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Rumex japonicus Houtt (RJH) is a valuable plant used in traditional medicine to treat several
diseases, such as scabies and jaundice. In this study, Jurkat cell growth inhibitory extracts of R.
japonicus roots were subjected to bioassay-guided fractionation, resulting in the isolation of three
naphthalene derivatives (3-5) along with one anthraquinone (6) and two phenolic compounds (1 and
2). Among these compounds, 2-methoxystypandrone (5) exhibited potent anti-proliferative effects
on Jurkat cells. Analysis by flow cytometry confirmed that 2-methoxystypandrone (5) could
significantly reduce mitochondrial membrane potential and promote increased levels of
mitochondrial reactive oxygen species (ROS), suggesting a strong mitochondrial depolarization
effect. Real-time quantitative polymerase chain reaction (qPCR) analysis was also performed, and
the results revealed that the accumulation of ROS was caused by reduced mRNA expression levels of
heme oxygenase (HO-1), catalase (CAT), glutathione peroxidase (GPx), and superoxide dismutase
(SOD). In addition, 2-methoxystypandrone (5) triggered strong apoptosis that was mediated by the
arrest of the G0/G1 phase of the cell cycle. Furthermore, 2-methoxystypandrone (5) downregulated
p-IxB-a, p-NF-kB p65, Bcl,, and Bcl-xl and upregulated BAX proteins. Taken together, these findings
revealed that 2-methoxystypandrone (5) isolated from RJH could potentially serve as an early lead
compound for leukemia treatmentinvolving intracellular signaling by increasing mitochondrial ROS
and exerting anti-proliferative effects.

Keywords: Rumex japonicus Houtt, apoptosis, reactive oxygen species (ROS), Jurkat cells

Introduction

Leukemia is a group of life-threatening malignant disorders of the bone marrow and blood that affects people of
all ages from newborns to the elderly [1]. A key method of treating leukemia is chemotherapy; however,
chemotherapeutic strategies remain limited by two primary issues: toxicity and the lack of efficacy 3, 5]. In recent
years, research efforts have identified potent anti-cancer agents in several natural products and their analogs,
which have garnered significant interest due to the limited number of associated side effects [6]. An important
pathway being studied is apoptosis, which regulates homeostasis and morphogenesis by eliminating redundancy,
which is closely associated with cancer in addition to other diseases [7].

Mitochondria are organelles enclosed by double membranes that serve to produce essential energy for cell
metabolism. Most notably, mitochondria have been suggested to be at the center of the apoptotic pathway [8].
Mitochondrial membrane potential (A¥m) is used as an indicator of mitochondrial dysfunction, which can
induce endogenous and exogenous ROS to alter mitochondrial membrane permeability as a cell undergoes cell
death [9-12]. Therefore, many researchers see the potential of mitochondria as a target for cancer treatment. In
our screening process using Jurkat cells, the methanolic extract of the roots of RJH was found to have significant
anti-proliferative properties.

RJH is a perennial plant found in East Asia that belongs to the Polygonaceae family [13]. In traditional medicine,
RJH roots are often used to treat jaundice, constipation, and other symptoms [14, 15]. Modern research has found
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that RJH roots, which contain large amounts of quinone, xanthone, and flavonoid structures, have strong
antibacterial and antifungal properties [16, 17]. In our search for anti-leukemia agents against Jurkat cells, we
found a strong potential candidate in 2-methoxystypandrone with a 1,4-dicarbonyl structure. Several reports
have shown that 2-methoxystypandrone, which structurally belongs to the naphthalene group, exhibits
antimicrobial activity in gram-positive bacteria and inhibitory growth activity in human cancer cells. However,
researchers have yet to determine the mechanism of action of 2-methoxystypandrone in leukemia cell lines.

In the present study, we explore the ways in which 2-methoxystypandrone affects cell proliferation and oxidative
stress induction in Jurkat cell lines. We confirmed that 2-methoxystypandrone displays potent mitochondrial
depolarization by increasing ROS generation and decreasing the mRNA expression levels of antioxidant enzymes.
Furthermore, we studied the mechanisms behind the apoptotic effects of 2-methoxystypandrone by evaluating
the protein expression levels of Bcl,, Bcl-xl, BAX, p-IkB-a, and p-NF-kB p65.

Materials and Methods

Plant Materials

Roots of RJH were collected by H. S. Park (from the Medicinal Plant Garden, Boseong, Jeollanam-do, Korea),
and a voucher specimen was deposited in the Herbarium of the Medicinal Plant Garden, College of Pharmacy,
Chonnam National University, Korea.

Extraction and Isolation

Roots of dried RJH (1.9 kg) were placed in 100% methanol and ultrasonicated three times. After evaporation of
the solvent under a vacuum at 40°C, the total extract (325.2 g) was dissolved in water and fractioned successively
and consecutively with ethyl acetate (EtOAc; 73.2 g) and n-butanol (86.2 g). The EtOAc fraction exhibited more
potent levels of toxicity on Jurkat leukemia cells than the other fractions, and thus it was chromatographed on a
silica gel column using a gradient of increasing polarity. A CH,Cl, and MeOH mixture (CH,Cl,-MeOH 100:1 to
1:100, v/v) was used as a solvent to yield five fractions (E1-5). The five fractions were subjected to reverse phase
(RP) C,3 medium-pressure liquid chromatography (MPLC) with MeOH from 10% to 100%. The subfractions
were then purified by high-performance liquid chromatography (HPLC) and eluted with acetonitrile (A) and
H,O (B) to obtain compounds 1-6. E1 (5.44 g) was subjected to MPLC, and subfractions M1-6 were obtained.
Compound 4 (4.6 mg) was isolated from subfraction M1 via HPLC with equilibration at 60% A. Subfraction M2
was further purified via HPLC using a 250 x 10 mm Phenomenex Luna C; column with 50% A to generate
compound 2 (4.1 mg). From subfraction M3, compound 3 (24.2 mg) was obtained via HPLC with alinear gradient
profiled from 45% to 90% A. Compound 5 (26.3 mg) was isolated from subfraction M4 via HPLC using the same
C,3 HPLC column with equilibration at 60% A. RP C, MPLC was performed on E2 (2.60 g), yielding subfractions
M?7-11. Subfraction M10 was further purified using a linear gradient profile from 20% to 90% A to produce
compound 6 (12.3 mg). Subfraction M13 was subjected to HPLC with equilibration at 15% A to obtain
Compound 1 (5.4 mg).

Cell Culture

Jurkat cells were cultured in a 5% CO, incubator with a humidified atmosphere and a temperature of 37°C for 2
to 3 days. The cells were supported using Advanced Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 2% fetal bovine serum and 1% penicillin-streptomycin. The cells were subsequently
subcultured at a ratio of 1:4 upon reaching a cell density of 70-809%.

Cell Viability Assay

For the toxicity screening assays, the Jurkat cells were seeded in 96-well plates at a density of 1 x 10° cells/well. A
10% (v/v) solution of 20 pl CellTiter One Solution Reagent was added to each well. The samples were then
incubated for 2 h under a temperature of 37°C. The antiproliferative effects were measured using the MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) assay, as
described in our previous study [2]. The effects on cell growth were expressed as a percentage of the control.

Microscopic Analysis

A phase-contrast microscope (Olympus, Japan) was used to examine any morphological changes in the Jurkat
cells. Photomicrographs of the cells were taken at 24 h and 48 h after treatment with 2-methoxystypandrone and
an analysis was performed to determine changes in the number of cells [18].

Tetramethylrhodamine Methyl Ester Perchlorate (TMRM) Assay

To detect the mitochondrial membrane potential, the Jurkat cells were incubated with a fluorescent indicator,
specifically 100 nM TMRM (Thermo Fisher Scientific, USA). The cells were washed in phosphate-buffered saline
(PBS) and resuspended in fluorescence-activated cell sorting (FACS) buffer (PBS supplemented with 1% fetal
bovine serum). The analysis of the cells involved the use of a flow cytometer (BD FACSVerse; BD Biosciences,
USA) and the Flow]Jo software (FlowJo LLC, USA) [19].

Determination of Intracellular Levels of Reactive Oxygen Species (ROS)
The Jurkat cells were seeded with a density of 1 x 10° cell/ml, treated with 2-methoxystypandrone (10 uM), and
exposed to ascorbic acid (AA) for 24 h. The cells were then incubated with 5 uM MitoSOX Red Mitochondrial
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Superoxide Indicator (Thermo Fisher Scientific). A flow cytometer (BD FACSVerse; BD Biosciences) and the
Flow]Jo software (FlowJo LLC) were used to measure and analyze intracellular fluorescence ROS levels [20].

Cell Cycle Analysis

The Jurkat cells were seeded in 25 cm” flasks and exposed to 2-methoxystypandrone (10 or 20 uM) for 48 h. The
cells were then collected and fixed in ice-cold 70% ethanol at 4°C for 6 h. After 5 min of centrifugation at 1,500 xg,
a premixed reagent that included the nuclear DNA intercalating stains propidium iodide (PI) and RNAse A was
used to stain the cells, which is required to conduct analyses with the Muse Cell Cycle Assay Kit (Luminex
Corporation, USA). The percentage of cells in each cell cycle phase was determined with the Flow]Jo software
(FlowJo LLC) [20].

Apoptosis Assay

Apoptotic cell populations were determined via staining with Annexin V-APC and propidium iodide (PI)
according to the manufacturer’s instructions. The Jurkat cells were seeded at a density of 1 x 10°cell/ml and treated
with 2-methoxystypandrone (10 or 20 uM) for 48 h. The cells were harvested, washed with ice-cold PBS, and
incubated with an apoptosis detection kit (BioLegend, USA) for 30 min. Apoptotic cell populations were
measured using a flow cytometer (BD FACSVerse; BD Biosciences) and analyzed using the Flow]Jo software
(FlowJo LLC) [21].

Protein Extraction and Western Blot

The Jurkat cells were seeded at a density of 1 x 10° cell/mlin 25 cm’ flasks and treated with 2-methoxystypandrone
(10 or 20 uM) for 48 h. The cells were subsequently harvested and lysed with RIPA lysis buffer (Thermo Fisher
Scientific) containing 1x protease inhibitor and phosphatase inhibitor cocktails (Roche Molecular Biochemicals,
Switzerland). Bio-Rad protein assay reagents (Bio-Rad, USA) were used to determine the protein content, and an
equal amount of protein was separated by sodium dodecyl sulfate (SDS)-PAGE (NuPage, Bis-Tris Gel 4-12%;
Thermo Fisher Scientific). The protein was transferred onto a polyvinylidene difluoride (PVDF) membrane and
then immunoblotted with specific primary antibodies for Bcl,, Bcl-x1, BAX, p-IkB-a, p-NF-kB p65, and B-actin at
4°C overnight with gentle shaking. Bound antibodies were detected using Immobilon Western Chemiluminescent
HRP Substrate (Millipore, USA). Images were taken with an ImageQuant LAS 4000 Mini (Fujifilm, Japan) [22].

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated from the Jurkat cells via 2-methoxystypandrone (10 or 20 pM) treatment using the
RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions. The iScript cDNA Synthesis
Kit (Bio-Rad) was used to reverse transcribe the total RNA. The resulting cDNA was used for real-time qPCR
amplification with specific primers and iTaq Universal SYBR Green Supermix (Bio-Rad) according to the
manufacturer’s instructions. The reaction was performed in triplicate using the StepOnePlus Real-Time PCR
system (Thermo Fisher Scientific), and the resulting values were normalized to housekeeping genes (B-actin or
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)) [22].

Live/Dead Assay

To analyze the Jurkat cell counts, both living and dead cells underwent fluorescent labeling using the Live/Dead
Viability/Cytotoxicity Kit (Thermo Fisher Scientific). Jurkat cells were stained for 30 min in the dark with a calcein
and ethidium homodimer (EthD-1) following the manufacturer’s instructions. A fluorescence microscope
(Olympus) was used to obtain images.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, Inc., USA). The values are
provided as means * S.D. The data were further analyzed using the one-way Student’s ¢-test and p-values (* p <
0.05,** p < 0.01,** < 0.001) were considered statistically significant [2, 4].

Results
Structural Elucidation of Compounds 1-6

By subjecting the methanolic extract of RJH roots to bioassay-guided fractionation, we found that the EtOAc
fraction exerted antiproliferative effects on the Jurkat cells. Further separation of the EtOAc fraction via activity-
guided chromatographic methods yielded six known compounds with the following structures: 2,4,5-
trihydroxyacetophenone (1), orcacetophenone (2), trachrysone (3), musizin (4), 2-methoxystypandrone (5), and
emodin (6). The structures were determined based on comparisons with data in the literature (Fig. 1) [23-26].

Compound-Induced Antiproliferative Effects

The cytotoxic potentials of the six compounds that were isolated from RJH roots were determined by the MTS
assay. Among the compounds, 2-methoxystypandrone (5) exhibited the strongest antiproliferative activity at
concentrations ranging from 25 uM (29.8 £ 4.1%) to 100 pM (26.3 + 2.2%) (Fig. 2A). Cell viability was dramatically
reduced even at lower concentrations such as 5 and 10 pM, suggesting that compound 5 could be a powerful anti-
cancer agent for inhibiting leukemia cell proliferation (Fig. 2A). In addition, examinations under a microscope
showed that morphological changes characteristic of apoptosis were induced in cells treated with 2-
methoxystypandrone compared to cells treated with dimethyl sulfoxide (DMSO), as shown in Fig. 2B. It is
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Fig. 1. Chemical structures of compounds 1-6 isolated from the ethyl acetate (EtOAc) fraction of Rumex
japonicus Houtt roots.

noteworthy that the antiproliferative activity of 2-methoxystypandrone was superior to that of compounds 3 and 4
despite the structural similarities between the three compounds. The differences in the antiproliferative activity of
these compounds may be explained by the existence of a double carbonyl group. Furthermore, upon comparing 2-
methoxystypandrone to compounds 1 and 2, it was determined that a 1,4-naphthoquinone group is an important
structural feature for antiproliferative activity. Based on these data, we chose 2-methoxystypandrone for further
research.

The Live/Dead assay utilizes two fluorescent dyes, calcein (live-cell) and ethidium homodimer-1 (EthD-I,
dead-cell). The live and dead cells were imaged by fluorescence microscopy (Fig. 2C). The 2-methoxystypandrone-
treated Jurkat cells exhibited (in a dose-dependent manner) reduced levels of green fluorescence-labeled live cells
and induced levels of red fluorescence-labeled dead cells within 48 h of exposure compared to the DMSO control
(Figs. 2D and 2E). As such, it is clear that 2-methoxystypandrone markedly increased the population of apoptotic
cells.

Changes in Mitochondrial Membrane Potential

In cancer cell apoptosis studies, mitochondrial membrane potential (A¥m) is a key indicator to evaluate the
function and state of mitochondria. To elucidate whether the cytotoxic effect of 2-methoxystypandrone is related
to the mitochondrial membrane, we measured mitochondrial depolarization by probing TMRM fluorescence
intensity through flow cytometry. According to the results, mitochondrial depolarization was significantly
increased by the 2-methoxystypandrone treatment (Figs. 3A and 3B). Microscopic data also showed that,
compared to the DMSO group, the Jurkat cells exhibited reduced TMRM-positive fluorescence (Fig. 3C). Thus,
the findings suggest that 2-methoxystypandrone significantly downregulates mitochondrial membrane potential
levels in a dose-dependent manner.

ROS Changes in Jurkat Cells

Mitochondrial membrane potential can induce ROS to change mitochondrial membrane permeability and
promote cancer cell death. We previously demonstrated that 2-methoxystypandrone can interfere with
mitochondrial depolarization. Next, we investigated how this interference affects the production of ROS. The
results showed that ROS levels increased from 1.91% (control) to 32.7% (2-methoxystypandrone treatment). At
the same time, ROS accumulation was reduced by AA, an ROS scavenger (Figs. 4A and 4B). The MitoSOX Red
staining results agree with the mitochondrial potential data, indicating that 2-methoxystypandrone serves as an
inducer of oxidative stress, which generates significant mitochondrial ROS. Heme oxygenase (HO-1), catalase
(CAT), glutathione peroxidase (GPx), and superoxide dismutase (SOD) are several key enzymes that participate
in mediating antioxidant effects. Real-time qPCR analysis revealed that the mRNA expression levels of the
aforementioned antioxidant enzymes had significantly decreased (Fig. 4C). Therefore, these findings demonstrated
that 2-methoxystypandrone was used as an oxidant to downregulate antioxidants, which subsequently led to the
accumulation of ROS.

Cell Cycle Distribution of 2-Methoxystypandrone-Induced Jurkat Cells

We further investigated how 2-methoxystypandrone treatment affected the cell cycle of the Jurkat cells. The
results showed that the sub-G0/G1 phase increased in a dose-dependent manner from 53.8% in the DMSO group
t069.6% (10 uM) and 77.7% (20 uM) in the experimental groups (Fig. 5A). The increase in the GO/G1 subpopulation

J. Microbiol. Biotechnol.



2-Methoxystypandrone Could Be a Therapeutic Agent for Leukemia 1889

A
1 Control
100+ = 5pM
H . B 10 pM
2 = 25 uM
) s
= BN 50 uM
.g . e . I 100 pM
=
= 504 4 =
]
(B .
0
1 2 3 4 6 EtOAc n-butanol MeOH
B 5

20 UM

24 hr

48 hr

C DMSO 5(10 uM) 5(20 pMm)
: = e
120~ = Dead
100 - Il Live
£ g0-
€
3 60
o
D DMSO 5(10 uM) 5(20 uM) = 40-
Jo1 . (8]
o3 0.14 20+
A 0-
b
2P
a e
a3
w 264

Live cells

Fig. 2. Antiproliferative effects of compounds 1-6 and fractions in Jurkat cells. The initial concentrations of EtOAc, n-Butanol, and MeOH are 100 pg/
ml. (A) Cell viability as assessed by the MTS assay 48 h post-treatment. (B) Antiproliferative effects of 2-methoxystypandrone (5) in Jurkat cells (n = 3,200 x
magnification, scale bar: 500 pm). The bar chart of all data represents mean + SEM (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001 versus the control group. (C)
Fluorescence images showing 48 h of 2-methoxystypandrone-treated and untreated Jurkat cells (green, live cells; red, dead cells). (D) Flow cytometry analysis of
live and dead Jurkat cells after calcein and ethidium homodimer-1 (EthD-1) staining. (E) Quantified live and dead cells. The bar chart of all data represents mean +
SEM (n=3).*p < 0.05, **p < 0.01, and ***p < 0.001 versus the control group.
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Fig. 5. Changes in cell cycle progression induced by 2-methoxystypandrone in Jurkat cells. (A) Percentage of
cells in the sub-G0/G1, S, or G2/M phases after treatment with 2-methoxystypandrone as analyzed by flow cytometry. (B)
Quantification of cells in the G0/G1, S, or G2/M phases. The bar chart of all data represents mean + SEM (n = 3). ***p < 0.001
versus the control group. (C) Cyclin D1, E, A, and B1 protein levels as determined by western blotting.

was accompanied by a significant reduction in cell subpopulations in the S and G2/M phases (Fig. 5B).

Cancer is said to be caused by uncontrolled proliferation resulting from the aberrant activity of cell cycle
regulators [27]. The cell cycle has four distinct phases called G1, S, G2, and M, and the progression of this cycle is
regulated by heterodimeric complexes formed by cyclin D, cyclin E, cyclin A, or cyclin B with several cyclin-
dependent kinases (CDKs) [28]. To identify whether 2-methoxystypandrone-induced cell cycle arrest was due to
changes in the protein levels of cell cycle regulators, we further examined the expression levels of cyclins. Relative
to the control, 2-methoxystypandrone markedly decreased the expression levels of cyclin D1, E, A, and B (Fig. 5B).
The results supported that 2-methoxystypandrone could induce cell cycle arrest at the S, and G2/M phases in
Jurkat cells (Fig. 5C).

Apoptosis Analysis of 2-Methoxystypandrone-Induced Jurkat Cells

Jurkat cells were used to evaluate apoptosis induced by 2-methoxystypandrone. Annexin V and PI dyes were
used to double-stain the cells, which is necessary to determine the percentages of early and late apoptotic cells as
well as viable cells. After 48 h, the percentage of late apoptotic cells had significantly increased whereas the
percentage of live cells had decreased, confirming that 2-methoxystypandrone induced apoptosis (Figs. 6A and
6B). To determine the molecular mechanisms, apoptosis-related protein levels were analyzed via western blotting.
According to the results, anti-apoptotic proteins such as Bcl, and Bcl-xl saw significantly downregulated
expression levels, whereas BAX, a pro-apoptotic protein, saw upregulated expression levels (Fig. 6C). The
extrinsic pathway induces apoptosis through external stimulation: for example, Fas ligand (FasL). Initiator
caspases such as caspase-8 can be activated by death receptors such as Fas through dimerization mediated by
adaptor proteins. Upon activation, caspase-8 cleaves and activates the effector caspase-3, which leads to apoptosis
[29, 30]. To elucidate whether the extrinsic signaling pathway of apoptosis is involved or not, a western blot
analysis involving two concentrations (10 and 20 uM) of 2-methoxystypandrone was performed. The western
blots showed that 2-methoxystypandrone did not change the protein levels of Fas, FasL, and caspase-8. These data
show that the Fas/FasL-mediated pathway is not activated during 2-methoxystypandrone-induced apoptosis
(Fig. 6D).

NEF-kB p65 is a key factor that is extensively involved in cancer development and progression [31]. The NF-kB
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Fig. 6. Apoptosis level changes in Jurkat cells induced by 2-methoxystypandrone. (A) Jurkat cells were either
treated with 2-methoxystypandrone or untreated for 48 h, and apoptosis was subsequently evaluated by flow cytometry. (B)
Quantification of early and late apoptotic cells. The bar chart of all data represents mean + SEM (n = 3). **p < 0.01 versus the
control group. (C) Protein expression levels of Bcl,, Bcl-xl, and BAX in the Jurkat cells as examined by western blot analysis. (D)
Fas, FasL, and caspase-8 protein levels as determined by western blotting. (E) The cells were treated with 2-
methoxystypandrone for 48 h before the cytoplasmic and nuclear cell fractions were analyzed for p-IkB-a and p-NF-«xB p65
expression levels via western blotting.

family is overexpressed in several cancer cells and is inactive in the cytoplasm due to the IkB inhibitory subunits
[32]. During tumor promotion, apoptosis is avoided via an important step involving the activation of NF-«B.
Therefore, the blockading of NF-kB is an interesting approach to suppressing cancer development [33]. For this

J. Microbiol. Biotechnol.



2-Methoxystypandrone Could Be a Therapeutic Agent for Leukemia 1893

reason, we determined whether 2-methoxystypandrone affected phosphorylated NF-«B p65 and phosphorylated
IxBo.. Compared to the control, phospho-NF-kB p65 levels were markedly decreased in both the cytoplasm and
nucleus fraction, and phospho-IkBa. expression levels were significantly decreased in the cytoplasm following
treatment with 2-methoxystypandrone. This suggests that the inhibition of the NF-«B signaling pathway is
involved in 2-methoxystypandrone-induced apoptosis in Jurkat cells. Therefore, a potential therapeutic
application of 2-methoxystypandrone may be as an anticancer drug for the treatment of lymphoma (Fig. 6E).

Discussion

In recent years, a wide array of bioactive plant components have received immense attention due to their
potential anticancer effects [34]. New drugs could potentially be discovered by studying natural compounds; with
their diverse structures, it may be possible to develop drugs capable of targeting abnormal molecular and
biochemical signals that lead to cancer [35]. In this study, we purified six compounds from naturally growing RTH
roots and showed that 2-methoxystypandrone (5) exhibited significant antiproliferative effects on Jurkat cells. In
addition, 1,4-naphthoquinones such as 2-methoxystypandrone have demonstrated noteworthy cancer
prevention potential [36]. The 1,4-naphthoquinones are redox-active compounds that are structurally related to
naphthalene and contain a benzene moiety linearly fused with a fully conjugated cyclic diketone in which the
carbonyl groups are arranged in para orientation [37]. Much of the biological activity of 1,4-naphthoquinones can
be explained by acid-base properties in addition to that fact that they have two carbonyl groups that can accept one
or two electrons to frame the corresponding radical anion or dianion species [38]. According to a previous study,
2-methoxystypandrone displayed superior antiproliferative activity on cervical cancer [39]. In our experimental
research with Jurkat cells, 2-methoxystypandrone also exhibited more potent cytotoxic effects compared to
compounds 3 and 4, which have a naphthol moiety.

The cell cycle is a complex process that is important when considering cell proliferation and the regulation of
DNA damage repair. The cycle can be divided into the DNA synthesis phase (G0/G1), the DNA replication phase
(S), and the cell division phase (G2/M) [40]. In our study, we confirmed that 2-methoxystypandrone inhibited
Jurkat cell proliferation by blocking the GO/G1 phase. Compared to the DMSO group, cells treated with 2-
methoxystypandrone experienced arrest at the GO/G1 phase in a dose-dependent manner (Figs. 5A and 5B).
According to certain studies, the GO/G1 phase is a critical period for DNA synthesis. If blockage occurs during this
period, impacted cells cannot enter the DNA replication phase, which in turn affects normal cell division [41]. It
appears that 2-methoxystypandrone exerts antiproliferative effects by interfering with DNA synthesis.
Furthermore, cell cycle regulators induced apoptosis and inhibited proliferation. In Annexin V/PI double
staining, the percentage of late apoptotic cells was greater in the 2-methoxystypandrone treatment group
compared to the DMSO group, a trend that was dose-dependent (Figs. 6A and 6B). Apoptosis, the most important
form of cell death, is driven by both the mitochondrial and cell death receptor pathways. At the center of the
apoptotic pathway are mitochondria, which provide a number of key factors. For example, several key members of
the Bcl, family rely on mitochondria to function. Proteins of this family, which control the intrinsic apoptosis
pathway and serve as important regulators of cell apoptosis, can be divided into pro-apoptotic and anti-apoptotic
proteins [42]. Research indicates that Bcl, was discovered in acute lymphocytic leukemia and was later proven to
protect cells from programmed cell death. Bcl, and Bcl-xl exert some anti-apoptotic effects by regulating
mitochondrial homeostasis [43]. On the other hand, the pro-apoptotic protein BAX can alter the permeability of
mitochondrial membranes and promote apoptosis. In this study, we demonstrated that the expression levels of
Bcl, and Bcl-xl, key anti-apoptotic proteins of the Bcl, family, had significantly decreased whereas that of BAX had
increased (Fig. 6C), which may explain the induction of apoptosis following 2-methoxystypandrone treatment.
Subsequently, we explored the anti-proliferative mechanism of 2-methoxystypandrone. NF-«B activation has
been reported in many human cancers and plays a key role in oncogenesis and tumor growth [44]. When the NF-
kB pathway is stimulated, the IKK complex is activated via signal transduction, which promotes the expression of
IxB-a and ultimately allows the p65/p50 heterodimer to be transported to the nucleus, regulating the downstream
NF-kB signaling pathway [45]. Our results also demonstrated that 2-methoxystypandrone induced apoptosis by
downregulating p-NF-kB p65 and p-IkB-a in Jurkat cells (Fig. 6D).

Several recent studies have indicated that certain mitochondrial features are different in cancer cells compared
to those in normal cells, including mitochondrial membrane potential and ROS levels [46]. Therefore, these
features could serve as important indicators of mitochondrial dysfunction in tumor cells. Mitochondrial
membrane potential is related to apoptosis as its dissipation is a critical event in the apoptosis process. On the
other hand, ROS can affect mitochondrial membrane potential and membrane permeability. At the same time, if
ROS levels accumulate to significantly high levels, it serves as a signal to initiate apoptosis, which can ultimately
trigger a series of mitochondria-associated events. Our results revealed that stimulation with 2-methoxystypandrone
resulted in a decrease in mitochondrial membrane potential from 97.3% to 5.15% and a significant increase in
mitochondrial ROS from 1.91% to 32.7% (Figs. 3 and 4). These results therefore indicate that 2-methoxystypandrone
causes abnormal oxidative metabolism, maintains the balance of ROS, and leads to oxidative stress conditions in
Jurkat cells.

Antioxidant enzymes play an important role in protecting the cell molecule from free radical-generated
oxidative stress. Examples of such antioxidant enzymes include HO-1, CAT, GPx, and SOD [47, 48]. HO-1
protects cells and reduces the cell-damaging effects of oxidative stress. GPx, SOD, and CAT are important
components of the human body's antioxidant enzyme defense line. The collaboration of these three enzymes can
remove multiple ROS to protect the body from oxidative damage. Changes in the four aforementioned antioxidant
enzymes are particularly important when studying antioxidant mechanisms. According to our qPCR results, 2-
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methoxystypandrone significantly downregulated the mRNA expression levels of HO-1, GPx, SOD, and CAT.
Therefore, 2-methoxystypandrone could be considered as an inducer of oxidative stress (Fig. 4C). These
experimental results confirmed that 2-methoxystypandrone leads to a reduction in mitochondrial membrane
potential and simultaneously induces the accumulation of ROS in mitochondria by inhibiting the mRNA
expression levels of several key antioxidant enzymes.

In conclusion, we reported new findings on how 2-methoxystypandrone, a natural product isolated from RJH
roots, targets mitochondria to inhibit the development and progression of leukemia. Our results revealed that 2-
methoxystypandrone promotes apoptosis in Jurkat cells by regulating the mitochondrial pathway, which includes
ROS accumulation and decreased mitochondrial depolarization. Further research confirmed that treatment with
2-methoxystypandrone delayed cell cycle progression and increased the number of apoptotic cells. Furthermore,
2-methoxystypandrone treatment resulted in decreased expression levels of Bcl, and Bcl-xl and upregulated
expression of BAX. In addition, we confirmed that the apoptosis promotion mechanism of 2-methoxystypandrone is
linked to the downregulation of p-NF-kB p65 and phosphorylated-IxB-a. Thus, this study contributes to the
investigation and application of 2-methoxystypandrone as a potential anti-leukemia agent.
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