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Juglone reduces growth and migration of U251
glioblastoma cells and disrupts angiogenesis
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Abstract. Accumulating data show that prolylisomerase (Pinl)
is overexpressed in human glioblastoma multiforme (GBM)
specimens. Therefore, Pinl inhibitors should be investigated
as a new chemotherapeutic drug that may enhance the clinical
management of human gliomas. Recently, juglone, a Pinl
inhibitor, was shown to exhibit potent anticancer activity in
various tumor cells, but its role in human glioma cells remains
unknown. In the present study, we determined if juglone exerts
antitumor effects in the U251 human glioma cell line and
investigated its potential underlying molecular mechanisms.
Cell survival, apoptosis, migration, angiogenesis and molec-
ular targets were identified with multiple detection techniques
including the MTT cell proliferation assay, dual acridine
orange/ethidium bromide staining, electron microscopy,
Transwell migration assay, chick chorioallantoic membrane
assay, quantitative real-time polymerase chain reaction and
immunoblotting. The results showed that 5-20 M juglone
markedly suppressed cell proliferation, induced apoptosis, and
enhanced caspase-3 activity in U251 cells in a dose- and time-
dependent manner. Moreover, juglone inhibited cell migration
and the formation of new blood vessels. At the molecular level,
juglone markedly suppressed Pinl levels in a time-dependent
manner. TGF-f1/Smad signaling, a critical upstream regulator
of miR-21, was also suppressed by juglone. Moreover, the
transient overexpression of Pinl reversed its antitumor effects
in U251 cells and inhibited juglone-mediated changes to the
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TGF-B1/miR-21 signaling pathway. These findings suggest
that juglone inhibits cell growth by causing apoptosis, thereby
inhibiting the migration of U251 glioma cells and disrupting
angiogenesis; and that Pinl is a critical target for juglone's
antitumor activity. The present study provides evidence that
juglone has in vitro efficacy against glioma. Therefore, addi-
tional studies are warranted to examine the clinical potential
of juglone in human gliomas.

Introduction

Glioblastoma multiforme (GBM), which develops from astro-
cytes, is the most malignant primary brain tumor in adults.
Classified as a grade IV (most serious) astrocytoma, it has one
of the worst prognoses among all human tumors, with a median
survival of approximately 12 months (1). Chemoprevention
to prevent glioma progression in patients after surgery is an
important strategy, but glioma resistance to chemotherapy
has been one of the major obstacles to successful anticancer
therapy (2). Chemotherapeutic agents, such as doxorubicin,
paclitaxel and 5-fluorouracil, clearly have some degree of
activity in tumor treatment, but did not increase the median
overall survival in patients with gliomas (3). Thus, it is clearly
necessary to determine the molecular mechanisms underlying
malignant tumor progression and resistance to treatment, with
the goal of developing chemotherapies based on more effective
clinical therapies.

Pinl is a peptidylprolylcis/transisomerase (PPlase) that
catalyzes the isomerization of the peptide bond between
phospho-serine/threonine and proline (4,5). Previous reports
haveindicated thatitplaysacritical rolein Alzheimer's disease,
adipogenesis and malignant tumor formation (4). Recently, it
was reported that Pinl protein expression was upregulated
in human GBM specimens (6,7); thus, it is necessary to
determine if Pinl inhibitors have chemotherapeutic poten-
tial in this disease. Juglone (5-hydroxy-1,4-napthoquinone)
is a natural compound isolated from Juglans mandshurica
Maxim (8). Several studies have shown that it has various
pharmacological effects such as anti-viral, anti-bacterial and
anticancer properties (9,10). Moreover, many experiments
have demonstrated that it irreversibly inhibits the enzymatic
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activity of Pinl (8,11,12). Thus, we hypothesized that juglone
exerts its antitumor effects in glioma cells by suppressing
Pinl-mediated signaling.

Materials and methods

Cell culture. The human glioblastoma cell line, U251, and
human umbilical vein endothelial cells (HUVECs) were
obtained from the China Academia Sinica Cell Repository
(Shanghai, China). The cells were maintained in RPMI-1640
(Gibco, Grand Island, NY, USA) supplemented with 15% fetal
bovine serum (FBS; Gibco), 2 mM glutamine (Sigma-Aldrich,
St. Louis, MO USA), 100 units/ml penicillin (Sigma-Aldrich),
and 100 pg/ml streptomycin (Sigma-Aldrich) and were incu-
bated at 37°C with 5% CO,.

Transfection. Cells were transfected with 1-pg/ml
pc-DNA3.1-hPinl plasmid (Genechem, Shanghai, China)
using Lipofectamine™ 2000 and were lysed after 48 h.

MTT assay. U251 cells were seeded in a 96-well plate at a
density of 2.5x10* cells/well and were allowed to adhere to
the bottom of each well for 24 h. After treatment, the medium
in each well was removed and replaced with a phosphate-
buffered saline (PBS) solution containing 5 mg/ml MTT,
after which the plate was incubated at 37°C for 3 h. Then,
the remaining supernatant was removed, and 100 ul dimethyl
sulfoxide (DMSO) was added to each well and mixed thor-
oughly to dissolve the formazan crystals that developed. After
10 min of incubation to ensure, cell viability was determined
by measuring the absorbance of each well at a wavelength of
570 nm. Relative cell viability was expressed as the percentage
of the treatment group relative to that of the control group.

Fluorescent microscopy measurements. U251 cells were
seeded on a glass coverslip. After juglone (Sigma-Aldrich)
treatment, the coverslips were treated with 20 ul freshly
prepared acridine orange/ethidium bromide (AO/EB) solution
(100 pg/ml AO and 100 pxg/ml EB in PBS) and viewed under a
fluorescence microscope (Olympus Corp., Tokyo, Japan). Cell
images were captured with a charge-coupled device (CCD)
digital camera (CoolSNAPcf; Roper Scientific, Tucson, AZ,
USA). Apoptosis was identified using morphological criteria,
including nuclear condensation and/or fragmentation.

Electron microscopy. To perform electron microscopy anal-
ysis, the U251 cells were fixed in 2.5% glutaraldehyde in PBS
for 2 h at 4°C and post-fixed in 1% osmium tetroxide. After
dehydration in a series of graded ethanol baths (30-100%) and
propylene oxide, cells were embedded in Epon. Cell sections
(80-200 nm) were obtained using a Reichert UltraCut E micro-
tome and stained with uranyl acetate. Grids were examined
using a JEOL 1200 EXII electron microscope (JEOL Ltd.,
Tokyo, Japan).

Caspase-3 activity assay. Caspase-3 activity was determined
with colorimetric assay kits (Sigma-Aldrich) according to the
manufacturer's instructions. U251 cells were scraped from the
plates in ice-cold PBS and lysed in 160 ul ice-cold cell lysis
buffer for 30 min. The lysate was centrifuged at 13,000 x g for
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30 min at 4°C, and the supernatant was used for subsequent
assays. The fluorogenic substrates for caspase-3 were labeled
with the fluorochrome 7-amino-methyl coumarin (AMC),
which was released from these substrates upon cleavage by
caspase-3. Enzyme activity was determined by monitoring
the fluorescence produced by free AMC using a spectrofluo-
rophotometer (RF-5301PC; Shimadzu Co., Kyoto, Japan) at
360/460 nm. Caspase-3 activity was expressed in pmole AMC
liberated per minute per microgram of protein.

Transwell migration assay. The Transwell migration and inva-
sion assay was performed using 24-well cell culture inserts
without Matrigel (8 ym pore; BD Biosciences, San Jose, CA,
USA). Briefly, 5x10* cells were re-suspended in 250 ul serum-
free RPMI-1640 and added to the inserts. A total volume of
500 ul Dulbecco's modified Eagle's medium (DMEM) with
10% FBS was added to the lower chamber. After allowing
cells to migrate for 4 h or invade for 22 h, cells on the upper
surface of the membrane were removed using a cotton swab,
and the membranes were fixed in methanol and stained with
crystal violet. The number of migrating or invading cells was
determined by averaging the cell counts from nine randomly
selected x100 fields.

Scratch wound healing assay. For the scratch wound healing
assay, U251 cells were seeded at a density of 1x10° cells/6-well
plate and allowed to grow overnight. After a 24-h treatment
with juglone, a scratch wound was applied using a pipette tip,
and a baseline image was obtained. Scratch wound closure
was monitored over a 24-h period. Wound healing and cell
migration were quantified by measuring the distance between
edges of the wound.

Chick chorioallantoic membrane assay. Chicken eggs were
purchased from Heilongjiang Institute of Veterinary Science
(Harbin, China) and maintained in a humidified 39°C incubator
(Lyon Electric, Chula Vista, CA, USA). Pellets containing 0.5%
methylcellulose plus juglone (200 ug) or control saline were
placed onto the chick chorioallantoic membrane (CAM) of
10-day-old chick embryos. Eggs were subsequently incubated
at 39°C and on day 13, the CAM's were fixed, excised, and
imaged using a digital camera (Canon PowerShot 6) attached
to a stereo microscope (Carl Zeiss, Oberkochen, Germany).
Angiogenesis was quantified by counting the branch points
arising from tertiary vessels from a minimum of eight speci-
mens from the three separate experiments.

Tube formation. To evaluate in vitro angiogenesis activity,
tube formation assays were performed with HUVECs.
Twenty-four-well plates were coated with 300 u1 Matrigel
(Becton-Dickinson, Suzhou, China). HUVECs (5x10* cells)
were suspended in 500 ¢l medium containing various concen-
trations of juglone, and added to the polymerized Matrigel.
After incubation at 37°C for 6 h, cells were fixed and stained
with Diff-Quik II reagents (Dade Behring AG, Marburg,
Germany), photographed and counted.

Western blot analysis. U251 cells were lysed in a buffer
containing 50 mM Tris-HCI (pH 7.4), 0.1 mM phenylmeth-
ylsulfonyl fluoride and 5 mM EGTA for extraction of cellular
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Figure 1. Juglone-induced reduction in cell viability and apoptosis in U251 cells. (A) U251 cells were treated with 2, 5, 10, 20, 50 and 100 M juglone for
24,48 or 72 h. Cell viability was detected by MTT assays. All of the assays were conducted in six replicates (n=6) for each treatment. Data are shown as
mean + SD from three independent experiments. (B) U251 cells after exposure to 20 uM juglone for 24, 48 and 72 h. Representative image of AO/EB staining
(upper panel) and transmission electron microscopy (lower panel) of U251 cells treated with 20 yM juglone for 48 h. White arrows indicate apoptotic cells
with morphological characteristics (chromatin condensation and nuclear shrinkage, original magnification, x100). Transmission electron microscopy showed
characteristic changes of apoptosis in U251 cells treated with 20 xM juglone for 48 h (chromosomal DNA condensation, segmentation of the nucleus, sunken
nucleus membrane and loss of microvilli, original magnification, x8000). (C) Statistical bar graph of the abundance of apoptotic cells induced by juglone
according to AO/EB staining. (D) Juglone enhanced the activity of caspase-3 by 7-amino-methyl coumarin assay. Data are shown as mean + SD of three

independent experiments, "P<0.05 vs. control.

proteins. Proteins (100 pug/lane) were resolved on 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels, and then electrophoretically transferred
to nylon membranes. After blocking, the membranes were
incubated overnight at 4°C with the appropriate rabbit
polyclonal TGF-f1, p-Smad2/3, Smad2/3 (1:500 dilution;
Abcam, Cambridge, UK), rabbit anti-VEGF antibody, or
rabbit anti-CD31 antibodies (Proteintech, Wuhan, China).
The goat anti-rabbit secondary antibody was from Invitrogen
(Carlsbad, CA, USA). Western blot bands were quantified
using Odyssey v1.2 software by measuring the band inten-
sity (area x OD) for each group and normalizing to GAPDH
(anti-GAPDH antibody from Shanghai Kangcheng, Co., Ltd.,
Shanghai, China) served as the internal control.

TagMan quantitative real-time PCR analysis of mature
miRNA-21. Total RNA isolated by TRIzol reagent (Invitrogen)
was treated with the Turbo DNA-Free kit (Ambion, Austin,
TX, USA) to eliminate genomic DNA contamination. TagMan
stem-loop real-time PCR was used to assess the expression
of miR-21 using kits from Applied Biosystems (Foster City,
CA, USA). In each sample, we calculated the ACt (target-
reference). The fold-change between juglone-treated samples
and the normal control for miR-21 was calculated with the
2-44C¢ method, in which AACT = ACT (target-reference) (in
juglone-treated samples) - ACT (target reference) (in untreated

samples). Quantitative real-time PCR (qPCR) was repeated
in triplicate for each sample, and the average 222 value and
its standard deviation (SD) were calculated for each sample
relative to the normal control for expression of miR-21. U6 and
geNorm were used as reference genes to which the expression
of miR-21 was normalized.

Statistical analysis. Data are presented as mean = SD.
Statistical comparison was performed by the Student's t-test
and analysis of variance (ANOVA). P<0.05 were considered
statistically significant.

Results

Juglone suppresses cell viability and induces apoptotic cell
death of cultured U251 cells. After U251 glioma cells were
treated with 5-100 M juglone for 24, 48 and 72 h, juglone
gradually attenuated cell viability in a concentration- and
time-dependent manner (Fig. 1A). To determine if the reduc-
tion in juglone-induced cell viability was due to apoptosis,
AO/EB staining and electron microscopy were performed
to confirm the apoptotic changes. Fluorescence microscopic
analysis showed that untreated U251 cells were stained with
uniform green fluorescence (Fig. 1B, upper panel). Cells
treated with 20 M juglone for 48 h showed clear morpho-
logical changes in the nucleolus, such as nuclear condensation
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Figure 2. Juglone inhibits the migration of U251 cells. U251 cells were treated with 5, 10 and 20 #M juglone for 24 h. Cells were subjected to Transwell
(A and B) and wound-healing assays (C and D) to evaluate cell migration. Data are presented as mean + SD from three independent experiments. "P<0.05 vs.

control.

and/or fragmentation and orange apoptotic cells (indicated by
arrows in Fig. 1B, upper panel). Juglone induced apoptosis
of U251 cells in a time-dependent manner, and the number
of apoptotic cells increased by 26% when cells were treated
with 20 yM of juglone for 48 h (Fig. 1C). We also examined
the micromorphological changes induced by juglone using
electron microscopy at an original magnification of x8,000
as an alternative indication of apoptosis. As shown in Fig. 1B,
the microstructure of the cell appeared normal under control
conditions. However, cells treated with 20 M juglone for
48 h exhibited morphological changes in microstructure
including chromosomal DNA condensation, segmentation of
the nucleus, a sunken nucleus membrane and loss of microvilli.
In addition, as shown in Fig. 1D (black bars), caspase-3 activity
significantly increased after the treatment of U251 cells with
20 uM juglone for 24,48 and 72 h.

Juglone delays and decreases U251 cell migration in vitro.
We further examined whether juglone affects cell migration
ability in vitro. To this end, U251 cells were subjected to 5,

10 and 20 xM juglone and their ability to migrate was evalu-
ated with Transwell and wound healing assays. As shown in
Fig. 2A and C, juglone significantly inhibited cellular trans-
migration ability in a dose-dependent manner compared to
the controls. Quantitative analysis using ImageJ software also
confirmed the significant anti-migratory effects of juglone
at 24 h (Fig. 2B and D). These results strongly indicate that
juglone may regulate the migration ability of the glioma cells.

The anti-angiogenesis role of juglone. Angiogenesis is a
prerequisite for glioma tumor growth (13). The sprouting of
endothelial cells and formation of tubes are crucial steps in
the angiogenic process (14). We examined angiogenesis using
the CAM assay. Compared with the controls, incubation with
200 pg juglone directly inhibited formation of new blood
vessels in the CAM (Fig. 3A and B). Control HUVECs spread
and aligned with each other and formed a rich meshwork
of branching anastomosing capillary-like tubules with
multicentric junctions. This process was hardly influenced by
20 uM juglone (Fig. 3C and D). Moreover, vascular endothelial
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Figure 3. Juglone exerts anti-angiogenic activity. (A) Juglone inhibited new vessel growth in a CAM assay. (B) Quantitative bar graph of (A) showing branch
points per field. n=5 independent experiments. (C and D) Julgone significantly suppressed tube formation of HUVECs in Matrigel (magnification, x100). n=6
independent experiments. (E and F) HUVECs were incubated with juglone (0, 5, 10, or 20 zM) for 24 h and cell lysates were prepared. The expression of
(E) VEGF and (F) CD31 in cell lysates was determined by western blot analysis. Anti-GAPDH was used as a loading control. Western blot band is a representa-

tive result from three independent experiments. "P<0.05 vs. control.

growth factor (VEGF) and CD31, angiogenic markers, were
detected by western blotting. Our experiments showed that
treatment of HUVECs with juglone (0, 5, 10 and 20 uM)
decreased VEGF and CD31 expression in a dose-dependent
manner (Fig. 3E and F).

Juglone downregulates Pinl expression and inhibits the
TGF-B1/Smad/miR-21 axis in U251 glioma cells. It has
been suggested that Pinl overexpression is associated with
the development of glioma. Next, we performed western
blotting to examine the expression of Pinl in the absence
and presence of juglone. As illustrated in Fig. 4A, 5-20 uM
juglone led to a gradual decrease in Pinl protein expression
in a dose-dependent manner. Previous studies have shown
that the TGF-p/Smad/miR-21 axis is implicated in glioma
growth, migration and angiogenesis (15,16). Importantly, Pinl
is positive regulator of TGF-f1 mRNA expression (17,18) and
the TGF-f signaling pathway has been suggested to increase
the level of miR-21 in a variety of cell types (19,20). Thus,
we tested the effects of juglone on TGF-f3, Smad2/3 and
miR-21 expression in U251 glioma cells. As expected, juglone
significantly induced a decrease in TGF-f1 mRNA (Fig. 4B)
and protein expression (Fig. 4C), and the phosphorylation

of its downstream signaling molecule Smad2/3 (Fig. 4D).
Accordingly, qPCR analysis revealed that miR-21, as a TGF-f§
downstream molecule, was downregulated in a dose-dependent
manner with juglone treatment (Fig. 4E). These results suggest
that the Pinl-associated TGF-B1/Smad2/3/miR-21 axis may
play a role in juglone-mediated antitumor activity in cultured
U251 glioma cells.

Transient overexpression of Pinl prevents julgone-induced
antitumor effects. To further determine if Pinl plays a critical
role in the antitumor activity induced by juglone, we transfected
human Pinl plasmid into U251 cells. Successful transfection
of Pinl was verified (Fig. 5A). A statistical graph of apoptosis
levels as determined by AO/EB staining is shown in Fig. 5B.
Incubation with 10 M juglone for 48 h caused an increase
in the number of apoptotic cells compared to control cells.
However, juglone-induced apoptosis was inhibited by Pinl
overexpression. Similarly, Pinl overexpression also reduced
the ability of juglone to block U251 migration (Fig. 5C and D).
Accordingly, the inhibitory effects of juglone on TGF-f1 and
miR-21 expression were also reversed by Pinl overexpres-
sion (Fig. SE and F). These results suggest that Pinl is a key
target for juglone-mediated antitumor effects.
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Figure 4. Effects of juglone on Pinl, TGF-f1, Smad2/3 and miR-21 expression. U251 cells were treated with 5, 10 and 20 #M juglone for 24 h. (A) Western blot
analysis of Pinl in HUVECs with the indicated treatments. (B and C) Juglone-induced downregulation of TGF-f mRNA and protein expression, as determined
by qPCR and western blotting. (D) Juglone promoted a decrease in phospho-Smad2/3, as determined by western blotting. (E) Bar diagram summarizing the
effects of juglone on miR-21 expression by qPCR. Data are shown as mean + SD of three independent experiments, ‘P<0.05 vs. control.

Discussion

The present study clearly demonstrates that juglone, a Pinl
inhibitor, suppresses proliferation, induces apoptosis and
migration of U251 glioma cells, and exerts anti-angiogenesis
effects, thereby highlighting its therapeutic potential in glioma
disease. The antitumor mechanisms of this naturally-occurring
compound was associated with the downregulation of Pinl
expression and inhibition of downstream signaling molecules
including TGF-p1, Smad2/3 and miR-21, suggesting that Pinl
inhibition may be an attractive therapeutic target for glioma.
The unique role of Pinl as a molecular switch that impacts
multiple downstream pathways necessitates the evaluation
of a highly specific Pinl inhibitor to aid in potential thera-
peutic drug discovery. Recent data have indicated that juglone
may be a useful antitumor agent for some cancer types.
Accumulating data have indicated that juglone inhibits tumor
cell growth through multiple functions such as cytotoxicity,
induction of apoptosis and prevention of angiogenesis. For
instance, Hu er al (11) revealed that juglone can effectively
inhibit the proliferation, migration and angiogenic ability of
MCF7Adr cells. Moreover, Fang et al (21) found that juglone

induces apoptosis via the mitochondrial pathway and reduces
cell invasiveness by decreasing matrix metalloproteinase
(MMP) expression. Avct et al (22) demonstrated that juglone
inhibits cell invasion and metastasis in a pancreatic cancer
line. A report by Jha et al (23) indicated that juglone induces
cell death of Acanthamoeba through increased production of
reactive oxygen species. In the present study, we found that
juglone (5-20 uM) decreased the viability of cultured U251
glioma cells in a concentration- and time-dependent manner,
which was accompanied by apoptosis, inhibition of cell migra-
tion and anti-angiogenesis activity. These results are consistent
with previously published results showing that juglone inhibits
the survival of many types of cultured cancer cells.

Many studies have shown that Pinl is a major signaling
molecule involved in the regulation of cellular proliferation,
apoptosis, migration and angiogenesis (4). Notably, some
studies have also shown that it is significantly overexpressed
in glioma and correlates with malignant tumor progression
and resistance to chemotherapy. For example, a report by
Atabay et al (24) indicated that knockdown of Pinl decreased
the levels of VEGF and MMP-9 and reduced the angiogenic
potential and tumorigenicity of glioblastoma cells. Similarly,
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Ryo et al (25) demonstrated that the targeted inhibition of Pinl
by small interfering RNA in A172 glioblastoma cells signifi-
cantly enhanced the apoptotic response induced by hydrogen
peroxide. These studies suggest that juglone may have
chemotherapeutic potential in glioblastoma. To explain these
observations at the molecular level, we evaluated the effects
of juglone on Pinl expression, and found that juglone reduced
Pinl protein expression in a dose-dependent manner, consis-
tent with previous investigations. Shen et al (18) confirmed that
Pinl promotes the stability of TGF-1 mRNA by modulating
the RNA-binding protein including AUF1, HuR and TIA-1
interaction with TGF-B1 mRNA. Accordingly, in this context,
after 24 h of juglone treatment, TGF-f1 mRNA and protein
levels were significantly reduced. These phenomena suggest
that juglone can inhibit TGF-f expression, probably due to its
inhibitory effects on Pinl activity.

In addition to tumor cells, juglone also affects other
cells because Pin-1 has a key role in the regulation of many
cell processes. For example, juglone can cause cell death in
human fibroblasts (26), stimulate suicidal erythrocyte death
or eryptosis (27), promote skin cell migration (9), alleviate

myocardial fibrosis (28) and suppress cell adhesion to endo-
thelial cells (29). In addition, juglone can also exert its effects
in a Pin-1-independent manner, as was shown in a unilateral
ureteral obstruction rat model in which juglone attenuated
fibrogenesis. These antifibrotic effects may have resulted from
the inhibition of Smad2 and oxidative stress (28).

It is generally recognized that miR-21 is a critical regulator
for promoting the progression of malignant glioma. Recent
results have indicated that it is upregulated in glioma vessels
and subsets of glioma cells and exerts its anti-apoptotic effects
by regulating programmed cell death (31). Hermansen ez al (32)
found that miR-21 co-localizes with the angiogenesis markers,
HIF-1a and VEGF, suggesting that it is correlated with glioma
angiogenesis. We also confirmed that both VEGF and CD31
expression was downregulated in HUVECs upon exposure
to juglone. Notably, Smad2/3, a downstream component
of the TGF-f signaling pathway, also controls DROSHA
(also known as RNASEN) complex-mediated miR-21
maturation (19). Juglone also causes the downregulation of
phospho-Smad2/3 protein expression. Notably, a report by
Yang et al (17) demonstrated that TGF-f1-induced Smad2/3
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phosphorylation is inhibited by Pinl knockdown, indicating
that decreased miR-21 expression induced by juglone might
be due to inhibition of Pinl-related TGF-f signaling. Most
importantly, the transient overexpression of Pinl inhibited
the antitumor effects of juglone on U251 cells and reversed
changes in the TGF-1/miR-21 signaling pathway that were
induced by juglone. These data demonstrate that Pinl plays a
critical role in the antitumor effects of juglone.

In summary, the present study demonstrated that juglone
inhibits Pinl expression, thereby blocking TGF-f1/Smad/
miR-21 signaling, suppressing U251 glioma cell growth and
migration, and disrupting angiogenesis. These findings support
the potential therapeutic effects of juglone in the treatment of
glioma, although in vivo studies in animal models are needed.
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