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Abstract

Xanthohomul (XN), a naturally prenylated flavonoid, is extracted from hops (Humulus lupulus L;;
Cannabaceae). XN treated NG108-15 cells significantly decreased cell viability through increased ROS
and arrested the cell cycle at G1/S phase. Notably, XN treatment did not induce apoptotic responses.
Further research revealed XN-treatment increased reactive oxygen species (ROS) levels which was
alleviated by N-acetyl-L-cysteine (NAC). Moreover, XN triggered the phosphorylation of the estrogen-
regulated kinase (ERK1/2) and p38 mitogen activated protein kinase (MAPK). Intriguingly, our
observations indicated that only ERK inhibitor could partly relieve XN-induced G1/S cycle arrest and
proliferation inhibition. Hence, XN emerges as a prospective candidate for an anti-neurotumor
pharmaceutical agent.

Introduction

Gliomas are among the most prevalent brain cancers, accounting for 81% of malignant (cancerous) brain
tumor cases. In 2021, the WHO classified gliomas changed from Roman numerals (I, Il, lll, IV) to Arabic
numerals (1, 2, 3, 4) to classify and categorize glioma subtypes. According to the new stipulating
molecular criteria, Glioblastoma is still classified as CNS WHO grade 4 due to its high malignancy”.
Glioblastoma, characterized by a notably short median overall survival of approximately 16 to 18 months,
predominantly appears in elderly patients. The traditional clinical management for glioblastoma entails
surgical resection, followed by chemotherapy and radiation, alongside innovative approaches that
encompass immunotherapeutic modalities. Unfortunately, tumor recurrence post-treatment is still the
major cause of poor prognosis in glioma patients?. The increasement of glioma patients contributes to a
substantial burden on individuals, families, and society. Therefore, it is critical to develop novel anti-tumor
drugs for glioblastoma treatment. In the last decade, following maximal safe surgical resection, glioma
patients commonly conjunct treat by radiation with temozolomide (TMZ) (Temodar ®) and
chemotherapy with TMZ. Although TMZ is the first-line agent for patients with glioma, the vast majority
of patients inevitably develop resistance to the drug®. Thus, finding innovative pharmaceutical drug with
antitumor properties to combat glioblastoma multiforme is urgent.

Nowadays, to explore novel chemotherapeutic drugs, researcher has paid more attention to the natural
products due to its limited side effect. Xanthohumol (XN, chemical formula: C,,H,,05), a prenylated

flavonoid predominantly sourced from Humulus lupulus, has been used for treatment of diverse
conditions such as inflammation, diabetes, aging, and cancer. Increasing studies have testified the
remarkable antitumor activity of XN in various cancers®. To date, XN inhibits the growth and proliferation
via elevating reactive oxygen species (ROS), promoting apoptosis and inducing cell cycle arrest. XN-
upregulated miR-204-3p expression induces apoptosis via inhibiting IGFBP2/AKT/Bcl2 pathway in
glioblastoma U87 MG cells®. Moreover, increased ROS levels and perturbation of the MAPK pathways
have been implicated in XN-induced apoptotic responses in human glioblastoma cell lines T98G and U87-
MG’. XN treatment has also been shown to augment ROS levels and effect G1 phase cell cycle arrest in
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human acute myeloid leukemia HL-60 cells®. Additionally, XN's influence extends to the initiation of AIF
pathway-mediated apoptosis through the induction of mitochondrial stress in rat glioma C6 cells®.
However, the anti-glioma efficacy of XN remains incompletely understood. Herein, we utilize NG108-15
cell to investigate the impact of XN on glioma cells and its in-depth anticancer mechanism.

In this study, we demonstrated that XN effectively inhibited proliferation while apoptosis was not
significantly involved in this process. Additionally, our investigations have delved into the intricate
machinery encompassing ROS modulation, activation of the ERK1/2 pathway, and the imposition of cell
cycle arrest as essential contributors to XN-induced glioma cell death. Consequently, Xanthohumol
emerges as a promising therapeutic candidate for the treating of glioblastoma.

Results
Xanthohumol inhibits cell viability in NG108-15 cells

To evaluate the anti-glioma effects of XN, NG108-15 cells were subjected to Xanthohumol (approximately
0-60 puM) for 24 hours. Initially, Varied concentrations of XN were treated to observe the morphology of
NG108-15 cells by phase-contrast microscopy. We discovered that while high doses of XN (20-60 pM)
dramatically blocked the proliferation of NG108-15 cells, low doses of XN (0—10 uM) had no effect on
cell growth (Fig. 1A). This result suggested that high doses of XN might have an anti-proliferation effect
on the NG108-15 cells. Subsequently, in order to get the cytotoxicity of XN on NG108-15 cells in vitro, cell
viability was measured by the CCK-8 and cell mortality was determined through Trypan Blue assay after
24 hours XN treatment, respectively (Fig. 1B and 1C). The findings indicate a dose-dependent inhibitory
impact of XN-treatment on the proliferation of NG108-15 neuro cancer cells. Moreover, the IC5, value
approximated 40 pM. Consequently, this specific XN concentration of 40 uM was selected for continued
experimentation.

Xanthohumol triggers ROS generation and cell cycle arrest
in NG108-15 cells

Intracellular reactive oxygen species (ROS) are crucial in regulating tumor cell proliferation. The
fluorescent probe DCFH-DA was used to assess the impact of XN on ROS level in NG108-15 cells. XN-
treatment group (40 uM, 1h) of ROS levels were significantly higher than that in control group (Fig. 2A).
Notably, anti-oxidant N-acetyl-Lcysteine (NAC) pretreatment efficiently reduced ROS generation by XN
(Fig. 2B). Furthermore, CCK-8 results indicated XN-treatment decreases cell proliferation, while the
pretreatment of NAC was observed to alleviate this suppressive effect (Fig. 2C). To elucidate the
fundamental mechanisms underpinning the inhibitory effects of XN on cell proliferation, Cell cycle
analysis was performed. XN treatment (40 pM, 24 h) indicated around 30% increase in the G1 phase of
NG108-15 cells whereas 20% decrease in the S phase (Fig. 2D). These results suggested that XN exerts
its inhibitory influence on cell viability was mediated by both ROS activation and G1/S cell cycle arrest.
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Time-dependent response of Xanthohumol on MAP kinase
signaling pathway activation

The MAP kinase signaling pathway has been well-documented in its association with crucial cellular
processes, encompassing proliferation, differentiation, apoptosis, cell cycle regulation, and stress
responses '0. In order to investigate the XN treatment on NG108-15 cells on MAP kinase signaling
pathway, the total and phosphorylated MAPKs were analyzed using Western blot analysis after XN
treatment. The cells were exposed to 40 uM of XN for 15 min, 30 min and 60 min, respectively. Besides,
the vehicle groups were given 3 pl DMSO. Cells treated with XN for 30 min show significantly up-regulated
phosphorylation of p38 when compared to the control and vehicle groups (Fig. 3A). Furthermore, XN
treatment for 60 min markedly activated phosphorylation of Extracellular-signal-regulated kinases (ERK)
in comparison to control and vehicle groups (Fig. 3B). Intriguingly, XN treatment on NG108-15 cells did
not elicit activation in either the SAPK/JNK signaling pathway or c-Jun, the downstream transcriptional
factor of JNK signaling pathway (Fig. 3C).

Xanthohumol exclusively arrests cell cycle via ERK pathway

In order to investigate whether XN induces cell cycle arrest through the ERK or p38 signaling pathway, the
cells were pre-exposed with ERK inhibitor PD98059 (PD), p-p38 inhibitor SB203580 (SB) or a combination
of both, each for a duration of 30 minutes, prior to XN treatment. The results suggest that XN induced
G1/S cell cycle arrest in NG108-15 cells only through activation of the ERK signaling pathway by flow
cytometry (Fig. 4A and 4B). Subsequently, to substantiate the pivotal role of the ERK signaling pathway in
XN-induced inhibitory effects, cells were pre-treated with PD and subjected to CCK-8 assays. Our findings
elucidate that XN-treatment decreases cell proliferation while the PD effectively abolished this effect

(Fig. 4C).

Xanthohumol treatment did not induce apoptosis in NG108-
15 cells

To further determine whether the reduction in cell viability induced by XN via apoptosis, the cell apoptosis
was assessed through Annexin V-FITC/PIl assays. The flow cytometric analyses revealed that XN
treatment did not obviously affect the Annexin V-FITC stained cells or Pl-positive cells (Fig. 5A).
Furthermore, in order to investigate whether XN treatment induces caspase 3-dependnet apoptosis
through p38 signaling pathway, immunofluorescence was used to detect Caspase 3. Treatment with XN
(40 puM, 24 h) with or without p38 inhibitor SB showed no significant difference versus control group

(Fig. 5B).

Discussion
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Chemotherapy is acknowledged for its efficacy in eradicating rapidly dividing cells, yet its administration
is frequently accompanied by considerable adverse reactions. Therefore, the pursuit of chemotherapeutic
drugs capable of selectively targeting cancer cells with minimal side effects remains a central concern in
cancer research. XN is a natural product that has been previously documented to exhibit anti-apoptotic
and anti-proliferative properties in various cancer cell types, including prostate cancer, breast cancer, and
colon cancer®. In this investigation, we discovered that XN inhibited the cell growths in NG108-15 cells
and explored the potential signaling pathways and mechanisms of its effects on glioma cells.

XN exhibited a significantly a dose-dependent decrease in the survival rate of NG108-15 cells,
concurrently increasing the cell death rate. It has been reported that ROS is involved in different signaling
pathways to control cell stability. Pertinently, when ROS exceeds the antioxidant defense system, cell
stress occurs. This redox imbalance is closely related to the occurrence of tumors''~13. Previous
experimental findings have demonstrated that XN, a flavonoid compound, exhibits antioxidant properties.
Conversely, contrasting experimental evidence has indicated a pro-oxidative role for XN& 14 _n this study,
our data showed that XN significantly increased ROS levels. N-acetyl-L-cysteine (NAC) alleviated both the
XN-induced ROS and antiproliferation effect of XN on NG108-15 cells. Hence, the pro-oxidative impact of
XN assumes a crucial role in the anti-proliferation of NG108-15 cells.

Mutations of cell cycle regulatory genes and malfunction of checkpoints controls are two main points
leading to cell cycle deregulation’® 6. Therefore, many conventional chemotherapeutic agents target cell
cycle checkpoint arrest in cancer cells, thus inhibiting proliferation of cancer cells. Our data demonstrated
that XN treatment arrest cell cycle at the G1/S phase in NG108-15 cells. XN was observed to induce cell
cycle arrests at distinct phases, including G1, S and G2/M stages in different tumor cells'’. The
divergence in cell cycle arrests induced by XN is likely associated with tumor heterogeneity. It has been
reported that p38 MAP kinases play a vital role in the G2/M phase in response to UV irradiation and ERK
have a significant role in the G1/S phase’®720. Therefore, we ran western blotting to see whether there
was/were any activation(s) of extracellular regulated kinase (ERK), c-Jun NH-2 terminal kinase (JNK) and
p38 MAPK, which belong to MAPKs family2'. ERK has long been recognized as a cell proliferation signal,
and many anticancer drugs induce apoptosis of cancer cells by activating the ERK MAP kinase signaling
pathway?% 23 Treatment with XN activated both p38 and ERK in NG108-15 cells. In this research, we
discovered that only ERK signaling pathway plays a vital regulatory function in XN-treatment arrest cells
in the G1/S cycle. The different types of cancer cells with different basal MAPK levels, we can call it:
MAPK fitness zone. Once this zone is broken, cells will have a stress response. The hyperphosphorylation
of ERK was checked in many lung cancer cell lines, it was shown that XN inhibited ERK signaling
pathway to suppress cell growth of lung adenocarcinoma H1563 cell line. Moreover, XN induced
apoptosis through improving the levels of phospho-ERK1/2 and phospho-JNK1/2 in MM cell lines U266
and RPMI 8226. ROS can trigger the signaling pathways related to cell migration and proliferation,
including members of Mitogen-activated protein kinases (MAPK) signaling pathway?*~2°. More research
is required to determine whether XN-induced ROS activates the MAPK signaling pathway to inhibit cell
proliferation.
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Previous studies have shown that XN induced apoptotic responses in diverse cancer cell lines, including
those derived from colon and leukemia?’-28. Our previous study showed that XN treatment induce
paraptosis, a caspase-independent cell death, in HL-60 cells, while it did not trigger typical apoptosis in
B16-F10 cells?®. In our study, XN triggered apoptosis was not found by Western blotting and
immunofluorescence analyses. According to Philippe P. Roux and John Blenis, most stimuli active p38
also can activate JNK, however, in this research, only activate p3830. This might be the possible reason
why p38 showed activated in the western blot, however no significance in cell cycle analysis and
immunofluorescence.

In conclusion, we have discovered that XN can effectively inhibit NG108-15 cells proliferation and its
molecular mechanism is probably by promoting the expression of ROS and activating ERK signaling
pathway to block cell cycle in G1/S phase(Fig. 6). This finding will provide a new experimental and
theoretical basis for XN clinical treatment of glioma. Since XN is a natural product, fewer side effects will
occur. However, more research is needed to be conclusive about XN specifically and selectively target only
cancer cells, but less or no effect on normal cells®'. Obviously, there is much possibility and potential for
the application of XN in future glioma cancer treatment.

Materials and methods
Drugs and Materials

Xanthohumol, with a purity exceeding 98%, was provided by Yumen Technology Development Company
in Gansu, China. It was dissolved in DMSO to create a stock solution at a concentration of 120mM. The
XN stock solution was further diluted to achieve the required final concentrations using culture medium.
CCK-8 was procured from Biosharp (China), Sodium Dodecyl Sulphate (SDS) and Dimethyl Sulfoxide
(DMSO0) were acquired from Sigma Chemical ( St. Louis, MO, USA). Additionally, 0.25% trypsin, penicillin,
and Trypan blue were obtained from Solarbio (China). NG-108 medium (DMEM) and fetal bovine serum
(FBS) were sourced from Biological Industries in Israel. The extracellular signal-regulated kinase (ERK)
inhibitor PD98059 and the P-38 MAPK inhibitor SB203580 were purchased from MedChemExpress in
New Jersey, USA. primary antibody against total JNK, phosphor-JNK, total ERK, phosphor ERK, total p38
MAPK, phosphor-p38 MAPK, total c-Jun, phosphor c-Jun and caspase 3 were purchased from Cell
Signaling Technology (Beverly, MA). All other chemicals used in the study were of analytical grade.

Cell line and cell culture

The NG108-15 mouse/rat neuroblastoma/glioma hybrid cell line were purchased form the Chinese
Academy of Sciences Culture Preservation Committee Cell Bank. Many physiological properties of
NG108-15 cells are similar to glial and neurons cells. These cells were cultured in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 0.1 mM hypoxanthine, 400nM aminopterin, 0.016mM
thymidine, 10% activated FBS with 1 unit/mL penicillin and 1.5g/L sodium bicarbonate. The cell line was
maintained at 37°C in a humidified incubator with a mixture of 95% air and 5% CO,.
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In vitro CCK-8 assay and Trypan blue assay

Cell viability was assessed using the CCK-8 assay, while cell death was determined through the Trypan
Blue assay.

For the CCK-8 assay, exponentially growing cells were resuspended in 1% FBS medium until the cell
density reached approximately 1x102 cells/L. The XN-containing cells were then transferred to 96-well
plate microculture plates (Costar, Corning, USA) with 3 parallel samples per group. After 24 h, 10 pl CCK-8
reagent was added to each well and incubated for 2h. At last, the absorbance value (OD value,
wavelength is 450nm) of each cell hole was detected by enzymic labeling instrument, and the OD value
was analyzed to quantify the influence of the drug.

Trypan blue is based on the only dead cells that can be dyed blue. Cells with exponential growth were
inoculated into 6-well plates in 10% FBS medium and cultured for 24 h. Subsequently, the cells were
exposed to different XN doses. After 24 hours, the cells were washed and resuspended in 1% FBS
medium until the cell density reached about 1x108 cells/L. A cell suspension of 90 pl was taken, and 10
pl of Trypan Blue was added. The mixture was collected in an EP tube and gently pipetted to ensure
thorough mixing. After 3—5 minutes, the cell suspension was loaded into a hemocytometer, and the blue-
stained cells were counted.

Determination of ROS level with DCFH-DA

The intracellular levels of reactive oxygen species (ROS) were assessed using ROS Assay Kit (Beyotime).
briefly, cells were loaded with 5 uM DCFH-DA (florescent probe) for 1h, then treated with different doses
XN for 1 h in DMEM without serum. Finally, after centrifugation, cells were resuspended in 500uL PBS
and immediately subjected to flow cytometric analysis. The cells treated with XN but without DCFDA were
designated as blanks. The ROS production was quantified by measuring the fluorescence intensity
relative to untreated control cells.

DNA Cell cycle analysis Propidium iodine (PI) staining

The NG108-15 cells were exposed to XN or DMSO in 1% FBS medium for 24h. Then the cells were
trypsinized, centrifuged and washed twice using pre-cold PBS. The cell pellet was subsequently
resuspended in 70% ethanol and incubated at 4 C for 24 h. After this incubation, the cells were
centrifuged, the pellet was washed twice using pre-cold PBS again, then centrifuged and incubated with
100 pl RNase A (1 mg/ml final concentration) 30 min at 37 C. Subsequently, the cells were treated with
400 pl of propidium iodide (at a final concentration of 50 pug/ml) for 1 hour before being analyzed using
flow cytometry. Flow cytometry analysis was conducted using FACSCalibur (Becton Dickinson, NJ), and
at least 10,000 cells per group were collected.

Immunofluorescence
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18x18mm Coverslips (fisher brand, USA) were put into the 6 well plate, each well per slip. Exponentially
growing NG108 cells were trypsinized and centrifuged then equal allocated to the 6-well plate using
1%FBS medium. After incubating 24 h at 37 C, adding XN or DMSO into the plate then incubating another
day at 37 C. The cells were briefly rinsed with PBS on the next day. Then PBS was aspirated, and the cells
were covered with 2-4% formaldehyde in PBS to a depth of 2-3mm, fixing for 15 minutes at room
temperature. After that, the formaldehyde was aspirated, and the cells were rinsed three times in PBS for
5 mins each. Following formaldehyde fixation, the cells were covered with ice-cold 100% DMSO and
incubated in DMSO for 10 minutes at -20°C, followed by a rise in PBS for 5 minutes. Next, the cells were
blocked in blocking buffer for 60 mins. Then the blocking solution was aspirated, and diluted primary
antibody caspase 3 was applied, followed by an overnight incubation at 4°C. On the next day, the cells
were rinsed three times in PBS for 5 mins each. The cells were then incubated in a fluorochrome-
conjugated secondary antibody, diluted in antibody dilution buffer, for 1-2 hours at room temperature
without light. Then the cells were rinsed three times in PBS for 5 min each again. Coverslips were placed
onto the slides using Prolong Gold Antifade Reagent, and the slides were sealed by applying nail polish
around the edges of the coverslips. After that, the slides were examined using Fluorescence microscope.

Western blotting analysis and antibodies

Cells were plated in 6-well plates at a density of 3x10° cells per well and cultured overnight. Following the
treatment of cells with either the vehicle (DMSO) or XN at specified times and concentrations, the cells
were lysed in lysis buffer supplemented containing a protease and phosphatase inhibitor cocktail. Protein
samples were checked using BCA protein assay kit (Servicebio) and denatured for 6 min at 98°C. The
prepared samples were electrophoresed on a polyacrylamide gel (PAGE) and subsequently transferred to
PVDF membranes (Millipore, USA). These membranes were blocked with 5% BSA for 1h, then incubated
with corresponding primary antibodies at 4°C overnight. After washing three times by TBST buffer, the
membranes were incubated with homologous secondary antibodies at room temperature and washed
three times again. Western Bright ECL (Millipore, USA) and a multispectral imaging system (Protein
Simple, USA) were employed for the development and exposure of the protein blots.

Apoptosis assay

NG108-15 cells were plated in 6-well dishes at a density of 3x10° cells per well and cultured overnight.
Following this, the cells were treated with or without 40 uM XN for 24 h. The cell suspension was
meticulously formulated and subsequently subjected to staining using Annexin V-FITC and PI (Beyotime)
for 30 minutes, adhering to the precise guidelines outlined by Beyotime Biotechnology manufacturers.
The stained samples were analyzed by Becton Dickinson Fortessa SORP 14-color flow cytometer (USA).

Statistical analysis

All data are collected from different experiments and presented as the mean from independent
experiments. The comparisons of data were used by ANOVA to assess statistical significant, P<0.05 was
considered significant.
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Figure 1

Effect of XN on cell viability. (A) The effect of XN on cell viability of NG108-15 cells after 24h treatment.
The alterations in cellular morphology were examined under light microscope. (B) Cell viability was
determined by Cell Counting Kit-8 assay. (C) Cell death was determined by using Trypan blue. Data is
expressed as the mean £S.E. from at least three experiments. ** P <0.01, *** P <0.001, **** P <0.0001,
compared with Control, one-way ANOVA test.
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Figure 2

Effect of XN on the level of ROS and cell cycle in NG108-15 cells. (A) Intracellular ROS levels were
measured by fluorescent probe DCFH-DA after 1 h treatment with DMSO or XN (40 pM). Flow cytometry
histograms showed ROS generated in NG108-15. (B) The effect of NAC (10 uM) on ROS after treated with
XN (40 pM) for 0.5 h. (C) NG108-15 cells were pretreated with NAC (10 uM), then added XN (40 puM) for
24h. The percentage of viable cell counted using CCK-8. (D) Cells treated with DMSO or XN (40 pM, 24h),
were collected and stained with propidium iodide after incubation with RNaseA. Analysis was done by
flow cytometry on a FACSCaliber. All data are presented as the mean = S.E. from at least three

independent experiments. * P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001, compared with Control, one-
way ANOVA test.
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Figure 3

Effect of XN on MAPK in NG108-15 cells. (A) Cells were treated for 15 min, 30 min and 60 min with XN at
a dosage of 40 uM then harvested. The western blots shown are representative of p-p38 with mean + S.E.
Bar graphs show relative p-p38 levels. (B) Cells were treated for 15min, 30min and 60min with XN at a
dosage of 40 pM, then harvested. The western blots shown are representative of p-ERK with mean + S.E.
Bar graphs show relative p-ERK levels. (C) Cells were treated for 15min, 30min and 60min with XN at a
dosage of 40 uM then harvested. The western blots shown are representative of p-JNK and p-CJUN with
mean t S.E. ** P <0.01, *** P <0.001, **** P <0.0001, compared with Control, one-way ANOVA test.
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Figure 4

Effect of XN and inhibitors on NG108-15 cell cycle distribution. (A) Cells were pretreated for 30min with
p38 inhibitor SB203580, P-ERK inhibitor PD98059 or both for 30min, then treated with DMSO or XN at a
dosage of 40 pM then harvested. (B) Cells were pretreated for 30min with ERK inhibitor PD98059 or p38
inhibitor SB203580 for 30min, then treated with DMSO or XN (40 uM, 24h) were collected and stained
with propidium iodide after incubation with RNaseA. Analysis was done by flow cytometry on a
FACSCalibr and (C) the cell viability of NG108-15 cells was measured by trypan blue staining. All data are
presented as the mean + S.E. from at least three independent experiments. * P <0.05, ** P <0.01, **** P
<0.0001, compared with Control, one-way ANOVA test.
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Figure 5

Effect of XN on apoptotic responses in NG108-15 cell. (A) Apoptosis in NG108-15 cells was assessed
using flow cytometry after 24 h treatment with XN. (B) Cells were treated with DMSO or XN (40uM, 24h).
The first line treated without p38 inhibitor; the second line treated with p38 inhibitor (SB203580). Caspase
3 was used as the primary antibody in order to see the apoptosis. Immunofluorescence was used to
determine XN-induced apoptosis. All data are presented as the mean + S.E. from at least three
independent experiments.
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Figure 6

The proposed model of XN- treatment inhibits the proliferation of NG108-15 cells. XN-treatment inhibits
cell proliferation via increasing reactive oxygen species (ROS) levels. XN triggered the phosphorylation of
ERK1/2, which leads to G1/S cell cycle arrest.
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