the addition of NAC or RIB to MET
(MET+NAC, MET+RIB) or DOC (DOC+NAC, DOC+RIB) significantly
restored GSH levels. Specifically, co-treatment with NAC resulted in
significant differences compared to MET (p < 0.05) and DOC (p < 0.05),
while co-treatment with RIB similarly restored GSH with significant
differences compared to MET (p < 0.05) and DOC (p < 0.05).

In PC3 cells (Fig. 2B), NAC and RIB also significantly elevated GSH
levels compared to UNT cells (p < 0.001). Treatment with MET or DOC
alone significantly reduced GSH content (p < 0.001). Co-treatment with
NAC or RIB significantly mitigated these reductions, with NAC showing
significant differences compared to MET (p < 0.05) and DOC (p < 0.05),
and RIB showing similar significant differences compared to MET
(p < 0.05) and DOC (p < 0.05).

In MCF-7 cells (Fig. 2C), the effects were less pronounced. NAC and
RIB slightly increased GSH levels compared to UNT cells, though the
increases were not as substantial as in PNT-2 or PC3 cells. MET and DOC
treatments significantly reduced GSH levels (p < 0.001), and the addi-
tion of NAC or RIB provided some restoration of GSH levels. However,
the restoration was less significant in MCF-7 cells, with co-treatment
showing only partial mitigation.

These results indicate that RIB and NAC significantly enhance GSH
levels, thereby mitigating the oxidative damage caused by MET and
DOC. The protective effects were most notable in normal cells (PNT-2)
and prostate cancer cells (PC3), while MCF-7 cells exhibited limited
responses, suggesting cell-line-specific differences in GSH metabolism.
This highlights the potential of NAC and RIB as adjuncts to chemo-
therapy, particularly for reducing oxidative stress in normal and pros-
tate cancer cells.

3.3. Effects of riboceine and N-acetylcysteine on chemotherapy-induced
oxidative stress in normal and cancer cell lines

The results in Table 2 present the effects of MET, DOC, NAC, RIB, and
their combinations on ROS levels, measured as mean intensity fluores-
cence (MIF), in PNT-2, PC3, and MCF-7 cells.

In PNT-2 cells (normal cells), UNT cells exhibited baseline ROS levels
of 6795.5 + 30.41. Treatment with MET and DOC significantly
increased ROS levels to 8639 + 530.33 (p < 0.05) and 7584 + 49.50
(p <0.02), respectively. NAC and RIB treatments alone significantly
reduced ROS levels compared to UNT cells, with ROS levels decreasing
to 4445.5 +£147.79 (p <0.02) and 4892.5+65.76 (p <0.001),
respectively. The combination of MET with NAC (MET+NAC) and MET
with RIB (MET+RIB) significantly reduced ROS levels compared to MET
alone, with ROS levels of 5760.5 + 263.75 (p < 0.05) and 5582.5
+ 768.63 (p < 0.05), respectively. Similarly, DOC combinations with
NAC (DOC+NAC) and RIB (DOC+RIB) further reduced ROS levels to
5499 + 346.48 (p < 0.05) and 4721 + 45.25 (p < 0.001), respectively.

In PC3 cells, untreated cells exhibited baseline ROS levels of 5645
+ 137.18. MET and DOC treatments increased ROS levels to 6360
+ 241.83 and 5914.5 + 28.99, respectively, though the increase was not
as pronounced as in PNT-2 cells. NAC and RIB treatments alone reduced
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Fig. 2. Effects of N-acetylcysteine, Riboceine, Hydrogen peroxide, Metho-
trexate, Docetaxel and their combinations on GSH content of (A) PNT-2, (B)
PC3 and (C) MCF-7 cells. Data are means + SEM (n = 3). Statistical significance
by student’s t-test; P values < 0.05, < 0.02 and < 0.001 and are denoted by the
symbols *, ** and *** respectively when compared to the untreated (UNT) cells.
The symbol # denotes comparison between MET vs MET+NAC or DOC vs
DOC+NAC, $ denotes comparison between MET vs MET+RIB and DOC vs
DOC+RIB. ROS- Reactive Oxygen Species. MET- Methotrexate DOC- Docetaxel
RIB- Riboceine NAC- N-acetylcysteine.
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Table 2
Effects of methotrexate (MET), docetaxel (DOC), N-acetylcysteine (NAC), ribo-
ceine (RIB) and their combination on ROS level of PNT-2, PC3 and MCF-7 cells.

Treatment ROS Level (MIF)

PNT- 2 PC3 MCF-7
UNT 6795.5 + 30.41 5645 + 137.18 16419.5 + 44.55
MET 8639 + 530.33* 6360 + 241.83 14858 +19.80""
DOC 7584 + 49.50"" 5914.5 + 28.99 13500 + 308.30""
NAC 44455 +147.79" 4908 + 106.77* 10736 + 104.65""
RIB 4892.5 + 65.76""" 4793.5 +£104.65* 11818 + 132,94
MET+NAC  5760.5 + 263.75"%T 5960 + 209.30" 13138 + 209.30 " ##1
MET+RIB 5582.5 + 768.63% 6007.5 + 225.57°  14634.5 + 36.06" 5
DOC+NAC 5499 + 346.48"## 5790 + 195.16' 12013.5 + 215.67" 1
DOC+RIB 4721 + 45.25"%%%  5066.5 + 243.95' 12595 + 312.54"

Data are means + SEM (n = 3). Statistical significance by student’s t-test; P
values < 0.05, < 0.02 and < 0.001 and are denoted by the symbols *, ** and ***
respectively when compared to the untreated (UNT) cells. The symbol # denotes
comparison between MET vs MET+NAC or DOC vs DOC+NAC, $ denotes
comparison between MET vs MET+RIB and DOC vs DOC+RIB, { denotes NAC vs
MET+NAC and NAC vs DOC+NAC and { denotes RIB vs MET+RIB and RIB vs
DOC+RIB. ROS- Reactive Oxygen Species. MET- Methotrexate DOC- Docetaxel,
RIB- Riboceine, NAC- N-acetylcysteine

ROS levels significantly to 4908 + 106.77 (p < 0.05) and 4793.5
+104.65 (p <0.05), respectively. The combination treatments
MET+NAC and MET+RIB resulted in ROS levels of 5960 + 209.30 and
6007.5 + 225.57, showing modest reductions compared to MET alone.
DOC combinations with NAC and RIB reduced ROS levels to 5790
+195.16 and 5966.5 + 243.95, with varying degrees of statistical
significance.

In MCF-7 cells, untreated cells showed higher baseline ROS levels of
16419.5 + 44.55. Treatment with MET and DOC resulted in reduced
ROS levels of 14858 +19.80 (p <0.001) and 13500 + 308.30
(p < 0.02), respectively. NAC and RIB treatments significantly reduced
ROS levels to 10736 + 104.65 (p <0.001) and 11818 + 132.94
(p <0.001). The combination treatments MET+NAC and MET-RIB
resulted in ROS levels of 13138 + 209.30 (p < 0.02) and 14634.5
+ 36.06 (p < 0.001), respectively. DOC combinations with NAC and RIB
resulted in further reductions in ROS levels to 12013.5 + 215.67
(p <0.02) and 12595 + 312.54 (p < 0.02), respectively.

These results highlight the ability of NAC and RIB to reduce ROS
levels, both as standalone treatments and in combination with MET and
DOC. The effects were most pronounced in normal PNT-2 cells, with
notable reductions also observed in PC3 cells. However, ROS reductions
in MCF-7 cells were less pronounced, suggesting cell-line-specific dif-
ferences in the response to oxidative stress.

3.4. Identification of common core targets and protein-protein interaction
(PPI) Network

Potential molecular targets associated with the anticancer drugs
(DOC and MET), antioxidants (NAC and RIB), oxidative stress, and the
selected cancers (prostate and breast) were systematically identified
through network pharmacology analysis (Fig. 3A). Initial screening
revealed a total of 28 overlapping targets common to prostate cancer,
oxidative stress, and the anticancer agents, which also intersected
significantly with targets identified for breast cancer, oxidative stress,
and anticancer agents (Fig. 3B). Further detailed evaluation demon-
strated that DOC was associated with all 28 identified targets, indicating
its broad interaction profile; however, MET showed a much narrower
target association, overlapping with only one of these targets (Fig. 3C).
On the other hand, NAC exhibited multiple overlapping targets with
breast cancer, prostate cancer, and oxidative stress, highlighting its po-
tential to modulate multiple oxidative stress-related pathways (Fig. 3D).

To visualize these intricate interactions, a comprehensive drug-
target-disease network was constructed using Cytoscape software
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Fig. 3. Common target identification and protein-protein interaction analysis. (A) Venn diagram showing common targets among anticancer drugs, antioxidants,
oxidative stress, breast cancer, and prostate cancer. (B) Venn diagram illustrating common targets between anticancer drugs, antioxidants, and prostate/breast
cancer. (C) Shared targets between DOC, MET, and prostate/breast cancer combined with oxidative stress. (D) Shared targets between RIB, NAC, and prostate/breast
cancer combined with oxidative stress. (E) Drug-target-disease interaction network. (F) Protein-protein interaction (PPI) network of the common targets. (G) Top 10

key targets identified using the CytoHubba plugin in Cytoscape.
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(Fig. 3E). Subsequent refinement by applying stringent high-confidence
interaction criteria (confidence score > 0.7) using the STRING database
resulted in a final PPI network comprising 22 intersecting target proteins
(Figure 43 F). Topological analysis of this network using the CytoHubba
plugin and the Maximal Clique Centrality (MCC) algorithm identified
ten hub proteins of critical biological significance: BCL2, MAPKS8, TNF,
MAPK14, MAPK1, MAP2K1, EGFR, MMP9, MAPK9, and HSP90AB1
(Fig. 3G).

3.5. Kyoto encyclopedia of genes and genomes (KEGG) and gene ontology
(GO) enrichment analysis

KEGG pathway analysis identified significant enrichment of the
identified targets in several cancer-related and oxidative stress-
associated signaling pathways. Among the top 20 significantly
enriched pathways (p < 0.05), endocrine resistance, relaxin signaling,
hepatitis, colorectal cancer, lipid metabolism and atherosclerosis, IL-17
signaling, GnRH signaling, and prostate cancer signaling pathways were
notably prominent (Fig. 4A). In particular, the prostate cancer-
associated pathways encompassed pivotal cellular processes such as
the PI3K-Akt signaling pathway, p53 signaling pathway, and the MAPK
signaling pathway (Fig. 4B).

Gene Ontology (GO) functional enrichment further categorized the
top 10 enriched terms into three categories: biological processes (BP),
cellular components (CC), and molecular functions (MF). The BP category
prominently featured cellular response to cadmium ions, responses to
reactive oxygen species, stress-activated MAPK cascade, stress-activated
protein kinase signaling cascade, and peptidyl-serine phosphorylation.
The CC terms highlighted included ooplasm, Ficolin-1-rich granule
lumen, Ficolin-1-rich granules, vesicle lumen, and late endosomes. Mo-
lecular function (MF) analysis indicated enrichment of JUN kinase ac-
tivity, nitric oxide synthase regulator activity, MAP kinase activity, MAP
kinase kinase activity, and protein phosphatase binding (Fig. 4C).

3.6. Molecular docking validation of key compound-target interactions

Molecular docking was utilized to validate and evaluate predicted
interactions between identified core target proteins and relevant bioac-
tive compounds presented in Fig. 5. The docking analysis demonstrated
strong binding affinities for DOC with BCL2 (Fig. 6A, binding energy:
—7.91 kcal/mol) and MAPKS (Fig. 6B, binding energy: —6.21 kcal/mol).
MET exhibited a particularly high binding affinity toward FOLR1 with a
binding energy of —9.7 kcal/mol (Fig. 6C). Similarly, RIB showed
effective interaction with SOD, displaying a binding energy of
—5.31 kcal/mol (Fig. 6D). NAC presented a modest interaction affinity
with PTPN1, exhibiting a binding energy of —4.4 kcal/mol.

Further visualization and analysis of these docking interactions using
PyMOL revealed distinct interaction profiles. DOC formed robust
hydrogen bond networks with BCL2 residues ARG-105, GLU-95, and
VAL-92, and extensive hydrogen bonding interactions with MAPK8
residues GLY-35, GLY-38, SER-34, GLY-33, VAL-40, SER-155, and ASN-
114. MET exhibited strong electrostatic interactions and hydrogen
bonds with FOLR1 residues ASP-81, THR-82, and SER-174. Likewise, the
antioxidant RIB formed a stable complex with SOD, mediated through
hydrogen bonds with residues LYS-70, HIS-80, ASN-65, HIS-63, THR-
135, and GLU-132. These results confirm favorable binding in-
teractions, supporting their mechanistic roles in modulating oxidative
stress and cancer-related pathways.

4. Discussion

Cancer chemotherapy is frequently accompanied by serious limita-
tions, including the development of drug resistance and adverse effects
on healthy tissues. A critical drawback of conventional chemothera-
peutic agents such as methotrexate (MET) and docetaxel (DOC) is their
lack of selectivity, resulting in cytotoxic damage not only to cancer cells
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but also to rapidly proliferating normal cells. These toxic effects are
largely associated with increased intracellular generation of reactive
oxygen species (ROS), which disrupt redox homeostasis and damage
essential biomolecules. In the present study, we evaluated the cytopro-
tective potential of D-ribose-L-cysteine (RIB), a synthetic precursor for
glutathione (GSH) biosynthesis, in normal and cancer cell lines exposed
to MET and DOC. We also investigated whether co-treatment with RIB or
the widely used antioxidant N-acetylcysteine (NAC) would compromise
the anticancer efficacy of these drugs. While mechanistic assays were
not performed in this study, we complemented our in vitro findings with
computational analyses to provide mechanistic insight. Specifically, we
employed an integrative network pharmacology and molecular docking
approach to predict potential molecular targets and pathways modu-
lated by the chemotherapeutic agents and antioxidants. This dual
approach allowed to explore the therapeutic potential of NAC and RIB
while acknowledging the need for future experimental validation.

The Resazurin assay confirmed the dose-dependent cytotoxic effects
of MET and DOC on PNT-2 cells (normal prostate epithelial cells),
highlighting their lack of selectivity and potential for off-target toxicity
in non-malignant tissues. Notably, co-treatment with RIB or NAC
significantly reduced the cytotoxic effects of MET and DOC on PNT-2
cells, demonstrating their potential cytoprotective roles. This observa-
tion is consistent with previous studies showing that NAC attenuates
cisplatin-induced oxidative damage in non-cancerous cells through GSH
replenishment and ROS scavenging [51]. In contrast, MET and DOC
exerted stronger cytotoxic effects on PC3 cells (prostate cancer cells),
and co-treatment with RIB or NAC did not rescue cell viability, sug-
gesting selective preservation of chemotherapy efficacy in malignant
cells. This could be attributed to the preferential uptake of MET through
folate transport systems, such as the reduced folate carrier (RFC) and
folate receptors, which are upregulated in many tumors [52]. Similarly,
DOC-induced apoptosis in PC3 cells has been linked to microtubule
stabilization and phosphorylation of pro-apoptotic proteins such as
Bcl-2 [38]. However, it has also been reported that NAC may, under
certain conditions, reduce docetaxel sensitivity in prostate cancer cells
by modulating ROS-mediated apoptosis signaling [53,54], indicating
that antioxidant effects may vary depending on cellular context, drug
concentration, or timing of administration.

In contrast, MCF-7 breast cancer cells exhibited resistance to both
MET and DOC, consistent with reports of overexpression of efflux
proteins, including breast cancer resistance protein (BCRP) and multi-
drug resistance proteins (MRP1 and MRP5), which limit intracellular
drug accumulation and reduce cytotoxic efficacy [55]. Furthermore,
modifications in microtubule-associated proteins (MAPs), over-
expression of class III B-tubulin isoforms, and altered apoptotic
signaling pathways in MCF-7 cells have been implicated in DOC resis-
tance [56,57]. Co-treatment with RIB or NAC partially restored cell
viability in MCF-7 cells treated with MET or DOC, suggesting a poten-
tial unintended protective effect of these antioxidants on drug-resistant
breast cancer cells. This finding aligns with previous studies, such as
those by Sahin et al. [58], which reported reduced MET-induced
cytotoxicity in leukemia cells following antioxidant supplementation.
Such antioxidant-induced chemoprotection may be attributed to
enhanced redox buffering, modulation of apoptosis regulators, or
modulation of transporter-related and metabolic pathways. Notably,
NAC has been shown to interfere with chemotherapeutic efficacy by
altering cellular uptake, inducing phase II metabolic enzymes, upre-
gulating efflux transporters such as P-glycoprotein (P-gp) and ABCG2,
or elevating intracellular GSH levels, thereby mitigating ROS-induced
cytotoxicity [53,59]. These interactions are illustrated in Fig. 7,
which depicts how NAC and RIB may enhance antioxidant defense and
indirectly support drug efflux mechanisms via SLC7Al11 and
redox-sensitive signaling. These findings underscore the importance of
timing and dosage when using antioxidants during chemotherapy,
particularly in resistant cancers like MCF-7, where antioxidant
co-treatment may compromise therapeutic efficacy.



T.J. Philips et al. Biomedicine & Pharmacotherapy 190 (2025) 118355

A. o
Endocrine resistance [}
Relaxin signaling pathway [ I
Hepatitis B . Tog 10(FOR)
Colorectal cancer o 10
1L-17 signaling pathway LAl
GnRH signaling pathway 012
Lipid and atherosclerosis _ 013
Frosiate canoery _ 0 14
Progesterone-mediated oocyte maturation 0 015
Salmonella infection .
TNF signaling pathway .
Sphingolipid signaling pathway- . -log10(FOR)
Neurotrophin signaling pathway . [ B[
Pathways in cancer . [ B
FoxO signaling pathway . [ BV
Estrogen signaling pathway . 013
Fluid shear stress and atherosclerosis . 0
Fc epsilon Rl signaling pathway | ¢ 015
INOD-like receptor signaling pathway | *
Prolactin signaling pathway |+
10 14
-log10(FDR)
Normalprosts ephelim Prostati epithelial cell
5 N ypermethylation——
o (NI ER TR

Carcinogens DNA

I
1

1 Tumor suppressors : CDKNIB, NKX3.1, PTEN

| ?
|

|

|

1

1

v

T
] (o]
DA
i [EEJ—+ 0~ — GUS pogresion
1

del(21Xq22)

DNA 1
Localized prostate. [virs2){ ErG ) S I
i o [z T
Tngaion.
. — Curz) [
e misreguiaton in ¢ancer 1
“Sb o o fEm -
J(ean}- = e DNA
- _ I21Kp28:a22 DNA
.FEE' (a2} Ervs |} o = > Celivlarinvasion
y an e

e Celleyde -
s 793 sgnating
e
Tpaired G and G2 aerst
o> T e
dondinany,

> [ —ro—> ==+ Call proliferation
Teststgrone )
oy ]
NE:D B > collsunival
H DNA
Dibydrotestosterons ==& Tumorgrowth
Metastaic :
Mot i 1 — Cell,
(Therpeuic | e
decr ] e eone s ’
Androgenindependent 1

Data on KEGG graph
by Pathview

1400

Fold enrichment

Biological process Cellular component Molecular function

Fig. 4. Bioinformatic analysis of the common top 10 key targets. (A) KEGG pathway enrichment analysis showing the top 20 signaling pathways associated with the
core targets identified through network pharmacology. (B) Detailed KEGG pathway map highlighting the involvement of core targets in the prostate cancer pathway,
illustrating their functional roles in tumor progression and therapeutic modulation. (C) Gene Ontology (GO) enrichment analysis of the top 10 terms in three cat-
egories: biological process (BP), cellular component (CC), and molecular function (MF).



T.J. Philips et al.

Biomedicine & Pharmacotherapy 190 (2025) 118355

Fig. 5. Chemical structures of docetaxel (A), methotrexate (B), N-acetylcysteine (C), and riboceine (D). The 2D structural diagrams of the four compounds were
retrieved from the PubChem database. These structures were used for subsequent molecular docking analyses to explore their interactions with core protein targets

identified through network pharmacology.

GSH assays revealed that MET significantly depleted GSH levels in
PNT-2 cells, potentially due to its inhibitory effects on dihydrofolate
reductase (DHFR) and subsequent depletion of NADPH, a critical
cofactor for GSH regeneration, thereby leading to increased ROS gen-
eration [60]. Conversely, DOC treatment increased GSH content in
PNT-2 cells, likely as a compensatory antioxidant response to
DOC-induced oxidative stress. NAC effectively restored GSH levels in
PNT-2 cells by supplying cysteine, the rate-limiting substrate for GSH
biosynthesis via the y-glutamyl cycle. RIB also restored GSH levels but to
a lesser extent, possibly due to a slower enzymatic release of L-cysteine
from the ribose-cysteine complex or limited uptake through cysteine
transporters. This observation is supported by previous findings that RIB
increases GSH levels, glutathione peroxidase (GPx) activity, and super-
oxide dismutase (SOD) activity in diabetic mice [61]. Combined treat-
ment with MET or DOC and either RIB or NAC further increased GSH
content in PNT-2 cells, reinforcing the role of these antioxidants in

Binding affinity:
-7.91 kcal/mol

Binding affinity:
-9.7 kcal/mol

protecting normal cells from chemotherapy-induced oxidative stress.
Cancer cells, particularly untreated MCF-7 cells, exhibited elevated
baseline GSH levels compared to PNT-2 cells, a phenomenon often
associated with reduced oxidative stress, enhanced resistance to
apoptosis, and increased drug resistance [25]. MET and DOC treatment
depleted GSH in PC3 and MCF-7 cells, increasing their susceptibility to
oxidative stress and enhancing drug-induced cytotoxicity.

ROS assays confirmed that untreated cancer cells (PC3 and MCF-7)
exhibited higher ROS levels than PNT-2 cells, reflecting the height-
ened oxidative stress in cancer cells due to increased metabolic activity
and oncogenic transformations [62]. Treatment with NAC and RIB
significantly reduced ROS levels across all cell lines, which can be
attributed to their well-established roles as GSH precursors and ROS
scavengers. Importantly, RIB and NAC reduced ROS levels in PNT-2 cells
while preserving the cytotoxic effects of MET and DOC on PC3 cells,
suggesting that redox modulation by these antioxidants did not impair

Binding affinity:
-6.21 kcal/mol

Binding affinity :
-5.31 kcal/mol

Fig. 6. Molecular docking interactions between key therapeutic compounds and core protein targets. (A) Docking of docetaxel (DOC) with BCL2, showing hydrogen
bond interactions at ARG-105, GLU-95, and VAL-92. (B) Docking of DOC with MAPKS, forming hydrogen bonds with residues including LYS-70, HIS-80, ASN-65,
HIS-63, THR-135, and GLU-132. (C) Methotrexate (MET) interaction with folate receptor 1 (FOLR1), exhibiting strong binding through hydrogen bonds with
ASP-81, THR-82, and SER-174. (D) Docking of riboceine (RIB) with superoxide dismutase (SOD), demonstrating binding via hydrogen bonds with LYS-70, HIS-80,
ASN-65, HIS-63, THR-135, and GLU-132. All docking poses were visualized using PyMOL, with binding energies indicating favorable interactions.
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drug efficacy in the prostate cancer context. Furthermore, co-treatment
of PC3 cells with MET and RIB led to a further reduction in ROS, indi-
cating that the concentration used was sufficient to attenuate oxidative
stress without interfering with therapeutic outcomes. In contrast, MET
combined with NAC in PC3 cells did not significantly reduce ROS levels
compared to MET treatment alone, potentially reflecting dose- or
transporter-mediated limitations in intracellular NAC availability.
Although RIB and NAC did not significantly impair the short-term
cytotoxic effects of MET and DOC in PC3 cells, their antioxidant activ-
ity (evidenced by reduced ROS and restored GSH) still raises concerns
about potential long-term consequences. Chronic co-administration of
antioxidants may promote adaptive chemoresistance by dampening
oxidative stress-mediated apoptosis and activating cytoprotective
pathways such as NRF2 or PI3K/Akt. Indeed, several studies have re-
ported that persistent antioxidant exposure can enhance survival
signaling and reduce drug sensitivity over time in various cancer types
[63,64]. Future studies should therefore investigate the effects of pro-
longed or repeated antioxidant exposure on drug sensitivity and resis-
tance development in cancer cells initially responsive to chemotherapy.
In MCEF-7 cells, both RIB and NAC reduced ROS levels but impaired
the cytotoxicity of MET and DOC. This finding aligns with previous re-
ports that antioxidants can attenuate chemotherapy efficacy in certain
resistant cancer types [65]. Furthermore, previous studies have shown
that MCF-7 possesses upregulated levels of amino acid transporters such
as SLC7A11, which facilitates intracellular cysteine uptake, thereby
enhancing GSH synthesis, lowering oxidative stress, and supporting
treatment resistance and cancer proliferation [66]. Future studies could
explore the use of lower concentrations or delayed administration of
NAC or RIB in MCF-7 chemotherapy protocols, to strike a balance be-
tween normal cell protection and sustained anticancer activity.
Cellular viability and drug sensitivity involve complex regulatory
networks beyond ROS and GSH alone, including apoptosis signaling
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pathways (e.g., caspase-3 activation, Bcl-2 family protein interactions),
mitochondrial dynamics, and redox-sensitive pathways such as mitogen-
activated protein kinase (MAPK), phosphoinositide 3-kinase/Akt (PI3K/
Akt), and nuclear factor kappa B (NF-«xB) signaling cascades [67-70].
Moreover, drug transporter proteins, including breast cancer resistance
protein (BCRP) and multidrug resistance-associated proteins (MRPs),
which significantly affect chemotherapy efficacy by regulating drug
efflux, are also sensitive to redox modulation [71,72]. These
redox-sensitive pathways are often activated as part of cellular adapta-
tion to oxidative stress and may contribute to chemoresistance, espe-
cially under prolonged antioxidant exposure. Therefore, the observed
cytoprotective effects may reflect broader alterations in these molecular
pathways.

Although mechanistic assays were not performed in this study, we
addressed this limitation by employing a systems biology approach
combining network pharmacology and molecular docking to identify
potential targets and signaling cascades through which the chemother-
apeutic agents and antioxidants may modulate oxidative stress in pros-
tate and breast cancer. From an extensive dataset, 28 common targets
were identified across prostate cancer, oxidative stress, and anticancer
agents, which also overlapped with targets in breast cancer. Notably,
DOC was the only chemotherapeutic agent associated with all 28 targets,
highlighting its broad target spectrum and potential as a central
modulator in cancer-related oxidative stress. This aligns with studies
reporting that DOC is effective in treating various cancers, including
prostate cancer [71,72]. In contrast, MET shared only one of these tar-
gets, suggesting a more specific mechanism of action. Its selective ac-
tivity supports its use in metronomic chemotherapy regimens designed
to minimize toxicity while maintaining anticancer activity [73].

Antioxidants such as NAC demonstrated overlapping targets with
both cancer types and oxidative stress, supporting their potential
adjunctive role in mitigating drug-induced oxidative damage. However,
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these same targets are involved in cellular survival and stress adapta-
tion, raising concerns about possible interference with drug action
depending on timing and dosage. This aligns with previous studies
reporting that while NAC may alleviate chemotherapy-induced toxicity,
it could also reduce drug efficacy if co-administered simultaneously
[74]. Notably, delayed administration (e.g., 4 h post-chemotherapy)
may optimize the therapeutic index. In addition, several studies have
highlighted that NAC may also exert direct antitumor or anti-
proliferative effects depending on the tumor context and redox state,
further complicating its dualistic role in cancer therapy [75].

The PPI network analysis further refined these findings by identi-
fying 22 high-confidence intersecting targets, among which 10 hub
proteins (e.g., Bcl-2, MAPKS8, TNF, EGFR) were prioritized based on
maximum clique centralities (MCC) and network topology. These pro-
teins are well-established regulators of apoptosis, inflammation, and
oxidative stress, corroborating their relevance in cancer progression and
therapy response. Recent studies have reported the use of degree and
MCC with shortest path in the CytoHubba plugin to identify targets of
significance in biological networks [75,76].

The Bcl-2 family includes both pro-apoptotic and anti-apoptotic
members that regulate mitochondrial integrity and caspase activation.
Overexpression of pro-survival Bcl-2 proteins or downregulation of pro-
apoptotic members has been strongly implicated in the persistence and
drug resistance of various cancers [77]. Specifically, the Bcl-2 anti--
apoptotic protein is enriched in advanced prostate cancer and facilitates
the transition from androgen-dependent to androgen-independent
tumor growth, which underpins therapy resistance [78].

The mitogen-activated protein kinase 8 (MAPKS8), also known as
JNK1, is a member of the MAP kinase family encoded by the MAPK8
gene and is involved in a wide variety of cellular processes such as
proliferation, differentiation, transcriptional regulation, and stress re-
sponses [79]. MAPK8 activation has been linked to oxidative
stress-induced apoptosis, but its inhibition has been shown to enhance
chemosensitivity in prostate cancer, likely by blocking pro-survival
stress signaling [80].

The tumour necrosis factor (TNF) is a pleiotropic cytokine that plays
a dual role in tumor progression and suppression. It is frequently
elevated in chronic inflammatory states, including advanced prostate
cancer [81]. Although increased levels of TNF can exert apoptotic effects
through receptor-mediated caspase activation, chronic exposure often
shifts TNF signaling toward nuclear factor-kappa B (NF-kB) activation,
which supports tumor growth, angiogenesis, and metastasis, particu-
larly in the presence of other inflammatory mediators such as IL-6 [82].

The epidermal growth factor receptor (EGFR) is a transmembrane
receptor tyrosine kinase encoded by a gene located on chromosome
7pl2. EGFR plays critical roles in regulating cell growth, proliferation,
and survival. Previous studies have shown that interaction of signaling
molecules with EGFR activates downstream cascades including PI3K/
AKT and RAS/MAPK (ERK), which are frequently dysregulated in cancer
and contribute to resistance against chemotherapeutic agents [83].
Aberrant EGFR signaling also promotes epithelial-to-mesenchymal
transition (EMT), stemness, and evasion of apoptosis, making it a key
therapeutic target in several malignancies, including prostate and breast
cancers [84].

Functional enrichment via KEGG analyses revealed significant
involvement of the identified targets in cancer-related and stress-
responsive signaling pathways, with prostate cancer among the top 20
enriched pathways, whereas breast cancer was notably absent, sug-
gesting distinct molecular modulation profiles in these cancers. This
enrichment pattern supports the hypothesis that DOC could modulate
PI3K-Akt, MAPK, and p53 signaling pathways (three key regulatory axes
involved in cell proliferation, survival, and DNA repair) specifically in
prostate cancer. This aligns with several studies that reported efficient
cytotoxic activity of DOC in combinational therapy via PI3K-Akt
signaling pathways against prostate cancer [85,86]. Moreover, DOC
has been reported to induce phosphorylation of MAPK family members,
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which in turn regulate redox-sensitive gene transcription and
apoptosis-related proteins [87].

GO analysis further emphasized stress-responsive biological pro-
cesses, such as MAPK signaling cascades and response to reactive oxygen
species, reinforcing the notion that DOC can target the interplay be-
tween oxidative stress and cancer pathology. This confirms studies that
reported that DOC contributed to the surge of oxidative stress in com-
bined therapy against prostate cancer [82]. However, it is critical to note
that these predicted pathways and their roles remain putative in this
study, as they were not experimentally validated using standard mo-
lecular techniques such as ELISA, qPCR, or Western blotting. This lack of
validation represents a key limitation, as the expression levels and ac-
tivity status of predicted targets remain unverified under experimental
conditions.

Molecular docking analysis provided further validation of the pre-
dicted interactions, with notably strong binding affinities between DOC
and key apoptosis-related targets such as BCL2 and MAPKS, as well as
favorable binding of MET to the folate receptor FOLR1. The formation of
multiple hydrogen bonds and electrostatic interactions in these com-
plexes indicates favorable conformations, suggesting potential inhibi-
tion or modulation of these targets under therapeutic conditions.
Similarly, the antioxidant RIB showed good binding affinity for super-
oxide dismutase (SOD), a key enzymatic defense against oxidative
damage, while NAC displayed interactions with protein tyrosine phos-
phatase non-receptor type 1 (PTPN1), further supporting their potential
role in mitigating oxidative stress in cancer cells. Nevertheless, these
docking results are predictive and should be interpreted with caution
pending biochemical validation in future studies.

DOC is a semisynthetic compound derived from taxane that disrupts
microtubule dynamics and is widely used as a first-line treatment for
metastatic castration-resistant prostate cancer [82,88]. DOC has been
shown to interact with BRCA2 at residues GLU and ASP in breast cancer
cells [89]. However, in this study, molecular docking predicted alterna-
tive interaction profiles, where DOC formed strong binding interactions
with apoptosis-related targets such as BCL2 (at residues ARG-105,
GLU-95, and VAL-92) and MAPKS8 (at residues LYS-70, HIS-80,
ASN-65, HIS-63, THR-135, and GLU-132) in prostate cancer cells.

MET, a folic acid analog and antimetabolite originally derived from
aminopterin, exerts cytotoxic and immunosuppressive effects by inhib-
iting dihydrofolate reductase (DHFR), thereby impairing DNA synthesis
and repair [90]. MET has been reported to show high binding affinity for
human DHFR [91]. In our docking analysis, MET also demonstrated
strong affinity for folate receptor alpha (FOLR1), a protein highly
expressed in various cancers, including ovarian, breast, and some
prostate cancers [92].

RIB (D-ribose-L-cysteine) is a synthetic precursor of cysteine
designed to boost intracellular glutathione (GSH) levels and counter
oxidative damage [93]. In this study, RIB was predicted to interact
favorably with superoxide dismutase (SOD), an enzyme that catalyzes
the dismutation of superoxide radicals and serves as a crucial antioxi-
dant defense in both normal and cancer cells.

NAC is a well-characterized thiol-containing compound with estab-
lished antioxidant, anti-inflammatory, and anti-proliferative properties
[94,95]. Docking studies indicated that NAC binds with moderate af-
finity to protein tyrosine phosphatase non-receptor type 1 (PTPN1), with
a binding energy of —4.4 kcal/mol, suggesting possible modulation of
redox-sensitive phosphatase activity. While previous studies have
demonstrated NAC binding to serum proteins such as bovine serum al-
bumin (BSA), the functional implications of these interactions remain to
be experimentally confirmed [96].

Taken together, this integrative bioinformatics approach highlights
key molecular targets relevant to prostate cancer and oxidative stress,
and supports the potential of combining RIB or NAC with standard
chemotherapeutics to enhance therapeutic efficacy while minimizing
off-target toxicity. However, these predicted interactions must be
interpreted cautiously and validated in future experimental studies.
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4.1. Limitations and perspectives

This study highlights the potential of RIB and NAC to reduce
chemotherapy-induced toxicity in normal cells while maintaining anti-
cancer efficacy against prostate cancer cells. However, several important
limitations must be considered before translating these findings into
clinical practice.

First, although our study included concentration-response assess-
ments for the chemotherapeutic agents (MET and DOC), we used fixed
concentrations of the antioxidants RIB and NAC without a full antioxi-
dant dose- or time-response characterization. Future research should
incorporate detailed dose-ranging studies and temporal analyses to
determine whether alternative concentrations, delayed administration,
or sequential treatment regimens could offer enhanced selectivity,
protecting normal cells while preserving cytotoxicity against cancer
cells, especially in resistant subtypes such as MCF-7.

Secondly, the study did not directly investigate whether the protec-
tive effects of RIB/NAC are mediated via NRF2 activation, a critical
redox-sensitive transcription factor. While NRF2 involvement was
inferred from GSH restoration and supported by network pharmacology
predictions, no protein- or gene-level assays (e.g., qPCR, Western blot-
ting) were performed. Assessing NRF2 expression and pathway activa-
tion (using luciferase or immunocytochemistry), as well as its
downstream targets, such as HO-1, NQO1, or GCLM, would be essential
in elucidating the mechanistic basis of antioxidant activity.

Similarly, NAC and RIB may modulate mitochondrial function,
which plays a central role in maintaining redox homeostasis and regu-
lating intrinsic apoptotic signaling. However, key mitochondrial end-
points, including mitochondrial membrane potential (Awym),
cytochrome c release, and oxidative phosphorylation activity, were not
assessed in this study. Future investigations should incorporate assays
such as the JC-1 dye assay to evaluate changes in Aym, which would
provide insights into sub-lethal mitochondrial stress and early apoptotic
events. These analyses could help elucidate whether mitochondrial
signaling pathways contribute to the cell-type-specific cytoprotective or
cytotoxic effects observed with antioxidant and chemotherapy co-
treatment.

Additionally, cellular uptake and metabolism of antioxidants may
differ between cancer cell lines. For example, the SLC7A11 cystine/
glutamate antiporter (upregulated in MCF-7 cells) promotes intracel-
lular cysteine accumulation and GSH biosynthesis, supporting drug
resistance. Differential expression of related enzymes such as y-gluta-
mylcysteine synthetase (y-GCS) may also influence outcomes and should
be assessed in future studies. RIB may exert additional antioxidant ef-
fects through alternative pathways such as the thioredoxin or peroxir-
edoxin systems, which remain unexplored in this study.

Another notable limitation is the reliance on two-dimensional (2D)
monolayer cell cultures, which do not fully represent the tumor micro-
environment’s structural complexity, cell-cell interactions, and spatial
gradients. As such, our model lacks immune components and pharma-
cokinetic influences, limiting clinical extrapolation. To bridge this gap,
future studies should employ 3D spheroid cultures, tumor organoids, or
in vivo models (e.g., prostate or breast cancer xenografts). These models
would better simulate drug-antioxidant interactions and assess long-
term outcomes such as chemoresistance or off-target toxicity.

The study was limited to three cell lines (PNT-2, PC3, MCF-7), which
restricts generalizability across cancer types. Expanding to additional
cell lines, especially chemoresistant or stem-like subtypes, would
enhance translational relevance. Time-course studies are also warranted
to capture the dynamic effects of antioxidant intervention over extended
periods, including apoptosis progression and recovery.

To differentiate between antioxidant-mediated protection and
delayed cytotoxicity, additional apoptosis-specific assays, such as
Annexin V/PI staining, caspase-3 activity, or Bax/Bcl-2 ratio analysis,
should be integrated in future protocols. These assays would allow more
precise characterization of cell death pathways.
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Finally, while this study integrated network pharmacology and
molecular docking to predict relevant pathways and targets modulated
by RIB, NAC, MET, and DOC, these computational insights require
empirical validation. Experimental confirmation of predicted targets (e.
g., BCL-2, MAPKS8, SOD, PTPN1, EGFR) using biochemical approaches
such as Western blotting, ELISA, siRNA knockdown, or CRISPR/Cas9
gene editing is necessary to strengthen the causal interpretations.
Moreover, signaling cascades identified through KEGG and GO analysis,
such as PI3K/Akt, MAPK, and p53 pathways, should be validated using
pathway-specific assays to confirm their functional involvement. These
follow-up studies will be critical for advancing antioxidant-
chemotherapy co-treatment strategies from bench to bedside.

5. Conclusion

This study provides compelling evidence that riboceine (RIB) and
N-acetylcysteine (NAC) offer significant cytoprotective effects against
the cytotoxic activities of methotrexate (MET) and docetaxel (DOC) in
normal prostate epithelial cells (PNT-2). Both antioxidants effectively
reduced ROS levels and restored GSH content, mitigating oxidative
damage induced by these chemotherapeutic agents. Importantly, these
protective effects did not compromise the cytotoxic efficacy of MET
and DOC on the PC3 prostate cancer cells, highlighting their selective
potential in protecting normal cells without impairing the targeting of
cancer cells. In contrast, MCF-7 breast cancer cells exhibited resistance
to MET and DOC, likely due to the overexpression of drug efflux
proteins and altered microtubule-associated pathways. Co-treatment
with RIB or NAC reduced ROS levels and GSH depletion in MCF-7
cells but also impaired the cytotoxic efficacy of MET and DOC, sug-
gesting that antioxidant supplementation may interfere with chemo-
therapy in certain cancer types. These findings highlight the
complexity of antioxidant-chemotherapy interactions and underscore
the importance of carefully considering cancer-specific characteristics
when employing antioxidant adjunct therapies. Network pharma-
cology revealed MAPK, PI3K/AKT and p53 signaling pathways to be
prominent in modulating prostate cancer. The molecular docking al-
gorithm showed strong binding affinity between DOC-BCL2 and
DOC-MAPKS8 compound-target pairs.

Clinical implications

The selective cytoprotection offered by RIB and NAC supports their
potential as adjunct therapies to reduce chemotherapy-induced toxicity
in prostate cancer treatment. However, the observed attenuation of
cytotoxicity in resistant MCF-7 breast cancer cells cautions against
generalized use across all cancer types. Clinicians should consider
tumor-specific resistance mechanisms and redox profiles before incor-
porating antioxidants into chemotherapeutic regimens. Furthermore,
timing of administration, for instance, introducing antioxidants several
hours after chemotherapy, may help minimize interference with drug
efficacy while preserving normal tissue protection. These findings un-
derscore the need for clinical protocols that are tailored to both the
tumor biology and the pharmacodynamics of combined treatments.
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