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Abstract
Background: Glioblastoma (GBM) is an invasive brain tumor that lacks effective treatment methods. This
study examined the effects and molecular mechanisms of Artesunate (ART) in GBM using both in vivo
and in vitro methods and RNA sequencing (RNA-seq).

Methods and Results: The effects of ART were assessed in vitro using GBM cells and in vivo using tumor-
bearing nude mice. ART signi�cantly suppressed GBM cell proliferation, facilitated apoptosis, and
induced excessive reactive oxygen species (ROS) generation. However, ROS scavengers reversed the
growth inhibitory and apoptotic effects of ART on GBM cells. In the mouse model of GBM, ART effectively
inhibited cancer development without inducing toxicity. RNA-seq of ART-treated and untreated cells
revealed 389 differentially expressed genes (DEGs), including 145 upregulated and 244 downregulated
DEGs. Furthermore, the DEGs were applied to Gene Ontology and Kyoto Encyclopedia of Gene and
Genomes analysis. The downregulated DEGs were mostly related to tumor-related pathways, such as the
cell cycle, cell molecule adhesion, and extracellular matrix-receptor interaction. In addition, analyses using
the Molecular Complex Detection algorithm and protein-protein interaction network were performed on
those DEGs, and HMMR, CDC20, CCNB1, and THBS1, which may play key roles in ART-treated GBM cells,
were identi�ed. These results were validated via quantitative PCR and western blot analysis.

Conclusions: Overall, our results illustrated the anti-GBM effects of ART and the possible mechanisms
involved.

1 Introduction
Glioblastoma (GBM) is a frequently occurring primary brain cancer with high aggressiveness and a very
poor prognosis. Generally, GBM is treated by surgical resection combined with chemoradiotherapy;
however, the median survival of patients is as low as 15 months [1, 2]. Therefore, it is necessary to
examine potential anti-GBM drugs to improve therapeutic outcomes. The major obstacle to GBM
treatment is that most experimental drugs cannot cross the blood-brain barrier (BBB) to achieve effective
treatment.

Artesunate (ART), an esteri�ed derivative of antimalarial artemisinin, can cross the BBB [3]. Compared
with artemisinin, ART has a high solubility and bioavailability and is more widely used. The
hydrophobicity of ART allows easy penetration into the cell membrane to exert an anti-tumor effect. ART
has shown profound toxicity to tumor cells in vivo, in vitro, and in clinical studies [4–9]. The inhibitory
effect of ART on GBM has been suggested in some studies, and the related molecular mechanisms
include downregulation of survivin gene expression [10], induction of oxidative breaks in double-stranded
DNA (dsDNA) [11], inhibition of homologous recombination [12], enhancement of chemotherapeutic
effects of temozolomide [13], and promotion of radiosensitization [2]. However, clinical studies have
shown that ART may induce organ damage, especially liver toxicity [14], indicating the need for further
studies on the e�cacy and mechanism of ART against GBM.
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RNA sequencing (RNA-seq) uses deep sequencing technology to provide precise information about
transcriptional pro�les. This offers signi�cant advantages for the analysis of drug treatment effects,
including the identi�cation of drug-related differentially expressed genes (DEGs). Additionally, protein-
protein interaction (PPI) network and functional enrichment analyses are helpful in understanding the
molecular mechanisms of drug action. Although ART has been suggested to suppress GBM growth, the
underlying gene regulatory mechanism remains unclear.

The present study focused on examining the effect of ART on GBM suppression and the related
mechanisms using in vivo and in vitro experiments and RNA-seq analysis. The �ndings of this study
could improve our understanding of the anti-GBM effect of ART and help in identifying target genes and
pathways for effective GBM treatment.

2 Materials And Methods

2.1 Cell Culture
Human GBM U87 and U251 cells were obtained from thein cell bank of Chinese Academy of Sciences
(Shanghai, China), and cultivated them within using Dulbecco’s modi�ed Eagle’s medium (Gibco, China),
containing 1% penicillin-streptomycin and 100 mL/L fetal bovine serum (Absin, China), at 5% CO2 and
37°C.

2.2 Cell Viability Assay
The CCK8 kit (Biosharp, China) was used for determining cell viability. In brief, we plated U87 and U251
cells (4×103/100 µL/well) into 96- well plates and cultured them overnight. Thereafter, cell treatment and
incubation were conducted for a 2-h period in a medium containing 10 µL CCK8 under 37°C. Finally, the
scanning multi-well spectrophotometer (Molecular Devices, USA) was utilized to measure the absorbance
(OD) value at 450 nm.

2.3 Apoptosis Analysis
The Annexin V-FITC Apoptosis Kit (BD Biosciences, USA) was used for analyzing cell apoptosis. Brie�y,
we cultured U251 and U87 cells (4×105/2 mL/well) and collected them using a 0.25% trypsin solution
without EDTA after treatment with varying concentrations of ART (�nal concentration of 0, 12.5, 25, and
50 µM) for 48 h. After rinsing twice with phosphate-buffered saline (PBS), the cells were subjected to a
0.5 h incubation with the Annexin-V-FITC staining solution in the dark under ambient temperature. Then,
the cells were further stained for a 5 min period with 5 µL propidium iodide (PI), prior to analysis using the
FACSCalibur �ow cytometer (FCM; BD, USA) to measure apoptosis.

2.4 Western blotting (WB)
The RIPA lysis buffer (Beyotime, China) containing the protease inhibitor cocktail (Beyotime) was utilized
for cell or tumor tissue lysis on ice, followed by total protein isolation. We later adopted the BCA protein
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concentration assay kit (Beyotime) for determining protein content. After separation of aliquots of
proteins via sodium dodecyl-sulfate polyacrylamide gel electrophoresis, they were transfer onto a
polyvinylidene �uoride membrane (Millipore, USA). The membrane was then incubated with the
antibodies against caspase3 and cleaved-caspase3 (1:1000; Cell Signaling Technology, USA); Bcl2
(1:1000; Absin); Bax (1:1000; Absin); HMMR (1:1000; Proteintech, China); CDC20 (1:1000; Wanleibio,
China); CCNB1 (1:1000; Wanleibio); THBS1 (1:1000; Elabscience, China); and β-actin (1:2000; Absin) at
4°C. After washing with TBST, the membrane was further incubated with an anti-mouse or anti-rabbit
secondary antibody (1:2000) under ambient temperature for 1 h. Finally, the membrane was washed with
TBST, and the antibodies were detected using a chemiluminescent detection system (Bio-Rad ChemiDoc,
USA).

2.5 ROS Assay
Intracellular ROS were detected using the DCFH-DA assay kit (Beyotime), with �uorescence intensity
proportional to intracellular ROS level. The �uorescence-labeled cells were visualized using a �uorescent
microscope (Olympus, Tokyo, Japan).

2.6 Determination of Mitochondrial Membrane Potential
(MMP, Δψm)
A mitochondrial membrane potential assay kit (KeyGEN, China) was adopted for measuring the MMP of
ART-treated U87 and U251 cells. Brie�y, we inoculated U251 and U87 (5×104/mL/well) into 12-well plates
and incubated overnight. Afterward, the original medium was discarded, and the medium containing ART
(�nal concentration of 0, 12.5, 25, and 50 µM) was added and incubated for 48 h. Three replicate wells
were created for each concentration gradient. After washing with PBS, the cells were treated with the JC-1
staining solution (400 µL) and incubated for 20 min in the dark. Finally, the MMP was determined using
FCM.

2.7 Mito-Tracker Red CMXRos Staining
After the indicated treatments, Mito-Tracker Red CMXRos dye and 4′, 6-diamidino-2-phenylindole (DAPI)
(both Beyotime) were used for cell staining. In brief, at the end of the intervention, the medium was
aspired and the cells were incubated in Mito-Tracker Red CMXRos (200 nM �nal concentration) at 37°C
for 20 min. After washing twice with PBS, DAPI was added and the cells were incubated for another 10
min, followed by observation under a �uorescence microscope.

2.8 Mice Tumor Models
Brie�y, 4 × 106 U87 cells were suspended in PBS (100 µL), and the cell suspension was administered to
male BALB/C-nu mice via the right armpit (4-week-old; Hunan SJA Laboratory Animal Co., Ltd, China). At
seven days post-injection, all animals were randomly assigned to ART (100 mg/kg, n = 8) or DMSO
(control, n = 6) groups. Changes in body weight and tumor volume were recorded. The tumor volume was
calculated as follows: V = 0.52 × L × W2, (V = volume, L = length, W = width). Eventually, the organs and
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tumors of mice were isolated for histological analysis (hematoxylin-eosin staining, HE) and
immunohistochemistry (IHC).

2.9 IHC
The tumor tissue was embedded in para�n, sliced into 5 µm-thick slices, and placed onto the slides. After
depara�nization using xylene, each section was subjected to gradient ethanol rehydration. Antigen
retrieval was performed by immersing the slides in an antigen repair buffer for 10 min in a 95°C water
bath. Following this, each section was cooled to ambient temperature and incubated in 3% H2O2 for 15
min to remove peroxidase activity. Thereafter, the sections were blocked with the goat serum under
ambient temperature for 30 min. The samples were then incubated with an anti-Ki67 primary antibody
(Proteintech) overnight at 4°C. This was followed by a 1 h incubation with an HRP-labeled secondary
antibody (Proteintech) under ambient temperature. Finally, 3, 3′-diaminobenzidine–tetrahydrochloride-
dihydrate (Solarbio, China) was added to visualize the sections using an optical microscope.

2.10 Terminal-deoxynucleotidyl Transferase Mediated Nick-
end Labeling (TUNEL)
The TUNEL apoptosis detection kit (Beyotime) was used to detect the apoptosis of cancer cells according
to speci�c protocols. A �uorescence microscope was employed to examine the stained cells.

2.11 mRNA-Seq, Data Preprocessing, and Enrichment Analysis

After 48 h of ART treatment (50 µM), U251 cells were rinsed twice with PBS. Then, Trizol was added to
store the RNA, and the sample was sent to the Nanjing Tongyuan Medical Laboratory for construction of
RNA-Seq libraries, quanti�cation, and paired-end sequencing using Illumina NovaSeq 6000. hisat2 [15]
was used to align the reads against the human reference genome (hg38) with default parameters. The
gene read count matrix was extracted using the featureCounts [16] method. We used DESeq2 [17] to
detect the signi�cant DEGs with a threshold value of |log2 fold change (FC)| >1 and Benjamini–Hochberg
corrected p < 0.05. Thereafter, Gene Ontology (GO) as well as Kyoto Encyclopedia of Gene and Genomes
(KEGG) databases were adopted for the over representation enrichment analysis of the downregulated
and upregulated gene sets in clusterPro�ler [18]. All analyses were conducted using the R 4.0.2 platform.

2.12 PPI Network Construction and Module Analysis

Based on the STRING database (http://STRING-db.org), this study established a PPI network on the basis
of DEGs with default parameters. The Cytoscape software (version 3.9.0) was employed for visualizing
the PPI network. Later, the densely connected proteins from the PPI topological networks were identi�ed
using the Molecular Complex Detection (MCODE) algorithm (https://apps.cytoscape.org/apps/mcode)
with default parameters. The protein clusters with the highest cluster score were selected for further
veri�cation.

2.13 Quantitative PCR (qPCR) Analysis
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After ART treatment, RNA was extracted from U251 cells using the Trizol reagent according to the
standard RNA isolation procedure. Then, the PrimeScript™ IV 1st strand cDNA Synthesis Mix (Takara,
China) was utilized to synthesize the cDNA through reverse transcription, and qPCR ampli�cation was
performed with TB Green® Fast qPCR Mix (Takara) using the following primers: HMMR, 5′–
TCCAGGTGCTTATGATGT–3′ (Forward, F); 5′–GAAGCAGGCAAGGTAGTA–3′ (Reverse, R); CDC20, 5′–
GAAGACCTGCCGTTACAT–3′ (F); 5′–TTCCCAGAACTCCAATCC–3′ (R); CCNB1, 5′–
GCACTTTCCTCCTTCTCA–3′ (F); 5′–CGATGTGGCATACTTGTT–3′ (R); THBS1, 5′–
CAGCAGCCGCTTTTATGT–3′ (F); 5′–GTGGTGGAGTTTACAACTTTCA–3′ (R).

2.14 Statistical Analysis

GraphPad Prism 8 was employed for data analysis using an unpaired Student’s t-test. Results are
presented as the mean ± SD of values from three assays. A one-way analysis of variance was utilized to
determine differences across different groups. P < 0.05 was considered statistically signi�cant.

3 Results

3.1 ART Inhibited GBM Cell Proliferation and Promoted GBM
Cell Apoptosis
To determine the effect of ART on GBM cell proliferation in vitro, U251 and U87 cells were treated with
varying concentrations of ART, for different durations, and examined using the CCK8 assay. We found
that ART time- and dose-dependently inhibited the growth of GBM cells. U251 cells showed enhanced
ART sensitivity compared to U87 cells (Fig. 1a and b).

To estimate the role of ART in GBM cell apoptosis, U87 and U251 cells were treated with ART (0, 12.5, 25,
and 50 µM) for 48 h, and apoptosis was determined via FCM. ART was found to induce U251 and U87
cell apoptosis dose-dependently (Fig. 1c and d). Furthermore, relative to those in the control, the Bax/Bcl2
and cleaved caspase3/caspase3 ratios were upregulated in ART-treated U251 and U87 cells, as revealed
by WB (Fig. 1e and f).

3.2 ART Induced ROS Secretion and Mitochondrial
Destruction in Human GBM Cells
The main anti-tumor or anti-malarial mechanism of ART is the formation of ROS via the cleavage of an
endoperoxide bridge [3, 19, 20]. Consistent with earlier research, we found that ART increased intracellular
ROS levels dose-dependently, as detected using DCFH-DA (Fig. 2a and b). High ROS levels have been
implicated in mitochondrial destruction. Therefore, we examined the Δψm of the cells using the speci�c
mitochondrial probe JC-1. ART treatment reduced the MMP of U87 and U251 cells (Fig. 2c and d).
However, a cell proliferation assay showed that N-Acetyl-L-cysteine (NAC) reversed ART toxicity in U251
and U87 cells (Fig. 3a). Furthermore, the results of Mito-Tracker Red CMXRos staining revealed that ART
treatment resulted in a reduction in the number of bioactive mitochondria, and NAC treatment inhibited
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the ART-induced decrease in �uorescence signal intensity (Fig. 3b), which indicated that NAC may
scavenge ART-induced ROS, thereby reducing mitochondrial damage. Moreover, pretreatment with NAC
partially reversed the ART-induced changes in Bax, Bcl2, and cleaved-caspase3 expression (Fig. 3c and d).
Overall, ART exposure caused mitochondrial destruction and suppressed cell proliferation while inducing
apoptosis, by enhancing ROS accumulation in GBM cell lines.

3.3 ART Signi�cantly Inhibited Tumor Growth in Tumor-
bearing Mice
To examine the anti-tumor effect of ART on GBM in vivo, each GBM model mouse was administered 100
mg/kg/day ART on day 7 after modeling, and tumor growth was analyzed. Tumors were excised on day
28. Although no signi�cant difference was observed in mouse body weight (BW) (Fig. 4a), the ART-treated
group had decreased tumor size, weight, and volume compared with the control group (Fig. 4b–d).
Additionally, IHC analysis showed that ART treatment resulted in reduced Ki67 expression (Fig. 4e).
TUNEL staining revealed that ART treatment promoted GBM cell apoptosis (Fig. 4f). The change in the
trends of the expression of apoptosis-related proteins Bcl2 and Bax in the tumor tissue was consistent
with the intracellular results (Fig. 4g and h). Additionally, the ART-treated mice did not exhibit signs of
toxicity or in�ammatory lesions (Fig. 4i).

3.4 Transcriptome Analysis of ART-treated U251 Cells
To explore the potential molecular mechanism of ART against GBM cells, we used RNA-seq to investigate
the transcriptome level changes in U251 cells exposed 50 µM ART for 48 h. A total of 389 DEGs, including
145 upregulated and 244 downregulated genes in the ART-treated samples, were identi�ed via DEG
analysis in the treated group compared with the those in the control group (Fig. 5a).

Furthermore, the downregulated DEGs within the ART-induced U251 cells were most signi�cantly enriched
in positive regulation of developmental processes in BP, intermediate �lament in CC, and modi�ed amino
acid binding in MF, as revealed by GO analysis (Fig. 5b, Supplemental Table 1). Additionally, the
upregulated DEGs showed signi�cant enrichment in MF terms, such as acting on paired donors,
incorporation of one atom each of oxygen into both donors, oxidoreductase activity, 2-oxoglutarate as
one donor, and with incorporation/reduction of molecular oxygen (Supplemental Table 2). Furthermore,
KEGG enrichment analysis revealed that the downregulated DEGs showed major enrichment in cell
adhesion molecules (CAMs), cell cycle markers, and ECM-receptor interactions (Fig. 5c, Supplemental
Table 3), while the upregulated DEGs were not enriched in any pathway. We found that the downregulated
gene enrichment KEGG pathway results were related to tumor progression and migration. Overall, these
results indicated the potential mechanisms of the anti-GBM effects of ART.

3.5 PPI Enrichment Analysis and Veri�cation
We then performed PPI network enrichment analysis and veri�cation of the upregulated and
downregulated DEGs. In order to detect the most important ART anti-tumor proteins, we used the MCODE
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algorithm to detect the highly interconnected protein clusters within the PPI network constructed in the
present study. As a result, the downregulated PPI network had three clusters with scores of 24.74, 5.4, and
4.5 (Fig. 5d–f), while the maximum cluster score of the upregulated network was 3 (Supplementary
Fig. 1). According to the KEGG enrichment results, the cluster 1 and cluster 2 proteins were related to
cancer-associated pathways, such as the ECM-receptor interaction and cell cycle. We believe that the
downregulated cluster proteins involved in these pathways play an important role in the ART-induced anti-
GBM mechanism. Next, we chose four genes, CDC20, CCNB1, HMMR in cluster 1 and THBS1 in cluster 2,
for further gene and protein level validation (Fig. 5g-k). The result shows that tendency of the protein
levels were similar to those of the RNA. We believe that these genes may drive the GBM anti-tumor effects
of ART.

4 Discussion
GBM is a frequently occurring nervous system cancer, characterized by high aggressiveness and poor
response to radiotherapy and chemotherapy. GBM is a serious threat to human health, with no effective
treatment options. However, the development of naturally-derived substances as novel chemo-
preventative medicines is promising in GBM research. Artemisinin, ART, and other derivatives exhibit
extensive biological activities, such as antitumor and antioxidation activity [21]. However, studies have
yet to comprehensively examine the effects and underlying mechanism of ART in human GBM.

In this study, ART suppressed the proliferation of U87 and U251 cells depending on time and its dose.
When the concentration increased, ART treatment elevated cell apoptotic rates, reduced Bcl2 (an anti-
apoptotic protein) level, and upregulated the expression of pro-apoptotic protein Bax and cleaved-
caspase3. The major anti-tumor mechanism of ART may be related to endoperoxide bridge cleavage,
causing ROS production [19, 20, 22]. We found that ART also promoted ROS accumulation in U251 and
U87 cells. Generally, the mitochondrion is the major site for intracellular ROS production, but high levels
of ROS can induce intracellular damage, especially mitochondrial disruption [23].

The Δψm is an important parameter of mitochondrial activity and function. Our results suggested that
ART exposure reduced the MMP of both U251 and U87 cells. ART may induce mitochondrial damage by
increasing ROS levels. Use of an ROS scavenging reagent and Mito-Tracker con�rmed that ART could
reduce the Mito-Tracker labeling intensity of U251 cells; however, NAC reversed this phenomenon. CCK8
and WB assays further con�rmed that NAC could reverse the effect of ART on cell activity as well as
apoptosis-related or anti-apoptotic-related protein levels. Efferth et al. reported that antioxidants or
transfection of antioxidant genes can attenuate ART-induced tumor cell death [24], which was consistent
with our �ndings.

The subcutaneous tumor-bearing technique was used to visually detect the growth of tumors in nude
mice. There was a delay in tumor development and decreased Ki67 expression in ART-treated mice
relative to controls. TUNEL staining and WB further con�rmed that ART treatment exploited the anti-GBM
effect. Currently, the safety of ART in antitumor applications has received increasing attention. The
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results of histological analysis of organs from tumor-bearing nude mice showed that ART intervention did
not cause any obvious visceral damage.

Furthermore, transcriptomic analysis of ART-treated U251 cells identi�ed 389 DEGs, including 244
downregulated and 145 upregulated genes. KEGG pathway enrichment analysis showed that ART mainly
inhibited ECM-receptor interaction, CAMs, and cell cycle regulation in U251 cells. This study utilized the
STRING database to establish a PPI network based on the identi�ed DEGs, followed by module analysis
using Cytoscape. We identi�ed CDC20, CCNB1, HMMR, and THBS1 as potential driver proteins of the anti-
glioma effect of ART. Among these proteins, CDC20 and CCNB1 were mainly involved in cell cycle
regulation. HMMR is a novel hyaluronan receptor that regulates cell motility and is highly expressed in
GBM tumors [25, 26]. HMMR is less expressed in normal tissues, and its overexpression can lead to
centrosome and mitotic abnormalities [27, 28]. Thus, HMMR is a possible target to treat GBM [25]. THBS1
is a matricellular protein that contributes to the invasive behavior of GBM [29]. THBS1 levels can predict
the survival rate of GBM patients [30]. To verify the RNA-seq results, we also detected the mRNA and
protein levels of CDC20, CCNB1, HMMR, and THBS1 in U251 cells. qPCR and WB analyses showed that
ART signi�cantly downregulated these genes at the RNA and protein levels. We believe that these could
serve as potential targets for the treatment of GBM, or the secondary consequences of DNA damage
caused by ART-induced ROS. However, this needs to be further veri�ed using recovery experiments.

5 Conclusion
In summary, ART suppressed GBM growth in vivo and in vitro. Additionally, based on the RNA-seq
analysis, we identi�ed four key genes, HMMR, CDC20, CCNB1, and THBS1, which may be potential
therapeutic targets against GBM. Our �ndings provide valuable information for better elucidating the anti-
GBM effects and molecular mechanisms of ART.
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Figure 1

Artesunate (ART) inhibited U251 and U87 cellular proliferation and induced U251 and U87 cellular
apoptosis

a CCK8 assay was conducted to measure U87 and U251 cell viability following a 24 h ART treatment at
diverse concentrations (n = 3). b Histograms showing the viability of U251 and U87 cells subjected to 24,
48, and 72 h of ART (12.5, 25, and 50 µM) or DMSO treatment. c–e U251 and U87 cells were subjected to
48 h of ART (12.5, 25, and 50 µM) or DMSO treatment; each treatment was carried out thrice. c Flow
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cytometric analysis of annexin V-FITC/PI double-stained cells. d The overall apoptotic cell percentage is
presented as mean ± SD. e Cellular proteins were collected, and the expression of cleaved caspase3,
caspase3, Bcl2, and Bax was measured via western blotting. f The ratios of Bcl2 to Bax and cleaved
caspase3 to caspase3 were calculated according to (e). Results are presented as mean ± SD. *p < 0.05,
**p < 0.01, ***p < 0.0001 compared with control values of cells treated with DMSO alone. 

Figure 2

Artesunate (ART) induced reactive oxygen species (ROS) secretion and mitochondrial destruction in
glioblastoma cells

U251 and U87 cells were subjected to 48 h of ART (12.5, 25, and 50 µM) or DMSO treatment. a ROS
generation was assessed via DCFH-DA staining. b Bar graphs represent the mean ± SD for the ROS-
positive cell �uorescence intensity from three independent experiments. c The altered mitochondrial
membrane potential of U87 and U251 cells was analyzed using �ow cytometry and JC-1 staining. d JC-1
red/green �uorescence ratios of diverse groups were calculated according to (c). *p < 0.05, **p < 0.01
compared with control cells subject to DMSO treatment only.
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Figure 3

NAC (N-Acetyl-L-cysteine) suppressed the growth-inhibiting and pro-apoptotic effects of artesunate (ART)
on glioblastoma cells

ART at 50 μM was used to treat U87 and U251 cells for a 48 h period with or without 5 mM NAC. a CCK8
assay was performed for measuring cell viability. Results are presented as mean ± SD. b The cells were
stained with Mito-Tracker Red CMXRos, and the mitochondrial �uorescence intensity was observed using
a �uorescence microscope. Blue: DAPI-stained nuclei, red: Mito-Tracker red CMXRos-stained bioactive
mitochondria. c cleaved caspase3, caspase3, Bcl2, and Bax levels were measured using western blotting.
d The ratios of Bcl2 to Bax and cleaved caspase3 to β-actin were calculated according to (c). Results are
presented as mean ± SD. ns, no signi�cance, *p < 0.05, **p < 0.01, ***p < 0.0001. 
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Figure 4

Artesunate (ART) signi�cantly inhibited tumor growth in U87 tumor-bearing mice

a Body weights; b tumor weights; and c tumor volumes of tumor-bearing nude mice from ART (n = 8), and
control (n = 6) groups. d Morphological observation of transplanted tumor from each mouse. e Ki67
immunohistochemical and f TUNEL analyses of human glioma xenograft tissue sections. g Levels of Bax
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and Bcl2 in total protein extracts from tumor tissue were assessed via western blotting. h Bcl2-to-Bax
ratio was determined according to (g). Results are presented as mean ± SD. i Hematoxylin-eosin staining
of the main organs in ART-treated mice.*p < 0.05, **p < 0.01 vs. control (DMSO).

Figure 5
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Transcriptome and protein-protein interaction (PPI) enrichment analyses of artesunate (ART)-treated
U251 cells and veri�cation of the expression of hub genes

a Volcano plot of genes expressed differentially (DEGs) between the two groups. b Dot plot showing the
20 Gene Ontology (GO) terms most signi�cantly enriched by downregulated DEGs. c Dot plot of the top
20 Kyoto Encyclopedia of Gene and Genomes (KEGG) enrichment items of downregulated DEGs. Only the
top three pathways showed signi�cant enrichment. d–f Molecular Complex Detection PPI network and
the most signi�cant module of downregulated DEGs. The cluster scores are 24.74, 5.4, and 4.5,
respectively. g-k Extraction of total protein and RNA from U251 cells treated with or without ART. g-j The
expression of HMMR, CDC20, CCNB1, and THBS1 were detected by qPCR. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 compared with control. Results are presented as the mean ± SD. k HMMR, CDC20,
CCNB1, and THBS1 levels were detected by western blotting.
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