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Abstract
Glioblastoma (GBM) is the worst and most common malignant intracranial tumor with high mortality
rates and almost invariably poor prognosis even after surgery, radiotherapy, chemotherapy and emerging
immunotherapies. Therefore, it is important to �nd new therapeutic drugs for GBM treatment. In the
present study, we aimed to explore the effect of one natural chalcone—Isobavachalcone (IBC) on GBM
and clarify its anti-cancer mechanisms. It was observed that IBC could inhibit GBM cell proliferation,
migration and invasion in vitro and prevent tumor growth without any signi�cant drug toxicity in vivo.
Mechanistically, IBC may target NOD-like receptor family pyrin domain-containing 3 (NLRP3) transcription
factor estrogen receptor 1 (ESR1) by network pharmacology and molecular docking analysis.
Experimentally, IBC reduced NLRP3 in�ammasome-related pyroptosis and in�ammation, arrested cell
cycle at G1 phase, and induced mitochondria-dependent apoptosis in GBM cells. These results indicated
that IBC is a potential therapeutic drug against GBM and provide a new insight into GBM treatment.

Introduction
Glioblastoma (GBM) is the most common and lethal malignant brain tumor with high molecular
heterogeneity, poor overall prognosis and a meagre 10-year survival rate less than 1% [1, 2]. Current
treatment strategy of GBM involves surgical resection in combination with adjuvant chemoradiotherapy,
and most recently the addition of immunotherapies in gliomas[3, 4]. However, because of the inherent
in�ltrative nature of GBM and unclear demarcation between tumors and normal brain tissues, surgical
resection rarely results in removal of all tumor tissue completely[5]. Subsequently, the recurrence after
surgery and higher glioma malignance occur frequently due to the rapidly proliferation of GBM cells and
high diffusion throughout the brain[6]. Moreover, GBM has easy resistance to radiotherapy and classic
chemotherapy drugs due to be hindered by blood-brain barrier (BBB), so the therapeutic e�cacy of GBM
drugs are usually limited[7]. For instance, the resistance of temozolomide (TMZ), which is a standard
chemotherapeutic option for the treatment of GBM, seems inevitable, resulting in GBM treatment
failure[8]. Therefore, it is vital to develop new anti-GBM drugs that could readily cross the BBB, effectively
inhibit cancer cell growth, as well as exhibit relatively lower toxicity.

Isobavachalcone (IBC), a natural prenylated chalcone, is one of the main ingredients of Psoralea
corylifolia Linn seeds, demonstrating anti-cancer, anti-microbial, anti-in�ammatory, neuroprotective and
other remarkable pharmacological activities[9]. It had been reported that IBC inhibited several cancers
growth, such as leukemia, colorectal cancer, liver cancer, breast cancer, prostate cancer, gastric cancer,
cervical cancer, neuroblastoma and so on[9]. However, the inhibitory effect of IBC on GBM has not been
clari�ed adequately. Several early studies revealed IBC could be quickly absorbed into rat plasma and
distribute almost evenly to the cerebral nuclei, suggesting IBC could cross the BBB and preserve in brain
[10]. These characteristics of IBC made it to be a potential drug to treat diverse central nervous system
(CNS) diseases, such as Alzheimer’s and Parkinson’s disease and the GBM, one of the most frequent
primary malignant CNS tumor [11, 12].
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In the present study, IBC was found to inhibit GBM cell proliferation, migration and invasion in vitro and
suppress tumor growth with no obvious adverse effects in vivo. The network pharmacology and
molecular docking analysis revealed that IBC may target NLRP3 transcription factor ESR1. Further
experiments con�rmed that IBC reduced NLRP3 in�ammasome-related pyroptosis in GBM cells.
Meanwhile, IBC arrested cell cycle at G1 phase via p53/p21/CDK2 pathway and induced mitochondria-
dependent apoptosis of GBM. These results demonstrated that IBC might be promising therapeutic
candidates for GBM treatment.

Materials And Methods
Reagents and Cell Culture

The drugs, IBC (CAS: 20784-50-3) and temozolomide (TMZ, CAS: 20784-50-3), was purchased from
Shanghai Yuanye Bio-Technology Co., Ltd, and Shanghai Aladdin Biochemical Technology Co., Ltd,
respectively. Pan-caspase inhibitor Z-VAD-FMK (CAS: 161401-82-7) was purchased from
MedChemExpress LCC.

Human GBM cell lines, U87MG and U251 were purchased from the American Type Culture Collection.
These two cell lines were cultured in Dulbecco’s modi�ed Eagle’s medium (DMEM, Gibco, CA, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, America) and 1% penicillin/streptomycin. All
cells were incubated in a 5% CO2 incubator at 37°C for indicated time.
Cell Viability Analysis

The MTT assay was used to measure cell proliferation according to manufacturer’s instructions[13]. Cells
were cultured in 96-well plates (3×103 cells/well) at 37°C with indicated compounds for 48 h, followed by
10 µL of MTT reagent and incubated for 1h. OD value was measured according to the wavelength of 570
nm using a Multi-Mode Reader (BioTek Instruments, Inc.,USA.). The biochemical half maximal inhibitory
concentration (IC50) values were calculated using GraphPad Prism 8 software (GraphPad Software Inc.,
San Diego, CA, USA).

A total of 3×103 cells/well were seeded in 96-well plates and allowed to attach overnight. U87MGand
U251 cells were pretreated with 45 µL Z-VAD-FMK for 30 min to block caspase activity. Then U87MG and
U251 cells were treated with different concentration of IBC for 48 h, followed by 10 µL of CCK-8 reagent
and incubated for 1 h. OD value was measured wavelength of 450 nm using a Multi-Mode Reader. Then
we followed the above method to measure cell proliferation.

Colony Formation Assay

GBM cells were seeded 1000 cells per well in 6-well plates (Costar, Corning, NY, USA), and cultured with
indicated concentrations of IBC at 37°C for 7 days. Then the plates were �xed with methanol and stained
with 1% crystal violet for at least 30 min. After staining, extra dye was washed, and the colonies were
imaged and counted[14].



Page 4/20

Wound Healing Assay

Wound healing (scratch) assays was performed according to standard protocol[15]. Brie�y, U87MG and
U251 cells were seeded in 6-well plates (1.5×106 cells per well). The second day, cells were scratched by a
sterile 200 µL pipette tip followed by washing with PBS twice to remove cellular debris, and then cultured
under indicated doses of IBC. The cell were visualized by light microscopy and the width of the wound
was measured after IBC treatment at 0 h and 48 h. The cell migration rates were calculated by the ratio of
the migration distance in IBC treating groups to the control group.

Cell Migration and Invasion Assays

Transwell (#3422, Corning Costar, Carlsbad, CA, USA) was used to detect the effects of IBC on migration
and invasion of U87MG and U251 cells. 5×104 cells in 200 µL of serum-free medium were placed in the
upper chamber of 24-well transwell insert. Subsequently, 600 µL of DMEM supplemented with 10% FBS
was added to the lower chamber. Assaying cell invasion, the cells were seeded into the upper chamber
after the bottom of the transwell insert was covered with Matrigel (1:8 dilution, Corning Biocoat, USA)[16].
The following steps were identical to the migration assay. After incubation for 48 h, Cells that passed
through the transwell membrane were �xed with 4% paraformaldehyde for 20 min before being stained
with 1% crystal violet for 20 min. Then the cells in �ve random views were counted under the X71
�uorescence microscope (magni�cation, ×200, Olympus Corporation).

Cell Cycle Assay

Cells were plated and treated using different concentrations of IBC for 48 h. Then cells were harvested
and �xed in 70% ethanol overnight at 4°C. The �xed cells were rinsed in PBS and then hydrolyzed with
RNase (100 g/ml) and 0.2% Triton X-100 for 30 min at 37°C. After treatment, the cells were rinsed in PBS
and stained in the dark with Propidium Iodide (PI) (50 µg/mL) for 30 min[17]. The cell cycle distribution
was measured by a �ow cytometer (CytoFLEX S, Beckman Coulter, Fullerton, CA, USA).

Hoechst 33342 Staining

GBM cells in the logarithmic growth phase were subjected to Hoechst 33342 staining. Brie�y, 3×104 GBM
cells were seeded into 96-well plates and incubated overnight at 37°C. After IBC treatment for 48 h, the
cells were rinsed in PBS and stained with 100 µL Hoechst 33342 (10 µg/ml) in the dark for 30 min[18].
After PBS rinsing, the cells were observed under �uorescence microscope.

Annexin V-FITC/PI Double Staining Assay

The Annexin V-FITC/Propidium Iodide (PI) double staining assay was used to evaluate the apoptosis in
U87MG and U251. Results can be observed by �uorescence microscope or �ow cytometer. GBM Cells
were treated with different concentration of IBC for 48 h. Cells were resuspended in trypsin and washed
twice with ice-cold PBS. Then, Annexin V‐FITC/PI double staining was performed according to the
instructions of the Annexin V‐FITC/PI apoptosis detection kit (C1067M, Beyotime, Shanghai, China). Each



Page 5/20

sample was scanned by a �ow cytometer and analyzed by FlowJo 7.6. Alternatively, samples were
observated by �uorescence microscopy. The procedure for processing cells is the same as with �ow
cytometry.

Mitochondrial Transmembrane Potential (ΔΨm) Assay

Mitochondrial tansmembrane potential (MTP, ΔΨm) assay kit (Biosharp, Shanghai, China) was used to
assess MTP (ΔΨm) in GBM cells after IBC treatment. U87MG and U251 cells were seeded in 6-well plates
for 24 h and then treated with indicated doses of IBS for 48 h. Then GBM cells were stained with the JC-1
probe in the dark for 30 min. After PBS rinsing, the cells were observed under �uorescence microscope
and the J- aggregates were detected using an excitation wavelength of 585 ~ 590 nm, and monomer of
515 ~ 529 nm, respectively.

Western Blot Analysis

The IBC-treated cells were lysed in RIPA buffer (P003B, Beyotime, Shanghai, China) for 30min incubation
on ice. After mixing and centrifugation at 13000 g for 20min at 4°C, the protein supernatants were
collected and proteins were quanti�ed by BCA protein quanti�cation kit (P0012S, Beyotime, Shanghai,
China). Then the proteins were separated by 10% SDS-polyacrylamide gel electrophoresis (P0012A,
Beyotime, Shanghai, China) and transferred to a nitrocellulose membrane (Millipore, USA). Subsequently,
the membrane was blocked with 5% BSA for 1 h and successively with indicated primary antibody
overnight at 4°C and then an HRP-conjugated secondary antibody (1:1000, ABclonal, Wuhan, China) at
37°C for 1 h. The Ultrasensitive ECL chemiluminescence kit (P0018AS, Beyotime, Shanghai, China) was
used to detect proteins, and Image J for Windows from the National Institutes of Health (NIH) (Bethesda,
MD, USA) was used to statistically analyze. GAPDH was used as a control. The antibodies used for
western blot were as follows: rabbit polyclonal antibodies against NF-κB p65 (1:1000, ABclonal, A19653),
NLRP3 (1:1000, ABclonal, A12694), IL-18 (1:1000, Beyotime, AF5207), ASC / TMS1 (1:1000, ABclonal,
A1170), p21 (1:1000, ABclonal, A1483), and CDK2 (1:1000, ABclonal, A0294), Phospho-EGFR-Y1068
(1:1000, ABclonal, AP0301), Phospho-GSK3β (1:1000, ABclonal, AP0039), GSK3β(1:1000, ABclonal,
A3174), Phospho-Akt (1:1000, ABclonal, AP1259), AKT (1:1000, ABclonal, A11016), Bax (1:1000,
ABclonal, A12009), TNF-α (1:1000, ABclonal, A11534), IL1β(1:1000, ABclonal, A11370), Bcl-2 (1:1000,
ABclonal, A0208), Cleaved-Caspase 3 (1:1000, ABclonal, A19654), Caspase 1 (1:1000, ABclonal, A0964 ),
GSDMD (1:1000, ABclonal, A20197), a mouse monoclonal antibody against p53 (1:1000, ABclonal,
A10610), and HRP Goat Anti-Rabbit IgG(1:1000, ABclonal, AS014 ), HRP Goat Anti- Mouse IgG (1:1000,
ABclonal, AS003).

GBM Subcutaneous Xenograft Model

GBM Xenograft model were established as described previously[19]. Eight-weeks-old BALB/c nude mice
were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. and then raised in the SPF
Laboratory Animal room. After deep anesthesia, 5× 106 U87MG cells in 100 µL sterile PBS were injected
into the subcutaneous. When the tumors had reached an average volume of roughly 100 mm3, the mice
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were randomly distributed into three groups, including control group (n = 10), low group (n = 10) and high
group (n = 10). For control group, they only received DMSO daily by intragastric administration (i.g.) for 14
days. The low and high group mice were intragastrically administrated daily with 20 mg/kg or 40 mg/kg
IBC for 14 days. During the IBC intragastric administration period, tumor volumes were recorded every 2
days, while body weights were measured daily. Tumor volume was calculated by the following formula:
volume = a × b2 × 0.52 (whereas a = length and b = width in mm). 14 days later, the mice were sacri�ced,
and samples of xenograft mice in all groups were collected and prepared for further experiments. In
particular, all animal experiments were approved by the Animal Ethics Committee of Hubei University of
Science and Technology, and were performed in accordance with institutional and international
guidelines for animal care and use.

Hematoxylin and Eosin (HE) and Immunohistochemistry

Dehydrated tissues, �xed in 4% paraformaldehyde, were para�n embedded and sectioned into 4 µm
sections. The tissue blocks were depara�nized, rehydrated, and stained with hematoxylin and eosin
(BL700A, Biosharp, Shanghai, China). The sections were viewed under a microscope after being put on
coverslips. To suppress endogenous peroxidase activity, tissue sections were depara�nized, rehydrated,
and treated in 3 percent hydrogen peroxide for immunohistochemical staining. The slides were then
antigen-retrieved in citrate buffer (pH 6.0). The tissue pieces were blocked and permeabilized with 0.1%
Triton-X 100 after they had been allowed to cool to room temperature. The slices were processed
overnight in a humidi�ed chamber at 4°C with CD31 (1:100, Cell Signaling Technology, 3528), Ki67, CD31,
Cleaved-Caspase 3 (1:100, A�nity, AF7022), and Ki67 (1:100, Beyotime, AF1738) antibodies. After that,
HRP-conjugated secondary antibody was added for 1 h at room temperature. Antibodies were found
using the substrate diaminobenzidine (DAB, Beyotime, Shanghai, China), and the slides were counter-
stained with hematoxylin (BL700A, Biosharp, Shanghai, China).

Network Pharmacology Analysis 

The IBC molecular structure was obtained from Pubchem (https://pubchem.ncbi.nlm.nih.gov/) in the
international chemical identi�er (InChI) or simpli�ed molecular-input line-entry system format (SMILES).
SwissTargetPrediction database (www.swisstargetprediction.ch/) was used to predict relevant targets of
IBC for Homo sapiens based on its chemical structure. The GBM disease-related targets were retrieved
from the GeneCards (https://www.GeneCards.org/) database by using the keywords “glioma”. Then, the
predictive protein targets of IBC against GBM were �ltered by Venny 2.1.0
(https://bioinfogp.cnb.csic.es/tools/venny/). According to Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) annotation, the functional and pathway enrichment analyses of
overlapped IBC-GBM targets were performed by R (v.3.6.3) software. The protein-protein interaction
network (PPI) of the overlapped IBC-GBM targets were constructed by STRING (https://string-db.org/) and
Cytoscape v3.8.0 software[20]. The cytoHubba[21], one of plug-in in Cytoscape, was used to predict the
protein nodes and sub-network. The IBC-Targets-pathways network was also constructed by Cytoscape
v3.8.0 software. The interaction network of NLRP3 transcription factors (TF) was obtained in Gene

https://pubchem.ncbi.nlm.nih.gov/
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Regulatory Networks. The targets of IBC-GBM-NLRP3 TFs were screened out by taking an intersection of
IBC-related targets, GBM-related targets and predictive NLRP3 TFs, using Venny 2.1.0.

Molecular Docking

Autodock-VINA[22] and PyMOL software (The PyMOL Molecular Graphics System, Schrödinger, LLC.)
were used for molecular docking to analyze the target of IBC target network with moderate value ranking
TOP 3, and the target protein database ID was found. The PDB format �les of three target proteins were
obtained from RSCB PDB database (https://www.rcsb.org/), including ESR1 (PdB-ID: 5E19), Akt1 (PdB-ID:
6HHG) and EGFR (PdB-ID: 6VHN). The SDF format �le of IBC was downloaded and selected from
PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The target proteins were dehydrated and
hydrogenated by Auto Dock software, and the IBC and target proteins were transformed into PDBQT
format. Molecular docking was performed by AutoDock program (binding energy less than 0 indicates
that the �tness spontaneously binds to the receptor). Finally, PyMOL software was used to visualize the
molecular docking results.

Statistical Analysis

The data were statistically analysed using SPSS27.0 software (SPSS, Chicago, IL, USA). Results are
presented as mean ± SD. All �gures were graphed by GraphPad Prism 8.0 software (GraphPad Software,
La Jolla, CA, United States). One-way analysis of variance (ANOVA) with Tukey’s post hoc test and two-
way RM ANOVA with Sidak’s multiple comparisons test were performed to compare differences.
Statistical signi�cance was set at p < 0.05.

Results
IBC inhibited GBM cells proliferation, migration and invasion

To explore the anti-GBM activity of IBC in vitro, two typical human-derived GBM cell lines, U87MG and
U251, were used to the cell viability assay. The results showed IBC inhibited U87MG and U251 cells
proliferation in a dose-dependent manner (Fig. 1a ~ b). The IC50 values of IBC for GBM cells at 48 h were
4.385 µM in U87MG and 1.943 µM in U251 cells, respectively. For TMZ, a positive control for anti-GBM
drug, the IC50 value were 224.5 µM in U87MG and 472.6 µM in U251 cells, signi�cantly higher than that of
IBC (Fig. 1d ~ e). The morphological alterations of GBM cells, such as bubbles, shrank, unclearly visible
boundaries, varying cell sizes and loss of cell-cell junctions, were observed in GBM cells with the
treatment of IBC (Fig. 1c) and TMZ (Fig. 1f). Moreover, as compared to control group, Colony formation
were also signi�cantly reduced in U87MG treated with 1 and 2 µM IBC (Fig. 1g, i) and U251 treated with
0.5 and 1 µM IBC (Fig. 1h, j). In addition, both scratch wound healing assay (Fig. 1k ~ n) and transwells
assay (Fig. 1o ~ t) revealed that the migration and invasion of U87MG and U251 cells were signi�cantly
inhibited by IBC in a dose-dependent manner. Shortly, IBC could signi�cantly suppressed the proliferation,
migration and invasion of GBM cells in a dose-dependent manner.
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IBC exerted anti-GBM activity in vivo.

To further con�rm the inhibitory effect of IBC on GBM in vivo, IBC was performed in nude mice xenograft
models. An overview of the experimental work�ow was illustrated in Fig. 2a. These results showed low
(20 mg/kg) and high (40 mg/kg) dose IBC groups had less tumor sizes, volume and weight than that of
the control group since day 8 after treatment initiation (Fig. 2b ~ e). The body weights of both IBC groups
became more stability, while body weights in control group declined rapidly with time (Fig. 2f). For tumor
vessels, vascular area and angiogenesis in tumor were decreased gradually with increasing IBC dose
(Fig. 2g). Drug toxicity is consistently another important factor limiting effective drug development. IBC
toxicity in vivo were also assessed in this study. Figure 2h ~ i showed low and high dose IBC-treated mice
had no signi�cant differences in both liver morphology and liver/body ratio. In addition, the major organs
of IBC-treated mice, such as heart, liver, spleen, lung and kidney, were also stained with HE staining for
histological analysis of drug toxicity (Fig. 2j). Histological analysis revealed that IBC treatment did not
result in remarkable alterations in these tissues, suggesting IBC was safety for GBM treatment. Moreover,
immunohistochemical (IHC) analysis was performed to assess the effect of IBC on cell proliferation
(Ki67), apoptosis (Cleaved-caspase 3) and tumor angiogenesis (CD31). Figure 2k ~ n showed the Ki-67
and CD31 expression were signi�cantly decreased, while the expression level of Cleaved-caspase 3 were
obviously increased as the IBC dose increased, indicating IBC could promote apoptosis and inhibit cell
proliferation and tumor angiogenesis in vivo. Western blot analysis indicated the protein markers of
apoptosis (AKT/p-AKT, Cleaved-caspase 3), in�ammasome (ASC) and cell cycle (p21) were signi�cantly
changed after IBC treatment in vivo, suggesting the mechanism of IBC against GBM may be related to
these processes and need to be further explored.
IBC is a novel potential regulatory of NLRP3

The mechanism of IBC inducing cell death of GBM cells was explored by network pharmacology. The 35
potential targets of IBC were screened out by GeneCards and SwissTargetPrediction databases, while
7223 targets of GBM were predicted by a comprehensive analysis of GeneCards and TCGA databases.
The Venn diagram of these targets between IBC and GBM showed that 30 overlapping targets may be the
potential treatment targets of IBC against GBM (Fig. 3a). The GO enrichment analysis found that these
common targets enriched in 834 terms of biology process (BP), 32 terms of cellular component (CC) and
38 terms of molecular function (MF). The top 10 terms of BP, CC and MF were shown in Fig. 3b and Table
S1. These common targets were related to response to metal ion (GO: 0010038), cellular response to
metal ion (GO: 007124), peptidyl-serine phosphorylation (GO: 0018105), early endosome (GO: 0005769),
membrane raft (GO:0098857), protein serine/threonine kinase activity (GO:0098857), phosphatase
binding (GO:0019902) and protein serine/threonine/tyrosine kinase (GO:0004712). For KEGG analysis,
Glioma, PI3K-Akt and MAPK signaling pathways were the main pathways for IBC treatment against GBM
(Fig. 3c and Table S2). PPI analysis revealed that EGFR, AKT1, ESR1, MAPK1 and MAPK3 were the hub
gene for IBC treatment (Fig. 3d ~ f). IBC-Targets-Pathways network were showed in Fig. 3g. Previous
studies indicated that NLRP3 inducing in�ammasome activation was the key driver of in�ammatory cell
death[23]. The 15 transcription factors (TF) targeting NLRP3 were predicted by NetworkAnalyst
databases (Fig. 3h). By taking intersecting of TFs and hub genes of IBC against GBM, ESR1 were found
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to be potential target of IBC regulating NLRP3 to mediate in�ammatory cell death in GBM (Fig. 3i). The
molecule docking of IBC with ESR1, AKT1 and MAPK1 were displayed in Fig. 3j ~ k. These results
revealed IBC may target ESR1 (one of NLRP3 TFs), AKT1 and MAPK1 (NLRP3 upstream regulatory
molecules) to stimulate proliferation-related pathways to inhibit GBM.

IBC reduced NLRP3 in�ammasome-mediated pyroptosis and arrested the cell cycle at the G1 phase

NLRP3 in�ammasome complex, consisting of the NLRP3, ASC adaptor and procaspase 1, triggering
downstream in�ammatory factor L-1β and IL-18 production and pyroptosis, plays a vital role of several
neuroin�ammatory diseases and cancer. The western blot results indicated that IBC downregulated NF-
kB, NLRP3 in�ammasome (NLRP3, ASC and pro-caspase 1), caspase 1, GSDMD, in�ammatory factors
(IL-18 and IL-1β) in U87MG and U251 cells in dose-dependent manner, suggesting IBC attenuated NLRP3
in�ammasome-mediated in�ammation response and pyroptosis in GBM (Fig. 4a ~ c). In addition, TNFα,
a NF-kB-activated downstream cytokine that has been implicated in in�ammation and glioma growth,
were also reduced by IBC treatment. These results indicated that IBC may exhibit anti-in�ammation and
pyroptosis inhibition effects on GBM. To assess the potential effects of IBC on the cell cycle progression,
U87MG cells with IBC treatment were conducted a �ow cytometry-based cell cycle assay. As shown in
Fig. 4d ~ e, IBC caused an increase in the G1 phase U87MG cells and a decrease in the S and G2 phase
cells of U87MG cells, implying that IBC was able to arrest the cell cycle at the G1 phase in a dose-
dependent manner. Moreover, with increasing IBC concentration in GBM cells, cell cycle regulator p53 and
cyclin-dependent kinase inhibitor p21 protein levels were increased, while the levels of cyclin-dependent
kinase 2 (CDK2) were decreased (Fig. 4f ~ h). These implied IBC caused pyroptosis inhibition and cell
cycle arresting of GBM.

IBC induced mitochondria-dependent apoptosis in GBM cells

To validate the speci�c mechanisms of IBC against GBM, the ability of IBC to induce apoptosis was
assessed by �ow cytometry and �uorescence microscopy using Annexin V/Propidium Iodide (PI) staining
(Fig. 5a ~ b). The proportion of early apoptotic cells (Annexin V+/PI− cells) signi�cantly increased with
increasing IBC concentration (Fig. 5a ~ c, e ~ g). The morphological changes with chromatin
condensation and nuclear fragmentation in U87MG and U251 were also observed after IBC treatments for
48 h by Hoechst 33342 staining (Fig. 5d). Early apoptosis is usually accompanied by mitochondrial
membrane potential changes[23]. Subsequently, JC-1 dye were used to measure mitochondrial
membrane potential changes. As shown in Fig. 5h ~ i, U87MG and U251 treated with increasing IBC
concentration exerted an increase in JC-1 monomers (green) and a decrease in JC-1 aggregates (red), as
would be expected for early apoptosis. The mitochondrial membrane potential is regulated by the Bcl-2
family proteins, including pro-apoptotic Bax and anti-apoptotic Bcl-2 proteins. Then the effects of IBC on
the levels of Bcl-2 family proteins were conducted by western blot analysis (Fig. 5j ~ l). The results
showed IBC decreased signi�cantly the expression of Bcl-2 in U87MG and U251, and increased Bax
expression that was not statistically signi�cant, while increasing the level of pro-apoptotic Cleaved-
caspase 3, suggesting the mitochondria-dependent apoptosis occurred. Meanwhile, EGFR/PI3K/AKT
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pathway is another well-known marker pathway regulating cell proliferation and usually sustaining
activation in tumor cells. Figure 5j ~ l were also exerted IBC consistently reduced the levels of p-EGFR,
PI3K, AKT, p-AKT, GSK-3β and p-GSK-3β in a dose-dependent manner. All these results indicated IBC
induced mitochondria-dependent apoptosis in GBM cells.

The inhibitory effect of IBC on GBM was blocked by pan-caspase inhibitor Z-VAD-FMK

Cells can die through several distinct regulated cell death pathways, including apoptosis, pyroptosis,
necrosis, ferroptosis, and so on. The connection between these cell death pathways were complicated.
The caspase family members played a vital role of cross-talks between apoptosis and pyroptosis. Z-VAD-
FMK was one of the pan-caspase inhibitors, which could reverse the apoptotic effect and inhibit
pyroptosis [24]. In Fig. 6a ~ g, Z-VAD-FMK could prevent cell death triggered by IBC. In detail, the CCK-8
assay and cell morphology observation under the microscope showed Z-VAD-FMK could reverse the
cytotoxic effects reverse and the morphological change induced by IBC in both U87MG and U251 cells
(Fig. 6a ~ b). Similarly, Annexin V-PI double staining implied that Z-VAD-FMK blocked the apoptotic
effects performed by IBC on both U87MG and U251 cells (Fig. 6d ~ g). These results further demonstrated
that IBC could inhibit the growth of GBM cells by inducing apoptotic cell death.

Discussion
GBM is the primary brain tumor with the most aggressive malignancy, the worst clinical prognosis, and is
easy to recurrence contributing to the high mortality. TMZ is the clinical �rst-line therapeutic drug
approved for GBM treatment, However, secondly resistance to TMZ appears inevitable, and no effective
treatment for TMZ-resistant recurrent GBM is available, ultimately leading to the failure of GBM
treatment[8]. In this study, we have found, through both in vitro and in vivo assays, that IBC had potential
anti-GBM activity. In particular, compared with the effectiveness of TMZ, IBC had higher treatment
e�cacy and lower required drug doses in vitro. These results provided a reliable basis for the feasibility of
IBC treatment for GBM.

IBC, a naturally occurring chalcone, is one of the main active compounds of Psoralea corylifolia Linn
which is a widely used traditional Chinese medicine and Ayurvedic herbal medicine in India[9].
Accumulative studies have con�rmed the inhibitory effects of IBC on several cancers both in vitro and in
vivo models [9]. Consistent with the previous �ndings, our study showed a signi�cant decrease in cell
proliferation in vitro and in vivo GBM models treated with IBC, suggesting anti-GBM activities of IBC.
Moreover, our study also proved that IBC exerted an inhibitory effect on the migration and invasion of
GBM cells in vitro. This is consistent with the �ndings in tongue squamous cell carcinoma cells [25]. It
had been proved that IBC could reduce matrix metalloproteinase-2 (MMP-2) and MMP-9 protein levels,
resulting in inhibition of the migration and invasion of tongue squamous cell carcinoma in vitro[25].
However, the precise mechanism of IBC inhibition on migration and invasion in GBM awaits further
clari�cation. In vivo, IBC also displayed a signi�cant tumor inhibitory effects in GBM xenograft mice
without obvious toxicity. A similar phenomenon was also observed in acute myeloid leukemia (AML)
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xenograft mice treated with IBC[26]. In AML, IBC oral administration suppressed tumor growth in HL60
xenograft mice with little toxicity[27, 26]. These results implicated IBC exhibited a relative low-systemic
toxicity in vivo. The low cytotoxicity of IBC to normal cells, such as hepatocytes, normal liver cells,
umbilical vein endothelial cells, and cerebellar granule cells, were also observed in a previous research[28,
9, 29]. These studies were in agreement with the effects of IBC in retarding the growth of a wide range of
cancer cells and tumors while protecting normal cells and tissues in vitro and in vivo.

The anti-cancer effect of IBC is mainly mediated by cell death induction, including apoptosis, methuosis-
like cell death or autophagy-related cell death[9]. In our study, IBC were predicted to interact with ESR1
(estrogen receptor 1) which was the transcription factors of NLRP3 by network pharmacology and
molecule docking analysis. NLRP3 plays a vital role in pyroptosis which is a programmed cell death
(PCD) characterized by the activation of in�ammatory caspases, including caspase 1 and caspase 4/5
(caspase 11 in mice), and release of pro-in�ammatory cytokines, including mature IL-1β and IL-18[30, 31].
Classical pyroptosis pathway is generally shown as an in�ammasome complex containing caspase 1
precursors was �rstly formed by in�ammasome sensors NLRP3, AIM2 or Pyrin combining with
in�ammasome adaptor protein ASC, and that precursor of caspase 1 is then sheared to produce active
caspase 1, leading to cleavage of the substrate Gasdermin D and production of N-terminal fragment of
Gasdermin D and pyroptosis �nally[30]. Surprisingly, our further experiments found IBC inhibited rather
than promoted pyroptosis by downregulating classical NLRP3 in�ammasome dependent pyroptosis
pathway (NLRP3/ASC/Caspase 1/Gasdermin D) and causing reduced releases of IL-1β and IL-18.
Considering that pyroptosis is an in�ammatory cell death and plays a vital role in the pathophysiology of
several in�ammatory disorders, including neurological and metabolic disorders, chronic in�ammatory
diseases, and cancer, we proposed anti-GBM effects of IBC may be mediated by reducing in�ammatory
factors to decrease in�ammation or by another PCD. Our further study revealed that another remarkable
in�ammatory factors TNFα were also downregulated by IBC treatment in GBM cells, which provided
further, albeit indirect, evidence of above speculation.

Several proteins may be the potential targets for the anti-cancer effect of IBC[9]. Beside ESR1 molecule,
EGFR, AKT1 and MAPK1 were the hub genes for IBC treatment against GBM by network pharmacology
and molecule docking analysis. In IBC-treated GBM cells, the levels of p-EGFR, PI3K, AKT, p-AKT, GSK-3β
and p-GSK-3β were also decreased. In previous researches, IBC had been identi�ed to be a potent inhibitor
of protein kinase B (PKB/AKT). It could bind with the ATP site of AKT and inhibit the AKT kinase activity
via abating AKT phosphorylation at Ser-473. It also blocked AKT translocation from the cytoplasm to the
nucleus. This led to mitochondria-mediated apoptosis of several lines of cancer cells[32]. Inhibition of
AKT by IBC causes suppression of the glycogen synthase kinase 3β (GSK-3β)/β-catenin signaling
pathway, which results in apoptosis in colorectal cancer cells[29]. Furthermore, IBC also showed inhibitory
effects on estrogen receptor (ER) in ER+ breast cancer and prostate cancer cells [33]. It had been proved
that activation of PI3K leads to activation of AKT, which can directly activate ESR to promote
transcription of target genes in ligand-independent manner and endocrine therapy resistance[34, 35]. On
the contrary, inhibition of AKT by IBC could also inactivate ESR to downregulate NLRP3 mRNA
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transcription. In addition, we also found that IBC could also regulatep53, p21 and CDK2 protein
expressions to arrest the cell cycle at G1 phase of GBM cells.

Our results found that IBC induced mitochondria-mediated apoptosis in GBM cells via Bcl-2/Caspase 3
pathway, which is consistent with previous studies. Additionally, apoptotic executioner caspases, caspase
3 and caspase 7, are reported to inactivate pyroptotic GSDMD through N-terminal cleavage[36]. However,
these caspases are also reported shift the morphology of cell death from apoptotic to pyroptotic through
cleavage of another member of the gasdermin family, gasdermin E (GSDME), also known as DFNA5[37].
It is also clear that other pyroptotic molecules, such as caspase 1, can regulate apoptosis and the
cleavage of apoptotic substrates, while apoptotic molecules caspase 8 and FADD can regulate pyroptosis
activation. These and other observations make it clear that there are numerous molecular connections
between the cell death pathways that may complicate the development of therapeutics. However, these
molecular connections could certainly be related with the proteins of Caspase family members. In our
study, pan-caspase inhibitor (Z-VAD-FMK) could prevent cell death triggered by IBC, suggesting the
mechanism of IBC against GBM may also be more complex than those we observed. The precise anti-
cancer mechanism of IBC still require further investigation.

Conclusions
In summary, our results demonstrated that IBC inhibit GBM cell proliferation, migration and invasion in
vitro in a dose-dependent manner and prevent tumor growth without any signi�cant drug toxicity in vivo.
Mechanistic studies further suggested that IBC could reduce NLRP3 in�ammasome-related pyroptosis
and in�ammation by targeted ESR1, arrest cell cycle at G1 phase, and induce mitochondria-dependent
apoptosis in GBM cells (Fig. 6h). Therefore, IBC may be a particularly effective strategy for GBM therapy.
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Figure 1

IBC inhibited proliferation, migration and invasion of GBM cells in dose-dependent manner. (a) The
structure of IBC. (b) U87MG and U251 cells were treated with the increasing doses of IBC for 48 h. Cell
viability were assessed by MTT assay. (c) The morphology of U87MG and U251 cells after IBC treatment
for 48 h. (d) The structure of TMZ. (e) U87MG and U251 cells were treated with the increasing doses of
TMZ for 48 h. Cell viability were measured by MTT assay. (f) The morphology of U87MG and U251 cells
after TMZ treatment for 48 h. (g~h) U87MG and U251 cells were treated with the indicated
concentrations of IBC for 7 days. Colony formation was determined by crystal violet staining. The
statistical results of colony numbers were presented in (I) and (J). (k~l) Wound healing assays of U87MG
and U251 cells after IBC treatment. U87MG and U251 cells were cultured until con�uence, and a scratch
was made in the cell layer. After IBC treatment for 48 h, the images of U87MG and U251 cells were taken
by light microscope. Cell migration rates were statistically analyzed. (m~n) U87MG and U251 cells
images after Wound healing assays. (o~t) Transwell invasion and migration assay of U87MG and U251
cells after IBC treatment. U87MG cells or U251 cells were seeded on the upper chamber of Transwell.
After 48 h incubation with IBC (0.5, 1 and 2 μM in U87MG or 0.25, 0.5 and 1 μM in U251), migratory and
invasive cells were stained and counted (o, r). (p~q, s~t) Quanti�cation of U87MG cells migration and
invasion rates through the membrane per �eld in (o, r). Data were presented as mean ± SD or as a
representative images of triplicate experiments, *P<0.05, **P<0.01 by one-way ANOVA with Tukey's post-
hoc test. Scale bars, 100 μm.

Figure 2

IBC suppressed the tumor growth of GBM xenograft mice. (a) Scheme of the experimental work�ow.
Firstly, GBM Xenograft tumor model were established by subcutaneous injection with 5×106 U87MG cells.
14 days later, xenograft mice delivered daily with DMSO, 20 mg/kg or 40 mg/kg IBC by intragastric
administration (n=10 per group), respectively. After 14 days administration, mice were sacri�ced, and the
samples were prepared for following tests. (b) Images of GBM xenograft mice. (c) Images of xenograft
tumor. (d) Tumor volumes curve during IBC administration period. (e) Tumor weights at experimental
endpoint. (f) Body weights curve during IBC administration period. (g) Vascular area changes of the IBC-
treated xenograft mice. (h) Livers images of the IBC-treated xenograft mice. (I) Liver/body ratios of the
xenograft mice with IBC treatment. (j) HE staining of heart, liver, spleen, lung and kidney of the xenograft
mice with IBC treatment. (k) HE staining and IHC with antibody against Ki-67, Cleaved-caspase 3 and
CD31 of tumor tissues. (l~n) Quanti�cation of HE and IHC in (k). (o) Western blot analysis of the
indicated proteins expression levels in xenograft tumor tissues. (p) Quanti�cation of western blot in (o).
Data were presented as mean ± SD or as a representative images, *P<0.05, **P<0.01 vs. the control group
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by one-way ANOVA with Tukey's post-hoc test or two-way RM ANOVA with Sidak’s multiple comparisions
test. Scale bars, 100 μm.

Figure 3

The effective targets of IBC against GBM predicted by network pharmacology analysis. The IBC
molecular structure was obtained from Pubchem database, then the structure were imput into
SwissTargetPrediction database to predict relevant targets of IBC for Homo sapiens based on its
chemical structure. The GBM disease-related targets were retrieved from the GeneCards database by
using the keywords “glioma”. (a) The overlapped IBC-GBM targets were screened out by Venny 2.1.0. (b)
The GO functional enrichments of overlapped IBC-GBM targets were analyzed by R (v.3.6.3) software. (c)
The KEGG pathway enrichments of overlapped IBC-GBM targets were also performed by R (v.3.6.3)
software. (d) The PPI network of the IBC-GBM targets were conducted by STRING database. (e~g) The
PPI network (e), the Top 10 hub gene (f), IBC-Targets-Pathway (g) were calculated and displayed by
Cytoscape (3.8.0) software. (h) The interaction network of NLRP3 transcription factors (TFs) was
obtained in Gene Regulatory Networks. (i) Venn diagram of IBC-related targets, GBM-related targets and
predictive NLRP3 TFs were taken by Venny 2.1.0. (j~l) the molecular docking of IBC with ESR1 (j), Akt1(k)
and EGFR (l) were obtained by Autodock-VINA and Pymol softwares.

Figure 4

IBC reduced pyroptosis in GBM cells and arrested the cell cycle at the G1 phase. (a) U87MG and U251
cells were treated with the increasing doses of IBC for 48 h, the indicated proteins were analyzed by
western blot. The statistical results of western blot in U87MG and U251 were shown in (b) and (c). (d)
U87MG and U251 cells cycles were measured by �ow cytometry after IBC treatment for 48 h. the results
of �ow cytometry was presented in (e). (f~g) The cell cycle-related proteins were analyzed by western blot
after IBC treatment in U87MG and U251 cells for 48 h. The statistical results of western blot in U87MG
and U251 were shown in (f) and (h), respectively. Data were presented as mean ± SD or as a
representative images, *P<0.05, **P<0.01 vs. the control group by one-way ANOVA with Tukey's post-hoc
test.

Figure 5

IBC triggered mitochondria-dependent apoptosis in GBM cells. (a~c) U87MG and U251 cells were treated
with IBC at indicated doses for 48 h, then the apoptosis cells were stained by Annexin V/Propidium Iodide
(PI) and detected by �ow cytometry in U87MG (a) and �uorescence microscopy in U87MG (b) and U251
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cells (c). (d) Hoechst 33342 staining of U87MG and U25 cells with IBC treatments for 48 h. The statistics
of (a~c) were shown in (e~g). (h~i) The mitochondrial membrane potential changes in U87MG (h) and
U251 (i) cells after IBC treatments for 48 h. (j) U87MG and U251 cells were treated with the increasing
doses of IBC for 48 h, the indicated proteins were analyzed by western blot. The statistical results of
western blot in U87MG and U251 were shown in (k) and (l), respectively. Data were presented as mean ±
SD or as a representative images, *P<0.05, **P<0.01 vs. the control group by one-way ANOVA with Tukey's
post-hoc test.
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Figure 6

The anti-GBM activity of IBC was blocked by Z-VAD-FMK. U87MG and U251 cells were treated with IBC
(μM), Z-VAD-FMK (μM) and IBC (μM) + Z-VAD-FMK (μM) for 48 h, respectively. (a~b) The CCK-8 assay
were used to analyze the cell viability of U87MG (a) and U251 cells (b). (c) The morphological change in
U87MG and U251 cells after IBC and Z-VAD-FMK treatment for 48 h. (d~e) The cell apoptosis changes in
U87MG (d) and U251 (e) cells after IBC and Z-VAD-FMK treatment for 48 h were performed by Annexin V-
FITC/PI double staining assay. (h) Schematic model for the mechanism of anti-GBM activity of IBC. IBC
reduced NLRP3 in�ammasome-related pyroptosis and in�ammation via NLRP3/ASC/Caspase
1/Gasdermin D pathway, arrest cell cycle at G1 phase via p53/p21/CDK2 pathway, and induce
mitochondria-dependent apoptosis in GBM cells. *P<0.05, **P<0.01 vs. the control group by one-way
ANOVA with Tukey's post-hoc test.
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