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Abstract: Hyperglycemia-triggered accelerated endothelial cell injury is a critical event in the process of brain-asso-
ciated microvascular disease. Ophiopogon japonicus is a traditional Chinese medicine used to treat cerebrovascu-
lar and cardiovascular disease. Recent studies have confirmed its beneficial properties, but not the mechanism of 
action. In the current study, rat brain microvessel endothelial cells (BMECs) were treated with 10 mM D-glucose to 
establish a high-glucose (HG) induced cell injury model. Herein, pretreatment of BMECs with MDG-1 for 24 h signifi-
cantly attenuated HG-induced injuries and inflammatory responses, evidenced by increased in cell viability and de-
creased in cell apoptosis and ROS generation and secretion of IL-8. In addition, pretreatment with MDG-1 markedly 
reduced HG-induced Cox-2 up-regulation and intranuclear activated NF-κB accumulation. Similar to the protective 
effect of MDG-1, PDTC depressed not only HG-induced cytotoxicity, but also the secretion of IL-8. Importantly, PDTC 
obviously attenuated up-regulation of Cox-2 induced by HG. Taken together, these data suggest that MDG-1 protects 
BMECs against HG-induced injuries and inflammatory responses through inhibition of NF-κB/Cox-2 pathway.
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Introduction

Hyperglycemia is a key factor in the develop-
ment of vascular complications in patients with 
diabetes [1]. A growing body of evidence indi-
cates the close correlation between hypergly-
cemia and the abnormalities in endothelial 
function. In vitro, high glucose has been report-
ed to be toxic for endothelial cells, as repre-
sented by lengthened cell proliferation [2], dis-
turbed cell cycle [3], and increased the produc-
tion of reactive oxygen species (ROS) [4, 5] and 
DNA damage [6], and slightly accelerated cell 
death [7]. Moreover, systemic and vascular 
ROS production lead to modulate inflammatory 
that contribute to microvascular and macrovas-
cular damage [8]. In vivo, hyperglycemia in dia-
betes has been found to be responsible for 
endothelial abnormalities, including accelerat-
ed disappearance of capillary endothelium and 
weaken intracellular junctions [9, 10].

Ophiopogon japonicas (O. japonicas) is a tradi-
tional Chinese medicine widely distributed in 
Southeast Asia, and treatment of cerebrovas-

cular and cardiovascular disease for thousands 
of years [11, 12]. Recent evidence demonstrat-
ed that certain compounds can be used thera-
peutically to stimulate vessel growth in isch-
emic tissues [13]. MDG-1, a water-soluble poly-
saccharide extracted from O. japonicas has an 
interesting role in anti-myocardial ischemia, 
and protects cardiomyocyte from hypoxia/reox-
ygenation-induced damage [14] and relieves 
the symptom of type 2 diabetes mellitus by 
decreasing blood glucose [15]. But the possible 
contribution of MDG-1 to the HG-induced cere-
brovascular injury has not been explored.

In the present study, we investigated the cyto-
protection of MDG-1 in BMECs treated with HG. 
Endothelial cells are widely understood to play 
a crucial role in the development of vascular 
diseases in addition to serving a broad range of 
physiological functions in the cerebrovascular 
system. Our findings showed that MDG-1 pro-
tected BMECs against HG-induced injury and 
inflammatory response by inhibiting the NF-κB/
Cox-2 pathway.
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Materials and methods

Isolation of rat brain microvessel endothelial 
cells (BMECs) 

Care of laboratory animals and animal experi-
mentation were performed in accordance with 
the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health. All 
animal studies were approved by the animal 
ethics committee of First People’s Hospital of 
Huzhou. All surgery was performed under sodi-
um pentobarbital anesthesia, and all efforts 
were made to minimize suffering.

This procedure was performed using a method 
introduced by Deli et al. [16]. Briefly, fresh rat 
brains were obtained from 3-week-old Sprague 
Dawley rats, stored in Dulbecco’s modified 
Eagle’s medium (DMEM) on ice, and the cere-
bellum, brain stem, choroid plexus, and the 
meninges were carefully removed. The cortices 
were dissected away from the surrounding tis-
sue and much of the brain white matter was 
subsequently removed. The cortices were 
mashed with forceps and thoroughly triturated, 
followed by a digestion at 37°C with 0.7 mg/ml 
type 2 collagenase and 20 U/ml Dnase I in 
DMEM, and then was centrifuged at 1000×g 
for 8 min at 4°C. The pellet was re-suspended 
in a 20% bovine serum albumin (BSA) to sepa-
rate microvessel from other components. Then, 
the pellet was further digested in 1 mg/ml col-
lagenase/dispase and 20 U/ml Dnase I in 
DMEM for 1 h at 37°C. The digested microves-
sel solution was diluted with DMEM and centri-
fuged at 700×g and 4°C for 6 min. The pellet 
was re-suspended and layered over a 50%  
continuous Percoll gradient and centrifuged at 
1000×g for 10 min at 4°C. Subsequently, the 
microvessel was re-suspended in DMEM (20% 
fetal calf serum, 100 μg/ml heparin sodium) 
and seeded on either collagen IV/fibronectin 
coated plastic 24-well tissue culture plates for 
24 h at 37°C. Culture medium was added 1 ng/
ml basic fibroblast growth factor (bFGF) and 
changed within 24 h of initial plating to remove 
unattached cells or vessel fragments. Cultures 
were maintained in a 37°C incubator under 
humidified 5% CO2/95% air and culture medi-
um was changed every 2-3 days. 

High D-glucose (HG) induced BMECs injury 

BMECs were cultured in DMEM for 24 h or co-
cultured with NF-κB inhibitor (PDTC) for last 1 h, 

then treated with high D-glucose (HG, 10 mM) 
for another 24 h. 

Cell viability assay 

The Cell Count Kit-8 (CCK-8, Dojindo, Rockville, 
MD, USA) was used to assess the effects of 
MDG-1 on the BMECs viability [17]. In brief, 
BMECs in logarithmic growth-phase were col-
lected, and 5×104 cells/well was dispensed 
into 96-well culture plates with 100 μl culture 
medium. After 24 h culture different concentra-
tions of MDG-1 (1, 2, 5, 10, 50 and 100 mM) 
were put in different wells. Each of the concen-
trations above was regarded as one treated 
group while there was no MDG-1 in the control 
group. Culture plates were then incubated for 
24 and 48 h. Subsequently the cell viability was 
evaluated by CCK-8 following the manufactur-
er’s instructions. The absorbance at wave-
length 450 nm was measured for the superna-
tant of each well using the plate reader 
Multiskan EX (Thermo Fisher Scientific Inc., 
Waltham, MA, USA).

Cell apoptosis assay 

BMECs were collected after treatment with 
MDG-1 (5, 10 and 50 mM) for 24 h. Annexin-V 
fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) double stain assays (BiovisionInc, 
Mountain View, CA, USA) were performed fol-
lowing the manufacturer’s protocol. BMECs 
were stained with annexin V-fluorescein isothio-
cyanate and apoptotic rates were analyzed 
using a flow cytometer (BD Biosciences, 
Franklin Lakes, NJ, USA).

Detection of reactive oxygen species (ROS) 

Detection of ROS was performed by flow cytom-
etry analysis as described previously [18]. In 
brief, 5×104 cells/well were cultured in 24-well 
plate, after treatment, cells were washed with 
PBS and re-suspended in complete medium 
followed by incubation with 0.5 μM dihydrorho-
damine 123 (Sigma, St. Louis, MO, USA) for 30 
min at 37°C. ROS fluorescence intensity was 
determined by flow cytometry with excitation at 
490 nm and emission at 520 nm. 

Reverse transcription and Real-time PCR 

Total RNA was isolated using Trizol reagent 
(Gibco®life technology, Carlsbad, CA, USA). 
Reverse transcription reactions were per-
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formed as described. Real-time PCR was per-
formed on ABI 7500 (Applied Biosystem, Foster 
City, CA, USA) thermal cycler using a standard 
SYBR Green PCR kit (Thermo Fisher Scientific). 
The relative mRNA expression of target gene 
compared with GAPDH was calculated using 
the 2-ΔΔCt method. The primers for each gene 
were listed in Table 1. 

Western blot analysis

BMECs were harvest and washed twice with 
PBS and cell lysates were collected with radio 
immunoprecipitation assay buffer (RIPA, Be- 
yotime, Shanghai, China) with freshly added 
0.01% protease inhibitor cocktail (Sigma) and 
incubated on ice for 30 min. Cell lysates were 
centrifuged at 1000×g for 10 min at 4°C. The 
supernatant (20-30 μg of protein) was run  
on 10% SDS-PAGE gel and transferred electro-
phoretically to a polyvinylidene fluoride mem-
brane (Millipore, Bedford, MS, USA). The blots 
were blocked with 5% skim milk, followed by 
incubation with primary antibodies. Antibodies 
against NF-κB, NF-κBp65, IL-8, Cox-2, H3 and 
GAPDH were purchased from Santa. Blots were 
then incubated with goat anti-mouse second-
ary antibody (Beyotime, Shanghai, China) or 
goat anti-rabbit secondary antibody (Beyotime, 
Shanghai, China) and visualized using en- 
hanced chemiluminescence (ECL, Millipore).

Statistical analysis 

The GraphPad Prism 5.0 software system was 
employed for statistical analysis. Data are 
expressed as the mean ± standard error. 
Student’s t test was used to compare the differ-
ences between two groups, while one-way anal-
ysis of variance was used when more than two 
groups were compared. P < 0.05 was taken as 
statistical significance.

Results

Effect of MDG-1 on the viability of BMECs 

To identify whether high D-glucose (HG) may 
cause cytotoxicity in vitro, the effect of HG on 
BMECs viability was determined using the 
CCK-8 assay. BMECs were treated with HG for 
24 h and showed significantly decreased cell 
viability (Figure 1A). However, HG-induced 
BMECs were treated with increasing concentra-
tions of MDG-1 for 24 and 48 h markedly 
increased cell viability compared with BMECs 
with HG treatment alone. After 48 h MDG-1 has 
no significant effect on BMECs viability at lower 
concentrations less than 5 mM. Only treatment 
with high concentrations of MDG-1 (5, 10, 50 
and 100 mM) reduced cell viability. Therefore, 
MDG-1 was only used at concentrations of 5, 
10 and 50 mM in all subsequent experiments. 

Effect of MDG-1 on the apoptosis of HG-
induced BMECs 

Oxidative stress is one of the main damage for 
the BMECs. We used flow cytometry assay to 
assess the effect of MDG-1 on HG-induced 
BMECs apoptosis. BMECs were treated with 
increasing concentrations of MDG-1 for 24 h. 
For BMECs, without MDG-1 treatment, under 
HG conditions, the apoptotic rates was signifi-
cant increase compared with the control 
BMECs. However, BMECs with MDG-1 treat-
ment reduced HG-induced cell apoptosis sig-
nificantly in a dose-dependent manner (Figure 
1B). The apoptotic rate was reduced from 34.9 
± 4.36% to 17.9 ± 2.1%. 

Effect of MDG-1 on the ROS level of HG-
induced BMECs

Destruction of mitochondrial membrane poten-
tial was the initial process of mitochondria 
apoptosis. To elucidate the possible mecha-
nisms by which MDG-1 prevented HG-induced 
BMECs apoptosis, we measured intracellular 
ROS after BMECs were incubated with HG in 
the presence or absence of MDG-1. The ROS 
level of HG-induced BMECs was significantly 
increased compared with that of control BMECs 
without MDG-1 treatment. However, BMECs 
with MDG-1 treatment reduced HG-induced 
increase of ROS level significantly in a dose-
dependent manner (Figure 1C). The ROS level 
was reduced by 80.0 ± 4.16%, 91.9 ± 5.16% 
and 97.0 ± 5.71%, compared with that of 
HG-induced BMECs.  

Table 1. Primes sequences used in this study
Gene Sequences
NF-κBp65-forward 5’-AGACCTGGAGCAAGCCATTAG-3’
NF-κBp65-reverse 5’-CGGACCGCATTCAAGTCATAG-3’
IL-8-forward 5’-CTCCAGCCACACTCCAACAGA-3’
IL-8-reverse 5’-CACCCTAACACAAAACACGAT-3’
Cox-2-forward 5’-CAACCAGCAGTTCCAGTATCAG-3’
Cox-2-reverse 5’-TGAGCAAGTCCGTGTTCAAG-3’
GAPDH-forward 5’-GTCGGTGTGAACGGATTTG-3’
GAPDH-reverse 5’-TCCCATTCTCAGCCTTGAC-3’
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Effect of MDG-1 on the NF-κB, IL-8 and Cox-2 
expression 

To determine whether NF-κB downstream sig-
naling was affected by MDG-1, we measured 

NF-κBp65, IL-8 and Cox-2 expression after 
BMECs were incubated with HG in the presence 
or absence of MDG-1. The protein expression 
of NF-κBp65, IL-8 and Cox-2 was significantly 
increased in HG-induced BMECs. After MDG-1 

Figure 1. Effects of MDG-1 on the viability, apoptosis and ROS level of BMECs. The effects of various concentra-
tions of MDG-1 on the viability (A), cell apoptosis (B) and ROS level (C) of BMECs were assessed by CCK-8 and flow 
cytometry assay. Data are presented as mean ± SD, n=3, *P < 0.01, compared with the control group, #P < 0.01, 
compared with the HG treatment group.

Figure 2. Effects of MDG-1 on NF-kB, IL-8 and Cox-2 expression. BMECs were treated with MDG-1 and lysed for 
Western blot analysis using antibodies against the NF-κBp65 and NF-κB proteins (A), and IL-8 and Cox-2 proteins 
(B). Real-time PCR was used to detect the mRNA expression of NF-kBp65, IL-8 and Cox-2 (C). H3 and GAPDH were 
detected as the control of sample loading. Data were presented as mean ± SD, n=3, *P < 0.01, compared with the 
control group, #P < 0.01, compared with the HG treatment group.
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treatment, the BMECs showed a 94.4 ± 5.11%, 
66.4 ± 3.16% and 64.9 ± 2.96% decrease in 
expression of NF-κBp65, IL-8 and Cox-2 asso-
ciation compared with HG-induced BMECs 
without MDG-1 treatment as determined by 
Western blot analysis (Figure 2A and 2B), which 
was consistent with the results of mRNA 
expression of indicated proteins (Figure 2C). 
These data suggest that HG induces BMECs 
injury through activated NF-κB and increased 
the expression of NF-κB downstream signaling, 
IL-8 and Cox-2. 

Effect of combination of MDG-1 and PDTC on 
the apoptosis and ROS level of BMECs 

PDTC was the specific inhibitor of NF-κB and 
the effects of combination of MDG-1 and  
PDTC on the apoptosis and ROS level of BMECs 
were performed in this study. As shown in 
Figure 3A, MDG-1 at a dose of 10 mM and 
PDTC at a dose of 10 mM prevented HG-induced 
apoptosis of BMECs in a synergistic manner, 
which was significantly reduced to 5.20 ± 
1.14% compared with HG treatment alone. 
Figure 3B showed that the ROS level of BMECs 
also inhibited by combination of MDG-1 and 
PDTC treatment (91.9 ± 4.14% reduction com-
pared with HG treatment alone).

Effect of combination of MDG-1 and PDTC on 
the NF-κB, IL-8 and Cox-2 expression

Both MDG-1 and PDTC can effectively decrease 
the expression of NF-κBp65 and the down-
stream signaling, Cox-2 and IL-8 in a synergistic 
manner. Combination of MDG-1 and PDTC 
showed a 90.2 ± 5.41%, 53.1 ± 2.61% and 
67.1 ± 3.46% decrease in expression of NF- 
κBp65, IL-8 and Cox-2 association compared 
with HG-induced BMECs without MDG-1 and 
PDTC combined treatment as determined by 
Western blot analysis (Figure 4A and 4B).

Discussion

High glucose-induced injury of oxidative stress 
occurs in many diseases, including causes 
apoptosis in proximal tubular epithelial cells 
[19], mitochondrial dysfunction in neurons [20] 
and has a primary role in the pathogenesis of 
diabetic nephropathy [21]. Oxidative stress and 
inflammatory response are two key risk factors 
of these diseases. MDG-1, a drug extracted 
from Ophiopogon japonicas, exerts various 

physiological and physiopathological effects in 
vivo, including anti-ischemic properties [22], 
anti-diabetic activity [23], cytoprotective and 
proangiogenic effects [24]. We therefore 
hypothesize that MDG-1 may confer protective 
effects against HG-induced injury.

In the present study, high glucose was induced 
in the rat brain microvessel endothelial cells 
(BMECs) cultured with 10 mM high D-glucose 
(HG). Our results showed that BMECs cultured 
with HG led to cytotoxicity, evidenced by the 
decreased cell viability. To investigate whether 
MDG-1 can protect BMECs against HG-induced 
cytotoxicity, BMECs were treated with MDG-1 at 
concentrations ranging from 1 to 100 mM for 
24 h after cultured with HG. Interestingly, we 
found that treatment with MDG-1 significantly 
attenuated HG-induced cytotoxicity and apop-
tosis in BMECs (Figure 1A and 1B). This anti-
cytotoxic and anti-apoptotic effect of MDG-1 is 
similar to previous results in cardiomyocyte and 
HMEC-1 [22, 24]. 

Another important finding of this study was that 
MDG-1 inhibited oxidative stress induced by HG 
in BMECs. Cultured with HG elicited a marked 
increased in ROS generation in BMECs and the 
increased ROS production was significantly 
abrogated by treatment with MDG-1 (Figure 
1C). We speculated that one of the mecha-
nisms underlying HG-induced ROS elimination 
may be associated with an inhibition of autoxi-
dation of glucose, formation of intermediate 
products of cycloxygenase catalysis, or mito-
chondrial respiration [25]. Another mechanism 
for the inhibition of oxidative stress by MDG-1 
may be associated with a radical scavenger 
function [26].

Inflammatory response is an important injury 
factor in high glucose-induced injury. In this 
study, besides cytotoxicity and oxidative stress, 
HG-induced inflammatory response was evi-
denced by increase in IL-8 secretions. Im- 
portantly, we observed that treatment with 
MDG-1 significantly attenuated HG-stimulated 
IL-8 secretions from BMECs (Figure 2B), sug-
gesting that MDG-1 can protect BMECs against 
HG-induced inflammatory response. Cox-2 is a 
potent pro-inflammation mediator, which can 
promote the production of many inflammation 
factors in various experiments. Our current 
study showed that BMECs cultured with HG 
elevated expression of Cox-2 and BMECs treat-
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ment with MDG-1 for 24 h suppressed 
HG-stimulated Cox-2 up-regulation (Figure 2B). 
Similarly, a traditional Chinese medicine Huang 
Qi can reduce I/R-induced dermatic injury  
partly by inhibition of Cox-2 [27]. In addition, 
Cox-2 inhibition by NS-398 can confer anti-
inflammatory effects, decreasing IL-6 secretion 
and increasing IL-10 secretion in rat liver dam-
age model [28].

NF-κB is an inducible transcription factor and 
can potently augment Cox-2 expression. The 
p65 protein is one of the most abundant sub-
units of NF-κB and indicates the activation of 
NF-κB. In the study, we showed that BMECs cul-
tured with HG led to the accumulation of intra-
nuclear NF-κBp65 subunit, which was signifi-
cantly repressed by treatment with MDG-1 
(Figure 2A). By inhibiting NF-κB, both MDG-1 
and PDTC attenuated HG-induced cell apopto-
sis (Figure 3A), ROS generation (Figure 3B), 

and up-regulation of NF-κBp65, Cox-2 and IL-8 
in BMECs (Figure 4). These results are compa-
rable with the previous findings that salvianolic 
acid B protects against HG-induced mesangial 
proliferation through inhibiting activation of 
NF-κB [29]. Collectively, we provide new evi-
dence that activation of NF-κB regulates Cox-2-
mediated inflammation and cytotoxicity, and 
that MDG-1 protects against HG-induced 
inflammation and cytotoxicity by inhibition of 
NF-κB/Cox-2 pathway in BMECs.

In summary, the present study has for the first 
time demonstrated that MDG-1 confers a cyto-
protective effect against HG-induced cytotoxic-
ity and inflammation through inhibition of the 
NF-κB/Cox-2 pathway in BMECs. Our study pro-
vides new insights into the roles of MDG-1 in 
attenuating HG-induced injury and administra-
tion of MDG-1 may be a novel therapeutic strat-
egy for microvascular injury induced by HG.

Figure 3. Effect of MDG-1 and PTDC on the apoptosis and ROS level of BMECs. The effect of BMECs treated with 
MDG-1 (10 mM) and PTDC (10 mM) on apoptosis (A) and ROS level (B) were detected by flow cytometry assay. Data 
were presented as mean ± SD, n=3, *P < 0.01, compared with the control group, #P < 0.01, compared with the HG 
treatment group.

Figure 4. Effects of MDG-1 and PTDC on NF-kB, IL-8 and Cox-2 expression. BMECs were treated with MDG-1 and 
PTDC, and lysed for Western blot analysis using antibodies against the NF-κBp65 (A), and IL-8 and Cox-2 proteins 
(B). H3 and GAPDH were detected as the control of sample loading. Data were presented as mean ± SD, n=3, *P < 
0.01, compared with the control group, #P < 0.01, compared with the HG treatment group.
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