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Glioma is the most common type of malignant brain tumor. Due to its highly aggressive
and metastatic features, glioma is associated with poor prognosis and a lack of effective
treatments. Eriodictyol, a natural flavonoid compound, has been reported to possess anti-
inflammatory and antioxidant effects. However, the anti-tumor effects of eriodictyol and
the underlying mechanisms have rarely been reported. In this study, we found that
eriodictyol has anti-tumor activity in lung, colon, breast, pancreas, and liver cancer, and
most significantly in glioma cell lines. Eriodictyol dose- and time-dependently suppresses
cell proliferation, migration, and invasion in U87MG and CHG-5 glioma cells. In addition,
eriodictyol induces apoptosis in U87MG and CHG-5 cells, as evaluated by flow cytometry,
immunofluorescence, and Western blot. Furthermore, eriodictyol downregulates the
phosphoinositide 3-kinase (PI3K)/Akt/NF-kB signaling pathway in a concentration-
dependent manner. Moreover, the effects of eriodictyol on the apoptosis of glioma cells
are enhanced by LY294002 (a PI3K inhibitor) and reversed by 740 Y-P (a PI3K agonist). In
a mouse xenograft model, eriodictyol not only dramatically suppressed tumor growth but
also induced apoptosis in tumor cells. In summary, our data illustrate that eriodictyol
effectively inhibits proliferation and metastasis and induces apoptosis of glioma cell lines,
which might be a result of the blockade of the PI3K/Akt/NF-kB signaling pathway.
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INTRODUCTION

Glioma is the most prevalent type of malignant tumor in the central nervous system (CNS), and it
represents 75% of malignant brain tumors (Lapointe et al., 2018). Due to its highly aggressive and
metastatic features, even if glioma patients are treated with the “golden standard” strategies
including surgery, radiotherapy, and chemotherapy, the prognosis remains poor (Stupp et al.,
2005). According to an American survey, the 5-year survival rate of glioma patients is only 5%
(Alexander and Cloughesy, 2017). Temozolomide (TMZ) is the most common drug used as glioma
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therapy, but the efficacy is often limited because of the side effects
and the development of resistance. Therefore, it is particularly
urgent to find new highly efficient and less-toxic anti-
glioma drugs.

In recent years, natural compounds have become a hot
research topic in preventing and treating cancer, due to their
potential multiple targets and bioactivities and their limited
toxicity (Efferth et al., 2019). Eriodictyol (Figure 1A), a natural
flavonoid compound, is ubiquitous in fruits, vegetables, and
several Chinese medicines (Minato et al., 2003; Zeng et al.,
2016). In addition, it has been reported that eriodictyol exerts
anti-inflammatory, antioxidant, and neuroprotective effects (He
et al., 2018; Kwon and Choi, 2019; Lv et al., 2019). In in vitro
studies, scientists have found that eriodictyol exerts its anti-
inflammatory and antioxidant effects through Akt- and NF-kB-
related signaling pathways (Xie et al., 2017; Liu and Yan, 2019).
However, the anti-cancer activity of eriodictyol and its
underlying mechanisms have been less explored. Ahmad et al.
reported that the Akt/NF-kB signaling pathway plays a very
important role in the development of cancers (Ahmad et al.,
2013). Thus, we hypothesized that eriodictyol might have anti-
tumor effects.

In this study, we focused on the activity of eriodictyol in
cancers. Our findings indicate that eriodictyol has anti-tumor
activity in lung, colon, breast, pancreas, liver cancer, and in
glioma cell lines especially. Eriodictyol dramatically inhibits
glioma cell growth, migration, invasion and induces
apoptosis by blocking the PI3K/Akt/NF-kB signaling
pathway. Moreover, the anti-glioma activities of eriodictyol
were evaluated using a xenograft mouse model. We found that
eriodictyol can inhibit tumor growth in nude mice by
suppressing proli feration and enhancing apoptosis .
Therefore, we conclude that eriodictyol might be used as a
therapeutic agent against glioma.
MATERIALS AND METHODS

Reagents
Temozolomide (TMZ) and eriodictyol (purity ≥ 98%) were
purchased from Dalian Meilun Biotechnology, Co., Ltd.
(Dalian, China) and dissolved in dimethyl sulfoxide (DMSO).
The final concentration of DMSO in culture medium was ≤ 1‰.
LY294002 and 740 Y-P were bought from MedChemExpress
(MCE, United States). Hoechst 33342, the TUNEL apoptosis
assay kit, and Lipo8000 were obtained from Beyotime
Biotechnology, Co., Ltd. (Shanghai, China). The Annexin V–
FITC/PI Apoptosis Detection Kit was purchased from Vazyme
Biotech, Co., Ltd. (Nanjing, China). Antibodies against PI3K,
phospho-PI3K (Y607), and Caspase-9 and goat anti-rabbit IgG
H&L (IRDye 800CW) pre-adsorbed secondary antibodies were
obtained from Abcam (Cambridge, United Kingdom).
Antibodies against Akt, phospho-Akt (S473), Caspase-3,
cleaved Caspase-3, cleaved Caspase-8, Bax, Bcl-2, Bcl-xL, and
NF-kB were bought from Cell Signaling Technology (Danvers,
MA, United States). Antibodies against Ki67, phospho-NF-kB
(S536) and phospho-IkBa (S32/S36) were obtained from Affinity
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Biosciences (Zhenjiang, China). Antibodies against IkBa and
PARP were purchased from ProteinTech Group, Inc. (Chicago,
IL, United States). Antibodies against b-actin and the Cell
Counting Kit-8 (CCK-8) were purchased from Bimake
(Houston, TX, United States).

Cell Culture
Human glioma cell lines U87MG, A172, T98-G, the non-small
cell lung cancer cell line NCI-H1975, the colorectal cancer cell
line HCT116, the hepatoma cell line HepG2, and the pancreatic
cancer cell line PANC1 were obtained from the cell bank of the
Chinese Academy of Sciences (Shanghai, China). The human
breast cancer cell line CAL148, the glioma cell line CHG-5, and
primary mouse astrocytes were a gift from Associate Professor Li
Xiaoli (College of Pharmacy, Chongqing Medical University,
Chongqing, China). All cells were cultured in DMEM medium
with 10% fetal bovine serum (FBS, Biological Industries, Kibbutz
Beit-Haemek, Israel) and 1% penicillin/streptomycin in a
humidified atmosphere of 5% CO2 at 37°C.

Cell Viability Assay
The effects of eriodictyol on viability were assessed using the
CCK-8 assay. Cells were plated at 3 ×103 cells per well in 96-well
plates. On the following day, 0–400 mM eriodictyol was added to
the medium. After 24–72 h, cells were incubated with 10 ml CCK-
8 for 2 h at 37°C with 5% CO2. Absorbance was measured at 450
nm using a SynergyH1 microplate spectrophotometer (BioTek).

Colony Formation Assay
U87MG and CHG-5 cells were plated in six-well plates (500
cells/well). After the cells were allowed to attach for 12 h, the cells
were treated with different concentrations (0, 10, 20, 40 or mM)
of eriodictyol, and the medium was changed every 3 days. After
12 days, the medium was discharged. The cells were washed with
cold PBS, fixed in 4% paraformaldehyde for 30 min, and stained
with 0.5% crystal violet solution for 15 min. After washing away
excessive crystal violet and drying, the colonies were observed,
and the results were analyzed using Image J software.

Wound Healing Assay
U87MG and CHG-5 cells were plated in six-well plates with
DMEM containing 10% FBS. After the cells had 100% confluent,
a 200 ml pipette tip was used to scrape the wells to mimic
wounds. The cells were gently washed twice with PBS to remove
the detached cells and cultured in DMEM containing 2% FBS.
The cells were treated with various concentrations (0, 25, 50, 100
mM) of eriodictyol. After 0, 12, and 24 h, the cells were
photographed using a light microscope (Nikon, Japan) and the
area of the wound was measured.

Transwell Migration Assay
Transwell chambers (8-mm pore size; 24-well) were used for
migration assays (Costar; Corning Incorporated, Corning, NY,
United States). U87MG and CHG-5 cells were plated into the
upper chamber at 1 × 104 cells/well in 200 ml of serum-free
DMEM, while the lower chamber was filled with DMEM
containing 10% FBS. Various concentrations (0, 25, 50, 100
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FIGURE 1 | Eriodictyol suppresses the proliferation of cancer cell lines in vitro. (A) The structure of eriodictyol. (B) Anti-cancer activity of eriodictyol. Several cancer
cell lines were treated with different concentrations of eriodictyol (0, 25, 50, 100, 200, or 400 mM) for 48 h, and cell viability was measured by CCK-8 assay. (C) The
treatment of four different glioma cell lines gave results similar to those presented in (B). (D, E) Glioma cell lines U87MG and CHG-5 were treated with varying
concentrations of eriodictyol for 24, 48, or 72 h, and subjected to CCK-8 assay. (F) Cytotoxic effects of eriodictyol. Normal mouse astrocytes were treated with
different concentrations of eriodictyol for 48 h, and cell viability was evaluated by CCK-8 assay. (G) U87MG cells, CHG-5 cells, and normal mouse astrocytes were
treated with different concentrations of eriodictyol for 48 h, and then the cells were harvested for macrophage observation at 40× magnification. Data are presented
as the mean ± SD of three experiments.
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mM) of eriodictyol were added to the upper chambers. After 24 h
incubation at 37°C, non-migrated cells were removed from the
upper side of each chamber with a cotton swab. Cells on the
lower side of the chamber were fixed with 4% paraformaldehyde
for 30 min at room temperature and then stained with 0.5%
crystal violet for 15 min. Migrated cells were counted at 100×
magnification using a microscope (Nikon).

Transwell Invasion Assay
The Transwell chamber was pretreated with Matrigel (Corning,
NY, United States) and dried at 37°C for 1 h. Other procedures
were the same as for the Transwell migration assay. The results of
the Transwell invasion assay were also calculated according to
the number of transferred cells.

Cell Cycle Analysis
U87MG and CHG-5 cells were plated in six-well plates at a
density of 2 × 105 cells per well. After 12 h, various
concentrations (0, 25, 50, 100 mM) of eriodictyol were added
to each well, and cells were incubated for an additional 48 h.
Then both floating and adherent cells were collected and washed
with PBS twice. Subsequently, the cells were fixed in 70% ethanol
solution overnight and finally suspended in 50 mg/ml of PI
solution containing 0.5% Triton X-100 and 2% RNase A.
Finally, the cell cycle was determined using a CytoFLEX flow
cytometer (Beckman Coulter, United States).

Flow Cytometric Analysis of Apoptosis
Similar to the cell cycle analysis, U87MG and CHG-5 cells were
plated in six-well plates (2 × 105 cells/well), and treated with
different concentrations (0, 25, 50, or 100 mM) of eriodictyol.
After 48 h treatment, the cells were collected and washed with
cold PBS and suspended in 100 ml of 1× binding buffer, followed
by the addition of 5 ml of FITC Annexin V and 5 ml of PI and
incubation for 10 min at room temperature in the dark. Finally,
after the addition of 400 ml of 1× binding buffer, samples were
analyzed with a CytoFLEX flow cytometer (Beckman Coulter).

Hoechst 33342 Analysis
U87MG and CHG-5 cells were plated in 24-well plates at a
density of 1 × 104 cells per well. Different concentrations (0, 25,
50, or 100 mM) of eriodictyol were added to each well, and cells
were incubated for 48 h. Subsequently, the cells were stained with
Hoechst 33342 (10 mg/ml) for 10 min at 37°C in the dark.
Subsequently, the cells were washed twice with PBS and observed
by fluorescence microscopy at 200× magnification (Nikon).

TUNEL Assay for Eriodictyol-Induced
Apoptosis
U87MG and CHG-5 cells were seeded into 24-well plates (1 ×
104 cells/well) and incubated overnight. The cells were treated
with different concentrations of eriodictyol for 48 h. Apoptosis
was determined by TUNEL assay. The TUNEL assay was
performed according to the instruction manual (Vazyme
Biotech, China). Cells were photographed by fluorescence
microscopy at 200× magnification (Nikon).
Frontiers in Pharmacology | www.frontiersin.org 4
Western Blot Analysis
Cells and tumor tissues were lysed in RIPA buffer containing 1
mM protease inhibitor and 1 mM phosphatase inhibitor
(Bimake, Houston, TX, USA). The protein concentration was
measured by bicinchoninic acid (BCA) assay (BCA kit, Beyotime
Biotechnology, China). Subsequently, proteins were separated by
(6%, 8%, and 12%) sodium dodecyl sulfate-polyacrylamide gel
e lectrophores is (SDS-PAGE), e lectrotransferred to
polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA, USA), and incubated with primary antibodies
overnight at 4°C. Subsequently, the PVDF membranes were
washed with TBST for three times and then incubated with
secondary antibodies for 2 h at room temperature. Finally,
protein bands were visualized by an Odyssey® CLx Imaging
System (LI‐COR Biosciences, United States).

Reverse Transcription Quantitative
Polymerase Chain Reaction (RT-qPCR)
Briefly, total RNA was extracted following the instruction
manual of the RNA extraction kit (TIANGEN Biotech, China),
and 1 mg of total RNA was reverse transcribed to cDNA by using
the All-in-One cDNA Synthesis SuperMix kit (Bimake). Then,
qPCR was performed using the PCR kit according to the
instructions. Expression values were normalized to the
expression of b-actin. Primers used in this study were the
following: Bax: 5′-TGCGTCCACCAAGAAGC-3′ (forward),
5′-TCCAGTTCGTCCCCGAT-3′ (reverse); Bcl-2: 5′-GCGGA
TTGACATTTCTGTG-3′ (forward), 5′-CATAAGGCAACG
ATCCCA-3′ (reverse); Bcl-xL: 5′-CCTGGGTTCCCTTTCCTT-
3′ (forward), 5′-TCCTGGTCCTTGCATCTTT-3′ (reverse); b-
actin: 5′-AGGGTGTTGTGGAGATGGG-3′ (forward), 5′-TG
GCCTTGAGTTTCCTGCT-3′ (reverse).

Immunohistochemistry Staining
Tissue sections were dewaxed, soaked in ethanol, and then
blocked with 3% H2O2 for 10 min. Next, the tissue sections
were washed carefully by distilled water and blocked with 5%
goat serum. Then the sections were incubated with primary
antibodies overnight at 4°C. Subsequently, sections were washed
with PBS and further incubated with secondary antibodies.
Finally, tissue sections were stained with DAB and observed
with a light microscope at 200× magnification (Nikon).

Xenograft Mouse Model
Nude mice (50% male and 50% female, 4–5 weeks old) were
obtained from the Animal Ethics Committee of Chongqing
Medical University and housed in a specific pathogen-free
laboratory environment. The nude mice were injected
subcutaneously with U87MG cells (5 × 106) to establish the
xenograft model. When tumors had grown to about 50 mm3,
mice were divided randomly into five groups and injected
intraperitoneally with normal saline, 50, 100, or 200 mg/kg
eriodictyol, or 50 mg/kg temozolomide once per day for 21
days. Tumor size and mouse body weight were measured every
three days. After three weeks, all mice were sacrificed, and the
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t umor s were exc i s ed , we i ghed , and fixed in 4%
paraformaldehyde for further analysis.

Statistical Analysis
Statistical analysis was carried out using GraphPad 6.0 software.
The results are presented as means ± SD or SEM. Data were
analyzed using Student's t-test or ANOVA, and P < 0.05 was
considered to indicate statistical significance.
RESULTS

Eriodictyol Inhibits the Proliferation of
Glioma Cells in Vitro
To evaluate the potential anti-cancer effect of eriodictyol on
cancer cells, we treated several cancer cell lines (NCI-H1975 lung
cancer, HCT116 colon cancer, CAL148 breast cancer, PANC1
pancreatic cancer, U87MG glioma, and HepG2 liver cancer cell
lines) with different concentrations of eriodictyol (0, 25, 50, 100,
200, or 400 mM). After 48 h, the proliferation of cancer cell lines
was examined through the CCK-8 assay. Our data demonstrate
that eriodictyol could suppress cancer cell proliferation,
especially in U87MG glioma cells (Figure 1B). Then, in order
to further explore the anti-proliferation effect of eriodictyol on
glioma cells, the CCK-8 assay was repeated with four glioma cell
lines (U87MG, CHG-5, A172, and T98-G). The results are
shown in Figure 1C. The growth of U87MG and CHG-5
glioma cells was significantly inhibited by eriodictyol treatment
in a dose- and time-dependent manner (Figures 1D, E). IC50

values of eriodictyol for U87MG and CHG-5 cells were presented
in Table 1. Moreover, the anti-proliferation effect of eriodictyol
was strong on glioma cells but very weak on normal mouse
astrocytes (Figures 1F, G).

Eriodictyol Inhibits Cell Colony Formation
in U87MG and CHG-5 Cells
U87MG and CHG-5 cells were seeded into six-well plates and
cultured with different concentrations of eriodictyol (0, 10, 20, or
40 mM) for 12 days. As shown in Figures 2A, B, the colony
formation ability of U87MG and CHG-5 cells was dramatically
inhibited by eriodictyol.

Eriodictyol Inhibits U87MG and CHG-5 Cell
Migration and Invasion
The anti-migration and anti-invasion effects of eriodictyol on
U87MG and CHG-5 cells were evaluated by wound healing and
Frontiers in Pharmacology | www.frontiersin.org 5
Transwell assays. Eriodictyol significantly inhibited the wound
healing ability of U87MG and CHG-5 cells in a dose- and time-
dependent manner (Figures 3A, B). Moreover, the Transwell
assay showed that (i) eriodictyol markedly inhibited the
migration ability of U87MG and CHG-5 cells, consistent with
the wound healing assay, and (ii) the number of cells which
passed through the membrane was obviously reduced with
increasing eriodictyol concentrations (0, 25, 50, and 100 mM)
(Figures 3C, D).

Eriodictyol Induces Cell Cycle Arrest at
the S Phase in U87MG and CHG-5 cells
To investigate the effects of eriodictyol on the cell cycle, we
treated U87MG and CHG-5 cells with eriodictyol for 48 h, and
their cell cycle status was determined by flow cytometry. The
data indicate that eriodictyol arrests the cell cycle at the S phase
(Figures 4A, B).

Eriodictyol Significantly Induces Apoptosis
in U87MG and CHG-5 cells
The effects of eriodictyol on glioma cell apoptosis were
investigated by flow cytometry, Hoechst 33342 assay, and
TUNEL assay. Firstly, the apoptotic effects on glioma cells
(U87MG and CHG-5) were detected by Hoechst 33342 assay.
The cell brightness, the degree of chromatin condensation, and
nuclear fragmentation increased upon treatment with increasing
eriodictyol concentrations (0, 25, 50, and 100 mM) (Figure 5A).
Then, we used flow cytometry to further evaluate the anti-cancer
effects of eriodictyol. As shown in Figures 5B, C, the number of
apoptotic cells increased with increasing eriodictyol
concentrations. Finally, we examined the apoptotic effects of
eriodictyol by TUNEL assay. The fluorescence intensity of
U87MG and CHG-5 increased upon eriodictyol treatment
(Figure 5D).

The Effects of Eriodictyol on the
Expression of Apoptotic Markers
To further explore the apoptotic effects of eriodictyol on U87MG
and CHG-5 cells, expression levels of a series of apoptosis-related
proteins were measured by Western blot. As shown in Figure
6A, the expression levels of cleaved Caspase-3, 8, and 9, cleaved
PARP, and Bax in U87MG and CHG-5 cells were increased upon
eriodictyol treatment, while the expression levels of anti-
apoptotic proteins (Bcl-2 and Bcl-xL) were decreased. Next, we
detected the mRNA levels of Bax, Bcl-2, and Bcl-xL in U87MG
and CHG-5 cells after treatment with eriodictyol. The changes in
mRNA levels were consistent with our Western blot results
(Figure 6B).

The Effects of Eriodictyol on the PI3K/Akt/
NF-kB Signaling Pathway
To investigate the mechanisms by which eriodictyol induces
apoptosis in glioma cells, we measured the levels of proteins in
the PI3K/Akt/NF-kB signaling pathway by Western blot. The
expression levels of p-PI3K, p-Akt, p-IkBa, and p-NF-kB were
downregulated upon treatment with eriodictyol (Figure 7A).
TABLE 1 | Eriodictyol IC50 values for glioma cell lines.

Cell line IC50 (mM)

24 h 48 h 72 h

U87MG 190.63 ± 1.92 51.65 ± 1.28 36.10 ± 1.58
CHG-5 203.10 ± 2.13 114.19 ± 1.69 71.66 ± 1.11
IC50 is presented as mean ± SEM.
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Activation of the PI3K/Akt/NF-kB Signaling
Pathway Attenuates the Apoptotic Effects
of Eriodictyol on U87MG and CHG-5 cells
To further investigate the mechanisms underlying eriodictyol-
induced apoptosis in glioma cells, we measured cell viability by
CCK-8 assay after treatment with eriodictyol, 740 Y-P (PI3K
agonist), LY294002 (PI3K inhibitor), eriodictyol combined with
740 Y-P, or eriodictyol combined with LY294002. As shown in
Figure 7B, eriodictyol significantly inhibited the cell viability of
U87MG and CHG-5 cells. Moreover, 740 Y-P (25 mg/ml)
reversed the eriodictyol-induced decline in cell viability, and
LY294002 (30 mM) enhanced the effects of eriodictyol on cell
Frontiers in Pharmacology | www.frontiersin.org 6
viability. Next, we measured the rate of apoptotic cells by flow
cytometry, and the results were consistent with our CCK-8 assay
results (Figures 7C, D). The expression levels of apoptosis-
related and PI3K/Akt/NF-kB signaling pathway proteins were
measured by Western blot. The expression levels of Bax and
cleaved PARP were increased by eriodictyol, while the opposite
was observed for 740 Y-P (Figure 7E). Moreover, 740 Y-P
significantly reversed the eriodictyol-inhibited phosphorylation
of PI3K, Akt, IkBa, and NF-kB. Collectively, these results
suggest that the eriodictyol-induced apoptosis of U87MG and
CHG-5 cells might be correlated with the PI3K/Akt/NF-kB
signaling pathway.
FIGURE 2 | Effects of eriodictyol on the colony formation ability of glioma cells. (A) U87MG and CHG-5 cells were treated with eriodictyol (0, 10, 20, or 40 mM) for
12 days, and stained with 0.5% crystal violet solution. (B) Quantification of the number of colonies. The data are shown as the mean ± SD of three experiments. *P <
0.05, **P < 0.01, ***P < 0.001 compared with the control group.
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FIGURE 3 | Eriodictyol inhibits the migration and invasion of U87MG and CHG-5 cells in vitro. (A) The cell migration ability was determined by wound healing assay.
(B) Quantification of the migrated cells. (C) The cell migration and invasion were determined by Transwell assay. (D) Quantification of the migrated and invasive cells.
The data are shown as the mean ± SD of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group.
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Eriodictyol Inhibits Glioma Growth and
Induced Apoptosis in Xenograft Mouse
Model
We also investigated the anti-cancer activities of eriodictyol
in vivo. A xenograft mouse model was established using
U87MG cells and nude mice (Figure 8A). We found that
eriodictyol dose-dependently reduced the tumor volume and
weight (Figures 8B, C). Furthermore, the weight loss of mice
in the eriodictyol group was significantly smaller than that of
the temozolomide group compared with the control group
Frontiers in Pharmacology | www.frontiersin.org 8
(Figure 8D). However, the anti-cancer effects of eriodictyol
were weaker than those of temozolomide, even at high doses.
After TUNEL staining, the number of TUNEL-positive cells in
tumor tissue sections was increased after eriodictyol
treatment. The number of Ki67-positive cells, however,
decreased after eriodictyol treatment in a dose-dependent
manner (Figures 9A, B). The expression levels in tumor
tissue of Caspase-3 and Bax were measured by Western blot.
As shown in Figure 9C, the expression levels of cleaved
Caspase-3 and Bax were increased upon eriodictyol
FIGURE 4 | Eriodictyol induces cell cycle arrest in U87MG and CHG-5 cells. (A) U87MG and CHG-5 cells were treated with eriodictyol (0, 25, 50, or 100 mM) for 48
h, and cell cycle arrest was examined by flow cytometry. (B) Bar graphs showing the percentages of U87MG and CHG-5 cells in different phases.
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FIGURE 5 | Eriodictyol induces apoptosis in U87MG and CHG-5 cells. (A, B) U87MG and CHG-5 were treated with eriodictyol (0, 25, 50, or 100 mM) for 48 h, and
the effects of eriodictyol on apoptosis of glioma cells were determined by Hoechst 33342 analysis and flow cytometry. (C) Quantification of the apoptotic cells. (D)
Cell apoptosis was detected by TUNEL assay. The data are shown as the mean ± SD of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the
control group.
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FIGURE 6 | Effects of eriodictyol on the expression of apoptosis markers in glioma cells. (A) U87MG and CHG-5 cells were treated with eriodictyol (0, 25, 50, or
100 mM) for 48 h, and the expression levels of cell apoptosis-related proteins were measured by Western blot. (B) The mRNA levels of Bax, Bcl-2, and Bcl-xL in
U87MG and CHG-5 cells were measured by RT-qPCR after treatment with eriodictyol for 48 h. The data are shown as the mean ± SD of three experiments.
**P < 0.01, ***P < 0.001 compared with the control group.
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FIGURE 7 | Eriodictyol-induced apoptosis of glioma cells is mediated by the PI3K/Akt/NF-kB signaling pathway. (A) Western blot analysis of the expression of PI3K/
Akt/NF-kB signaling pathway proteins after treatment with eriodictyol (0, 25, 50, or 100 mM) for 48 h. (B) Viability of U87MG and CHG-5 cells as measured by CCK-
8 assay. Cells were treated with or without eriodictyol (100 mM) for 48 h after PI3K agonist (740 Y-P, 25 mg/ml) or inhibitor (LY294002, 30 mM) pretreatment for 2 h.
(C) The number of apoptotic cells was examined by flow cytometry after treatment as in (B). (D) Quantification of the apoptotic cells. (E) Expression levels of Bax,
PARP, and PI3K/Akt/NF-kB signaling pathway proteins were measured by Western blot after treatment as in (B). The data are shown as the mean ± SD of three
experiments. *P < 0.01, ***P < 0.001 compared with the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the eriodictyol group.
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treatment. These results illustrate that eriodictyol could
inhibit glioma growth in vivo.
DISCUSSION

Glioma is the most common and aggressive malignant tumor
found in the CNS (Ostrom et al., 2017). Chemotherapy plays an
important role in the treatment and prognosis of patients with
glioma (Patil et al., 2013). However, the efficacy of current
chemotherapies is not ideal due to side effects and the
development of drug resistance. Therefore, the discovery of
new drugs with more potency and less toxicity is essential.

Eriodictyol is a natural flavonoid compound. Previous studies
have shown that eriodictyol exerts anti-inflammatory and
Frontiers in Pharmacology | www.frontiersin.org 12
antioxidant effects both in vitro and in vivo (Li et al., 2018; He
et al., 2019). However, the effects of eriodictyol on cancer and its
underlying mechanisms largely remain unexplored.

In the present study, we have investigated the anti-cancer
effects of eriodictyol in human glioma cells in vitro and in vivo.
Our results demonstrate that eriodictyol can significantly
suppress proliferation, metastasis and induce apoptosis in
glioma cells. First, we examined the anti-cancer activity of
eriodictyol in various cancer cell lines, including lung, colon,
breast, pancreas, liver cancer and glioma cell lines. In addition,
we evaluated the cytotoxicity of eriodictyol on normal mouse
astrocytes. Interestingly, we found that eriodictyol could inhibit
the cell viability of many cancer cell lines, especially glioma
cells, but slightly of normal mouse astrocytes, indicating that
eriodictyol has high anti-tumor activity and low toxicity.
FIGURE 8 | Eriodictyol inhibits glioma growth in vivo. (A) Nude mice were injected subcutaneously with U87MG cells to establish the xenograft model. When tumors
had grown to about 50 mm3, mice were injected intraperitoneally with 50, 100, or 200 mg/kg eriodictyol or 50 mg/kg temozolomide once per day for 21 days. (B)
The tumors were weighed at the end of the study. (C, D) Tumor volume and mouse body weight were measured every three days. All data are shown as the mean
± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group.
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FIGURE 9 | Eriodictyol inhibits proliferation and induces apoptosis of glioma cells in vivo. (A, B) Proliferation and apoptosis were examined in tumor tissue by Ki67
staining and TNUEL assay (magnification, 200×). (C) Expression levels of Caspase-3 and Bax in tumor tissue were measured by Western blot.
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Second, we assessed the effects of eriodictyol on the
proliferation of glioma cells by colony formation assay. The
results demonstrate that eriodictyol could significantly inhibit
colony formation of glioma cells in a dose-dependent manner.
The high invasiveness and fast migration of gliomas is one of
the main reasons for poor prognosis in patients with glioma (Qi
et al., 2017). Therefore, to improve the prognosis of patients
with glioma, it is important to effectively inhibit invasion and
migration of glioma. We evaluated the effects of eriodictyol on
invasion and migration of glioma cells by wound healing and
Transwell assays. The data show that eriodictyol markedly
suppressed invasion and migration of human glioma cells.
Moreover, we found that the cell cycle was arrested at the S
phase upon eriodictyol treatment. This suggests that eriodictyol
might induce DNA replication damage in glioma cells (Bailon-
Moscoso et al., 2017). Similar to our findings, other anti-cancer
flavonoid compounds, such as ampelopsin, quercetin, and
baicalein also arrest the cell cycle at the S phase (Mu et al.,
2016; Srivastava et al., 2016; Cheng et al., 2017).

Apoptosis, one of the main ways of cell death, plays a critical
role in homeostasis in human bodies (Rubinstein and Kimchi,
2012). Induction of apoptosis in tumors is a key mechanism
targeted by many anti-cancer drugs (Jiang et al., 2015). In this
study, the effects of eriodictyol on apoptosis in glioma cells were
detected by flow cytometry, Hoechst 33342 assay, and TUNEL
assay. We observed that eriodictyol could markedly induce
apoptosis in U87MG and CHG-5 glioma cells. Moreover, we
also found that eriodictyol induced apoptosis in U87MG and
CHG-5 cells by activating Caspase-3, 8, 9 and cleaving PARP.
We further investigated the Bcl-2 protein family and discovered
that the expression of Bax was increased and that of Bcl-2 and
Bcl-xL was decreased after eriodictyol treatment. According to
their roles in the regulation of apoptosis, the Bcl-2 family
proteins can be divided into two groups, i.e., Bax, Bad, Bid,
etc., which promote apoptosis, and Bcl-2 and Bcl-xL, which
inhibit apoptosis. Upregulation of Bax and downregulation of
Bcl-2 and Bcl-xL leads to (i) the release of cytochrome C from
mitochondria, (ii) the activation of mitochondrion-dependent
Caspase, and hence (iii) the induction of apoptosis in cells (Pena-
Blanco and Garcia-Saez, 2018).

PI3K/Akt signaling plays a critical role in cellular
proliferation, survival, and metabolism (Yang et al., 2016). The
expression of PI3K/Akt signaling pathway proteins is aberrantly
upregulated in a variety of cancers (Garcia-Echeverria and
Sellers, 2008). Activation of the PI3K signaling pathway can
promote cancer cell proliferation and suppress cancer cell death
(Janku et al., 2018). The NF-kB signaling pathway is one of the
most important signaling pathways regulating cellular
inflammatory responses. In addition, NF-kB signaling also
plays critical roles in cancer development (Hoesel and Schmid,
2013). Upregulation of the NF-kB signaling pathway, which
induces NF-kB translocation from the cytoplasm to the
nucleus, could promote cancer metastasis (Perkins, 2012).
Therefore, targeting of the PI3K/Akt/NF-kB signaling pathway
might be a promising strategy to treat cancer.
Frontiers in Pharmacology | www.frontiersin.org 14
Zhang et al. reported that eriodictyol could increase
insulin-stimulated glucose uptake in human hepatocellular
carcinoma cells by regulating the PI3K/Akt signaling
pathway (Zhang et al., 2012). In addition, eriodictyol was
found to reduce nitric oxide, TNF-a, IL-6, and IL-1b
production in LPS-stimulated RAW264.7 cells through
blocking the MAPK/NF-kB signaling pathway (Lee, 2011).
Therefore, we hypothesized that the mechanisms underlying
the anti-glioma effects of eriodictyol might be mediated
through regulation of the PI3K/Akt/NF-kB signaling
pathway. The present study indicates that eriodictyol dose-
dependently induces apoptosis through inhibiting the
phosphorylation of PI3K, Akt, and NF-kB. To further verify
whether the PI3K/Akt/NF-kB signaling pathway plays a key
role in eriodictyol-elicited apoptosis, the PI3K agonist 740 Y-P
and he PI3K inhibitor LY294002 were employed. The agonist
740 Y-P significantly reversed the eriodictyol-induced
apoptosis. In addition, 740 Y-P also reversed the eriodictyol-
mediated PI3K/Akt/NF-kB inactivation, Bax upregulation,
and cleaved PARP upregulation. LY294002 promoted
eriodictyol-induced cell apoptosis and PI3K/Akt/NF-kB
inhibition. These results imply that eriodictyol-induced
apoptosis of U87MG and CHG-5 cells is mediated, at last
partially, via the PI3K/Akt/NF-kB signaling pathway.

Finally, we evaluated the anti-tumor effects of eriodictyol in
vivo. In the xenograft mouse model, eriodictyol induced
apoptosis of glioma cells and inhibited tumor growth in a
dose-dependent manner. Ki67 staining showed that eriodictyol
effectively inhibited tumor growth. Both TUNEL staining and
Western blot demonstrated that eriodictyol could induce
apoptosis in tumor cells in vivo. Moreover, the weight loss of
mice in the eriodictyol group was significantly smaller than that
in the temozolomide group, and insignificantly lower than in the
control group, indicating that eriodictyol has lower toxicity than
temozolomide. However, the anti-cancer effects of eriodictyol in
vivo were weaker than those of temozolomide, even at high
doses. This problem might be solved by modifying the structure
of eriodictyol to enhance its anti-cancer activity. According to in
vitro and in vivo studies, eriodictyol could be developed as a
promising therapeutic agent for glioma. Our research is a
preliminary study on the anti-cancer effect of eriodictyol. In
the future, we will further investigate the mechanisms underlying
the anti-glioma effects presented in the present study, and we will
try to modify the structure of eriodictyol to improve its anti-
glioma activity.
CONCLUSION

Our current study illustrates that the natural flavonoid
eriodictyol could effectively inhibit glioma growth, possibly by
inducing apoptosis through blocking the PI3K/Akt/NF-kB
signaling pathway. These findings provide evidence that
eriodictyol is a potential therapeutic agent to treat glioma
patients in the future.
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