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Abstract: Methotrexate is a widely utilized chemotherapeutic agent known to induce neurotoxic effects, thereby
constraining its therapeutic potential across various malignancies. While Moringa leaf extract has demonstrated
signiϐicant antioxidants and anti‑inflammatory properties, its role in mitigating Methotrexate‑induced neurotox‑
icity remains inadequately explored. This study seeks to elucidate the protective effects of Moringa leaf extract
on Methotrexate‑mediated damage within the dentate gyrus of the hippocampus. Male rats were administered
Moringa leaf extract at 300 mg/kg body weight via oral gavage bi‑weekly over four weeks. Concurrently, select
groups received intraperitoneal injections of 0.5 mg/kg Methotrexate twice weekly for the study. The administra‑
tion of Methotrexate elicited oxidative stress, as evidenced by elevated levels of malondialdehyde and diminished
activity of superoxide dismutase. Histopathological assessments revealed thatMethotrexate treatment induced sig‑
niϐicant alterations in the dentate gyrus, characterized by an inflammatory responsemarked by the upregulation of
Toll‑like receptor4. Activationof theToll‑like receptor4 signallingpathway consequently led to an increasedexpres‑
sion of the Nucleotide‑binding oligomerization domain‑like receptor family pyrin domain‑containing 3‑inflamma‑
some and enhanced caspase‑1 activation. Importantly, co‑administration ofMoringa leaf extract withMethotrexate
substantially reduced both inflammatory and oxidative stress markers while restoring the dentate gyrus’s struc‑
tural integrity. Moringa leaf extract demonstrates potent antioxidant and anti‑inflammatory properties that effec‑
tively counteractMethotrexate‑induced neurotoxicity bymodulating the brain’s TLR4/NLRP3/caspase‑1 signalling
axis.
Keywords: Moringa Leaf Extract; Dentate Gyrus; Methotrexate Antioxidant; Anti‑Inflammatory

1. Introduction
Methotrexate (MTX) is awell‑characterized chemotherapeutic agentwith anti‑metabolite, anti‑folate, and anti‑

tumor properties [1]. Its main mechanism is to inhibit cancer cell proliferation, and it also has neurotoxic effects.
MTX is widely used in the treatment of different malignancies (e.g., acute lymphoblastic leukaemia) and the man‑
agement of autoimmune and inflammatory disorders (e.g., psoriasis, rheumatoid arthritis) [2,3]. In addition, MTX
interferes with the metabolism of neoplastic cells and modulates immune responses [4].

MTX is explicitly an inhibitor of dihydrofolate reductase, which, when entering cells, disrupts folic acid biosyn‑
thesis, an essential nucleotide precursor for DNA and RNA synthesis. This causes a disruption in cell proliferation
[5]. In particular, the incidence of neurotoxicity has risen in parallel with the use of more aggressive treatment
regimens [6]. According to Hwang et al. [7], MTX treatment leads to neurological and cognitive deϐicits that cause
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survivors to suffer from cognitive function and occupational productivity for years post‑treatment. Direct neuronal
injury and disruption of central nervous system (CNS) folate homeostasis are the potential mechanisms of MTX‑
related neurotoxicity [7,8]. MTX neurotoxicity may present as encephalopathy, seizures, aphasia, and symptoms
of strokes especially after high‑dose oral administration or sustained low‑dose therapy [9]. In addition, the drug is
involved in mitochondrial dysfunction, which results in increased reactive oxygen species (ROS) that contribute to
neurotoxic effects [10]. ROS‑mediated peroxidation in cells eventually leads to the death of cells by apoptosis [10].

The hippocampus, part of the limbic system, plays a crucial role in learning and memory. The Dentate gyrus
(DG) has three layers: granular, polymorphic, and molecular layers, and DG plays a role in receiving inputs for
memory and mental processes [9]. Because the brain is highly metabolically active and has high polyunsaturated
fatty acids, it is susceptible to damage by oxidative stress. Data collected so far suggest that memory impairments
following chemotherapy often correlate with hippocampal dysfunction [11].

Various strategies aimed at reducing oxidative stress have suggested aneuroprotective effect against the delete‑
rious effects of MTX. One of these strategies is using Moringa leaf extract (MLE), which is derived from the Moringa
tree in the monogeneric family Moringaceae. These trees are broadly planted across tropical and subtropical re‑
gions of Asia and Africa. It has various applications (i.e., industrial, medicinal, and agricultural). Remarkably,
moringa leaves contain approximately 25% to 32% raw protein [12]. All parts of the moringa plant are used in
traditional medicine due to their anti‑inflammatory and antioxidant properties. Moringa pterygosperma leaves are
vitamin‑rich, while the root extract has strong antimicrobial effects. Moringa oleifera leaves and seeds contain an‑
tioxidants, vitamins A, D, E, C, and γ‑carotene [13]. MLE is used topically to relieve skin inflammation from bacterial
and fungal infections or insect bites, and it has a low toxicity rate and a safety proϐile [12].

Thus, MLE has been proven to be benign even at higher consumption levels. Therefore, in this study, we inves‑
tigate the neuroprotective effects of MLE against MTX‑induced damage to the DS.

2. Materials and Methods
2.1. Ethics Approval

The experimental protocols, authorised by the Institutional Animal Care Committee of the Faculty of Medicine,
Minia University, Egypt, no. 105/02/2024, implemented measures to minimise animal utilisation and discomfort.
Procedures were executed expediently and with precision to mitigate stress‑induced alterations.

2.2. Animals
This study utilized 48 adultmale albino ratsweighing between 130 and 170 grams and randomly divided them

into four groups of twelve. All subjects were healthy and housed in hygienic, well‑ventilated plastic cages with
access to water and standard laboratory chow. A 12:12 light/dark cycle was maintained, with ambient laboratory
temperatures between 24°C and 30°C. Following a seven‑day acclimatization period, the experimental protocol
commenced.

2.3. Drugs
Methotrexate procured fromMinapharmPharmaceuticals, Cairo, Egypt, was diluted in a freshly prepared phys‑

iological saline solution. The dosage regimen was set at 0.5 mg/kg, administered intraperitoneally (i.p.) twice
weekly over four weeks [14]. MLE was collected from the El‑Sheikh Zuwayed Station of the Desert Research Centre
(North Sinai, Egypt) andpreparedusing an ethanolic extractionmethod as described in [15]. MLEwas administered
orally at a dose of 300 mg/kg body weight, twice weekly for four weeks [16].

2.4. Experimental Design

– Group 1 (Control): (n= 12) rats received a standard laboratory diet and water.
– Group 2 (MLE Positive Control): (n= 12) rats were treated with 300 mg/kg MLE through oral administration.
– Group 3 (MTX Treatment): (n= 12) rats received 0.5 mg/kg MTX via i.p. injection.
– Group 4 (MTX + MLE): (n = 12) rats received concurrent administration of 0.5 mg/kg MTX and 300 mg/kg

MLE for the fourweeks following the dosages and routes. After the fourthweek, all rats wereweighed and sub‑
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sequently euthanized via cervical dislocation. Their skulls were dissected, and their brains were meticulously
extracted for further analysis.

2.5. Sampling
Brain tissues were extracted and sectioned into two halves for histological and immunohistochemical evalua‑

tions. One‑half underwent preservation in 4% formaldehyde for 24 hours, followed by dehydration through graded
alcohols and embedding in parafϐin. For the second half, DGwas extracted according toHagihara et al. (2009) proto‑
col [17], then was homogenized in a 20% (w/v) cold potassium phosphate buffer (0.01 M, pH 7.4) and centrifuged
at 4 °C for 10minutes at 2,795 g (Thermo Fisher Scientiϐic, USA) superoxide dismutase (SOD) andmalondialdehyde
(MDA) levels were quantiϐied from the supernatant.

2.6. Measurements of Oxidative Stress Parameters
SOD activity was determined using a colorimetric assay at a wavelength of 420 nm (Bio‑Rad, USA). MDA con‑

centration, indicative of lipid peroxidation, was assessed via thiobarbituric acid reactive substances, with results
conveyed in equivalents of MDA, utilizing 1,1,3,3‑tetramethoxypropane as a reference standard [18].

2.7. Histopathological Examination
Specimens were ϐixed in 10% formalin before parafϐin embedding. Histological evaluations involved an inde‑

pendent pathologist analysing 3 µm sections stained with haematoxylin‑eosin (H&E) and crystal violet using an
Olympus microscope (Olympus, New Jersey, USA).

2.8. Histopathological Scoring of CNS Injury
The extent ofmicroscopic lesionswithin theDGwas quantiϐied using a four‑point grading systemadapted from

[19,20]:

– Grade 0: No detectable lesions
– Grade 1: Minimal lesions (< 15% of tissues)
– Grade 2: Mild lesions (15–45% of tissues)
– Grade 3: Moderate lesions (45–75% of tissues)
– Grade 4: Marked lesions (> 75% of tissues)

Histopathological changes noted included tissue oedema, red neuron presence, neuronal pyknosis, perineu‑
ronal oedema, neuronophagia of degenerated neurons, necrosis, and reactive gliosis.

2.9. Immunohistochemical Studies
Immunohistochemical analysis followed the methods detailed by Maae et al. [21]. Parafϐin‑embedded brain

blockswere serially cut into4µmthick sections andmountedonpositively chargedglass slides for deparafϐinization
and rehydration. After trypsin treatment, slides were washed with PBS (phosphate‑buffered saline). A 3% hydro‑
gen peroxide solution and Ultra V Block mitigated nonspeciϐic peroxidase binding. Sections were then incubated
overnight with primary antibodies: Rabbit polyclonal Toll‑like receptor 4 (TLR4) antibody (Catalog No. A11226,
Abclonal Technology, dilution 1:100), essential for pathogen recognition and innate immunity activation; Rabbit
polyclonal NLRP3 antibody (Catalog No. A12694, Abclonal Technology, dilution 1:100), involved in inflammation
regulation, immune response, and apoptosis; and Rabbit polyclonal Caspase‑1 antibody (Catalog No. A18646, Ab‑
clonal Technology).

2.10. Immunohistochemical Analysis of Brain Tissue Using Speciϐic Antibodies
Following the protocols established byMaae et al. [21], parafϐin‑embedded brain tissue blocks were sectioned

into 4 μm thickness and adhered to positively charged glass slides for subsequent deparafϐinization and rehydration.
The sections underwent trypsin incubation, followed bywashingwith phosphate‑buffered saline (PBS). Tomitigate
nonspeciϐic binding due to endogenous peroxidase, a 3% hydrogen peroxide solution was applied in conjunction
with Ultra V Block. Primary antibodies were incubated overnight, comprising: Rabbit polyclonal TLR4 antibody
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(Catalog No. A11226, Abclonal Technology, dilution 1:100), pivotal for pathogen identiϐication and innate immune
activation; Rabbit polyclonal NLRP3 antibody (Catalog No. A12694, Abclonal Technology, dilution 1:100), which
is integral to inflammation regulation, immune response modulation, and apoptosis; Rabbit polyclonal Caspase‑1
antibody (Catalog No. A18646, Abclonal Technology, dilution 1:100), crucial for apoptosis execution; and Rabbit
polyclonal anti‑glial ϐibrillary acidic protein (GFAP) antibody (Catalog No. FNab03426, Wuhan Fine Biotech Co.,
China, dilution 1:50), utilized to assess gliosis. Following incubation with the respective secondary antibodies (Lot
and Company), the slides were counterstained with haematoxylin for 30 seconds, dehydrated, and mounted.

2.11. Neuronal Reactivity Scoring
Neurons in the DG exhibiting nuclear or cytoplasmic reactivity to antibodies were scored as positive. A semi‑

quantitative analysis was performed according to the modiϐied Allred scoring system as described by [22]. Positive
neuron counts were obtained within a 3 high power ϐield (hpf) at 400x magniϐication utilizing ImageJ software
[23], from which the mean ± standard error of the mean (SEM) was computed. Individual scores, reflecting the
percentage of positive cells (0–5) and cytoplasmic staining intensity (0–3), were aggregated to provide ϐinal grades.
Scoring thresholds for the percentage of positive cells were delineated as follows: score 1: < 10%, score 2: 10–
20%, score 3: 20–50%, score 4: 50–70%, and score 5: > 70%. The intensity of cytoplasmic staining was scored as
follows: score 1: weak, score 2: medium, score 3: strong.

2.12. Morphometric Studies
Assessment of intact granule cell counts and granular cell layer thicknesswas conducted at 400xmagniϐication

utilizing H&E‑stained sections. The area percentage of immunopositivity for Caspase‑1, GFAP, TLR4, and NLRP3
was quantiϐied at equivalentmagniϐication using image analysis software (ImageJ; https://rsbweb.nih.gov/ij/; NIH,
Bethesda,MD). Allmorphometricmetricswere evaluated across eight non‑overlapping ϐields per rat amongdistinct
experimental groups, with the histologist blinded to group assignments.

2.13. Statistical Analysis
Quantitativemetrics, including rat bodyweight at experiment conclusionandMDAandSOD levels in immunore‑

active cells, were subjected to analysis using GraphPad Prism software (version 9). Means and standard errors of
the mean (SEM) were calculated for each group’s parameters. Tukey‑Kramer post hoc testing followed a one‑way
analysis of variance (ANOVA) to pinpoint signiϐicant intergroup differences, with results deemed statistically signif‑
icant for 𝑝 < 0.05.

3. Results and Discussion
3.1. Rat BodyWeight

After the experiment, rats subjected to MTX signiϐicantly reduced body weight relative to both the control and
MLE groups 𝑝 < 0.05 [Figure 1(a)].

3.2. Assessment of Oxidative Stress Markers
Rats exposed to MTX demonstrated a statistically signiϐicant decrease in SOD levels (𝑝 < 0.05), coupled with

markedly elevated MDA concentrations in brain tissue compared to control and MLE groups (𝑝 < 0.05). The MTX
+MLE group signiϐicantly improved these oxidative stress markers [Figures 1(b) and 1(c)].

3.3. Histopathological Results
Hematoxylin and eosin (H&E) staining of parasagittal sections of the DG revealed three distinct layers: molec‑

ular layer, granule cell layer, and polymorphic layer. The DG of the control group presented no signs of neuronal
injury, characterized by well‑organized granule cells arranged in dense columns with small, spherical nuclei and
minimal interstitial space. TheMLE groupmaintained a histological architecture similar to that of the control group.
Conversely, the MTX‑treated group showed signiϐicant histopathological alterations, including a reduced thickness
of the granule cell layer compared to both control and MLE groups. The observation of red neurons, mononuclear
inflammatory cells, and surrounding perineuronal oedema in the molecular layer was also noted. The MTX+MLE
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group exhibited a granule cell layer that was nearly normal but still evidenced neuronal injury, indicated by per‑
ineuronal oedema and red neurons (Figure 2 and Table 1).

Figure 1. Quantitative analysis of rat body weight, MDA, and SOD, statistical comparisons between groups. Quanti‑
tative analysis of rat (a) body weight, (b)MDA and (c) SOD.
Note: Data are represented asmean± SEM. a: Signiϐicant difference versus control group, b: Signiϐicant difference versusMLE group, c: Signiϐicant difference versus
MTX group (Signiϐicant 𝑝 < 0.05).

Figure 2. Representative photomicrographs of a parasagittal section of a control rat’s DG, using H&E.
Note: C and MLE groups are showing uniform hippocampal area with no signs of neuronal injury, uniform granular cell layer neurons (Black arrows) and uniform
molecular cell layer neurons (Red arrows). MTX group showing shrinkage in thickness of granular cell layer (Black arrows), perineuronal edema seen around
molecular cell layer neurons (Black arrowheads), as well as red neurons (Red arrowhead) and mononuclear inflammatory cells inϐiltrate around neurons (Blue
arrows). MLE + MTX group showing uniform hippocampal granular cell layer (Black arrows) with evidence of neuronal injury in neurons of molecular cell layer:
perineuronal edema (Black arrowheads), as well as red neurons (Red arrowhead) (H&E, 400x).
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Table 1. Histopathological scoring for brain tissue damage.

Groups Brain

Control 0
MLE 0
MTX Neuronal injury: Red neurons, peri‑neuronal edema, inflammatory cells inϐiltrate. 60% of hippocampal area: Grade 3
MLE +MTX Neuronal injury: Few red neurons and mild perineuronal edema. No inflammatory cells inϐiltrate. 10% of hippocampal

area: Grade 1
Note: Extent of tissue damage using a four‑point scale; as previously described: absent (grade 0) no lesions detected, minimal (grade 1) lesions involved less than
15% of the tissue section, mild (grade 2) lesions involved 15–45% of the tissue section, moderate (grade 3) lesions involved 45–75% of the tissue section, marked
(grade 4) lesions involved greater than 75% of the tissue section.

3.4. Cresyl Violet Staining Results
Cresyl violet staining indicated that both control and MLE‑treated groups displayed a uniform DG morphol‑

ogy, characterized by a dense granule cell layer and uniform neuronal architecture in the molecular layer. In con‑
trast, granule cell neurons in the MTX group appeared shrunken, indicative of neurodegeneration and cell death.
However, neurons in the MTX + MLE group largely retained their typical morphology, signalling a reduction in
neurodegenerative histopathological ϐindings (Figure 3).

Figure 3. Representative photomicrographs of a parasagittal section of a control rat’s DG, using Cresyl Violet.
Note: C andMLE groups are showing dense granular cell layer neurons (Black arrows) and uniformmolecular cell layer neurons (Red arrows). MTX group is showing
shrinkage in hippocampal granular cell layer neurons (Black arrows). MLE + MTX group showing dense granular cell layer neurons (Black arrows) and uniform
molecular cell layer neurons (Red arrows) (Crystal violet, 400x).

3.5. Immunohistochemical Results
Immunohistochemical analysis indicated immunoreactivity through brown cytoplasmic and nuclear expres‑

sion. TLR4 immunostaining revealed negative expression in both control andMLE‑treated DG neurons. In contrast,
focal TLR4 expression was present in the MTX group’s granule cells and molecular layer neurons. Notably, TLR4
expression was absent in the MTX +MLE group (Figure 4 and Table 2). Regarding NLRP3, both control and MLE
groups exhibited negative immunoreactivity, contrasting with signiϐicant NLRP3 expression in the granule cell and
molecular layer neurons in theMTX group (𝑝 < 0.05), which returned to negative in theMTX+MLE group (Figure
4 and Table 2). For Caspase 1, the control and MLE groups were negative, while focal expression in granule cell
layer neurons was observed in the MTX group, with negative expression in the MTX + MLE group (Figure 5 and
Table 2). GFAP immunostaining revealed positive cell scores of 3 with an intensity score of 2 in the control and
MLE groups, whereas the MTX group exhibited 4 positive cells with the same intensity. The MTX + MLE group
demonstrated a score of 3 for positive cells while maintaining an intensity score of 2 (Figure 5 and Table 2).
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Figure 4. Representative photomicrographs of a parasagittal section of a control rat’s DG. (A) C and MLE groups
are showing negative expression of TLR4 in hippocampal neurons. (B) C and MLE groups are showing negative
expression of NLRP3 in hippocampal neurons.
Note: (A) MTX group is showing focal expression of TLR4 in hippocampal granular cell layer neurons (Black arrows) and in molecular cell layer neurons (Black
arrowheads). MLE+MTX group showing negative expression of TLR4 in hippocampal neurons. (B) MTX group is showing signiϐicant increase in the expression
of NLRP3 in hippocampal granular cell layer neurons (Black arrows) and in molecular cell layer neurons (Black arrowheads). MLE+MTX group showing Negative
expression of NLRP3 in hippocampal neurons (IHC, 400x).

Table 2. Scoring of immune‑histochemical results.

Group Anti‑Caspase 1 Anti‑ GFAP Anti‑ NLRP3 Anti‑ TLR4

Control 0
32± 5.3 (Score 3)
Moderate (Score 2)
Total score = 5

0 0

MLE 0
30.3± 3.5 (Score 3)
Moderate (Score 2)
Total score = 5

0 0

MTX
2.7± 2.5 (Score 1)
Weak (Score 1)
Total score = 2

50.7± 7.1 (Score 4)
Moderate (Score 2)
Total score = 6

2.7± 2.5 (Score 1)
Weak (Score 1)
Total score = 2

4± 2 (Score 1)
Weak (Score 1)
Total score = 2
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Table 2. Cont.

Group Anti‑Caspase 1 Anti‑ GFAP Anti‑ NLRP3 Anti‑ TLR4

MTX +MLE 0
24.7± 4.2 (Score 3)
Moderate (Score 2)
Total score = 5

0 0

Note: The percentage of positive cells was set as follows: 1‑less than 10; 2‑from 10 to 20; 3‑from 20 to 50; 4‑from 50 to 70; and score 5‑more than 70. The staining
intensity of positivity in the cytoplasm was scored as: 1‑weak; 2‑medium; and 3‑strong.

Figure 5. Representative photomicrographs of a parasagittal section of a control rat’s DG. (A) C and MLE groups
are showing negative expression of caspase 1 in hippocampal neurons. (B) C andMLE groups are showing positive
expression of GFAP in astrocytes (Black arrows).
Note: (A)MTX group is showing focal expression of caspase 1 in hippocampal neurons (Black arrows). MLE +MTX group showing Negative expression of caspase
1 in hippocampal neurons, (B)MTX group is showing increased expression of GFAP in astrocytes (Black arrows). MLE+MTX group showing Positive expression of
GFAP in astrocytes (IHC, 400x).
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3.6. Morphometric Results
Morphometric analysis indicated that neither the number of granule cells nor the thickness of the granule

cell layer differed signiϐicantly between control and MLE‑treated groups. The MTX group’s granule cell layer was
signiϐicantly thinner than that of the control andMLEgroups. TheMLE+MTXgroup exhibited a substantial increase
in granule cell number and layer thickness compared to theMTX group. However, these values remained lower than
those of the control and MLE groups (Figure 6 and Table 3). The morphometric evaluation of immunopositivity
for TLR4, NLRP3, Caspase 1, and GFAP showed no signiϐicant differences between the control and MLE groups.
However, the MTX group demonstrated signiϐicantly higher immunoreactivity than the control and MLE groups
(𝑝 < 0.05). The MLE +MTX group exhibited signiϐicantly reduced immunoreactivity compared to the MTX group
(𝑝 < 0.05) (Figure 5 and Table 3).

Figure 6. Quantitative analysis of TLR4, NLRP3, Caspase 1, and GFAP expression. Quantitative analysis of themean
area fraction (%) of positive cells of (a) TLR4, (b) NLRP3, (c) Caspase 1, and (d) GFAP.
Note: Data are represented asmean± SEM. a: Signiϐicant difference versus control group, b: Signiϐicant difference versusMLE group, c: Signiϐicant difference versus
MTX group (Signiϐicant 𝑝 < 0.05).

Table 3. Scoring of morphometric results.

Control MLE MTX MTX +MLE

Granule cell layer thickness (μm) 63.8± 2.35 63.8± 2.1 26.2± 1.7 a,b 46.6± 2.7 a,b,c
Number of granule cells 116.4± 1.2 114.6± 1.4 85.6± 1.56 a,b 105.8± 1.66 a,b,c
Surface area fraction of caspase 1immunopositivity 7.9± 0.2 7.95± 0.34 20.6± 0.51 a,b 11.37± 0.19 a,b,c
Surface area fraction of NLRP3 immunopositivity 4.14± 0.23 4.14± 0.19 8.3± 0.2 a,b 4.86± 0.22 c
Surface area fraction of TLR4 immunopositivity 9.92± 0.34 10.69± 0.34 15.02± 0.24 a,b 11.99± 0.35 a,b,c
Surface area fraction of GFAP immunopositivity 17.14± 0.3 17.6± 0.28 23.9± 0.46 a,b 22.01± 0.35 a,b,c

Note: All parameters are expressed as mean ± SEM of 10 observations. Signiϐicant difference is considered when 𝑝 < 0.05. a: Signiϐicant difference versus control
group, b: Signiϐicant difference versus MLE group, c: Signiϐicant difference versus MTX group (Signiϐicant 𝑝 < 0.05).

4. Discussion
Methotrexate is an anticancer agent that is also prescribed for diseases with an overactive immune system,

like psoriasis and rheumatoid arthritis. The use of this medication is limited because it can cause harm to sev‑
eral parts of the body, mainly the nervous system. Accordingly, MLE contains properties that reduce inflammation
and offer antioxidant beneϐits [24,25]. This study investigates the potential protective effects of MLE against MTX‑
induced neurotoxicity in male albino rats, suggesting that MLE may alleviate the adverse effects of MTX. Previous
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research demonstrates that oestrogen can increase cell proliferation [26]; therefore, male albino rats were used in
this study to minimize the effect of female hormones. Our ϐindings indicated that MTX adversely affected rats, lead‑
ing to weight loss along with alterations in the histological and immunohistochemical structure of neurons in the
DG. This ϐinding aligned with previous research ϐindings as it showed that post‑MTX treatment, rats experienced
signiϐicant weight reduction [27]. The administration of MTX caused serious damage to the DG that included as‑
trogliosis, inflammation, and apoptosis. However, giving MLE at a dosage of 300 mg/kg over four weeks greatly
helped to resolve the structural damage induced by MTX. This is supported by previous research on MLE’s neuro‑
protective effects against hypoxic damage [14] andMTX‑induced neurodegeneration [28]. Moreover, MTX is shown
to exacerbate oxidative imbalance in the brain by escalating ROS levels in parallel with decreasing the activity of
important intracellular antioxidant enzymes. Speciϐically, the gene expression of the antioxidant response element
(ARE) gene is being inhibited, thereby causing deactivation or depletion of antioxidant enzymes, leading to the ac‑
cumulation of free radicals [29]. Consistent with this notion, MTX treatment led to elevation of brain MDA levels (a
marker of lipid peroxidation and a measure of elevated ROS production) in parallel with a decrease of SOD levels.
This dysregulation results in an environment with excessive free radical generation, but deϐicient antioxidant de‑
fence, which, in sum, leads to neuronal damage. Whereas treatment with MLE substantially ablated MTX provoked
oxidative stress [30]. Co‑administration of MLE andMTX in the present study caused MDA and SOD levels to revert
to nearly baseline values. Moreover, studies have indicated that MLE prevents oxidation damage in many organs,
such as the kidneys, liver, and gastrointestinal system [18,31]. This is supported by earlier research showing that
after four weeks of MTX therapy, the level of SOD in the body decreases, probably because ROS initiates feedback
behaviour or oxidative inactivation of SOD proteins [32]. There are many natural antioxidant enzymes, including
SOD,which protect cells fromdamage caused by free radicals. A rise in tissue SOD is correlatedwith amore decisive
antioxidant action. Histological analysis of theMLE‑treated cohort improves our comprehension ofMLE’s potential
neuroprotective effects on the hippocampal cellular structure. Notably, the preservation of granular cells in the DG
supports the protective role of MLE. This ϐinding aligns with previous studies that MLE helps limit hippocampal
damage caused by MTX [28]. Similarly, other results noted frequent characteristic microstructures in the cerebral
cortex of rats exposed to MLE [14]. Our investigation found that MLE helps to preserve the DG’s structure intact,
especially after the marked MTX‑induced damage to the hippocampus. It appears that the apparent changes to the
DG result from the effects of MTX treatment. Our results agree with previous research showing that MTX has a
negative effect on brain structure, conϐirming our ϐindings [33]. In this investigation, H&E and cresyl violet staining
revealed speciϐic degenerative changes in the DG following MTX treatment, including perineuronal oedema, loss of
granular layer cells, accumulation of red neurons, and inflammatory cell inϐiltration around neurons. Wu et al. [33]
reported that MTX treatment led to the presence of densely stained pyramidal neurons with areas of cell shrink‑
age. Earlier investigations revealed signiϐicant hydropic degeneration, distinct coagulative necrosis, and multiple
pyknotic nuclei within the MTX group. These observations demonstrate that MTX causes histological alterations
leading to cellular damage [18]. Based on our histological analysis in Group IV (MTX+MLE Simultaneously), MLE
maymitigate speciϐic alterations in DG neurons induced byMTX. Restoration of the cellular structure of the DG sug‑
gested that the use of MLE, parallel with MTX, may provide some neuroprotection against MTX‑induced changes.
According to existing evidence, co‑administration of MLE with MTX may provide neuroprotection for the DG, em‑
phasisingMLE’s potential therapeutic effects [18]. According to our ϐindings, the thickness of the granular cell layer
was signiϐicantly reduced, and the number of intact neurons in the DGwas fewer inMTX‑treated rats in comparison
to the control and MLE groups. Applying Caspase‑1 immunohistochemistry showed an increase in apoptosis and
greater cell damage of neurons in theMTX cohort, also connected to a signiϐicant rise in neuronal damage. Observa‑
tion of histopathological ϐindings supports this by showing that MTX causes neurotoxic effects through increasing
oxidative stress and damaging cells due to the lack of equilibrium in oxidant‑antioxidant levels [32].

Antioxidantmeasures, for example, SODareused to eliminate oxidizing radicals and change them intoharmless
species. If there is an imbalance in the production of ROS and antioxidant responses, oxidative stress happens,
disrupting cellular function and possibly developing intomany diseases [32]. Several studies point out that, besides
oxidative stress, MTX‑induced brain damage is also linked to the increased release of pro‑inflammatory substances
TNF‑α, IL‑1β, IL‑6, and IL‑18. Nevertheless, researchers are still ϐiguring out how MTX causes toxicity [34]. In this
investigation, TLR4 plays an important role in the progression of neurodegenerative diseases associated with MTX.
TLR4 is a main PRR that starts the inflammatory process after detecting DAMPs from dying or stressed cells and
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PAMPs present in Gram‑negative bacteria. It is worth noting that TLR4 triggers ROS in the cells through NADPH
oxidase, suggesting a link between ROS and TLR4. In addition, activation of TLR4 leads to NLRP3 inflammasome
activation, which is responsive to oxidative stress. Cytosolic aggregates of NLRP3 contribute to neuroinflammation
by activating caspase‑1 and increasing the release of downstream cytokines, ultimately leading to neuronal death
[35].

It was also noticed that, after MTX treatment, astrocytes became more active, as shown through the rise in
GFAP expression. It is probably triggered by the damage to nearby neurons and the loss of cells caused by MTX,
which is referred to as reactive gliosis. The analysis of GFAP in a tissue slide helped see how astrocytes responded
to hurt neurons. Assessment of astrocyte cells in the sample gave an individual percentage score of 4, and the
stainingpatternhadan intensity score of 2 for cytoplasmicpositivity. MTX treatment resulted in ahigherproportion
of astrocytes showing GFAP in their cells when compared to the control group. The results found are consistent
with other studies that note how astrocytes react to injury by producing more GFAP and being immunostained in
experimental gliosis [36].

5. Conclusion
In conclusion, this study shows that Moringa leaf extract has a signiϐicant neuroprotective effect in Methotrex‑

ate neurotoxicity. Moringa leaf extract mitigates oxidative stress and inflammation via modulation of the TLR4
/NLRP3/caspase‑1 signalling pathway to preserve the structural integrity of the dentate gyrus and provides a
promising therapeutic strategy to improve the safety proϐile of Methotrexate treatment in malignancies. These
results require further investigation to verify the possible clinical applications of Moringa leaf extract as a comple‑
mentary therapy in cancer treatment regimens.

6. Limitations and Recommendations
While the ϐindings highlight the neuroprotective potential of Moringa leaf extract, several limitations should

be noted. First, the use of a single ϐixed dose (300 mg/kg) precludes insight into dose‑response relationships and
therapeutic margins. Future studies should incorporate multiple dosing regimens to determine efϐicacy thresholds
and toxicity proϐiles. Second, the small sample size per group may limit statistical power and inflate effect sizes;
larger cohorts are recommended to improve robustness. Lastly, the exclusive use ofmale rats limits generalizability,
as sex‑dependent differences in neuroinflammation and oxidative stress are well established. Including both sexes
in future research will enhance translational relevance.
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