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Abstract

Methotrexate is a chemotherapy medication frequently used to treat various forms of cancer. The purpose of this research
was to examine if the administration of Arthrospira platensis (Spirulina) and/or thymoquinone could ameliorate the liver
injury resulting from methotrexate. The rats were randomly assigned to seven groups, each containing seven rats. The groups
included a control group that received only saline, a group that received A. platensis orally at a dose of 500 mg/kg, a group
that received thymoquinone orally at a dose of 10 mg/kg, a group that received a single i.p. dose of 20 mg/kg methotrexate,
a group that received both A. platensis and methotrexate, a group that received both thymoquinone and methotrexate, and a
group that received A. platensis, thymoquinone, and methotrexate. The injection of methotrexate caused an increase in the
levels of alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, cholesterol, triacylglycerides, and low-
density lipoprotein-cholesterol, and a decrease in high-density lipoprotein-cholesterol (HDL-cholesterol). The liver tissues
also showed an increase in malondialdehyde and a decrease in reduced glutathione, superoxide dismutase, and catalase,
along with pathological lesions and increased expression of TNF-a and caspase-3. However, administration of A. platensis
and thymoquinone alone or in combination reduced the toxicity and apoptosis induced by methotrexate.
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Introduction et al. 2023a). Methotrexate is metabolized and stored in

hepatocytes in its polyglutamated form, leading to a longer

The liver is responsible for important functions such as
metabolism, detoxification, and elimination of harmful
substances from the body. Any damage or dysfunction to
the liver can result in severe health issues (Ramadori and
Cameron 2010).

Methotrexate (MTX) is a type of anti-folic acid medica-
tion that is derived from aminopterin and can inhibit DNA
synthesis and repair (AbdelKader et al. 2023; Aboubakr
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presence of MTX within the cells, which has been suggested
as a possible mechanism for MTX-induced liver damage
(Bath et al. 2014; Tag 2015). It is a frequently utilized medi-
cation for managing autoimmune disorders, like rheumatoid
arthritis and psoriasis (Valerio et al. 2021). It is a highly
effective cytotoxic drug that alters cellular metabolism and
suppresses cell growth (Aboubakr et al. 2023b). However,
the cytotoxic effects of MTX are not limited to cancer cells
and can also affect many normal tissues including the brain
(Behairy et al. 2023).

Methotrexate-induced hepatotoxicity may occur through
the disruption of intestinal barrier functions, leading to the
translocation of bacteria to the liver and subsequent liver
damage (Cao et al. 2019). In addition, it has been observed
that MTX can increase intestinal permeability which has
been linked to hepatic inflammation, abnormal liver histo-
logical changes such as fibrosis, cirrhosis, and apoptosis of
liver cells, and higher levels of hepatic transaminases (Cao
et al. 2019). Hepatotoxicity can result from an imbalance in
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the regulation of oxidative stress, inflammation, endothelial
damage, and apoptosis (Abdelaziz et al. 2020; Ezhilarasan
2021; Abd El-Ghafar et al. 2022; Alfwuaires 2022; Morsy
et al. 2022; AbdelKader et al. 2023; Wang et al. 2023).

Toxicity in the liver is caused by mechanisms that are trig-
gered when there is an abnormal reduction in antioxidants
and an uncontrolled elevation of free radicals in the cells,
which is known as oxidative stress (Abd El-Ghafar et al.
2022). Methotrexate, on the other hand, reduces protective
antioxidants like glutathione (GSH) and inhibits enzymes
that scavenge free radicals, causing the liver to become more
susceptible to damage (Goudarzi et al. 2021). In addition,
the prolonged buildup of MTX inside liver cells can increase
the risk of hepatocyte death and fibrosis by reducing folate
levels, disrupting DNA synthesis in hepatocytes, and stimu-
lating collagen production (Morsy et al. 2022).

Herbal remedies or plant-based products have been com-
monly utilized to treat various illnesses owing to their rela-
tively safer nature and fewer side effects when compared to
synthetic drugs (Elsayed et al. 2022; Malayeri et al. 2022).

Arthrospira platensis (Spirulina) is a species of blue-
green algae that possesses numerous medicinal uses as a
result of its exceptional nutritional content and potent scav-
engers of free radicals (Ibrahim et al. 2021; Fadl et al. 2022).
Spirulina encompasses crucial nutrients such as proteins,
lipids, carbohydrates, essential amino acids, essential fatty
acids, minerals, vitamins, }-carotene, and C-phycocyanin,
which are vital for maintaining human health. Furthermore,
spirulina and its primary component, C-phycocyanin, exhibit
a range of biological functions, such as liver protection,
neuroprotection, anti-inflammatory, immune system mod-
ulation, and anticancer effects (Abdelkhalek et al. 2015;
Abdel-Daim et al. 2019; Bin-Jumah et al. 2021; Germoush
et al. 2022). These compounds have been found to protect
against organ toxicities induced by heavy metals and other
chemicals, making it a promising therapeutic agent (Ibrahim
and Abdel-Daim 2015). Moreover, spirulina has been shown
to possess anti-inflammatory, antiapoptotic, antioxidant,
and glucose- and lipid-lowering effects (El-Boghdady et al.
2020). Several studies have reported the hepatoprotective
effects of spirulina (Abdel-Daim et al. 2018; Khalil et al.
2020; Bin-Jumah et al. 2021). Therefore, spirulina is con-
sidered a safe and effective adjuvant therapy for reducing the
occurrence of adverse effects caused by MTX.

Spirulina is typically consumed orally in the form of cap-
sules, tablets, or powder. The proteins in spirulina are rich
in essential amino acids and are relatively easy to digest and
absorb. Some of the vitamins and minerals present in spir-
ulina are also readily absorbed in the gastrointestinal tract.
Phycocyanin and other components in spirulina are metabo-
lized by various enzymes in the body. Spirulina is not known
to accumulate in the body, and any excess nutrients or com-
pounds not used are typically eliminated through urine or
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feces (Bortolini et al. 2022). Spirulina is generally consid-
ered safe when consumed in appropriate amounts as a dietary
supplement or as part of a balanced diet. However, like any
substance, including natural supplements, spirulina can have
adverse effects if used improperly or excessively and may be
contaminated with heavy metals (Al-Dhabi 2013).

Nigella sativa contains thymoquinone (TQ), which is
a pharmacologically active component with several bio-
logical and pharmaceutical properties (Gokce et al. 2016;
Al Aboud et al. 2021; Fadishei et al. 2021). It was able to
protect the liver tissue from oxidative stress, inflammation,
and cell death (Abdel-Daim et al. 2020a; Abdo et al. 2021;
Aboubakr et al. 2021). Thymoquinone possesses the capac-
ity to eliminate free radicals and prevent the process of lipid
peroxidation (Farag et al. 2015), and has been reported to
possess advantageous effects as an agent against diabetes,
hyperlipidemia, inflammation, oxidative stress, and liver
damage (Fadishei et al. 2021; Aktas and Mehmet Giir 2022;
Demircigil et al. 2023). Thymoquinone's ability to scavenge
free radicals, including superoxide anion, hydroxyl, hydro-
gen peroxide, and peroxynitrite radicals, as well as its ability
to increase the activity of antioxidant enzymes like super-
oxide dismutase, catalase, and glutathione peroxidase, are
responsible for its antioxidant capacity (Hamdy and Taha
2009). Additionally, thymoquinone's ability to prevent cell
death through apoptosis has been linked to its promotion of
anti-apoptotic proteins and inhibition of pro-apoptotic pro-
teins (Al-Brakati et al. 2019; Al Aboud et al. 2021).

Absorption of TQ in the gastrointestinal tract can be lim-
ited due to its relatively low water solubility. It is absorbed
more efficiently in the presence of fats or oils. TQ is lipo-
philic (soluble in fat), which allows it to be distributed
throughout the body. Thymoquinone may also accumulate
in certain tissues or organs, such as the liver, kidney, and
lungs, depending on the route of administration and duration
of exposure. Thymoquinone undergoes metabolism in the
liver, primarily by cytochrome P,5, enzymes and metabolites
of TQ are excreted from the body primarily through urine
and feces (Goyal et al. 2017). Thymoquinone has been found
as an almost safe chemical, LDs, values of 250-794 mg/kg
in rats and 300-2400 mg/kg in mice were reported (Mash-
ayekhi-Sardoo et al. 2020).

Numerous studies have shown that MTX and its metabo-
lites can cause harmful effects such as inflammation, oxi-
dative stress, fibrosis, and cell death in liver cells (Chau-
han et al. 2020). However, it is still unclear how to protect
against these toxic effects. Despite the testing of numerous
drugs to alleviate MTX-related adverse effects, none have
proven highly effective in clinical studies. Thus, identify-
ing a potential treatment for shielding against MTX-caused
liver toxicity has become a crucial area of research. The
fundamental aim of this research was to examine if spirulina
and/or TQ could decrease the harmful impact of MTX on
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liver cells. In order to achieve this objective, we examined
liver function, oxidative stress, apoptosis, and histological
changes in liver tissue.

Materials and Methods
Chemicals

The methotrexate injectable solution (50 mg/5 ml) was
obtained from Mina Pharm Pharmaceuticals located in
Cairo, Egypt. Sigma Aldrich, based in Saint Louis, MO,
USA, supplied the thymoquinone powder with a purity of
98% (Batch NO: MKCB1381V) which dissolved in dimethyl
sulfoxide (DMSO). Arthrospira platensis (spirulina) powder
(Batch NO: SP72022) was acquired from the Algal Biotech-
nology unit at the National Research Center in Dokki, Cairo,
Egypt. The analytical kits used were provided by the Bio-
diagnostics Company located in Giza, Egypt.

Animals and Experimental Design

Forty-nine male Wister Albino rats weighing between
188-222 g were obtained from the Egyptian Organization
for Biological Products and Vaccines. The rats were kept in
a regulated environment at 25 +2 °C and a 12-h light/dark
cycle and were provided with a standard pellet diet and free
access to water. The rats were allowed to acclimate for 1
week before the experiment started. They were then divided
into 7 groups, each consisting of 7 rats. The first group was
given saline only as a control, while the second group was
given spirulina (500 mg/kg/day p.o. for 21 days) (Khafaga
and El-Sayed 2018). The third group was given TQ (10 mg/
kg/day p.o. for 21 days) (Abdel-Daim et al. 2020b). The
fourth group was given saline, p.o., and a single dose of
MTX (20 mg/kg, i.p.) on the 15" day of the study, which
served as a toxic control for MTX (Khafaga and El-Sayed
2018). The fifth group received spirulina (500 mg/kg/day
p.o. for 21 days) and on the 15" day of the study a sin-
gle dose of MTX (20 mg/kg) was injected i.p., the sixth
group received TQ (10 mg/kg/day p.o. for 21 days) and on
the 15" day of the study a single dose of MTX (20 mg/kg)
was injected i.p., and the seventh group received spirulina
(500 mg/kg/day p.o. for 21 days)+TQ (10 mg/kg/day p.o.
for 21 days) and on the 15™ day of the study a single dose of
MTX (20 mg/kg) was injected i.p.

Blood Sampling and Serum Biochemical Markers
After the experiment was completed, the rats were anes-

thetized with isoflurane, and blood samples were collected
from the retro-orbital plexus. The samples were left to clot

at room temperature then centrifuged for 15 min at 1200 X g,
and the resulting serum was stored at -20 °C for future bio-
chemical analysis. Liver function tests; including alanine
transaminase (AST), alanine transaminase (ALT) (Reitman
and Frankel 1957), alkaline phosphatase (ALP) (Belfield and
Goldberg 1971), as well as serum cholesterol (Deeg and Zie-
genhorn 1983), triacylglycerides (TG) (Fossati and Prencipe
1982), HDL-cholesterol (Burstein et al. 1970), and LDL-
cholesterol concentrations (Friedewald et al. 1972) were
determined in the serum. The UV-visible spectrophotometer
model PharmaSpec 1700 (Shimadzu, Japan) was used to
measure biochemical and oxidative stress markers. Finally,
all dead rats and remnants of samples were buried in the
strict hygienically controlled properly constructed burial pit.

Tissue Sampling and Oxidative Stress Markers

A sample of liver tissue (1 g) was rinsed using a solution
containing 50 mM sodium phosphate-buffered saline (100
mM Na,HPO,/NaH,PO,, pH 7.4) and kept on ice. To elimi-
nate red blood cells (RBCs) and clots, 0.1 mM EDTA was
added. Next, the tissues were homogenized in a cold saline
solution (5 ml per gram of tissue). N-Ethylmaleimide was
added directly after homogenization to prevent oxidation
of GSH and was subjected to centrifugation at 1200 X g
for 10 min at 4 °C. The resulting supernatant was care-
fully transferred to an Eppendorf tube and stored at -80 °C,
enabling spectrophotometric analysis of tissue biomarkers.
For the antioxidant markers, GSH was analyzed using the
method described by Beutler et al. (1963), which involves
the reaction of GSH with 5,5'-dithiobis(2-nitrobenzoic acid)
(DTNB) to produce a yellow compound. The absorbance of
this compound was measured spectrophotometrically. Super-
oxide dismutase levels were determined using a method
based on the inhibition of the reaction between superoxide
radicals, generated by xanthine and xanthine oxidase, and
nitroblue tetrazolium (NBT), as described by Nishikimi
et al. (1972). Malondialdehyde levels were assessed based
on its reaction with thiobarbituric acid (TBA) to form a
pink-colored complex, following the protocol of Ohkawa
et al. (1979). Lastly, catalase (CAT) activity was gauged
by observing the decomposition of hydrogen peroxide and
measuring the decrease in absorbance at 240 nm, as per the
method of Cohen et al. (1970).

Histopathological Examination

A sample of liver tissue was fixed in a solution of 10% buffer
formalin for at least 24 h, processed, and embedded in paraf-
fin using a standard protocol (Feldman and Wolfe 2014). The
paraffin-embedded tissue was then sectioned into slices that
were 5 um thick, placed onto glass slides, and deparaffinized.
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Hematoxylin and eosin (H&E) staining was used to prepare
the tissue for examination under a light microscope for his-
topathological analysis.

Immunohistochemical Analyses of Apoptotic
Markers in Hepatic Tissue

To conduct immunohistochemical analysis of TNF-a and
caspase-3, liver sections of 4 pm were deparaffinized and
boiled using Declere to reveal antigen sites. The sections
were then incubated with anti-TNF-o and anti-caspase-3
antibodies in phosphate-buffered saline (PBS) at a dilution
of 1:200 for overnight at 4 °C. After removal of the primary
antibodies and washing with PBS, the slides were treated
with a biotinylated secondary antibody at a dilution of 1:500.
Avidin biotinylated peroxidase complex was used to detect
bound antibodies. Hematoxylin was used to counterstain the
slides. All sections were treated under the same conditions
with the same antibody concentration and for the same dura-
tion to ensure comparable immunostaining across different
experimental groups (Dai et al. 2018).

Statistical Analysis

The mean + SD was used to express the obtained results. Sta-
tistical comparisons were performed using GraphPad Prism
9 software (San Diego, CA, USA) with one-way ANOVA
and Tukey’s post hoc test for multiple comparisons. A sig-
nificance level of p <0.05 was used.

Results

Methotrexate was found to cause hepatoxicity, as evidenced
by an increase in serum levels of liver biomarkers (Fig. 1).
Compared to control rats, MTX treatment resulted in sub-
stantial increases in AST, ALT, and ALP activities, as well
as in the concentration of cholesterol, triacylglycerides, and
LDL-cholesterol, and a reduction in the serum concentra-
tion of HDL-cholesterol. However, treatment with spirulina,
TQ, or a combination of both (spirulina+TQ) significantly
reduced these parameters in MTX-treated rats. Furthermore,
when MTX-intoxicated rats were treated with both spirulina
and TQ, the values were significantly lower than those treated
with MTX alone. Therefore, the combination of spirulina and
TQ provided better protection against hepatic damage caused
by MTX compared to either compound alone. The effect of
SP, TQ, and MTX on lipid profile is shown in Fig 2.

The impact of MTX exposure and administration of
spirulina, TQ, or their combination on the levels of MDA,
reduced glutathione, and antioxidant enzymes in the liver
tissues. Co-treatment with spirulina and TQ led to a signifi-
cant improvement in oxidative damage induced by MTX in
liver tissues compared to spirulina or TQ treatment alone
(Fig. 3).

The liver tissue of the control group displayed distinct
polyhedral-shaped large hepatocytes with well-preserved
cytoplasm and rounded euchromatic nucleus with promi-
nent nuclei, forming hepatic cord-like structures (Fig. 4A).
The liver sections from the groups treated with spirulina

Fig. 1 Effect of spirulina

(SP), thymoquinone (TQ) and
methoxtrexate (MTX) on serum
liver enzymes in rats (n=7).
“*p<0.001, and “*p <0.0001,
compared to the MTX-treated

groups
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Fig.2 Effect of spirulina
(SP), thymoquinone (TQ)

and methoxtrexate (MTX) on
lipid profile in serum of rats
(n=7). "p<0.05, “p<0.01,
and “"“p<0.0001, ns (non-
significance), compared to the
MTX-treated groups

Fig. 3 Effect of spirulina (SP),
thymoquinone (TQ) and meth-
oxtrexate (MTX) on antioxidant
parameters in hepatic tissues in
rats (n=7). “p<0.05, “p<0.01,
“p<0.001, and ""p <0.0001,
compared to the MTX-treated

groups

(Fig. 4B) or TQ (Fig. 4C) appeared similar to the normal
control group with no significant changes in the hepatic
architecture. On the other hand, the liver sections from the
MTX-treated group showed several changes such as infiltra-
tion of inflammatory cells (Fig. 4D), mitotic activity with
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hepatocyte nuclei, cytoplasm vacuolation, degeneration
(Fig. 4E), hepatocyte necrosis, and nuclei disintegration
(Fig. 4F). Compared to MTX-treated rats, the liver sections
from the MTX + SP group showed fewer severe alterations.
The liver tissue had renewing hepatocytes and fewer signs of
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Fig.4 Histological examination of liver sections of control group
showed well-preserved hepatocytes with distinct cord-like structures
and rounded euchromatic nuclei with prominent nuclei (A). Spir-
ulina (B) or thymoquinone (C) control groups showed typical hepatic
architecture similar to the normal control group. MTX-treated group
demonstrated infiltration of inflammatory cells (D), mitotic activity,
cytoplasm vacuolation, degeneration (E), hepatocyte necrosis, and
nuclei disintegration (F). MTX and spirulina showed the presence

inflammation, but moderate degenerating hepatocytes with
condensed nuclei and a lack of polygonal-shaped outlines
were still observed (Fig. 4G). The MTX +TQ group showed
regenerated hepatocytes that appeared more regular as plates
and organized, with fewer inflammatory cells than the MTX-
treated group (Fig. 4H). The combination of spirulina and
TQ administration (MTX + SP + TQ) helped maintain the
normal liver structure by preventing cellular inflammation,

of renewing hepatocytes and less severe alterations compared to the
MTX-only group (G). MTX and thymoquinone showed regener-
ated hepatocytes that appeared more regular as plates and organ-
ized with less inflammatory cells compared to MTX-only group (H).
MTX + spiruline + thymoquinone demonstrated nearly normal hepatic
structure with mild congestion as well as degeneration (I). Central
vein (black arrow), inflammatory cells (black star), degeneration
(blue star), and necrobiotic change (red star)

sinusoidal dilatation, and apoptosis, and only causing mild
degeneration and mild congestion. Importantly, the hepatic
structure of the liver tissues was nearly similar to that of the
control group (Fig. 4I). Table 1 records the histopathologi-
cal damage scores for the control and MTX-exposed groups
with and without SP and/or TQ treatments.

The liver tissue samples from all experimental groups
were used to detect TNF-a expression levels through

Table 1 Histopathological

Histopathological alteration ~ CON SP TQ MTX SP+MTX TQ+MTX SP+TQ+MTX
damage scores for the control
and methoxtrexate-exposed Sinusoidal dilatation - + o+ ++ o+ + -
groups with and without .
o . Congestion - + - +++ - - +
spirulina and/or thymoquinone
treatments Inflammatory cell infiltration - - - +++ + - -
Degeneration - - - +++ ++ + -

+ + + Severe, + + Moderate, + Mild,—Nil

SP spirulina, 7Q thymoquinone, MTX methoxtrexate
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immunohistochemistry, and the results were shown in
Fig. 5. The streptavidin—biotin-peroxidase complex method
was used, which resulted in brown-colored sediments at
the sites where the antigen bound. Treatment with either
spirulina (Fig. 5B) or TQ (Fig. 5C) alone did not show any
significant changes in the expression levels of TNF-a when
compared to the normal control group (Fig. 5A). How-
ever, in the liver tissue of rats treated with MTX (Fig. 5D),
the expression of TNF-a was increased. Treatment with
either spirulina+ MTX (Fig. 5E) or TQ+MTX (Fig. 5F)
showed a decrease in the intensity of brown staining in
the tubules, indicating a decrease in TNF-a expression.
The spirulina+MTX+TQ group (Fig. 5G) showed very
mild expression of TNF-a. The mean gray value of TNF-a
expression was quantified in ten visual fields using Image
J software.

In Fig. 6, it is shown that the normal control group
(Fig. 6A), spirulina group (Fig. 6B), and TQ group (Fig. 6C)
had minimal or no immune-stained cells of caspase-3 in the

liver tissues. However, in rats exposed to MTX, there was a
significant increase in caspase-3 expression, demonstrated
by strongly stained liver cells (Fig. 6D). In contrast, MTX-
intoxicated rats treated with either spirulina (Fig. 6E) or TQ
(Fig. 6F) showed a significant reduction in the levels of cas-
pase-3 protein expression in liver tissues, with moderately
stained hepatic cells compared to those treated with MTX
alone. The combination group (MTX + spirulina+TQ) dem-
onstrated the lowest presence of immune-reactive cells in the
hepatic tissues, as shown in Fig. 6G.

Discussion

Methotrexate-induced liver damage is a common and serious
side effect of this drug. Many research studies have shown
that MTX and its byproducts can lead to inflammatory
responses, oxidative stress, fibrosis, and cell death in liver
cells (Chauhan et al. 2020; AbdelKader et al. 2023).

=

=
8
B 104
4
g
=
=
=
ol
IR e

Fig. 5 Immunostaining analysis performed on liver sections from rats
that were treated with spirulina and/or thymoquinone, and its impact
on hepatic TNF-a expression. The control group (A) and the groups
that received either spirulina (B) or thymoquinone (C) treatment
alone showed minimal TNF-a immunopositivity. However, the MTX-
intoxicated group exhibited a significant increase in TNF-a expres-

sion (D). Conversely, the groups treated with MTX + spirulina (E) or
MTX + thymoquinone (F) demonstrated moderate immunopositivity,
while the MTX + spirulina+ thymoquinone group showed a notice-
able reduction in TNF-a expression (G). The semi-quantitative analy-
sis of TNF-a expression revealed a significant difference between the
MTX and control groups (H)
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Fig.6 Immunostaining for liver sections of rats treated with spirulina
and/or thymoquinone and their impact on the expression of cleaved
caspase-3. Minimal caspase-3 immunopositivity was observed in the
control group (A) and the groups treated with spirulina (B) or thymo-
quinone (C) alone. In contrast, the MTX-intoxicated group exhibited
significantly increased caspase-3 expression (D). However, the groups

The increase in serum levels of ALT, AST, and ALP in
rats treated with MTX may be attributed to damage to the
plasma membrane of hepatic parenchymal cells. Methotrex-
ate works by binding to the hydrofolic reductase enzyme,
which hinders the conversion of folic acid to folinic acid
and consequently affects the synthesis of certain amino acids
and nucleic acids. This mechanism disrupts the activity of
hepatic parenchymal cells by harming their organelles and
plasma membrane, which results in the release of hepatic
enzymes like ALT and AST into the bloodstream (McGill
2016). An increase in the levels of these enzymes in the
bloodstream indicates the severity of the injury (Mehra et al.
2021), this is in line with previous studies (Vardi et al. 2010;
Abd El-Ghafar et al. 2022; Alfwuaires 2022; Morsy et al.
2022). ALP is an enzyme that is present in the cells lining
the bile ducts and its increase in the bloodstream is often
linked to issues with the liver and bile ducts. On the other
hand, albumin levels in the blood are indicative of the liver's
ability to synthesize this protein (Moghadam et al. 2015).
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treated with MTX + spirulina (E) or MTX + thymoquinone (F) dis-
played moderate immunopositivity significance, while the group
treated with MTX + spirulina + thymoquinone showed a noticeable
reduction in caspase-3 expression (G). Hepatic caspase3 immunopo-
sitive (area%) of treated group (H)

In addition, the co-administration of spirulina and/or TQ
with MTX resulted in a significant reduction in the levels
of the three liver enzymes measured in the serum com-
pared to the group treated with MTX alone. These find-
ings align with the investigation conducted by Germoush
et al. (2022), which explored the defensive properties of
spirulina against microcystin-LR-triggered liver damage in
rats. Spirulina administration reduced serum levels of ALT,
AST, and ALP in animals exposed to deltamethrin (Abdel-
Daim et al. 2013). This could be explained by the antioxidant
and safeguarding characteristics of spirulina, which has an
abundance of antioxidant substances such as p-carotene,
C-phycocyanin, proteins, lipids, essential fatty acids, essen-
tial amino acids, carbohydrates, minerals, and vitamins. All
of these components possess strong anti-inflammatory and
antioxidant attributes (Abdelkhalek et al. 2015). The addi-
tion of TQ to the treatment regimen notably enhanced the
serum liver function markers in rats with silver nanoparti-
cle-induced toxicity, according to a study by Salama et al.
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(2023). TQ has the potential to be a beneficial therapeutic
agent in mitigating liver damage caused by diabetes, accord-
ing to Aktas and Mehmet Giir (2022).

The administration of MTX resulted in a significant
increase in the levels of circulating cholesterol, triacylg-
lycerides, and LDL-cholesterol, and a decrease in HDL-
cholesterol. These findings are consistent with the results
reported by Ghoneum and El-Gerbed (2021) and Sheikha
et al. (2022). The liver's function in regulating plasma cho-
lesterol levels is critical, and the impairment of liver func-
tion caused by drugs can result in a rise in serum total cho-
lesterol and LDL-cholesterol levels (Atawodi et al. 2014).
The liver is accountable for producing triacylglycerides
(TG) and transforming TG into very-low-density lipoprotein
(VLDL) cholesterol, which is then carried to peripheral tis-
sues. Impairment of VLDL-C production can cause a rise in
TG levels (Baratta et al. 2023). Previous research has shown
a link between the changes in lipid metabolism caused by
MTX and oxidative stress. Increased lipid content may lead
to decreased expression of antioxidant enzymes and higher
levels of reactive oxygen species (ROS) (Ghoneum and El-
Gerbed 2021). Studies have demonstrated that spirulina
supplementation can decrease serum levels of cholesterol,
LDL-C, and triacylglycerides while increasing HDL-C lev-
els in rats fed a high-fat diet (Yigit et al. 2016). TQ treatment
has also been shown to improve the lipid profile in rats fed
a high-fat diet, malathion, and in bisphenol A-induced liver
injury in rats by reducing plasma LDL cholesterol and total
cholesterol levels and increasing plasma HDL cholesterol
levels (Abdel-Daim et al. 2020a; Alanazi et al. 2023; Demir-
cigil et al. 2023).

According to previous research, MTX-induced toxicity
in multiple organs is primarily caused by oxidative stress
(Mahmoud et al. 2017). Studies have indicated that MTX-
induced hepatotoxicity is linked to the overproduction of
ROS and oxidative/nitrosative stress (Hussein et al. 2020;
Abd El-Ghafar et al. 2022; Alfwuaires 2022; AbdelKader
et al. 2023). The excessive generation of ROS brought about
by MTX administration leads to damage to the cellular enzy-
matic and non-enzymatic antioxidant defense system (Kolli
et al. 2014). Our findings indicate that MTX administration
caused a significant increase in MDA levels and a decrease
in GSH levels, as well as a decrease in the enzymatic activ-
ity of SOD and CAT compared to the control group and
the group treated with spirulina and TQ. These results are
consistent with previous studies that reported MTX-induced
oxidative stress (Dar et al. 2021; Ghoneum and El-Gerbed
2021; Abd El-Ghafar et al. 2022). The reduction in CAT and
SOD synthesis or their activity, or excessive ROS formation,
may explain the decrease in their activities, and the decrease
in cellular GSH may result from NADPH inhibition by MTX
(Alfwuaires 2022). Gluthatione is a vital endogenous anti-
oxidant that helps combat free radicals and other oxidants

(Ghoneum and El-Gerbed 2021; Sallam et al. 2021; Elsayed
et al. 2022).

According to our study, administering spirulina, TQ, or a
combination of both along with MTX significantly increased
the level of GSH in liver homogenate and improved the
activity of key antioxidant enzymes (SOD and CAT). Addi-
tionally, these treatments significantly decreased the level
of MDA in hepatic tissue when compared to the group
treated with MTX alone. These results are similar to those
reported in a previous study that found spirulina supple-
mentation inhibited lipid peroxidation and increased the
levels of antioxidant enzymes and GSH in hepatic tissues
(Wu et al. 2016). Our findings are consistent with a previous
study that reported the protective effects of spirulina against
deltamethrin-induced oxidative stress, possibly by scaveng-
ing free radicals and increasing the activities of SOD and
CAT (Abdel-Daim et al. 2013). Other studies have also dem-
onstrated the protective effects of spirulina against hepatic
toxicity induced by CCl, (Kepekgi et al. 2013), acrylamide
(Bin-Jumah et al. 2021), and diazinon (Abdel-Daim et al.
2018). The protective effects of spirulina and TQ could be
explained by the presence of several antioxidant active com-
ponents such as C-phycocyanin, vitamins, 3-carotene, and
minerals (Grover et al. 2021). Spirulina's antioxidant role
was demonstrated by a decrease in MDA concentration, an
increase in GSH levels, and enhancement of SOD action in
hepatic tissue in previous studies (Karadeniz et al. 2009;
Simsek et al. 2009). Similarly, previous research supports
the potential of TQ to protect against oxidative stress caused
by various hepatotoxic agents, such as aflatoxins (Nili-
Ahmadabadi et al. 2011), cisplatin (Al-Malki and Sayed
2014), methotrexate (El-Sheikh et al. 2015), lead (Mabrouk
et al. 2016), and arsenic (Alam et al. 2022). Additionally, TQ
has been shown to reduce tartrazine-induced hepatotoxicity
due to its potent antioxidant and anti-inflammatory proper-
ties (Demircigil et al. 2023).

Furthermore, the histological examination of liver tissues
stained with H&E supported these findings, showing sig-
nificant histopathological damage such as hepatocyte vacu-
olation and disorganization of hepatic cords in the MTX-
treated group. These results are consistent with previous
studies that reported similar histological damage induced
by MTX (Abdelaziz et al. 2020; Mehra et al. 2021; Abd
El-Ghafar et al. 2022; Alfwuaires 2022; Morsy et al. 2022;
AbdelKader et al. 2023). However, treatment with spirulina
and TQ improved the histological architecture of the liver
tissues, indicating their protective effect against MTX-
induced liver damage.

Methotrexate can increase apoptosis (Horie et al. 2006).
Apoptosis can be triggered by lipid peroxidation and the
release of free radicals, which can damage DNA and activate
the caspase gene (Herman et al. 2005). The current study
used immunohistochemical analysis to demonstrate that
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MTX toxicity in the liver led to increased levels of TNF-a
and caspase-3 expressions, which suggests that these fac-
tors may contribute to MTX-induced liver damage. Pre-
vious studies by Chauhan et al. (2020) and Demiryilmaz
et al. (2012) have reported similar results. Previous studies
(Abdel-Raheem and Khedr 2014; Ibrahim et al. 2014; Hafez
et al. 2015) have reported that TNF-a, a pro-inflammatory
mediator, is overexpressed in MTX-induced tissue dam-
age in various models. TNF-a plays a crucial role in liver
homeostasis and can activate the pro-apoptotic pathway in
liver cells (Liedtke and Trautwein 2012). The activation of
TNF-a receptors leads to cellular apoptosis through the acti-
vation of different types of caspases (Cubero et al. 2013),
including caspase-3, which is frequently activated during
apoptosis, including in cases of MTX administration (Chang
et al. 2013). In rats that were pretreated with spirulina or
TQ, the number of hepatocytes with caspase-3 and immu-
noreactivity was significantly reduced. This may be due to
spirulina's anti-mutagenic effect, which can minimize DNA
damage caused by MTX precursors (Ismail et al. 2009). Fur-
thermore, the anti-oxidative properties of spirulina and TQ,
as well as their chemical constituents, may also play a role.
Previous study has shown that spirulina has an anti-apoptotic
role by downregulating caspase-3 (Khafaga and El-Sayed
2018) and TNF-a (Sadek et al. 2017). Similarly, TQ has
an anti-apoptotic role by downregulating caspase-3 (Haron
et al. 2018) and TNF-a (Aktag and Mehmet Giir 2022). TQ
reduced apoptosis and oxidative stress (Yilmaz et al. 2021).

Conclusions

Overall, the current study suggests that spirulina and TQ
may alleviate liver damage caused by MTX in rats. The
proposed mechanism of action of involves the antioxidant,
and anti-apoptotic properties of spirulina and TQ. Incor-
porating spirulina and TQ as dietary supplements during
MTX treatment may offer protection against MTX-induced
hepatic toxicity. However, more laboratory and clinical tri-
als are required to confirm the potential protective effects of
spirulina and TQ.
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