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Background: Neurofibromatosis type 2 (NF2) is a rare genetic syndrome that

predisposes individuals to develop bilateral vestibular schwannomas (VSs)

causing a high risk of life-threatening neurological complications. Traditional

treatment options for NF2-associated VS usually cause neurological damage,

and to date, there are no FDA-approved pharmacotherapies for NF2. The aim of

this study was to evaluate the antitumor efficacy of Qu-Du-San-Jie (QDSJ)

decoction, a traditional Chinese medicine formula, on NF2-associated VS and

to investigate the potential underlying mechanisms.

Methods: Ultra high-performance liquid chromatography-mass spectroscopy

(UHPLC-MS) analysis was performed to identify the components of QDSJ and

their targets. To determine the relationships between the putative targets of

QDSJ and the differential genes of NF2-associated VS, the drug-disease

crossover genes were screened using the UHPLC-MS data combined with

our previous gene expression profiling data. The differentially expressed genes

were imported into the STRING database to generate a PPI network.

Differentially expressed gene targets and pathways were identified using GO

and KEGG pathway enrichment analyses. The in vitro and in vivo drug efficacy of

QDSJ decoction was tested using a patient-derived schwannoma cell line and a

patient-derived xenograft mouse model, respectively. H&E staining,

immunochemistry, and immunofluorescence staining were used to evaluate

the cell proliferation and tumor vessels.

Results: A total of 133 compounds were identified in QDSJ decoction using

UHPLC-MS analysis. Network pharmacology showed that the regulation of

necroptosis, apoptosis, cell cycle, angiogenesis, adherens junction, and
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neuroactive ligand-receptor interaction could be associatedwith the efficacy of

QDSJ in treating NF2-associated VS. Treatment with QDSJ induced necrotic

cell death and apoptosis of schwannoma cells in vitro and suppressed the tumor

growth in vivo. Histopathological analysis revealed areas of cell necrosis and

enlarged tumor blood vessels in the QDSJ-treated tumors. The numbers of

cells positive for Cyclin D1 and Ki-67 were significantly reduced in QDSJ-

treated tumors compared to control tumors. Immunofluorescence staining of

CD31 and αSMA showed a decreased number and density of tumor vessels and

normalized vessel structure in QDSJ-treated tumors.

Conclusion: Our study demonstrates that QDSJ decoction shows significant

antitumor activity against NF2-associated schwannoma and is a possible

candidate for future clinical trials.

KEYWORDS

neurofibromatosis type 2, schwannoma, Qu-Du-San-Jie decoction, antiangiogenesis,
therapy

Introduction

Neurofibromatosis type 2 (NF2) is a rare tumor

predisposition syndrome characterized by the development of

multiple benign tumors, including schwannoma, meningioma,

and ependymoma in the central and peripheral nervous system

(Evans et al., 1992). Bilateral vestibular schwannomas (VSs) are

the most common lesions in NF2 affecting over 90% of

NF2 patients (Asthagiri et al., 2009). Due to their unique

intracranial location, bilateral VSs can cause progressive

disabilities including sensorineural hearing loss and facial

paralysis, and compress the brainstem, resulting in

hydrocephalus, blindness, and even death (Dirks et al., 2012;

Forde et al., 2021; Li et al., 2021). Traditional treatment options

for NF2-associated VS include surgical resection and stereotactic

radiosurgery (SRS) (Goldbrunner et al., 2020). However, surgical

outcomes in terms of preservation of hearing and facial functions

are much poorer in NF2 patients than in patients with sporadic

VS (Samii et al., 1997; Brackmann et al., 2001; Zhao et al., 2018a).

Although stereotactic radiosurgery (SRS) is potentially effective

in the local control of small tumors or residual tumors in patients

with NF2 (Mathieu et al., 2007; Phi et al., 2009; Shinya et al.,

2019), this procedure carries some risk of delayed cranial nerve

dysfunction and malignant formation (Maducdoc et al., 2015).

Until recently, there were no trial-proven medical treatments

for NF2-associated VS. The majority of clinical trials for NF2-

associated VSs have applied receptor tyrosine kinase inhibitors

including nilotinib, sorafenib, everolimus, lapatinib, and

erlotinib, and showed mixed response rates (Plotkin et al.,

2010; Ammoun et al., 2011; Karajannis et al., 2012; Goutagny

et al., 2015). Recent clinical experiences have shown that

treatment with bevacizumab resulted in tumor shrinkage and

hearing improvement in a subset of patients with NF2 (Plotkin

et al., 2009; Mautner et al., 2010; Fujii et al., 2020). Moreover,

several problems including frequent parenteral administration,

side effects, and re-exacerbation after discontinuation, may limit

the clinical utility of bevacizumab treatment (Slusarz et al., 2014;

Morris et al., 2017; Tamura et al., 2017). Thus, novel treatment

approaches are still needed for NF2-associated VS.

Traditional Chinese medicine (TCM) has shown advantages

in suppressing tumor progression, relieving surgical

complications, increasing the sensitivity of tumors to chemo-

and radiotherapeutics, and improving the survival time and

quality of life of patients with tumors. (Qi et al., 2015; Wang

et al., 2020;Wang et al., 2021). In this study, we used Qu-Du-San-

Jie (QDSJ) decoction as a therapy for NF2-associated VS. We

demonstrated that QDSJ decoction suppresses tumor growth by

regulating proliferation, necrotic cell death, apoptosis, and

vascular normalization. To our knowledge, this study is the

first attempt to evaluate traditional Chinese medicine formulas

in the treatment of NF2-associated VS.

Materials and methods

Preparation of Qu-Du-San-Jie decoction

QDSJ decoction was prepared from 8 g of Ginseng Radix Et

Rhizoma, 20 g of Gastrodiae Rhizoma, 26 g of Scorpio, 10 g of

Scolopendra, 16 g of Chuanxiong Rhizoma, 30 g of Chrysanthemi

Indici Flos and 30 g of Hedyotis Diffusae Herba. Briefly, all the raw

materials were co-decocted in water twice for 30 min each time.

The amount of solvent used was ten times the total weight of the

materials. The decoction was concentrated and a total of

approximately 500 ml of decoction was collected. For the

animal experiments, the concentrated decoction was used for

oral administration. For LC-MS analysis and cell experiments,

the concentrated QDSJ decoction was freeze-dried using a Pilot5-

8M freeze dryer (Boyikang, Beijing, China) with an extraction

yield of 23%. For 125 ml of QDSJ decoction, which was
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equivalent to the clinical dosage per day, an average amount of

6.69 g of freeze-dried powder was collected.

Ultra high-performance liquid
chromatography-mass spectroscopy
analysis

Ten milligrams of freeze-dried QDSJ powder was dissolved in

water, sonicated for 30 min, and centrifuged at 1,000 rpm for 5 min.

The supernatant was filtered through a 0.22 μm PTFE membrane.

Chromatographic analysis was performed with a Vanquish

UHPLC system (Thermo Scientific, Waltham, MA,

United States). The samples were separated on a ACQUITY

UPLC BEH C18 (3.0 mm × 150 mm i.d. 1.7 µm, Waters, Milford,

MA, United States) at a flow rate of 0.4 ml/min and a column

temperature of 30°C. The injection volume was 5 μl. The mobile

phases consisted of 0.1% aqueous formic acid (A) and acetonitrile

solution (B). The gradient elution program was as follows: 90% ~

75% B (0 ~ 10 min), 75% ~ 60% B (10 ~ 20 min), 60 ~ 30% B (20

~ 23 min), 30% ~ 30% B (23 ~ 26 min), 30% ~ 10% B (26 ~

27 min) and 10% ~ 10% B (27 ~ 28 min).

Mass spectrometry was performed using a Q Exactive Plus mass

spectrometer (Thermo Scientific, Waltham, MA, United States)

equipped with an electrospray ionization source and operated

with the Xcalibur (version 2.1) data acquisition software. The

experimental conditions for positive ion detection were as follows:

mode, HESI ion source; ionization source voltage, 3.5 kV; capillary

temperature of 320°C; sheath gas and auxiliary gas, high purity

nitrogen (purity >99.99%); sheath gas flow rate, 35 arb; auxiliary

gas flow rate, 10 arb. For negative ion detection, the following

conditions were applied: mode, HESI ion source; ionization

source voltage, 3 kV; capillary temperature of 320°C; sheath gas

and the auxiliary gas, high purity nitrogen (purity >99.99%);
sheath gas flow rate, 35 arb; and auxiliary gas flow rate, 10 arb.

Data of the positive and negative ionswere collected by themethod of

Fourier transform high-resolution full scan (TF, Full scan, Resolution

30,000). Data-dependent acquisition (MS2) was performed by the

method of collision-induced dissociation.

The mass spectrometry data were searched with the

corresponding information in the OTCML high-resolution mass

spectrometry database (Thermo Scientific, Waltham, MA,

United States) to identify traditional Chinese medicine components.

Gene expression profiling

Gene expression profiling analysis was performed on an

independent cohort of 37 NF2-associated VSs and seven normal

peripheral nerves using the Affymetrix Human Transcriptome Array

2.0 Kit (Affymetrix GeneChip, #902280, Santa Clara, CA,

United States), as we described previously (Zhao et al., 2018b;

Zhao et al., 2022). Sample library preparation, hybridization, and

quality control were performed according to Affymetrix-

recommended protocols. The microarray analysis was performed

using Affymetrix Expression Console Software (version 1.2.1, Santa

Clara, CA, United States). Gene expression profiling data can be

acquired from the NCBI GEO database (No. GSE108524). For

differentially expressed gene (DEG) analysis, the criteria of fold

change ≥ 2 and p < 0.05 was used.

Bioinformatics analyses

The identified compounds in the QDSJ decoction and the

Simplified Molecular-Input Line-Entry System (SMILES) strings

were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.

gov/). The SMILES strings were then submitted to

SwissTargetPrediction (http://www.swisstargetprediction.ch) to

identify the corresponding targets of QDSJ. Targets with a

probability of no less than 0.05 were selected.

To illustrate the relationships between the putative targets of

QDSJ and the DEGs of NF2-associated VS, the drug-disease

crossover genes were screened. The overlapping genes were

submitted to the STRING database (https://string-db.org/) to

generate the protein-protein interaction (PPI) network. The PPI

network was visualized and analyzed using Cytoscape (version 3.7.2,

SanDiego, CA,United States). The cytoHubba plug-in was then used

to screen the top 15 key genes based on degree scores in the PPI

network.

The underlying mechanisms of these overlapping targets and

corresponding Gene Ontology (GO) and Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathways (https://www.genome.

jp/kegg/pathway.htmL) were analyzed using clusterProfiler

package (version 4.2) in R software (version 3.6.2).

Cell line and cell culture

BNI-VS-50 human NF2-associated schwannoma cell line,

established from a patient-derived xenograft, was used as we

previously described (Zhao et al., 2022). The BNI-VS-50 cells

were maintained in Dulbecco’s Modified Eagle Medium

(DMEM, Gibco, Grand Island, NY, United States) with 10%

fetal bovine serum (FBS, Gibco), and 1% penicillin and

streptomycin (Gibco) at 37°C in a humidified incubator

containing 5% CO2 and routinely passaged every 3 ~ 4 days.

Cell viability assay

BNI-VS-50 cells were seeded in 96-well plates at a density of

3,000 cells/well. QDSJ freeze-dried powder was dissolved in PBS

and filtered through a 0.22 μm filter. After being treated with

QDSJ for 72 h, the cells were observed using a Cytation 5 Cell

Imaging multimode reader (BioTek Instruments, Winooski, VT,
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United States). Cell viability and IC50 were analyzed using

Gen5 data analysis software (BioTek Instruments GmbH, Bad

Friedrichshall, Germany).

Cell death and apoptosis assays

Calcein-AM/PI staining (CA1630, Solarbio, Beijing, China)

was used to assess the cell death of BNI-VS-50 cells after QDSJ

treatment. BNI-VS-50 cells were seeded in 24-well plates at a

density of 2 × 105 cells/well. After being treated with 250 ng/ml or

350 ng/ml QDSJ or PBS for 48 h, the cells were rinsed in PBS

three times and incubated for 20 min in the dark at room

temperature in 2 μmol/L Calcein-AM and 5 μmol/L PI. The

cells were then gently washed three times in PBS. Excited at

488 nm, the living cells appeared green (per Calcein-AM

instructions) and the nuclei of the dead cells displayed red

fluorescence (per PI instructions). The stained cells were then

imaged under a laser scanning confocal microscope (LSM, Zeiss,

Germany).

A pSIVA apoptosis detection kit (Novus Biologicals,

Centennial, CO, United States) was used to evaluate cell

apoptosis. Treated with QDSJ for 48 h, the BNI-VS-50 cells

were incubated with 10 µl/ml of the pSIVA-IANBD probe and

5 µl/ml of PI. Cells were observed under microscope using the

green fluorescence filter for pSIVA-IANBD and the red

fluorescence filter for PI visualization.

Western blotting

BNI-VS-50 cells treated with QDSJ or PBS for 48 h were

collected and then sonicated in ice-cold RIPA lysis buffer

containing a protease and phosphatase inhibitor cocktail

(Solarbio, Beijing, China). The cell lysates were centrifuged at

12,000 × g for 15 min at 4°C, and the supernatant was collected.

The protein concentrations were determined using the BCA

protein quantification assay (Bio-Rad, Cat. # 5000006,

Hercules, CA, United States). Twenty micrograms of

denatured protein was loaded onto an SDS-PAGE gel, and

5 μl of prestained protein marker was loaded as a molecular

weight standard (Solarbio, Beijing, China). The proteins were

transferred onto PVDF membranes and incubated with the

following primary antibodies: anti-Cyclin D1 (rabbit

monoclonal, Cell Signaling Technology, Cat. # 55506S, 1:

1,000), and anti-GAPDH (mouse monoclonal, Proteintech,

Cat. # 60,004-1-lg, 1:25,000). The membranes were then

washed with 0.01% TBS-Triton X and incubated in HRP-

conjugated goat anti-rabbit IgG (Cell Signaling Technology,

Cat. # 7074S) or goat anti-mouse IgG (Cell Signaling

Technology, Cat. # 7076S). The bands were visualized using a

chemiluminescence reagent (Thermo Scientific, Cat. # 34580,

Waltham, MA, United States). Imaging was performed using

Amersham Imager 680 (GE Life Sciences, Pittsburgh, PA,

United States). The bands were analyzed with Image Lab

Software (Bio-Rad, Hercules, CA, United States).

Schwannoma xenografts

All the experiments were performed in accordance with the

research guidelines set forth by the ethics committee of Beijing

Neurosurgical Institute for animal research (N137/10,

201902036). Male BALB/c nude mice (6 weeks old) were

purchased from Beijing Vital River Laboratory Animal

Technology (Beijing, China). The animals were group-housed

and kept on a 12-h light and dark cycle with ad libitum access to

food and autoclaved water.

BNI-VS-50 cells (1 × 106) were inoculated into the lower backs of

BALB/c nude mice using a Hamilton syringe, as we described

previously (Zhao et al., 2022). After 14 days, the mice were

randomly divided into the QDSJ group and the vehicle group

(n = 5/group). QDSJ decoction was administered by oral gavage

every 12 h for 14 consecutive days. The dose was calculated based on

the equivalent dose for humans by multiplying a factor of 0.026 for

mice with reference to body surface area. Mice in the vehicle group

received autoclaved water instead. Tumor growth was evaluated by

monitoring tumor volume every 2 days. The tumor volume was

calculated using the following formula: (length ×width) ×√ (length ×

width) × (π/6). The animals were sacrificed 24 h after the final

administration. The tumor xenografts were harvested for further

evaluation.

Histology and immunostaining

Xenografts were fixed in 4% paraformaldehyde, dehydrated in

ethanol, embedded in paraffin, and serially sectioned at 5-μm

thickness. For histology, the slides were stained with hematoxylin

and eosin.

For immunohistochemistry, antigen retrieval was

performed by heating the sections in sodium citrate

(pH 6.0) for 18 min. To block endogenous peroxidase

activity, the sections were treated with 3% hydrogen

peroxide for 15 min. After blocking, the sections were

incubated with anti-Cyclin D1 antibody (rabbit monoclonal,

Cell Signaling Technology, Cat. # 55506S, 1:500) at 4°C

overnight. After washing, the sections were incubated with a

biotinylated secondary antibody (Absin, Shanghai, China) for

10 min followed by treatment with HRP, DAB substrate, and

hematoxylin counterstaining (Absin, Shanghai, China).

For immunofluorescence staining, after antigen retrieval

using sodium citrate buffer, the sections were treated with

0.3% Triton-X-100 in TBS for 30 min and then blocked with

TGB superblock containing 10% normal goat serum and 10%

BSA. The sections were incubated with primary antibodies at
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4°C overnight, including anti-Ki-67 (rabbit polyclonal,

Abcam, Cat. # ab15580, 1:1,000), anti-CD31 (rabbit

polyclonal, Abcam, Cat. # ab28364, 1:50), and anti-alpha

smooth muscle Actin (αSMA, mouse monoclonal, Abcam,

Cat. # ab7817, 1:250) antibodies. The secondary antibodies

against the appropriate species, including Alexa Fluor 488-

conjugated goat anti-rabbit (Jackson ImmunoResearch, Cat.

# 111-545-144, 1:300) and Rhodamine Red-X-conjugated

goat anti-mouse (Jackson ImmunoResearch, Cat. # 115-

295-166, 1:300), were incubated for 2 h at room

temperature. The sections were then treated with a True

VIEW autofluorescence Quenching Kit (Vector

Laboratories, Burlingame, CA, United States) and mounted.

Two sections per xenograft and three random fields per section

were used to analyze the results. The sectionswere 100 μmapart from

each other. H&E and IHC staining imageswere obtained using digital

whole slide scanning (APERIO AT2, Leica Biosystems, Buffalo

Grove, IL, United States) and reviewed using computer-based

image analysis (Image-Pro Plus, Media Cybernetics, MD,

United States). Immunofluorescence images were captured using

an Olympus BX53 microscope and a DP74 CCD camera (Center

Valley, PA, United States). To reduce the variability in signal

intensity, images were collected using the same exposure time

setting, brightness, and contrast for each fluorophore. The

percentages of cells that were positive for Cyclin D1 and Ki-67

expression were measured. The percentage of αSMA-positive vessels,

collapsed vessels, and vessel densities were quantified for

CD31 staining. The integrated optical densities (IODs) of αSMA

were assessed. Images were analyzed using Fiji software (https://

imagej.net/Fiji). All the sections were analyzed by an investigator who

was blinded to the experimental groups.

Statistical analysis

Raw data from Fiji and Image Lab analyses were imported into

Prism9 (GraphPad Software, La Jolla, CA,United States) for statistical

analyses using ANOVA followed by Tukey’s post-hoc intergroup

comparison or using Student’s t test. All the data analyzed in this study

passed Shapiro-Wilk normality test (α = 0.05). IC50 values were

determined using nonlinear regression analysis of effect-log

concentration curves. Graphs were produced in Prism 9, and error

bars denote the standard deviation (SDs). Comparisons were

interpreted as significant when associated with p < 0.05.

Results

Chemical compounds and potential
targets of Qu-Du-San-Jie decoction

As shown in Figure 1, we performed the

component–target–pathway analysis combined with in vitro

and in vivo experiments to reveal the potential mechanism by

which the QDSJ decoction affects NF2-associated VS. The

chemical constituents of the QDSJ decoction were determined

by UHPLC and mass spectrometry (Figures 2A,B). After

analyzing the raw data and matching the molecules using the

OTCML high-resolution mass spectrometry database,

133 compounds in the QDSJ decoction were identified,

including secondary metabolites such as alkaloids, flavonoids,

lactones, phenylpropanoids, and carboxylic acids

(Supplementary Table S1).

We then collected the potential targets of identified

compounds through SwissTargetPrediction. A total of

924 targets were identified after removing duplicates

(Supplementary Table S2). To further explore the potential

therapeutic targets of QDSJ decoction, we performed GO and

pathway enrichment analyses. The top 10 terms of molecular

function (MF), cellular component (CC), and biological process

(BP) included neurotransmitter receptor activity, component of

presynaptic membrane, and regulation of MAPK cascade, which

indicated that QDSJ might have therapeutic effects on the central

nervous system (Supplementary Figure S1A). Moreover, the

results of KEGG enrichment analysis revealed that QDSJ

might regulate apoptosis, cell cycle, HIF-1 signaling pathway,

VEGF signaling pathway, PI3K-Akt signaling pathway, which are

involved in a variety of cancer-related signaling pathways.

Potential therapeutic targets of Qu-Du-
San-Jie decoction on NF2-associated
schwannoma

To further elucidate the potential therapeutic effect of QDSJ

decoction, theDEGs ofNF2-associatedVS versusnormal nerves were

identified using the gene expression profiling data we previously

collected (GEO No. GSE108524). A total of 1914 DEGs were

identified using the criteria of fold change ≥ 2 and p < 0.05.

Venn diagram analysis showed that QDSJ decoction shared

147 putative targets with NF2-associated VS (Figure 2C).

Biological enrichment analysis yielded 1,395 enriched GO terms.

The top 10 terms ofMF, CC, and BP contained several tumor-related

functions, including regulation of MAPK cascade, epithelial cell

proliferation, ERK1 and ERK2 cascade, adherens junction, focal

adhesion, and growth factor binding (Figure 2D). KEGG pathway

analysis showed that potential targets were enriched in 224 signaling

pathways, including several key pathways correlated with

tumorigenesis and the nervous system, such as necroptosis,

apoptosis, cell cycle, adherens junction, neuroactive ligand-

receptor interaction, and Ras, PI3K-Akt, MAPK, Rap1, FoxO,

NK-κB, and JAK-STAT signaling pathways (Figure 2E). The PPI

network is shown in Figure 2F. The median values of DC, EC, LAC,

BC, CC, and NC were 8.74, 2.85, 245.76, 0.37, and 4.55, respectively.

The top 15 core targets selected through the CytoHubba plug-in were

EGFR, CD45, GRB2, HER2, FGF2, Cyclin D1, PPARγ, HPGDS,
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VEGFR2, STAT1, LYN, SYK, MET, FGF1, and PDGFRA

(Supplementary Table S3).

Qu-Du-San-Jie promoted necrotic cell
death and apoptosis of NF2-associated
schwannoma cells

Human NF2-associated schwannoma cell line BNI-VS-

50 established from patient-derived xenograft was used to

evaluate the antitumor potential of QDSJ decoction. The

QDSJ decoction was freeze-dried and 5.352 g of QDSJ powder

was obtained from every 100 ml decoction. Freeze-dried QDSJ

powder was dissolved in PBS, sonicated, centrifuged, and filtered

through a 0.22 μm PTFE membrane. We found that QDSJ

significantly reduced the viability of BNI-VS-50 cells after 72 h

of treatment, with an IC50 of 330 μg/ml (Figure 3A).

To determine whether QDSJ induces cell death, we performed

Calcein-AM/PI staining of BNI-VS-50 cells 48 h after QDSJ

treatment. As expected, the numbers of Calcein-AM-positive live

cells were decreased by 31.61% and 38.34%, and the numbers of PI-

positive dead cells were 4.0- and 7.0-fold higher than those in the

control group when the cells were treated with 250 μg/ml and 350 μg/

ml QDSJ, respectively (p < 0.05, Figures 3B,E). To further confirm

whether the observed cell death was caused by necrosis or apoptosis,

pSIVA-IANBD/PI staining was performed. The numbers of early

apoptotic cells, late apoptotic cells, and necrotic cells were 2.18-, 10.49-

, and 9.41-fold higher, respectively, compared to the control group

48 h after 250 μg/ml QDSJ treatment (p < 0.01); and the numbers of

early apoptotic cells, late apoptotic cells, and necrotic cells were 8.84-,

27.01-, and 30.06-fold higher, respectively, compared to control group

48 h after 350 μg/ml QDSJ treatment (p < 0.001, Figures 3C,F). The

expression level of Cyclin D1 was significantly decreased 48 h after

100 μg/ml QDSJ treatment (p < 0.01, Figure 3D).

FIGURE 1
Integrated flowchart for elucidating the mechanism of QDSJ decoction in the treatment of NF2-associated VS. First, a global view of the
potential compound-target-pathway network based on UHPLC-MS results for QDSJ decoction and gene expression profiling data from patients
was established to predict the potential mechanisms of QDSJ decoction treating NF2-associated VS. Subsequently, in vitro and in vivo experiments
using a patient-derived schwannoma cell line and a xenograft mouse model were conducted to validate the antitumor and antiangiogenic
effect of QDSJ decoction treating NF2-associated VS.
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FIGURE 2
Component-target-pathway analyses of QDSJ decoction in the treatment of NF2-associated VS. (A) Positive mode mass spectrum
chromatograms of QDSJ decoction. (B)Negative modemass spectrum chromatograms of QDSJ decoction. (C) Venn diagram of the drug targets of
QDSJ decoction and differentially expressed genes in NF2-associated VS. (D)GO terms associatedwith the overlapping candidate targets of QDSJ in
the treatment of NF2-associated VS. The top 10 GO functional categories in molecular function, cellular component, and biological process
were selected. (E) KEGG pathway enrichment of the overlapping candidate targets of QDSJ in the treatment of NF2-associated VS. (F) PPI network of
the overlapping genes of QDSJ decoction and NF2-associated VS. The darker color indicates a higher degree. MF: molecular function; CC: cellular
component; BP: biological process.
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FIGURE 3
QDSJ decoction induces necrotic cell death and apoptosis in schwannoma cells. (A) Dose-response curve of BNI-VS-50 cells treated with
freeze-dried QDSJ powder reconstituted in PBS for 72 h. The blue curve represents the experimental data. The orange curve shows the regression
curve. IC50 =330 μg/ml. (B) Numbers of live and dead BNI-VS-50 cells determined by Calcein-AM/PI staining 48 h after QDSJ treatment. (C)
Percentage of apoptotic and necrotic BNI-VS-50 cells determined by pSIVA-IANBD/PI staining at 48 h after QDSJ treatment. (D)
Representative blot and quantitative analysis of band optical densities for Cyclin D1 and GAPDH (loading control) from BNI-VS-50 cells collected
48 h after QDSJ treatment. (E) Representative images of Calcein-AM/PI staining. Living cells appeared green (Calcein-AM positive) and the nuclei of
dead cells emitted red fluorescence (PI positive). (F) Representative images of pSIVA-IANBD/PI staining. pSIVA-IANBD negative/PI negative: viable;
pSIVA-IANBD positive/PI negative: early apoptosis; pSIVA-IANBD positive/PI positive: late apoptosis; pSIVA-IANBD negative/PI positive: necrosis.
Scale bar = 200 μm; n= 3/group;means ± SDs; *p <0.05, **p < 0.01, and ***p < 0.001 compared to the control group by ANOVA followed by Tukey’s
post hoc-test (B), 3-way ANOVA (C), and Student’s t test (D). HPF: high-power field.
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FIGURE 4
Treatment with QDSJ decoction suppresses schwannoma growth in vivo. (A) Outline of the experimental paradigm of BNI-VS-50 cell
implantation and QDSJ treatment. QDSJ decoction was administered by oral gavage twice a day for 2 weeks. (B) Xenografts from the vehicle group
and the QDSJ group. (C) Tumor growth curves of xenografts after BNI-VS-50 cell implantation and QDSJ treatment. Tumor sizes were measured
every 2 days. A marked decrease in tumor size was observed 2 days after QDSJ treatment. (D) Tumor weight of the vehicle- and the QDSJ-
treated groups 24 h after final administration. (E) Tumor volume of the vehicle- and QDSJ-treated groups 14 days (before QDSJ treatment) and
28 days (after QDSJ treatment) after BNI-VS-50 implantation. (F) Representative images of H&E staining of the xenografts. Enlarged vascular vessels
(white arrow) and a large area of cell necrosis were observed in QDSJ-treated tumors (black arrow). (G) Representative images of Cyclin
D1 immunohistochemistry staining of the xenografts. (H) The fraction of Cyclin D1-positive nuclei in the vehicle- and QDSJ-treated groups. (I) The
fraction of Ki-67-positive cells in the vehicle- and QDSJ-treated groups. (J) Representative images of Ki-67 immunofluorescence staining of
xenografts in QDSJ- and vehicle-treated tumors. Scale bar = 100 μm; n = 5/group; means ± SDs; *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s
t test.
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FIGURE 5
Treatment with QDSJ decoction reduces the number and density of vessels and normalizes vessel structure in schwannoma. (A–C)
Representative immunofluorescence staining of CD31 (an endothelial cell marker, green) and αSMA (a pericyte and fibrosismarker, red) in QDSJ- and
vehicle-treated tumors. Enlarged vascular vessels (white arrow in A) and pericyte-covered vessels (white arrow in B) were observed in the QDSJ-
treated tumors. The fraction of CD31-positive vessel area (D), collapsed vessels (E), pericyte-covered vessels (% αSMA+CD31+/CD31+) (F) and
IOD of αSMA fluorescence (G)were quantified by using ImageJ software. Scale bar = 100 μm (A–C); n = 5/group; means ± SDs; *p < 0.05, and **p <
0.01 by Student’s t test.
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Qu-Du-San-Jie decoction suppressed
tumor growth of NF2-associated
vestibular schwannoma in vivo

As QDSJ improved the necrosis and apoptosis and inhibited

the proliferation of BNI-VS-50 cells, we evaluated the antitumor

effect of QDSJ decoction on NF2-associated VS in vivo. An NF2-

associated VS xenograft mouse model was established using BNI-

VS-50 cells. QDSJ decoction was administered by oral gavage

every 12 h for 14 consecutive days with the equivalent dose as

clinical use for humans, which multiplied a factor of 0.026 with

reference to body surface area (Figure 4A). We observed that oral

treatment with QDSJ decoction significantly inhibited tumor

growth (Figure 4B). The tumor volume was reduced by 54.11%

(1.34 ± 0.64 cm3 in vehicle-treated mice and 0.62 ± 0.13 cm3 in

QDSJ-treated mice), and the tumor weight was reduced by

49.74% (0.79 ± 0.35 g in vehicle-treated mice and 0.40 ±

0.12 g in QDSJ-treated mice) after 14 days of QDSJ treatment

compared to vehicle treatment (p < 0.05, Figures 4C–E). No

systemic toxicity (loss of appetite or bodyweight loss) was

observed in any mouse (Supplementary Figure S2). H&E

staining showed cell necrosis areas and enlarged tumor blood

vessels in QDSJ-treated tumors (Figure 4F). IHC analysis showed

that the percentage of Cyclin D1-positive cells decreased

significantly in QDSJ-treated tumors (p < 0.001, Figures

4G,H). Immunofluorescence staining showed lower Ki-67

indices in QDSJ-treated tumors compared to vehicle-treated

tumors (p < 0.05, Figures 4I,J).

Qu-Du-San-Jie decoction normalized
tumor vasculature of NF2-associated
vestibular schwannoma in vivo

Impressed with the suppressed tumor growth and cell

proliferation after QDSJ treatment, and the tumor

angiogenesis-related proteins, including EGFR, FGF1, FGF2,

VEGRR2, and PDGFRA revealed in the top 15 key targets in

the PPI network of QDSJ decoction treating NF2-associated VS,

we hypothesized that QDSJ decoction would attenuate tumor

angiogenesis of the NF2-associated VS. As expected, decreased

vessel density after QDSJ treatment was confirmed by evaluating

the areas covered by vessels (p < 0.05, Figures 5A,D). Next, to

determine whether structural normalization was accompanied by

the anti-angiogenesis effect of QDSJ since pericyte detachment of

tumor vessels leads to abnormal vessel perfusion (Gao et al.,

2015; Viallard and Larrivee, 2017), we performed CD31/αSMA

staining to assess the pericyte coverage. We found that the

percentage of αSMA+/CD31+ cells, which indicated the

pericyte-covered vessels, was significantly increased after QDSJ

treatment compared to the vehicle-treated group (28.77% ±

2.58% in vehicle-treated mice and 57.90% ± 14.36% in QDSJ-

treated mice, p < 0.01, Figures 5B,F).

Vessel collapse is another characteristic of tumor vasculature,

which might be exacerbated by tumor fibrosis, leading to

interruption of blood flow and hypoperfused hypoxic areas

(Viallard and Larrivee, 2017; Wu L. et al., 2021).

CD31 staining showed that the ratios of collapsed vessels were

significantly decreased after QDSJ treatment (74.09% ± 6.96% in

vehicle-treated mice and 51.60% ± 9.35% in QDSJ-treated mice,

p < 0.01, Figures 5A,E). The integrated optical densities of αSMA

(as fibrosis marker) were significantly decreased in QDSJ-treated

mice compared to vehicle-treated mice (p < 0.05, Figures 5C,G).

Discussion

The clinical treatment of NF2-associated schwannoma is still

a challenge due to the high risk of morbidity (Zhao et al., 2018a).

The current therapeutic strategies offer limited benefits. The only

effective drug, bevacizumab, has been demonstrated in some but

not all NF2 patients, and some problems, such as side effects, still

exist (Plotkin et al., 2009; Plotkin et al., 2019). Recently, clinical

trials of TCMhave previously been conducted to assess the safety,

tolerability, and potential clinical activity in patients with brain

tumors (Efferth et al., 2017; Wang et al., 2020; Wu J. et al., 2021).

QDSJ decoction, a TCM formula, has been used as a treatment

for multiple cancers including glioblastoma, lung

adenocarcinoma, and hepatocellular carcinoma over the past

decades, but to our knowledge, no double-blind placebo-

controlled trials or preclinical experiments have been carried

out for these indications. To test the antitumor efficacy of QDSJ

decoction, we employed our patient-derived NF2-associated

schwannoma cell line and xenograft models. We found

in vitro and in vivo antitumor effects of QDSJ decoction on

NF2-associated VS. Our findings indicate that QDSJ decoction

may have the potential capacity to slow the growth of VSs in

NF2 patients.

In recent years there has been intense interest in developing

chemotherapeutic strategies for patients with NF2 tumors

(Widemann et al., 2013). TCM has a unique and integrative

theoretical system for strengthening body health, expelling

pathogens, and suppressing tumors (Wang et al., 2020; Wang

et al., 2021). It was shown that TCM could have advantages in

improving the quality of life of patients with cancers in some

cases (Qi et al., 2015). Our study is to the best of our knowledge

the first to evaluate the antitumor effect of Chinese medicine

formula in the treatment of schwannoma. QDSJ is a Chinese

medicine formula that exerts antitumor effects on schwannoma.

In this study, we further evaluated the efficacy of QDSJ decoction

in treating NF2-associated VS and explored the underlying

mechanism.

TCMhas been used in treating tumors relying on its multi-target

characteristics targeting several crucial proteins in cancer-related

signaling networks (Wang et al., 2020). Tumor suppressor protein

merlin encoded by the NF2 gene is responsible for membrane
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stabilization and the regulation of several cellular growth pathways

(Rouleau et al., 1993). Loss of merlin/NF2 leads to the abnormal

activation of multiple pathways, including PI3K/Akt, MET, MAPK,

and Hippo-YAP pathways (Okada et al., 2009; Wu L. et al., 2021).

Thus, the inhibition of a single target or signaling pathway may have

limited therapeutic effects on NF2-associated VS (Sagers et al., 2020).

Thus, novel multitargeted therapies are urgently needed. The

bioinformatics analyses using data from LC-MS and gene

expression profiling indicate that QDSJ might have an antitumor

effect on NF2-associated VS by regulating necroptosis, apoptosis, cell

cycle, adherens junction, and Ras, PI3K-Akt, MAPK, MET, FoxO,

NK-κB, and JAK-STAT signaling pathways. Moreover, we found

that QDSJ decoction suppresses the growth of theNF2-associated VS

cell line and mouse xenografts by inhibiting cell proliferation,

improving apoptosis, and regulating cell cycle.

Tumor blood vessels are a key target for inhibiting tumor

progression. Poor vessel functionality caused by the improper

development of tumor blood vessels leads to poor hypoxia,

decreased immune cell infiltration and activity, and increased

risks of metastatic dissemination (Viallard and Larrivee, 2017).

Antiangiogenic therapies can normalize the structural and

functional flaws, restore the hypoxic microenvironment, and

enhance the benefits of antitumor drugs which rely on adequate

tumor blood flow for drug delivery (Jain, 2005; Goel et al., 2011; Jain,

2014). Several preclinical and clinical trials have demonstrated that

antiangiogenic therapies can inhibit NF2-associated VS tumor

growth and postpone the related hearing loss (Wong et al., 2010;

Gao et al., 2015; Killeen et al., 2019; Renzi et al., 2020). However,

responses to these drugs, such as Bevacizumab, are not durable,

suggesting that either longer maintenance therapy or new strategies

are required (Nigro et al., 2020; Renzi et al., 2020). Our bioinformatic

analysis showed that tumor angiogenesis-related proteins, including

EGFR, FGF1, FGF2, VEGRR2, and PDGFRA, were in the top 15 key

targets in the PPI network ofQDSJ decoction treatingNF2-associated

VS. Our immunofluorescence staining results confirmed that the

tumor vessel densities and the fractions of collapsed vessels were

decreased, while the fractions of pericyte-covered vessels were

increased after QDSJ treatment, suggesting that QDSJ could

reduce angiogenesis and improve tumor vascular normalization in

NF2-associated VS xenografts.

This study revealed that QDSJ decoction exerts a multitarget

antitumor effect on NF2-associated VS by increasing cell

apoptosis, reducing cell proliferation, and normalizing tumor

blood vasculature. The bioinformatics analyses suggested the

involvement of several signaling pathways that are closely

related to the nervous system and tumorigenesis. As our study

is the first to validate the effect and mechanism of a Chinese

medicine formula in treating NF2-associated schwannoma,

further pharmacological and pharmacokinetic studies will be

needed to understand the mechanisms and biological efficacy

of QDSJ to optimize this therapeutic strategy.

In summary, we show that QDSJ decoction suppresses tumor

growth and improves vascular normalization of NF2-associated VS.

Furthermore, the drug-target-pathway network elucidated by

bioinformatics analyses illustrated the potential mechanisms by

which QDSJ decoction affects NF2-associated VS. These results

suggest that QDSJ could be a new strategy for the treatment of

schwannoma.
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