Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:1875-1888
https://doi.org/10.1007/500210-023-02739-4

RESEARCH q

Check for
updates

Antioxidant and anti-inflammatory potential of spirulina
and thymoquinone mitigate the methotrexate-induced neurotoxicity

Alaa Behairy' - Ashraf Elkomy’ - Faten Elsayed' - Mohamed M. S. Gaballa? - Ahmed Soliman® - Mohamed Aboubakr’

Received: 19 June 2023 / Accepted: 20 September 2023 / Published online: 29 September 2023
© The Author(s) 2023

Abstract

The objective of this study was to investigate whether the neurotoxic effects caused by methotrexate (MTX), a frequently
used chemotherapy drug, could be improved by administering Spirulina platensis (SP) and/or thymoquinone (TQ). Seven
groups of seven rats were assigned randomly for duration of 21 days. The groups consisted of a control group that was given
saline only. The second group was given 500 mg/kg of SP orally; the third group was given 10 mg/kg of TQ orally. The
fourth group was given a single IP dose of 20 mg/kg of MTX on the 15" day of the experiment. The fifth group was given
both SP and MTX, the sixth group was given both TQ and MTX, and the seventh group was given SP, TQ, and MTX. After
MTX exposure, the study found that AChE inhibition, depletion of glutathione, and increased levels of MDA occurred.
MTX also decreased the activity of SOD and CAT, as well as the levels of inflammatory mediators such as IL-1, IL-6, and
tumor necrosis factor-a. MTX induced apoptosis in brain tissue. However, when MTX was combined with either SP or TQ,
the harmful effects on the body were significantly reduced. This combination treatment resulted in a faster return to normal
levels of biochemical, oxidative markers, inflammatory responses, and cell death. In conclusion, supplementation with SP
or TQ could potentially alleviate MTX-induced neuronal injury, likely due to their antioxidant, anti-inflammatory, and anti-
apoptotic effects.
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Introduction

Methotrexate (MTX) belongs to the antimetabolite group of
anti-cancer drugs and has the ability to easily pass through
the blood—brain barrier (Suwannakot et al. 2022; Aboubakr
et al. 2023a). By binding to and inhibiting the enzyme dihy-
drofolate reductase, the process of dihydrofolate conversion
to tetrahydrofolate is halted by MTX, leading to the inhibi-
tion of DNA synthesis (Vazi et al. 2021). MTX is frequently
prescribed for treating different cancer types such as acute
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lymphoblastic leukemia and lymphoma, as well as inflam-
matory conditions like rheumatoid arthritis (Ahmed et al.
2021; Aboubakr et al. 2023¢). The administration of this
medication may result in a range of adverse effects, includ-
ing cardiological issues like arrhythmia, gastrointestinal
symptoms such as nausea and vomiting, and psychological
disorders like depression. Additionally, the drug can lead to
immunosuppression (Yang et al. 2011).

In normal physiological circumstances, cells maintain
a balance between the production of reactive oxygen spe-
cies (ROS) and antioxidant enzyme activity (Dasuri et al.
2013). However, if there is a reduction in the number of
antioxidant enzymes, this balance is disruptd, resulting in
ROS-induced damage to the cell (Sallam et al. 2021; Elsayed
et al. 2022). MTX causes an increase in ROS formation,
ultimately leading to cell cycle arrest and death in the central
nervous system (Naewla et al. 2019; Aslankoc et al. 2022).
Several recent studies have shown that the use of MTX in
treatment can lead to severe neurotoxicity, a reduction in
hippocampal neurogenesis, and changes in memory function
(Naewla et al. 2019; Sirichoat et al. 2019; Sritawan et al.
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2020; Welbat et al. 2020; Ahmed et al. 2021; Aslankoc et al.
2022). MTX-induced oxidative stress can trigger inflam-
matory responses by increasing cytokine levels (Rashid
et al. 2013; Kandemir et al. 2017). The brain is especially
vulnerable to oxidative damage because of its low antioxi-
dant defenses, high energy demands, and the presence of
polyunsaturated fatty acids (Soni et al. 2018). Furthermore,
(Shagirtha et al. 2017) suggest that the restricted ability of
neurons to synthesize glutathione could exacerbate the neu-
rotoxic effects of MTX caused by oxidative stress. Previous
research has indicated that memory impairments in chemo-
therapy patients are often linked to hippocampal dysfunction
(Yang et al. 2012, 2014). However, protecting against MTX
toxicity in the brain can be achieved by reducing oxidative
stress.

Spirulina platensis (SP) is a filamentous cyanobacterium
that is enriched with nutrients and has various medical uses
(Abdel-Daim et al. 2015). SP includes natural antioxidants
and free radical scavengers, including phenolic compounds,
tocopherol, y-linolenic acid, p-carotene, and phycocyanin
(Khan et al. 2005). Moreover, both SP and its primary
component, C-phycocyanin, possess immunomodulatory,
anti-inflammatory, neuroprotective properties, and antican-
cer (Reddy et al. 2000; Romay et al. 2003). SP has become
increasingly popular due to its safety profile and remark-
able neuroprotective properties against toxicity caused by
various chemicals and pollutants, such as lead (Khalil et al.
2018; Galal et al. 2019), manganese (Ibrahim et al. 2020),
acrylamide (Bin-Jumah et al. 2021), and microcystin-LR
(Germoush et al. 2022).

Thymoquinone (TQ) is a chemical compound derived
from the seeds of Nigella sativa. Previous research on TQ
has demonstrated its pharmacological properties, including
anti-inflammatory, anti-tumor, neuroprotective, and antioxi-
dant effects (Ashraf et al. 2011; Abdel-Daim et al. 2020).
TQ has been reported to have antioxidant effects by scav-
enging free radicals and enhancing the activity of internal
antioxidant enzymes (Badary et al. 2003), which has been
associated with its neuroprotective activity (Saygin et al.
2018; Abdel-Daim et al. 2019, 2020; Aboubakr et al. 2021;
Kaymak et al. 2021).

This study aims to explore the potential protective effects
of SP and/or TQ against MTX-induced neurotoxicity in rats,
taking into account the previously reported beneficial phar-
macological properties of these compounds.

Materials and methods
Chemicals

The Methotrexate injectable solution with a concentra-
tion of 50 mg/5 mL was obtained from Mina Pharm
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Pharmaceuticals located in Cairo, Egypt. Thymoquinone
with 98% purity was supplied by Sigma Aldrich (Saint
Louis, MO, USA). Spirulina platensis was obtained from the
Algal Biotechnology unit at the National Research Center
located in Dokki, Cairo, Egypt. Biodiagnostic CO, Cairo,
Egypt provided kits for assessing the levels of MDA, SOD,
GSH, and CAT. R&D, Mannheim, Germany provided AChE
assay kits. ELISA Kkits to evaluate cytokines IL-1p, IL-6, and
TNF-a (Mybiosource Company, USA) to measure inflam-
matory processes.

Animals and experimental design

A total of 49 male Wister Albino rats, weighing between
188-222 g, were procured from the Egyptian Organization
for Biological Products and Vaccines. The rats were housed
in a regulated environment at a temperature of 25 +2°C,
with a 12-h light/dark cycle, and were provided with a
standard pellet diet and unrestricted access to water. The
rats were allowed to acclimate for one week before the study
began, following which they were divided into seven groups,
each comprising seven rats. The control group received
only saline, while the second group received SP (500 mg/
kg/day po for 21 days) (Khafaga and El-Sayed 2018). The
third group was administered TQ (10 mg/kg/day po for 21
days) (Abdel-Daim et al. 2020). The fourth group was given
saline, PO, and a single dose of MTX (20 mg/kg, IP) on the
15™ day of the study, which served as a toxic control for
MTX (Khafaga and El-Sayed 2018). The fifth group was
given SP+MTX, the sixth group received TQ + MTX, and
the seventh group was administered SP+TQ + MTX.

Blood sampling and serum biochemical markers

Following the completion of the experiment, the rats were
given isoflurane anesthesia, and blood samples were col-
lected from the retro-orbital plexus. These samples were
centrifuged for 15 min at 1200 g, and the serum obtained
was preserved at a temperature of -20°C to facilitate future
biochemical analysis. The activity of serum AChE was quan-
tified using the method delineated by (Ellman et al. 1961).
The levels of cytokines (IL-1, IL-6, and TNF-a) were evalu-
ated by ELISA kits as per the manufacturer's guidelines.

Tissue sampling and oxidative stress markers

To create a brain homogenate, 10% of brain tissue was com-
bined with an ice-cold saline solution, and the resultant mix-
ture was centrifuged at 2500 rpm for 10 min at 4°C. Anti-
oxidant markers such as GSH, SOD, MDA, and CAT were
assessed from the resulting mixture. The methods employed
to determine these markers were as follows: GSH (Beutler
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et al. 1963), SOD (Nishikimi et al. 1972), MDA (Ohkawa
et al. 1979), and CAT (Cohen et al. 1970).

Histopathological examination

The brain of each animal was extracted with caution,
immersed in a 10% formalin solution, and dehydrated gradu-
ally using increasing concentrations of alcohol. Next, the
brain was cleared in xylene and embedded in paraffin. Sec-
tions of 5 pm thickness were produced from the paraffin
block and subjected to hematoxylin and eosin (H&E) stain-
ing (Bancroft et al. 2013).

Histopathological scoring of brain injury severity

To ascertain the histological alterations in the brain, a struc-
tured numerical scoring system was employed:

— Score (-): Indicates unaltered, normal histology.

— Score (+): Indicates the presence of mild histological
alterations.

— Score (++): Indicates moderate histological alterations.

— Score (++ +): Indicates severe histological alterations.

Utilizing a 40 X objective, a thorough examination of various
areas within each section was undertaken. This rigorous evalu-
ation aimed to evaluate the severity of the following specific
neuronal morphological changes: Degenerated Shrinkage of
neuronal cell body, nuclear pyknosis, dense eosinophilic cyto-
plasm, chromatolysis, degeneration of Purkinje cells leads to a
shrunken appearance, notable loss of Purkinje cells, diminished
thickness of the pyramidal cell layer, and neuronal disarray.

Each parameter was systematically scored, leading to
an understanding of the overall injury severity degree. The
adopted methodology for scoring was based on a modified
system, as explained (Li et al. 2013; Yang et al. 2019).

Immunohistochemical staining

In order to detect Bax, a protein associated with apopto-
sis, the researchers employed the streptavidin-peroxidase
method (Hassanen et al. 2022). The brain sections were first
deparaffinized and hydrated, followed by three washes with
phosphate-buffered saline (PBS) and the use of 3% H,O, to
neutralize the natural peroxidase activity. After another rinse
with PBS, a blocking buffer consisting of normal low-lethal
serum was applied. The sections were then subjected to
immunohistochemical staining. They were incubated over-
night at 4 °C with a diluted solution (1:50) of rabbit poly-
clonal anti-Bax antibody obtained from Abcam Co, USA.
Next, the sections were treated with a secondary antibody
and avidin—biotin complex. The stain 3,3'-diaminobenzidine
was utilized as a chromogen, and Mayer's hematoxylin was

used to counterstain the sections. Finally, the sections were
examined under a light microscope.

Immunohistochemistry staining scoring

Our study evaluated the immunohistochemistry (IHC) stain-
ing using a scoring system consisting of four categories. A
pathologist, blinded to the experimental groups, indepen-
dently scored the sections. This scoring system assessed the
number of immunoreactive cells and the intensity of immu-
noreactivity (IR) at the individual cell level. The result-
ing scores comprehensively evaluated the immunoreactive
characteristics within each sample (Partoazar et al. 2021).
The scoring categories were defined as follows:

— Negative (0-1): Indicates the absence of immunoreactive
cells.

— Weak (2-3): Represents a small number of cells with
intermediate immunoreactivity.

— Moderate (4-6): Represents a substantial number of cells
with intermediate to strong immunoreactivity.

— Severe (7-8): Indicates a large number of cells with
intense and extensive immunoreactivity.

Statistical analysis

The results were expressed using mean + SD. Statistical
analysis was carried out using GraphPad Prism 9 soft-
ware (San Diego, CA, USA) with one-way ANOVA and
Tukey’s post hoc test for multiple comparisons. Statistical
significance was determined by asterisks, with * indicating
p<0.05, ** indicating p <0.01, *** indicating p <0.001,
and **** indicating p <0.0001, compared to the MTX-
treated groups.

Results
AChE activity

This study aimed to explore whether SP or TQ could act as
potent antioxidants to protect rat brains from MTX-induced
neurotoxicity. The administration of MTX resulted in a
marked decrease in AChE activity. However, the rats treated
with either SP or TQ showed a slight elevation in AChE
activity in their brain tissue, as illustrated in Fig. 1.

Inflammatory cytokines markers
In order to evaluate the potential anti-inflammatory effects of SP
and/or TQ on MTX-induced neurotoxicity, the levels of IL-1p,

IL-6, and TNF-a in the brain tissue of rats were measured. The
results of the study demonstrated that exposure to MTX caused
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Fig. 1 Effect of spirulina (SP)
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a significant increase in the levels of TNF-a, IL-1p, and IL-6
in the brain tissue of rats, as shown in Fig. 1, in comparison

and/or TQ in combination with MTX reduced the elevation of
these markers, suggesting that they are effective in mitigating

to the control group. Nevertheless, the administration of SP the inflammation induced by MTX neurotoxicity.
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Fig.2 Effect of spirulina (SP), thymoquinone (TQ) and metho-
trexate (MTX) on antioxidant parameters in brain tissues in rats
(n=T7). A (MDA); B (CAT); C (SOD); D (GSH). Statistical signifi-
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Fig. 3 Histopathological examination of the cerebrum was conducted
on different groups (H&E stain). The analysis revealed the presence
of seemingly normal neurons in the control group (A), as well as in
the SP-treated (B) and TQ-treated (C) groups. However, significant
abnormalities were observed in the MTX-treated group, characterized
by neurofibrillary tangles (indicated by a black arrow) (D), neuronal

Brain lipid peroxidation and antioxidant status

According to the findings of the research, MTX caused oxi-
dative stress, which was demonstrated by a marked increase
in MDA levels and a significant decline in GSH content,
as well as CAT and SOD activities, in comparison to the
control group, as illustrated in Fig. 2.

Histopathological findings

The histopathological alterations were examined in the cer-
ebral cortex tissue subsequent to exposure to MTX, with
the aim of highlighting the findings obtained. The histo-
logical architecture of the cerebral cortex tissue speci-
mens from the control (Fig. 3A), SP-treated (Fig. 3B),
and TQ-treated (Fig. 3C) groups exhibited normal neuro-
glial cells arranged in several layers. In contrast, the cer-
ebral cortex following MTX intoxication showed various
neurodegeneration. The degenerated neurons displayed

degeneration (indicated by a red arrow) (E), and neuropile vacu-
olation basophilic necrotic neuron (indicated by a blue arrow) (F).
Nevertheless, a small number of shrunken apoptotic neurons (indi-
cated by yellow arrow) were observed in the SP+MTX-treated (G),
TQ+MTX-treated (H), and SP+TQ+MTX combination (I) groups

neurofibrillary tangles, neuropile vaculation, indistinct cell
boundaries, and some displayed chromatolysis as well as
pyknotic nucleus (Fig. 3D-F). When MTX was administered
concurrently with SP, a notable reduction in the number of
degenerated and necrotic neurons was observed compared
to untreated MTX rats (Fig. 3G). Furthermore, there was no
evidence of vacuolation in the neuropil. Foci of degenerated/
necrotic neurons, and pyknotic nucleus were still present
in the cerebral cortex of MTX + TQ-treated rats (Fig. 3H).
The neuroprotective effect was more prominent in the
MTX + SP+ TQ-treated group, as evidenced by significant
improvement in the MTX-induced histopathological lesions.
Only a few shrunken neurons were observed in the cerebral
cortex of these groups (Fig. 31).

Regarding the histological examination of the cerebel-
lum in different experimental groups, it was found that
the control group, as shown in Fig. 4A, exhibited a typical
histological representation of the normal gray matter. This
gray matter was observed to be composed of three distinct
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Fig.4 Histopathological examination of the cerebellum was con-
ducted in various groups (H&E stain). The histological findings
revealed nearly normal Purkinje neurons in the control group (A), as
well as in the SP-treated (B) and TQ-treated (C) groups, with mini-
mal degeneration observed in a small number of neurons. Molecular
(M), Purkinje (P) and granular (G) layers in the control groups. In
contrast, the cerebellum of rats treated with MTX exhibited signifi-

layers: the molecular layer(M), the Purkinje layer (P), and
the granular layer (G). Similarly, the SP-treated group
(Fig. 4B) and TQ-treated group (Fig. 4C) also displayed
normal brain tissue architecture. In contrast, rats intoxi-
cated with MTX showed significant abnormalities, includ-
ing shrunken, degenerated Purkinje cells with varying
degrees of vaculation. Moreover, the predominant obser-
vations in this group, as depicted in were the loss of some
Purkinje cells, and neuronophagia (Fig. 4D-F). However,
when SP or TQ was administered concurrently with MTX
intoxication, the cerebellar architecture showed a relatively
restored and normal appearance compared to untreated
MTX rats however displayed a reduced presence of den-
drites in focal areas could be still seen. This can be seen
in Fig. 4G (SP+MTX) and Fig. 4H (TQ + MTX), where
a significant decrease in the severity and distribution of
cerebellar lesions was observed. Notably, the number of
necrotic Purkinje cells in the cerebellar cortex decreased,

@ Springer

cant aberrations, including Purkinje cell shrinkage (indicated by black
arrows) (D), loss of cells (indicated by red arrows) (E), and reduced
presence of dendrites (indicated by blue arrows) (F). However, in the
SP (G), TQ (H), and combination (I) groups co-treated with MTX,
a notable reduction in degenerated/apoptotic Purkinje cells was
observed

and restoration of the molecular cell layer was observed.
Furthermore, in rats treated with SP+TQ + MTX), a
remarkable improvement in pathological alterations was
observed (Fig. 4I).

In the current investigation, the control groups exhibited
a typical histological configuration of the hippocampus.
This configuration consisted of three distinct layers, namely
the molecular layer, the pyramidal cell layer characterized
by a limited number of dark cells, and the polymorphic
layer (Fig. 5SA-C). Conversely, the group treated with MTX
displayed significant alterations in the organization of these
three layers, including disarray, absence of the close-knit
arrangement of the granule neurons, and reduced thick-
ness of the pyramidal cell layer. Additionally, the pres-
ence of degenerated dark cells was observed (Fig. 5D).
In the groups where SP (Fig. 5E) or TQ (Fig. 5F) was
administered concurrently with MTX intoxication, an ame-
lioration of methotrexate-induced changes was observed.
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Fig. 5 Histopathological changes in the hippocampus (H&E). A, B,
and C. Normal hippocampal structure observed in the (control, SP,
and TQ groups), comprising the molecular layer (M), pyramidal cell
layer (P), and polymorphic layer (Po). Additionally, a few dark cells
are discernible. D; MTX-treated group exhibiting pyramidal cell layer

(black arrows) degeneration and reduced thickness (P), along with
the presence of degenerated dark cells. In the SP+MTX-treated (E),
TQ+MTX-treated (F), and SP+TQ+MTX combination (G) groups
an amelioration of MTX-induced changes were observed

Table 1 Histopathological Histopathological lesion scoring of brain sections of the control and MTX-exposed groups with and without SP and/

or TQ treatments

Histopathological alteration CON SP TQ MTX SP+MTX TQ+MTX SP+TQ+MTX
Degenerated neurons - - +++ ++ + -

Dense eosinophilic cytoplasm - - ++ + + -

Chromatolysis - - + - - -

Pyknotic nucleus - - +++ ++ ++ -

Shrunken degenerated Purkinje cells - - +++ ++ + +

Loss of Purkinje cells - - ++ + + -

Reduced thickness of the pyramidal cell layer - - ++ + + +

Neuronal disarray - - + + + -

According to a modified semi-quantitative scale for the evaluation of histopathological changes, (-): none, (+): mild, (++): moderate, (+++):

severe grade

Furthermore, in rats treated with SP+TQ + MTX, a
remarkable improvement in pathological alterations was
observed (Fig. 5G). The histopathological lesion scoring
of brain sections of the different experimental groups was
recorded (Table 1).

Positive expression of Bax protein in rat cerebral,
cerebellar, and hippocampal neurons

The presence of Bax protein was observed as brown color
particles primarily distributed in the cell membrane and
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Fig. 6 Photomicrographs of Bax immunohistochemical staining in
the Cerebrum after MTX intoxication. A The normal control group
shows BAX neurons. B SP group shows BAXnegative neurons. C
TQ group shows BAX negative neurons. D, E, and F MTX intoxi-

cytoplasm in cerebrum (Fig. 6), cerebellum (Fig. 7), and hip-
pocampus (Fig. 8). Compared to the control group, a signifi-
cant increase in Bax-positive cells was observed in the MTX
group's cerebral, cerebellar, and hippocampal neurons. How-
ever, in the SP+MTX, TQ+MTX, and SP+TQ+MTX
treatment groups, the number of Bax-positive cells in brain
neurons was significantly decreased compared to the MTX-
intoxicated group. Scoring of Bax immunostaining intensity
in the cerebrum, cerebellum, and hippocampal regions for
comparative analysis among all experimental groups was
illustrated (Fig. 9).

Discussion

MTX is a commonly used chemotherapeutic agent, but
it has negative effects on various organs, including the
central nervous system (Aslankoc et al. 2022). Oxida-
tive stress happens when the production of oxidants is
greater than the body's ability to defend against them
with antioxidants. This imbalance can result in oxidative
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cated group shows BAX-positive neurons. G SP+MTX treatment
group, H TQ+MTX treatment group, and I SP+TQ+MTX treat-
ment group. Black arrows show Bax positive neurons. White arrows
indicate Bax -negative neurons

damage to lipids, proteins, and DNA in cells (Aboubakr
et al. 2023b). Research has shown that oxidative stress is
a primary cause of organ damage in experimental studies
(Daggulli et al. 2014). MTX can cause an increase in oxi-
dative stress in various organs, including the brain. White
matter is particularly susceptible to oxidative damage due
to its high concentration of polyunsaturated fatty acids
and low levels of antioxidants (Famurewa et al. 2017).
This leads to an increase in lipid peroxidation induced by
MTX, which results in the degradation of membrane per-
meability, neurotransmitter-receptor interaction, and cell
apoptosis in the cerebral cortex (Welbat et al. 2020). Stud-
ies have shown that ROS generated by MTX can deplete
antioxidant activity in the rat cerebral cortex under oxida-
tive stress (Famurewa et al. 2019).

The generation of superoxide radicals is an outcome of
oxidative stress. These radicals transform into hydrogen
peroxide (H,0,), which can travel to various tissues and
organs away from its origin and penetrate the cell membrane.
The presence of transitional metals in the area where H,0,
arrives generates hydroxyl radicals, which are more harmful
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Fig.7 Immunohistochemical staining of Bax in rat cerebellum neu-
rons. A The normal control group shows BAX neurons. B SP group
BAXnegative neurons. C TQ group shows BAX negative neurons.
D, E, and F MTX intoxicated group shows BAX-positive neurons.

than superoxide radicals. This leads to further elevation of
oxidative stress, causing neurotoxicity (Welbat et al. 2020;
Ahmed et al. 2021).

Numerous studies have highlighted the role of oxidative
stress in neurodegenerative diseases (Kim et al. 2015; Liu
et al. 2017; Suwannakot et al. 2022). The present inves-
tigation demonstrated that MTX treatment resulted in a
significant reduction in the activities of SOD and CAT
enzymes, as well as a decrease in the concentration of
GSH in brain tissue. MDA is widely recognized as the end
product of lipid peroxidation and is commonly employed
as a reliable marker for measuring oxidative stress (Ayala
et al. 2014). Therefore, an increase in the accumulation
of ROS induced lipid peroxidation leads to a breakdown
in the cell membrane, resulting in alterations of protein
structure and function, and DNA damage (Su et al. 2019;
Juan et al. 2021). Previous studies have demonstrated that
MTX administration results in elevated levels of MDA
and decreased levels of antioxidant enzymes in the brain
(Tongjaroenbuangam et al. 2013; Famurewa et al. 2019;
Shalaby et al. 2019; Welbat et al. 2020; Ahmed et al. 2021;

G SP+MTX treatment group, H TQ+MTX treatment group, and
I SP+TQ+MTX treatment group. Black arrows show Bax positive
neurons. White arrows indicate Bax -negative neurons

Sritawan et al. 2021). The current study revealed that rats
treated with MTX had increased levels of oxidative stress,
as evidenced by decreased levels of SOD, CAT, and GSH
in brain tissue. However, co-administration of SP or TQ
with MTX resulted in a decrease in MDA levels. SP or TQ
possess antioxidant properties and can act as free radical
scavengers to inhibit the formation of ROS. These sub-
stances also have the ability to reduce oxidative stress by
decreasing MDA levels and activating enzymatic antioxi-
dants, such as SOD, CAT, and GSH (Aboubakr et al. 2021;
Bin-Jumabh et al. 2021).

In our study, we observed a significant increase in serum
AchE activity after MTX administration, which is an impor-
tant marker for detecting neurotoxicity. The elevated levels
of AchE may be an indicator of MTX-induced neurotoxicity
in the brain (Verma et al. 2018). Co-administration of SP or
TQ with MTX increased the levels of AchE, which is con-
sistent with the findings of other studies that have reported
the protective effects of SP against lead-induced toxicity
(Galal et al. 2019) and TQ against chlorpyrifos-induced
toxicity (Aboubakr et al. 2021).

@ Springer



1884

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:1875-1888

Fig. 8 Immunohistochemistry staining of Bax in rat hippocampal
region. A The normal control group shows BAX-negative neurons.
B SP group BAX negative neurons. C TQ group BAX negative neu-
rons. D, E, F The expression of Bax in the hippocampal region after

Excessive production of ROS and oxidative stress have
been shown to trigger intracellular cascade signaling that
up-regulates the expression of proinflammatory genes and
promotes the release of inflammatory cytokines (Aboubakr
et al. 2021). Consistent with this, the current study found
that MTX-induced oxidative stress in the brain tissues
resulted in increased levels of IL-1p, IL-6, and TNF-« in
the serum.

Previous clinical and experimental research has
highlighted that macrophages and monocytes secrete
cytokines in response to tissue damage caused by harm-
ful events (Asvadi et al. 2011). The process of inflam-
mation in biological systems is closely linked to the
production of ROS, oxidative stress, and cellular dam-
age in different types of cells (Chumphukam et al. 2018).
Moreover, previous research studies have established
a connection between MTX toxicity and inflamma-
tion (Yang et al. 2012; Kandemir et al. 2017). The pre-
sent study demonstrates that injection of MTX induces
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MTX intoxication is shown by immunohistochemistry staining. G
SP+MTX treatment group, H TQ+MTX treatment group, and I
SP+TQ+MTX treatment group. Black arrows show Baxpositive
neurons. White arrows indicate Bax -negative neurons

neuroinflammatory responses as evidenced by significant
increases in cerebral levels of TNF-a, IL-1p, and IL-6,
and histology showing necrosis and inflammatory cells
infiltration. Activation of transcription factors associ-
ated with inflammatory responses is implicated in pro-
inflammation caused by oxidative stress induced by MTX
(Famurewa et al. 2019). Oxidative stress induced by MTX
may act as a signaling mechanism for the recruitment of
inflammatory cells like macrophages, neutrophils, and
leukocytes, which are involved in cytokine production
(Chumphukam et al. 2018). Our findings are consistent
with previous studies that have reported MTX-induced
pro-inflammation in the sciatic nerve and hepatorenal
system, which is characterized by markedly increased
levels of TNF-a, IL-1p, and IL-6 (Kandemir et al. 2017;
Khafaga and El-Sayed 2018). The levels of inflammatory
mediators in the cerebrum were significantly reduced by
oral administration of SP or TQ in this study. SP has been
shown to have anti-inflammatory properties in previous
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Fig.9 Scoring of Bax immunostaining intensity in the cerebrum, cer-
ebellum, and hippocampal regions for comparative analysis among
all experimental groups. A (cerebrum Bax level score); B (Cerebel-
lum Bax level score); C (Hippocampus Bax level score). Statistical

studies by (Okuyama et al. 2017), and has been effective
against lead-induced neurotoxicity (Khalil et al. 2018),
acrylamide (Bin-Jumah et al. 2021), and microcystin-
LR (Germoush et al. 2022). TQ has been shown to have
anti-inflammatory and antioxidant properties by scaveng-
ing ROS and upregulating antioxidants in formaldehyde
(Saygin et al. 2018), microcystin-LR (Abdel-Daim et al.
2019), acrylamide (Abdel-Daim et al. 2020), and chlorpy-
rifos (Aboubakr et al. 2021) induced toxicity. The oxida-
tive damage and pro-inflammatory cytokines observed in
this study could increase the susceptibility of the brain to
various neurodegenerative diseases.

The MTX group exhibited significant histopathological
changes, such as vacuolar alterations, apoptotic cells, and
infiltration of inflammatory cells, which have been reported
in previous studies (Famurewa et al. 2019; Shalaby et al. 2019;
Ahmed et al. 2021; Aslankoc et al. 2022). However, admin-
istration of SP or TQ decreased the neurological lesions, as
demonstrated in studies on neurotoxicity induced by lead, nico-
tine, doxorubicin, and formaldehyde (Khalil et al. 2018; Saygin
et al. 2018; Galal et al. 2019; Elsonbaty and Ismail 2020).

significance was determined by asterisks, with * indicating p < 0.05,
** indicating p < 0.01, *** indicating p < 0.001, **** indicating p <
0.0001, and ns; non-significant compared to the MTX-treated groups

Bax, a protein that promotes cell death (apoptosis),
undergoes translocation to the mitochondria during the
early stages of apoptosis, indicating its crucial role in trans-
mitting signals related to cell death (Sritawan et al. 2023).
When brain tissues are exposed to MTX, it leads to an
increase in the expression of Bax. MTX induces apoptosis
by generating reactive oxygen species (ROS), which in turn
causes oxidative stress (Ali et al. 2014). Previous studies
observed an upregulation of pro-apoptotic Bax expression
in rats treated with MTX (Ashok and Sheeladevi 2014; Sri-
tawan et al. 2023). Conversely, when TQ was administered
together with ACR, the expression of Bax decreased, as pre-
viously reported by (Hosseinzadeh et al. 2007; Tabeshpour
et al. 2020). This decrease in Bax expression suggests that
the neuroprotective mechanism of TQ may involve its anti-
apoptotic activity. In a study by (Khalil et al. 2018), it was
suggested that spirulina could be an effective therapeutic
agent that enhances cell survival in rat brains by suppress-
ing cell death.

The beneficial effects of SP may be attributed to its abun-
dance of antioxidants such as C-phycocyanin, f§ carotene, lipids,
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proteins, essential (amino acids & fatty acids), vitamins carbo-
hydrates and minerals, all of which possess strong anti-inflam-
matory and antioxidant properties (Germoush et al. 2022).

According to the findings of this research, TQ has the
potential to normalize the levels of inflammatory cytokines
and biomarkers of neuronal injury in the serum, while also
reducing oxidative stress and peroxidation of lipids in the
brain tissue. Thymoquinone, the primary component of
Nigella sativa, has been shown to possess antioxidative
properties in previous research studies (Hosseinzadeh et al.
2007). Thymoquinone, when in its reduced form (thymo-
hydroquinone), serves as an electron donor that counteracts
hydroxyl and superoxide radicals by preventing their attack
on polyunsaturated fatty acids in cell membranes. This strong
capacity to scavenge free radicals can explain the potent anti-
oxidative effects of TQ (Khither et al. 2018). Additionally,
the present study found that TQ reduced inflammatory bio-
markers in the serum, either directly through the suppression
of their expression levels or by mitigating oxidative stress
(Firdaus et al. 2018). Comparable outcomes have also been
documented for TQ in its ability to combat neurotoxicity
caused by acrylamide (Abdel-Daim et al. 2020).

Conclusions

The study revealed that MTX exposure could have detri-
mental effects on brain markers in rats. The neurodegen-
erative potential of MTX is attributed to oxidative stress,
inflammation, and disrupted neurotransmission. However,
SP and TQ supplements were found to exert neuroprotec-
tive effects against MTX-induced neuronal injury by utiliz-
ing their antioxidant, anti-inflammatory, and neuromodula-
tory potentials. Therefore, this study suggests that SP or
TQ could be used as potential pharmacological treatments
for cancer patients exposed to MTX.

Author contributions Behairy A (methodology), Elkomy A, Aboubakr
M; designed the experimental protocol. Gaballa MMS performed the
histopathological and immunohistochemical analyses. Aboubakr M,
Elsayed F, Soliman A; original draft preparation, review and edit-
ing. All authors read, revised, and approved the final manuscript. The
authors declare that all data were generated in-house and that no paper
mill was used.

Funding Open access funding provided by The Science, Technology &
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB). No funding was received.

Data availability The data presented in this study are available upon
request from the first author.

@ Springer

Declarations
Competing interests The authors declare no competing interests.

Ethics approval The rats were treated in compliance with the approved
guidelines for the ethical use of laboratory animals and the regulations
of the Research Ethical Committee of the Faculty of Veterinary Medi-
cine, Benha University, Egypt (BUFVTM 11-03-23).

Consent to participate All authors approved the final version.

Consent for publication e The manuscript is not previously published
in the same or very similar form in other Journal.

o The manuscript is not currently under consideration in other journals

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdel-Daim MM, Farouk SM, Madkour FF, Azab SS (2015) Anti-
inflammatory and immunomodulatory effects of Spirulina plat-
ensis in comparison to Dunaliella salina in acetic acid-induced
rat experimental colitis. Immunopharmacol Immunotoxicol
37:126-139

Abdel-Daim MM, Sayed AA, Abdeen A, Aleya L, Ali D, Alkahtane
AA, Alarifi S, Alkahtani S (2019) Piperine Enhances the Antioxi-
dant and Anti-Inflammatory Activities of Thymoquinone against
Microcystin-LR-Induced Hepatotoxicity and Neurotoxicity in
Mice. Oxid Med Cell Longev 2019:1309175

Abdel-Daim MM, Abo El-Ela FI, Alshahrani FK, Bin-Jumah M,
Al-Zharani M, Almutairi B, Alyousif MS, Bungau S, Aleya L,
Alkahtani S (2020) Protective effects of thymoquinone against
acrylamide-induced liver, kidney and brain oxidative damage in
rats. Environ Sci Pollut Res Int 27:37709-37717

Aboubakr M, Elmahdy AM, Taima S, Emam MA, Farag A, Alkafafy
M, Said AM, Soliman A (2023b) Protective effects of N acetyl-
cysteine and vitamin E against acrylamide-induced neurotoxicity
in rats. Pak Vet J 43(2):262-268

Aboubakr M, Farag A, Elfadadny A, Alkafafy M, Soliman A, Elbad-
awy M (2023c) Antioxidant and anti-apoptotic potency of allicin
and lycopene against methotrexate-induced cardiac injury in rats.
Environ Sci Pollut Res Int 30(38):88724-88733

Aboubakr M, Elshafae SM, Abdelhiee EY, Fadl SE, Soliman A,
Abdelkader A, Abdel-Daim MM, Bayoumi KA, Baty RS, Elgendy
E, Elalfy A, Baioumy B, Ibrahim SF, Abdeen A (2021) Anti-
oxidant and anti-inflammatory potential of thymoquinone and
lycopene mitigate the chlorpyrifos-induced toxic neuropathy.
Pharmaceuticals (Basel, Switzerland) 14:940

Aboubakr M, Elbadawy M, Ibrahim SS, Khalil E, Darweish M,
Farag A, Elfadadny A, Alkafafy M, Soliman A, Elsayed A


http://creativecommons.org/licenses/by/4.0/

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:1875-1888

1887

(2023a) Allicin and lycopene possesses a protective effect
against methotrexate induced testicular toxicity in rats. Pak Vet
J 43(3):559-566

Ahmed ZSO, Hussein S, Ghandour RA, Azouz AA, El-Sakhawy MA
(2021) Evaluation of the effect of methotrexate on the hippocam-
pus, cerebellum, liver, and kidneys of adult male albino rat: His-
topathological, immunohistochemical and biochemical studies.
Acta Histochem 123:151682

Ali N, Rashid S, Nafees S, Hasan SK, Sultana S (2014) Beneficial
effects of Chrysin against Methotrexate-induced hepatotoxicity via
attenuation of oxidative stress and apoptosis. Mol Cell Biochem
385:215-223

Ashok I, Sheeladevi R (2014) Biochemical responses and mitochon-
drial mediated activation of apoptosis on long-term effect of
aspartame in rat brain. Redox Biol 2:820-831

Ashraf SS, Rao MV, Kaneez FS, Qadri S, Al-Marzouqi AH, Chan-
dranath IS, Adem A (2011) Nigella sativa extract as a potent anti-
oxidant for petrochemical-induced oxidative stress. J Chromatogr
Sci 49:321-326

Aslankoc R, Savran M, Dogu¢ DK, Sevimli M, Tekin H, Kaynak M
(2022) Ameliorating effects of ramelteon on oxidative stress,
inflammation, apoptosis, and autophagy markers in methotrexate-
induced cerebral toxicity. Iran J Basic Med Sci 25:1183-1189

Asvadi I, Hajipour B, Asvadi A, Asl NA, Roshangar L, Khodadadi
A (2011) Protective effect of pentoxyfilline in renal toxicity
after methotrexate administration. Eur Rev Med Pharmacol Sci
15:1003-1009

Ayala A, Muiioz MF, Argiielles S (2014) Lipid peroxidation: produc-
tion, metabolism, and signaling mechanisms of malondialdehyde
and 4-hydroxy-2-nonenal. Oxid Med Cell Longev 2014:360438

Badary OA, Taha RA, Gamal el-Din AM, Abdel-Wahab MH (2003)
Thymoquinone is a potent superoxide anion scavenger. Drug and
chemical toxicology 26:87-98

Bancroft JD, Layton C, Suvarna SK (2013) Bancroft's theory and prac-
tice of histological techniques. Churchill Livingstone Elsevier

Beutler E, Duron O, Kelly BM (1963) Improved method for the deter-
mination of blood glutathione. J Lab Clin Med 61:882-888

Bin-Jumah MN, Al-Huqail AA, Abdelnaeim N, Kamel M, Fouda
MMA, Abulmeaty MMA, Saadeldin IM, Abdel-Daim MM (2021)
Potential protective effects of Spirulina platensis on liver, kidney,
and brain acrylamide toxicity in rats. Environ Sci Pollut Res Int
28:26653-26663

Chumphukam O, Pintha K, Khanaree C, Chewonarin T, Chaiwangyen
W, Tantipaiboonwong P, Suttajit M, Khantamat O (2018) Potential
anti-mutagenicity, antioxidant, and anti-inflammatory capacities
of the extract from perilla seed meal. J Food Biochem 42:¢12556

Cohen G, Dembiec D, Marcus J (1970) Measurement of catalase activ-
ity in tissue extracts. Anal Biochem 34:30-38

Daggulli M, Dede O, Utangac MM, Bodakci MN, Hatipoglu NK, Pen-
begul N, Sancaktutar AA, Bozkurt Y, Tiirkcii G, Yiiksel H (2014)
Protective effects of carvacrol against methotrexate-induced tes-
ticular toxicity in rats. Int J Clin Exp Med 7:5511-5516

Dasuri K, Zhang L, Keller JN (2013) Oxidative stress, neurodegenera-
tion, and the balance of protein degradation and protein synthesis.
Free Radical Biol Med 62:170-185

Ellman GL, Courtney KD, Andres V Jr, Feather-Stone RM (1961) A
new and rapid colorimetric determination of acetylcholinesterase
activity. Biochem Pharmacol 7:88-95

Elsayed A, Elkomy A, Alkafafy M, Elkammar R, Fadl SE, Abdelhiee
EY, Abdeen A, Shaheen H, Soliman A, Aboubakr M (2022) Ame-
liorating effect of lycopene and N-acetylcysteine against cisplatin-
induced cardiac injury in rats. Pak Vet J 42(1):107-111

Elsonbaty SM, Ismail AFM (2020) Nicotine encourages oxidative
stress and impairment of rats’ brain mitigated by Spirulina plat-
ensis lipopolysaccharides and low-dose ionizing radiation. Arch
Biochem Biophys 689:108382

Famurewa AC, Aja PM, Maduagwuna EK, Ekeleme-Egedigwe CA,
Ufebe OG, Azubuike-Osu SO (2017) Antioxidant and anti-inflam-
matory effects of virgin coconut oil supplementation abrogate
acute chemotherapy oxidative nephrotoxicity induced by antican-
cer drug methotrexate in rats. Biomed Pharmacother 96:905-911

Famurewa AC, Aja PM, Nwankwo OE, Awoke JN, Maduagwuna EK,
Aloke C (2019) Moringa oleifera seed oil or virgin coconut oil
supplementation abrogates cerebral neurotoxicity induced by anti-
neoplastic agent methotrexate by suppression of oxidative stress
and neuro-inflammation in rats. J Food Biochem 43:e12748

Firdaus F, Zafeer MF, Ahmad M, Afzal M (2018) Anxiolytic and anti-
inflammatory role of thymoquinone in arsenic-induced hippocam-
pal toxicity in Wistar rats. Heliyon 4:¢00650

Galal MK, Elleithy EMM, Abdrabou MI, Yasin NAE, Shaheen YM
(2019) Modulation of caspase-3 gene expression and protective
effects of garlic and spirulina against CNS neurotoxicity induced
by lead exposure in male rats. Neurotoxicology 72:15-28

Germoush MO, Fouda MMA, Kamel M, Abdel-Daim MM (2022) Spir-
ulina platensis protects against microcystin-LR-induced toxicity
in rats. Environ Sci Pollut Res Int 29:11320-11331

Hassanen EI, Ebedy YA, Ibrahim MA, Farroh KY, Elshazly MO (2022)
Insights overview on the possible protective effect of chitosan
nanoparticles encapsulation against neurotoxicity induced by car-
bendazim in rats. Neurotoxicology 91:31-43

Hosseinzadeh H, Parvardeh S, Asl MN, Sadeghnia HR, Ziaee T (2007)
Effect of thymoquinone and Nigella sativa seeds oil on lipid per-
oxidation level during global cerebral ischemia-reperfusion injury
in rat hippocampus. Phytomedicine: Int J Phytother Phytophar-
macol 14:621-627

Ibrahim F, Nomier MA, Sabik LME, Shaheen MA (2020) Manganese-
induced neurotoxicity and the potential protective effects of lipoic
acid and Spirulina platensis. Toxicol Mech Methods 30:497-507

Juan CA, Pérez de la Lastra JM, Plou FJ, Pérez-Lebena E (2021) The
chemistry of reactive oxygen species (ROS) revisited: outlining
their role in biological macromolecules (DNA, Lipids and Pro-
teins) and induced pathologies. Int J Mol Sci 22

Kandemir FM, Kucukler S, Caglayan C, Gur C, Batil AA, Giil¢in i
(2017) Therapeutic effects of silymarin and naringin on metho-
trexate-induced nephrotoxicity in rats: Biochemical evaluation of
anti-inflammatory, antiapoptotic, and antiautophagic properties.
J Food Biochem 41:¢12398

Kaymak E, Akin AT, Oztiirk E, Karabulut D, Kuloglu N, Yakan B
(2021) Thymogquinone has a neuroprotective effect against inflam-
mation, oxidative stress, and endoplasmic reticulum stress in the
brain cortex, medulla, and hippocampus due to doxorubicin. J
Biochem Mol Toxicol 35:€22888

Khataga AF, El-Sayed YS (2018) Spirulina ameliorates methotrexate
hepatotoxicity via antioxidant, immune stimulation, and proin-
flammatory cytokines and apoptotic proteins modulation. Life
Sci 196:9-17

Khalil SR, Khalifa HA, Abdel-Motal SM, Mohammed HH, Elewa
YHA, Mahmoud HA (2018) Spirulina platensis attenuates the
associated neurobehavioral and inflammatory response impair-
ments in rats exposed to lead acetate. Ecotoxicol Environ Saf
157:255-265

Khan Z, Bhadouria P, Bisen PS (2005) Nutritional and therapeutic
potential of Spirulina. Curr Pharm Biotechnol 6:373-379

Khither H, Sobhi W, Mosbah A, Benboubetra M (2018) Prophylactic
and curative effects of thymoquinone against CCL4-induced hepa-
totoxicity in rats. European J Med Plants 22:1-8

Kim GH, Kim JE, Rhie SJ, Yoon S (2015) The role of oxidative stress
in neurodegenerative diseases. Exp Neurobiol 24:325-340

Li Y, Chavko M, Slack JL, Liu B, McCarron RM, Ross JD, Dalle Lucca
1J (2013) Protective effects of decay-accelerating factor on blast-
induced neurotrauma in rats. Acta Neuropathol Commun 1:52.
https://doi.org/10.1186/2051-5960-1-52

@ Springer


https://doi.org/10.1186/2051-5960-1-52

1888

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:1875-1888

Liu Z, Zhou T, Ziegler AC, Dimitrion P, Zuo L (2017) Oxidative Stress
in Neurodegenerative Diseases: From Molecular Mechanisms to
Clinical Applications. Oxid Med Cell Longev 2017:2525967

Naewla S, Sirichoat A, Pannangrong W, Chaisawang P, Wigmore P,
Welbat JU (2019) Hesperidin alleviates methotrexate-induced
memory deficits via hippocampal neurogenesis in adult rats.
Nutrients 11

Nishikimi M, Appaji N, Yagi K (1972) The occurrence of superox-
ide anion in the reaction of reduced phenazine methosulfate and
molecular oxygen. Biochem Biophys Res Commun 46:849-854

Ohkawa H, Ohishi N, Yagi K (1979) Assay for lipid peroxides in animal
tissues by thiobarbituric acid reaction. Anal Biochem 95:351-358

Okuyama H, Tominaga A, Fukuoka S, Taguchi T, Kusumoto Y, Ono
S (2017) Spirulina lipopolysaccharides inhibit tumor growth in a
Toll-like receptor 4-dependent manner by altering the cytokine
milieu from interleukin-17/interleukin-23 to interferon-y. Oncol
Rep 37:684-694

Partoazar A, Seyyedian Z, Zamanian G, Saffari PM, Muhammadnejad
A, Dehpour AR, Goudarzi R (2021) Neuroprotective phosphati-
dylserine liposomes alleviate depressive-like behavior related to
stroke through neuroinflammation attenuation in the mouse hip-
pocampus. Psychopharmacology 238(6):1531-1539

Rashid S, Ali N, Nafees S, Ahmad ST, Hasan SK, Sultana S (2013)
Abrogation of 5-flourouracil induced renal toxicity by bee propo-
lis via targeting oxidative stress and inflammation in Wistar rats.
J Pharm Res 7:189-194

Reddy CM, Bhat VB, Kiranmai G, Reddy MN, Reddanna P, Madyastha
KM (2000) Selective inhibition of cyclooxygenase-2 by C-phyco-
cyanin, a biliprotein from Spirulina platensis. Biochem Biophys
Res Commun 277:599-603

Romay C, Gonzalez R, Ledon N, Remirez D, Rimbau V (2003) C-phy-
cocyanin: a biliprotein with antioxidant, anti-inflammatory and
neuroprotective effects. Curr Protein Pept Sci 4:207-216

Sallam AO, Rizk HA, Emam MA, Fadl SE, Abdelhiee EY, Khater
H, Elkomy A, Aboubakr M (2021) The Ameliorative Effects of
L-carnitine against Cisplatin-induced Gonadal Toxicity in Rats.
Pak Vet J 41(1):147-151

Saygin B, Esrefoglu M, Bayindir N, Tok OE, Selek S, Bulut H, Ozer
OF, Ozturk A, Yilmaz O, Meydan S (2018) Protection with thy-
moquinone against formaldehyde-induced neurotoxicity in the
rats. Bratisl Lek Listy 119:726-730

Shagirtha K, Bashir N, MiltonPrabu S (2017) Neuroprotective effi-
cacy of hesperetin against cadmium induced oxidative stress in
the brain of rats. Toxicol Ind Health 33:454-468

Shalaby YM, Menze ET, Azab SS, Awad AS (2019) Involvement
of Nrf2/HO-1 antioxidant signaling and NF-kB inflammatory
response in the potential protective effects of vincamine against
methotrexate-induced nephrotoxicity in rats: cross talk between
nephrotoxicity and neurotoxicity. Arch Toxicol 93:1417-1431

Sirichoat A, Krutsri S, Suwannakot K, Aranarochana A, Chaisawang
P, Pannangrong W, Wigmore P, Welbat JU (2019) Melatonin pro-
tects against methotrexate-induced memory deficit and hippocam-
pal neurogenesis impairment in a rat model. Biochem Pharmacol
163:225-233

Soni M, Prakash C, Dabur R, Kumar V (2018) Protective Effect of
Hydroxytyrosol Against Oxidative Stress Mediated by Arse-
nic-Induced Neurotoxicity in Rats. Appl Biochem Biotechnol
186:27-39

Sritawan N, Prajit R, Chaisawang P, Sirichoat A, Pannangrong W,
Wigmore P, Welbat JU (2020) Metformin alleviates memory

@ Springer

and hippocampal neurogenesis decline induced by methotrexate
chemotherapy in a rat model. Biomed Pharmacother 131:110651

Sritawan N, Suwannakot K, Naewla S, Chaisawang P, Aranarochana A,
Sirichoat A, Pannangrong W, Wigmore P, Welbat JU (2021) Effect
of metformin treatment on memory and hippocampal neurogen-
esis decline correlated with oxidative stress induced by methotrex-
ate in rats. Biomed Pharmacother 144:112280

Sritawan N, Sirichoat A, Aranarochana A, Pannangrong W, Wigmore
P, Welbat JU (2023) Protective effect of metformin on methotrex-
ate induced reduction of rat hippocampal neural stem cells and
neurogenesis. Biomed Pharmacother 162:114613

Su LJ, Zhang JH, Gomez H, Murugan R, Hong X, Xu D, Jiang F, Peng
ZY (2019) Reactive Oxygen Species-Induced Lipid Peroxidation
in Apoptosis, Autophagy, and Ferroptosis. Oxid Med Cell Longev
2019:5080843

Suwannakot K, Sritawan N, Naewla S, Aranarochana A, Sirichoat A,
Pannangrong W, Wigmore P, Welbat JU (2022) Melatonin Atten-
uates Methotrexate-Induced Reduction of Antioxidant Activity
Related to Decreases of Neurogenesis in Adult Rat Hippocampus
and Prefrontal Cortex. Oxid Med Cell Longev 2022:1596362

Tabeshpour J, Mehri S, Abnous K, Hosseinzadeh H (2020) Role
of Oxidative Stress, MAPKinase and Apoptosis Pathways in
the Protective Effects of Thymoquinone Against Acrylamide-
Induced Central Nervous System Toxicity in Rat. Neurochem
Res 45:254-267

Tongjaroenbuangam W, Ruksee N, Mahanam T, Govitrapong P
(2013) Melatonin attenuates dexamethasone-induced spatial
memory impairment and dexamethasone-induced reduction of
synaptic protein expressions in the mouse brain. Neurochem Int
63:482-491

Vazi EPG, Holanda F, Santos NA, Cardoso CV, Martins MFM, Bondan
EF (2021) Short-term systemic methotrexate administration in
rats induces astrogliosis and microgliosis. Res Vet Sci 138:39-48

Verma S, Kumar A, Tripathi T, Kumar A (2018) Muscarinic and nico-
tinic acetylcholine receptor agonists: current scenario in Alzhei-
mer’s disease therapy. ] Pharm Pharmacol 70:985-993

Welbat JU, Naewla S, Pannangrong W, Sirichoat A, Aranarochana A,
Wigmore P (2020) Neuroprotective effects of hesperidin against
methotrexate-induced changes in neurogenesis and oxidative
stress in the adult rat. Biochem Pharmacol 178:114083

Yang M, Kim JS, Kim J, Kim SH, Kim JC, Kim J, Wang H, Shin T,
Moon C (2011) Neurotoxicity of methotrexate to hippocampal
cells in vivo and in vitro. Biochem Pharmacol 82:72-80

Yang M, Kim JS, Kim J, Jang S, Kim SH, Kim JC, Shin T, Wang H,
Moon C (2012) Acute treatment with methotrexate induces hip-
pocampal dysfunction in a mouse model of breast cancer. Brain
Res Bull 8§9:50-56

Yang M, Kim J, Kim JS, Kim SH, Kim JC, Kang MJ, Jung U, Shin T,
Wang H, Moon C (2014) Hippocampal dysfunctions in tumor-
bearing mice. Brain Behav Immun 36:147-155

Yang Z, Aderemi OA, Zhao Q, Edsall PR, Simovic MO, Lund BJ,
Espinoza MD, Woodson AM, Li Y, Cancio LC (2019) Early com-
plement and fibrinolytic activation in a rat model of blast-induced
multi-organ damage. Mil Med 184(Suppl 1):282-290

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Antioxidant and anti-inflammatory potential of spirulina and thymoquinone mitigate the methotrexate-induced neurotoxicity
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Animals and experimental design
	Blood sampling and serum biochemical markers
	Tissue sampling and oxidative stress markers
	Histopathological examination
	Histopathological scoring of brain injury severity
	Immunohistochemical staining
	Immunohistochemistry staining scoring
	Statistical analysis

	Results
	AChE activity
	Inflammatory cytokines markers
	Brain lipid peroxidation and antioxidant status
	Histopathological findings
	Positive expression of Bax protein in rat cerebral, cerebellar, and hippocampal neurons

	Discussion
	Conclusions
	References


