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analysis
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Abstract: Background: Glioma is a kind of tumor that easily deteriorates and originates from glial cells in nerve tissue.
Honokiol is a bisphenol compound that is an essential monomeric compound extracted from the roots and bark of
Magnoliaceae plants. It also has anti-infection, antitumor, and immunomodulatory effects. In this study, we found
that honokiol induces cell apoptosis in the human glioma cell lines U87-MG and U251-MG. However, the
mechanism through which honokiol regulates glioma cell apoptosis is still unknown. Methods: We performed RNA-
seq analysis of U251-MG cells treated with honokiol and control cells. Protein-protein interaction (PPI) network
analysis was performed, and the 10 top hub unigenes were examined via real-time quantitative PCR. Furthermore,
MAPK signaling and ferroptosis were detected via western blotting. Results: 332 differentially expressed genes (DEGs)
were found, comprising 163 increased and 169 decreased genes. Analysis of the DEGs revealed that various biological
processes were enriched, including ‘response to hypoxia’, ‘cerebellum development cellular response to hypoxia,” ‘iron
ion binding, ‘oxygen transporter activity, ‘oxygen binding,’ ‘ferric iron binding, and ‘structural constituent of
cytoskeleton.” Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed that the DEGs were
enriched in the following pathways: ‘mitogen-activated protein kinases (MAPK)’, ‘Hypoxia-inducible factor 1 (HIF-
1), ‘ferroptosis,” ‘Peroxisome proliferator-activated receptor (PPAR),” ‘Phosphatidylinositol-4,5-bisphosphate 3-kinase
(PI3K)- protein kinase B (Akt),” and ‘phagosome.’” Among these pathways, the MAPK signaling pathway and
ferroptosis were verified. Conclusion: This study revealed the potential mechanism by which honokiol induces
apoptosis and provided a comprehensive analysis of DEGs in honokiol-treated U251-MG cells and the associated

signaling pathways. These data could lead to new ideas for future research and therapy for patients with glioma.
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AMPK AMP-activated protein kinase

ECM Extracellular matrix

Rapl Ras-associated protein 1

CT Computed tomography

HMOX1 Heme-oxygenase 1

VEGFA Vascular endothelial growth factor A

SREBF1 Sterol regulatory element-binding protein 1

CCL2 C-C motif chemokine ligand 2

COL1Al1 Collagen type I alpha 1

HMGCS1  Hydroxy-3-methylglutaryl coenzyme A synthe-
tase 1

FDFT1 Farnesyl-diphosphate farnesyltransferase

SPP1 Secreted phosphoprotein 1

HMGCR  3-hydroxy-3-methylglutaryl-CoA reductase

LDLR Low-density lipoprotein receptor

SCD Stearoyl-CoA desaturase

Introduction

Glioma, which is strongly invasive and diffuse, causes damage
to the surrounding normal brain tissue, thus posing a threat to
the health of patients [1,2]. The main treatments for glioma
are surgery, chemotherapy and radiotherapy [3]. However,
the treatment efficacy is unsatisfactory, and patients easily
relapse [4]. Consequently, new methods for improving the
prognosis of glioma patients are urgently needed.

Honokiol, an allyl-biphenol-based compound, has a wide
spectrum of antibacterial, anti-inflammatory, neuroprotective,
and antitumor effects and has high clinical value [5,6].
Honokiol has become a research hotspot in the development
and application of active ingredients in traditional Chinese
medicine in recent years. In the human lung cancer cell
lines A549 and 95-D, honokiol inhibited cell viability and
induced cell apoptosis, and the expression of B cell
lymphoma 2 (Bcl-2), BCL-2 associated X (BAX), C/EBP
Homologous Protein (CHOP), and p-extracellular signal-
regulated kinase (p-ERK) [7]. Honokiol also induces
caspase-dependent apoptosis, and deregulates many
apoptosis related proteins, such as upregulated BAX, and
BCL2 antagonist/killer 1 (BAK), as does the downregulation
of Bcl-2 in lymphoblastic leukemia, multiple myeloma, and
Burkitt lymphoma [8]. Many investigators have reported
that honokiol has anticancer effects [9-12]. In summary,
studies have demonstrated that honokiol has multiple
anticancer effects. For instance, honokiol suppresses cell
proliferation, and promotes autophagy and apoptosis.

In addition, honokiol could improve bioavailability in
nerve tissue through passing the blood-brain barrier [13].

Several reports have shown that honokiol has
neuroprotective effects. For example, Wang et al
demonstrated that honokiol mitigated NaF-induced

oxidative stress and mitochondrial dysfunction, which
ultimately contributed to neuronal/synaptic injury and
cognitive deficits [14]. Consistent with these findings,
honokiol could reduce cytokine production and stimulate
glial nuclear factor kappa B (NFkB) to eliminate the
inflammatory response during cerebral ischemia-reperfusion
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activity [15]. Moreover, in TgCRND8 mice, Nanohonokiol
was more efficacious than free honokiol at improving
cognitive impairment [16]. Hydroxyapatite particles also
could targeted delivery of honokiol to tumor sites [17].
Thus, honokiol has great application prospects in the
treatment of human glioma.

In the current research, we investigated the effect of
honokiol on apoptosis in human glioma cells. To further
elucidate the potential mechanism through which honokiol
affects human glioma cells, RNA sequencing was performed.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses and
protein-protein interaction (PPI) network analysis of the
DEGs were performed. In addition, several signaling
pathways and the top 10 hub unigenes were validated by
western blot and qRT-PCR.

Methods and Materials

Cell culture and reagents

U251-MG and U87-MG cells were preserved by the
Department of Anatomy, College of Basic Medical Sciences,
Jilin University, and cultured in High glucose-Dulbecco’s
Modified Eagle Medium (H-DMEM, Cat. SH30249.01,
HyClone, Logan, UT, USA) supplemented with 10% Fetal
Bovine Serum (FBS, SH30070.03HI, HyClone), and
100 U/mL penicillin-streptomycin (SV30010, HyClone) at
37°C and in the presence of 5% CO,. The following
antibodies were used: anti-JNK antibody (Cat. ab179461,
Abcam, Cambridge, MA, USA); anti-BAX (Cat. #2774),
anti-Bcl-2 (Cat. #2870), anti-p38 (Cat. #8690), anti-p-p38
(Cat. #9216), anti-ERK (Cat. #4696), anti-p-ERK (Cat.
#9101), and anti-p-]NK (Cat. #4668) antibodies (Cell
Signaling Technology, Beverly, MA, USA); anti-glutathione
peroxidase 4 (GPX4, Cat. 67763-1-lg), and anti-transferrin
(TF, Cat. 17435-1-AP) antibodies (ProteinTech Group,
Chicago, IL, USA). Honokiol purchased from Aladdin (Cat.
1025, Shanghai, China).

Cell counting kit-8 (CCK-8) assay

3000 cells (in 100 mL medium) were planted in a 96-well plate
and incubated in an atmosphere (37°C, 5% CO,). In the
following 3 days, 100 uL of medium containing one-tenth
the volume of CCK-8 (Cat. K1018, ApexBio, Houston, USA)
was added to each well, after which the cells were incubated
for 1.5h (37°C, 5% CO,) every day. The samples were tested
with a scanning multiwell spectrophotometer (Cat,
30050303, TECAN, CH) at an absorbance of 450 nm (A450).

Apoptosis analysis

Cells were collected using trypsin (without ethylene diamine
tetraacetic acid, Cat. 15050057, Gibco, Thermo Fisher
Scientificc, MN, USA). Then, annexin V-FITC and
propidium iodide (PI, Cat. APOAF, Sigma) were added
(room temperature, 15 min). Cell distribution was detected
at an excitation wavelength of 488 nm (annexin V-FITC)
and 535 nm (PI) using a flow cytometer (Cat, 651157, BD
Biosciences, San Jose, CA, USA).
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Western blot

Cells were washed with precooled 0.01 M PBS 3 times. Then,
300 pL of lysis buffer (Cat. P0013B, Beyotime Institute of
Biotechnology, Haimen, China) containing 100 mM
phenylmethylsulfonyl  fluoride (PMSF, Cat. ZS303,
ZOMANBIO, Beijing, China) was added, and the mixture
was incubated on ice for 30 min. Then, the cells were
scraped off, transferred to a 1.5 mL EP tube and
centrifuged. The supernatant was divided into 1.5 mL EP
tubes. The protein concentration was detected following the
instructions of the BCA Protein Assay Kit (Cat. 23227,
Thermo Fisher Scientific, Waltham, MA, USA). Twenty
micrograms of protein was added to each lane. The PVDF
membrane (Millipore, Billerica, USA) was activated with
methanol for 15 s, and the transfer was performed under
constant current conditions. The PVDF membrane was then
incubated with 5% skim milk powder (in PBST, Cat.
SH30256.01, HyClone) for 1 h to block and subsequently
incubated in primary antibody diluent (1:1000, PBST)
containing 1% skim milk powder at 4°C overnight. On the
2nd day, the PVDF membrane was washed with PBST at
room temperature 3 times and then incubated with
secondary antibodies (1:3000 dilution, Cat. RGARO00I,
ProteinTech) for 1 h. The bands were visualized using
Immobilon® Western Chemiluminescent HRP Substrate
(Cat. WBKLS0500, Millipore).

RNA sequencing

RNA sequencing was performed to determine the expression
profile of the mRNAs (from U251-MG cells treated with
DMSO and U251-MG cells treated with honokiol). Total
RNA was extracted with TRIzol® Reagent (Cat. 15596026,
Invitrogen Life Technologies, NY, USA). Then, the RNA
samples were shipped to the Biomarker Technology
Company (Beijing, China) for sequencing.

Differential expression analysis
Differential expression analysis of the two groups was
performed utilizing the edgeR R package (3.8.6) [12]. The

criteria for identifying differentially expressed genes (DEGs)
were restricted to those with a p value < 0.05 and a fold
change > 1.5.

Functional enrichment analysis

The Wallenius noncentral hypergeometric distribution,
which can adjust for gene length bias in DEGs, was utilized
for GO enrichment analysis [18]. KEGG [19] is a database
resource for understanding high-level functions and utilities
of biological systems from molecular-level information
(http://www.genome.jp/kegg/). KOBAS [20] software was
used to detect the statistical enrichment of DEGs in KEGG
pathways.

Protein-protein interactions (PPIs)

The sequences of the DEGs were subjected to BLAST (blastx)
against the genome of a related species (Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) database:
http://string-db.org/) to obtain the predicted PPIs of the
DEGs. The PPIs of these DEGs were subsequently visualized
via Cytoscape [21].

Real-time fluorescence quantitative polymerase chain reaction
(RT-qgPCR)

A total of 1 x 10° cells were collected and total RNA was
extracted according to the manufacturer’s instructions. The
OD values of total RNA at 260 and 280 nm were detected
via an ultraviolet spectrophotometer, and the purity and
concentration were determined according to the OD260/
0D280 values. cDNA was obtained by reverse transcription
of RNA according to the instructions of the Thermo
Scientific RevertAid First Strand cDNA Synthesis Kit (Cat.
K1621). PCR was performed on an ABI7500 real-time PCR
system (Applied Biosystems, Foster City, CA, USA) with
three replicate wells per sample. GAPDH was used as an
endogenous control, and the relative expression was
calculated as 27" using the comparative critical cycle (Ct)
method to compare the differences between the two groups.
The primers used for RT-qPCR are listed in Table 1.

TABLE 1

Primers for RT-qPCR

Gene (human) Forward primers (5' to 3')

Reverse primers (5 to 3')

VEGFA GAGGAAGAAGAGAAGGAAGAG CGATTGGATGGCAGTAGC
SREBF1 TACCGCTCCTCCATCAAT GTCCTCCACCTCAGTCTT
CCL2 TGTGCCTGCTGCTCATAG TTGCTGCTGGTGATTCTTC
COL1A1 GCCAAGACGAAGACATCC CTCATCATAGCCATAAGACAG
HMGCS1 GCTGCTGTCTTCAATGCT GCTCCAACTCCACCTGTA
FDFT1 GGAGAGCAAGGAGAAGGA CAGCAACATAGTGGCAGTA
SPP1 CTACAGACGAGGACATCAC CTCATTGCTCTCATCATTGG
HMGCR TAAGCCGAATCCTGTAACTC CCTGTCTCTTCCTCTACTGA
LDLR CAGCGAAGATGCGAAGAT AGAAGAGGTAGGCGATGG
SCD CTGGCTTGCTGATGATGT GGAGTGGTGGTAGTTGTG
GAPDH CCATGTTCGTCATGGGTGTGA CATGGACTGTGGTCATGAGT
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Statistical analysis

All the numerical data are presented as the means + SEMs.
The data were analyzed by two-tailed t test with ANOVA
(GraphPad Prism 8, San Diego, CA, USA). p < 0.05 was
considered to indicate statistical significance.

Results

Honokiol induces apoptosis in human glioma cells

CCK-8 was used to determine the half maximal inhibitory
concentration (ICs,) of honokiol in U87-MG and U251-MG
cells. As a result, the ICs, of honokiol in U87-MG cells was
36.27 uM, and the ICsy of honokiol in U251-MG cells was
59.53 uM (Fig. 1A). As shown in Fig. 1B, honokiol had
dose- and time-dependent effects on cell viability. In U87-
MG cells, the optimum concentration of honokiol was
20 pM, and the optimum time was 48 h; in U251-MG cells,
the optimum concentration of honokiol was 40 puM, and the
optimum time was 48 h. In all the following experiments,
20 pM honokiol was applied to U87-MG cells, and 40 uM
honokiol was used to U251-MG cells for 48 h.

To determine the effect of honokiol on apoptosis,
annexin V-FITC/PI staining and western blotting were
performed. Annexin V-FITC/PI staining revealed that the
percentage of apoptotic cells was greater in both honokiol-
treated cell lines than in the control (Fig. 1C). Western blot
analysis of the cells revealed that the apoptosis-associated
protein BAX was significantly elevated in both honokiol-
treated cell lines compared to the control cells, and the
apoptosis-associated protein Bcl-2 was suppressed in both
honokiol-treated cell lines compared to the control cells
(Fig. 1D). These findings demonstrated that honokiol
induced apoptosis in the human glioma cell lines U87-MG
and U251-MG.

Identification of DEGs in honokiol-treated cells by RNA-seq
To clarify the possible molecular mechanisms by which
honokiol induces apoptosis in human glioma cells, RNA-seq
was performed. A total of 23,383 genes were detected, and
332 genes, including 163 upregulated and 169 downregulated
genes, exhibited differential expression in honokiol-treated
U251-MG cells compared with controls (Suppl. Table S1). A
difference was considered to be statistically significant only
when the fold change was >1.5 and p < 0.05. The 100 top
DEGs, including 50 upregulated genes and 50 downregulated
genes, between honokiol-treated U251-MG cells and the
control cells are shown in Fig. 2 and Suppl. Table S2.

Functional annotation of DEGs

The GO analysis included biological process, cellular
component and molecular function. GO analysis of the
DEGs associated with biological processes revealed that

those related to ‘response to hypoxia’, ‘cholesterol
biosynthetic process’, ‘response to nutrient’, ‘cerebellum
development cellular response to hypoxia’, ‘intrinsic

apoptotic signaling pathway in response to endoplasmic
reticulum’, and ‘stress’ were related to ‘response to hypoxia’,
‘cholesterol biosynthetic process via cystathionine’, and
‘response to retinoic acid’, among others (Fig. 3A).
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Furthermore, the DEGs were enriched mainly in cellular
components, for instance, ‘extracellular region extracellular
space’, ‘Golgi apparatus’, ‘cell surface’, ‘collagen trimer’,
‘hemoglobin complex’, ‘perikaryon’, and ‘T-tubule’ (Fig. 3B).
In addition, GO analysis of molecular function showed that
the DEGs were primarily related to ‘oxidoreductase activity
growth factor activity’, ‘iron ion binding, ‘oxygen
transporter activity’, ‘oxygen binding’, and ‘ferric iron
binding’, with others being enriched in ‘GTP binding’,
‘GTPase activity’, ‘drug binding’, and ‘structural constituent
of cytoskeleton’ (Fig. 3C).

In the KEGG annotation, cellular processes,
environmental information processing, human diseases,
metabolism, and organismal systems terms were included.
KEGG annotation of cellular processes revealed that the
DEGs were associated with ‘apoptosis’, ‘phagosome’, ‘focal
adhesion’,  ‘endocytosis’, and  ‘regulation of actin
cytoskeleton’. KEGG annotation of the environmental
information processing pathway showed that the DEGs were
associated with ‘PI3K- Akt signaling pathway’, ‘Ras signaling
pathway’, ‘mTOR signaling pathway’, ‘AMPK signaling
pathway’, ‘Cytokine-cytokine receptor interaction’, ‘ECM-
receptor interaction’, ‘Rapl signaling pathway’, ‘Neuroactive
ligand-receptor interaction’, ‘HIF-1 signaling pathway’, and
the ‘MAPK signaling pathway’ (Fig. 4).

One of the signaling pathways the ‘MAPK signaling
pathway’ was selected for detection, and western blotting
was utilized. As a result, there were no differences in the
expression of p38, JNK or ERK between honokiol-treated
cells and control cells. Moreover, the expression levels of p-
p38, p-JNK and p-ERK in honokiol-treated U87-MG and
U251-MG cells were significantly cells than those in the
control cells (Fig. 5), indicating that honokiol activated cells
MAPK signaling pathway in human glioma cells.

KEGG Pathway Analysis

KEGG pathway analysis was applied to screen the enrichment
of signaling pathways. The DEGs were related mainly to the
‘HIF-1 signaling pathway’, ‘ferroptosis’, ‘PPAR signaling
pathway’, ‘PI3K- Akt signaling pathway’, and ‘phagosome’
(Fig. 6). Among the signaling pathways, ‘ferroptosis’ was
identified by western blot. The results showed that the
ferroptosis-associated protein GPX4 was suppressed in
honokiol-treated cells compared to control cells. Moreover,
the ferroptosis-associated protein TF was upregulated in
both honokiol-treated cell lines compared to the control
(Fig. 7). The data above illustrated that honokiol induced
ferroptosis in human glioma cells.

Protein-Protein Interaction (PPI) Network

STRING was utilized in this work to predict protein
interactions between DEGs. A total of 10 hub genes were
obtained based on their association with other proteins,
including vascular endothelial growth factor A (VEGFA),
sterol regulatory element-binding protein 1 (SREBF1), C-C
motif chemokine ligand 2 (CCL2), collagen type I alpha 1
(COL1A1),  hydroxy-3-methylglutaryl =~ coenzyme A
synthetase 1 (HMGCS1), farnesyl-diphosphate
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FIGURE 1. Honokiol induces cell apoptosis in human glioma cells. (A) A CCK-8 assay was performed to determine the ICs, of honokiol on the
U87-MG and U251-MG glioma cells. (B) A CCK-8 assay was used to determine the optimal concentration and optimal duration of honokiol
treatment in the glioma cell lines U87-MG and U251-MG. (C) An annexin V-FITC/PI assay was utilized to determine the effect of honokiol on
human glioma cell apoptosis. (D) Western blot analysis was performed to determine the expression of apoptosis-related proteins (BAX and
Bcl-2) in human glioma cells (*p < 0.05; **p < 0.01; ***p < 0.001; Con, U87-MG or U251-MG cells; DMSO, U87-MG or U251-MG cells treated
with DMSO; HK, U87-MG or U251-MG cells treated with honokiol. The bars represent the means + SEMs (n = 3)).

farnesyltransferase (FDFT1), secreted phosphoprotein 1
(SPP1), 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGCR), low density lipoprotein receptor (LDLR), and
stearoyl-CoA desaturase (SCD) (Table 2). Among these

genes, VEGFA had the highest node degree (48). A PPI was
constructed as displayed in Fig. 8. RT-qPCR was
subsequently utilized to detect the expression of the 10 hub
genes in the honokiol-treated U251-MG cells and in the
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FIGURE 2. Heatmap of the top 100 DEGs (50 upregulated genes and 50 downregulated genes). Red, upregulated; blue, downregulated. Con,

U251-MG cells; Honokiol, U251-MG cells treated with honokiol.
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FIGURE 3. GO analysis of DEGs. (A) Biological process terms; (B) cellular component terms; (C) molecular function terms.

control cells. Similarly, compared with those in control cells,
the expression levels of SREBF1, SPP1, LDLR, and SCD
were increased, and the expression levels of CCL2,
HMGCS1, FDFT1, and HMGCR were inhibited in
honokiol-treated U251-MG cells. Moreover, there was no
change in the expression of VEGFA or COL1A1l (Fig. 9).
Moreover, the expression of the 10 hub genes in honokiol-
treated U87-MG cells was also detected. The results showed
that the expression levels of VEGFA, CCL2, HMGCS]1, and
SCD were increased, while the expression levels of SREBFI,
COL1A1, FDFT1, HMGCR, SPP1, and LDLR were

suppressed in honokiol-treated U87-MG cells compared
with those in control cells. The expression patterns of the 10
hub genes in honokiol-treated U87-MG cells were not
consistent with those in honokiol-treated U251-MG cells.
Therefore, honokiol might have different effects on U87-
MG and U251-MG cells.

Discussion

Glioma, the most aggressive form of nervous system
neoplasm, accounts for approximately 80% of central
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Phagosome ] 10(5.49%)
Focal adhesion ] 11(6.04%)
Endocytosis ] 5(2.75%)
Regulation of actin cytoskeleton ] 7(3.85%)
Apoptosis ] 8(4.40%)

PI3K-Akt signaling pathway

Ras signaling pathway I 5 2 75%)
mTOR signaling pathway MR 6 (3.30%)
AMPK signaling pathway [ 6 (3.30%)
Cytokine-cytokine receptor interaction I 6 (3.30%)
ECM-receptor interaction I 7 (335%)

Rap1 signaling pathway

Neuroactive ligand-receptor interaction
HIF-1 signaling pathway

MAPK signaling pathway

14 (7.69%)

9 (4.95%)
9 (4.95%)
9 (4.95%)
9 (4.95%)

Cellular Processes

Environmental Information Processing

Pathways in cancer

Central carbon metabolism in cancer
MicroRNAs in cancer

Malaria

Salmonella infection
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(n = 3)).

nervous system malignancies [22]. Moreover, the prognosis of
glioma is not ideal. In the United States, the overall ten-year
survival rate is 2.9% for gliomas and 44.6% for malignant
gliomas [22,23]. Over the years, with the application of

computed tomography (CT), occupational exposure and
ionizing radiation have led to more brain tumors [24].
Currently, the main treatments for glioma are surgery,
chemotherapy, and radiation. However, during recent
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decades, the prognosis of glioma has not been satisfactory, and
new methods are urgently needed to improve patient
prognosis [25,26].

Honokiol, a small molecular weight natural product, is
isolated and purified from the herb Magnolia officinalis,
which is commonly used in Asia. Many investigators have
reported that honokiol has anticancer effects, such as
suppressing cell growth, inducing cell cycle arrest, and
promoting autophagy and apoptosis. Moreover, in recent

years, many authorities of food safety have evaluated
honokiol and deemed it safe [27]. Hence, honokiol could be
a prospective clinical drug for curing glioma.

Annexin V-FITC/PI staining and western blotting were
performed to determine the effect of honokiol on apoptosis
in human glioma cells. As a result, the proportion of
apoptotic cells was greater in the honokiol-treated U87-MG
and U251-MG cells than in the control cells. Similarly,
compared with that in the control cells, the expression of
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TABLE 2

Key hub genes in the PPI network

Gene Degree
VEGFA 48
SREBF1 28
CCL2 25
COL1A1 24
HMGCS1 23
FDFT1 22
SPP1 22
HMGCR 21
LDLR 21
SCD 21
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the apoptosis-associated protein BAX was increased, and the
expression of Bcl-2 was suppressed in both honokiol-treated
cells, indicating that honokiol induced apoptosis in the
human glioma cell lines U87-MG and U251-MG. These
data were consistent with previous studies. Fan et al. [28]
reported that honokiol inhibited the proliferation, migration
and invasion of glioma cells; promoted cell apoptosis with
the decreased the expression of Bcl-2 and increased the
expression of BAX. Wu et al. [29] showed that honokiol
induced the apoptosis of temozolomide (TMZ)-resistant
glioma cells by activating caspase 9. Moreover, honokiol
promoted TMZ-induced DNA breakage and apoptosis in
U87 MG cells, via the promotion of TMZ-induced BAX
translocation [30]. In addition, honokiol induces cell
apoptosis in many other tumors, such as lung squamous cell
carcinoma [31], ovarian carcinoma [32], bladder cancer
[33], osteosarcoma [34], and medulloblastoma [35].

=
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<

FIGURE 8. PPI network. PPI network of the DEGs between honokiol-treated U251-MG cells and the control cells. Circles, proteins; lines,

strong association between proteins.
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However, honokiol could reduce the apoptosis of myocardial
cells induced by lipopolysaccharide in septic mice [36] and
reduce nerve cell apoptosis in a rat traumatic brain injury
model [37].

Due to the extensive use of honokiol, RNA-seq was
utilized to demonstrate the possible molecular mechanisms
by which honokiol promotes apoptosis in human glioma
cells. A total of 332 DEGs were found. GO analysis of the
biological processes revealed that DEGs were enriched in
‘response to hypoxia’, ‘cholesterol biosynthetic process’,
‘cerebellum development cellular response to hypoxia’,
‘intrinsic apoptotic signaling pathway in response to
endoplasmic reticulum’, and ‘stress’. These biological
processes are related to apoptosis. As reported, honokiol
inhibited pancreatic B cell apoptosis induced by hypoxia
[38]. Inhibition of cholesterol synthesis could induce cell
apoptosis in glioblastoma [39]. However, the role of
cholesterol in cell apoptosis differs, as cholesterol induces
cell apoptosis in many other cells [40,41]. Moreover,
researchers have shown that honokiol is an effective radical
scavenger that could alleviate oxidative stress on various
occasions [38], reduce HIF-la protein levels and suppress
hypoxia-related signaling pathways [42]. In addition, GO
analysis of molecular function illustrated that honokiol was
related to oxidative stress, ferroptosis, drug binding and the
cytoskeleton. Researchers have found that the antioxidant
capacity of honokiol is 1000 times greater than that of
vitamin E [43]. Similarly, studies have shown that honokiol
decreases the apoptotic rate and elevates the viability of
podocytes during mouse podocyte apoptosis induced by
hydrogen peroxide (H,O,) [44]. Moreover, Hou et al
demonstrated that honokiol prevents H,0,-induced
oxidative damage by upregulating the levels of antioxidant
enzymes [45]. Furthermore, honokiol was related to
ferroptosis. Lai and colleagues [46] reported that honokiol
upregulated Heme-oxygenase 1 (HMOXI1) to induce
ferroptosis in acute myeloid leukemia cells. Nevertheless,
Guo C and colleagues [47] demonstrated that honokiol
induced ferroptosis by suppressing GPX4 activity in colon
cancer cells. In contrast to these findings, Hu et al. [48]
reported that honokiol inhibited ferroptosis to attenuate
high glucose-induced peripheral neuropathy in Schwann cells.

KEGG annotation of the environmental information
processing pathway showed that the DEGs were associated
with many signaling pathways. We selected the ‘MAPK
signaling pathway’ for verification, as researchers believe
that MAPK signaling is related to apoptosis [49,50]. As a
result, the MAPK signaling pathway was activated in the
honokiol-treated U87-MG and U251-MG cells, which is
consistent with the findings of previous studies [35,51,52].
However, honokiol inhibited the MAPK signaling pathway
in an immunological model of liver fibrosis [53], in mouse
embryonic stem cell-derived endothelial cells [54], and in
oral squamous cell carcinoma [55]. The MAPK signaling
pathway plays different roles in different cells. KEGG
pathway analysis demonstrated that the DEGs were
associated mainly with ‘HIF-1 signaling pathway’,
‘ferroptosis’, ‘PPAR signaling pathway’, ‘PI3K-Akt signaling
pathway’, and ‘phagosome’. Among the signaling pathways,
‘ferroptosis’ was identified by western blot (downregulation
of GPX4 and upregulation of TF), indicating that honokiol
induces human glioma cell ferroptosis. Similarly, honokiol
induced ferroptosis in acute myeloid leukemia cells [46] and
colon cancer cells [47]. However, honokiol inhibited
ferroptosis in Schwann cells [48]. Therefore, honokiol could
induce or inhibit ferroptosis in different cells. In this study,
we also found that the MAPK signaling pathway, an
upstream signaling pathway involved in ferroptosis, was
activated in honokiol-treated cells. Hence, honokiol might
induce ferroptosis in human glioma cells through activating
the MAPK signaling pathway.

By constructing a PPI network, we identified a series of
hub genes related to honokiol. In this study, the top 10 hub
nodes including VEGFA [56-58], SREBF1 [59,60], CCL2
[61,62], COL1AL [63,64], HMGCS! [65,66], FDFT1 [67],
SPP1 [68], HMGCR [69,70], LDLR [71], and SCD [72],
were previously reported to be connected with apoptosis in
various cancers. The expression of the top 10 hub genes was
verified by RT-qPCR, and the expression of these genes in
honokiol-treated U87-MG cells was not consistent with that
in honokiol-treated U251-MG cells. For example, SREBF1
was decreased in honokiol-treated U87-MG cells but
increased in honokiol-treated U251-MG cells compared to
that in the control. It has been reported that ectopic
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expression of SREBF1could promotes the tumor development
[73,74]. However, it has been reported that overexpression of
SREBF1 enhances the apoptosis in high glucose-treated
podocytes [75]. Therefore, honokiol might induce apoptosis
via different pathways in U87-MG and U251-MG cells. The
PPI network provides us with ideas for future research on
the mechanism of honokiol induced glioma cells cell
apoptosis. We would further investigate whether honokiol
could regulate apoptosis through the above genes and
elucidate the specific underlying molecular mechanisms
involved.

In conclusion, this study investigated the role of honokiol
in inducing apoptosis in human glioma cells, and provided a
comprehensive analysis of DEGs in honokiol-treated U251-
MG cells and related signaling pathways, which might be
beneficial for the treatment of human glioma. In the current
study, we did not deeply explore the mechanism of honokiol
inducing apoptosis, but these data provide new ideas for
future research and therapy for patients with glioma using
honokiol, and we would investigate in the future.
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