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Inhibition of glioblastoma progression by Urolithin A in vitro and in vivo by
regulating Sirt1-FOXO1 axis via ERK/AKT signaling pathways
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Glioblastoma (GBM) is the most universal and devastating primary intracranial neoplasm in the central nervous system.
Urolithin A (UA) possesses many pharmacological and biological activities, but its function in GBM is not clear. CCK-8
and colony formation test were used to measure the anti-proliferative potency of UA against GBM cells. Flow cytometry
was applied to evaluate cell cycle arrest and apoptosis of U251 and U118 MG cells upon UA incubation. Quantitative real-
time PCR and western blotting were conducted to test the regulatory effect of UA on the expression of Sirtl and FOXO1.
Immunodeficient mice were implanted with GBM cells for in vivo validation of the anti-cancer effect of UA. We found
UA repressed the proliferation, migration and invasion of glioblastoma cells, while also inhibiting the induction of colony
formation ability and epithelial to mesenchymal transition (EMT) in a time- or dose-dependent manner. The does-depen-
dent relationship of UA inducing the cell cycle arrest and apoptosis of glioblastoma cells was identified. Furthermore, UA
could enhance the expression levels of Sirt1 and FOXO1 and the knockdown of Sirt1 blocked the inhibitory effects of UA on
the proliferation and migration of glioblastoma cells and correspondingly modified the expression level of FOXO1. Overex-
pression of Sirt1 restored the despaired inhibitory effect of UA induced by Sirt1 knockout on the proliferation and migration
of glioblastoma cells. In animal experiments, UA decreased the tumor size and weight of glioblastoma in xenograft nude
mice and promoted the expression of Sirtl and FOXO1 in transplanted tumors. Our findings presented in this study indicate
that UA exerts a repressive effect on glioblastoma cells in vivo and in vitro by regulating the Sirt1-FOXOI axis via the ERK
and AKT pathways, indicating that UA is a new novel therapeutic candidate for the treatment of glioblastoma.
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Glioblastoma (GBM) is the most universal and devastating
primary malignant tumor in the central nervous system,

urolithin A (UA), urolithin B (UB), urolithin C (UC), and
urolithin D (UD), are the intestinal microbial metabolic

characterized by rapid growth, strong aggressiveness, and
extensive infiltration in adjacent brain areas [1, 2]. Although
surgery combined with chemotherapy and radiotherapy can
extend survival to some extent, the median survival time
of GBM patients remains poor (14 months after diagnosis)
[3]. As a result, the mortality rate of GBM is extremely high
[4]. Therefore, the development of therapeutic strategies that
can extend the survival time of GBM patients and improve
their living quality is imperative, especially drugs that can
penetrate the blood-brain barrier (BBB) [5].

At present, natural compounds have attracted increasing
attention because of their low cost, high bioavailability,
and limited toxicity, possessing intrinsic antioxidant, anti-
inflammatory, and antitumor activities. Urolithins, including

products of both ellagitannins and ellagic acid [6]. Ellagitan-
nins (ETs) consist of a variety of hydrolyzable tannins and
can be hydrolyzed to produce ellagic acid (EA) in the gut,
and ETs are mainly present in fruits, such as pomegranates,
blackberries, and strawberries [7]. Recently, the biological
functions of urolithins have been studied in vitro and in
vivo, including anti-inflammation activity, anti-prolifera-
tion in cancer, antioxidant activity, and beneficial effects on
lipid metabolism and prolonged lifespan [8, 9]. Among the
different urolithins, UA exhibits potent antioxidant and anti-
inflammatory properties, indicating it may be the dominant
compound responsible for the intrinsic antitumor activity of
EA [10-12]. However, the effect of UA in glioblastoma has
not yet been investigated.
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Sirtl, a mammalian homolog of silent information
regulator 2 (Sir2), is the founding member of the sirtuin
family [13]. The NAD(+)-dependent class III histone
deacetylase Sirtl is highly conserved across species, which
deacetylates histones and affects gene expression epigeneti-
cally [14, 15], as well as modulating the functions of specific
transcription factors and enzymes/proteins by regulating
the acetylation [16]. Sirtl has shown promising associa-
tions with protein deacetylation and is involved in numerous
biological or pathological processes, such as energy metabo-
lism, autophagy, aging, and inflammation [17, 18], especially
its role in cancer [19]. FOXO1, also known as FKHR, is one
member of the FOXO transcription factors family, which
commonly has a conserved winged-helix DNA-binding
domain [20]. FOXO proteins play important roles in the
regulation of gene transcription by binding to the functional
sequence of target genes. Increasing evidence has shown that
the FOXOL1 expression levels are decreased in some types of
cancer with poor outcomes [21]. Moreover, FOXO1 proteins
are usually amassed in the nucleus and serve as transcrip-
tional regulators in non-tumor tissues. The tumor suppressor
gene FOXO1 can inhibit tumor growth. Previous researches
have shown that FOXOI inhibits proliferation, prevents
invasion, and induces apoptosis in gliomas [22].

In this study, we investigated the inhibitory effects of UA
on glioblastoma cell growth, migration, invasion, and EMT
in vitro, and tumor growth in vivo. We then tested its regula-
tory ability on apoptosis and the cell cycle. Furthermore, we
assessed whether the expression of Sirtl and FOXO1 could
be regulated by UA and determined whether UA is a poten-
tial therapeutic drug candidate for glioblastoma treatment.

Materials and methods

Cell culture and drugs. The human glioblastoma cell
lines U251, U118 MG, and U87 MG were obtained from the
American Type Culture Collection (ATCC) (ATCC, Manassas,
VA, USA). Normal human astrocyte (NHA) cells (catalog
#1800) were purchased from ScienCell Research Laboratories
(Carlsbad, CA, USA). Cell lines were cultured in Dulbecco’s
minimal essential medium or astrocyte medium (AM, #1801)
supplemented with 10% fetal bovine serum at 37°C in a 5%
CO, humidified incubator. The stock solution (100 mM) of
Urolithin A (UA) (#SML1791; Sigma-Aldrich, St. Louis,
MO, USA) was prepared by dissolving in dimethyl sulfoxide.

Knockdown of Sirtl and overexpression of Sirtl and
FOXO1 genes and plasmid transfection. To construct
the Sirtl short hairpin RNA plasmid, the oligonucleotides
TTGGATGATATGACACTG were cloned into the pGPU6/
Neo vector. The pGPU6/Neo-GFP scramble oligonucle-
otides vector (Genepharma, Shanghai, China) was used as
the control. The Sirtl and FOXO1 overexpression plasmids
were purchased from Wuhan Yipu Biological Technology
Co. Ltd. (Wuhan, China). The nucleotide sequences of all the
vectors were verified by DNA sequencing. Transfection of

glioblastoma cells was performed using Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA). The transfection efficien-
cies of the shRNA plasmids were determined by fluorescence
microscopy (Zeiss Axio Imager Z1 Fluorescent Microscope).

Western blotting analysis. The separation of the
mitochondria fractions was conducted using the Cell
Mitochondria Isolation Kit (C3601; Beyotime Biotechnology,
Shanghai, China) according to the manufacturers’ instruc-
tions. Western blotting was performed as described previ-
ously [23-25]. Briefly, cells were lysed in RIPA lysis buffer
(Beyotime Biotechnology). BCA protein assay kit (Vazyme,
Nanjing, China) was used to determine the protein concen-
trations. The protein mixtures were separated by 12% or 15%
SDS-PAGE gel and transferred to a polyvinylidene fluoride
membrane (Millipore, Billerica, MA, USA) in a Trans-Blot
SD semidry transfer cell (Bio-Rad, Hercules, CA, USA). The
membranes were blocked by 5% non-fat powdered milk in
TBST buffer at pH7.4 (20 mM Tris-HCI, 150 mM NaCl,
0.1% Tween-20) and then probed with Anti-Cytochrome
C (1:1000, #4272; Cell Signaling Technology, Danvers, MA,
USA), VDAC1/2 (1:1000) (10866-1-AP; Proteintech, Wuhan,
China), Anti-Bcl-2(1:200,#15071; Cell Signaling Technology),
Anti-Bax (1:200, #5023; Cell Signaling Technology),
Anti-CDK4 (1:1000, #12790; Cell Signaling Technology),
Anti-Cyclin D1 (1:1000, #2922; Cell Signaling Technology),
Anti-Vimentin (1:1000, #YM6529; Immunoway), anti-E-
cadherin (1:5000, #20874-1-AP; Proteintech), Sirtl antibody
(1:1000, #07-131; Sigma-Aldrich), Anti-FOXO1 (1:1000,
#2880; Cell Signaling Technology), Anti-p-p38 (1:1000,
#9215; Cell Signaling Technology), Anti-p38 (1:1000, #9212;
Cell Signaling Technology), Anti-p-JNK (1:1000, #9251;
Cell Signaling Technology), Anti-JNK (1:1000, #9252; Cell
Signaling Technology), Anti-AKT (1:1000, #4691; Cell
Signaling Technology), Anti-p-AKT (Thr308) (1:1000, #2965;
Cell Signaling Technology), and Anti-B-actin (1:1000, #4970;
Cell Signaling Technology) antibodies at 4 °C overnight. After
washing, the membranes were incubated with goat anti-
rabbit IR Dye 680LT (1:5000, #926-68021; Li-COR Biosci-
ences, Lincoln, NE, USA) or goat anti-mouse IR Dye 800CW
(1:5000, #926-32210; Li-COR Biosciences) fluorescent
secondary antibodies and visualized with Odyssey infrared
imaging system (Li-COR Biosciences).

Quantitative real-time PCR. Total RNA was extracted by
using Total RNA Kit (#R6834; OMEGA Bio-teck, Doraville,
GA, USA) and purified according to the manufacturer’s
recommendations. Following, reverse transcription was
performed using 5x HiScript II QRT SuperMix (Vazyme).
The cDNA was detected by the StepOnePlus real-time PCR
system (Applied Biosystems, Waltham, MA, USA) with
AceQ qPCR SYBR Green Master Mix (Vazyme) according to
the operating instructions. The following primer sequences
were used to amplify each product: Cyclin D1 forward:
5-GCTGCGAAGTGGAAACCATC-3" and reverse:
5-CCTCCTTCTGCACACATTTGAA-3’; CDK4 forward:
5-ATGGCTACCTCTCGATATGAGC-3’ and reverse:
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5-CATTGGGGACTCTCACACTCT-3’; Sirtl forward:
5-TAGCCTTGTCAGATAAGGAAGGA-3’ and reverse:
5-ACAGCTTCACAGTCAATTTGT-3’; FOXO1 forward:
5-TCGTCATAATCTGTCCCTACACA-3" and reverse:
5-CGGCTTCGGCTCTTAGCAAA-3’; GAPDH forward:
5-AGAAGGCTGGGGCTCATTTG-3’, and reverse:
5-AGGGGCCATCCACAGTCTTC-3. The 22T method
was used to calculate the relative fold-change of gene expres-
sion levels normalized to the housekeeping gene GAPDH
compared with the control samples [26, 27].

Immunofluorescence staining. Cells or tumor tissues
were fixed with 4% paraformaldehyde. Then the tumor
tissues were moved to 30% sucrose and cut into 20 pm
coronal sections. The cells or slices were permeabilized with
0.5% Triton X-100 for 20 min, and blocked with 10% horse
serum for 30 min, and incubated for 1 h with Ki67 antibody
(1:200, #abl16667; Abcam, Cambridge, UK), FOXO1
antibody (1:250, #2880; Cell Signaling Technology), or Sirtl
antibody (1:250, #07-131; Sigma-Aldrich) at room tempera-
ture. Then the sections were washed with PBS and incubated
with donkey anti-rabbit 546 (1:400, #A21206; Invitrogen,
Carlsbad, CA, USA) for 1 h at room temperature. After
washing with PBS, the sections were incubated with DAPI (3
pg/ml) (Beyotime Biotechnology) for 5 min to stain nuclei.
Lastly, the stained sections were washed three times with PBS
and put on poly-lysine-coated glass slides with coverslips,
and captured using confocal microscopy (Olympus, Tokyo,
Japan) under identical conditions.

For Ki67-positive cell quantification, eight random
regions of each slice were selected; the cell number of each
region was counted by experimenters who were blind to the
treatment manually. For Sirtl and FOXO1 immunofluores-
cence signal intensity semi-quantification, the immunofluo-
rescence images were converted to grayscale, eight random
regions of each slice were selected (10 slices/mice), and
the signal intensity of immunolabelling in each region was
quantified as integrated density using the Image] software
(http://imagej.nih.gov/ij/) as descripted previously [23]. The
average gray values were calculated as: [integrated density-
(measured areaxmean background signal)]/measured area.
The areas without signal were taken as a background signal.
The density of each tissue sections was averaged and shown
as a percentage relative to the control.

Cell proliferation assay. Cells were counted and inocu-
lated at a density of 3,000 cells/well in 96-well plates. Multiple
concentrations of UA were administered to cells, and the
CCK-8 assay (MCE, New Jersey, USA) was performed at 24
h, 48 h, and 72 h, according to the manufacturer’s protocol
[28]. The absorption was measured with a microplate reader
(SpectraMax M5; Molecular Devices, CA, USA) at 450
nm. The relative absorption was normalized to the control.
Experiments were performed in triplicates.

Colony formation assay. Cells were cultured in 12-well
plates and treated with various concentrations of UA for 48
h. Then, the cells were cultured for another 14 days with a

medium without UA. The cells were fixed with methanol
and stained with 0.1% crystal violet solution for 20 min.
The numbers of colonies were counted. Experiments were
performed in triplicates.

Wound-healing assay. To assess the cell migration and
cell interactions, a wound-healing assay was conducted and
analyzed, as described previously [28]. About 1x10° cells/
well were inoculated into 6-well plates. 24 h later, the cells
were scraped using a 200 pl tip and incubated with serum-
free medium containing multiple concentrations of UA for
24 h or 48 h. Photomicrographs were taken before and after
treatment using optical microscopy (IX53; Olympus). The
relative distances of the wound width before treatment minus
the wound width after treatment were calculated and quanti-
fied using Image]J software. Experiments were performed in
triplicates.

Transwell assay. The cells were seeded into 150 ul serum-
free DMEM medium in the upper chamber with Transwell
inserts (8 um pore size) (Corning, NY, USA) coated with
or without matrigel. Then, 20% FBS DMEM was added to
the lower chamber. The top chambers contained different
concentrations of UA. After 24 h, the cells located on the
upper surface of the membrane were removed and the wells
were stained with 0.1% crystal violet solution for 20 min
(#E607309; Sangon Biotech Co., Ltd., Shanghai, China),
washed with PBS, and then photographed with light micros-
copy (IX53; Olympus). Three random fields were selected
for cell number counting. Experiments were performed in
triplicates.

Apoptosis and cell cycle analysis. The procedure of the
apoptosis and cell cycle analysis was conducted as described
previously [28, 29]. For the apoptotic cell test, the cells
were treated with several different concentrations of UA
for 24 h, then washed using ice-cold PBS, and stained with
Annexin V-FITC mixture for 15 min at 4°C, then stained
with propidium iodide (PI) 5 min before detection using
the FITC Annexin V Apoptosis Detection Kit according
to the manufacturer’s instructions (#556547; BD Biosci-
ences, Franklin Lakes, NJ, USA). For the cell cycle test, the
cells were incubated with diverse concentrations of UA for
24 h, washed with PBS, fixed with ice-cold 70% ethanol at
4°C overnight, and dyed with PI/RNase staining buffer for
15 min away from light, according to the manufacturer’s
instructions (#550825; BD Biosciences). After full resuspen-
sion, the CFlow Plus package from Accuri C6 was used to
detect fluorescent signals. The dots in the left lower quadrant
represent viable cells, while dots in the right lower and upper
quadrants indicate early and terminal apoptotic cells. Experi-
ments were performed in triplicates.

Animal studies. Male nude mice (BALB/c nu/nu, 4 weeks
old, 13-14 g) were obtained from Jinan Pengyue Experimental
Animal Breeding Co. Ltd. (Jinan, Shandong, China). The
mice were provided with sterilized food and water ad libitum
and were acclimatized for 7 days before the experiments [30].
Briefly, subcutaneous tumors were established by inocu-



UROLITHIN A ATTENUATES THE PROGRESSION OF GLIOBLASTOMA

83

lating 1x107 U251 cells near the axillary fossa of nude mice.
Mice injected with tumor cells were divided into a vehicle
or UA (50 mg/kg) dissolved in 0.5% carboxymethylcellu-
lose treated groups (7 mice/group) randomly. All treatments
were administered intragastrically on a daily basis. Tumor
volumes were measured every 2 days using a caliper and
calculated according to the formula V=1/2(width*xlength).
After gavage with UA or vehicle for 15 days, all the mice
were anesthetized with ether and sacrificed, and the tumor
weight of each mouse was measured. All animal experi-
ments were approved by the Institutional Animal Care and
Use Committee of Binzhou Medical University Hospital in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publications
No. 8023, revised 1978).

Statistical analysis. The statistical software GraphPad
Prism 8 was used to perform all statistical analyses. The
normality and equal variance assumptions were performed
using Shapiro-Wilk test and F test, respectively. For analysis
of three or more groups, one-way analyses of variance
(ANOVA) with Sidak post-hoc tests were applied. The linear
relationships between two variables were evaluated by calcu-
lating Pearson’s correlation coeflicient. The value of p<0.05
indicated that there was a statistical significance. All data are
presented as mean + standard error (SEM).

Results

UA suppresses the growth of U251 and U118 MG cells.
To investigate the inhibitory effects of UA on glioblastoma
cells, the effects of a series of concentrations of UA on cell
proliferation were examined in U251 and U118 MG cell
lines at 24 h, 48 h, and 72 h (Figure 1A). We found that UA
markedly suppressed the proliferation of U251 and U118
MG cells at 24 h, 48 h, and 72 h in a time- and/or dose-
dependent manner, except for the two low concentrations
(2.5 and 5 pmol/l) on U251 cells at 72 h (Figure 1B). The
ICs values of UA for inhibiting cell viability in the two cell
lines were 9.33 umol/l (U251) and 28.42 pmol/l (U118 MG)
at 48 h, respectively. As shown in Figure 1C, UA decreased
the contact among cells, and compared with the control
group, the treated cells showed decreased spreading and
formation of filopodia in a dose-dependent manner. Further-
more, our immunofluorescence staining of the proliferation
marker Ki67 protein showed that UA significantly reduced
the levels of Ki67-expressing in a dose-dependent relation-
ship compared to the control group (Figure 1D). The colony
formation experiment was assayed to test the effect of UA on
the ability of colony-forming of U251 and U118 MG cells,
and we found that UA significantly decreased the number of
colonies in a dose-dependent manner (Figure 1E).

UA inhibits the migration and invasion of U251 and
U118 MG cells. The effect of UA on the migratory activity
of GBM cells was observed by wound-healing assay. The
results showed that the migration of U251 cells was power-

fully inhibited by 10 uM UA at 24 h, while it was sensitive to
the dose of UA at 5 pM at 48 h (Figure 2A, Supplementary
Figure S1). Meanwhile, UA at 5 uM markedly suppressed cell
migration of U118 MG cells at both 24 h and 48 h (Figure 2A,
Supplementary Figure S1). By the way, the migratory growth
and invasive expansion of U251 and U118 MG cells exposed
to UA at different concentrations for 24 h were dramatically
reduced in the Transwell assay (Figures 2B, 2C). Further-
more, to identify the role of UA in EMT, we evaluated the
variations in E-cadherin and vimentin levels associated with
UA treatment. Western blotting results showed that UA
decreased the protein level of vimentin, and increased that of
E-cadherin in U251 cells (Figure 2D).

UA induces cell cycle arrest and apoptosis of U251
and U118 MG cells. Cell proliferation is associated with
cell cycle arrest. Thus, we evaluated the effect of UA on cell
cycle arrest. The results showed that a large proportion of
UA-treated cells showed dose-dependent growth arrest at
the G2/M phase. The percentage of cells in the G2/M phase
increased from 17.21+£1.09% to 54.23+0.85% in U251 and
from 4.97+0.47% to 53.69£1.77% in U118 MG. In contrast,
the proportion of cells in the GO/G1 phase decreased from
53.76£4.51% to 12.41+0.66% in U251, and from 68.90+0.90%
to 34.30£1.55% in U118 MG (Figure 3A, Supplementary
Figure S2A). Furthermore, after treatment with UA for 48
h, we examined the mRNA and protein expression levels
of the cell cycle-related proteins Cyclin D1 and CDK4 in
U251 cells and found that UA markedly reduced the mRNA
and protein levels in a concentration-dependent manner
(Figures 3B, 3C). Apoptosis is a mechanism of cell suicide
and a key mechanism underlying anticancer therapy [31].
Thus, we tested whether UA-induced cell growth inhibition
was related to increased apoptosis of neuroblastoma cells. We
found that UA treatment resulted in significant induction of
apoptosis of U251 and U118 MG cells in a dose-dependent
manner (Figure 3D, Supplementary Figure S2B). The release
of Cytochrome C from mitochondria to the cytoplasm is
an important step to activate cell apoptosis [32]. Western
blotting results showed that the expression of Cytochrome
C in the total cellular contents of U251 cells was increased
with the increase of UA concentration (Figures 3E, 3F). As it
was noted that Cytochrome C was released from mitochon-
dria [33], therefore, the concentrations of Cytochrome C
in mitochondria and cytoplasm were detected respectively,
and we found that the protein levels of Cytochrome C in
mitochondria was decreased, and increased in the cytoplasm
by UA treatment (Figure 3G). For further confirmation,
western blotting analysis was used to evaluate the expression
of two key pro-apoptotic proteins, Bax and Bcl-2. Treatment
with UA was found to significantly increase the expression of
Bax and decrease the levels of Bcl-2 protein (Figures 3E, 3F).

The pivotal role of the Sirt1-FOXO1 pathway in the
UA-mediated inhibition of glioblastoma cell growth
and migration. To evaluate the relationship between the
expression levels of Sirtl and patient survival, we analyzed
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Figure 1. UA repressed the growth of U251 and U118 MG cells. A) Chemical structure of UA. B) CCK-8 assay showing that UA inhibited U251 and
U118 MG cell proliferation in a dose- and time-dependent manner. C) The morphology and proliferation changes of U251 and U118 MG cells after UA
treatment for 48 h. (original magnification, 40x). D) Inmunofluorescence image showing Ki67-expressing cells after UA incubation. Scale bar=50 pum.
E) Western blotting indicating the protein expression levels of Ki67 in U251 cells after UA incubation. n=6; *p<0.05, **p<0.01, ***p<0.001 vs. vehicle-

treated group

the Chinese Glioma Genome Atlas (CGGA; http://www.
cgga.org.cn/) database. As a result, patients with higher
Sirtl expression had higher rates of survival (Figure 4A).
The analysis of Sirtl expression in different World Health
Organization (WHO) grades indicated that the mRNA

levels of Sirtl in glioblastomas of WHO grade III and IV
were significantly lower than in WHO grade II glioblas-
tomas, indicating that the decrease of Sirtl was associated
with increased severity of glioblastoma (Figure 4B). To
further evaluate the expression of Sirtl in glioblastoma cell
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lines, we quantitatively examined the mRNA levels of Sirtl
in three human glioblastoma cell lines. The results showed
that the Sirtl mRNA levels of glioblastoma cell lines were
decreased compared to that of the control normal human
astrocytes (Figure 4C). Next, we determined whether the

expression of Sirtl was affected by UA, and found that the
mRNA and protein levels of Sirtl in U251 cells increased
with the increase of the concentration of UA (Figures 4D,
4E), and accompanied by an increase of the mRNA and
protein levels of FOXO1 (Figure 4F, 4G). The correlation
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cated that UA induced apoptosis of U251 and U118 MG cells. E) The protein levels of Bcl-2, Bax, and Cytochrome C after UA treatment were assessed
by western blotting. F) Quantified analysis of the western blotting. G) The protein levels of Cytochrome C in mitochondria and cytoplasm after UA
treatment were assessed by western blotting. n=6; *p<0.05, **p<0.01, ***p<0.01 vs. vehicle-treated group
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Figure 4. UA induced the up-regulation of Sirtl and FOXO1 in U251 cells. A) Survival probability analysis of low and highly expressed Sirt1 in glio-
blastoma patients from the CGGA database. B) The analysis of the mRNA levels of Sirt1 in glioblastoma tumors of different WHO grades based on the
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analysis results indicated that the mRNA or protein levels of
Sirtl were positively correlated with the mRNA or protein
levels of FOXO1, respectively (Figure 4H).

Next, we investigated whether Sirtl mediated the inhibi-
tory effect of UA on proliferation and migration. We synthe-
sized the Sirtl-targeted shRNA, and the validation results
revealed that Sirtl-targeted shRNA significantly reduced the
protein expression levels of Sirtl (Figure 5A). Furthermore,
our results demonstrated that the knockdown of Sirt1 blocked
the inhibitory effect of UA on the proliferation and migration
of U251 and U118 MG cells (Figures 5B, 5C). Moreover, the
Sirtl knockdown also blocked the effect of UA on the upreg-
ulation of FOXO1 (Figure 5D). In order to further explore
the mediatory effects of Sirtl and FOXO1 on the inhibitory
activity of UA in proliferation and migration of U251 and
U118 MG cells, we synthesized the Sirtl or FOXO1-targeted
overexpression vector, and the validation results revealed
that these vectors significantly increased the Sirtl or FOXO1
protein expression levels respectively (Figures 6A-6D).
Moreover, our results indicated that the overexpression of
Sirt1, but not FOXO1 restored the despaired inhibitory effect
of UA induced by Sirtl knockout on the proliferation and
migration of U251 and U118 MG cells (Figures 6E-6G).

In order to investigate the underlying pathway that
mediates the activity of UA, the expression of family members
of MAPK and AKT was detected in U251cells by western
blotting. Our data showed that UA repressed the phosphory-
lation levels of ERK and AKT, while having no effect on p38
and JNK (Figures 7A, 7B).

UA inhibits the growth of glioblastoma xenografts in
nude mice. We aimed to establish a nude mouse model of
GBM xenograft to examine the inhibitory effect of UA on
tumor growth in vivo. The results indicated that the tumor
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volume (Figure 8A) and tumor weight (Figures 8B, 8C)
were significantly decreased in mice treated with UA for 15
days compared to the control group. Meanwhile, Figure 8D
showed that UA apparently reduced the protein expression
levels of Sirtl and FOXO1 in tumor tissues. Meanwhile, the
correlation analysis results indicated that the protein levels
of Sirtl in tumor tissues were positively correlated with
the protein levels of FOXO1 (Figure 8E). Furthermore, the
immunofluorescence staining results also indicated that
immunofluorescence signals of Sirtl and FOXO1 in tumor
tissues were increased by UA treatment compared to vehicle
treatment (Figures 8F, 8G).

Discussion

In this study, we found that UA significantly inhibited
glioblastoma growth, colony formation ability, migration and
invasion in a dose- or time-dependent manner. Meanwhile,
UA repressed the EMT of U251 cells. Moreover, glioblastoma
cell cycle arrest and apoptosis were induced by UA. Further-
more, the expression levels of Sirtl and FOXO1 were found
to increase after UA treatment, and the knockdown of Sirt1
interfered with the inhibitory effects of UA, with the corre-
sponding changes in FOXO1 expression, while, overexpres-
sion of Sirtl, but not FOXOL1 restored the despaired inhibi-
tory effect of UA induced by Sirtl knockout on the prolifera-
tion and migration of glioblastoma cells. UA also expressed
suppressive activity on glioblastoma growth in xenograft
nude mouse models, with the opposite regulatory effect on
the expression of Sirtl and FOXO1. Our results indicated that
UA inhibits the growth and metastasis of glioblastoma cells
by regulating the Sirt1-FOXO1 axis via ERK/AKT signaling
pathways (Figure 9).
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Figure 7. The expressions of MAPKs and AKT in the U251 cell line with various concentrations of UA treatments. A) The western blotting showing
the expression levels of MAPKs and AKT. (B) The quantitative analysis of expression levels of MAPKs and AKT. n=6; **p<0.01, ***p<0.01 vs.vehicle-

treated group
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Although reports on the expression levels of Sirtl in
glioblastoma have been contradictory [34-36], it was
commonly acknowledged that Sirtl plays a significant role
in many cancers [37, 38]. In our research, we found that high
levels of Sirtl expression were associated with a high survival
rate in glioblastoma patients. By contrast, Sirtl expression
was downregulated in glioblastoma cells, suggesting that
Sirtl is an antitumor gene for glioblastoma. Moreover, UA
increased the expression of Sirtl, and inhibition of Sirtl
expression was found to block the suppressive effect of UA on
glioblastoma cells, and overexpression of Sirtl restored the
despaired inhibitory effect of UA induced by Sirt1 knockout,
indicating that Sirtl is indeed the underlying functional
target gene of UA. The mechanism for this regulatory process
may occur via the modulation of signaling pathways [39,
40]. Our results showed that UA suppressed the activity of
ERK and AKT pathways, which may mediate the effect on
the transcriptional regulation of targeted genes because it
was reported that inhibition of PI3K/AKT and MEK/ERK
pathways activates FOXO transcription factors [41, 42],
which may result in the enhanced expression of Sirt1. Besides,
inhibiting Sirtl activity or siRNA-mediated Sirtl knockout

significantly reduces ERK1/2 activation [43], which formed a
negative feedback regulation. Nevertheless, the elucidation of
the exact pathways involved in the regulatory effect of UA on
Sirtl requires further exploration by using specific inhibitors
of certain signaling pathways.

Generally, the functional role of Sirtl in cancer can be
achieved via the deacetylation of histone and non-histone
proteins [37]. Numerous studies have reported that FOXO1
acts as a tumor suppressor, inhibiting the development
of different types of cancer, where FOXOI1 inactivation is
accompanied by a poor prognosis in patients [21, 44]. It is
interesting to note that UA can induce the upregulation of
FOXO1, which is positively correlated with Sirtl, implying
that, except for deacetylating modification, the transcription
or translation of FOXO1 may be affected by Sirtl. However,
we also found that overexpression of FOXO1 cannot rescue
the despaired inhibitory effect of UA induced by Sirtl
knockout, indicating that FOXO1 may be not the unique
underlying targeted functional gene mediating the activity of
UA. Meanwhile, Sirtl inhibits the transcriptional activity of
p53, FOXO3, and E2F1 by directly binding and deacetylating
[37, 45, 46]. Furthermore, PGC-1a has been reported to be
a critical target of Sirtl deacetylation activity. The transcrip-
tional activity of PGC-1a is affected by Sirtl via deacety-
lation [47], while the acetylation of PGC-1la suppresses its
transcriptional activity [48] and the subsequent expression
of its target genes. To be confusing, FOXO1 is also a reported
transcription factor, which in turn, regulates the expression
of Sirtl. Therefore, the exact functional mechanisms need to
be elucidated in future studies.

The penetration of BBB is an important limiting factor
for the use of chemotherapeutic drugs in the treatment of
glioblastoma, since the BBB serves as a physical and physio-
logical barrier for drug delivery to glioblastoma [49]. There-
fore, it is conventional for therapies designed for use in the
central nervous system to pass through the BBB. Certain
studies have shown that UA is able to pass through the
BBB [50], with therapeutic evidence of the anti-Alzheimer’s
disease effects of UA in an animal model when adminis-
trated in the periphery [51]. The ability of UA to penetrate
BBB makes it a great potential drug for the treatment of
glioblastoma.

In conclusion, UA was found to exert an inhibitory effect
on the tumor growth and metastasis of glioblastoma, as well
as inducing cell cycle and apoptosis in glioblastoma cells.
Intriguingly, UA was also found to regulate the Sirt1-FOXO1
axis, and interfering with Sirtl expression blocked the effects
of UA on glioblastoma cells. Furthermore, UA was found to
inhibit the growth of glioblastoma in xenograft mice. Our
findings provide the research basis for the clinical usage of
UA and the evidence for the further exploration of potential
antitumor drugs.

Supplementary information is available in the online version
of the paper.
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