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Hesperetin ameliorates glioblastoma by inhibiting proliferation, 
inducing apoptosis, and suppressing metastasis 
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Background: Glioblastoma is the most common type of malignant tumor of the brain. Despite substantial 
improvements in therapy, the 5-year survival rate of patients with glioblastoma remains low. Antitumor drug 
development has encountered considerable obstacles, which can be attributed to metastasis and the blood-
brain barrier (BBB). Hesperetin (HSP), derived from citrus fruits, exhibits several biological properties, 
including anticancer and anti-inflammatory activities. In addition, in vitro models have shown that HSP can 
easily cross the BBB. The purpose of the present study was to explore the effects and underlying mechanisms 
of HSP on glioblastoma cells. 
Methods: GL261 cell were cultured and treated with different dose HSP. The cell viability was assessed 
with Cell Counting Kit-8 (CCK-8) assay. The cell apoptosis was determined using an Annexin V/propidine 
iodide (PI) staining and Hoechst staining and detection assay, cell migration and invasion were observed on 
GL261 cells using Matrigel-coated Transwells and Wound-Healing assay. The expression of proteins was 
detected by Western blotting.
Results: HSP suppressed cell proliferation and could induce apoptosis, the latter of which might be 
regulated through the Phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) and nuclear factor-kappa 
B (NF-κB) pathways. Furthermore, HSP inhibited cell migration and invasion by downregulating the 
expression of matrix metalloproteinase-2 (MMP-2) and MMP-9, and inhibited epithelial-mesenchymal 
transition (EMT) by upregulating the expression of E-cadherin while downregulating N-cadherin and 
vimentin expression. 
Conclusions: These findings suggest HSP to be an alternative preventive and therapeutic antiglioblastoma 
drug that may be especially useful for patients with recurrent glioblastoma.
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Introduction

Glioblastoma, the most common malignant tumor of 
the brain, is characterized by rapid progression and poor 
prognosis (1). According to the CBTRUS Statistical Report: 
Primary Brain, approximately 9.23 individuals per 100,000 
have glioblastoma in the United States (2). Although the 
survival rate has improved owing to progress in available 
treatment strategies, the 5-year survival rate remains only 
5.8% (2-4). Patients newly diagnosed with glioblastoma 
undergo standard treatments, including postoperative 
radiotherapy with temozolomide (TMZ) and adjuvant 
temozolomide treatment. However, no standard treatment 
for managing recurrence is currently available, and various 
treatments (such as cytotoxic drugs and bevacizumab) 
are routinely employed. In addition to classic treatments, 
such as surgery, radiotherapy, and chemotherapy, novel 
therapeutic options, such as immunotherapy and precision 
oncology, have also been explored (1). Despite marked 
improvements in glioblastoma treatments, the 5-year 
survival rate remains ˂10% (5), strongly indicating 
that specific drugs and therapeutic strategies targeting 
glioblastoma are needed.

Malignant tumors are characterized by malignant 
hyperplasia and a strong tendency toward metastasis. 
Metastasis, including epithelial-mesenchymal transition 
(EMT), invasion, and migration, is the primary factor 
contributing to cancer-related deaths (6). Growing number 
of evidence shows that EMT is vital for cancer physiological 
processes. EMT is connected with enhanced invasion and 
malignancy of tumor cells. EMT can be used to elevate the 
invasion in glioblastoma cells. Besides, EMT induces drug 
resistance and is related to the recurrence of cancer cells (6).  
Therefore, antimetastatic properties of anticancer drugs 
should be considered during their development. In addition, 
as the blood-brain barrier (BBB) protects the brain from 
harmful toxins in the blood but restricts anticancer drugs 
from targeting brain tumors, crossing this BBB is a major 
challenge in the development of antitumor drugs.

Several epidemiological and experimental studies have 
shown that dietary phytochemicals exert chemopreventive 
and chemotherapeutic effects (7-10). In recent years, 
several natural products [alkaloids, such as berberine (8), 
flavonoids, such as curcumin (9), and silibinin (10)] isolated 
from Chinese herbal product have been found to inhibit 
proliferation, induce apoptosis, and delay metastasis, 
exhibiting anticancer potential in vitro and in vivo (11). 
Hesperetin (3',5,7-trihydroxy-4'-methoxyflavanone; HSP), a 

type of flavanone (a subclass of flavonoids), is mainly found 
in citrus fruits. It is an important bioactive ingredient of the 
traditional Chinese herb known as Chen Pi in Chinese. In 
recent years, HSP has been gained considerable attention 
owing to its various biological properties, which confer 
anticancer (12), cardioprotective (13), and antidiabetic 
effects (14). In addition, in vitro models have shown that 
HSP is capable of traversing the BBB with facility (15). Li 
et al. (16) have reported that HSP can induce apoptosis in 
human glioblastoma cells via p38 mitogen-activated protein 
kinase (MAPK) activation. Ersoz et al. (17) have shown 
that HSP exerts anti-proliferative, anti-oxidant, and pro-
apoptotic properties in C6 glioma cancer cells. However, 
few studies have explored the effect of HSP on glioblastoma 
invasion and migration.

In the present study, we evaluated the anticancer 
activity of HSP using mouse glioblastoma cells (GL261) 
and explored the related underlying mechanisms 
(antiproli feration,  proapoptosis ,  and particularly 
antimetastasis). The results may provide a deeper insight 
into the mechanisms of Hsp and shows the gaps in 
our knowledge about Hsp. The findings drawn from 
this research may contribute to a more comprehensive 
understanding of the anticancer effects of HSP and thus 
facilitate the future development of glioblastoma treatment. 
We present the following article in accordance with 
the MDAR reporting checklist (available at https://tcr.
amegroups.com/article/view/10.21037/tcr-22-1497/rc).

Methods

Materials

HSP [analysis  standard:  high performance l iquid 
chromatography (HPLC) ≥98%] was purchased from 
Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, 
China) (Figure 1A). Phosphate-buffered saline, dimethyl 
sulfoxide, fetal bovine serum (FBS), and Dulbecco’s 
modified Eagle’s medium (DMEM) were purchased from 
Gibco-Invitrogen (Carlsbad, CA, USA). The cell culture 
freezing medium was purchased from Procell Life Science 
& Technology (Wuhan, Hubei, China). Phosphoinositide 
3-kinase (PI3K), Phosphorylated- PI3K (p-PI3K), protein 
kinase B (AKT), p-AKT, nuclear factor-kappa B (NF-κB), 
p-NF-κB, glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), poly (ADP-ribose) polymerase (PARP), 
caspase-3, cleaved-caspase-3, E-cadherin, N-cadherin, 
vimentin, matrix metalloproteinase-2 (MMP-2), MMP-9,  

https://tcr.amegroups.com/article/view/10.21037/tcr-22-1497/rc
https://tcr.amegroups.com/article/view/10.21037/tcr-22-1497/rc
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and goat anti-mouse IgG (H+L) antibodies were purchased 
from ABclonal Technology (Boston, MA, USA). Cell 
Counting Kit-8 (CCK-8) was purchased from Glpbio 
(Montclair, CA, USA). Crystal violet staining solution 
and Hoechst 33342 were obtained from Beyotime 
Biotechnology (Shanghai, China). The Annexin V-APC/ 
propidine iodide (PI) apoptosis kit was purchased from 
KeyGEN BioTECH (Nanjing, Jiangsu, China).

Cell culture

GL261 cells were purchased from the American Type 
Culture Collection (Manassas, VA, USA) and cultured 
in DMEM, supplemented with 10% FBS, 100 μg/mL of 
streptomycin, and 100 U/mL of penicillin.

CCK-8 assay

Cell viability was assessed with CCK-8 assay. GL261 cells 
in the growth phase were plated in 96-well culture plates 
(8×103 cells/well). The cells were then treated with HSP at 
indicated concentrations for 24 or 48 h. After addition of 
the CCK-8 solution to the medium for 1 h, a microplate 
reader (Molecular Devices, Sunnyvale, CA, USA) was 
used to measure the absorbance for the evaluation of cell 
viability.

Hoechst staining assay

GL261 cells were plated into 6-well culture plates and 
treated with HSP at indicated concentrations for 24 h. The 
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Figure 1 Hesperetin inhibited cell proliferation. (A) The chemical structure of hesperetin. (B) GL261 cells were treated with hesperetin for 
12, 24, and 48 h; cell viability was measured using the CCK-8 assay; and 1-way ANOVA was used in analyzing the results (n≥3). *, P<0.05 
and ***, P<0.001 compared with the respective control group. (C) Cell morphology was observed after treating GL261 cells with hesperetin 
using a phase contrast microscope (0, 200, 400, and 800 μM) for 24 h. Scale bar represents 100 μm. TMZ, temozolomide; HSP, hesperetin. 
C represents control group (without HSP treatment). CCK-8, Cell Counting Kit-8 assay.
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cells were then washed twice, stained with Hoechst 33342 
for 30 min, washed twice again, and then observed under 
a fluorescence microscope. Apoptotic cell nuclei appeared 
shrunken and were deeply stained under fluorescence 
microscope examination.

Apoptosis detection assay

The apoptosis rate was determined using an Annexin 
V-APC/PI apoptosis kit (eBioscience; Thermo Fisher 
Scientific, Inc.). GL261 cells were treated with HSP at 
indicated concentrations for 24 h. The cells were then 
harvested and stained with Annexin V-APC and propidium 
iodide (PI). The apoptosis rate was calculated using a flow 
cytometer and FlowJo software (version 10; BD, Franklin 
Lakes, NJ, USA).

Western blotting

After treatment with HSP at indicated concentrations 
for 24 h, the cells were harvested and lysed with RIPA 
buffer containing protease and phosphatase inhibitors 
for the isolation of total protein. Meanwhile, western 
blotting was performed to measure the expression of 
a target protein. Briefly, proteins were separated and 
transferred to polyvinylidene fluoride membranes. Next, 
membranes were blocked for 1 h and incubated with 
primary antibodies overnight at 4 ℃. After incubation with 
horseradish peroxidase-conjugated secondary antibodies 
for 2 h, immunoblots were observed using an enhanced 
chemiluminescence (ECL) 3' labeling kit (ECL) detection 
reagent (Thermo Fisher Scientific, Inc.). Images were 
acquired using a Tanon-S200 imaging system (Olympus, 
Singapore). ImageJ software (National Institutes of Health, 
Bethesda, MD, USA) was used to analyze the expression of 
the target protein.

Wound-Healing assay

The GL261 cells were plated into 6-well plates and 
cultured until 80–90% confluency was achieved. A pipette 
tip was used to scratch a wound in a well, and washing was 
performed to remove unattached cells. After the cells were 
treated with HSP at indicated concentrations, the wounds 
were photographed at 0, 24, and 48 h. The migration area 
was calculated using the following formula:

( ) ( )0% / 100%n nmigration area M M M= − × 	 [1]

where M0 represents the initial wound area and Mn 
represents the wound area at the measurement point.

Transwell assay

The invasion was observed on GL261 cells using Matrigel-
coated Transwells (BD Biosciences). After treatment with 
HSP at indicated concentrations for 24 h, the cells were 
seeded into the upper chamber with DMEM and 5% FBS, 
and DMEM supplemented with 20% FBS was added to 
the lower chamber. After incubation for 24 h, the cells were 
fixed with paraformaldehyde (4%), stained with crystal 
violet (0.5%), and photographed under a microscope.

Statistical analysis

Data are presented as the mean ± standard deviation (SD). 
Statistical analysis was performed using 1-way analysis of 
variance (ANOVA), and Duncan’s multiple range test was 
used to compare mean values. Statistical significance was set 
at P<0.05.

Results

HSP inhibited cell proliferation

Cell viability was measured using the CCK8 assay. 
We observed that HSP inhibited cell proliferation in a 
time- and concentration-dependent manner (Figure 1B). 
Treatment of GL261 cells with 800 μM of HSP for 12 h 
was found to significantly suppress cell viability (P<0.001); 
treatment with 400 and 100 μM of HSP for 24 h was also 
found to significantly suppress cell viability (P<0.001, 
P<0.05). Moreover, cell viability was more suppressed after 
treatment with 800 μM of HSP than after treatment with 
temozolomide (400 μg/mL) regardless of the duration of 
treatment. 

Furthermore, we found that the number of GL261 
cells decreased with increased HSP concentration  
(Figure 1C). In addition, GL261 cells were found to be 
shrunken and round after HSP treatment, indicating that 
HSP induced apoptosis. These findings provide evidence 
that HSP has antiglioblastoma effects and is a potential 
antiglioblastoma drug.

HSP induced cell apoptosis

Changes in cell morphology indicate apoptosis. As shown in 
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Figure 2A, the treatment of GL261 cells with HSP resulted 
in shrunken and densely stained nuclei, which suggested 
that HSP induced apoptosis. In addition, HSP increased 
the apoptosis rate in a concentration-dependent manner  
(Figure 2B,2C), with 200 μM of HSP increasing the 
apoptosis rate significantly (P<0.05). Finally, 400 μM of 
HSP induced apoptosis in 22.73% (SD 1.73%) of GL261 
cells, while 800 μM of HSP induced apoptosis in 27.50% 
(SD 2.56%) of GL261 cells (Figure 2C). 

HSP-induced apoptosis through the PI3K/AKT and  
NF-κB pathways

Apoptosis is not a passive process and is regulated by a series 
of genes or proteins, including the caspase family. Western 
blotting results revealed that increasing concentrations of 
HSP upregulated the expression levels of cleaved caspase-3 
and cleaved-PARP. The ratio of BAX to BCL-2 increased 
with the increase of HSP concentration (Figure 3A). These 
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Figure 2 Hesperetin induced cell apoptosis. (A) GL261 cells were treated with hesperetin at indicated concentrations for 24 h. After 
incubation with Hoechst 33342, the cells were observed with fluorescence microscopy. (B) According to the instruction of the Annexin 
V-APC/PI apoptosis kit, the apoptosis rate was detected using a flow cytometer. (C) Histogram of the apoptosis rate in response to the 
hesperetin treatment. Scale bar represents 50 μm. Data are presented as the mean ± standard deviation (SD; *, P<0.05 and ***, P<0.001 vs. 
control). C represents control group (without HSP treatment). HSP, hesperetin; PI, propidine iodide. 
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at indicated concentrations for 24 h. Western blotting was used in detecting the expression of PARP, caspase-3, BCL-2, and BAX. 
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control group. (B) GL261 cells were treated with hesperetin at indicated concentrations for 24 h. Western blotting was used to detect the 
expression of PI3K, AKT, NF-κB, and TNF-α. Representative western blots present target protein expression. The protein expression 
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results further confirmed HSP-induced apoptosis in GL261 
cells, indicating that an intrinsic pathway mediated HSP-
induced apoptosis.

Moreover, the treatment of GL261 cells with HSP for 
24 h significantly downregulated the expression of PI3K, 
AKT, and p-AKT (Figure 3B). These results suggested 
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that HSP-induced apoptosis may occur through the 
PI3K/AKT pathway. In addition, the expression of NF-
κB was downregulated after treatment with increasing 
concentrations of HSP; however, the expression of tumor 
necrosis factor-α (TNF-α) was upregulated (Figure 3B), thus 
indicating that HSP-induced apoptosis may be mediated 
via the NF-κB pathway. On the basis of these findings, 
we speculated upon the possible signaling pathways that 
mediate HSP-induced apoptosis (Figure 4).

HSP inhibited cell migration and invasion

Along with malignant hyperplasia, migration and invasion 
are the critical characteristics of tumors. The migration 
ability of GL261 cells treated with HSP at the indicated 
concentrations was assessed with a wound-healing 
assay. As shown in Figure 5A,5B, treatment with HSP 

significantly inhibited wound healing. The size of the 
wound area was increased after 24 and 48 h of treatment 
with 800 μM of HSP. These results indicated that HSP 
suppressed cell migration. The Transwell assay was used 
to measure invasive ability. We observed that the number 
of cells that passed through the Matrigel-coated Transwell 
chamber significantly decreased with the increase of HSP 
concentration (Figure 5C,5D). Matrigel-coated Transwell 
chambers were further used to mimic the extracellular 
matrix, with the results suggesting that HSP inhibited cell 
invasion.

HSP downregulated the expression of MMP-2 and MMP-9

MMPs play a vital role in tumor invasion and metastasis by 
degrading various protein components in the extracellular 
matrix, with MMP-2 and MMP-9 being the more well-
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known MMPs. As shown in Figure 6, the expression levels 
of MMP-2 and MMP-9 were significantly downregulated 
with increased HSP concentration, indicating that HSP 
inhibited cell migration and invasion.

HSP suppressed EMT

EMT is an important biological process regulated by 
multiple genes and proteins, such as E-cadherin, N-cadherin, 
and vimentin, resulting in malignant tumors with invasive 
and metastatic capabilities. Decreased E-cadherin expression 
weakens cell adhesion, whereas increased vimentin 
and N-cadherin expression levels endow cells with a 
mesenchymal phenotype. We observed that increasing 
HSP concentration enhanced E-cadherin expression while 
suppressing N-cadherin and vimentin expression levels 
(Figure 7). In addition, HSP suppressed EMT.

Discussion and conclusions

Glioblastoma is one of the most malignant adult brain 

tumors, remains incurable with a bleak median survival (1-4).  
In spite of the development of therapeutic strategies for 
glioblastoma treatment were improved, the glioblastoma 
patients still have a poor prognosis. For now there is a few 
FDA (such as TMZ) approved drugs for its treatment, 
which are not universally efficacious. This is due to the 
high malignancy and invasiveness of glioblastoma cells. 
Therefore, further understanding the molecular mechanism 
and appropriate prognostic markers and therapeutic targets 
is necessary. The progress of novel anti-tumor drugs, such 
as natural products, can improve the efficacy. 

Hsp is citrus flavonoids with several advantages, such 
as its low cost, convenience, and safety. Hsp has gained 
much attention due to its various biological activities 
including anticancer, anti-inflammatory, neuroprotective, 
cardioprotection and antioxidant properties (12,14,18). 
Notably, administration a high amount of Hsp is not 
associated with a substantial increase in the half-life of 
HSP and it is not fully figure out that how Hsp exerts great 
therapeutic effects (12).

Glioblastoma tend to recur and obstruct the BBB, 
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Figure 7 Hesperetin inhibited epithelial-mesenchymal transition (EMT). GL261 cells were treated with hesperetin at indicated 
concentrations for 24 h. Western blotting was used to detect the expression of E-cadherin, N-cadherin, and vimentin. Representative 
Western blots present target protein expression. Protein expression levels of E-cadherin, N-cadherin, and vimentin were quantified by 
densitometry and normalized to GAPDH (n≥3). *, P<0.05, **, P<0.01, and ***, P<0.001 compared with the respective control group. C 
represents control group (without HSP treatment). GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HSP, hesperetin.

and therapeutic options for treating glioblastoma are 
limited. One potential treatment, HSP, possesses a 
variety of anticancer effects (16-19). For instance, using 
in vitro models, Youdim et al. (15) revealed that HSP can 
cross the BBB. With this in mind, we further assessed 
the antiglioblastoma activity of HSP and explored the 
underlying mechanism in GL261 cells. We observed that 
HSP exerted an antiglioblastoma effect on GL261 cells 
and that HSP suppressed cell proliferation. In addition, 

HSP induced apoptosis, with this process possibly being 
regulated through the PI3K/AKT and NF-κB pathways. 
HSP also inhibited cell migration and invasion by 
downregulating the expression of MMP-2 and MMP-9. 
Furthermore, HSP inhibited EMT by upregulating the 
expression of E-cadherin and downregulating the expression 
of N-cadherin and vimentin. It has been demonstrated that 
a number of targets and signaling pathways are involved in 
the progression and malignancy of cancer cells in previous 
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studies, including NF-κB, TNF-α, IL-1β, IL-6, Nrf2, p38, 
COX-2, MMP2 and MMP9 and so on (7,12,16,18). And 
they may serve as new therapeutic targets for glioblastoma 
treatment.

Induction of apoptosis is the primary mechanism 
through which anticancer drugs kill tumor cells (20), 
and apoptotic signaling pathways are mainly divided into 
extrinsic and intrinsic pathways. The extrinsic pathway is 
initiated by the binding of the death ligand to the death 
receptor (e.g., TNF-α) (21), while the intrinsic pathway is 
initiated by various intracellular stimuli (e.g., DNA damage) 
and is chiefly regulated by BCL-2 family members (22). 
Several factors regulate apoptosis, including PI3K/AKT (23) 
and NF-κB (24). However, once apoptosis occurs, the cell 
eventually collapses by activating a member of the caspase 
family, such as caspase-3 (20). In the present study, HSP 
was found to upregulate the expression of cleaved-caspase-3 
and cleaved-PARP, which were cleaved by caspase-3. In 
addition, HSP increased the ratio of BAX to BCL-2, 
indicating that HSP induced apoptosis through an intrinsic 
pathway. 

The PI3K/AKT pathway is a classic signaling pathway 
associated with cell proliferation, differentiation, and 
apoptosis, and flavonoids can induce apoptosis through 
the PI3K/AKT pathway (25,26). He et al. (27) reported 
that HSP could prevent hypoxia/reoxygenation injury in 
rat cardiomyocytes in vitro by activating the PI3K/Akt 
signaling pathway. Similarly, our results showed that HSP 
downregulated the expression of PI3K and AKT (p-AKT), 
indicating that HSP might induce apoptosis via the PI3K/
AKT signaling pathway.

NF-κB plays a key regulatory role in cytokine-induced 
gene expression and participates in regulating inflammation, 
apoptosis, and tumorigenesis by modulating the expression 
of multiple genes (28). Studies have shown that flavonoids 
exert anti-inflammatory and anticancer effects by regulating 
the NF-κB signaling pathway (25,29). Hazafa et al. (30) 
reported that flavonoids (including catechin, quercetin, 
and HSP) could inhibit cell proliferation by suppressing 
the NF-κB pathway in various cancers. In our study, 
HSP induced apoptosis, upregulated TNF-α expression, 
and downregulated NF-κB expression. These results 
indicate that HSP might also induce apoptosis via the 
NF-κB signaling pathway. Moreover, some studies have 
reported that NF-κB is the downstream molecule in 
regulating apoptosis in the PI3K/Akt signaling pathway 

(25,31). Considering these findings collectively, we 
speculated upon the potential mechanism underlying 
HSP-induced apoptosis in GL261 cells (Figure 4). The 
metastasis of malignant tumors typically leads to a poor 
prognosis and a low survival rate. Therefore, metastasis 
is often considered the main reason for tumor treatment 
failure and the primary hindrance to the development of 
anticancer drugs (6). Tumor metastasis usually involves 
the following steps (32): (I) EMT endows tumor cells with 
invasive and migration properties, (II) tumor cells invade 
the basement membrane, and (III) tumor cells migrate to 
other sites or tissues. Numerous studies have indicated 
that flavonoids exhibit antimetastatic properties via the 
regulation of those signaling pathways associated with 
cell migration and invasion (33-38). For example, Fan  
et al. (34) demonstrated that luteolin and quercetin could 
inhibit migration and invasion of squamous carcinoma by 
suppressing the Src/Stat3/S100A7 signaling pathway. In 
addition, Wang et al. (35) reported that HSP could inhibit 
gastric cancer metastasis. In the present study, our results 
revealed that HSP inhibited cell migration and invasion 
by downregulating the expression of MMP-2 and MMP-
9 EMT plays an important role in tumor metastasis and 
is mainly regulated by E-cadherin, N-cadherin, and  
vimentin (36). Choi et al. (37) reported that HSP can inhibit 
EMT via the mTOR pathway in EMT-elicited podocytes, 
while Wang et al. (38) showed that HSP suppresses EMT 
by upregulating E-cadherin expression and downregulating 
N-cadherin expression in cervical cancer cells. Similarly, 
in the present study, HSP inhibited EMT by upregulating 
E-cadherin expression and downregulating N-cadherin 
and vimentin expression, consequently resulting in reduced 
migration and invasion of glioblastoma cells. Integrating 
these results with those related to tumor metastasis, we 
speculated upon the potential antimetastasis mechanism of 
HSP in GL261 cells (Figure 8).

In summary, we observed that HSP ameliorated 
glioblastoma by inhibiting proliferation, inducing 
apoptosis, and suppressing metastasis. HSP is a food-
derived bioactive ingredient with several advantages, such 
as its low cost, convenience, and safety. In addition, in vitro  
models demonstrated that HSP could easily cross the 
BBB . Therefore, HSP may be an effective preventive and 
therapeutic antiglioblastoma drug that is worth developing 
as a therapeutic option for patients with recurrent 
glioblastoma. 
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