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Background: FOLFOX, a commonly prescribed chemotherapeutic regimen, associated with significant neurotoxicity, that necessi-
tates stop administration in some cases, hence, this study aimed to investigate the molecular mechanisms underlying FOLFOX-induced
neurotoxicity in the brain and sciatic nerve, and determining its cerebral concentration via HPLC technique.

Methods: 48 rats were divided into four groups: normal control, Oxaliplatin (6 mg/kg), 5-Fluorouracil (50 mg/kg), and a combination
group (oxaliplatin 6 mg/kg + 5-fluorouracil 50 mg/kg). Behavioral tests in addition to samples collection from cerebral tissues, sciatic
nerves, and blood were conducted. Tissue histological and biochemical changes were determined, including oxidative stress markers
(Nrf2, SOD2, HO-1), apoptotic proteins (Bax, cCaspase-3, Bcl-2), and inflammatory biomarkers (COX-II, TNF-a, IL-6, NF-kp).
A new HPLC method was developed and validated to quantify oxaliplatin and 5-fluorouracil (5-FIu) concentrations in the brain tissue.
Results: Both oxaliplatin and 5-Flu induced a substantial oxidative stress, evidenced by reduced expression of Nrf2, SOD2, and HO-1
proteins, associated with a significant upregulation of the pro-apoptotic proteins Bax and cleaved caspase-3, and downregulation of the
anti-apoptotic protein Bcl-2. Inflammatory markers were increased in all treated groups, and the highest levels were observed in the
combination group. HPLC analysis confirmed a significantly higher concentration of both drugs in the cerebral tissue of the
combination group. Histopathological findings revealed neuronal damage and inflammation associated by increased Glial fibrillary
acidic protein (GFAP) and decreased neural cell adhesion molecule (NCAM) expression. Behavioral assessments demonstrated
markedly reduced pain thresholds in treated animals.

Conclusion: This study identified a novel mechanisms underlying FOLFOX neurotoxicity involving activation of the pro-apoptotic
BAX/cCaspase-3 pathway and suppression of the Nrf2/KEAP-1/SOD2/HO-1 antioxidant defense mechanism. These disorders induced
a neuronal injury, evidenced by altered GFAP and NCAM expression. The findings highlight the synergistic role of FOLFOX
components in driving oxidative stress, apoptosis, and inflammation, collectively contributing to neurotoxicity.
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Introduction

An increased number of a new cancer patients are diagnosed every year, millions of cancer-related deaths occur annually,
and the global cancer burden is expected to continue rising in the following years.' The use of chemotherapy as a primary
treatment or as a component of combination therapy is a major approach in the treatment of cancer. Unfortunately,
chemotherapy administration can also induce unexpected adverse events, resulting in chemotherapy-induced neuronal
tissue toxicity,” that can present in several forms, including headache, severe pain, vision loss, seizures, cerebellar

dysfunction, and spinal cord injury accompanied by myelopathy.> The neurotoxicity of a wide range of commonly used

Drug Design, Development and Therapy 2025:19 9055-9077 9055
Received: 10 May 2025 © 2025 Mansouri et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT Php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creativecommons.org/licenses/by-nc/4.0/). By accessing the

Accepted: 29 September 2025
Published: 6 October 2025

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-9118-7752
http://orcid.org/0000-0001-6309-847X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Mansouri et al

chemotherapeutic drugs, such as platinum compounds, anthracyclines, vinca alkaloids, and thalidomide, has been
documented to vary and can induce sever neurological disorders with prolonged use.*

FOLFOX, a combination of folinic acid, fluorouracil (5-Flu), and oxaliplatin,6 is commonly administered in different
types of cancer, It has been reported to induce significant side effects, that can lead to the discontinuation of the regimen.’
Oxaliplatin is a platinum-based compound that disrupts DNA synthesis mainly by inducing intrastrand cross-links within
genomic DNA, exhibiting a wide range of antineoplastic effects. Clinically, oxaliplatin is used in several chemotherapy
regimens, mostly for the treatment of pancreatic, gastric, and colorectal cancer, with significant efficacy.’

5-Flu is an antimetabolite drug widely used to treat cancer, particularly colorectal cancer. 5-Flu is a heterocyclic
aromatic organic molecule similar to uracil. Its pyrimidine-like structure makes it an antimetabolite that can be readily
integrated into DNA and RNA as a substitute for thymine or uracil.® Thus, it induces cell cycle arrest, specifically in the
S phase, suppresses the ability of cancer cells to multiply, and triggers apoptosis.’

Apoptotic cell death is a fundamental physiological process that selectively eliminates cells.'® Caspase-3 is a crucial
agent in cell apoptosis, serving as the primary initiator and executor of apoptosis. It is considered the essential pathway
for the sequential action of apoptotic proteases,'' and is the pivotal protease positioned downstream in the caspase
cascade process responsible for initiating apoptosis. However, the proteins Bcl-2 and Bax, belonging to the Bcl-2 family,
have the ability to impede the activation of caspase and perform significant functions in preventing apoptosis and
oxidation.'?

Oxidative stress can potentially disturb the function and survival of neuronal and non-neuronal cells in the nervous
system by altering proteins, lipids, and nucleic acids.>'* Nuclear factor-erythroid-2-related factor 2 (Nrf2) is
a transcription factor that controls the expression of several genes linked to antioxidants and cytoprotection.'>'
Under normal circumstances, Nrf2 is localized in the cytoplasm through its interaction with the inhibitor Kelch-like
ECH-associated protein 1 (Keap-1). The regulation of Nrf2 expression is accomplished by the processes of Keap-
1-mediated ubiquitylation and proteasomal degradation. Nuclear translocation of released Nrf2 triggers the transcription
of genes encoding anti-oxidative and detoxifying enzymes such as superoxide dismutase (SOD).'”"'® Enhanced expres-
sion of these detoxifying and antioxidant proteins amplifies the cellular capacity to counteract reactive oxygen species
(ROS)."

High-performance liquid chromatography (HPLC) is a prevalent analytical technique used for quantifying drugs in
brain tissue, owing to its exceptional sensitivity, selectivity, and reliability.>° Using HPLC permit to precisely quantify
the levels of dugs and their metabolites in intricate biological matrices, such as brain homogenates, which is essential for
pharmacokinetic and neuropharmacological studies such as detection of Ochratoxin A (a neurotoxin) in mouse brain for
neurodegeneration research,?’ determination of antiepileptics (eg, valproic acid) in mouse brain homogenates,* and the
measurement of neurotransmitter metabolites such as 3-Methoxytyramine (3-MT) in rat brain homogenates with an
isocratic HPLC method.** The highly sensitivity and reproducibility of HPLC results render it invaluable for investigat-
ing blood-brain barrier permeability, drug distribution, and clearance from cerebral tissue.”*** The methodology
facilitates method validation for selectivity, linearity, accuracy, precision, and stability, thereby ensuring dependable
results for drug quantification in preclinical and clinical research environments.?*>

Previous HPLC-based attempts to quantify drugs in brain tissue have been limited. For oxaliplatin, reversed-phase
HPLC with UV detection was applied to plasma (linear range: 0.3—125 pg/mL) after protein precipitation, but the method
was neither validated for brain tissue nor for concentrations below 0.3 pg/mL.*® Similarly, while 5-FU has been
measured in plasma using UHPLC-MS/MS with low detection limits (0.1-0.2 png/mL), these approaches rely on protein
removal and matrix-matched calibration in plasma or cell cultures, leaving lipid-rich brain matrix effects unaddressed.?’
Critically, no HPLC or LC-MS method has simultaneously quantified intact oxaliplatin and 5-FU in any biological
matrix, underscoring the unmet need for brain-specific assays.

Despite FOLFOX’s known neurotoxic potential, the specific oxidative and apoptotic pathways involved remain
poorly defined in vivo, hence the present study combines HPLC with mechanistic analyses to uncover biomarkers and
molecular pathways linked to FOLFOX-associated neurotoxicity. These insights may guide therapeutic strategies to
reduce adverse effects during chemotherapy. The newly optimized HPLC protocol achieved first-time simultaneous
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quantification of both drugs in neuronal tissue homogenates, enabling detailed analysis of their tissue distribution, and
relationship to neurotoxic outcomes.

Materials and Methods

Chemicals and Reagents

HPLC-grade solvents (propanol, butanol, methanol, acetonitrile) and analytical-grade reagents (sodium acetate, disodium
hydrogen phosphate) were purchased from Merck (Darmstadt, Germany). Ultrapure water was produced using a Milli-Q
Plus® water purification system (Millipore, Milford, MA, USA). Stock solutions (10 mg/L) of oxaliplatin and 5-Flu were
prepared by individually dissolving each drug in 10 mL of mobile phase. Working standards were then prepared by
diluting the stock solutions with HPLC mobile phase as required.

HPLC Method

Chromatographic analysis was performed using an Agilent 1260 Infinity® HPLC system (Agilent Technologies,
Germany), equipped with a binary solvent pump, thermo-stated column compartment, autosampler, and diode array
detector. System control and data processing were managed via OpenLAB CDS ChemStation® software. Mobile phases
and sample solutions were ultrasonically degassed (WUC-DO03H, DAIHAN Scientific, Korea) and filtered through
0.45 pm nylon membranes (PALL Life Sciences, USA).

Oxaliplatin and 5-Flu were quantified under isocratic conditions at 30°C using a Pursuit-3* C18 column (150 mm x
4.6 mm id., 3 pm particle size; Agilent Technologies, Netherlands). The mobile phase comprised 3% (v/v) propanol and
97% (v/v) 0.1 M acetate buffer (pH 3.5) containing 0.08% SDS, delivered at a flow rate of 0.8 mL/min. Injections of
10 uL standard solutions were analyzed with UV detection at 260 nm.

Chromatographic parameters (eg, mobile phase composition, column temperature, detection wavelength) were
systematically optimized and validated in accordance with ICH Q2 (R1) guidelines to ensure method robustness,
specificity, and linearity.

Calibration of Oxaliplatin and 5-Flu in Brain Tissue Homogenates

To 0.5 mL aliquots of brain homogenate, working solutions of oxaliplatin (0.3—130 pg/mL) and 5-Flu (0.01-25 pg/mL)
were added. The mixtures were vortex-mixed for 3 minutes and centrifuged at 6000 rpm for 5 minutes at room
temperature. Following centrifugation, the mobile phase was added to achieve a final volume of 10 mL. The solution
was thoroughly mixed and filtered through a 0.22 pum syringe filter. A 10 pL aliquot of the resulting clear supernatant was
injected into the HPLC system for analysis.

Study Design

Forty-eight male Sprague-Dawley rats (140—150 g) were gained from the Egyptian Organization for Biological Products
and Vaccines (Giza, Egypt) and housed under standard laboratory conditions. Rats were acclimatized for 10 days prior to
experimentation, with ad libitum access to food and water. Animals were randomly assigned to treatment groups (n = 12).
The experimental protocol was approved by the Ethical Committee of the Faculty of Pharmacy, South Valley University
(Approval No. P.S.U.V 019/23) and conducted in compliance with the International Association for the Study of Pain
guidelines for animal research.”® To minimize bias, behavioral assessments were performed by independent researchers
blinded to treatment assignments.

Experimental Groups

After the end of the acclimatization period, and following Animal Research: Reporting In Vivo Experiments (ARRIVE)
human endpoints guidelines including; animals advanced lethargy, anorexia, dehydration, difficulty breathing rats, body
weight reduction, Self-induced Trauma, Inability to Reach Food and Water, etc) animals were divided into the following
groups:
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1. Control group: animals were intraperitoneal (i.p) injected with 5% glucose followed by normal saline on a weekly
basis for 6 weeks.

2. Oxaliplatin group: animals were i.p injected with 6 mg/kg of oxaliplatin dissolved in glucose on a weekly basis for
6 weeks.”

3. 5-Flu group: animals were i.p injected with 50 mg/kg 5-Flu dissolved in saline on a weekly basis for 6 weeks.*°

4. Oxaliplatin + 5-Flu group: Rats were i.p injected with oxaliplatin (6 mg/kg) followed by 5-flu (50 mg/kg) 2 h later
on a weekly basis for 6 weeks.>!

Twenty-four hours after the final dose administration, animals were euthanized following ARRIVE and other interna-
tional guidelines, adhering to ethical guidelines and animal welfare principles to ensure minimal animal suffering, using
cervical dislocation under ether anesthesia. Blood was promptly collected via cardiac puncture and centrifuged at
3000 rpm for 10 minutes to isolate serum, which was stored at —80°C for subsequent biochemical analyses.

The brain was carefully dissected from the skull, and the right hemisphere was rinsed with ice-cold saline to remove
residual blood. The tissue was then homogenized in 0.1 M phosphate buffer (pH 7.4) ata 1:10 (w/v) ratio. The homogenate
was centrifuged at 3000 rpm, and the resulting supernatant was aliquoted and stored at —80°C for further analysis.

Histological Examination
Brain and sciatic nerve samples from each experimental group were fixed in 10% neutral-buffered formalin for 48 hours,
followed by dehydration in graded concentrations of alcohol, cleared in xylene and subsequently processed for paraffin
embedding, stored at 4 °C for subsequent analysis. Tissue sections were cut at 4—5 um thickness by Microtome (Microm,
Germany)., After deparaffinization and rehydration, hematoxylin solution was applied to the slides for 2 minutes and
subsequently rinsed by running tap water for 5 minutes. Subsequently, the eosin solution was applied to the sections for
30 seconds, followed by thorough washing of the slides with running tap water, followed by dehydration. Six fields
per section were randomly chosen and captured using the Olympus BX-61 microscope (Olympus, USA), by two
independent pathologists. A minimum of four sections were chosen, spaced 100 um apart, were selected (n=6 rats per
group) for the investigation. The following scoring analysis was followed: for fibrotic changes determination:**>* 1 =
mild or nearly absent necrotic tissue, 2 = moderately observed necrotic tissue, 3= moderately severe necrotic tissue, and 4
= severe necrosis.’ "

For neuronal vacuolation, 1 = mild or nearly absent neuronal vacuolation, 2 = moderately observed neuronal
vacuolation, 3= moderately neuronal vacuolation, and 4 = advanced neuronal vacuolation.>>33
For edema, 1 = mild or nearly absent edema, 2 = moderately observed edema, 3= moderately severe edema, and 4 =

advanced edema.’**?

Assessments of Spontaneous Behaviors

To examine either oxaliplatin or 5-flu and how their combined administration (FOLFOX) can affect rats’ behavior, the
following tests were conducted on a bi-weekly basis; rats were acclimated for 30 min to the environment prior to each of
the following test sessions.

Locomotor Activity (Locomotor)
Rats were placed individually into photocell activity cages (Columbus, OH) with dimensions of 28x16.5 cm. The
interruption of photocell beams was recorded over 30 minutes, assessing the walking and rearing by rats.**

Paw Pressure Test

The assessment of mechano-hyperalgesia was conducted by utilizing a pressure stimulation approach with the aid of an
analgesymeter (Ugo Basil, Milan, Italy) to measure the mechanical (static) nociceptive threshold. The rat’s paw was
subjected to mechanical pressure by placing it on a small plinth underneath the pusher with a rounded tip with cut-off
pressure at 300 g. The operator recorded the force at which the rat experienced pain by releasing the pedal and reading
the corresponding value from the scale.>
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Allodynia Test
The tail-immersion test was used to measure thermal hyperalgesia and allodynia in cold water (4 —6 OC).*® A 15-second
cut-off time was used, and the length of tail-immersion in cold water before removal by rats was recorded.?’

SOD Determination

The determination of superoxide dismutase (SOD) concentrations in the brain tissue involved the addition of 25 mL of
supernatant produced from the centrifuged brain homogenate to a solution containing 1.2mL of 0.052M sodium
pyrophosphate buffer (pH 8.3), 0.3 mL of 300 mM nitro blue tetrazolium, 0.1 mL of 186 mM phenazonium methiosul-
phate, and 0.2 mL of 780 mM NADH. The reaction mixtures were incubated for 2 min at a temperature of 32°C. The
reaction was thereafter stopped by adding 0.1 mL of glacial acetic acid. The alterations in absorbance of the reaction
mixture were assessed at a wavelength of 560 nm by spectrophotometer.>®

Malondialdehyde (MDA) Determination

The quantification of MDA levels in brain tissue was performed depending on the determination of the color produced
from the reaction between thiobarbituric acid (TBA) and MDA. To achieve this, a volume of 2.5 mL of a trichloroacetic
acid solution (100 g/L) was introduced into a centrifuge tube containing 0.5 mL of the brain tissue supernatant.
Subsequently, the tubes were immersed in a water bath set at boiling temperature for 15 min, followed by cooling
using tap water. The tubes were centrifuged at 1000 rpm for 10 minutes. Subsequently, 2 mL of the resulting supernatant
was added 1 mL of a TBA solution with a concentration of 6.7 g/L. The test tubes were then immersed in a water bath at
boiling temperature for a period of 15 minutes. Subsequently, the solution underwent a cooling process in tap water,
followed by the measurement of its absorbance using a spectrophotometer at a wavelength of 532 nm.*’

Nitric Oxide Determination
The determination of nitric oxide content in the brain tissue relies on the utilization of Griess Reagents, which facilitate
the conversion of nitrite into a highly azo compound exhibiting a deep purple color. The resulting azo dye was

determined spectrophotometrically at 540 nm.*°

Glutathione Peroxidase (GPx) Determination

Principally, cumene hydroperoxide is reduced by glutathione peroxidase (GPx), which oxidizes GSH to create GSSG.
Glutathione reduces GSSG to generate GSH and uses NADPH in the process. GPx activity correlates directly with the
decrease in NADPH (determined at 340 nm).*'

Catalase Determination

Principally, the catalase enzyme reacts with a specific amount of hydrogen peroxide (H202); the reaction is terminated
after one minute by adding a catalase inhibitor. In the presence of the enzyme peroxidase (HRP), remaining hydrogen
peroxide (H202)f under-goes a reaction with 3,5-Dichloro-2-hydroxybenzene sulfonic acid (DHBS) and 4-aminophe-
nazone (AAP) to produce a chromophore, the absorbance of the resulting dye was determined at 520 nm. The intensity of
this chromophore’s color is inversely related to the quantity of catalase present in the homogenate sample.*?

Reduced Glutathione Determination

Reduced glutathione (GSH) concentrations in the brain homogenate were determined briefly as follows: samples were
subjected to precipitation using a 50% solution of trichloroacetic acid, followed by centrifugation at a speed of 1000 rpm
for 5 minutes. The reaction mixture consisted of 0.5 milliliters of supernatant, 2.0 milliliters of Tris-EDTA buffer (0.2 M,
pH= 8.9), and 0.1 milliliters of a 0.01 M solution of 5,5'-dithiobis (2-nitrobenzoic acid). The solution was maintained at
28 OC for a duration of 5 minutes; the produced color was determined using spectrophotometric analysis at a wavelength
of 412 nm.*

Drug Design, Development and Therapy 2025:19 heeps: 9059



Mansouri et al

Enzyme-Linked Immunosorbent Assay (ELISA)

In the present study, ELISA technique was applied to determine the effect of FOLFOX administration and its induvial
component on the following parameters using a standard kit; Tumor Necrosis Factor Alpha (TNF-a, catalog No.
DTAO00D, R&D Systems, Minneapolis, USA), Interleukin-18 (IL-1B, catalog No. MLBO0C-1, R&D Systems,
Minneapolis, USA), Interleukin-6 (IL-6, catalog No. D6050, R&D Systems, Minneapolis, USA), Nuclear Factor-kappa-
light-chain-enhancer of activated B cells (NF-KpB- p65, catalog No. MBS015549, MyBioSource, San Diego, USA),
CASPASE-3 (catalog No. MBS018987, MyBioSource, San Diego, USA), Tissue carbonyl content (catalog No. MAK094
Sigma-Aldrich, Massachusetts, USA), NCAM, (catalog No. MBS2504405, MyBioSource, San Diego, USA) and GFAP,
(catalog No., MyBioSource, San Diego, USA).

Western Blot

The total protein concentration in the brain and sciatic nerve was determined using the Bradford assay, a protein sample
of 25 ug was combined with 4x Laemmli buffer. The mixture was then denaturation at a temperature of 95 °C for
5 minutes. Subsequently, the sample was separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS/PAGE) on a gel with a concentration of 12%; the separated components were de-posited onto a PDVF membrane.
The membrane underwent a 2-hour blocking period, followed by incubation with primary antibodies diluted using
a blocking buffer. Bax (Cat # MAS5-14003, Thermo Fisher Scientific, CA, USA), Bcl2 (Cat. No.# MAS5-11757, Thermo
Fisher Scientific, CA, USA) Cox2 (Cat # 35-8200, Thermo Fisher Scientific, CA, USA), HO-1 (Cat. No.# MBS9144762,
MyBioSource, ca, USA)., iNOS (Cat. No. # NBP2-80256, Novus Biologicals, LLC, USA)., Keapl (Cat No
#MBS714561, MyBioSource, Ca, USA), NF-kB (Cat. No.# PA5-29342, Thermo Fisher Scientific, CA, USA,), Nrf2
(Cat. No.# PA5-27882, Thermo Fisher, CA, USA), SOD2 (Cat. No.#: AF3419, Minneapolis, USA)., were incubated for
12 h at 4 °C with gentle shaking. The membrane was washed thrice using Tris-buffered saline supplemented with 1%
Tween-20 (Sigma). Subsequently, the membranes were incubated with secondary antibodies (goat anti-rabbit [gG-HRP
and goat anti-mouse IgG) at a dilution of 1:5000 for 1 hour at room temperature. Following three washes with Tris-
buffered saline with 1% Tween-20, the protein bands of interest were seen and subjected to analysis using the
ChemiDoc™ MP Imaging System (Bio-Rad, California, USA), by estimating the grayscale intensity of each band,
and the intensity was normalized to the corresponding loading control (B-Actin) band intensity. The elative expression
was calculated as fold changes compared to the control group. Data analysis was blindly conducted by independent
biochemical specialist.

Statistical Analysis

The data acquired from the study were subjected to statistical analysis using SPSS 20.0 software. The data for all groups
is presented as mean values + standard errors of mean (SEM). The statistical analysis employed in this study for the
biochemical measurements was conducted using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc
testing to ascertain any significant variations between the different groups. Two-way ANOVA (treatment versus duration)
followed by Bonferroni’s post hoc test was used for data analyses of the behavioral tests.

Results

Chromatographic Analysis

After optimization, the ideal mobile phase comprised a 97:3 (v/v) mixture of sodium acetate buffer (100 mM, pH 3.5,
containing 0.08% sodium dodecyl sulfate [SDS]) and propanol. Chromatographic separation was achieved under the
following conditions: Column temperature maintained at 30 °C, flow rate of 0.8 mL/min, and Ultraviolet (UV) detection
at 265 nm. The retention times for oxaliplatin and 5-Flu were 2.11 min and 5.48 min, respectively (Figure 1).

The method was validated according to ICH guidelines.** Calibration curves demonstrated linearity across concen-
tration ranges of 0.3—100 ug/mL for oxaliplatin and 0.01-20 pug/mL for 5-Flu, with correlation coefficients (r?) exceeding
0.999. Limits of detection (LOD) and quantification (LOQ) were determined as 0.38 pg/mL and 1.16 pg/mL for
oxaliplatin, and 0.35 pg/mL and 1.08 pg/mL for 5-Flu (Table 1). Intraday and inter-day precision, expressed as relative
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Figure | RP-HPLC chromatogram of 5-Flu and Oxaliplatin mixture at 265 nm.

standard deviation (RSD), were below 2%, while accuracy ranged from 99.12% to 101.45%, meeting ICH acceptance

criteria (Table 1).

Effect on Rat’s Body Weights

As shown in Figure 2A, the body weights of rats treated with oxaliplatin were determined weekly (weeks 0—6) and

showed a gradual decline over the course of the experiment (145 g, 139 g, 137 g, 128 g, 130 g, 120 g, and 110 g,

respectively), which was significantly lower compared to the control group. Similarly, intraperitoneal (i.p). administration

of 5-Flu resulted in a slightly more pronounced weight loss than oxaliplatin alone (143 g, 130 g, 124 g, 111 g, 111 g, 103

g, and 95 g, respectively). The most significant weight reduction was observed in the group treated with both oxaliplatin

and 5-Flu (142 g, 128 g, 113 g, 98 g, 96 g, 89 g, and 78 g, respectively). In contrast, the control group exhibited a steady

increase in body weight over the same period (146 g, 171 g, 178 g, 189 g, 204 g, 211 g, and 236 g, respectively).

Table | The Validation of Intraday and Inter-Day Precision and Accuracy

Concentration (ug mL™')

Precision (RSD%)

Accuracy (%)

Intraday | Inter-Day | Intraday | Inter-Day
5-Flu
0.01 1.29 0.95 99.83 99.36
10 1.45 1.83 100.12 101.12
20 I.13 0.66 101.53 100.03
Oxaliplatin
5 1.0 1.13 100.32 99.66
50 1.38 2.02 101.45 99.12
100 0.33 1.33 99.69 100.69
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Figure 2 Effect of drug treatments on body weight and behavioral parameters. (A) body weights; (B) mechanical allodynia; (C) cold hyperalgesia; (D) locomotor activity;
Results are represented as mean = SEM. (n=12) (*) indicates significance compared to the normal control, (#) indicates significance compared to the oxaliplatin group, and
($) indicates significance compared to the 5-flu-treated group, at P <0.05.

Effect on Rats’ Behavior

Mechanical Hyperalgesia

Rats were assessed for hyperalgesia bi-weekly at 0, 2, 4, and 6 weeks. Intraperitoneal (i.p). administration of oxaliplatin
(6 mg/kg) induced significant mechanical hyperalgesia, as measured by the mechanical hyperalgesia test (14.7 g, 11.9 g,
10.5 g,and 10.3 gat 0, 2, 4, and 6 weeks, respectively; Figure 1). Similarly, i.p. administration of 5-Flu resulted in a mild but
elevated hyperalgesic effect (14.5 g, 10.3 g, 9.25 g, and 9 g at the corresponding time points). Notably, the combined
administration of oxaliplatin and 5-Flu produced the most pronounced hyperalgesic effect among all treated groups (14.9 g,
10 g, 8.5 g, and 6 g at 0, 2, 4, and 6 weeks, respectively) as shown in Figure 2B.

Effect on Tail-Immersion Test

The tail withdrawal latency test, a widely used method for assessing hyperalgesia in experimental animals, was employed
in this study. Oxaliplatin treatment induced a significant and progressive reduction in tail withdrawal latency, with values
of 13.8 sec, 10.9 sec, 9.6 sec, and 8.4 sec at 0, 2, 4, and 6 weeks, respectively. This reduction was more pronounced than
that observed in the 5-Flu group, which recorded latencies of 13.5 sec, 9.25 sec, 7.9 sec, and 7.08 sec at the same time
points. Furthermore, the combined administration of oxaliplatin and 5-Flu resulted in a marked decrease in tail
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withdrawal latency, with values of 12 sec, 8.3 sec, 6.08 sec, and 4.9 sec at bi-weekly intervals, which were significantly
lower than those of the control group (Figure 2C).

Effect on Locomotor Activity

Locomotor activity in rats was assessed bi-weekly at 0, 2, 4, and 6 weeks following the initiation of drug administration.
Oxaliplatin administered intraperitoneally (i.p). induced a gradual and significant reduction in locomotor activity, with
counts decreasing to 127, 100, 102, and 94 counts/5 min, compared to the control group (129, 121, 125, and 122 counts/
5 min). Similarly, 5-Flu treatment resulted in decreased locomotor activity, with counts declining to 120, 100, 87, and 75
counts/5 min. Notably, the combined administration of oxaliplatin and 5-Flu led to a more pronounced reduction in
locomotor activity, with counts dropping to 121, 90, 78, and 55 counts/5 min (Figure 2D).

Effect on the Cerebral Inflammatory Mediators

The expression of NF-kB (Figure 3A and C) and COX-2 (Figure 3B and D) in brain tissue was assessed using the
Western blot technique, while the concentrations of TNF-a (Figure 3E), IL-6 (Figure 3F), and IL-1f (Figure 3G) in the
brain were determined using ELISA. Results revealed a significant increase in the relative expression of NF-kB and
COX-2, as well as elevated brain tissue concentrations of TNF-a, IL-6, and IL-1p, in both oxaliplatin-treated (NF-kB:
1.46 relative density; COX-2: 3.3 relative density; TNF-a: 7.9 pg/mg protein; IL-6: 10 pg/mg protein; IL-1B: 6.3 pg/mg
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Figure 3 Effect of drug treatments on the cerebral inflammatory mediators. (A) Western blot analysis of NFkB; (B) Western blot analysis of COX-2; (C) Quantification of
the levels of NFkB; (D) Quantification of the levels of COX-2 (E) Quantification of the levels of TNF-a; (F) Quantification of the levels of IL-6; (G) Quantification of the
levels of IL-1B. Results are represented as mean + SEM. (n=12) (*) indicates significance compared to the normal control, (#) indicates significance compared to the
oxaliplatin group, and ($) indicates significance compared to the 5-flu-treated group, at P < 0.05.
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protein) and 5-Flu-treated groups (NF-kB: 3.75 relative density; COX-2: 3.98 relative density; TNF-a: 6.8 pg/mg protein;
IL-6: 7.5 pg/mg protein; IL-1B: 6 pg/mg protein) compared to the control group. Notably, the highest levels of these
inflammatory mediators were observed in the oxaliplatin + 5-Flu co-treated group (NF-kB: 4.76 relative density; COX-2:
4.64 relative density; TNF-a: 11.4 pg/mg protein; IL-6: 12.9 pg/mg protein; IL-1B: 10 pg/mg protein), which were
significantly higher (P < 0.05) than those in the other treatment groups.

Effect on Cerebral Nitric Oxide

In this study, both nitric oxide (NO) concentration (Figure 4A) and inducible nitric oxide synthase (iNOS) expression
(Figure 4B and D), were assessed in the brain tissue. Intraperitoneal (i.p). administration of oxaliplatin significantly
increased NO levels to 2.7 umol/g protein and iNOS expression to 1.8-fold relative to controls. In contrast, 5-Flu induced
a more pronounced upregulation, with NO levels reaching 3.45 pmol/g protein and iNOS expression increasing to
2.8-fold. Notably, the combined administration of oxaliplatin and 5-Flu resulted in the highest NO concentration
(5.7 umol/g protein) and iNOS expression (5.2-fold) among all treatment groups.

Effect on Specific Neuronal Biomarker Damage

Both GFAP and NCAM are widely recognized biomarkers for assessing neuronal damage. Our findings revealed that the
individual administration of oxaliplatin and 5-Flu significantly increased GFAP concentrations (Figure 4C) to 23.75 ng/
mL and 28.4 ng/mL, respectively, and decreased NCAM levels (Figure 4E) to 9.75 ng/mL and 8.33 ng/mL, respectively,
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Figure 4 Effect of drug treatments on cerebral iINOS, NO, GFAB, and NCAM. (A) Quantification of the levels of nitric oxide; (B) Western blot analysis of inducible nitric
oxide synthase; (C) Quantification of the levels of GFAP; (D) Quantification of the levels of iINOS; (E) Quantification of the levels of NCAM. Results are represented as
mean + SEM. (n=12) (¥) indicates significance compared to the normal control, (#) indicates significance compared to the oxaliplatin group, and ($) indicates significance
compared to the 5-flu-treated group, at P <0.05.
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compared to the control group (15 ng/mL for GFAP and 14.8 ng/mL for NCAM). Notably, the combined administration
of the two drugs resulted in a more pronounced effect, elevating GFAP levels to 37.5 ng/mL and reducing NCAM
concentrations to 5.8 ng/mL.

Effect on the Cerebral Apoptotic Bcl-2/ Bax/cCaspase-3 Pathway

To investigate the impact of the FOLFOX regimen on the Bcl-2/Bax/cCaspase-3 apoptotic pathway, the effects of
oxaliplatin and 5-Flu were evaluated both individually and in combination. Oxaliplatin treatment moderately increased
the relative expression of Bax (Figure 5B and D) and cCaspase-3 (Figure SE and F) to 1.55 and 1.24, respectively, while
decreasing Bcl-2 (Figure SA and C) expression to 0.9. In contrast, intraperitoneal (i.p). administration of 5-Flu
significantly elevated Bax and cCaspase-3 levels to 2.74 and 3.3, respectively, which were markedly higher than the
effects observed with oxaliplatin alone. Additionally, Bcl-2 expression was reduced to 0.5 in the 5-Flu-treated group.
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Figure 5 Effect of drug treatments on the apoptotic Bcl-2/ Bax/ cCaspase-3 pathway. (A) Western blot analysis of Bcl-2; (B) Western blot analysis of Bax-2; (C)
Quantification of the levels of Bcl-2; (D) Quantification of the levels of Bax-2; (E) Quantification of the levels of cCaspase-3.Results are represented as mean + SEM. (n=12)
(*) indicates significance compared to the normal control, (#) indicates significance compared to the oxaliplatin group, and ($) indicates significance to the 5-flu-treated
group, at P <0.05 compared.
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When administered together, the combination of oxaliplatin and 5-Flu further amplified the expression of Bax and
cCaspase-3 to 4.57 and 4.4, respectively. However, the relative expression of Bcl-2 (0.48) in the combined treatment
group did not differ significantly from that observed in the 5-Flu-treated group.

Effect on the Cerebral Antioxidant Enzymes

The neuronal system possesses robust intrinsic antioxidant defense mechanisms, including glutathione (GSH), glu-
tathione peroxidase (GSH-Px), catalase, and SOD, which play critical roles in protecting the central nervous system
(CNS) from oxidative stress damage. In this study, we investigated the impact of the FOLFOX regimen components on
these antioxidant defenses. Our findings revealed that oxaliplatin significantly reduced the levels of GSH (Figure 6A),
GSH-Px (Figure 6B), catalase (Figure 6C), and SOD (Figure 6D) to 4.7 nmol/mg protein, 349 U/mg protein, 24.3 U/mg
protein, and 276.5 U/mg protein, respectively, compared to the control group (8.1 nmol/mg protein, 641 U/mg protein,
43.5 U/mg protein, and 380 U/mg protein). Similarly, 5-Flu decreased these parameters to 4.3 nmol/mg protein, 420 U/
mg protein, 27.5 U/mg protein, and 303 U/mg protein, respectively. Notably, the combined administration of oxaliplatin
and 5-Flu resulted in the lowest observed values (2.6 nmol/mg protein, 253 U/mg protein, 15.75 U/mg protein, and 221
U/mg protein, respectively).

Effect on the Cerebral Nrf-2 /SOD2 Pathway

The nuclear factor-erythroid 2-related factor 2 (Nrf2) pathway is a key regulator of cellular defense against oxidative
stress. It controls the basal and inducible expression of numerous genes dependent on antioxidant response elements
(AREs), playing a pivotal role in modulating the physiological and pathological effects of oxidant exposure. Using
Western blot analysis, the relative expression levels of Nrf2 (Figure 7A and C), KEAP-1 (Figure 7B and D), and SOD2
(Figure 7E and F) in brain tissue were assessed. Oxaliplatin administration significantly reduced the relative expression
of Nrf2 and SOD2 to 0.55 and 0.59 respectively, while increasing KEAP-1 expression to 2.1. Similarly, 5-Flu decreased
the relative expression of Nrf2 and SOD2 to 0.48 and 0.60 respectively, and elevated KEAP-1 expression to 4.1. Notably,
the combination of oxaliplatin and 5-Flu resulted in a more pronounced reduction in Nrf2 and SOD2, and a marked
increase in KEAP-1 expression to 5.66 compared to the other treatment groups.
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Figure 6 Effect of drug treatments on the cerebral antioxidant enzymes; GSH. GSH-Px, Catalase and SOD. (A) Quantification of the levels of GSH; (B) Quantification of the
levels of GSH-Px; (C) Quantification of the levels of catalase; (D) Quantification of the levels of SOD. Results are represented as mean * SEM. (n=12) (*) indicates
significance compared to the normal control, (#) indicates significance compared to the oxaliplatin group, and ($) indicates significance compared to the 5-flu-treated group,
at P <0.05.
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Figure 7 Effect of drug treatments on the cerebral Nrf-2 /HO-| pathway. (A) Western blot analysis of Nrf-2; (B) Western blot analysis of Keap-|; (C) Quantification of the
levels of Nrf-2; (D) Quantification of the levels of Keap-1; (E) Western blot analysis of SOD-2; (F) Quantification of the levels of SOD-2. Results are represented as mean +
SEM. (n=12) (*) indicates significance compared to the normal control, (#) indicates significance compared to the oxaliplatin group, and ($) indicates significance compared
to the 5-flu-treated group, at P <0.05.

Effect on Cerebral Oxidative Stress Biomarkers

Malondialdehyde (MDA) and carbonyl tissue content are widely recognized biomarkers for assessing oxidative stress-induced
tissue damage. In this study, we measured MDA, tissue carbonyl content, and TAC in the cerebral tissue. Oxaliplatin
administration significantly elevated carbonyl content (Figure 8A), and MDA (Figure 8B) levels in the cerebral tissue to 2.09
nmol/mg protein and 2.25 nmol/mg protein respectively. Meanwhile, TAC (Figure 8C) was significantly reduced in the brain
tissue compared to the control group (1.16 U/mg. protein). Similarly, the 5-Flu treated group exhibited significantly higher
carbonyl content and MDA levels in the brain tissue (4.5 nmol/mg protein and 2 nmol/mg protein, respectively), alongside
significantly lower TAC (1.3 U/mg. protein). Notably, in the brain tissue, oxaliplatin + 5-Flu treated group demonstrated the
highest levels of carbonyl content and MDA (6.8 nmol/mg protein and 2.7 nmol/mg protein, respectively) and the lowest TAC
(0.98 U/mg protein) among all treated groups.
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Figure 8 Effect of drug treatments on cerebral tissue Carbonyl content, MDA, and TAC. (A) Quantification of the levels of Carbonyl contents; (B) Quantification of the
levels of MDA; (C) Quantification of the levels of TAC. Results are represented as mean * SEM. (n=12) (*) indicates significance compared to the normal control, (#)
indicates significance compared to the oxaliplatin group, and ($) indicates significance compared to the 5-flu-treated group, at P <0.05.

Effect on Sciatic Nerve Inflammatory and Oxidative Stress Biomarkers

In this study, tissue carbonyl content, GSH, TAC, MDA, and TNF-a were determined in the sciatic nerve. Regarding
tissue carbonyl content, both oxaliplatin and 5-Flu produced a significant upregulation (1.05 and 1.01 nmol/mg protein,
respectively) that was significantly augmented by the combined administration of both drugs (1.61 nmol/mg protein), as
shown in Figure 9A. On the other hand, the GSH contents of the sciatic nerve in oxaliplatin (3.21 nmol/ mg protein) and
5-Flu (3.02 nmol/ mg protein) treated groups were found significantly lower than control group, while the combined
administration of both drugs produced a significantly (P <0.05) further reduction (1.94 nmole/ mg protein) compared to
their individual administration as shown in Figure 9B.

As shown in Figure 9C, the sciatic TAC was significantly decreased by oxaliplatin (0.44 U/mg protein) and 5-Flu
(0.42 U/mg protein) administration compared to the control group, while the TAC was found 0.33 U/mg protein at
oxaliplatin + 5-Flu treated group. Furthermore, sciatic nerve content of MDA (Figure 9D) was significantly upregulated
by the combined administration of oxaliplatin + 5-Flu to 2.2 nmol/mg protein compared to the control group, which was
significantly higher than oxaliplatin (1.6 nmol/mg protein) and 5-Flu (1.7 nmol/mg protein) individual administration.

Regarding the effect of our investigational drugs on the sciatic nerve content of TNF-a, we found a significant (P <
0.05) increase in its concentrations in both oxaliplatin (5.11 pg/mg protein) and 5-Flu (4.08 pg/mg protein) treated groups
compared to the control group. In comparison, the highest level of TNF-a concentrations was detected in the Oxaliplatin

+ 5-Flu treated group (6.8 pg/mg protein), as shown in Figure 9E.

Histopathological Results

As illustrated in Figure 10, a histopathological examination of the cerebral cortex in the normal control group revealed
a typical, intact cortical structure. In contrast, sections from oxaliplatin-treated rats exhibited thickened and congested blood
vessels, increased fibrotic tissue, edema, and pronounced neuronal vacuolation. Similarly, the 5-Flu-treated group displayed
moderately thickened and congested blood vessels, accompanied by small blood vessel hemorrhage, a marked increase in
fibrotic tissue, edema, and neuronal vacuolation compared to the oxaliplatin group. Furthermore, cerebral cortex tissues from
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Figure 9 Effect of drug treatments on sciatic nerve inflammatory, oxidative stress, and tissue damage biomarkers. (A) Quantification of the levels of Carbonyl contents;
(B) Quantification of the levels of GSH; (C) Quantification of the levels of TAC; (D) Quantification of the levels of MDA; (E) Quantification of the levels of TNF-a.
Results are represented as mean * SEM. (n=12) (¥) indicates significance compared to the normal control, (#) indicates significance compared to the oxaliplatin group,
and ($) indicates significance compared to the 5-flu-treated group, at P <0.05.

the oxaliplatin + 5-Flu group showed small areas of necrotic tissue, neuronal edema, and congested blood vessels, with these
changes being significantly more severe than those observed in the oxaliplatin and 5-Flu groups alone.

As illustrated in Figure 11, a histopathological examination of the cerebellum in the normal control group
revealed a typical cerebellar structure with intact Purkinje fibers, molecular layers, and granular layers. In contrast,
cerebellar tissues from the oxaliplatin-treated group exhibited moderate necrosis of Purkinje fibers, accompanied
by congested blood vessels and an infiltration of inflammatory cells. Similarly, sections from the 5-Flu-treated
group displayed moderately congested blood vessels, mild edema, and scattered necrotic Purkinje fibers. Likewise,
the oxaliplatin + 5-Flu group showed extensive degeneration of Purkinje fibers, hemorrhagic small blood vessels,
edema, and an infiltration of inflammatory cells.

As illustrated in Figure 12, a histopathological examination of sciatic nerve fibers in the normal control group
revealed a typical nerve fiber structure with no signs of inflammation or neuronal degeneration. In contrast, nerve
sections from the oxaliplatin-treated group exhibited moderate inflammatory changes accompanied by axonal lipid
alterations. Similarly, the 5-Flu-treated group displayed degenerative inflammatory changes and focal areas of nerve
demyelination. Notably, nerve sections from the oxaliplatin + 5-Flu-treated group demonstrated advanced neuronal

demyelination, axonal degeneration, pronounced inflammation, and nerve fiber swelling.
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Figure 10 Representative histopathological image of rat’s Cerebral cortex using H&E stain at 100x and 400x magnification. (A) Control normal group, showing a normal
structure of the cerebral cortex; (B) Oxaliplatin group, showing thickened and congested blood vessels (C) 5-flu group, showing moderate thickened and congested blood
vessels associated with small blood vessel hemorrhage, (D) oxaliplatin + 5-flu group, (E) Quantification of necrotic changes, (F) Quantification of neuronal vacuolation, (G)
Neuronal edema quantification, showing small necrotic tissue and neuronal edema associated with congested blood vessels. Black arrow point to dilated blood vessel, Yellow
arrow point to dilated and congested blood vessel, Blue arrow point to degenerative changes, Green arrow point to inflammatory changes, and Red arrow point to dilated
and neuronal edema. Results are represented as mean + SEM. (n = 6). (*) indicates significance compared to the normal control, (#) indicates significance compared to the
oxaliplatin group, and ($) indicates significance compared to the 5-flu-treated group, at P <0.05.

Discussion

Cancer represents one of the most significant societal, public health, and economic challenges of the 21st century. It
accounts for approximately one in six deaths globally (16.8%) and one in four fatalities attributed to noncommunicable
diseases (NCDs) (22.8%).*> Chemotherapy remains a cornerstone of cancer treatment, and its efficacy well-established
since the 1960s, leading to substantial improvements in clinical outcomes. However, a major limitation of chemotherapy
is its propensity to induce unintended adverse effects in non-cancerous tissues, resulting in cardiovascular, neurological,
skeletal, and other systemic morbidities.

Oxaliplatin, in combination with 5-Flu, is a cornerstone of colorectal cancer treatment, forming the basis of the
FOLFOX regimen.*® While 5-Flu monotherapy achieves a modest response rate of approximately 20% in metastatic
colorectal cancer, its combination with oxaliplatin significantly improves therapeutic outcomes.*” However, research on
the toxicity of this regimen, particularly its effects on the CNS, remains limited. Neurotoxicity is a major dose-limiting
side effect of FOLFOX, yet the mechanisms underlying FOLFOX-induced neurotoxicity are poorly understood, and
effective strategies to prevent or treat this complication are lacking. Addressing this gap, the current study explores the
molecular mechanisms through which oxaliplatin and 5-Flu, the key components of FOLFOX, induce neurotoxicity in
the brain and sciatic nerve, aiming to inform the development of preventive and therapeutic interventions.

Mobile phase conditions for HPLC separations were systematically adjusted to obtain sharp, symmetrical, and well-
resolved peaks. After testing different compositions and ratios, the optimal system consisted of 3% propanol and 97%
acetate buffer (pH 3.5) containing 0.08% SDS, with the column temperature set to 30°C. The method exhibited excellent
recovery (>99%) and precision, with intraday and inter-day RSD% (under 2%), fulfilling predefined validation standards.
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Figure |1 Representative histopathological image of rats Cerebellum using H&E stain at 100x and 400x magnification. (A) Control normal group, showing normal structure
of cerebellum with normal Purkinje fibers, molecular and granular layer, (B) oxaliplatin group, showing moderate necrotic Purkinje fibers associated with congested blood
vessels and inflammatory cells infiltration. (C) 5-flu group, showing moderately congested blood vessels, mild edema, and scattered necrotic Purkinje fibers; (D) oxaliplatin +
5-flu group, (E) Quantification of necrotic changes, (F) Neuronal edema quantification, showing widely scattered degenerated Purkinje fibers, hemorrhagic small blood
vessels, and edema associated with inflammatory cells infiltration. Black arrow point to dilated blood vessel, Blue arrow point to degenerative changes, Green arrow point to
inflammatory changes, and Red arrow point to dilated and neuronal edema. Results are represented as mean * SEM. (n = 6). (*) indicates significance compared to the
normal control, and (#) indicates significance compared to the oxaliplatin group at P <0.05.

Accuracy assessments confirmed reliability, showing deviations within +3% of target concentrations. A UV absorbance
detector was selected for quantification due to its affordability and widespread adoption in pharmaceutical settings. This
approach provided robust analyte measurement without requiring prior sample derivatization.

Under normal physiological conditions, oxaliplatin and 5-Flu are undetectable in brain tissues due to the protective
blood-brain barrier (BBB). However, administration of the FOLFOX regimen induces inflammation, which compromises
the BBB and facilitates penetration of both drugs into brain tissues. The HPLC method was employed to quantify
oxaliplatin and 5-Flu in brain homogenates. Results revealed significantly higher concentrations of oxaliplatin (0.66 +
0.91 pg/mL) and 5-Flu (2.7 = 1.76 pg/mL) in the combined FOLFOX group compared to the oxaliplatin monotherapy
group (0.509 + 0.12 pg/mL) and 5-Flu monotherapy group (0.74 £ 0.03 pg/mL). These findings suggest synergistic
neurotoxic effects arising from the co-administration of both drugs.

Behavioral assessments evaluating diverse sensory dimensions of neuropathic pain were conducted both before and
after drug administration. In clinical settings, adverse neurological symptoms, such as acute cold allodynia accompanied
by paresthesia and hypoesthesia, often necessitate treatment discontinuation.*® Our results demonstrated that the co-
administration of oxaliplatin and 5-Flu significantly lowered the pain threshold, as measured through behavioral tests,
including tail-immersion, paw pressure, and locomotor activity assessments. These specific nociceptive behavioral
markers closely mirror symptoms observed in cancer patients, suggesting the presence of advanced neuroinflammatory
processes.

Oxidative stress is widely recognized as a key contributor to neuronal damage in various neuropathy models, such as
diabetic neuropathy, acrylamide-induced neuropathy, and chemotherapy-induced neuropathy.*®** While antineoplastic
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Figure 12 Representative histopathological image of rat’s sciatic nerve fiber using H&E stain at 100x and 400x magnification; (A) Control normal group, showing normal
structure of sciatic nerve without any inflammatory or neuronal degeneration (B) oxaliplatin group, showing moderate inflammatory changes with axonal lipoid changes. (C)
5-flu group, showing degenerative inflammatory changes and nerve demyelination in some areas (D) oxaliplatin + 5-flu group, (E) Quantification of necrotic changes, (F)
Neuronal edema quantification, showing advanced neuronal demyelination, axonal degeneration, prominent inflammation, and nerve fiber swelling. Gray arrow point to
fibrotic changes, Yellow arrow point to dilated and congested blood vessel, Blue arrow point to degenerative changes, Green arrow point to inflammatory changes, Red
arrow point to dilated and neuronal edema. Results are represented as mean = SEM. (n = 6). (*) indicates significance compared to the normal control, and (#) indicates
significance compared to the oxaliplatin group at P <0.05.

drugs generate ROS to induce apoptosis in cancer cells, the same ROS can adversely affect neuronal cells, leading to
chemotherapy-induced neurotoxicity. Oxidative stress-induced neurodegeneration can arise through multiple mechan-
isms, including depletion of antioxidant defenses, biomolecular damage, demyelination, neuroinflammation, and neuro-
nal apoptosis.’® In this study, tissue carbonyl content and malondialdehyde (MDA) levels in both the brain and sciatic
nerve were significantly elevated following individual administration of oxaliplatin and 5-Flu. Notably, combined
administration of the two drugs resulted in a further increase in these markers, suggesting a synergistic pro-oxidant
effect on the CNS. Additionally, the levels of key endogenous antioxidants were assessed, revealing a dramatic reduction
in cerebral tissue concentrations of catalase, SOD, glutathione peroxidase (GSH-Px), and reduced glutathione (GSH).
A significant depletion of GSH was also observed in the sciatic nerve. These findings, supported by TAC measurements,
confirm the presence of advanced oxidative stress in neuronal tissues.

Nuclear factor-erythroid 2-related factor 2 (Nrf2), a key transcription factor, plays a critical role in maintaining
mitochondrial homeostasis. Pharmacological and genetic studies suggest a regulatory interplay between Nrf2 and nuclear
factor-kappa B (NF-kB), where Nrf2 deficiency may exacerbate NF-kB activation, leading to increased cytokine
production.’'>* Nrf2 knockout mice demonstrate heightened susceptibility to oxidative stress-induced chemical toxicity
and disease progression, highlighting the importance of Nrf2 in cellular defense mechanisms. These findings have led
researchers to propose that enhancing Nrf2’s protective effects against oxidative stress and mitochondrial dysfunction
could offer a promising therapeutic strategy for alleviating neuropathic pain.>**

Under normal physiological conditions, Nrf2 is bound to Kelch-like ECH-associated protein 1 (Keapl) in the
cytoplasm.>® However, under oxidative or stressful conditions, Nrf2 dissociates from Keapl and translocates to the
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nucleus, where it forms a heterodimer with MAF proteins. This Nrf2-MAF complex binds to ARE, initiating the
transcription of cytoprotective genes such as heme oxygenase-1 (HO-1), NADPH, SOD, glutathione cysteine ligase,
glutathione S-transferases, and catalase.”®>® Among these, HO-1 and its byproducts play a critical role in mitigating
oxidative stress, regulating apoptosis, modulating inflammation, and promoting angiogenesis.’” In this study, Western
blot analysis revealed a significant downregulation of Nrf2 and SOD2 protein levels in the cerebral tissues of animal
groups treated with oxaliplatin or 5-Flu individually. This effect was more pronounced in the group receiving combined
oxaliplatin and 5-Flu treatment. Conversely, Keapl levels were markedly elevated in the cerebral tissues of all treated
groups, with the highest concentrations observed in the oxaliplatin + 5-Flu group. These findings suggest that FOLFOX-
induced neurotoxicity may be mediated, in part, by the disruption of the Nrf2-Keapl antioxidant pathway and the
subsequent impairment of cellular defense mechanisms.

In addition to its impact on proliferating immune cells, chemotherapy can modulate various components of the
immune system, such as cytokine production and intracellular signaling pathways in immune cells, potentially leading to
neuroinflammation and sensitization of the sensory nervous system.®*¢! Neuroinflammatory responses are driven by key
pro-inflammatory cytokines (eg, IL-1B, IL-6, and TNF-a), chemokines, secondary messengers (eg, NO and prostaglan-
dins), and ROS.°*%* This study demonstrated that i.p. administration of oxaliplatin combined with 5- 5-Flu significantly
increased cerebral levels of inflammatory mediators, including NF-kB, COX2, TNF-o, IL-1B, and IL-6. Notably, 5-Flu
exhibited a stronger upregulatory effect on NF-kB and COX2 compared to oxaliplatin, whereas oxaliplatin had a more
pronounced stimulatory effect on cerebral TNF-a and IL-6 levels than 5-Flu.

GFAP, a type III intermediate filament, serves as a specific biomarker for astrocytes and is essential for maintaining
cytoskeletal stability and supporting neuronal function.®*®> Notably, GFAP expression is significantly upregulated in
response to various neurological injuries,°® and Its gene expression is primarily regulated by nuclear factor B
signaling.®” Abnormal GFAP expression is implicated in a range of neuropathologies, including neuroinflammation,
neurodegeneration, cerebral edema, and traumatic brain injury. Conversely, NCAM, a member of the immunoglobulin
superfamily, is a membrane-associated protein crucial for nervous system development. It modulates neuronal migration,
neurite outgrowth, synapse formation, and synaptic plasticity.®® Beyond its role in neural development, NCAM partici-
pates in myogenesis and nerve and muscle tissue regeneration,®” As a key cell adhesion molecule, NCAM’s involvement
in cell migration, neurite outgrowth, and synaptic plasticity is well-established.”®”" Notably, both increases and decreases
in NCAM levels have been associated with diverse neurological diseases, highlighting that disruptions in its homeostatic
balance, rather than absolute levels, are likely critical factors.>7?

In this study, we employed the ELISA technique to assess cerebral concentrations of GFAP and NCAM proteins. The
results revealed a significant upregulation of GFAP alongside a marked downregulation of NCAM across all treated
groups. Notably, the combined administration of oxaliplatin and 5-Flu demonstrated a pronounced synergistic effect on
these protein expression patterns.

Mitochondria-mediated apoptosis, a critical process in neuronal programmed cell death, is largely governed by the
B-cell lymphoma 2 (Bcl-2) protein family.”® This family consists of both pro-apoptotic members, such as Bax, and anti-
apoptotic members. The balance between these opposing forces dictates the release of apoptogenic factors from
mitochondria. Specifically, pro-apoptotic proteins promote this release, while anti-apoptotic proteins inhibit it.”*">

The role of Bcl-2 in neuronal survival has been extensively studied. For instance, in vitro models of trophic factor
withdrawal, which induce programmed cell death in neuronal cell lines and primary neurons, demonstrate that Bcl-2
overexpression effectively prevents apoptosis.”*’® Similarly, in vivo studies using transgenic mice show that Bcl-2
overexpression enhances neuronal populations across various brain regions by suppressing endogenous apoptosis.””’®

Mechanistically, it is understood that pro-apoptotic Bcl-2 family members facilitate, and anti-apoptotic members
impede, the release of cytochrome ¢ into the cytosol. This release triggers the activation of caspases, notably caspase-9
and caspase-3, culminating in apoptosis.’*’® Caspases, a family of proteases, are central mediators of both intrinsic and
extrinsic apoptotic pathways.”® Furthermore, Bax plays a pivotal role in regulating neuronal cell death. Elevated Bax
expression promotes the formation of Bax homo- or heterodimers with Bcl-2, ultimately contributing to cerebral cell
apoptosis.®
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Scientists have found that oxidative stress is a major trigger of apoptosis by damaging cellular components and

activating signaling pathways that lead to programmed cell death,®'*?

as ROS production during oxidative stress leads to
mitochondrial dysfunction, release of pro-apoptotic factors (eg, cytochrome c), and activation of caspases that execute
apoptosis.®® Moreover, oxidative stress influences apoptosis through modulation of factors like NF-kB, p53, and Bcl-2
family proteins, further supporting its role as an initiator rather than a result of apoptosis.®*

Our findings demonstrate that 5-Flu elicits a substantially stronger oxidative as previously mentioned and pro-
apoptotic response than oxaliplatin. Specifically, 5-Flu induced a pronounced upregulation of cerebral caspase-3 and
Bax, accompanied by a significant downregulation of Bcl-2. In contrast, oxaliplatin produced a less pronounced effect on
these markers. Importantly, the combined administration of 5-Flu and oxaliplatin resulted in a synergistic increase in pro-
apoptotic activity. This suggests that the potentiation of the Bax/caspase-3 pro-apoptotic pathway, along with the
reduction of the anti-apoptotic protein Bcl-2 in cerebral tissue, plays a pivotal role in the neurotoxicity induced by the
FOLFOX regimen.

The demonstrated oxidative stress, apoptosis, and inflammation induced by oxaliplatin and 5-fluorouracil, especially
in combination, provide mechanistic insights relevant to chemotherapy-induced neurotoxicity observed in patients. The
validated HPLC method for brain drug quantification offers a model for assessing drug penetration and accumulation
within the human CNS, which is crucial for understanding dose-dependent neurotoxic effects. Behavioral and histo-
pathological parallels, such as neuronal damage and reduced pain thresholds in rats, can be correlated with clinical
symptoms like neuropathic pain and cognitive dysfunction in cancer patients. However, human translation requires dose
scaling, assessment of BBB permeability differences, and confirmation through clinical neurotoxicity biomarker studies.
Ultimately, this preclinical data supports the development of targeted interventions to mitigate neurotoxic side effects of
these chemotherapeutic agents and guides monitoring strategies to improve patient outcomes during combination
chemotherapy regimens.

Study Limitations

Despite the importance of the present study and its findings, its essential to address its limitations that can help in the
improvement of future works; the investigated drugs needs to be examined on the human for toxicity conformation,
hence rats and humans can differ significantly in drugs pharmacokinetics, the drug dosages toxicity in rats are not always
directly predictive for humans, and metabolic rates may require species-specific adjustments rather than simple body
weight conversions. More different doses of both oxaliplatin and 5-Flu needs to be examined to determine the exact toxic
dose, and the duration of the experiment needs to be extended to examine the effect of tested drugs on the long run,
finally using computed tomography and magnetic resonance scan can determine the exact affected areas in the brain.

Conclusions

This study revealed that FOLFOX can induce neurotoxicity via; pro-inflammatory (COX-II, TNF-a, IL-6, and NF-«f
upregulation), pro-apoptotic (caspase-3 and Bax upregulation, and Bcl-2 depletion), and pro-oxidant (Nrf-2 and SOD2
downregulation) pathways. Moreover, this study introduced a newly developed method for the determination of 5-Flu
and oxaliplatin cerebral concentrations using HPLC, providing critical insights into developing therapeutic strategies
aimed at mitigating chemotherapy-induced neurotoxicity (such as using Nrf-2 activators) while retaining the anti-cancer
efficacy of the regimen.

Abbreviations

ANOVA, Analysis employed in this study for the biochemical measurements was conducted using one-way analysis of
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