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Abstract

Background The involvement of malfunctioning glutamate systems in various central nervous system (CNS) disorders
is widely acknowledged. Urolithin B, known for its neuroprotective and antioxidant properties, has shown potential as a
therapeutic agent for these disorders. However, little is known about its protective effects against glutamate-induced toxic-
ity in PC12 cells. Therefore, in this study, for the first time we aimed to investigate the ability of Urolithin B to reduce the
cytotoxic effects of glutamate on PC12 cells.

Methods Different non-toxic concentrations of urolithin B were applied to PC12 cells for 24 h before exposure to gluta-
mate (10 mM). The cells were then analyzed for cell viability, intracellular reactive oxygen species (ROS), cell cycle arrest,
apoptosis, and the expression of Bax and Bcl-2 genes.

Results The results of MTT assay showed that glutamate at a concentration of 10 mM and urolithin B at a concentration
of 114 uM can reduce PC12 cell viability by 50%. However, urolithin B at non-toxic concentrations of 4 and 8 pM signifi-
cantly reduced glutamate-induced cytotoxicity (p <0.01). Interestingly, treatment with glutamate significantly enhanced the
intracellular ROS levels and apoptosis rate in PC12 cells, while pre-treatment with non-toxic concentrations of urolithin B
significantly reduced these cytotoxic effects. The results also showed that pre-treatment with urolithin B can decrease the
Bax (p<0.05) and increase the Bcl-2 (p <0.01) gene expression, which was dysregulated by glutamate.

Conclusions Taken together, urolithin B may play a protective role through reducing oxidative stress and apoptosis against
glutamate-induced toxicity in PC12 cells, which merits further investigations.
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Abbreviations TBHP Tert-butyl hydroperoxide
DMSO Dimethyl sulfoxide PD Parkinson’s disease
gRT-PCR Quantitative real-time polymerase chain NO Nitric oxide

reaction IL-6 Interleukin-6
ROS Reactive oxygen species TNF-a Tumor necrosis factor-alpha
CNS Central nervous system PGE2 Prostaglandin E2
MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphe-

nyl-2-H-tetrazolium bromide
PI Propidium iodide Introduction
FBS Fetal bovine serum
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kinson’s diseases, involve the impairment of human cerebral
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to Alzheimer’s and Parkinson’s diseases, excessive levels of
glutamate can lead to neuronal cell death, which is closely
related to a variety of CNS disorders, including cerebral
ischemia, Huntington’s, hypoxia, autoimmune encephalo-
myelitis, and alcoholism [4-6].

There are two proposed mechanisms to explain
how glutamate induces neuronal cell death. The first
mechanism suggests that glutamate’s excitotoxicity is due
to its excitatory amino acid receptors [7], which leads to
an influx of extracellular calcium, ultimately resulting in
neuronal cell death [8]. The second possible mechanism
involves glutamate-induced cytotoxicity, where cystine
uptake is competitively inhibited, leading to a decline in
cellular glutathione levels and reducing the antioxidant
defense against oxidative stress [9, 10]. This mechanism also
activates calcium-dependent enzymes, further intensifying
the oxidative stress experienced by neuronal cells [11]. The
intracellular calcium levels combined with oxidative stress
can cause programmed cell death and necrosis in neurons
[12].

Consumption of ellagitannin-rich foods like walnuts
and pomegranates can lead to the production of microbial
metabolites (urolithins) by gut microbiota and possess
various beneficial properties, including antioxidant,
anti-inflammatory, estrogenic, hepatoprotective, and
antiestrogenic effects. Urolithins have been demonstrated
to be potentially effective agents for chemotherapy in
laboratory experiments [13—17]. Additionally, urolithin
B has shown significant antioxidant and neuroprotective
effects by reducing the production of reactive oxygen species
(ROS) and apoptosis caused by quinolinic acid in SH-SYS5Y
neuroblastoma cell line [18]. Rat pheochromocytoma
PC12 cells provide a widely used model in neurobiology,
commonly used to study neuronal cell death and neuronal
injury [19, 20]. Therefore, in this study we investigated
the protective effects of urolithin B against glutamate-
induced toxicity in the PC12 cells, particularly focusing on
intracellular ROS production and cell apoptosis.

Materials and methods
Materials

The PC12 cells were sourced from the cell bank of Pasture
Institute (Tehran, Iran). Urolithin B (purity of 99.4%) was
obtained from Gol Elixir Company (Iran). The MTT, RPMI
1640 medium, and fetal bovine serum (FBS) were provided
from Gibco (Grand Island, NY, USA). Dimethyl sulphoxide
(DMSO) and ethanol were purchased from Mojallali Co.
(Iran). The ROS assay kit was purchased from Abcam
(Cambridge, United Kingdom).
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Cell culture and viability assay

PC12 cells were cultured in an RPMI 1640 medium
supplemented with 10% FBS, 100 U/mL penicillin, and
100 U/mL streptomycin and incubated in humidified
condition at 37 °C with 5% CO,. PC12 cells were passaged
twice a week, and all experiments were carried out between
passage 7 and 13 [21].

The MTT assay was used to assess the effect of urolithin
B (dissolved in DMSO) and glutamate on PC12 cell viability.
The PC12 cells at a density of 5x 10° cell/well were seeded
in a 96-well plate and incubated for 24 h at 37 °C. The
cells were then treated with urolithin B (3.9-2000 uM) or
glutamate (0.375-50 mM). After 24 h incubation at 37 °C,
100 puL of MTT solution (0.5 mg/mL) was added to each
well, and the cells were incubated for 3 h at 37 °C. After
that, 200 uL DMSO was added to each well and the optical
density was recorded at a wavelength of 570 nm using a Stat
FAX303 plate reader (Awareness Technology Inc., USA).

In order to determining the protective effects of urolithin
B against glutamate-induced cytotoxicity in PC12 cells,
5% 10° cell/well were seeded in a 96-well plate and
incubated for 24 h at 37 °C. Then, the cells were pre-treated
with non-toxic concentrations of urolithin B (4 and 8§ pM)
for 24 h, followed by exposure to 10 mM concentration
of glutamate for further 24 h. After that, the cell viability
assays were carried out in triplicate using the MTT assay.

Intracellular ROS assay

The 2,7'-dichlorofluorescein diacetate (DCFDA/H2DCFDA)
assay was applied to determine the intracellular ROS level
[22]. For this, 10x 10° cells/well were seeded into a 96-well
plate and incubated for 24 h. Following the pre-treatment
with non-toxic concentrations of urolithin B (4 and 8 pM)
for 8 h, the cells were treated with 10 mM glutamate and
incubated for further 24 h. Then, the cells were washed with
wash buffer (as provided in the kit) and incubated for 1 h
with 20 pM DCFDA. The tert-butyl hydroperoxide (TBHP)
alone was used as a positive control. Finally, fluorescence
was measured (excitation/emission: 485/535 nm).

Cell-cycle analysis

For this purpose, two different non-toxic concentrations of
urolithin B (4 and 8 pM) were subjected to 5 x 10° cells/
well for 24 h and then incubated with 10 mM glutamate for
or an additional 24 h at 37 °C. The cell-cycle analysis was
performed through propidium iodide (PI) staining using flow
cytometry method as described previously [18]. In brief,
following trypsinization, the cells were washed twice with
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cold phosphate buffered saline (PBS), fixed with 1 mL of
cold 70% ethanol at 4 °C for 2 h. The cells were resuspended
in PBS containing 0.1% v/v Triton X-100 and 100 pg/mL
RNase A (Sigma-Aldrich) and incubated for 30 min at 37 °C.
After that, the PC12 cells were stained by adding 200 pL of
PI solution (1 mg/mL) and after a 20 min incubation in the
dark, the cell cycle was assessed using FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ). The
percentage of cell-cycle distribution in the GO/G1, S, and
G2/M phases was quantified using Flow Jo software version
7.6.1 (Tristar, El Segundo, CA).

Determination of apoptotic cells by flow cytometry

The protective effect of urolithin B on apoptosis caused
by glutamate was assessed using an annexin V/fluorescein
isothiocyanate (FITC) kit (Abcam, Cambridge, United
Kingdom) and flow cytometry analysis [23]. For this,
5x10° PC12 cells/well were seeded into a 6-well plate,
followed by overnight incubation. Subsequently, the cells
were pre-treated with different non-toxic concentrations of
urolithin B (4 and 8 pM) for 24 h and then treated with
10 mM glutamate for or an additional 24 h at 37 °C. After
that, the cells were washed with PBS and the cell pellets
were resuspended in 100 pL of binding buffer. Subsequently,
the cells were stained with 5 pL. of annexin V-FITC and
10 pL of PI and incubated at room temperature for 15 min
in the dark place. After adding 400 pL of binding buffer, the
apoptosis rate was analyzed by flow cytometry method and
the results were analyzed by Flow Jo version 7.6.1 (Tristar,
El Segundo, CA).

Quantitative real-time PCR (qRT-PCR)

In order to evaluate the Bax and Bcl-2 apoptosis-related
gene expression, the qRT-PCR method was performed.
Briefly, 5x 10° PC12 cells were seeded into a 6-well plate
and incubated for 24 h at 37 °C. Cells were then pretreated
with 8 pM urolithin B for 24 h, followed by 24 incubations
with 10 mM glutamate. Total RNA was isolated from PC12
cells using a RNA Extraction Kit (Pars Tous Co., Iran) and
subsequently reversely transcribed to cDNA by Easy cDNA
Synthesis Kit (Pars Tous Co., Iran) according to the manu-
facturer’s instructions. Next, qRT-PCR amplifications for

Bax and Bcl-2 genes were carried out using SYBR® Select
Master Mix (Applied Biosystems) and ABI StepOnePlus
Real-Time PCR System (Applied Biosystems, Foster City,
CA). The relative gene expression was calculated using the
2~8AC phethod [24]. The primers used for Bax, Bcl-2, and
GAPDH are listed in Table 1.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
8 software (San Diego, CA, USA). One-way ANOVA and
Tukey’s post-hoc test was used to calculate the statistical
differences between the groups. The results were reported
as mean+ SD and the p value <0.05 was considered
statistically significant.

Results
Glutamate decreased the PC12 cell viability

According to the findings of glutamate toxicity to the PC12
cell line, glutamate decreased cell viability dose-depend-
ently. The 24 h exposure to glutamate at a concentration of
10 mM resulted in a 50% decrease in cell viability. There-
fore, the ICs, value of 10 mM was chosen for use in sub-
sequent investigations (Fig. 1A). Following treatment with
various urolithin B concentrations, the viability of the cells
was measured using MTT assay. Based on the results, none
of the concentrations of 4, 8, and 16 pM of urolithin B did
not reduced PC12 cells viability after 24 h. Thus, the non-
toxic concentrations of 4 and 8 pM of urolithin B were used
for further experiments (Fig. 1B). Next, we evaluated the
urolithin B’s protective properties against glutamate-induced
toxicity in PC12 cells. According to the results, urolithin B
significantly attenuated glutamate-induced toxicity in PC12
cells at 4, 8 and 16 pM (p <0.001) (Fig. 1C).

Urolithin B reduced intracellular ROS levels induced
by glutamate

To determine the effects of urolithin B on intracellular
ROS levels caused by glutamate, DCFDA fluorescent dye
was used. As shown in Fig. 2, the level of ROS increased

Table 1 Sequences of primers

. Gene symbol Gene name Primers (5'—3")
used in qRT-PCR
Bax Bcl-2-associated X protein Forward: AGGACGCATCCACCAAGAAG
Reverse: CAGTTGAAGTTGCCGTCTGC
Bcl-2 B-cell lymphoma 2 Forward: TGGCCTTCTTTGAGTTCGGT
Reverse: GATGCCGGTTCAGGTACTCA
GAPDH Glyceraldehyde-3-phosphate Forward: AGTGCCAGCCTCGTCTCATA

dehydrogenase

Reverse: GCCATCACGCCACAGTTTC
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Fig.2 The effect of urolithin B on the intracellular ROS levels
induced by glutamate in PC12 cells. The tert-butyl hydroperoxide
(TBHP) alone was used as a positive control, which significantly

significantly in the group treated with 10 mM glutamate
compared to the control group (p <0.001). Interestingly, the
intracellular ROS induced by glutamate in the groups pre-
treated with non-toxic concentrations of urolithin B showed
a significant decrease compared to the glutamate-treated
group (p<0.01). It should be noted that treatment TBHP
alone as a positive control led to a substantial elevation of
intracellular ROS levels in comparison with the control
(p<0.001).
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increased the formation of ROS. The results are presented as the
mean+SD of triplicate tests. (***p<0.001 as compared to the con-
trol group, and #p <0.01 as compared to glutamate-treated group)

Urolithin B decreased the GO-G1 cell population
induced by glutamate treatment

The results have shown a significant rise in apoptotic
cells in PC12 cells following treatment with glutamate at
a concentration of 10 mM, in comparison to the control
group (p <0.01). Notably, pre-treatment with urolithin B
has reduced the cytotoxic effect of glutamate. The per-
centage of apoptotic cells in the glutamate-treated group
has decreased from 93% to 80.4% and 92.2% in the groups
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pre-treated with 8 pM (p <0.001) and 4 uM (p<0.05)  Urolithin B decreased percentage of PC12 cell
urolithin B, respectively (Fig. 3). apoptosis induced by glutamate

Our findings demonstrated a significant increase in apop-
totic cells after glutamate treatment of PC12 cells at a con-
centration of 10 mM compared to the control (p<0.001).
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Pre-treatment with urolithin B significantly ameliorated
these effects (from 12.4% of apoptotic cells in the glutamate
group to 9.67% and 11.6% in the 8 pM and 4 pM urolithin B

pre-treated groups, respectively; p <0.001) (Fig. 4).
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number in each group. The results are expressed as the mean=+ SD of
triplicate tests. (¥***p<0.001 as compared to the control group and
###5<0.001 as compared to glutamate-treated group)
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The current study utilized gqRT-PCR to analyze the altera-
tions of Bax and Bcl-2 gene expression. The results showed
that glutamate causes a significant increase in Bax gene
expression (p <0.01), while pre-treatment with urolithin B
can reduce this alteration (p <0.05) (Fig. 5A). Furthermore,
the expression level of Bcl-2 gene exhibited a substantial
increase after pre-treatment with urolithin B compared to
the glutamate-treated group (p <0.01) (Fig. 5B).

Discussion

Parkinson’s disease (PD) is a neurological condition that
impacts around 1% of those who are 60 years old or older.
PD is characterized by the degeneration of dopaminergic
neurons in the substantia nigra area of the brain, resulting
in decreased dopamine levels and the emergence of motor
symptoms, including tremors, stiffness, and bradykinesia.
The precise etiology of PD remains uncertain. However,
many pathways have been suggested to contribute to its
pathophysiology. The processes involved are oxidative
stress, inflammation, mitochondrial dysfunction, protein
misfolding, and defective autophagy [25, 26]. The precise
molecular mechanisms behind the protective properties of
urolithin B are still under investigation. However, urolithin
B is believed to affect several signaling pathways involved
in cell survival, inflammation, and oxidative stress [27,
28]. The disruption of typical apoptosis results in the
abnormal demise of dopaminergic neurons in the substantia
nigra area of the brain. The precise equilibrium between
pro-apoptotic and anti-apoptotic proteins is crucial in
controlling apoptosis. Numerous studies have demonstrated
that when these proteins are not adequately regulated, it is
linked to the advancement and escalation of PD [29, 30].
The findings of our study demonstrated that pre-treatment
with urolithin B led to a notable upregulation of the anti-
apoptotic Bcl-2 and downregulation of the pro-apoptotic
Bax gene expression compared to the glutamate-treated
group. Moreover, pre-treatment with urolithin B decreased
the GO-G1 cell population and percentage of PC12 cell

Fig.5 The modulatory effect
of urolithin B on Bax (A) 49
and Bcl-2 (B) gene expres-
sion altered by glutamate in
PC12 cells. The results are
expressed as the mean +SD
of triplicate tests. (**p <0.01
and ***p <0.001 as compared
to the control group. *p <0.05
and #p <0.01 as compared to
glutamate-treated group)
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apoptosis induced by glutamate. These results indicate that
urolithin B may exercise its protective effects via modulating
apoptosis. Previous research showed that applying urolithin
B before treatment reduced apoptotic cells in SH-SY5Y
cells [18]. Another study demonstrated that urolithin B
reduced viability in U87 glioblastoma multiforme cells
dose-dependently, leading to cell cycle arrest and changes
in apoptotic gene expression [31]. Urolithin B significantly
increased U87 cell accumulation in the Sub-G1 population,
downregulated cyclin D1 expression, and increased the
Bax/Bcl-2 ratio [32]. Urolithin B also hindered the growth
of HCC cells by arresting the cell cycle and inducing
programmed cell death. It also inhibits the growth of prostate
cancer cells and induces apoptosis by impeding prostate-
specific antigen expression and androgen receptor [33, 34].
Multiple investigations have demonstrated that antioxidants,
which eliminate ROS and hinder oxidative harm, provide
promising therapeutic advantages in PD [35]. Our findings
indicated that, urolithin B pre-treatment of PC12 cells could
reduce the intracellular ROS levels generated by glutamate.
These results indicate that urolithin B may exercise its
protective effects via modulating oxidative stress. In this
line, DaSilva et al. found that optimal levels of urolithin
B and its methylated derivatives effectively diminished
neuroinflammation by suppressing the production of nitric
oxide (NO), interleukin-6 (IL-6), tumor necrosis factor-
alpha (TNF-a), prostaglandin E2 (PGE2), and ROS levels
in BV-2 microglia of mice [36]. In a study conducted by Lee
et al., they found that urolithin B had vigorous antioxidant
activity in microglia by decreasing the formation of ROS
and reducing the expression of NADPH oxidase subunits
while simultaneously increasing the expression of heme
oxygenase-1 through the Nrf2/ARE signaling pathway [37].
Furthermore, Qiu et al. demonstrated that the enhanced
survival of T24 cells exposed to hydrogen peroxide, as a
result of urolithin B, was associated with a decrease in the
levels of ROS and malondialdehyde within the cells, along
with an increase in the activity of superoxide dismutase [38].
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Conclusion

In current study, urolithin B was evaluated for its capacity
to protect against glutamate-induced toxicity in PC12 cells.
Taken together, our findings demonstrates that urolithin B
has potential in reducing the harmful effects of glutamate in
PC12 cells. These effects include reduction of intracellular
ROS level, regulation of cell cycle in GO/G1 phase, reduction
of apoptosis rate, increase in expression of anti-apoptotic
gene Bcl-2 and decrease in expression of pro-apoptotic
gene Bax, which is dysregulated by glutamate. However,
additional in vitro and in vivo studies are required to
investigate the precise molecular mechanisms at the protein
levels to better understanding the protective properties of
urolithin B and its potential therapeutic applications in the
treatment of neurological disorders.
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