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Original Article  Methotrexate (MTX), an antimetabolite agent, is widely used for acute lymphoblastic leukemia
treatment, despite its association with significant organ dysfunction. Astaxanthin (AST) is a natural
carotenoid which has recently been emerged as a promising anti-tumor and anti-inflammatory agent.
In this study, we aimed to evaluate the effectiveness of astaxanthin and low-dose methotrexate co-
treatment in acute lymphoblastic leukemia cell line. The expression of Dihydrofolate reductase
(DHFR), Thymidylate synthase (TYMS), apoptotic, anti-apoptotic as well as inflammatory genes was
investigated using gRT-PCR. Flow cytometry was performed for cell cycle quantitative evaluation.
Clonogenic assay was used to assess NALMG6 cells proliferation capacity following treatment with
AST, MTX, and co-treatment. To compare the antioxidant property of each group, the ferric ion
reducing anti-oxidant power assay was performed. A reduction in viability was observed in the
presence of MTX, AST, and their combined treatment. Both AST alone and in combination with MTX
caused cell cycle arrest and a reduction in the expression of DHFR and TYMS. While MTX, AST,
and their combination could reduce STAT3 and BCL-XL gene expression, they could act as positive

Received: regulators for the expression of BAX and CASP3, TNFa, and IL6. AST and MTX co-treatment
2024.01.28 inhibited the colony formation ability. FRAP assay also revealed that AST and AST+MTX increased
Revised: the antioxidant capacity. Our data suggests that AST can improve MTX treatment efficacy and their
2024.07.02 combination therapy can be considered as a promising strategy for the management of acute
Accepted: lymphoblastic leukemia.
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Introduction

Acute lymphoblastic leukemia (ALL), a hematologic disorder, is characterized by abnormal
development, growth, and buildup of lymphoid progenitor cells in the bone marrow or extra-medullary areas
(1). Although childhood ALL shows an encouraging prognosis with 80-90% survivability, adult ALL
treatment is more challenging and unfortunately only 20-40% of patients can recover (2). However, recent
implementation of novel treatment approaches has improved survival rate of these individuals (3).

Methotrexate (MTX), widely recognized chemotherapy medication, inhibits DNA synthesis by the
inhibition of various enzymes including dihydrofolate reductase (DHFR) in the folate pathway. MTX is
considered as a crucial element in different ALL treatment protocols (4). DHFR produces THF, whereas
Thymidylate Synthetase (TYMS) utilizes methylene-THF as its substrate. TYMS plays an important role in
DNA synthesis and repair (5). TYMS contributes to antiproliferative properties by inhibiting the effect of
methotrexate (6); thus, TYMS levels have been utilized to anticipate MTX therapeutic outcomes (7).
Although methotrexate is very effective in the treatment of ALL, it has several disadvantages, some of which
can be life-threatening (8, 9). The conventional approaches to administering chemotherapy as a pre-
treatment for leukemia are associated with numerous limitations. Additionally, MTX resistance poses a
significant obstacle to the success of ALL chemotherapy (8-10).

Carotenoids, being natural molecules, have undergone extensive research to explore their distinct
characteristics in the treatment of different diseases (11). These lipophilic antioxidants exhibit diverse
mechanisms of action, including electron transfer, hydrogen abstraction/reduction, and the creation of
carotenoid-radical adducts (12). Consequently, they possess the ability to eliminate free oxygen radicals
from the body, thereby aiding in the treatment of cancer and the prevention of tumor growth in individuals
affected by this disease (13, 14).

Astaxanthin (AST), a common carotenoid, is found in the red pigments of shrimp, salmon, and crab.
AST has demonstrated remarkable antioxidant, anti-inflammatory, and antitumor characteristics devoid of
any significant negative effects (15-19).

Given the undeniable presence of side effects from chemotherapeutics and the emergence of drug
resistance, it is imperative to develop new and potent medications that possess minimal toxicity. These novel
treatments aim to enhance the response rate and ultimately prolong the overall survival of patients.

Due to the significant impact of oxidative stress on leukemia progression, we hypothesized that AST,
with its established antioxidant and antitumor properties, could potentially mitigate the side effects of MTX.
The study focused on evaluating the impact of AST, MTX, and their combination on oxidative stress, cell
viability, cell cycle, and the expression of apoptotic, anti-apoptotic, and inflammatory genes in the NALM-
6 pre-B ALL cell line.

Materials and methods

Cell culture

NALM-6 and HDF cell lines, were acquired from the Pasteur Institute of Iran. The cells were
cultivated in Roswell Park Memorial Institute (RPMI) 1640 medium, which was obtained from
Gibco in the United States. To support cell growth, the medium was supplemented with 10% de-
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complemented Fetal Bovine Serum (FBS) also from Gibco, along with penicillin (100 U/mL) and
streptomycin (100 pg/mL) from the same source. The cells were maintained at a temperature of 37
°C, with a humidity level of 95% and a CO2 concentration of 5%. The experiment was carried out
during the exponential growth phase.
Cell viability assay

Nagoya Leukemia-Lymphoma Cell Line Number 6 (NALM-6) and Human dermal fibroblasts
(HDF) cells were seeded at a density of 15x103 cells per well in triplicate in a 96-well microplate
and exposed to varying concentrations of MTX (100-700 nM) (Ebewe, Austria) and AST (5-50
uM) (Sigma-Aldrich) for 24 hours. Cell viability was evaluated by the addition of 20 uyL MTT
solution (5 mg/mL, 100 uL/well) (Sigma-Aldrich) in each well. The formazan crystals were
dissolved in 100 pL Dimethyl sulfoxide (DMSQO) (Merck, Germany) after 4 hours of incubation at
37 °C. Finally, the absorbance was measured at 570 nm and 630 nm using Epoch microplate
spectrophotometer (BioTek-Epoch, USA). The percentage of cell viability was calculated and
compared to the control group.
Co-treatment

After determining the half-maximal inhibitory concentration (IC50) for each compound, the
cells were subjected to treatment with different concentrations of MTX + AST. This was achieved
by gradually decreasing the concentrations of MTX while maintaining the IC50 concentration of
AST for a duration of 24 hours.
Cell cycle arrest

The progression of the cell cycle after treatment was evaluated using the flow cytometry
technique. 1x108 cells/well were collected by centrifugation at 1200g for 5 minutes after 48h/24h
treatment. These cells subsequently washed in phosphate buffered saline (PBS) twice. In each
group, treated cells were first fixed in cold 70% ethanol and then resuspended in PBS after
removing the ethanol. The fixed cells underwent two incubations: a 20-minute exposure to 0.3 i
RNase (Sina colon, Iran) (0.1 mg/mL) and Triton X-100 solution (0. 5%) at 37 °C, followed by a
30 minutes incubation with 50 pg/mL PI stain (Sigma-Aldrich, Germany) (50 pg/mL) at room
temprature (RT) in the dark. The flow cytometry analysis of the cell cycle phase was performed
using the FL2 channel of a flow cytometer (Sysmex XN2000, japan). Untreated cells were used as
negative controls. A total of 10,000 cells were counted for each determination, and the data were
analyzed by FlowJo software (Version 10).
Colony formation assay

To evaluate the growth potential of treated cells, their ability to generate colonies in a semi-
solid medium was examined. The suspended cells (6x10° cells/1.5 mL/well) for each treatment
were seeded onto 6-well plates with 0.6% agar supplemented with RPMI and 10% FBS, which
were then overlaid on a 1% agar gel. Subsequently, the cells were cultured at 37 °C in a 5% CO2
environment for a duration of 28 days. Following this incubation period, 200 puL of MTT solution
(5 mg/mL) was introduced to each well and allowed to incubate for 24 hours. Images were captured
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of colonies with over 50 cells were enumerated using Olympus microscope from Japan. Finally,
the formula below was utilized to determine the colony formation efficiency (CFE) percentage.

Number of colonies in the treated well

CFEY% = —
% Number of colonies in the untreated well *

100

Quantitative reverse transcriptase-PCR

The NALM-6 cells underwent treatment in four distinct groups, including AST, MTX, and AST+MTX,
as treatment groups and the untreated cells as the control group in a 6-well plate for 24 hours. Following
treatment, RNA extraction was carried out utilizing the Sinacolon extraction kit (Sinacolon, Iran), with
subsequent reverse transcription performed using the Pars-Tous cDNA synthesis Kit (Pars-Tous, Iran). RNA
concentrations were determined using Nanodrop (Epoch, Biotek, USA), and RNA quality was analyzed by
agarose gel electrophoresis (data not shown). The relative gene expression was measured by qRT-PCR
method on the ABI 7300 cycler device (Applied Biosystems, USA). gRT- PCR by SYBR green PCR Master
mix (Amplicon, Denmark) was performed under specific conditions. These conditions included 40 cycles
consisting of 15 seconds at 95 °C for denaturation, 1 minute at 60 °C for annealing, and 30 seconds at 72
°C for extension. All PCR reactions were done in triplicate. Additionally, a melting curve analysis was
carried out to evaluate the quality of the primers and products. The relative amounts of target genes were
normalized with respect to GAPDH. To quantify transcripts, a comparative threshold cycle (CT) analysis
was employed. The value was calculated using the 2-AACT method. The sequence of primers used for RT-
PCR are as follows:

DHFR (forward, 5- CCA CCG CTC AGG TAA ACA GA-3’; reverse, 5- ATG GCC TGG GTG ATT
CAT GG -3"), TYMS (forward, 5- CCT CTG CTG ACA ACC AAA CG-3; reverse, 5- ATC ATG TAC
GTG AGC AGG GC-3). GAPDH (forward, 5- AAG TTC AAC GGC ACA GTC AAG G-3’; reverse, 5 -
CAT ACT CAG CAC CAG CAT CAC C-3)).

FRAP assay (Ferric reducing antioxidant power)

The FRAP method involves the conversion of the TPTZ (2, 4, 6-tri-yridyl--triazine)-Fe3+ compund to
the TPTZ—Fe2+ compound with the addition of antioxidants and a strong color. The change in absorption
is then measured. As a result, the yellow color of the sample transforms into various colors, depending on
the antioxidant's reducing power. The fresh FRAP reagent (Kavosh Arian Azma, Iran) was heated to 37 °C
for 30 minutes. Subsequently, 50ul of cell lysate from three different treated groups was added to 250pl of
the FRAP reagent. After a 10-minute incubation period at room temperature, the measurement of absorbance
was conducted. The values were determined using Trolox and the calibration curve.

Statistical Analysis

ANOVA was conducted to assess statistical significance between groups using GraphPad Prism
software version 9.0 (La Jolla, California, USA). The normality of the data was evaluated through the
Kolmogorov-Smirnov test. Statistical significance was determined at p-values of < 0.05. Each sample was
replicated three times (n=3).
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Results

Combined treatment of AST with low-dose MTX inhibited NALM-6 cell proliferation

First, the effects of different concentrations of AST and MTX on the growth and survival of NALM-6
were investigated. Following treatment, it was observed that low-dose MTX alone did not impede cell
growth after different times of treatment, and cell viability as measured by MTT assay remained at
approximately ~80% of the control from 24 to 48 h (Figure 1G). The IC50 dose of AST and MTX at 24h
determined to be 25 uM and 300 nM, respectively. Notably, unlike MTX, the inhibition caused by AST was
dose-dependent (Figure 1).
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Fig.1. The effect of AST, MTX and AST+MTX on viability of NALM-6 cells by MTT assay. Cells were treated with different
doses of AST, MTX and AST+MTX during a specific incubation period. The IC50 dose of AST and MTX was 25uM and 300nmol,

respectively (A, B). The combination therapy of MTX and AST resulted in a substantial reduction in the necessary dosage of MTX
to just one-thirtieth (10nmol). (C) There was also a notable decline in NALM-6 cell viability when compared to HDF cells. HDF
cells treated with the 1C50 value of different treatments which were used as the control group (G) (P<0.0001).
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To identify the optimal combination doses of MTX with AST, different amounts of each were
administered. Interestingly, an IC50 dose was achieved by the combination of 25 uM AST and 10 nM MTX.
As depicted in Figure 1, the combined treatment involving low-dose MTX and the IC50 dose of AST
effectively suppressed NALM-6 cell proliferation and survival. The investigation additionally assessed the
cytotoxic effects of ATX and MTX on HDF, indicating that although the cell viability decreased, the rate of
viability was considerably greater (p < 0.0001) compared to NALM-6 cells.

Combined treatment of AST with low-dose MTX inhibited the colony formation ability

The soft agar assay was employed to assess the colony formation capability of NALM-6 cells after a
24-hour treatment. The colony inhibition rates in AST, MTX, and AST+MTX groups were found to be 47%,
37% and 27%, respectively. All treated groups exhibited a significant decrease in the numbers of colonies
when compared to the control group. These findings indicate that both AST and MTX individually limit the
cloning ability of NALM-6 cells, but the combined treatment of AST+MTX demonstrates a superior effect
(Figure 2).

MTX AST AST + MTX

Control

100

50

CFE(% of control)

Fig. 2. Colony formation assay was performed by 24-h incubation of NALM-6 cells with AST (25 pmol), MTX (300nmol) and
AST+MTX (25 pmol+10nmol) for 28 days. After the incubation, colonies were stained using MTT. The colony formation efficiency

(CFE) was then calculated as a percentage of untreated cells (Control). The results showed the pronounced impact of AST+MTX
in inhibiting the proliferation and colony formation of the NALM-6 cells (x40). (*** P< 0.001, **** P < 0.0001).

AST and MTX Induced Cell Cycle Arrest at G1 Phase in NALM-6 Cells

Our study aimed to explore the potential relationship between the decrease in cell viability induced by
AST and MTX and the arrest of the cell cycle. To achieve this, we utilized propidium iodide (PI) staining
and flow cytometry to analyze the distribution of the cell cycle. Our findings revealed that the proportion of
cells in the G1 phase increased in the treated group compared to the control group. Specifically, in NALM-
6 cells, treatment with 25 uM AST, 300nM MTX, and a combination of 25 uM AST and 10 nM MTX
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resulted in G1 phase distribution rates of 49.3%, 51.1%, and 61.7%, respectively, as opposed to the control
rate of 45.4%. These results indicate that the combination of AST and MTX led to a more significant G1
arrest and G1/S ratio. Overall, our data suggest that AST, MTX, and their combination induced cell cycle
arrest at the G1 phase in NALM-6 cells, potentially contributing to the observed reduction in cell viability
following treatment (Figure 3).
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Fig. 3. Cell cycle analysis by flow-cytometry reveals that AST and MTX induced NALM-6 cell cycle arrest at the G1 phase. Control
group without any treatment (A) NALM-6 cells treated with AST(B) MTX (C), and AST+MTX for 24 h (D). The cells were washed,

fixed, and stained with Pl and analyzed for DNA distribution by flow cytometry. Section (E) illustrates the percentages of NALM-

6 cells in different phases of the cell cycle. As it is demonstrated AST+MTX combination can induce cell cycle arrest in G1 stage
in NALM-6 cell line.

The expression of TYMS and DHFR genes was down-regulated in treated cells

To ensure the assessment of alterations in DHFR and TYMS expression levels, gqRT-PCR was
performed. As for the results, we detected that the DHFR and TYMS genes were down-regulated in all
treated groups when compared to the untreated control cells (p<0.0001). Besides, the most remarkable result
was obtained in the AST+MTX group, where the expression of DHFR was notably lower than in the other
groups (Figure 4).
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Fig. 4. Gene expression analysis by real-time PCR. Expression levels of TYMS and DHFR in control and NALM6 cells treated
with AST, MTX, and AST+MTX after normalization against GAPDH were investigated. Data shows that DHFR and TYMS gene

expression levels were significantly decreased in comparison to the untreated control cells (p<0.0001). ** P<0.01, *** P< 0.001,
**** P <(0.0001.

The expression of apoptotic genes was up-regulated in treated cells

Results obtained from qRT-PCR indicated that all treatments exhibited an increase in the expression of
Bcl-2-associated protein x (BAX) and caspase 3 (CASP3), while showing a decrease in the expression of
the anti-apoptotic gene B-cell lymphoma-extralarge (Bcl-xL) in comparison to the control group (p-
value<0.0001) (Figure 5).
The expression of anti-apoptotic genes was down-regulated in treated cells

Bcl-xL gene was 0.16, 0.20, and 0.205-fold down-regulated in AST, MTX, and AST+MTX treatment
groups, respectively (p-value<0.0001) (Figure 5).
AST, MTX, and AST+MTX up-regulated inflammation-related gene expression

The effects of different treatments on inflammation were further investigated by analyzing the
expression of TNFa and IL6 genes. Our results showed that administration of AST, MTX, and AST+MTX
significantly rose the expression of both genes (p<0.0001). The TNFa expression was markedly reduced
when AST+MTX were present, compared to the individual presence of AST or MTX alone (p<0.0001)
(Fig5h).
STATS3 gene expression was down-regulated in treated cells

Our results showed that AST+MTX> AST>MTX remarkably suppressed the mRNA expression of
Signal Transducer and Activator of Transcription 3 (STAT3) (Figure 5).
AST and AST+MTX increased antioxidant capacity

The FRAP assay results indicated the level of antioxidant capacity was significantly decreased by MTX
in comparison to the control group (p-value <0.0001). Furthermore, this reduction was more pronounced in
the AST and AST+MTX groups compared to the MTX group (p <0.0001). In other words, AST (25uM)
and AST+MTX (25uM+10nM) treatments resulted in a maximum reduction of iron ion by 114 and 117
equivalent Trolox, respectively, while MTX (300nM) exhibited 74 equivalent Trolox. The control group
had an equivalent Trolox value of 137(Figure 6).
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Fig. 5. Evaluation of Gene expression by real-time PCR The expression level of apoptotic, anti-apoptotic and inflammatory genes
in treated groups and untreated control cells. In the treated cells, the expressions of CASP3 and BAX were found to be higher than
in the control cells. The BCL-2, an anti-apoptotic gene, and STAT3 showed decreased expression levels. An increase was also
observed in the expression of TNF-a and IL-6 in treated groups compared to the control group.
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Fig. 6. The Fe®*-Fe?* reducing activity of AST, MTX, and AST+ MTX based on FRAP assay. Data is represented as means+SD

from three experiments, each experiment performed in triplicate. Data reveals that AST both in combination with MTX or alone

can increase NALM-6 cell line antioxidant capacity. (****p < 0.0001, ***p 0.001, ns: non-significant).
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Discussion

Methotrexate, an antifolate medication, primarily focuses on DHFR and TYMS genes. Given the
numerous adverse effects linked to MTX as a cancer treatment, there is a pressing requirement to explore
substitute substances that can lower the dosage of this medication while maintaining its anti-cancer
characteristics (20).

Astaxanthin, a carotenoid xanthophyll with a red-orange hue, is recognized for its diverse clinical
and pharmacological advantages, including its anti-cancer, antioxidant, and anti-inflammatory
characteristics (17).

As far as our understanding goes, there has been no previous investigation conducted to examine the
influence of AST on MTX-induced toxicity in the NALM-6 cell line. Consequently, the aim of this present
study was to evaluate whether co-administration of AST could mitigate the dosage of MTX, enhance its
cytotoxicity effects, or alleviate the MTX-induced inflammatory response.

Our research showed the significant suppressive impact of AST on the survival of NALM-6 cells.
Moreover, the survival rate of HDF cells showed a marked increase compared to NALM-6 cells, with
statistical significance (p< 0.0001). Likewise, Ganesanet al. revealed similar outcomes against human
leukemia (HL-60) cell line (11). The interesting result of the current study was that the administration of
AST (25uM) effectively reduced the MTX dosage by one-thirty (10 nM) to reach the IC50 in the NALM-6
cell line. This may be due to the fact that AST could inactivate PISK/AKT signaling pathway. Subsequently,
a decline in Bcl-2 expression and an elevation in Bax levels occur, culminating in the initiation of apoptosis.
(17). Given that lower doses have the potential to mitigate the adverse effects associated with the medication,
this amalgamation appears to hold significant value.

In the present investigation, the combination of AST and MTX resulted in a significantly higher G1
arrest compared to AST and MTX alone, despite both AST and MTX individually increasing cell cycle
arrest in the G1 phase. Xia Zhang et al. conducted a study on the effect of carotenoids on peroxisome
proliferator-activated gamma receptor (PPARY) and demonstrated that AST could inhibit proliferation and
reduce survival of K562 cells in a dose- and time-dependent manner through apoptosis and disruption of
cell cycle progression (14). It has shown that AST in K562 causes p21 activation and cyclin D1 inhibition,
leading to cell cycle arrest at the GO/G1 phase (21). In our prior investigation, we have shown that the
combination of AST therapy and imatinib can effectively reduce the viability of cells in the K562 cell line
in a dose-dependent manner. In this study, we have additionally explored the beneficial anti-leukemic
properties of crocin, a natural carotenoid. Our findings unequivocally demonstrate that the utilization of
these two dietary carotenoids can significantly lower the required dosage of imatinib to achieve IC50 levels.
Furthermore, this combination induces cell cycle arrest in the G1 phase and enhances the expression of
apoptosis genes, while simultaneously suppressing the expression of anti-apoptotic and inflammatory
genes (22).

An increase in cells in the G1 phase and a decrease in S and G2/M phases were observed when treating
the HL-60 leukemia cell line with AST (23). Colon cancer cells treated with astaxanthin-rich alga
Haematococcus Pluvial exhibited a dose-dependent reduction in cyclin D4 and p-ERK and a dose-dependent
increase in p27Kip-1, p21WAF-1/CIP1, and p53. (24, 25). Cyclin D, the first cyclin formed in the cell cycle,
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becomes activated when it binds to cyclin-dependent kinase 4 (CDK4). This complex then phosphorylates
Rb causing p-Rb to separate from the E2F/DP1/Rb complex. E2F activation leads to cyclin E transcription
and binding to CDK2, which finally drives cells from G1 to S phase (24). On the other hand, downregulation
of the p-ERK inhibits the cyclin D1/CDK4 complex. Besides, augmented level of p27Kip-1 is associated
with the suppression of cyclin E/CDK2 complex. These processes contribute to cell cycle arrest at the GO/G1
phase (24, 26).

Colony formation assay ultimately demonstrated that AST not only inhibits cell proliferation but also
synergistically enhances the inhibitory effect of MTX on cell colony formation ability in NALM-6 cells.
We examined TYMS and DHFR expression in NALM-6 cells. Treatment of the cells with AST for 24 h,
MTX for 48 h, and AST+MTX resulted in a decrease in the expression of both genes. It has been argued
that expression of DHFR and TYMS is connected to DNA synthesis and cell proliferation. MTX is known
to target cells in the S-phase of the cell cycle by irreversibly binding to DHFR, resulting in the diminution
of tetrahydrofolate intracellular reservoir and reduced DNA synthesis (27). DHFR and TYMS are also
affected by other factors such as miR-192 whose decreased expression is associated with higher levels of
these genes in MTX resistance in ALL patients (28).

Zhewei Fei et al., discovered that knocking down of DHFR by siRNA leads to cell cycle arrest in the
G1 phase (29). Additional reports from Meng et al. (30) and Lee et al. (31) showed that DHFR
overexpression in certain cancer cell lines is a known mechanism of resistance to chemotherapy using MTX.
These studies collectively highlight the significance of inhibiting DHFR and TYMS in the treatment of ALL
patients and in preventing methotrexate resistance.

We evaluated the effect of AST, MTX, and AST+MTX on the expression levels of Bax and CASP3,
which are known to promote apoptosis (Fig. 5D), as well as Bcl-XL, a suppressor of programmed cell death
in NALM-6 cells. All treatments resulted in a significant increase in Bax and CASP3 expression, while
reducing Bcl-XL expression compared to the control group (P < 0.05). Caspase-3, a crucial protease
involved in activation of both the extrinsic and intrinsic apoptosis pathways, serves as a key indicator of the
irreversible stage of apoptosis.

Interestingly, the expression of Bax and CASP3 was diminished in the presence of AST compared to
the MTX group. This suggests that AST may act as a protective agent against MTX toxicity by inhibiting
excessive apoptosis and its activity reducing properties. These findings are consistent with a study by Yuksel
et al., where they observed that MTX increased CASP3 expression, which was then reduced by co-treatment
with the antioxidant Quercetin (32). Similarly, Hormozi et al. found that AST induces apoptosis and inhibits
proliferation and growth by upregulating the expression of Bax and Caspase3 genes while downregulating
the expression of Bcl2 in LS-180 cells (33).

In all treatment groups, a decreased in STAT3 expression was observed; however, the effect of AST
and particularly AST+MTX was remarkably greater than that of MTX alone. Among the STAT protein
family, the persistent activation of STAT3 is commonly observed in cancer cells, playing a major role in
the apoptosis pathway (17). Kowshik et al. found that AST disrupted STAT3 phosphorylation and its
subsequent nuclear translocation, leading to the downregulation of target genes associated with cyclin D1
proliferation (34).
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AST has been found to trigger mitochondrial apoptosis in rat hepatocellular carcinoma cells by
inhibiting the JAK/STATS3 signaling pathway (35). In the context of rat hepatocellular carcinoma cells, a
thorough investigation was carried out by Song et al. Their study uncovered the significant contribution of
AST in triggering apoptosis in these cells. This was achieved by suppressing the expression of STAT3 and
its upstream activator, JAK1.Consequently, this interference disrupts the normal regulation of gene
expression associated with the anti-apoptotic targets of STAT3 (36). Nevertheless, the absence of protein
analysis data posed a constraint on our research.

Our results also showed that methotrexate had an impact on the expression of inflammatory genes,
specifically 1L-6 and TNF-a compared to the control group. However, when AST and AST+MTX were
examined, we found that the expression of both genes decreased. Li et al. reported that AST considerably
decreased the production of TNF-o and IL-17 in lipopolysaccharide stimulated neutrophils. They proposed
that this effect was due to the suppression of NF-kB activation, which is a key transcription factor for
inducible nitric oxide synthase .This suppression may be attributed to the scavenging of intracellular
Reactive oxygen species (ROS). As a result, the production of these inflammatory cytokines was efficiently
inhibited (17, 37- 38). Moreover, NF-kB regulated the expression of proteins related to proliferation (cyclin
D1) and apoptosis (Bcl-2, Bel-xL) (17).

FRAP assay was performed to assess the ability of AST to scavenge free radicals in a laboratory setting
(in-vitro) (expressed as equivalent Trolox value) through utilizing its iron reducing capacity. It has been
demonstrated that the FRAP method is highly sensitive in quantification of total antioxidant capacity of
pharmacological products (38). The obtained results in our study indicated that AST possesses a strong iron-
reducing ability, effectively counteracting the oxidant effect of MTX on NALM-6 cells. In U937 cells, AST
has been shown to attenuate intracellular O2— production by restoring the antioxidant function of superoxide
dismutase and catalase, consequently reversing ROS production and lipopolysaccharide-induced toxicity
(39). Accordingly, oxidative stress is likely a significant factor connecting AST to cell proliferation and
apoptotic commitment (17).

The findings from multiple tests conducted in our research revealed, for the first time the involvement
of AST in restraining leukemic cell proliferation, regulating cell cycle transition, and inhibiting colony
formation of the NALM-6 cells. Moreover, AST demonstrated the potential to mitigate the dosage of MTX
and alleviate the side effects associated with chemotherapy. These results position AST as a promising
candidate for chemotherapeutic treatment. To gain a deeper comprehension of AST's impact on ALL,
additional in vitro and in vivo investigations should be carried out.
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