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Abstract

One kind of brain cancer with a dismal prognosis is called glioblastoma multi-

forme (GBM) due to its high growth rate and widespread tumor cell invasion

into various areas of the brain. To improve therapeutic approaches, the objective

of this research investigates the cytotoxic, anti-metastatic, and apoptotic effect of

urolithin-B (UB) as a bioactive metabolite of ellagitannins (ETs) on GBM U87

cells. The malignant GBM cell line (U87) was examined for apoptosis rate, cell

cycle analysis, cell viability, mRNA expressions of several apoptotic and

metastasis-associated genes, production of reactive oxygen species (ROS),

MMP-2, and MMP-9 activity and protein expression, and migration ability. The

findings revealed that UB decreased U87 GBM viability in a dose-dependent

manner and NIH/3T3 normal cells with the IC50 value of 30 and 55 μM after

24 h, respectively. UB also induces necrosis and G0/G1 cell cycle arrest in U87

cells. UB also increases ROS production and caused down-regulation of Bcl2 and

up-regulation of Bax apoptotic genes. Additionally, treatment of UB reduced the

migration of U87 cells. The protein levels, mRNA expression, and the MMP-2

and MMP-9 enzyme activities also decreased concentration-dependently. So, due

to the non-toxic nature of UB and its ability to induce apoptosis and reduce the

U87 GBM cell invasion and migration, after more research, it can be regarded as

a promising new anti-GBM compound.
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1 | INTRODUCTION

One kind of brain cancer with a dismal prognosis is
called glioblastoma multiforme (GBM). The tumor

originates from astrocyte glial cells and is extremely dan-
gerous due to the fast proliferation and infiltration of
tumor cells into various areas of the brain.1 Surgery to
remove the tumor is always difficult due to glioblastoma's
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aggressive nature. The existing treatment such as tumor
surgery, radiation therapy, or chemotherapy
(Temozolomide, etc.) is not too effective in increasing the
average survival rate of 12–15 months.2,3 Therefore, to
improve the therapeutic approach, antitumor agents that
target GBM cancer cell proliferation and metastasis are
needed.

Natural product research is an effective method for
identifying biologically active substances and has been
crucial in discovering novel structures and mechanisms
of action that may be utilized to treat a variety of human
illnesses. Numerous natural compounds, notably those
used in the treatment of cancer like Taxol, Metformin,
Vinblastine, and Camptothecin, are now undergoing clin-
ical testing.4,5

Both ellagitannins (ETs) and ellagic acid (EA) have
shown potential preventive effects against different types
of diseases including diabetes, neurodegenerative dis-
eases, and cancer via their anti-inflammatory, antioxi-
dant, estrogenic modulators, and anticarcinogenic
effects.6 Pomegranate, walnut, strawberry, and many
other nuts and fruits are rich in active compounds ET
and EA. The bioavailability and metabolism of ET
and EA are very low and unabsorbed compounds metab-
olized to bioavailable products urolithin-A (UA,
3,8-dihydroxy-6H-dibenzo[b,d] pyran-6-one) and
urolithin-B (UB, 3-hydroxy-6H-dibenzo[b,d] pyran-
6-one) (Figure 1). After urolithins production and
absorption into the bloodstream metabolized again and
conjugated with methyl, glucuronic acid, or sulfate that
can persist in the blood up to 3–4 days after the intake.
Consistently, various types of studies showed that the
main metabolites in plasma after consumption of ET-
containing foods are UA and UB in different animals
and humans.7 UA as well as UB were detected in the
animal's brain after intravascular and oral administra-
tion and showed neuroprotective effects in Alzheimer's

and Parkinson's animal models.8–12 In addition, differ-
ent in vitro studies conducted with urolithins on neuro-
nal cell models concluded that using physiologically
concentrations (up to 10 μM) of the free and conjugated
form of UB as well as UA can exert a high neuroprotec-
tive effect mediated through the prevention of neuronal
apoptosis, anti-oxidant, and anti-inflammatory activi-
ties.12 However, some other in vitro studies have evalu-
ated and compared the neuroprotective effect of UB
with its circulating conjugated forms reporting lower
attenuation on the H2O2-induced cytotoxicity in neuro-
blastoma SH-SY5Y cells.13,14 Moreover, recent studies
revealed that UB can reduce metastasis and induce apo-
ptosis in varied types of cancerous cells such as prostate,
bladder, breast, and colon.15–18 Considering that UB
could reach the brain and its anticancer effect, it may be
considered a potential candidate for GBM therapy. But
molecular, cellular, and metabolic mechanisms related
to cytotoxic and anti-metastatic behavior of UB on GBM
cells remain to be determined. All things considered,
this research study aimed to evaluate UB's cytotoxic and
anti-metastatic effects on GBM cancer cells for the
first time.

2 | MATERIAL AND METHODS

2.1 | Chemical reagents

Propidium iodide (PI), penicillin–streptomycin, and
Resazurin powder were provided from Sigma–Aldrich.
High-glucose Dulbecco's Modified Eagle's Medium
(DMEM), trypsin–EDTA, and Fetal bovine serum (FBS)
were acquired from Gibco. The dichloro-dihydro-
fluorescein diacetate (DCFDA)/H2DCFDA-cellular ROS
detection assay kit was obtained from Abcam. N-Acetyl-
cysteine (NAC) and Annexin V-FITC assay kit were
bought from Cayman Chemical. Specific antibodies
against beta-actin, MMP-2, and MMP-9 were prepared
from Zell BIO GmbH. The secondary antibody horserad-
ish peroxidase-conjugated was obtained from (Santa
Cruz). The SuperSignal® chemiluminescence kit was
obtained from Thermo Fisher Scientific, Inc. The bicinch-
oninic acid (BCA), kit for protein assays, was acquired
from Pars Tous. UB was provided by Golexir Pars
Co. Unless otherwise provided, all additional compounds
were bought from Sigma–Aldrich.

2.2 | Cell culture

The malignant glioblastoma multiform cell line Uppsala
87 (U87) and the non-neoplastic NIH/3T3 fibroblast cell

FIGURE 1 Chemical structure of UB 3-hydroxy-6H-dibenzo

[b,d] pyran-6-one (molecular weight 212.20 g/mol). UB, urolithin B
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line were provided by Iran's National Cell Bank (Pasteur
Institute). The cells were cultured in high glucose DMEM
complemented with 100 unit/ml of penicillin–
streptomycin and10% FBS.

2.3 | Cell viability assay

Cytotoxicity was determined based on the colorimetric
Alamar Blue (AB) assay. AB contained a redox dye
named resazurin, which metabolically active cells
reduced to resorufin and dihydro resorufin measured by
both colorimetric and fluorometric changes.19 Briefly, in
96 well plates (1.2 � 104 cells/well), U87 and NIH/3T3
cells were seeded and incubated for a whole night at
37�C with 5% CO2. Then, the U87 cells were treated with
various doses of UB (4.68, 9.37, 18.75, 37.5, 75, 150,
300, and 600 μM) for 24 h. Next, after adding AB
(0.01 mg/mL of resazurin dissolved in PBS) to each well
for 3 h, the fluorescence was measured (530/590 nm)
using a Victor X5 Multiplable Plate Reader (Perkin
Elmer). All the treatments were performed in triplicate.
The IC50 value was determined using GraphPad Prism®

8.2.1 software.

2.4 | Cell cycle analysis

U87 cells were seeded in 6-well plates (105 per well) and
were incubated with 30 μM of UB for 24 h. Following
trypsinization, cells were fixed in 70% ethanol at 4�C for
2 h. Following that, at room temperature, cells were trea-
ted in PBS for 30 min with 100 mg/ml of 1% RNase. Next,
400 μl of PI solution which contains 50 μg/ml PI, 1 mg/ml
sodium citrate, and 0.1% Triton X-100 was added
and after 30 min of dark incubation, the cells were exam-
ined. Ten thousand cells were evaluated in each sample
and cell cycle distribution was assessed in a BD
FACSCALIBUR™ FLOW CYTOMETER (Becton Dickin-
son), and the program FlowJo V10 was used to examine
the results (Flowjo).

2.5 | Annexin V-FITC assay

Apoptosis and necrosis of U87 cells induced by UB
(30 μM) were detected using the Annexin V-FITC stain-
ing kit as described previously.20 A flow cytometric
assessment was carried out on 10,000 stained U87 cells
using a BD FACSCALIBUR™ FLOW CYTOMETER
(Becton Dickinson). The program FlowJo V10 was used
to examine the results.

2.6 | Measurement of reactive oxygen
species activity

Following the manufacturer's instructions, the cellular
ROS detection kit measured the level of ROS. As
described,21 25 � 103 U87 cells were seeded and culti-
vated overnight into dark 96 well tissue culture plates.
After overnight, the cells were washed and stained with
25 μM of H2DCFDA solution for 45 min in the dark.
After rewashing, UB (15 and 30 μM) and NAC (5 Mm)
were added to the cells for 24 h. A set of filters with a
485 excitation and 535 emission were used to measure
the fluorescence intensity by a Victor X5 Multiplable
Plate Reader. All the treatments were performed in tripli-
cate and the results normalized to the volume of cells
using the BCA protein assay method.22

2.7 | Quantitative real-time polymerase
chain reaction (qRT-PCR)

Using the Favorgen RNA extraction kit (Favorgen Bio-
tech), total RNA was extracted from the UB-treated U87
cells (15 and 30 μM) by the manufacturer's instructions.
Utilizing agarose gel electrophoresis and UV spectropho-
tometry (NanoDrop 1000™), the concentration and the
extracted RNA's purity were evaluated. Total RNA was
reverse transcribed to cDNA using an easy cDNA synthe-
sis kit (Parstous), and qRT-PCR with specific primers for
GAPDH, Bax, Bcl-2, VEGF, MMP-2, MMP-9, and VEGFR
listed in Table 1 (Metabion) was done using RealQ Plus
2X-MasterMix Green without Rox™ (Amplicon) and a
Light-Cycler 96 real-time PCR system was used for the
amplification (Roche). The relative expression of genes
was evaluated using the Livak technique.

2.8 | Gelatine zymography

The gelatinolytic activities and secretion of two members
of matrix metalloproteinase (MMP-9 and -2) were evalu-
ated by gelatine zymography as described before.23,24 In
brief, the U87 cells were treated with UB (15 and 30 μM)
for 24 h. After centrifuging the culture media, 30 μg of
total protein were electrophoresed on an SDS polyacryl-
amide gel at a concentration of 12% with 0.1 mg/ml gela-
tine as a substrate. The gel was washed using 2% Triton
X-100 three times for 60 min to remove SDS. Then, the
gel was incubated for 48 h to allow the gelatine to be
digested at 37�C in an incubation buffer containing 2.5%
Triton X-100, 50 mM Tris pH 7.4, 5 mM CaCl2, and 1 μM
ZnCl2. In the next step, for staining the gel used 0.5%
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Coomassie Brilliant Blue R-250 for 60 min and de-stained
the gel with 25% ethanol plus 10% acetic acid in dH2O to
see the bands. The gel was photographed using the GS-
800 calibrated densitometer (Bio-Rad, HC) and images
were analyzed using Image J 1.52a software (NIH).

2.9 | Scratch wound healing assay

To assess UB's anti-migration effectiveness, we used the
Scratchwound healing test, as previously explained24 briefly,
7 � 105 U87 cells were seeded into a 6-well plate. Then a
sterile 100-μl pipette tip was used to scratch cells. Next, float-
ing cells were removed by phosphate buffer saline (PBS).
Finally, cells were incubated in a medium without serum
and UB (7.5 and 15 μM). After 24 h, using a light inverted
microscope, the scratch's border regions were investigated
and captured on camera (Zeiss Axiovert® 200). All the
treatments were conducted in a triplicate independent test.

2.10 | Western blotting

Similar to earlier research, we performed western blot-
ting to assess the expression of MMP-2 and MMP-9

proteins on UB-treated U87 cells.25,26 U87 cells
(7 � 105) were cultured in 6-well plates and given UB
(15 and 30 μM) treatments. Then, using a BCA protein
assay kit, the protein content was determined after
the cells had been lysed in RIPA lysis buffer. The
lysates were transferred to nitrocellulose paper
(Amersham) after being separated by 12% SDS-PAGE.
After blocking with 5% skim milk mixed in Tris-
buffered saline (TBS) buffer, primary antibodies were
diluted (1: 1000) and were overnight incubated with
the membrane. After three TBS-Tween-20 (0.1%)
washes, a secondary antibody that was conjugated
to horseradish peroxidase was applied to the mem-
brane. Each protein's detection was carried out using
the Super Signal® following the manufacturer's
recommendation.

2.11 | Statistical analysis

GraphPad Prism® 8.2.1 software was used to analyze the
data using a one-way analysis of variance (ANOVA) and
Dunnett's post hoc test. The p-value <0.05 was declared
to have statistical significance. Data were displayed as the
mean ± standard deviation.

TABLE 1 The sequence of primers

Gene
symbol Gene name Primers (50 �! 30)

Accession
number

Bax Bcl-2-associated X protein Forward: TGACGGCAACTTCAACTGGG
Reverse: CTTCAGTGACTCGGCCAGGG

NM_001291428.2

Bcl-2 B-cell lymphoma 2 Forward: GTCATGTGTGTGGAGAGCGTC
Reverse: CCGTACAGTTCCACAAAGGCATC

NM_000633.3

VEGF Vascular endothelial growth factor Forward:
AGGGCAGAATCATCACGAAGT
Reverse:
AGGGTCTCGATTGGATGGCA

NM_001025366.3

VEGFR Vascular endothelial growth factor
receptor

Forward:
ACAATCAAGTGGTTCTGGCAC
Reverse:
TGTCAGCATCCAGGATAGAGG

NM_002253.4

MMP-2 Matrix metalloproteinase-2 Forward:
GATACCCCTTTGACGGTAAGGA
Reverse:
CCTTCTCCCAAGGTCCATAGC

NM_001302510.2

MMP-9 Matrix metalloproteinase-9 Forward:
AGACCTGGGCAGATTCCAAAC
Reverse:
CGGCAAGTCTTCCGAGTAGT

NM_004994.3

GAPDH Glyceraldehyde-3-phosphate
dehydrogenase

Forward: TCAAGATCATCAGCAATGCCTCC
Reverse: GCCATCACGCCACAGTTTC

NM_001357943.2
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3 | RESULTS

3.1 | Urolithin-B decreased the viability
of U87 cells

The effect of different doses of UB (600, 300, 150, 75, 37.5,
18.75, 9.37, 4.68) on U87 GBM cells and NIH/3T3 fibro-
blast normal cells were investigated at 24 h using the
resazurin method. As indicated in Figure 2A, UB signifi-
cantly decreased the viability of U87 cells in doses higher
than 37.5 μM. The IC50 value of UB on U87 cells was
about 30 μM. UB also was dose-dependently toxic to
NIH/3T3 normal cells, but UB at an equivalent concen-
tration of 37.5 μM was not toxic for NIH/3T3 cells. More-
over, the IC50 value of UB for NIH/3T3 cells was 55 μM
(Figure 2B).

3.2 | Urolithin-B-induced necrosis and
cell cycle arrest in U87 cells

To assess the amount and mechanism of apoptosis by
UB, cell cycle arrest, annexin V-FITC PI, and alteration
of essential gene expression involved in the apoptotic
pathway were assessed in U87 cells treated with UB. As
shown in Figure 3A, the application of UB caused G0/G1
phase cell cycle arrest. Moreover, the amount of apoptotic
and necrotic U87 cells treated with UB was evaluated
through an annexin V-FITC PI double staining kit. The
results presented in Figure 3B have indicated that at a
concentration of 30 μM of UB, 14.4% of the cells were
necrotic. Our results indicate that UB substantially
increased necrosis in U87 cells contrasted with the con-
trol group (2.64%). Furthermore, alteration of two genes
expression involved in the apoptotic pathway in U-87
cells treated with UB was evaluated using qRT-PCR. The
findings revealed that the Bax pro-apoptotic and Bcl2
anti-apoptotic expression levels were remarkably and
dose-dependently increased and decreased in the cells
treated with UB (15 and 30 μM), respectively (Figure 3C).

3.3 | Urolithin-B increases the
production of reactive oxygen species

We evaluate ROS levels by using DCFDA to evaluate
ROS levels in U87 cells treated with UB (15 and 30 μM).
The findings of the ROS assay revealed that cells treated
with 30 μM of UB had considerably higher intracellular
ROS levels than control groups. NAC as a ROS inhibitor
(10 mM) was used as negative control and significantly
decreased ROS generation in contrast to the control
group (Figure 4).

3.4 | Urolithin-B reduces the migration
of U87 cells

The wound healing test was used to contrast the inhibi-
tory effects of UB on U87 cell migration. According to
Figure 5B, UB at concentrations of 15 and 7.5 μM, sup-
pressed cell migration concentration dependently. The
open wound area was greater in UB treated groups com-
pared to control untreated cells after 24 h (Figure 5A).
Moreover, to explore the possible molecular target of UB
involved in U87 cell motility, we looked into the expres-
sion of VEGF and VEGFR, which are necessary for the
migration, metastasis, and invasion of cancerous cells.27

According to Figure 5C, no noticeable change was seen
in VEGF and VEGFR mRNA expression between control
and UB treated U87 cells after 24 h.

3.5 | Urolithin-B potently reduces the
activity, mRNA, and MMP-2 and MMP-9
protein expression

Since MMP-2 and MMP-9 are related to invasion, tumor
relapse, and recurrence of GBM,28 activity, mRNA, and
MMP-2 and MMP-9 protein expression in U87 cells trea-
ted with 15 and 30 μM of UB were evaluated. The zymo-
graphy results showed that secretion and activity of
MMP-2 and MMP-9 considerably decreased after treat-
ment of U87 cells with UB (Figure 6A). MMP-2 and
MMP-9 were examined by qRT-PCR and western blot on
U87 cells treated with UB (15 and 30 μM) to determine if
the decrease in mRNA expression and proteins was the
cause of the reduction enzymatic activities of MMP-2 and
MMP-9. According to Figure 6B, UB significantly down-
regulated both MMP-2 and MMP-9 concentrations
dependent on the mRNA level 24 h after treatment. In
addition, UB decreased the MMP-2 and MMP-9 protein
expression (Figure 6C).

4 | DISCUSSION

One of the clinical hallmarks of GBM is extensive tumor
growth and metastasis to surrounding areas.29 Research
on natural products as anti-cancer agents is ongoing due
to different reasons including their undesirable side
effects and greater therapeutic efficiency.30 The findings
of the current investigation also showed that UB as a nat-
ural compound, dose-dependently decreases the viability
of U87 cells with the IC50 value of 30 μM. As mentioned
in the literature review, Urolithins as secondary polyphe-
nol metabolites of EA and ETs can reduce the cell viabil-
ity of tumors.31
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Moreover, urolithins can induce apoptosis and reduce
the proliferation of cancerous cells via cell cycle arrest,
induction of necrosis, and transcriptional regulation of

apoptotic genes.31 In the present research, the annexin V
PI assay has also been utilized to examine the effect of
UB on GBM cell apoptosis. The Annexin V PI results of

FIGURE 2 Effects of UB at different doses on U87's cell viability (A) and NIH/3T3 (B) cells after 24 h treatment using resazurin assay.

The IC50 value of UB for U87 and NIH/3T3 cells was about 30 and 55 μM, respectively. Data are an indicator of three independent

investigations (mean ± SD) (*p < 0.05, **p < 0.01, ***p < 0.001)

FIGURE 3 (A) The cell

cycle was assessed using flow

cytometry in U87 cells stained

with PI and treated with UB

(30 μM) for 24 h. UB might

considerably cause G0/G1 cell

cycle arrest. X-axis and y-axis

show PI and the number of

U87cells, respectively. (B) U87

GBM cells treated with UB

(30 μM) were double-stained

with Annexin V-FITC PI and

evaluated with the use of flow

cytometry to identify apoptosis

and necrosis. U87 cells treated

with UB demonstrated more

necrosis than the control group.

X-axis and y-axis showed

annexin V-FITC and PI,

respectively. Q4 to Q1 of the

diagram represent live cells,

early apoptotic, late apoptotic,

and necrotic cells, respectively.

(C) The mRNA expression of

Bcl2 and Bax apoptotic genes on

U87 cells treated with 15 and

30 μM of UB was evaluated

using qRT-PCR. The results are

demonstrated as means

± standard deviation (*p < 0.05

and **p < 0.01 contrasted with

the control). GBM, glioblastoma

multiforme; UB, urolithin B
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the current study showed that UB can cause necrosis
induction in U87 cells. Moreover, the results of cell cycle
analysis indicated the G0/G1 arrest of U87 cells treated
with UB. This finding is consistent with that of Min-yi Lv
(2019) indicating that UB may stop the G0/G1 cell cycle
and trigger apoptosis in hepatocellular cancer cell lines.32

This result may be explained by Sashi G Kasimsetty, who
demonstrates various derived of ETs including Urolithins

can inhibit cell growth by inducing apoptosis during the
G0/G1 and G2/M stages of the cell cycle.33 Furthermore,
the connection between intracellular ROS and cancer cell
cycle arrest and apoptosis is well known.34 The results of
the present study revealed that UB can induce ROS gen-
eration at high concentrations. These results corroborate
the findings of the previous work showing that UA and
UB could increase the ROS level in different types of
cancers.14,35

In response to ROS, c-Jun N-terminal kinases (JNKs)
activate and alter the expression of the anti-apoptotic and
apoptotic proteins.36,37 One of the efficient strategies for
cancer therapy is to decrease the Bcl2 family proteins that
inhibit apoptosis and contribute to apoptosis resistance
and increase the pro-apoptotic gene expression such as
Bax.38 In cancerous cells, Bcl2 bind to Bax reduced pore
formation and cytochrome c release, and inhibits intrin-
sic apoptosis.39 According to the study's findings, the U87
cells treated with UB enhanced the expression of the pro-
apoptotic protein Bax and decreased the expression of the
anti-apoptotic protein Bcl-2. These outcomes are in line
with those of Min-yi Lv et al., who discovered that UB
can significantly reduce the expression of Bcl-2.14 More-
over, previous research on the anti-cancer properties of
UA, another analog of a metabolite of the EA, decreases
expression in Bcl-2/Bax ratio.35,40 However, the results of
the Annexin V-FITC showed that cytotoxicity of UB is
mediated only by necrosis induction and cell cycle arrest
not by apoptosis. Different types of studies reported that
necrosis is not just an accidental form of cell death and

FIGURE 4 The effect of UB on ROS generation in U87 cells

after 8 h using DCFDA as a fluorogenic dye. ROS production

significantly increased after 8-h treatment of U87 cells with 30 μM
of UB. Also, NAC (10 mM) was applied on U87 cells as negative

control and the outcomes demonstrated that ROS generation was

much lower than the control. The results are expressed as means

± standard deviation (*p < 0.05 and **p < 0.01 compared to

control). NAC, N-acetyl-cysteine; ROS, reactive oxygen species; UB,

urolithin B

FIGURE 5 (A) Effect of UB (7.5

and 15 μM), employing a wound healing

approach, on the migration of U87 cells.

The wound closure was photographed

under phase-contrast microscopy.

(B) The migration rate of U87 cells was

assessed and UB significantly decreased

the migration of U87 cells after 24 h in

comparison to the control. (C) The

mRNA expression of VEGF and VEGFR

genes on U87 cells treated with 15 and

30 μM of UB was evaluated using qRT-

PCR. The findings are demonstrated as

means ± standard deviation (**p < 0.01,

***p < 0.001 contrasted with the

control). UB, urolithin B
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can be regulated by mitochondria.41 During necrosis,
Bcl-2 family members could interact with the compo-
nents of the mitochondrial permeability transition pore
(MPTP). Bax overexpression and Bcl-2 downregulation
caused the prolonged opening of MPTP pores, MPTP-
dependent mitochondrial swelling, loss of ATP produc-
tion, and high ROS generation to ultimately mediate
necrosis.41–43

Prior studies have noted the importance of using nat-
ural products as harmless chemotherapy compounds for
cancer therapy.44 The findings of the current research
revealed that UB can reduce the viability of NIH/3T3
normal fibroblast and U87 GBM cell line, but higher IC50

for NIH/3T3 points out that UB is less harmful. This find-
ing broadly supports the work of other studies showing
that the viability of cancer cells was considerably reduced
by UB and UA with less cytotoxicity toward normal cell
lines.32,35,45 Gonz�alez-Sarrías et al., showed that uro-
lithins have neuroprotective effects and prevent H2O2-
induced apoptosis in human SH-SY5Y neuron-like cells,

except for the lack of effect for UB.13 This finding was
also reported by DaSilva et al., who found that UA, UB,
and their methylated derivatives mitigated H2O2-induced
oxidative stress and apoptosis of SH-SY5Y neuron-like
and murine BV-2 microglia cells.14 UA and UB also
decrease the LPS-induced inflammation in BV2 cells sug-
gesting their potential neuroprotective effects.46

Recent research has revealed the broad heterogeneity
of GBM cells, however, all of them can invade the sur-
rounding tissue. Invasion and migration have been con-
sidered important obstacles to GBM therapy.47 Thus,
compounds that ameliorate invasion and tumor cell
motility of GBM cells can be a good candidate to be used
as drug intervention in patients with GBM.48 The current
study found that UB can significantly reduce the
migration of U87 cells. Among the signaling pathways
regulating GBM cell migration and metastasis, the
hypoxia-inducible factor (HIF)-1/VEGF-A pathway is
related to proliferation, cell survival, and migration prin-
cipally through the VEGF-receptor (VEGFR).49 However,

FIGURE 6 (A) Effect of UB

on MMP-2 and MMP-9

secretion and activity as

measured by gelatine

zymography in U87 cells. The

cells were treated with UB

(15 and 30 μM) for 24 h. The

digested area of gelatine was

quantified and represented as

the mean ± standard deviation

of 3 independent tests. (B) The

relative gene expression levels

of MMP-2 and MMP-9 on U87

cells that have been treated with

15 and 30 μM of UB after 24 h

were evaluated using qRT-PCR.

Data are represented as the

mean ± standard deviation and

the levels of GAPDH in the

samples were used to normalize

the results. (C) the MMP-2 and

MMP-9 protein expression in

the U87 cell line was treated

with UB (15 and 30 μM). The

expression of MMP-2 and

MMP-9 was analyzed using

western blotting (***p < 0.001,

**p < 0.01, and *p < 0.05

contrasted with the control).

UB, urolithin B
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the qRT-PCR study failed to find any distinction in the
mRNA expression of VEGF and VEGFR in control and
UB-treated U87 cells. There are similarities between the
attitudes expressed in this study and those described by
Md Alauddin et al., who reported that UA can signifi-
cantly decreased wound healing migration of Cancer
Cells.50 Giménez-Bastida et al., also reported that a mix-
ture of UA, UB, and EA significantly inhibited
CCD18-Co colon fibroblast cells migration.51

It is believed that various extracellular matrix (ECM)
components must be degraded for malignant neoplasms
to invade. In reviewing the literature, more than
20 MMPs have been recognized as being responsible for
degrading ECM, however, MMP-2 and MMP-9 are partic-
ularly connected to tumor invasion.52 Wie Zhou et al.,
found that an increase in MMP-2 and MMP-9 expression
is positively related to tumor grade, poor prognosis, and
recurrent glioma.28 Gelatin substrates and type IV colla-
gen are degraded by MMP-2 and MMP-9, using gelatin
zymography the activity and secretion of these two types
of MMPs were evaluated on U87 cells treated with UB. It
is interesting to note that UB could significantly decrease
the activity of MMP-2 and MMP-9. A possible explana-
tion for this might be that mRNA expression and protein
levels of MMP-2 and MMP-9 reduced after treatments of
U87 cells with UB. These results are consistent with other
research findings indicating UA can decrease the MMP-9
activity in colorectal cancer cells.53

Although the current study found the anti-proliferative
and anti-metastatic activity of the free form of UB, further
in vivo and clinical trial research should be undertaken to
investigate the anti-GBM activity after orally or intraperi-
toneally administration of urolithins (free or conjugated
form) or ET-rich foods. Moreover, the pharmacokinetics
and tissue distribution of urolithins after their direct
intake have not been studied up to now, but there is evi-
dence that showed intake of ET or EA-rich food products
can be caused 14–25 μM plasma levels of UA after 6–8 h
of their intake.7,54 Additionally, these data must be inter-
preted with caution because urolithins reach systemic tis-
sues as conjugates rather than in their free form. Overall,
further studies are needed to investigate the plasma con-
centration of the free and conjugated form of UB, to
identify if conjugated UB can cross the blood–brain bar-
rier, interact with neuronal cells, and also determine the
underlying molecular mechanisms associated with the
anti-metastatic and anti-proliferative effect of the free and
conjugated form of UB.

5 | CONCLUSION

The current research is the initial investigation of UB's
apoptotic and anti-metastatic effect on U87 GBM cells.

In summary, the current study's findings using in vitro
analyses uncovered that UB induces ROS generation,
necrosis, and G0/G1 cell cycle arrest in U87 cells. UB
also caused down-regulation and up-regulation of Bcl2
and Bax apoptotic genes, respectively. Furthermore,
according to these data, we can infer that UB effectively
prevents the migration, invasion, and metastatic behav-
ior of GBM cells by reducing the MMP-2 and MMP-9
enzymatic activities, and downregulating mRNA expres-
sion and protein levels of MMPs. After additional
in vivo and mechanistic research on the free and conju-
gated form of UB, it may be regarded as a possible novel
natural option for glioblastoma treatment because of
its non-toxic nature, capacity to trigger necrosis and cell
cycle arrest in U87 cells, and ability to inhibit
metastasis.
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