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Abstract. Lipopolysaccharide (LPS) can cause injuries to 
the vascular endothelium and induce cell apoptosis resulting 
in various vascular diseases. However, the relevant processes 
and molecular mechanisms have not yet been fully clarified. 
Chitosan oligosaccharide (COS) can protect cells, but there 
are only a few reports showing that it can effectively inhibit 
LPS-induced cell apoptosis. This study focuses on human 
umbilical vein endothelial cells (HUVECs). After cells were 
treated with LPS for 4-8 h, it was found by flow cytometry 
that the cell apoptosis ratio, and the reactive oxygen species 
and calcium concentration in the cells increased. Furthermore, 
using the patch clamp technique, it was observed that the large 
conductance calcium-activated potassium channel (BKCa) was 
activated at the same time. All phenomena could be reversed 
after pretreatment with COS for 24 h, showing that COS is 
capable of inhibiting LPS-induced cell apoptosis. The results 
of the assays on the action mechanism of COS show that it is 
capable of inhibiting the LPS-induced decrease of the Bcl-2/
Bax ratio, increase of caspase-3 and activation of BKCa. Thus, 
one of the mechanisms of action of COS in the inhibition of 
cell apoptosis is to participate in the regulation of the BKCa 
channel. On the other hand, COS can inhibit the phosphory-
lation of LPS-induced p38 and accelerate the expression of 
O-GlcNAc glycosyltransferase, which indicates that COS can 
inhibit LPS-induced cell apoptosis through many pathways.

Introduction

One of the initiating steps of atherosclerosis is the injury of 
vascular endothelial function which may be closely related 
to high blood pressure, diabetic vascular complications and 
cardio-cerebrovascular diseases (1). As a key component of 
gram-negative bacteria cell walls, lipopolysaccharide (LPS) 
may cause vascular endothelial cell (VEC) dysfunctions and 
release a series of inflammatory cytokines, thus accelerating 
the inflammatory injury process (2,3). With respect to this 
kind of cell dysfunction model, research on an appropriate 
drug treatment that may prevent dysfunction and improve the 
cell function, so as to prevent atherosclerosis is needed.

Chitosan oligosaccharide (COS) is a natural alkaline 
polysaccharose, an oligosaccharide formed by 2-10 amino-
glucoses through 1,4-glucosidic bond connection. With p38/
MAPK glycosylation modification, it was shown to inhibit the 
expression of IL-6 and IL-8 induced by TNF-α to EA.hy926 
cells (4), and even to decrease the apoptosis ratio of primary 
cultured cortical neurons exposed to glucose deprivation (GD) 
by regulating related factors of apoptosis, such as Bcl-2. (5). 
In addition, COS has been reported to exert antitumor activity 
in A549 cells (6). However, whether COS could prevent the 
dysfunction of VEC is unknown. Moreover, there are seldom 
studies or reports on the mechanism of action of COS.

It has been reported that H2O2 can induce human umbilical 
vein endothelial cells (HUVECs) to release reactive oxygen 
species (ROS) and thus increases the calcium concentration 
in the cytoplasm (7,8), which could be reversed by COS at the 
same time. However, the mechanism by which COS prevents 
cell dysfunction is not known. Thus, the focus of this study was 
to evaluate this mechanism and examine whether the effects 
of COS are related to the functions of ion channels on cell 
membranes. Some studies have found that there is some asso-
ciation between the opening of the BKCa channel of vascular 
smooth muscle cells (VSMCs) and streptozocin-induced 
diabetes (9). The opening of the BKCa channel can influence 
the activity of VEC, while this change may correlate with the 
occurrence of hypoxidosis. Salvianolic acid B could prevent 
the potassium chloride-induced opening of the BKCa channel 
(10). The opening of the BKCa channel can induce the phos-
phorylation of the AMPK signaling pathway (11). NO-induced 
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apoptosis of pulmonary artery smooth muscle cells correlates 
with the opening of the BKCa channel (12). Taken together 
all the data suggest that the LPS-induced calcium concentra-
tion alteration within the cells may correlate with the status of 
the BKCa channel on the cell membrane. Whether COS can 
prevent LPS-induced vascular endothelial injury through this 
process is the main focus of this study.

Materials and methods

Materials. COS and HUVECs were obtained by the Dalian 
Institute of Chemical Physics, the Chinese Academy of Sciences; 
DMEM/F12 culture medium and fetal bovine serum (FBS) 
were purchased from Gibco (USA); while lipopolysaccharide, 
iberiotoxin and VitC were from Sigma; the RNA extraction 
reagent (TRIzol), RNA reverse transcription reagent and the 
PCR expansion reagent kit were from Takara Biotechnology 
(Dalian) Co., Ltd.; protein lysis buffer, anti-β-actin, anti-Bcl-2, 
anti-Bax, anti-caspase-3 antibodies were from Cell Signaling 
Technology; anti-O-GLcNAc transferase (OGT), anti-t-p38 
MAPK, anti-phospho-p38 (p-p38) and other antibodies were 
from Santa Cruz Biotechnology, Inc.

Cell culture and drug treatment. HUVECs were cultured in 
DMEM/F12 medium supplemented with 10% inactivated 
FBS, 100 U/ml penicillin and 100 mg/l streptomycin at 37˚C 
in a 5% CO2 atmosphere. Pancreatin of 0.25% was digested 
for passage. When the cells grew into the logarithmic phase, 
some cells were taken out to inoculate in a culture plate or a 
culture flask for 12 h, and added with COS medium of different 
concentrations (50 or 200 mg/l) for 24-h pretreatment, while 
the blank control group was only added with the culture solu-
tion of the same volume and the positive control group was 
pretreated with VitC (100 mg/l) for the same hours. A corre-
sponding cytological detection was conducted after treatment 
with LPS (500 µg/l) for 4-8 h.

Bcl-2 and Bax mRNA expression detection by RT-PCR. After 
treatment with the above methods, the cells were stimulated 
by LPS for 4 h in order to extract the total cell RNA with the 
TRIzol reagent method and then reverse transcribed into cDNA 
for 15 min at 37˚C then for 5 sec at 85˚C. The Bcl-2 and Bax gene 
were amplified by the PCR technique using cDNA as a template. 
Specifically, the upstream and downstream Bcl-2 primers were, 
respectively, 5'-GAA GGA ATG TTG CAT GAG TCG GAT C-3' 
and 5'-AAG GGA ACT GCG GAT GTA AAG ATC C-3' with 
a product of 200 bp; the upstream and downstream Bax primers 
were 5'-TTT TGC TTC AGG GTT TCA TC-3' and 5'-GTT CTT 
CGA CTC GCT CAC AG-3' separately with a product of 146 bp; 
those of GAPDH were 5'-GTG GAA TCA TAT TGG AAC ATG 
T-3' and 5'-CTC TCT GCT CCT CCT GTT CGA CAG-3' with a 
product of 230 bp. After predenaturing at 94˚C for 4 min, Bcl-2 
was denatured at 94˚C for 1 min, annealed at 53˚C for 45 sec, 
extended at 72˚C for 50 sec and amplified for 35 cycles; Bax 
was denatured at 94˚C for 1 min, annealed at 52˚C for 45 sec, 
extended at 72˚C for 1 min and amplified for 30 cycles. The PCR 
product was electrophoresed on a 1.5% agarose gel; a gel imager 
(Gel Doc 2000, Bio-Rad, USA) was used to analyze the results; 
GAPDH was used as an internal reference to evaluate the expres-
sion of IL-6 and IL-8.

Western blot analysis. The above-treated cells were lysed by 
CST lysis buffer (including 10% Ser/Thr inhibitor, 10% Tyr 
inhibitor and 10% PMSF) then centrifuged at 12,000 x g for 
15 min at 4˚C. The supernatant was collected and 5X protein 
loading buffer was added followed by boiling for 10 min. After 
SDS-PAGE, the cells were transferred to a PVDF membrane. 
Membranes were blocked with 5% nonfat dry milk for 1 h, 
and incubated overnight with primary antibody (t-p38, p-p38, 
OGT, Bax, β-actin) at 4˚C, washed with TBST for 3 times, and 
then incubated with the corresponding horseradish peroxidase 
(HRP)-conjugated secondary antibody for 1 h at ambient 
temperature. The ECL chemiluminescence method was used 
to visualize the protein bands and the results were analyzed by 
the ChemDoc imager (Bio-Rad).

Cell apoptosis detection by flow cytometry. A certain number of 
cells were collected, followed by addition of 5 µl FITC-labeled 
Annexin V and 2 µl PI. They were well-mixed and bathed in 
warm water for 15 min at 37˚C without light, followed by addi-
tion of 400 µl buffer solution to detect cell apoptosis.

Intracellular ROS and Ca2+ detection by flow cytometry. When 
detecting intracellular ROS, the cell culture medium was 
washed away by PBS, followed by addition of the DCFH-DA 
fluorescent probe diluted with serum-free culture medium 
(1:5,000). After culturing for 1 h, the cells were collected 
and the intracellular ROS detection was performed by flow 
cytometry.

When detecting the intracellular Ca2+by flow cytometry, 
cells were treated in the same way and cultured for 30 min 
after addition of the Fluo-3-AM probe.

BKCa opening detection by patch clamp technique. The 
suspensions of the collected cells were evenly dripped on the 
prepared slide and left to stand for 5 min. When sunk to the 
bottom and stuck to the wall, the slide was placed on the patch 
clamp for cell adhesion; the pClamp 6.01 procedure was used 
to collect and analyze the data in the whole-cell recording 
mode.

Statistical analysis. Each batch of experiments was repeated 
for at least 3 times and each group was required to have at 
least 3 replicates. The data are expressed as means ± standard 
deviation, which was analyzed by the SPSS 11.0 software. 
The difference between the two groups was analyzed by the 
Student's t-test. Differences in the data between two or more 
groups were analyzed by the variance method. P<0.05 indicates 
that the differences were statistically significant.

Results

COS inhibits LPS-induced cell apoptosis. In order to verify 
whether COS has a protective effect on LPS-induced endothelial 
cell injury, flow cytometry was used to detect cell apoptosis. The 
results show that the apoptosis ratio of HUVECs in the blank 
control group was 9.72%, and it increased to 19.96% (P<0.05) 
after being induced by LPS (500 µg/l) for 4 h. After the cells 
were pretreated with COS (50 or 200 mg/l) for 24 h and induced 
by LPS for 4 h, the cell apoptosis ratios were 16.14 and 16.9%, 
respectively. When cells were pretreated with the positive 
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control, VitC (100 mg/l), and induced by LPS, the cell apoptosis 
ratio was 13.81% (P<0.05) (Fig. 1). The results demonstrate that 
COS is capable of inhibiting the cell apoptosis induced by LPS.

COS inhibits the LPS-induced increase in intracellular Ca2+ 
and ROS concentration. Previous studies have indicated that 
cell apoptosis is closely related to Ca2+ overload and intracel-

lular ROS increase. In order to verify whether COS could 
affect the Ca2+ and ROS concentration induced by LPS, flow 
cytometry was used to detect Ca2+ and ROS with Fluo-3-AM 
and DCFH-DA as probes, respectively. The results of Ca2+ 
detection demonstrate that the fluorescence intensity increased 
by 1.4-fold compared with the control group (P<0.05) (Fig. 2) 
after treatment with LPS. Compared with the LPS-induced 

Figure 1. Effects of COS on LPS-induced injury cells. (A) Control group, (B) LPS-treated group, (C) COS (50 mg/l) + LPS (500 µg/l), (D) COS (200 mg/l) + LPS 
(500 µg/l), (E) VitC (100 mg/l) + LPS (500 µg/l). ##P<0.01 vs. the vehicle-treated group; *P<0.05 vs. the LPS-treated group; **P<0.01 vs. the LPS-treated group.

Figure 2. The LPS-induced fluorescence of intracellular Ca2+ was decreased after pretreatment by COS. (A) Control group, (B) LPS-treated group, (C) COS 
(50 mg/l) + LPS (500 µg/l), (D) COS (200 mg/l) + LPS (500 µg/l), (E) VitC (100 mg/l) + LPS (500 µg/l). ##P<0.01 vs. the vehicle-treated group; **P<0.05 vs. the 
LPS-treated group.
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cells, the fluorescence intensity markedly dropped after 
pretreatment with COS (50 or 200 mg/l) and with the positive 
control VitC (100 mg/l). The decreases were 1.15-, 1.11- and 
1.05-fold that of the control group, respectively. It can be seen 
that COS can effectively protect cells and maintain the balance 
of intracellular Ca2+ concentration.

Detection of intracellular ROS showed that the fluores-
cence intensity, compared with the control group, increased 
by 23.3-fold (P<0.05) after treatment by LPS. However, 
compared with the LPS-induced cells, the fluorescence inten-
sity was obviously decreased after pretreatment with COS (50 
or 200 mg/l) or treatment with the positive control group, VitC 

(100 mg/l) (Fig. 3). The results show that COS can inhibit the 
increase of intracellular ROS concentration induced by LPS.

COS inhibits LPS-induced cell apoptosis through regulating 
the BKCa channel. COS has a noticeable effect on main-
taining the balance of intracellular Ca2+ concentration. In 
order to verify whether this phenomenon is involved in the 
functions of the BKCa channel on the cell membranes, the 
patch clamp technique was applied. The results show that the 
BKCa channel, compared with the control group, was opened 
at a high voltage (50-70 mV) after HUVECs were induced by 
LPS for 4 h (P<0.05) (Fig. 4). However, in cells pretreated 

Figure 3. LPS-induced fluorescence of intracellular ROS was decreased after pretreatment with COS. (A) Control group, (B) LPS-treated group, (C) COS 
(50 mg/l) + LPS (500 µg/l), (D) COS (200 mg/l) + LPS (500 µg/l), (E) VitC (100 mg/l) + LPS (500 µg/l). ##P<0.01 vs. the vehicle-treated group; **P<0.01 vs. 
the LPS-treated group.

Figure 4. Effects of COS on BKCa channel of HUVEC induced by LPS.
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with COS (50 mg/l) for 24 h and induced by LPS for 4 h, the 
BKCa channel opening was to some extent inhibited (P<0.05). 
Overall the results support the notion that COS can protect 
endothelial cells through regulating the opening of the BKCa 
channel.

The BKCa channel inhibitor prevents LPS-induced cell apop-
tosis. In order to further investigate whether the opening of the 
BKCa channel is associated with the protective effect of COS 
on preventing LPS-induced injury of HUVECs, cells were 
treated by a specific BKCa channel inhibitor (iberiotoxin) to 
detect its effect on cell apoptosis. After pretreatment with COS 
for 24 h (50 mg/l) and treatment with LPS for 4 h cells were 
stimulated by iberiotoxin (50 nmol/l) for 10 min. The results 
show that the apoptosis ratio of HUVECs was 11.3% (P<0.05) 
after treatment with LPS alone for 4 h, and that its apoptosis 
ratio was 7.5% after stimulation by iberiotoxin (50 nmol/l) 
for 10 min and treatment with LPS for 4 h. However, after 
pretreatment with COS for 24 h, stimulation by iberiotoxin for 
10 min and treatment by LPS for 4 h, the apoptosis ratio was 
7.0% (P<0.05) (Fig. 5). The specific BKCa channel blocker 
iberiotoxin is similar to COS in that it can inhibit the cell apop-
tosis induced by LPS, proving that the BKCa channel opening 
is likely related to the inhibitory effect of COS on preventing 
LPS-induced cell apoptosis.

Expression of genes related to the COS inhibition of 
LPS-induced cell apoptosis. In order to discuss the related path-
ways through which COS inhibits LPS-induced cell apoptosis, 
RT-PCR and western blot analysis were performed to analyze 
Bcl-2, Bax and caspase-3 expression. The results show that the 
Bax mRNA (Fig. 6A) and protein expression levels (Fig. 6B), 
significantly increased compared with the control group 
(P<0.05) after the cells were induced by LPS for 4 or 8 h, while 
the expression of Bcl-2 was obviously inhibited. Furthermore, 

the expression level of the downstream cell apoptosis-related 
protein caspase-3 increased (Fig.  6C). After pretreatment 
with COS (50 or 200 mg/l) or the positive control drug VitC 
(100 mg/l) for 24 h, the increase in the mRNA and protein 
expression levels of Bax induced by LPS was clearly inhibited. 
As similar effect was observed for the protein expression of 
caspase-3. The LPS-induced decrease in the mRNA and protein 
expression levels of Bcl-2 were reversed by COS (Fig. 6D). As 
indicated by the above results, one pathway through which COS 
inhibits LPS-induced cell apoptosis may be the alteration of 
intracellular Ca2+ concentration as result of the its regulation of 
BKCa channel function, therefore causing a change of the Bcl-2/
Bax ratio on the mitochondrial membrane. A series of cascade 
actions resulted alterations of the activity of the apoptosis-
related protein caspase-3, suggesting that COS plays a protective 
and inhibitory role in preventing cell apoptosis.

COS inhibition of LPS-induced apoptosis via activation of the 
p38/MAPK signaling pathway in HUVECs. Protein levels of 
total and phosphorylated p38 were detected for the purpose of 
verifying that inhibition of LPS-induced apoptosis in HUVECs 
by COS is directly linked with the MAPK signaling pathway. 
After the cells were induced by LPS, western blot analysis was 
performed to analyze the total and phosphorylated levels of 
p38. Phosphorylated p38, compared with the control group, 
significantly increased after the cells were induced by LPS for 
30 min (Fig. 7). However, after pretreatment with COS (50 or 
200 mg/l) or with the positive control drug VitC (100 mg/l) 
for 24 h, and induction by LPS for 30 min, the increase in 
phosphorylated p38 levels was inhibited, indicating that COS 
plays a protective role in cells possibly through regulating the 
p38/MAPK signaling pathway.

COS inhibits the LPS-induced decrease in the expression 
of O-GlcNAc transferase in HUVECs. Due to the common 

Figure 5. Effects of iberiotoxin (a BKCa channel inhibitor) on the LPS-induced injury of HUVECs. (A) Control group, (B) LPS-treated group, (C) COS 
(50 mg/l) + LPS (500 µg/l), (D) iberiotoxin (50 nmol/l) + LPS (500 µg/l), (E) iberiotoxin (50 nmol/l) + COS (50 mg/l) + LPS (500 µg/l), (F) iberiotoxin 
(50 nmol/l). #P<0.05 vs. the vehicle-treated group; *P<0.05 vs. the LPS-treated group.
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modification site for the O-GlcNAc-glycosylation and 
O-phosphorylation of protein, the competition between glyco-
sylation and phosphorylation plays a role in regulating the 
function of p38. In order to study whether OGT is involved in 
the regulation of intracellular phosphorylation of p38 by COS, 
western blot analysis was performed to detect the expression 
of OGT protein. The results show that the expression of OGT 
protein, compared with the control group, obviously decreased 
after treatment with LPS for 30  min, which corresponds 
with the increases in the phosphorylation levels of p38. After 
pretreatment with COS (50 or 200 mg/l) or with the positive 
control drug VitC (100 mg/l) for 24 h, the decrease in OGT 

expression in HUVECs, induced by treatment with LPS 
for 30 min, was clearly inhibited (Fig. 8). Collectively the 
above results show that the regulation of p38 by COS may be 
bi-directional and that O-GlcNAc glycosylation transferase 
has participated in regulating p38 phosphorylation.

Discussion

Vascular endothelial cell dysfunction is one of the initiating 
steps in the formation of atherosclerosis. Vascular endothe-
lial cells are key targets for LPS and various inflammatory 
cytokines, as well as effector cells (13). Therefore, it is of 

Figure 7. Effects of COS on LPS-induced phosphorylation of p38/MAPK on 
HUVECs. ##P<0.01 vs. the vehicle-treated group; *P<0.05 vs. the LPS-treated 
group; **P<0.01 vs. the LPS-treated group.

Figure 8. Effects of COS on LPS-induced O-GlcNAc transferase (OGT). 
##P<0.01 vs. the vehicle-treated group; *P<0.05 vs. the LPS-treated group.

Figure 6. Effects of COS on the LPS-induced expression of (A) Bcl-2 and Bax mRNA, (B) Bax, (C) caspase-3, (D) Bcl-2 protein. ##P<0.01 vs. the vehicle-treated 
group; *P<0.05 vs. the LPS-treated group; **P<0.01 vs. the LPS-treated group.
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great significance to discover how to reduce the LPS-induced 
endothelial injury. This study provides evidence that COS 
is capable of preventing the LPS-induced increase of Ca2+ 
concentration in HUVECs, reducing ROS release and alle-
viating the LPS-induced endothelial injury by regulating the 
BKCa channel, so as to lower the cell apoptosis ratio.

The factors and approaches used by LPS to accelerate 
cell apoptosis have not been clearly clarified. An overview of 
potential pathways is presented in Fig. 9. Some studies have 
proven that most approaches of cell apoptosis are closely 
associated with the intracellular Ca2+ overload (14). In addi-
tion, activation of the Toll-4 receptor by LPS may result in 
sarcoplasmic reticulum Ca2+ release. The intracellular Ca2+ 
overload results in dysfunction of the mitochondria and of the 
sarcoplasmic reticulum, thus inducing the occurrence of cell 
apoptosis (15). On the other hand, Ca2+ accumulation in the 
cytoplasm may have an effect on the ion channels on the cell 
membranes, particularly in regulating the opening and closing 
of Ca2+-dependent channels. The BKCa channel, as a Ca2+-
dependent potassium channel is sensitive to inflammatory 
cytokines. It has been reported that the BKCa channel may be 
activated by the stimulation of inflammatory cytokines, and 
alcohol, and that this activation may cause cell apoptosis (14). 
Furthermore, it has been shown that the chemical compound 
NS-1619 may accelerate the Ca2+ release from the vascular 
smooth muscle cell calcium store and result in the increase of 
Ca2+ concentration in cytoplasm (16). Thus, on the one hand, 
the BKCa channel is activated; and on the other hand, the mito-
chondrial membrane is depolarized, both of which initiate the 
procedure of cell apoptosis (16,17). However, the ion channel 
inhibitor iberiotoxin reverses these effects. Furthermore, in 
HEK293 cells which lack the BKCa channel, cell apoptosis 
was induced regardless of NS-1619 or iberiotoxin (14). This 
data provide support for the notion that BKCa is closely related 
to cell apoptosis. 

The present study demonstrated that LPS can accelerate 
endothelial Ca2+ release, and at the same time increase ROS 
release, decrease the Bcl-2/Bax ratio and increase caspase-3, all 
which shows that LPS certainly triggers cell apoptosis through 
the mitochondrial pathway. In order to prove that this approach 
is related to the activation of the BKCa channel, the patch 
clamp technique was applied and the results demonstrated that 
LPS can activate the BKCa channel. After treatment with the 

BKCa-specific inhibitor iberiotoxin, LPS-induced cell apop-
tosis was inhibited, showing that the BKCa channel is involved 
in the LPS-induced cell apoptosis in HUVECs. However, COS 
was able to inhibit the endothelial Ca2+ release, the increase of 
ROS release, the drop of the Bcl-2/Bax ratio and the increase of 
caspase-3 induced by LPS, as well as the activation of the BKCa 
channel. Collectively, the results show that one of the action 
mechanisms of COS inhibition of cell apoptosis is its participa-
tion in the regulation of the BKCa channel.

Further studies are needed to verify whether cell apoptosis 
is further accelerates by the transmission of relating signaling 
pathway after activation of the BKCa ion channel. This 
experiment has investigated the p38/MAPK signaling pathway 
related to cell apoptosis. The study showed that the activation 
of the p38/MAPK signaling pathway may alter the ratio of the 
anti-apoptotic protein Bcl-2 and the pro-apoptotic protein Bax, 
and even process caspase-9 or caspase-11 into active caspase-3, 
and thus apoptosis is started (18). We have found that LPS can 
accelerate p38 phosphorylation while COS can inhibit p38 
phosphorylation. However, whether this process is related to 
the activation of the BKCa channel remains unknown.

The results of previous studies show that COS may regu-
late p38/MAPK signaling through regulating the interaction 
of p38 protein phosphorylation or glycosylation so as to affect 
the expression of IL-6 and IL-8 induced by TNF-α (4,19). 
The p38 protein can be immediately O-glycosylated and also 
phosphorylated at a serine/threonine site, and the interaction 
of O-glycosylation and phosphorylation plays a central role 
in regulating p38 activity. OGT is a key enzyme to catalyze 
O-glycosylation in the functional protein. We have found 
that treatment with LPS accelerated p38 phosphorylation 
and decreased OGT expression. However, COS reversed this 
phenomenon, that is COS increased OGT expression so as to 
enhance the p38 target protein glycosylation. This resulted 
in reduction of phosphorylation to some extent. Collectively 
this study demonstrates that there may be a phenomenon that 
COS inhibits cell apoptosis through the regulation of various 
processes.
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