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Abstract. Monosialotetrahexosylganglioside sodium (GM1) 
is widely used in the treatment of central and peripheral 
neurological injuries. In addition to its neuroprotective 
activity, GM1 exerts protective effects on brain microvascular 
endothelial cells, although the mechanisms underlying these 
effects remain unclear. The aim of the present study was to 
clarify the protective effects and underlying mechanisms of 
GM1 on human umbilical vein endothelial cells (HUVECs). 
In this study, hydrogen peroxide (H2O2) was applied to 
induce the HUVEC injury. HUVECs in a logarithmic growth 
phase were divided into five groups, namely the control, 
H2O2‑treated, 10‑mg/l GM1, 5‑mg/l GM1 and 1‑mg/l GM1 
groups. In all the groups, cell proliferation was detected using 
a Cell Counting Kit‑8 assay, a flow cytometric method was 
applied to analyze the cell cycle and nuclear factor (NF)‑κB 
expression was evaluated using immunofluorescence analysis. 
In addition, the protein expression levels of NF‑κB, phospha-
tidylinositol 3‑kinase (PI3K) and glycogen synthase kinase 
(GSK)‑3 were detected via western blot analysis. The results 
indicated that GM1 exerted significant protective effects 
on H2O2‑injured cells by increasing the ratio of cells in the 
S/G2 phase. Furthermore, western blot analysis revealed 
that PI3K expression levels were markedly increased after 
24 h, as a result of the GM1 treatment, while the expression 
of both GSK‑3 markedly decreased. In addition, the ratio 

of nuclear‑to‑cytoplasmic NF‑κB expression increased in 
the GM1‑treated cells. In summary, GM1 exhibited marked 
protective effects on the HUVECs, possibly due to the ability 
of GM1 in maintaining the integrity of the endothelium 
and increasing the proportion of cells undergoing mitosis, a 
process in which the PI3K/GSK-3 and NF-κB pathways are 
crucially involved.

Introduction

Gangliosides are molecules composed of a glycosphingolipid, 
consisting of ceramide and oligosaccharides, with one or 
more sialic acids linked to the sugar chain. The molecules are 
components of the cell plasma membrane that modulate cell 
signal transduction events, and have been shown to be concen-
trated in lipid rafts. Gangliosides have recently been identified 
as crucial molecules in neuronal apoptosis (1) and endoplasmic 
reticulum stress response  (2). Natural and semisynthetic 
gangliosides are considered to be possible therapeutics for 
neurodegenerative disorders (3).

The natural structure of monosialotetrahexosylganglioside 
(GM1) is galactose‑N‑acetyl galactosamine‑galac-
tose‑(glucose‑ceramide)‑sialic acid (Fig. 1). Semisynthetic 
gangliosides are sodium salts of GM1, with a molecular 
formula of C73H130N3NaO31 or C75H134N3NaO31 and a molec-
ular weight of 1,568.84 or 1,597.18 Da, respectively (4). GM1 
has been widely used to treat neonatal hypoxic‑ischemic 
brain injury, Parkinson's disease, acute cerebral infarction, 
retinal ischemia and spinal cord injury (5‑7). In addition 
to neuroprotective effects  (8), GM1 has been shown to 
exert protective effects on brain microvascular endothelial 
cells  (8), although the underlying mechanisms remain 
unclear.

The phosphatidylinositol 3‑kinase (PI3K)/glycogen 
synthase kinase (GSK)‑3 signaling pathway functions 
primarily as an inhibitory pathway in cells, exerting effects 
on cell proliferation. Nuclear factor (NF)‑κB is a ubiquitous 
nuclear factor in cells that induces numerous pathological 
processes, including inflammation, immune cell prolif-
eration and apoptosis. The aim of the present study was 
to clarify the protective effects and the mechanism of 
action of GM1 on human umbilical vein endothelial cells 
(HUVECs).
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Materials and methods

Reagents and antibodies. GM1 was supplied by Jilin Yinglian 
Biopharmaceutical Co., Ltd. (Panshi, China). Dulbecco's 
modified Eagle's medium (DMEM; SH30021.01) and newborn 
calf serum (SH30401.01) were obtained from GE Healthcare 
Life Sciences (HyClone; Logan, UT, USA). A Cell Counting 
Kit (CCK)‑8 was purchased from Guangzhou Yiyuan 
Biotechnology Co., Ltd. (Guangzhou, China). Mouse mono-
clonal anti‑PI3K p85 (sc‑377482), anti‑NF‑κB p65 (sc‑8008) 
and anti‑p‑GSK‑3 (sc‑81496) antibodies were acquired from 
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). In addi-
tion, a mouse anti‑GAPDH monoclonal antibody (TA‑08), 
horseradish peroxidase (HRP)‑labeled goat anti‑mouse IgG 
(ZB‑2305) and tetramethylrhodamine (TRITC)‑conjugated 
AffiniPure IgG (ZF‑0313) were obtained from Beijing 
Zhongshan Golden Bridge Biotechnology Co., Ltd. (Beijing, 
China). An enhanced chemiluminescence (ECL) detection kit 
(NCI5079) was purchased from EMD Millipore (Billerica, 
MA, USA). Furthermore, a Bradford protein assay kit (P0006), 
radioimmunoprecipitation assay (RIPA) lysis buffer (P0013B) 
and a nuclear and cytosolic protein extraction kit (P0027) 
were acquired from the Beyotime Institute of Biotechnology 
(Guangzhou, China).

Cell culture and grouping. HUVECs were purchased from 
Shanghai Bogoo Biotechnology Co., Ltd. (Shanghai, China). 
The HUVEC strain was cultured and passaged routinely in 
DMEM culture medium containing 10% fetal bovine serum 
in 5% CO2 at 37˚C. Subsequently, the cells were divided into 
five groups. Only serum‑free DMEM was used in the control 
group. H2O2 was used to induce lesions in the HUVECS. The 
H2O2‑treated cells (H2O2 group) were cultured with 500 mmol/l 
H2O2 in serum‑free DMEM, while the cells in the high‑dose 
GM1 group (10‑mg/l GM1; GM1 H group) were cultured in 
serum‑free DMEM with 500 mmol/l H2O2 containing 10 mg/l 
GM1. In addition, the medium‑dose GM1 group cells (5‑mg/l 
GM1; GM1 M group) were cultured in serum‑free DMEM with 
500 mmol/l H2O2 containing 5 mg/l GM1, and the low‑dose 
GM1 group cells (1‑mg/l GM1; GM1 L group) were cultured in 
serum‑free DMEM with 500 mmol/l H2O2 containing 1 mg/l 
GM1. All the cells were cultured in serum‑free DMEM for 
12 h, which was exchanged for the conditional medium, as 
aforementioned, in order to synchronize the cells.

Detection of cell proliferation. Cell proliferation was detected 
using a CCK‑8 assay. HUVECs were plated in 96‑well plates 
at a density of ~1x103 cells per well. Following treatment under 
the different culture medium conditions for 24 h, 10 µl CCK‑8 
was added and the plates were cultured for an additional 
2 h, and the optical density value at 490 nm was determined 
using a DNM‑9606 plate reader (Beijing Perlong Medical 
Equipment Co., Ltd., Beijing, China). The cell viability was 
calculated according to the following formula: Cell viability 
(%) = (treated group ‑ control group) x 100%. The experiment 
was repeated three times, using a minimum of six wells for 
each group each time.

Cell cycle analysis. Flow cytometry (FCM) was applied to 
analyze the cell cycle. HUVECs in a logarithmic growth phase 

were seeded in six‑well plates at a density of 5x105 cells per 
well. Following treatment under the different culture medium 
conditions for 24 h, the culture medium was discarded and 
the cells were collected via routine trypsin digestion. Next, 
the cells were incubated overnight with 1 ml alcohol (70%) at 
4˚C. Following centrifugation at 300 x g for 5 min, the alcohol 
was discarded and the pellet was washed three times with 
pre‑chilled phosphate‑buffered saline (PBS) buffer. Finally, 
the cells were stained with 50 µm/ml propidium iodide for 
30 min at 4˚C and the cell cycle ratio was evaluated using a 
FACSCalibur cell analyzer (BD Biosciences, Franklin Lakes, 
NJ, USA). At least 3 wells had been used for each group and 
the all experiments were repeated 3 times.

Immunofluorescence assay. Briefly, cells in a logarithmic 
phase were seeded into 24‑well plates at a density of 5x103 cells 
per well. After 24 h, following cell adhesion to the sides of 
the well, the conditional medium was exchanged as aforemen-
tioned. The slides were treated with 4% paraformaldehyde 
solution for 30 min, washed three times in 0.01 mol/l PBS 
(pH 7.4) and placed in goat non‑immune serum (ZDR‑5117; 
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., 
Beijing, China) for 20 min at room temperature. Next, the 
slides were transferred to an NF‑κB p65 monoclonal antibody 
solution (1:200) and incubated overnight at 4˚C. The slides 
were subsequently washed three times, as aforementioned, 
and buffer containing TRITC‑conjugated AffiniPure goat 
anti‑mouse IgG (1:1,000) was added to the slides, followed 
by incubation for 1 h at room temperature. Finally, the slides 
were sealed with glycerol and photographed using a Nikon 80i 
fluorescence microscope (Nikon Corporation, Tokyo, Japan).

Total protein detection. Total protein content in each sample 
was determined using the Bradford method. According to the 
manufacturer's instructions of the Bradford protein assay kit, 
5 µl cell lysis buffer was diluted to 20 µl in standard dilution 
buffer, followed by mixing with 200 µl G‑250 solution in a 
96‑well plate and incubation for 3‑5 min at room temperature. 
A standard curve was generated using bovine serum albumin 
(BSA; A4503; Sigma‑Aldrich, St.  Louis, MO, USA) as a 
reference. The absorbance was measured at 490 nm, and the 
resulting values were referenced with the standard curve to 
calculate the protein concentration in the samples.

Western blot analysis. For the measurement of PI3K and 
p‑GSK3 protein expression levels, the cells were incubated 
for 3‑5 min at room temperature, after which the protein was 
extracted using ice‑cold RIPA buffer containing 2  µg/ml 
leupeptin, 2 µg/ml aprotinin, from the previously mentioned 
RIPA and cytosolic protein extraction kits, respectively, and 
100 µg/ml phenylmethylsulfonyl fluoride (IPFL00010; EMD 
Millipore). Protein concentrations were determined using a 
Bradford method assay, as aforementioned. Subsequently, 
~15‑mg samples of whole‑cell lysate protein were added to 
each lane and resolved using 10% SDS‑PAGE, after which the 
protein was transferred to a 0.22‑µM polyvinylidene fluoride 
membrane. Non‑specific biding sites on the membrane were 
blocked with BSA for 1 h at room temperature. Next, the 
membranes were incubated with the mouse monoclonal PI3K 
(1:200) and p‑GSK3α/β (1:200) primary antibodies overnight 
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at 4˚C. GAPDH (1:1,000) was used as an internal control, and 
the HRP‑conjugated goat anti‑mouse IgG (1:2,000; 1 h at room 
temperature) was used as the secondary antibody. The resul-
tant signals were detected using ECL analysis, and ImageJ 
software, version 1.46 (National Institutes of Health, Bethesda, 
MD, USA) was employed to quantify the band densities. The 
band densities of PI3K and p‑GSK3α/β were normalized 
against that of GAPDH throughout the experiment, which was 
used as the final measure of expression.

NF‑κB p65 expression assay. NF‑κB p65 expression levels 
in the cytoplasm and nucleus were assessed using western 
blot analysis. Firstly, total nuclear and cytoplasmic protein 
was isolated using a protein extraction kit. According to 
the manufacturer's instructions, the cells were collected via 
scraping and lysed in cytoplasm extraction solution. Following 
centrifugation at 12,000‑16,000 x g for 5 min at 4˚C. The 
supernatant which containing cytoplasm protein was retained, 
and nuclear extraction solution was added to the precipitate in 
order to extract nuclear protein. Nuclear and the cytoplasmic 
protein were analyzed using western blot analysis as previ-
ously described. 

Statistical analysis. All the experiments were independently 
replicated a minimum of three times. The obtained data are 
expressed as the mean ± standard deviation, and the results 
were evaluated via one‑way analysis of variance using 
GraphPad Prism software, version 5 (GraphPad Software, 
Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Protective proliferation‑inducing ef fects of GM1 on 
H2O2‑induced HUVEC lesions. Results of the CCK‑8 assay 
indicated that the cell survival rate in the H2O2‑treated group 
was 75.97% (79.97±11.77%), which was significantly reduced 
compared with the control group (100%; Fig. 2A). In addi-
tion, when compared with the H2O2‑treated group, the cell 

survival rates in the 10 and 5‑mg/l GM1‑treated groups were 
significantly reduced (P<0.001 and P<0.05, respectively), 
whereas the difference in the cell survival rate between the 
1‑mg/l GM1‑treated group and the control group was not 
statistically significant. Fig. 2B and C shows the FCM data 
used for cell cycle analysis to quantify the ratio of cells in 
the G2 and S phase in the various experimental groups. In the 
control group, 50.87±4.29% of the total cells were in the G2 
and S phases, while in the H2O2‑treated group, only 13.52% 
of the total cells were in the G2 and S phases, indicating a 
significant difference between the two groups (P<0.001). 
In the GM1‑treated groups, the ratio of cells in the G2 and 
S phases was significantly increased when compared with the 
H2O2‑treated group (P<0.001; Fig. 2C).

Effects of GM1 on PI3K and GSK3α/β expression levels in 
H2O2‑induced HUVEC lesions. Changes in the protein expres-
sion levels of PI3K and GSK3α/β in the H2O2‑induced HUVEC 
lesions with or without the protective effects of GM1 were 
assessed using western blot analysis (Fig. 3). Densitometric 
analysis revealed significantly lower expression levels of PI3K 
in the H2O2‑treated group when compared with the control 
group (P<0.01). Furthermore, PI3K expression levels were 
significantly increased in the 10 and 5‑mg/l GM1‑treated 
groups when compared with the H2O2‑treated group (P<0.01 
and P<0.05, respectively).

With regard to GSK‑3 expression, one band at 51 kDa 
corresponded to p‑GSK‑3α, and the second band at 47 kDa 
corresponded to p‑GSK‑3β. Densitometric analysis revealed 
that p‑GSK‑3 expression levels in the H2O2‑treated cells 
were significantly increased compared with the control 
group (P<0.01). In the GM1‑treated groups, the p‑GSK‑3α/β 
expression levels were decreased when compared with the 
H2O2‑treated group, and the differences were statistically 
significant (P<0.05).

Effects of GM1 on NF‑κB expression in HUVECs. Observations 
from the indirect immunofluorescence analysis revealed that 
NF‑κB p65 was expressed predominantly in the cytoplasm 

Figure 1. Structure of monosialotetrahexosylganglioside sodium.
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of the cells from the H2O2 group, with reduced levels of 
expression observed in the nucleus (Fig. 4). In the control and 

GM1‑treated groups, the cytoplasm and the nucleus exhibited 
NF‑κB p65 expression. When compared with the H2O2 treat-
ment group, nuclear NF‑κB p65 expression levels in the 10 and 
5‑mg/l GM1 treatment groups were significantly increased 
(P<0.05).

In the western blot assays, NF‑κB p65 appeared as a band 
with a molecular weight of 65 kDa. No statistically significant 
differences were detected between the experimental groups 
with regard to the cytoplasmic NF‑κB p65 expression levels. 
Comparison of the nuclear‑to‑cytoplasmic ratio of NF‑κB p65 
expression revealed a statistically significant reduction in the 
H2O2‑treated group when compared with the control group. 
The nuclear‑to‑cytoplasmic ratios of NF‑κB p65 in the 10 and 
5‑mg/l GM1‑treated groups were significantly increased 
compared with the H2O2‑treated group (P<0.01).

Discussion

Vascular endothelial cell injury is a crucial factor in the 
pathogenesis of a variety of vascular lesions, and protecting 
endothelial function is vital for the prevention and treatment 
of vascular disease (9). H2O2 is a common reactive oxygen 
species that promotes free radical generation, which is able 
to enter and accumulate within cells, resulting in cellular 
damage (10). The reported concentrations of H2O2 required to 
induce cell lesions varies widely in the literature (11‑13). In 
the present study, 500 mmol/l H2O2 was used, and the results 
showed that ~10% of the cells were in the DNA synthesis (S) 
or mitotic (G2) phase of the cell cycle. In addition, the cell 
survival rate was ~75% of that observed in the control cells. 
These data indicate that the proliferation of the HUVECs was 
inhibited within 24 h of 500 mmol/l H2O2 treatment. Although 
GM1 is hypothesized to function as a neuroprotective agent, 

Figure 3. PI3K and GSK‑3 protein expression levels were determined by 
western blot analysis. When compared with the control group, PI3K expres-
sion in the H2O2‑treated group was decreased significantly. When compared 
with the H2O2‑treated group, the high and medium concentrations of GM1 
significantly increased PI3K expression levels. Compared with the control 
group, GSK3α/β expression in the H2O2‑treated group was increased 
significantly. When compared with the H2O2‑treated group, the highest 
concentration of GM1 significantly decreased GSK3α expression levels. 
##P<0.01, vs. control group; *P<0.05 and **P<0.01, vs. H2O2‑treated group. 
CTRL, control; GM1, monosialotetrahexosylganglioside; H, high dose; M, 
medium dose; L, low dose; PI3K, phosphatidylinositol 3‑kinase; GSK, gly-
cogen synthase kinase.

Figure 2. Protective effects of GM1 on H2O2‑induced human umbilical vein endothelial cell (HUVEC) lesions. (A) Cell survival rate of the HUVECs in the 
H2O2‑treated group was significantly decreased compared with the control group, while treatment with high and medium concentrations of GM1 significantly 
increased the cell survival rate compared with the H2O2‑treated group. (B) Ratio of cells in the G2 and S phases in the experimental groups. Compared with 
the control group, the H2O2‑treated group exhibited a significantly decreased ratio. Compared with the H2O2‑treated group, all GM1‑treated groups exhibited 
significantly increased ratios. (C) Cell cycle of HUVECs in the various groups analyzed by flow cytometry. ###P<0.00, vs. control group; *P<0.05, **P<0.01 and 
***P<0.001 vs. H2O2‑treated group. CTRL, control; GM1, monosialotetrahexosylganglioside; H, high dose; M, medium dose; L, low dose.
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the molecule exhibited a significant protective effect on 
H2O2‑injured cells. The number of cells in the S and G2 phases 
increased to ~35% in the GM1 H group, which was almost 
twice the rate observed in the H2O2‑treated group. Although 
the mechanism underlying this observation remains unclear, 
the outcome may be the result of the similarity between the 
structures of GM1 and phosphatidylserine, which contributes 
to cell entry and the maintenance of cell membrane integrity.

PI3K is a lipid kinase that catalyzes the phosphoryla-
tion of phosphatidylinositol at the D3 position to yield 
phosphatidylinositol (3,4,5)‑triphosphate (PIP3). PIP3 is a 
secondary messenger that transmits extracellular signals 
to target proteins downstream of PI3K, inducing numerous 
biological effects, including cell proliferation, apoptosis and 
differentiation (14,15). PI3K is composed of the p85 and p110 
subunits; p85 lacks PI3K activity and functions as an adapter, 
coupling p110 to an activated protein tyrosine kinase. PI3K 
may be activated by numerous extracellular signals that act 
via receptor tyrosine kinases or G protein‑coupled receptors, 
including growth factors, cytokines and hormones (16). In the 
present study, western blot analysis was applied to detect the 

protein expression of PI3K in HUVECs cultured in DMEM, 
containing 500 mmol/l H2O2, with or without GM1 treatment. 
After 24 h, PI3K expression levels were markedly increased in 
the GM1‑treated cells, indicating that PI3K may be involved in 
the protective effects of GM1 on H2O2‑treated cells.

GSK‑3 is a multifunctional serine/threonine protein 
kinase that is hypothesized to be one of the primary target 
kinases downstream of the PI3K signaling pathway. The 
majority of studies support the hypothesis that GSK‑3 is a 
key enzyme involved in the regulation of a variety of cellular 
functions, although the enzyme was initially identified as the 
rate‑limiting enzyme in glycogen metabolism (17). GSK‑3 is 
able to phosphorylate numerous proteins, including transcrip-
tion factors; thus, the enzyme is involved in the regulation of 
various cellular functions, including sugar metabolism, the 
regulation of gene expression and the maintenance of cyto-
skeletal integrity, and GSK‑3 is particularly associated with 
apoptosis (18). The kinase activity of GSK‑3 is controlled via 
differential phosphorylation of the regulatory serine/threonine 
residues, which exert an inhibitory effect, and the regulatory 
tyrosine residues, which exhibit an activating effect. There are 

Figure 4. Effects of GM1 on NF‑κB expression in human umbilical vein endothelial cells (HUVECs). (A) Examples of the immunofluorescence microscopy 
images from the various groups: (a) NF‑κB positive signals are shown as red; (b) nuclei are stained blue with DAPI; (c) composition of the NF‑κB and nuclear 
staining. (B) Nuclear‑to‑cytoplasmic ratio of NF‑κB of the immunofluorescence in various groups. Compared with the control group, the nuclear‑to‑cytoplasm 
ratio of NF‑κB in the H2O2‑treated group decreased significantly (P<0.001), while that in the GM1 H group is markedly increased compared with the H2O2-
treated group (P<0.05). (C) Representative of NF‑κB expression in the nucleus (NF‑κB-N) and cytoplasm (NF‑κB-P) of the various groups. GAPDH was 
used as a positive control against NF‑κB expression in the cytoplasm. (D) Nuclear‑to‑cytoplasmic ratio of NF‑κB of western blot analysis in various groups. 
The nuclear‑to‑cytoplasmic ratio of NF‑κB is decreased in the H2O2‑treated group compared with the control group (P<0.05); while that in the GM1 H and 
GM1 M groups were increased markedly compared with the H2O2‑treated group (P<0.05). #P<0.05 and ###P<0.001 vs. control group; *P<0.05 and **P<0.01 vs. 
H2O2‑treated group. CTRL, the control group; H2O2, H2O2‑treated group; GM1, monosialotetrahexosylganglioside sodium; H, high dose; M, medium dose; L, 
low dose; NF, nuclear factor; IF, immunofluorescence.
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two key forms of GSK‑3: GSK‑3α and GSK‑3β. The activity 
is controlled via the differential phosphorylation of its regu-
latory serine/threonine residues, which has an transcription 
factors that are responsible for coordinating processes, such 
as glycogen synthesis and cell adhesion (19). Growth factor 
stimulation of mammalian cells expressing GSK‑3α and 
GSK‑3β induces the phosphorylation of Ser 21 and Ser 9, 
respectively, via the PI3K‑dependent pathway, which subse-
quently enhances proliferative signals. Additionally, GSK‑3 
physically associates with cAMP‑dependent protein kinase A 
(PKA) (20), which phosphorylates Ser 21 of GSK‑3α or Ser 9 of 
GSK‑3β, thereby inactivating the two forms of GSK‑3. GSK‑3α 
and GSK‑3β are positively regulated by the phosphorylation 
of Tyr 279 and Tyr 216, respectively. Activated GSK‑3 partici-
pates in energy metabolism, neuronal cell development and 
body pattern formation. Tyrosine dephosphorylation of GSK‑3 
is involved in the extracellular signal‑dependent inactivation of 
the kinase (21). In the present study, GSK‑3α and GSK‑3β were 
expressed at markedly higher levels following H2O2 treatment, 
while GM1 treatment decreased the expression levels of these 
proteins. These results indicate that the protective effects of 
GM1 on the proliferation of damaged HUVECs may involve 
the mitigation of GSK‑3 overexpression.

NF‑κB is a nuclear transcription factor that regulates the 
expression of a large number of genes, which are critical for 
the regulation of apoptosis, viral replication, tumorigenesis, 
inflammation and various autoimmune diseases. NF‑κB 
consists of two subunits, p50 and p65, which are considered 
to be involved in a stress response, since they are activated 
by a variety of stimuli, including growth factors, cytokines, 
lymphokines, ultraviolet radiation, pharmacological agents 
and stress. If sequestered in the cytoplasm, NF‑κB exists in 
the form of a dimer comprised of the NF‑κB p50 and p65 
subunits, and the dimer interacts with an inhibitor of κB 
(IκB), which prevents NF‑κB from exhibiting biological 
activity. The various stimuli that activate NF‑κB induce the 
phosphorylation of IκB, which is followed by its ubiquiti-
nation and subsequent degradation. In the nucleus, NF‑κB 
binds to a consensus nucleotide sequence (5'‑GGG​ACT​TTC​
C‑3') within the promoters of various genes, subsequently 
activating their transcription (22). The DNA‑binding activity 
of NF‑κB is initiated, followed by rapid transport from 
the cytoplasm to the nucleus in cells exposed to mitogens 
or growth factors (23). cDNAs encoding precursors of two 
distinct proteins have been described and designated as 
p105 and p100. In cerebral ischemia‑reperfusion injury, 
NF‑κB activation is considered to be a key mediator in the 
process of inflammation and the cascade reaction following 
ischemia (24). Nurmi et al (25) observed that after 24 h of 
cerebral ischemia‑reperfusion injury in rats, the activity of 
NF‑κB was increased by ~260% in the ischemic focus and 
surrounding areas. In the present study, based on the obtained 
immunofluorescence results, NF‑κB p65 was shown to be 
predominantly expressed in the cytoplasm, exhibiting reduced 
expression in the nucleus of the cells exposed to H2O2. This 
observation demonstrates that H2O2 treatment may induce 
a resting state in the majority of HUVECs, in which H2O2 
inhibits HUVEC proliferation by blocking NF‑κB p65 trans-
location into the nucleus. Separate analysis of NF‑κB p65 
expression in the cytoplasm and nucleus using western blot 

analysis revealed that the nuclear‑to‑cytoplasmic ratio of 
NF‑κB p65 expression was ~10%, which is half the ratio 
observed in the control cells. When GM1 was administered, 
the nuclear‑to‑cytoplasmic ratio of NF‑κB p65 expression 
increased significantly, indicating that increased quantities 
of NF‑κB p65 had entered the nucleus as a result of the 
treatment. As aforementioned, increased rates of NF‑κB p65 
translocation into the nucleus result in enhanced rates of 
transcription. Since NF‑κB translocates into the cytoplasm 
of resting cells and its activation does not require other newly 
transcribed proteins as mediators, NF‑κB is considered to be 
a rapid reaction switch, enabling the regulation of early gene 
expression in response to various stimuli.

In conclusion, GM1 was demonstrated to exert marked 
protective effects on the endothelium, which indicates the 
novel application of GM1 for the treatment of brain injury. 
GM1 is able to maintain the integrity of the endothelium and 
increase cell mitosis, a process in which the PI3K/GSK‑3 and 
NF‑κB pathways are crucially involved.
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