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Abstract

Methotrexate (MTX), as a folic acid antagonist, is an effective drug in treating a wide range of malignancies and autoimmune
diseases. However, the clinical use of MTX has been limited due to its side effects, the most common of which is hepatotox-
icity. In this study, rats were randomly divided into six groups: three treatment groups received methotrexate and different
doses of astaxanthin (AX) for 14 days. At the end of the study, blood samples were collected to determine serum levels of
ALT, AST, ALP, and LDH. Also, liver tissues were isolated to evaluate antioxidant enzymes and markers of oxidative stress,
histopathological damage, and expression of NF-E2-related transcription factor (N1f2) and Heme oxygenase-1 (HO-1) genes.
The results showed that administration of MTX significantly increased the levels of ALT, AST, ALP, and LDH in the blood,
markers of oxidative stress, and histopathological damage in liver tissue and significantly reduced the levels of antioxidant
enzymes and the expression of Nrf2 and HO-1 genes. On the other hand, treatment with AX decreased blood levels of ALT,
AST, ALP, and LDH and oxidative stress markers and remarkably raises the activity of antioxidant enzymes and expres-
sion of Nrf2 and HO-1 genes in liver tissue. In addition, histopathological lesions were improved with AX administration.
The findings of this study indicated that AX may be useful for the prevention of MTX-induced hepatotoxicity by improving
oxidative and inflammatory changes.
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Introduction

04 Mohammad Hosein Aarabi Methotrexate (MTX) is an anti-cancer and immunosuppres-
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sive drug, a folic acid antagonist that competitively inhibits
the enzyme dihydrofolate reductase, thus interfering with
nucleic acid synthesis (Ali et al. 2014; Kuduban et al. 2016).
MTX is widely used in the treatment of several malignancies
including multiple sclerosis, dermatomyositis, sarcoidosis,
psoriasis, and rheumatoid arthritis, along a variety of inflam-
matory diseases (Abo-Haded et al. 2017). However, its clini-
cal use has several side effects, the most important of which
are hepatotoxicity from mild hepatitis and cholestasis to
fibrosis, cirrhosis, and renal toxicity. Although the main side
effect of MTX is hepatotoxicity, the exact mechanisms of
MTX-induced hepatotoxicity are not fully understood. How-
ever, several studies have confirmed that MTX administra-
tion increases lipid peroxidation and oxidative stress, which
increases the production of reactive oxygen species (ROS),
nitric oxide (NO) synthesis, and lipoperoxidation in the liver.
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This rise in ROS production can lead to cellular degrada-
tion of proteins, lipids, and DNA (Kremer 2004; Al Maruf
et al. 2018; Farzaei et al. 2018; Mehrzadi et al. 2018; Pinar
et al. 2018). On the other hand, MTX reduces the antioxidant
defense of the cell. Hence, the activity of superoxide dis-
mutase (SOD), catalase (CAT), and total antioxidant capac-
ity (TAC) are noticeably reduced (Kremer 2004; Badary
et al. 2005). Antioxidants play an important role in pre-
venting oxidative damage by neutralizing the effect of free
radicals on cellular components (Halliwell 1991; Goudarzi
et al. 2017). Many studies have been conducted to overcome
the side effects of anti-cancer drugs using natural products
with antioxidant and anti-inflammatory properties (Ueki
et al. 2013; Pinar et al. 2018). Astaxanthin (3,3'-dihydroxy-
b, b'-carotene-4,4'-dione, AX) is a natural carotenoid with
antioxidant and anti-inflammatory properties derived from
Haematococcus pluvialis microalgae and acts as one of the
best potent antioxidants available in nature (Higuera-Ciapara
et al. 2006; Choi et al. 2011). This carotenoid reduces oxida-
tive stress by scavenging oxygen-free radicals and prevent-
ing the release of chain reactions that may be caused by free
radicals (Chen et al. 2003; Pinar et al. 2018). Astaxanthin is
widely used as a dietary supplement and antioxidant due to
its great potential protecting organisms against a wide range
of diseases (Guerin et al. 2003; Higuera-Ciapara et al. 2006;
Heidari Khoei et al. 2019). To date, no studies have been
conducted to evaluate the protective effects of astaxanthin
against MTX-induced hepatotoxicity. Therefore, the present
study was designed to investigate the antioxidant effects of
astaxanthin against MTX-induced hepatotoxicity based on
serum biochemical parameters, oxidative stress markers,
expression of NF-E2-related transcription factor (Nrf2) and
Heme oxygenase-1 (HO-1) genes, and histopathological
changes.

Materials and methods
Chemicals

Astaxanthin was purchased from Jingzhou Natural Astax-
anthin Inc. (Hubei, China). The methotrexate used in this
study was manufactured by the American pharmaceutical
company Mylan. RNA extraction kit was obtained from
Cinacolone, Iran. cDNA synthesis kit and SYBR Green PCR
Master Mix were obtained from Biofact (Biofact, Korea).
All other chemicals and reagents were supplied by reputable
and standard companies.

Animals

In this study, forty-two male Wistar rats with an approximate
weight of 200 to 250 g were provided by the Animal Care
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Center of Isfahan University of Medical Sciences (Isfahan,
Iran). Rats were kept in an animal care center at room tem-
perature (25 + °C), relative humidity of 50+ 5%, and a 12-h
light/dark cycle. They were allowed free access to water
and a standard diet. The entire process of the experimental
study was approved by the ethics committee (approval ID:
IR.MULRESEARCH.REC.1398.213) and under the ethics
standards of “Principles of Laboratory Animal Care.”

Study design

After examining the toxic effects of astaxanthin administra-
tion (75 mg/kg) once a day (14 consecutive days) based on
liver function tests and liver histopathology, this study was
designed. So, adult male Wistar rats were randomly divided
into six groups and each group containing seven rats. The
duration of the experimental study was 14 days. Group 1
(normal control group; Normal.Ctrl): the rats were injected
with normal saline (intra-peritoneal; i.p.) only on the 8th day.
Group 2 (olive oil control group; olive oil): received 400 pl
of olive oil (astaxanthin vehicle) by gavage for 2 weeks
(Wu et al. 2018). Group 3 (methotrexate group; MTX.Ctrl):
administered a dose of 20 mg/kg by intraperitoneal injection
only on the 8th day. Groups 4, 5, and 6, in addition to receiv-
ing methotrexate on the 8th day of the study (i.p.), were also
gavage daily with concentrations of 25 mg/kg, 50 mg/kg,
and 75 mg/kg of astaxanthin, respectively. Therefore, these
groups included methotrexate + 25 mg/kg/day astaxanthin
(MTX + AX25), methotrexate + 50 mg/kg/day astaxanthin
(MTX + AX50), and methotrexate + 75 mg/kg/day astax-
anthin (MTX + AX75) (Akca et al. 2018; Mehrzadi et al.
2018). At the end of the fourteenth day, rats in all groups
were anesthetized with 50 mg/kg ketamine hydrochloride
and 10 mg/kg xylazine hydrochloride intraperitoneally, and
blood samples were taken from their hearts to prepare sera.
Liver tissues were also removed to determine the activities
of catalase (CAT), superoxide dismutase (SOD), total anti-
oxidant capacity (TAC), nitric acid (NO), malondialdehyde
(MDA), expression of Nrf2 and HO-1 genes, and histopatho-
logical lesions.

Biochemical analysis
Serum evaluation

Serum biochemical parameters ALT, AST, ALP, and LDH
were determined using commercial kits (Parsazmoon, Iran).

Evaluation of antioxidant enzymes
CAT activity was determined using the method of Aebi

et al., based on the rate of decomposition of H,0, at a
wavelength of 240 nm and expressed as a unit/mg of protein
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(Shahzad et al. 2020). SOD enzyme activity was measured
using commercial kits (Byrex, Shiraz, Iran), and the results
were expressed in U/ml. Total antioxidant capacity (TAC)
was measured by the method described by Janaszewska et al.
and was reported as percentage based on DPPH radical scav-
enging (Janaszewska and Bartosz 2002). Total protein con-
tent was determined using the Bradford method (Moham-
madalipour et al. 2019).

Evaluation of oxidative stress parameters

The amount of lipid peroxidation was determined by meas-
uring the level of MDA in the liver tissue and using spectro-
photometric technique based on our previous study (Kazemi
et al. 2020). The concentration of NO (nitric oxide) in the
liver tissue was assessed using commercial kits (Kiazist,
Iran).

Determination of Nrf2 and HO-1 gene expression

Total RNA of liver tissues was extracted using RNA extrac-
tion kit (Cinacolone, Iran). Total RNA was transcribed into
cDNA using BioFact™—RT kit (BIOFACT Germany). Spe-
cific PCR primers were designed, and published primers are
shown in Table 1. Rat beta-actin (f-actin) was used as an
internal control gene to normalize the data. The amplifica-
tion of the selected gene was performed by the applied bio-
systems instrument (ABI7500Real-time PCR). The results
were analyzed by 2724€T method (Golestaneh et al. 2023).

Histopathological evaluation

For histopathological evaluation, appropriate tissue samples
were collected from the livers, then fixed in 10% neutral
buffered formalin, embedded in paraffin, sectioned at 5 pm
thickness, and stained with hematoxylin-eosin staining for
light microscopic examination.

Statistical analysis

The results were expressed as mean + SD, and data anal-
ysis was performed using one-way analysis of variance
(ANOVA) by GraphPad Prism 8.4.0 software. Tukey post-
test was used to compare the mean values of the groups. For
all analyses, p <0.05 was considered statistically significant.

Results

Effects of astaxanthin on serum ALT, AST, ALP,
and LDH

Figure 1 shows the effects of MTX and astaxanthin on
serum ALT, AST, ALP, and LDH. In MTX.Ctrl group,
the administration of MTX significantly increased the
levels of ALT, AST, ALP, and LDH compared to those
of the normal control group (Normal.Ctrl) (p < 0.05).
Treatment with astaxanthin in groups MTX + AX?25,
MTX + AX50, and MTX + AX75 for 14 consecutive
days resulted in a significant reduction in serum ALT,
AST, ALP, and LDH in a dose-dependent manner
compared to those of methotrexate group (MTX.Ctrl)
(p <0.05). In addition, the administration of olive oil
to normal rats in olive oil control group (olive oil) did
not change serum ALT, AST, ALP, and LDH levels
compared to those of the normal control rats (Normal.
Ctrl) (p > 0.05).

Effects of astaxanthin on antioxidant enzymes

The effects of astaxanthin and MTX on the activities
of CAT and SOD antioxidant enzymes as well as the
level of total hepatic antioxidant capacity (TAC) are
shown in Fig. 2. MTX administration led to a remark-
able reduction (p <0.05) in CAT and SOD activities and
liver TAC levels in methotrexate group (MTX.Ctrl) com-
pared to those of the normal control group (Normal.Ctrl)
(Fig. 2A-C). Whereas, in groups treated with astaxan-
thin (MTX + AX25, MTX + AX50 and MTX + AX75),
SOD activity and liver TAC level significantly (p <0.05)
increased compared to those of methotrexate group
(MTX.Ctrl) (Fig. 2B and C).

Moreover, in groups treated with astaxanthin at
doses of 50 and 75 mg/kg for 14 consecutive days
(MTX + AX50 and MTX + AX75), the activity of CAT
enzyme in liver tissue increased significantly (p <0.05)
compared to those of methotrexate group (MTX.Ctrl)
(Fig. 2A). In addition, the administration of olive oil to
normal rats in olive oil control group (olive oil) did not
change the level of these indices compared to that of nor-
mal control rats (Normal.Ctrl) (p > 0.05).

Table 1 Sequence of primers

Reverse primer sequence
used to perform the RT-PCR

Forward primer sequence Gene

process

GGCATAGAGGTCTTTACGGATG-22
ATTGCTGTCCATCTCTGTCAG-21
TGCTTGTTTCGCTCTATCTCC-21

ACGGTCAGGTCATCACTATCG-21
GCTATTTTCCATTCCCGAGTTAC-23 Nrf2
CTTTCAGAAGGGTCAGGTGTC-21 HO-1

Beta-actin
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Fig. 1 The effect of astaxanthin on serum ALT, AST, ALP, and LDH
levels. The data were expressed as means+SD (n=7) and analyzed
by one-way ANOVA and then Tukey post hoc test was used to com-

Effects of astaxanthin on oxidative stress
parameters

The effects of astaxanthin and MTX on the concentration of
oxidative stress parameters such as MDA and NO in liver
tissue are depicted in Fig. 3. In methotrexate group (MTX.
Ctrl), MTX resulted in a significant increase in the concen-
tration of nitric oxide and MDA, the final product of lipid
peroxidation, compared to those of the normal control group
(Normal.Ctrl) (p <0.05). In contrast, treatment with asta-
xanthin at doses of 25, 50, and 75 mg/kg MTX + AX25,
MTX + AX50, and MTX + AX75) led to a significant reduc-
tion (p <0.05) in liver MDA concentration compared with
those of methotrexate group (MTX.Ctrl) (Fig. 3A). Also,
treatment with astaxanthin at doses of 50 and 75 for 14 con-
secutive days (MTX + AX50 and MTX + AX75) remarka-
bly reduced NO concentration compared with that of MTX

pare the mean values of the groups. ??? p <0.05 compared to the nor-
mal control group. ## and ### p <0.05 compared to the MTX. Ctrl
group

group MTX.Ctrl) (Fig. 3B). In addition, the administration
of olive oil to normal rats in olive oil control group (olive
oil) did not change the amount of oxidative stress param-
eters compared to those of the control rats (Normal.Ctrl)
(p>0.05).

Effects of astaxanthin on the expression of Nrf2
and HO-1 genes in liver tissue

The mRNA expression of Nrf2 and HO-1 genes in liver tis-
sue was analyzed by RT-PCR. The administration of MTX
in methotrexate group (MTX.Ctrl) significantly reduced the
expression of Nrf2 and HO-1 genes compared to that of the
normal control group (Normal.Ctrl) (p <0.05). Treatment
with astaxanthin at doses of 50 and 75 mg/kg in groups 5 and
6 for 14 consecutive days (MTX + AX50 and MTX + AX75)
induced a significant increase (p < 0.05) in the expression
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Fig.2 The effect of astaxanthin on CAT and SOD activity and TAC
level of liver tissues. The data were expressed as means+SD (n=7)
and analyzed by one-way ANOVA and then Tukey post hoc test to
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compare the mean values of the groups. ??? p<0.05 compared to the
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of Nrf2 and HO-1 genes compared to those of methotrexate
group (MTX.Ctrl). However, no significant changes in the
expression of Nrf2 and HO-1 genes were observed in the
group receiving 25 mg/kg astaxanthin for 14 consecutive
days (MTX + AX25) (p>0.05). Furthermore, the adminis-
tration of olive oil to normal rats in olive oil control group
(olive oil) did not significantly change the expression of Nrf2
and HO-1 genes compared to that of normal rats in control
group (Normal.Ctrl) (p>0.05) (Fig. 4A and B).

Effects of astaxanthin on changes in liver
histopathology

On histopathological examination, liver tissues of rats in
the normal control group (Normal.Ctrl) and the olive oil

control group (olive oil) had a normal structure containing
central veins, radiating hepatic cords and the portal triads
containing portal vein, hepatic artery, and bile duct, while
the livers in other experimental groups showed a considera-
ble histopathological changes from mild to moderate lesions
(MTX + AX25, MTX + AX50, and MTX + AX75) (Fig. 6)
to severe (MTX.Ctrl) (Fig. 5). Administrating 20 mg/kg
methotrexate on the 8th day (MTX.Ctrl) produced moder-
ate vacuolar degeneration in the hepatocytes, severe conges-
tion and dilation of sinusoids and central veins, infiltration
of mononuclear cells in the liver parenchyma, Kupffer cell
hyperplasia, and focal necrosis (Fig. 5). Treatment with asta-
xanthin in different doses MTX + AX25, MTX + AX50, and
MTX + AX75) considerably attenuated these lesions, mainly
the extent and severity of necrosis and inflammation (Fig. 6).

Fig.4 The effect of astaxanthin A B
on the expression of Nrf2 and
HO-1 genes in liver tissues.
The data were expressed as ~ 1.5 < 1.5=
means +SD (n=7) and ana- "ZC g
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Fig.5 Histological sections of liver from methotrexate intoxicated
rats (H&E; Bar=50 pm). A Focal necrosis with many hepatocytes
showing ballooning degeneration; B vacuolar degeneration in the

In comparison between treated groups, the most therapeu-
tic effect was observed with the high dose of astaxanthin
(MTX + AX75), and except the presence of a few degen-
erated hepatocytes with pyknotic nuclei, other hepatocytes
were almost normal (Fig. 6). Furthermore, there was no evi-
dence of sinusoids and central veins congestion as well as
inflammation in this group (MTX + AX75), while the rats
treated with 25 and 50 mg/kg astaxanthin (MTX + AX50 and
MTX + AX75) showed a mild necrosis and mononuclear cell
infiltration in the hepatic parenchyma (Fig. 6).

Discussion

Methotrexate is an immunosuppressive drug and its high
doses, commonly used for acute leukemia or severe pso-
riasis, are associated with organ toxicity, including hepa-
totoxicity, liver fibrosis, and cirrhosis (Abo-Haded et al.
2017; Pnar et al. 2018). So far, many studies have demon-
strated the effectiveness of natural products with antioxi-
dant activity, other than astaxanthin, in protecting against

@ Springer

hepatocytes (arrows); C infiltration of mononuclear cells in the liver
parenchyma (arrows); D severe congestion and dilation of sinusoids

methotrexate-induced hepatotoxicity (Mehrzadi et al. 2018;
Abdelaziz et al. 2020). In the present study, attempts were
made to demonstrate the hepatoprotective effects of asta-
xanthin against methotrexate-induced hepatotoxicity by
regulating the Nrf2/HO1 pathway. This is the first study
investigating the effect of astaxanthin on MTX-induced
hepatotoxicity in rats. According to our results, a signifi-
cant increase in serum levels of ALT, AST, ALP, and LDH,
which indicates acute hepatotoxicity, was observed in rats
receiving methotrexate (Fig. 1) compared with rats in the
normal control group. These findings are in line with the
finding of other studies (Abo-Haded et al. 2017; Zakaria
et al. 2019). Transaminases are cytosolic enzymes that are
the best indicators of liver necrosis, and their leakage into
the bloodstream indicates a disruption in the integrity of the
liver membrane and cell damage (Abo-Haded et al. 2017).
MTX-induced hepatotoxicity was confirmed by histologi-
cal studies including increased moderate vacuolar degen-
eration with mononuclear cell infiltration and focal hepatic
necrosis in the methotrexate group. These biochemical and
histopathological changes were remarkably attenuated by
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Fig.6 Histological sections of liver from methotrexate intoxicated
rats treated with astaxanthin (H&E; Bar=50 pm). A Methotrex-
ate +astaxanthin (25 mg/kg), mild necrosis and hepatocytes degen-
eration (stars); B methotrexate +astaxanthin (25 mg/kg), mild
infiltration of mononuclear cells around the portal area (arrows); C

astaxanthin pretreatment in all doses (Fig. 1). These find-
ings suggest that astaxanthin can effectively inhibit the
leakage of transaminases into the bloodstream, indicating
membrane stabilization and the hepatic protective effects of
astaxanthin. Significant repair of histopathological lesions
in AX-treated groups also supports the protective role of AX
against MTX-induced hepatotoxicity. This finding is consist-
ent with Liu Anjun et al.’s report on the hepatoprotective
effect of astaxanthin on carbon tetrachloride-induced liver
damage (Liu et al. 2010). Astaxanthin seems to have dif-
ferent effects on these parameters at doses of 25, 50, and
75 mg/kg. Therefore, it can be claimed that the effect of asta-
xanthin on these biochemical parameters is dose-dependent.
MTX also increases lipid peroxidation by increasing the
amount of MDA. MDA is an indicator of oxidative stress
and the metabolite of lipid peroxidation caused by the gen-
eration of free radicals (Pinar et al. 2018). Another effect
of methotrexate-induced hepatotoxicity is the production of
nitric oxide (NO), which leads to nitrous stress and liver tis-
sue damage. Nitric oxide is a free radical that is synthesized

methotrexate + astaxanthin (50 mg/kg), mild necrosis and hepatocytes
degeneration (stars); D methotrexate + astaxanthin (75 mg/kg), well-
organized radiating hepatic cords, and the portal triads and central
veins comparable with the normal group

in the body by the enzyme nitric oxide synthase (iNOS),
the amino acid L-arginine, and is associated with many
physiological processes in the body, including cell growth,
apoptosis, and the body’s defense mechanism. Although NO
plays an important role in maintaining homeostasis and host
defense, it is also involved in the pathogenesis of various
diseases. This molecule reacts with reactive oxygen spe-
cies and thiol groups, which can have a protective or toxic
effect depending on its concentration and location (Leitdo
etal. 2011). These results are in line with those of previous
studies conducted by Ayman M. Mahmoud and Ayat O.S.
Montasser (Mahmoud et al. 2017; Montasser et al. 2017).
In the current study, MTX-induced oxidative damage was
observed with a noticeable increase in liver tissue MDA and
NO levels in the group receiving only methotrexate, com-
pared to those of the normal control group (Fig. 3), which
is consistent with the findings of other studies (Bu et al.
2018). On the other hand, astaxanthin reduced the levels
of MDA and NO in the treated groups compared with the
toxic control group (Fig. 3), which may be due to its free
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radicals scavenging properties. The reduction of NO in the
liver tissue of astaxanthin-treated groups showed that this
compound protects the liver against methotrexate-induced
damage by reducing NO and also nitrous stress. In addition,
various studies have shown that high oxidative stress impairs
liver function, followed by increased production of ROS,
which rapidly reduces the body’s enzymatic and non-enzy-
matic antioxidant content (Goudarzi et al. 2018). Therefore,
the activity of antioxidant enzymes including superoxide
dismutase (SOD), catalase (CAT), and the content of total
antioxidant capacity (TAC) is significantly reduced (Kremer
2004; Al Maruf et al. 2018). The main role of antioxidant
enzymes such as catalase and superoxide dismutase is to
regulate cellular antioxidant systems. The function of SOD
and CAT is to scavenge oxygen free radicals and they are the
most effective enzymes in neutralizing ROS products (Pinar
et al. 2018). The SOD enzyme converts O2™ anion to O2
and H,O,; then, the H,O, produced by CAT is converted to
H20 (Bresciani et al. 2015). Inhibition of enzymes such as
catalase, which play a role in removing free radicals from
the body, leads to the accumulation of H,O, and high lipid
peroxidation, as well as DNA modulation, gene expression
changes, and cell death (Tayeb et al. 2010). The coopera-
tion between different antioxidants provides greater protec-
tion against the attack of oxygen and nitrogen free radicals.
Total antioxidant capacity (TAC) is an analyte that shows the
effect of all antioxidants in the body and is used to assess the
antioxidant status of biological samples that can determine
the antioxidant response to free radicals produced in a par-
ticular disease. Therefore, measuring the total antioxidant
capacity (TAC) can provide more information than measur-
ing each of the antioxidant components by itself (Suresh
et al. 2009). Previous studies have shown that the adminis-
tration of MTX remarkably decreases the activity of SOD,
CAT, and TAC levels in rats (Ueki et al. 2013; Abo-Haded
et al. 2017). In this study, the activity of SOD and CAT and
the level of TAC in the MTX group decreased compared to
the normal control group.

Moreover, treatment with astaxanthin at doses of 25, 50,
and 75 mg/kg significantly reversed SOD enzyme activity
and TAC levels. Also, treatment with astaxanthin at doses
of 50 and 75 mg/kg significantly decreased CAT activity
(Fig. 2). The findings of several studies have shown that
astaxanthin can react with hydroxyl radicals, protect tissues
against oxidative stress, and can also inhibit the activity
of antioxidant enzymes (Liu et al. 2010; Abo-Haded et al.
2017; Heidari Khoei et al. 2019). It can be concluded that
the increase in the activity of SOD, CAT, and TAC levels
can be caused by the antioxidant activity of astaxanthin,
which seems to have different effects on these parameters
at doses of 25, 50, and 75 mg/kg of astaxanthin. Therefore,
it can be claimed that the effect of astaxanthin on these bio-
chemical parameters is dose-dependent.
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Nrf2 is a transcription factor that plays an important
role in regulating genes involved in the metabolism of anti-
oxidants and xenobiotics. The transcription of about 50
antioxidant genes is performed under Nrf2 control. The
Keapl-Nrf2 signaling pathway is the major key regula-
tor of cell-protective responses to ROS and electrophilic
stresses (Kansanen et al. 2012). Under normal conditions,
Nrf2 is degraded by binding to keap1 in the cytosol. Oxi-
dative stress, on the other hand, releases Nrf2 from keapl
which, in turn, transports Nrf2 to the nucleus, causing to
regulate the activation of defensive genes and induction of
antioxidant enzymes such as SOD and CAT (Sporn and Liby
2012; Chang et al. 2013). According to prior experimental
studies, the administration of 20 mg/kg methotrexate to rats
decreased the expression of Nrf2 and HO-1 genes in their
livers (Bu et al. 2018; Abdelaziz et al. 2020). The present
study indicated that the expression of Nrf2 and HO-1 in
the liver tissues of rats in the methotrexate group was sig-
nificantly reduced compared to those of the normal control
group. In this study, treatment with astaxanthin significantly
increased the expression of Nrf2 and HO-1 genes in the rats
of the groups receiving astaxanthin. Several studies con-
firm the findings of the present study in this respect (Abo-
Haded et al. 2017; Soliman et al. 2020). Therefore, increased
expression of Nrf2 and HO-1 is evidence that confirms the
hepatoprotective effects of astaxanthin due to its antioxidant
properties.

Conclusion

An overview of these results suggests that astaxanthin
administration may confer protection against MTX-induced
hepatotoxicity, which could be partially attributed to modu-
lation of Nrf2 signaling pathways. Our results demonstrated
that although astaxanthin does not completely prevent liver
damage at lower doses, it can particularly play a beneficial
and protective role, especially by preventing changes in the
activity of antioxidant enzymes at higher doses. Moreover,
astaxanthin is effective in reducing oxidative tissue damage
and functional disorders caused by methotrexate in rats by
inhibiting free radicals and increasing the body’s antioxidant
stores. However, further experimental and clinical studies
can clarify our understanding of these findings.
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