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Abstract. There is a growing evidence that Fyn kinase is 
upregulated in glioblastoma multiforme (GBM), where it 
plays a key role in tumor proliferation and invasion. In the 
present study, the antitumor effects of rosmarinic acid (RA), 
a Fyn inhibitor, were explored in human‑derived U251 and 
U343 glioma cell lines. These cells were treated with various 
concentrations of RA to determine its effects on proliferation, 
migration, invasion, apoptosis, and gene and protein expres‑
sion levels. The CCK‑8 assay revealed that RA significantly 
suppressed cell viability of U251 and U343 cells. Furthermore, 
RA significantly reduced proliferation rates, inhibited migra‑
tion and invasion, and decreased the expression levels of 
invasion‑related factors, such as matrix metalloproteinase 
(MMP)‑2 and MMP‑9. TUNEL staining revealed that RA 
resulted in a dose‑dependent increase of U251 and U343 
cell apoptosis. In line with this finding, the expression of 
apoptosis suppressor protein Bcl‑2 was downregulated and 
that of the pro‑apoptotic proteins Bax and cleaved caspase‑3 
was increased. In addition, it was revealed that the phospha‑
tidylinositol 3‑kinase (PI3K)/Akt/nuclear factor‑κB (NF‑κB) 
signaling pathway was involved in RA‑induced cytotoxicity in 

U251 and U343 cells. Collectively, the present study suggested 
RA as a drug candidate for the treatment of GBM.

Introduction

Glioblastoma multiforme (GBM) is the most malignant 
primary brain tumor in humans and the most lethal cancer 
of the central nervous system, with an annual incidence of 
3.19  cases per 100,000  persons  (1‑3). Despite significant 
advances in tumor resection, radiation therapy, and chemo‑
therapy, the prognosis of GBM remains poor. Treatment failure 
and continued disease progression results in a median overall 
survival of approximately 12‑15 months, with a 5‑year survival 
rate of less than 10% (4). Studies have revealed that the rapid 
proliferation and high invasiveness of GBM cells lead to treat‑
ment failure and tumor recurrence (5,6). Therefore, it is urgent 
to develop an effective treatment for GBM.

Src‑family kinases (SFKs) are non‑receptor tyrosine 
kinases. The family of proteins contains nine members 
(Fyn, c‑Src, Yes, Lyn, Lck, Blk, Hck, Fgr and Yrk), five 
of which (Fyn, c‑Src, Yes, Lyn and Lck) are expressed in 
human gliomas  (7‑10). SFKs are frequently overexpressed 
and/or activated in numerous human cancers (11‑13), where 
they play a role in tumor invasion, proliferation, metastasis, 
survival, and angiogenesis  (14). By knocking down indi‑
vidual SFKs in cultured cells (LN229, SF767, and GBM8), 
Lewis‑Tuffin et al  (7) determined that reduced c‑Src, Fyn, 
and Yes expression also reduced growth and migration and 
altered motility‑related protein phosphorylation patterns, 
while reduced Lyn expression had little effect on growth 
and migration. Other in vitro studies have revealed that Fyn 
knockdown is associated with decreased glioma cell prolifera‑
tion and migration (15,16). Fyn tyrosine kinase, a downstream 
target of the oncogenic receptor tyrosine kinase pathway, is 
rarely mutated, yet significantly overexpressed, in human 
GBM (17,18). The mechanisms of Fyn tyrosine kinase over‑
expression in human glioma cells are poorly known yet they 
are important since small‑molecule inhibitors of Fyn may be 
therapeutic options for glioma.

Rosmarinic acid (RA) is a natural phenolic compound 
that acts as a Fyn inhibitor by homology modeling of the 
human Fyn structure (19). RA can be found in species of the 
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Boraginaceae and Lamiaceae families, mainly in the leaves of 
Rosmarinus officinalis, from which it can be easily isolated; it 
can also be found in peppermint, lemon balm, oregano, sage, 
and thyme (20,21). The molecular structure of RA (chemical 
formula: C18H16O8) contains two benzene rings located at 
the extremities of the molecule and a pair of ortho‑hydroxyl 
groups in each benzene ring (Fig. 1). It has been reported that 
RA exerts a variety of beneficial biological properties, mainly 
antioxidant (22), anti‑inflammatory (23), pro‑apoptotic (24), 
and neuroprotective (25) effects. Furthermore, recent studies 
have revealed that RA has antineoplastic activity in leukemia, 
hepatocellular carcinoma, gastric carcinoma, colorectal cancer, 
breast cancer, and small‑cell carcinoma of the lung (26‑29). 
However, the effects of RA on tumor biological characteristics, 
such as proliferation, migration, and invasion of human glioma 
cells and their mechanisms, have not been clearly reported.

The phosphatidylinositol 3‑kinase (PI3K)/Akt/nuclear 
factor‑κB (NF‑κB) signaling pathway is an important pathway 
in the regulation of tumorigenesis, and is significantly acti‑
vated in glioma  (30). The activation of PI3K/Akt/NF‑κB 
signaling cascades is inhibited by Fyn knockdown in primary 
astrocytes (31). Therefore, it was hypothesized that RA may 
have an anti‑glioma effect by inhibiting the PI3K/Akt/NF‑κB 
signaling pathway.

In the present study, the effects of RA on glioma growth, 
migration, invasion, and apoptosis in vitro were explored, and 
the findings suggest that RA may be a potential therapeutic 
agent for glioma.

Materials and methods 

Reagents and antibodies. RA was purchased from Aladdin 
(cat. no. R109804). LY294002 and 740 Y‑P were purchased 
from MedChemExpress (cat. nos. HY‑10108 and HY‑P0175, 
respectively). The following primary antibodies were used: 
Fyn (product code ab125016; 1:2,000) was purchased from 
Abcam , PI3K (product no. 4249S; 1:1,000), MMP‑2 (product 
no. 87809S; 1:1,000), MMP‑9 (product no. 13667S; 1:1,000), 
Bcl‑2 (product no. 3498S; 1:1,000), Bax (product no. 2772S; 
1:1,000), cleaved caspase‑3 (product no. 9661S; 1:1,000), fibril‑
larin (product no. 2639S; 1:1,000), and caspase‑3 (product 
no. 9662S; 1:1,000), were all from Cell Signaling Technology, 
Inc., and phosphorylated Akt (p‑Akt) (cat. no. sc‑514032; 1:500), 
Akt (cat. no. sc‑81434; 1:1,000), NF‑κB p65 (cat. no. sc‑8008; 
1:1,000), β‑actin (cat. no. sc‑47778; 1:2,000), and glyceralde‑
hyde‑3‑phosphate dehydrogenase (GAPDH) (cat. no. sc‑47724; 
1:2,000) were purchased from Santa Cruz Biotechnology, Inc.

Cell culture. Human‑derived glioma cell lines (U251 and 
U343) and the normal human astrocyte (NHA) cell line were 
purchased from the American Type Culture Collection (ATCC). 
All cells were maintained under 5% CO2 at 37˚C in Dulbecco's 
modified Eagle's medium (DMEM) (cat. no.  11995040) 
containing 100  U/ml penicillin, 100  µg/ml streptomycin 
(cat. no. 15070063), and 10% fetal bovine serum (FBS) (cat. 
no. 10100147; all from Gibco; Thermo Fisher Scientific, Inc.) 
in water‑jacketed humidity‑controlled incubators.

Cell viability. Cell proliferation was calculated using 
Cell Counting Kit‑8 (CCK‑8) assay (Dojindo Molecular 

Technologies, Inc.) as per the manufacturer's instruc‑
tions. Briefly, cells were seeded in 96‑well microplates at 
2x103 cells/well and medium containing various concentrations 
of RA (0, 100, 200 and 400 µM) were added to the wells. After 
incubation for 24 or 48 h, the medium was replaced with 10 µl 
CCK‑8 solution. After further incubation for 1 h at 37˚C, the 
absorbance of each well was measured at 450 nm using a micro‑
plate reader (Multiskan Go 1510; Thermo Fisher Scientific, 
Inc.). In addition, cell viability assessed by CCK‑8 assay, was 
also performed on cells that were treated with or without RA 
(200 µM) for 24 h after PI3K agonist (740 Y‑P, 25 µg/ml) or 
inhibitor (LY294002, 30 µM) pretreatment for 2 h.

Immunofluorescence. U251 and U343 cells were seeded on a 
cover slide in a 24‑well plate at a density of 5x104 cells/well 
and maintained in a CO2 incubator for overnight growth. Then, 
the cells were treated with RA (0, 100, 200 and 400 µM) or 
vehicle for 24 h. Subsequently, the cells were washed three 
times with PBS and blocked for 1  h in PBS containing 
0.2% Triton X‑100 and 10% skimmed milk powder at 37˚C. 
Immunodetection was performed by incubation with a 
Fyn‑specific antibody at 37˚C for 1 h, followed by overnight 
incubation at 4˚C. After washing three times in PBS, the cover 
slides were incubated for 1 h at 37˚C with an anti‑rabbit Alexa 
Fluor 488‑conjugated secondary antibody (1:200; Invitrogen; 
Thermo Fisher Scientific, Inc.). The cells were then washed 
three times with PBS and mounted using ProLong™ Gold 
antifade reagent (P36930; Thermo Fisher Scientific, Inc.). 
Stained cells were analyzed at a magnification of x200 using a 
confocal microscope (LSM 800; Zeiss AG).

Wound healing assay. Cell migration was evaluated using 
the wound healing assay as previously described  (32). 
Briefly, U251 and U343 cells were seeded in 24‑well plates at 
5x104 cells/well and allowed to adhere. Then, a wound/scratch 
was produced using a 200‑µl pipette tip. After washing off 
the separated cells with phosphate‑buffered solution (PBS), 
serum‑free medium containing various concentrations of 
RA (0, 100, 200, and 400 µM) was added to the wells. The 
wound was observed at regular intervals between 0 and 48 h. 
Randomly selected areas were photographed at a magnifica‑
tion of x100 using a phase‑contrast microscope (CKX41; 
Olympus Corporation) and the wound area was calculated by 
ImageJ software (version 1.8.0; National Institutes of Health).

Invasion assay. The invasion assay was conducted using 
Corning® BioCoat™ Matrigel® Invasion Chambers (product 
no. 354480; Corning, Inc.) with 8‑µm pore chambers inserted 
into 24‑well plates. U251 and U343 cells (5x104 cells) were 
cultured in 500 µl of serum‑free DMEM with RA in the inserts 
and 500 µl of DMEM containing 15% FBS in the bottom of the 
wells. After 24 h of incubation, the inserts were washed three 
times with PBS and the cells were fixed with 4% paraformal‑
dehyde at room temperature for 10 min. After washing with 
PBS, the cells were stained with 0.1% crystal violet at room 
temperature for 15 min. Following another wash with PBS, 
the inner sides of the chamber were wiped with a cotton swab 
and images of the cells that invaded through the Matrigel® 
were obtained using a phase‑contrast microscope (magnifica‑
tion, x200). Finally, the number of invading cells was counted.
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TUNEL and DAPI staining. U251 and U343 cells were seeded 
on a cover slide in a 24‑well plate at a density of 3x104 cells/well 
and maintained in a CO2 incubator for overnight growth. Cells 
were treated with various concentrations of RA (0, 100, 200, 
and 400 µM) or vehicle for 24 h. Terminal deoxynucleotidyl 
transferase (TdT) dUTP nick‑end labeling (TUNEL) staining 
was performed according to the manufacturer's instructions 
(product no. C1086; Beyotime Institute of Biotechnology). 
Briefly, the cells were fixed with 4% paraformaldehyde at 
room temperature for 30 min, incubated for 5 min with 0.3% 
Triton  X‑100 in PBS, and then incubated with a reaction 
mixture containing terminal deoxynucleotidyl transferase and 
fluorescent labeling solution for 60 min at 37˚C according to 
the manufacturer's protocol. The cells were then stained with 
4',6‑diamidino‑2‑phenylindole (DAPI) for 5 min at 37˚C and 
mounted using ProLong™ Gold antifade reagent. Stained 
cells were analyzed using a confocal microscope (magnifica‑
tion, x200).

Flow cytometry. Cell apoptosis was detected using an 
Annexin V‑FITC apoptosis detection kit (product no. C1062L; 
Beyotime Institute of Biotechnology) according to the manu‑
facturer's instructions. In brief, cells were treated with RA (0, 
100, 200 and 400 µM) for 24 h and then resuspended in binding 
buffer containing Annexin V and PI. After incubation at 25˚C 
in the dark for 15 min, apoptotic cells were evaluated imme‑
diately using a FACScan flow cytometer (BD Biosciences). 
Data analysis was performed using FlowJo v10.0.7 software 
(Tree Star, Inc.).

Western blot analysis. The cells were lysed in RIPA buffer 
(cat. no. 89901; Thermo Fisher Scientific, Inc.) supplemented 
with complete protease inhibitor cocktail and phosphatase 
inhibitor (Roche Diagnostics). Lysate protein concentrations 
were determined using the BCA Protein Assay kit (Beyotime 
Institute of Biotechnology). For some experiments, Nuclear 
Protein Extraction kit (product no.  P0027; Beyotime 
Institute of Biotechnology) was used to isolate the nuclear 
proteins in accordance with the manufacturer's instructions. 
Proteins (20 µg) from each sample was separated by 10% 
SDS‑polyacrylamide gel electrophoresis (SDS‑PAGE) and 
transferred to polyvinylidene difluoride (PVDF) membranes 
(EMD Millipore). After blocking with 5% w/v non‑fat milk 
in TBST for 1 h at room temperature, the membranes were 
incubated overnight at 4˚C with primary antibodies. Then, 
the membranes were washed with TBST and horseradish 
peroxidase‑linked IgG secondary antibodies (anti‑mouse; 
product no. 7076; 1:4,000; and anti‑rabbit; product no. 7074; 

1:4,000; Cell Signaling Technology, Inc.) were added for 1 h 
at room temperature. The membranes were visualized with 
Western Bright™ reagent (cat. no. K‑12043‑D10; Advansta, 
Inc.). The band signals were captured by The ChemiDoc MP 
system (Bio‑Rad Laboratories, Inc.). ImageJ software (version 
1.8.0; National Institutes of Health) was used for densitometric 
analysis. The experiments were repeated at least three times 
independently.

Statistical analyses. The data are expressed as the 
mean ± standard deviation (SD) of at least three independent 
experiments, and statistical differences of cell viability were 
determined using two‑way analysis of variance (ANOVA) 
followed by Dunnett's multiple comparison test; other 
comparisons were performed using one‑way ANOVA followed 
by the Dunnett's multiple comparison test. All statistical 
analyses were computed by SPSS statistical analysis software 
version 22.0 (IBM Corp.). Values of P<0.05 were considered to 
indicate statistically significant differences.

Results

RA inhibits Fyn expression in vitro. First, the effect of RA 
on the expression of Fyn was examined in glioma cell lines 
(Fig. 2). RA treatment reduced Fyn expression in U251 and 
U343 cells in a dose‑dependent manner (Fig. 2A, C, D and F). 
Immunofluorescence staining confirmed that RA inhibited 
Fyn expression in U251 and U343 cells (Fig. 2B and E).

RA inhibits glioma cell proliferation. Next, the effect of RA 
on glioma cell proliferation was examined using the CCK‑8 
assay (Fig. 3). RA treatment inhibited cell proliferation in a 
time‑ and dose‑dependent manner in U251 and U343 cells 
(Fig. 3A and C). RA‑induced cytotoxicity was also observed 
under a microscope (Fig. 3B and D). The images revealed 
that as the concentration of RA increased, the density of 
glioma cells decreased, and more cells shrank and died. These 
observations were in line with the results of the CCK‑8 assay.

As a control, the effect of RA on NHA was also examined. 
RA treatment for 24 h or 48 h did not significantly affect NHA 
cell viability and morphology (Fig. 3E and F). These results 
indicated that RA specifically inhibited the proliferation of 
glioma cells, with no significant effect on the proliferation of 
NHA cells.

RA inhibits glioma cell migration. Metastasis of rapidly 
migrating tumor cells is the main cause of mortality for most 
patients with cancer  (33). Therefore, inhibiting migration 

Figure 1. Chemical structure of rosmarinic acid.
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could be an important strategy to prevent tumor metastasis. the 
effect of RA on glioma cell migration was examined (Fig. 4). 
Both U251 and U343 cells exhibited reduced migration after 
treatment with RA for 24 or 48 h at different concentrations 
(Fig. 4A and D). Specifically, in the control group of the U251 
cell line, wound healing reached 41.0% after 24 h, while it only 
reached 28.3, 21.6, and 15.0% after treatment with 100, 200, 
and 400 µM RA, respectively (Fig. 4B). In the control group 
of the U343 cell line, wound healing reached 40.3% after 24 h, 
while it only reached 32.3, 21.7, and 14.3% after treatment with 
100, 200, and 400 µM RA, respectively (Fig. 4E). At 48 h, 
wound healing of control U251 and U343 cells reached 86.3% 
and 80.6%, respectively; and 52.3, 39.3, and 34.0% (U251 
cells; Fig. 4C) and 58.7, 40.3, and 28.7% (U343 cells; Fig. 4F) 
after treatment with 100, 200, and 400 µM RA, respectively.

RA inhibits glioma cell invasion. The high invasion capability of 
glioma cells is the main reason for the high refractory and recur‑
rence rates of glioma (34). Therefore, the effect of RA on glioma 
cell invasion was assessed using a Matrigel® invasion assay 
(Fig. 5). RA significantly inhibited invasion through the Matrigel® 
(Fig. 5A and B). Compared with the control group, the percentage 

of invading U251 cells was decreased by 21.7, 60.3, and 76.4% 
after treatment with 100, 200, and 400 µM RA for 24 h, respec‑
tively (Fig. 5C); similarly, the percentage of invading U343 cells 
was decreased by 32, 64.7, and 81%, respectively (Fig. 5D).

Previous studies have reported the role of matrix metal‑
loproteinase‑2 (MMP‑2) and MMP‑9 in cancer development, 
including tumor cell growth, migration, invasion, and metas‑
tasis, and particularly so in glioma (35‑37). The expression of 
MMP‑2 and MMP‑9 were detected by western blotting. RA 
dose‑dependently inhibited the expression of MMP‑2 and 
MMP‑9 in U251 and U343 cells (Fig. 5E‑J). Compared with 
the control group, the expression of MMP‑2 in U251 cells 
was decreased by 20.0, 40.7, and 62.7% (Fig. 5F), and that of 
MMP‑9 was decreased by 19.9, 43.7, and 70% (Fig. 5G), after 
treatment with 100, 200, and 400 µM for 24 h, respectively. 
Similarly, the expression of MMP‑2 in U343 cells decreased 
by 38.0, 57.7, and 75.3% (Fig. 5I), and that of MMP‑9 was 
decreased by 16.3, 47.0, and 68.3% (Fig. 5J), after treatment 
with 100, 200, and 400 µM for 24 h, respectively. These results 
indicated that RA inhibited glioma cell invasion and migra‑
tion by reducing the expression of MMPs, thereby providing 
pathways for the invasion and metastasis of glioma cells.

Figure 2. RA inhibits Fyn expression in glioma cells. (A and D) Western botting revealed that RA treatment suppressed the expression level of Fyn in a 
dose‑dependent manner in U251 and U343 cells. (B and E) Representative areas of Fyn‑positive immunofluorescent staining in U251 and U343 cells. Scale 
bar, 100 µm. (C and F) Densitometric quantification of the bands in A and D. GAPDH was used as a loading control. *P<0.05 and **P<0.01 vs. the DMSO 
group. RA, rosmarinic acid.
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RA increases glioma cell apoptosis. Apoptosis plays a crucial 
role in cancer treatment (38). Therefore, whether RA could 
induce apoptosis was investigated. A TUNEL assay revealed 
that RA significantly induced apoptosis in a dose‑dependent 
manner in both U251 and U343 cells (Fig. 6A‑C). Annexin V/PI 
dual‑staining assays by flow cytometry were also conducted 
to detect apoptosis after treatment with RA. As revealed 
in Fig. 6D, compared with the control group, the apoptotic rates 
of the U251 and U343 cells treated with RA were increased. 
The apoptosis suppressor protein Bcl‑2 and the pro‑apoptotic 
proteins Bax, cleaved caspase‑3, and caspase‑3 are key in the 
process of apoptosis in glioma cells (39,40). Caspase‑3 is the 
effector caspase that initiates cell degradation during the final 
stage of apoptosis, and cleaved caspase3 is the active form 
of caspase3; Bcl‑2, a survival‑promoting protein, and Bax, 
a pro‑apoptotic protein, both are members of the Bcl family 
that play important roles in the regulation of intrinsic apop‑
totic signaling (39,41). It was determined that RA treatment 

increased the expression of cleaved caspase‑3 and Bax and 
reduced the expression of Bcl‑2 in both U251 and U343 cells 
(Fig. 6E and G). In addition, RA treatment increased the rela‑
tive ratio of Bax/Bcl‑2 as well as cleaved caspase‑3/caspase‑3, 
indicating RA‑induced apoptosis in glioma cells. Compared 
with the control group, the relative ratio of Bax/Bcl‑2 in 
U251 cells was increased by 7.6, 63.0, and 156.3%, and that 
in U343 cells was increased by 10.7, 77.7, 228.6%, after treat‑
ment with 100, 200, and 400 µM RA for 24 h, respectively 
(Fig.  6F  and  H). In addition, the relative ratio of cleaved 
caspase‑3/caspase‑3 in U251 cells was increased by 27.3, 79.6, 
and 124.3%, and that in U343 cells was increased by 29.3, 36.3, 
and 86%, after treatment with 100, 200, and 400 µM RA for 
24 h (Fig. 6F and H).

RA inhibits the PI3K/Akt/NF‑κB signaling pathway in glioma 
cells. PI3K/Akt/NF‑κB signaling plays a vital role in cell 
proliferation, survival, and metabolism, and is constitutively 

Figure 3. RA inhibits glioma cell growth. (A and C) U251 and U343 cells were treated with the indicated doses of RA for 24 and 48 h, viability was determined 
using the CCK‑8 assay, and data in control cells were normalized to 100%. Data are presented as the means ± SD of three experiments. (B and D) The 
morphological changes of U251 and U343 cells. U251 and U343 cells were treated with various doses of RA for 24 and 48 h and observed using inverted 
phase‑contrast microscopy. Scale bar, 100 µm. (E) The viability of NHA was determined after treatment with the indicated doses of RA for 24 and 48 h. 
(F) Cell morphology of NHA after treatment with the indicated doses of RA for 24 and 48 h. Scale bar, 100 µm. *P<0.05, **P<0.01 and ***P<0.001 vs. the DMSO 
group. RA, rosmarinic acid.
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activated in most tumors, including glioma (42‑44). Therefore, 
the effect of RA on the PI3K/Akt/NF‑κB signaling pathway 
was examined. It was revealed that treatment with 100, 200, 
and 400 µM RA for 24 h significantly decreased the protein 
expression of PI3K, p‑Akt, and NF‑κB in U251 and U343 cells 
compared to control cells (Fig. 7A‑D). Specifically, the expres‑
sion of PI3K was decreased by 11.7, 24, and 50.3% in U251 
cells and by 12.0, 40, and 59% in U343 cells, respectively. In 
U251 cells, the expression of p‑Akt was decreased by 18.0, 
51.7, and 66.7% and that of NF‑κB p65 by 30.7, 31.4, and 56%, 
respectively. Similarly, in U343 cells, the expression of p‑Akt 
was decreased by 29.4, 57.7, and 71.3% and that of NF‑κB 
p65 by 22.0, 28.4, and 47.0%, respectively. Considering that 
NF‑κB p65 serves as a transcription factor and oncogene (45), 
the effect of RA on nuclear translocation of NF‑κB p65 was 
also investigated. The results revealed that the expression 
level of NF‑κB p65 in the nucleus was significantly inhibited 
following treatment with RA in U251 and U343 glioma cells 
(Fig. 7E, F, H and I). To further investigate the mechanisms 
underlying RA‑mediated inhibition of U251 and U343 cells, 
cell viability was performed. The results revealed that RA 
significantly inhibited the cell viability of U251 and U343 
cells. Moreover, treatment with RA combined with 740 Y‑P 

reversed the RA‑induced deccrease in cell viability, and treat‑
ment with RA combined with LY294002 enhanced the effects 
of RA on cell viability (Fig. 7G and J). Collectively, these 
results indicated that RA may inhibit proliferation of glioma 
cells via the PI3K/Akt/NF‑κB signaling pathway.

Discussion

In the present study, the effects of RA were explored on the 
biological characteristics of two glioma cell lines, U251 and 
U343. It was revealed that RA inhibited proliferation, migra‑
tion, and invasion and induced apoptosis in both U251 and 
U343 cells. In general, the effects were dose‑dependent. It 
was also determined that RA significantly reduced the protein 
levels of MMP‑2 and MMP‑9, which promote migration 
and induce invasion, and of the apoptosis suppressor protein 
Bcl‑2; and increased the levels of pro‑apoptotic proteins, such 
as cleaved caspase‑3 and Bax in both U251 and U343 cells. 
Previous research has reported that the PI3K/Akt/NF‑κB 
signaling pathway plays an important role in the growth, prolif‑
eration, migration, and invasion of glioma (46). The present 
study further recognized the importance of PI3K/Akt/NF‑κB 
signaling in glioma.

Figure 4. RA reduces glioma cell migration. (A) Images of U251 cells immediately after, and at 24 and 48 h post‑scratch with the indicated RA concentrations. 
Scale bar, 200 µm. (B and C) Quantification the wound healing of A. (D) Images of U343 cells immediately after, and at 24 and 48 h post‑scratch with the 
indicated RA concentrations. Scale bar, 200 µm. (E and F) Quantification the wound healing of D. *P<0.05, **P<0.01 and ***P<0.001 vs. the DMSO group. 
RA, rosmarinic acid.
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Glioma, one of the most common intracranial tumors, is 
characterized by rapid growth and high aggressiveness (47). 
To date, neurosurgery is the optimal and most direct treat‑
ment for gliomas. However, neurosurgery often fails to 
completely remove the tumor tissue due to the highly inva‑
sive nature of the glioma, and subsequent treatment requires 
a combination of drug chemotherapy and radiotherapy (48). 
Radiotherapy of brain tissue often has great side effects, and 
chemotherapy plays a crucial role in the treatment and prog‑
nosis of patients with this cancer (49). However, the efficacy 
of current chemotherapy options is not often satisfactory 

due to side effects and the development of drug resistance. 
Therefore, the identification and development of more effi‑
cient and less toxic drugs for the prevention and treatment of 
glioma is essential.

In recent years, the use of traditional Chinese medicine to 
treat tumors has attracted increasing attention from researchers 
owing to the significant curative efficacy and relatively fewer 
side effects (37,50,51). RA is a medicinal herb that not only is 
easy to isolate, but can also be ingested from food or tea (52). 
RA has been reported to have antioxidant, antiviral, and 
anti‑inflammatory effects and has been used in an Egyptian 

Figure 5. RA reduces glioma cell invasion and inhibits the expression of related factors. (A) Images of U251 cells after treatment with the indicated concentra‑
tions of RA for 24 h. Scale bar, 50 µm. (B) Images of U343 cells after treatment with indicated concentrations of RA for 24 h. Scale bar, 50 µm. (C) Percentage 
of invasive U251 cells. (D) Percentage of invasive U343 cells. (E) The expression levels of MMP‑2 and MMP‑9 were detected by western blotting in U251 
cells after treatment with the indicated concentrations of RA for 24 h. (F and G) Densitometric quantification of the bands in E. (H) The expression levels of 
MMP‑2 and MMP‑9 were detected by western blotting in U343 cells after treatment with the indicated concentrations of RA for 24 h. (I and J) Densitometric 
quantification of the bands in H. The histogram indicates the mean ± SD of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. the DMSO 
group. RA, rosmarinic acid.
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Figure 6. RA induces glioma cell apoptosis. (A and B) U251 and U343 cells were treated with the indicated doses of RA for 24 h, and then collected for TUNEL 
staining. Scale bar, 100 µm. (C) Statistical analysis of apoptotic U251 and U343 cells. (D) U251 and U343 cells were exposed to the indicated concentrations 
of RA for 24 h and then analyzed for apoptosis by flow cytometry using the Annexin V/PI dual‑staining assay. (E and G) U251 and U343 cells were treated 
with RA for 24 h. Then, western blotting was conducted to detect the expression of cleaved caspase‑3, caspase‑3, Bax, and Bcl‑2. (F and H) Densitometric 
quantification of the bands in E and G. The expression of GAPDH was used as an endogenous control. *P<0.05, **P<0.01 and ***P<0.001 vs. the DMSO group. 
RA, rosmarinic acid; TUNEL, terminal deoxynucleotidyl transferase dUTP nick‑end labeling.
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herbal tea for the prevention of cancer (53). Furthermore, RA 
was revealed to significantly improve the efficiency of radio‑
therapy by exerting a radiosensitizing effect on tumor cells (54). 
In addition, it enhanced chemosensitivity of resistant gastric 
carcinoma cells to 5‑Fu by downregulating miR‑642a‑3p and 
miR‑6785‑5p and increasing FOXO4 expression (28). Various 
studies have revealed that RA has antineoplastic activity 
in leukemia, hepatocellular carcinoma, gastric carcinoma, 
colorectal cancer, breast cancer, and small‑cell carcinoma of 

the lung (26‑29). However, the effects of RA on the biological 
characteristics of glioma is limited. 

The present study revealed that RA inhibited the expres‑
sion of Fyn in a dose‑dependent manner in U251 and U343 
cells. This provides a theoretical basis for its antitumor 
effects in glioma. High invasion and rapid proliferation are 
the main reasons for refractory glioma and poor prognosis 
of glioma  (34). Cell viability assay and morphological 
observation revealed that RA inhibited the growth of glioma 

Figure 7. The PI3K/Akt/NF‑κB signaling pathway is involved in RA‑induced cytotoxicity in glioma cells. (A) The protein expression of PI3K, p‑Akt, Akt, 
and NF‑κB p65 in U251 was assessed by western blotting. (B) Densitometric quantification of the bands in A. (C) The protein expression of PI3K, p‑Akt, Akt, 
and NF‑κB p65 in U343 was assessed by western blotting. (D) Densitometric quantification of the bands in C. (E and H) Expression levels of NF‑κB p65 in 
the nucleus were detected by western blotting. (F and I) Densitometric quantification of the bands in E and H. (G and J) Viability of U251 and U343 cells as 
measured by CCK‑8 assay. The results are expressed as the mean ± SD. GAPDH was used as a loading control. *P<0.05, **P<0.01 and ***P<0.001 vs. the DMSO 
group; #P<0.05 and ##P<0.01 vs. the RA treatment group. RA, rosmarinic acid.
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in a time‑ and dose‑dependent manner. Concurrently, it had 
little effect on NHA cell proliferation and morphology. This 
suggested that RA may be a promising antitumor drug based 
on its weak toxicity. The present study also demonstrated 
that RA inhibited glioma cell invasion. Since MMP‑2 and 
MMP‑9 are important regulators of invasion, the effect of RA 
on their expression levels was also examined. Western blot‑
ting revealed that treatment with RA decreased MMP‑2 and 
MMP‑9 expression in glioma cells. The main feature of tumor 
metastasis is the migration of cancer cells from the initial 
tumor site to the circulatory system or lymphatic system (55). 
Therefore, inhibiting tumor cell migration could reduce metas‑
tasis. In the present study, RA inhibited migration of U251 and 
U343 cells. Considering that apoptosis is a crucial antitumor 
mechanism (56), it was investigated whether RA could induce 
apoptosis in glioma cells. The percentage of apoptotic U251 
and U343 cells was significantly increased after treatment 
with RA. As Bcl‑family proteins are main regulators of 
apoptosis (57), the effect of RA on the expression of Bax and 
Bcl‑2 was also examined. RA increased Bax expression and 
decreased Bcl‑2 expression in glioma cells. Correspondingly, 
the expression of cleaved (activated) caspase‑3, but not 
that of total caspase‑3, was increased by RA. In addition, 
the Bax/Bcl‑2 and cleaved caspase‑3/caspase‑3 ratios were 
increased by RA, thus providing a mechanistic basis for the 
induction of apoptosis by RA in glioma cells. These results are 
similar to the reported role of RA in colorectal cancer (37). 
Numerous studies have revealed that the PI3K/Akt/NF‑κB 
pathway is closely related to glioma progression (46,58,59). 
In line with these studies, the present results revealed that 
the PI3K/Akt/NF‑κB signaling pathway was involved in the 
antitumor effects of RA in glioma.

Collectively, these findings indicated that the antitumor 
effects of RA in glioma may be mediated by Fyn inhibition. 
The detailed mechanisms warrant further investigation in vitro 
and in vivo.
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