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Pyrroloquinoline quinone protects mouse brain 
endothelial cells from high glucose-induced damage 
in vitro
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Aim: To investigate the effects of pyrroloquinoline quinone (PQQ), an oxidoreductase cofactor, on high glucose-induced mouse 
endothelial cell damage in vitro.
Methods: Mouse brain microvascular endothelial bEND.3 cells were exposed to different glucose concentrations (5.56, 25 and 40 
mmol/L) for 24 or 48 h.  The cell viability was examined using MTT assay.  Flow cytometry was used to analyze the apoptosis and ROS 
levels in the cells.  MitoTracker Green staining was used to examine the mitochondria numbers in the cells.  Western blot analysis was 
used to analyze the expression of HIF-1α and the proteins in JNK pathway.
Results: Treatment of bEND.3 cells with high glucose significantly decreased the cell viability, while addition of PQQ (1 and 10 μmol/L) 
reversed the high glucose-induced cell damage in a concentration-dependent manner.  Furthermore, PQQ (100 μmol/L) significantly 
suppressed the high glucose-induced apoptosis and ROS production in the cells.  PQQ significantly reversed the high glucose-
induced reduction in both the mitochondrial membrane potential and mitochondria number in the cells.  The high glucose treatment 
significantly increased the expression of HIF-1α and JNK phosphorylation in the cells, and addition of PQQ led to a further increase of 
HIF-1α level and a decrease of JNK phosphorylation.  Addition of JNK inhibitor SP600125 (10 μmol/L) also significantly suppressed 
high glucose-induced apoptosis and JNK phosphorylation in bEND.3 cells.
Conclusion: PQQ protects mouse brain endothelial cells from high glucose damage in vitro by suppressing intracellular ROS and 
apoptosis via inhibiting JNK signaling pathway.
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Introduction
Diabetes mellitus (DM) is a common metabolic endocrine dis-
ease characterized by an increase in circulating blood glucose 
due to the failure of the body to produce insulin and/or to 
efficiently use the insulin.  Various acute and chronic DM com-
plications represent a severe threat to human health[1, 2].  The 
incidence of DM has displayed a gradual upward trend, and 
this disease has become one of the most challenging health 
issues of the 21st century.  Worldwide, DM affects the health 
of 230 million people, and this number is projected to reach 
350 million by the year 2025[3].  

Vascular disease is the most common complication of DM 

and provides the pathogenic basis for other chronic complica-
tions[4–6].  The pathogenesis of vascular disease is related to the 
damage of the vascular endothelial cells, the activation of the 
platelets, and abnormalities in coagulation and fibrinolysis.  
Among these, endothelial cell damage is the earliest important 
manifestation of DM vascular disease, and it is also the ini-
tial factor in the development of arteriosclerosis[7, 8].  With the 
occurrence of vascular disease, the damage to the endothelial 
cells becomes more apparent.  The extent of endothelial dam-
age can reflect the degree of DM vascular disease[9].

The proper glucose concentration is an important require-
ment for normal cell growth.  A high blood glucose state can 
damage vascular endothelia through several major mecha-
nisms, one of which is oxidative stress.  It has been confirmed 
that oxidative stress plays a central role in the occurrence of 
macrovascular and microvascular DM complications, and 
the early manifestation of oxidative damage to blood ves-
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sels results in progressive endothelial dysfunction[10, 11].  The 
increase in superoxide generation mediated by the mito-
chondrial electron transport chain under high blood glucose 
conditions can activate other pathways that are involved in 
the pathogenesis of DM vascular diseases, such as the polyol 
pathway and the generation of glycosylation end products 
(AGEs)[12, 13].  A long-term high blood glucose state in DM 
patients can induce the increased production of oxygen free 
radicals through the increased levels of glucose autoxidation 
and protein glycosylation, as well as through the activation 
of the polyol pathways, thus reducing the clearance ability of 
the antioxidant system and initiating oxidative stress[14, 15].  A 
high glucose concentration induces the production of reactive 
oxygen species (ROS) in vascular endothelial cells through 
the actions of oxidants, which leads to the increased expres-
sion of inflammation-related factors.  These inflammation 
factors can inhibit the activity of the endothelial form of nitric 
oxide synthase (eNOS), thus lowering the level of nitric oxide 
(NO) and leading to vasodilation and, consequently, damage 
to the vascular endothelia[16].  In addition to direct oxidative 
stress damage, AGEs can mediate the increased generation of 
oxygen radicals through direct or indirect binding to vascular 
endothelial cell receptors, which leads to decreased NO syn-
thesis and increased synthesis of endothelin (ET-1) in vascular 
endothelial cells, resulting in damage to the vascular endothe-
lia[17].

Pyrroloquinoline quinone (PQQ) is the third water-soluble 
coenzyme of oxidoreductases that was discovered in the last 
century, following flavin nucleotide and nicotinamide nucleo-
tide[18].  As a new oxidoreductase cofactor, PQQ is different 
from the other redox cofactors, such as the pyridine nucleo-
tides (NAD, NADP) and flavins (FMN, FAD), and is present 
in nearly all biological tissues.  Although there is still debate 
about whether PQQ is a new type of vitamin, it has been 
found that PQQ performs many important physiological func-
tions in humans and animals[19, 20], including roles in nutrition, 
protecting the heart from ischemia/reperfusion injury, pre-
venting the liver from alcoholic damage[21], clearing radicals 
from the body, increasing the level of nerve growth factor in 
astrocytes, and inhibiting the production of melanin in mela-
noma cells[22].

PQQ is 50-100 times more effective than ascorbic acid at 
clearing oxygen radicals[23].  However, there has been no inves-
tigation of the effect of PQQ on high-glucose-damaged endo-
thelial cells.  The current study examined the mechanism by 
which PQQ protects high-glucose-damaged bEND.3 endothe-
lial cells using MTT assays, flow cytometry analysis, DCFH-
DA labeling, MitoTracker Green labeling, and Western blot 
analysis.  

Materials and methods
Reagents
The mouse brain microvascular endothelial cell line bEND.3 
was purchased from the American Type Culture Collection 
(ATCC).  Dulbecco’s modified Eagle’s medium (DMEM), 
trypsin, and fetal bovine serum (FBS) were purchased from 

Invitrogen (USA).  Cell culture plates were purchased from 
Corning (USA).

MTT [3-(4,5)-dimethylthiazol-2-yl)-3,5-diphenyltetrazolium 
bromide], 2’,7’-dichlorofluorescein diacetate (DCFH-DA), 
PQQ, and D-glucose were purchased from Sigma-Aldrich 
(USA).  Annexin V and propidium iodide (PI) were purchased 
from Roche.  MitoTracker Green and tetramethylrhodamine 
methyl ester perchlorate (TMRM) were purchased from Invit-
rogen.  The following primers were used in this study: PGC-1α 
(GenBank code: NM_008904.2): upstream primer P1, 5’-GTG-
GATGAAGACGGATTGCC-3’ and downstream primer P2, 
5’-GACTGCGGTTGTGTATGGGA-3’; NRF-1 (GenBank code: 
NM_001164226.1): upstream primer P1, 5’-TCTCACCCTC-
CAAACCCAAC-3’ and downstream primer P2, 5’-CCGTA-
ATGCCTGGGTCCATG-3’.  All of the above primers were 
synthesized by and purchased from Invitrogen and Biotech-
nology Co Ltd.  The PGC-1α PCR resulted in a fragment of 446 
bp, whereas the NRF-1 PCR resulted in a 286 bp fragment.

 The rabbit anti-human HIF-1α polyclonal antibody and the 
mouse anti-human actin monoclonal antibody were purchased 
from Abcam (UK).  The rabbit anti-human PGC-1α polyclonal 
antibody and the mouse anti-human NRF-1 monoclonal anti-
body were purchased from Santa Cruz.  The rabbit anti-p-
JNK polyclonal antibody and the rabbit anti-t-JNK polyclonal 
antibody were purchased from Cell Signaling.  The secondary 
antibodies, including IRDye 800-conjugated affinity-purified 
goat anti-mouse IgG and IRDye 800-conjugated affinity-
purified goat anti-rabbit IgG, were purchased from Odyssey.

MTT examination of bEND.3 cell damage induced by different 
concentrations of glucose 
bEND.3 cells were seeded in 96-well plates at a density of 
2×105 cells/mL, and each well contained 100 µL of the cell 
suspension.  After the cells attached to the bottom of the wells, 
the culture medium was replaced with DMEM containing 
10% FBS and glucose at final concentrations of 5.56, 25, and 
40 mmol/L.  The plates were incubated at 37 °C with 5% CO2.  
Following 24, 48, or 72 h of incubation, 100 µL of MTT solution 
(0.5 mg/mL) was added to each well, and the cells were incu-
bated for an additional 4 h at 37 °C with 5% CO2.  Then, 100 µL 
of 20% SDS (cosolvent: 50% DMSO) was added to each well, 
and the plates were incubated for 24 h at 37 °C.  A microplate 
reader (Bio-Tek, USA) was used to measure the OD value 
at 570 nm.  Each experimental group contained 10 duplicate 
wells, and the experiments were repeated 3 times.  

The effect of different concentrations of PQQ on the viability of 
high-glucose-damaged bEND.3 cells
bEND.3 cells in log phase were trypsinized with 0.25% trypsin, 
and the cell density was adjusted to 2×105 cells/mL prior to 
seeding in a 96-well plate, and each well contained 100 µL of 
the cell suspension.  The following experimental groups were 
included in this analysis: normal control group (5.56 mmol/L 
glucose), high-glucose-damaged group (40 or 25 mmol/L glu-
cose), and PQQ protection groups at different concentrations 
(1, 10, and 100 µmol/L PQQ+40 mmol/L glucose).  The plates 
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were incubated at 37 °C with 5% CO2.  Following 48 or 72 h of 
incubation, 100 µL of MTT solution (0.5 mg/mL) was added 
to each well, and the plates were incubated for an additional 
4 h at 37 °C with 5% CO2.  Then, 100 µL of 20% SDS (cosolvent: 
50% DMSO) was added to each well, and the plates were 
incubated at 37 °C for 24 h.  A microplate reader was used to 
measure the OD value at 570 nm.  Each experimental group 
contained 10 duplicate wells, and the experiment was repeated 
3 times.

The effect of PQQ on the apoptosis of high glucose-damaged 
bEND.3 cells
bEND.3 cells were seeded in 6-well plates at a density of 2×105 
cells/mL, and each well contained 1000 µL of the cell suspen-
sion.  The following experimental groups were included in 
this analysis: normal control group (5.56 mmol/L glucose), 
high glucose-damaged group (40 mmol/L glucose), PQQ pro-
tection group (100 µmol/L PQQ+40 mmol/L glucose), JNK 
inhibitor group (10 µmol/L SP600125+100 μmol/L PQQ+40 
mmol/L glucose) and the respective control group (10 µmol/L 
SP600125+40 mmol/L glucose).  The plates were incubated at 
37 °C in a 5% CO2 incubator.  Following 48 h of incubation, the 
cells were washed once or twice with PBS, and the cells were 
trypsinized and suspended in 1× binding buffer.  The cell den-
sity was adjusted to 1x106 cells/mL, and 100 µL of the cell sus-
pension (1×105 cells) was transferred to a 5 mL centrifuge tube; 
5 µL of FITC Annexin V and 5 µL of PI were added to the tube.  
The cell suspension was gently mixed and incubated at room 
temperature (25 °C) for 15 min in the dark.  A 400 µL aliquot of 
1× binding buffer was then added to each tube, and the sam-
ples were analyzed by flow cytometry (BD, USA) within 1 h.

The effect of PQQ on the ROS levels in high-glucose-damaged 
bEND.3 cells 
bEND.3 cells were seeded in 6-well plates at a density of 2×105 
cells/mL, and each well contained 1000 µL of the cell suspen-
sion.  The following experimental groups were included in this 
analysis: normal control group (5.56 mmol/L glucose), high 
glucose-damaged group (25 or 40 mmol/L glucose), and PQQ 
protection group (100 µmol/L PQQ+25 or 40 mmol/L glu-
cose).  The plates were incubated at 37 °C in a 5% CO2 incuba-
tor.  Following 48 or 72 h of incubation, the cells were washed 
twice with PBS for 5 min each.  DCFH-DA (final concentra-
tion: 50 µmol/L) was added to the wells, and the cells were 
incubated for an additional 30 min.  The fluorescent staining 
buffer was discarded, and the cells were washed twice with 
PBS and harvested.  A flow cytometer was used to analyze the 
fluorescence density of each group of cells (excitation: 484 nm, 
emission: 501 nm).  The experiment was repeated 3 times.  

The effect of PQQ on the changes in the mitochondria levels of 
high-glucose-damaged bEND.3 cells
bEND.3 cells were seeded in 96-well plates at a density of 
2×105 cells/mL, and each well contained 100 µL of the cell sus-
pension.  The following experimental groups were included 
in this analysis: normal control group (5.56 mmol/L glucose), 

high glucose-damaged group (25 or 40 mmol/L glucose), and 
PQQ protection group (100 µmol/L PQQ+25 or 40 mmol/L 
glucose).  The plates were incubated at 37 °C with 5% CO2.  
Following 48 or 72 h of incubation, the cells were washed 
twice with pre-chilled PBS.  MitoTracker Green (final concen-
tration: 100 nmol/L) was added to the cells in the dark, and 
the cells were incubated for another 30 min.  The cells were 
then washed 3 times with PBS.  A microplate reader (excita-
tion: 490 nm, emission: 516 nm) was used to measure the fluo-
rescence of each group, and the experiment was repeated 3 
times.  

The effect of PQQ on the expression of HIF-1α and the JNK 
pathway in high-glucose-damaged bEND.3 cells
bEND.3 cells were seeded in 6-well plates at a density of 2×105 
cells/mL, and each well contained 1000 µL of the cell suspen-
sion.  The following experimental groups were included in this 
analysis: normal control group (5.56 mmol/L glucose), high 
glucose damage group (40 mmol/L glucose), PQQ protec-
tion group (100 µmol/L PQQ+40 mmol/L glucose), and JNK 
inhibitor group (100 µmol/L PQQ+40 mmol/L glucose+10 
µmol/L SP600125).  The plates were incubated at 37 °C in a 5% 
CO2 incubator.  Following 48 h of incubation, the cells were 
washed twice with PBS.  

A 1-mL aliquot of RIPA buffer [150 mmol/L NaCl, 1% 
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mmol/L Tris 
(pH 7.9), 10 mmol/L NaF, PMSF and 1× protease inhibitors 
(Complete cocktail tablets, Roche)] were added to each well 
of the 6-well plate.  The cell lysates were transferred to 1.5 mL 
centrifuge tubes and centrifuged at 16 000×g for 30 min.  The 
supernatants were retained, and the protein concentrations 
were determined using the BCA method.  A 5% stacking gel 
and a 12% resolving gel were prepared, and 50 µg of total pro-
tein was loaded into each well.  The proteins were separated 
by electrophoresis and transferred onto a PVDF membrane 
(Bio-Rad, USA).  The blot was blocked for 1 h at room tem-
perature in a TBST buffer (10 mmol/L Tris-HCl, pH 7.5, 150 
mmol/L NaCl, and 0.1% Tween-20) containing 5% non-fat 
milk.  Then, a rabbit anti-human HIF-1α and PGC-1α poly-
clonal antibody (1:500 dilution), rabbit anti-p-JNK polyclonal 
antibody (1:1000 dilution), rabbit anti-t-JNK polyclonal anti-
body (1:1000 dilution), or mouse anti-β-actin monoclonal anti-
body (1:1000) dilution as added, and the blot was incubated 
overnight at 4 °C.  Then, the respective IRDye 800-labeled sec-
ondary antibody (1:2000 dilution in PBS) was added to the blot 
and incubated overnight at 4 °C.  The blots ere washed with 
TBST and scanned using the Odyssey infrared imaging system 
(Rockland).  The relative levels of HIF-1α, PGC-1α, p-JNK, and 
t-JNK are represented by the ratios of the densities of HIF-1α/
β-actin, PGC-1α/β-actin, and p-JNK/t-JNK, and the densi-
ties were analyzed using the Quantity One software (Bio-Rad, 
USA).  

Statistical analysis
The statistical software Stata 7.0 was used for the statistical 
analysis of the experimental results, and one-way analysis of 



1405

www.chinaphar.com
Wang Z et al

Acta Pharmacologica Sinica

npg

variance was used to determine statistical significance.  P<0.05 
was considered statistically significant.

Results
MTT examination of bEND.3 cell damage treated with different 
concentrations of glucose
The MTT results showed that there were no significant dif-
ferences (P>0.05) between the 3 groups of bEND.3 cells that 
were treated h with 5.56, 25, or 40 mmol/L glucose for 24 h.  
In contrast, the viability of bEND.3 cells that were treated with 
40 mmol/L glucose for 48 h significantly decreased, and the 
OD value of these cells was significantly different from that of 
the 5.56 mmol/L glucose group (P<0.05).  When bEND.3 cells 
were treated for 72 h with 25 or 40 mmol/L glucose, the viabil-
ity of the cells significantly decreased (P<0.05).  The statistical 
results of the MTT assay are shown in Figure 1.  

The effect of different concentrations of PQQ on the viability of 
high-glucose-damaged bEND.3 cells
The MTT method was used to monitor the protective effect 
of PQQ against high glucose damage in bEND.3 cells treated 
with 25 or 40 mmol/L glucose.  The MTT assay results showed 
that treatment with 10 and 100 µmol/L PQQ could effectively 
prevent the decrease in bEND.3 cell viability caused by 25 or 
40 mmol/L glucose.  Within the measured range, the protec-
tive effect increased with the increase in PQQ dosage.  The 
detailed results are shown in Figure 2.

The effect of PQQ on the apoptosis of high-glucose-damaged 
bEND.3 cells
Annexin V-FITC and PI double labeling and flow cytometry 
were used to analyze the effect of PQQ on the rate of apop-
tosis in high-glucose-damaged bEND.3 cells.  The analysis 
showed that the apoptosis rate of the normal control group 
(5.56 mmol/L glucose) was low (4.4%), while the apoptosis 
rate of the high-glucose-damaged group (40 mmol/L glucose) 
was high (39.94%).  The early apoptosis rate (23.52%) in the 
PQQ protection group (100 µmol/L PQQ+40 mmol/L glucose) 

decreased significantly (P<0.05) compared to the high-glucose-
damaged group.  The proportion of apoptotic bEND.3 cells in 
the JNK inhibitor group (10 μmol/L SP600125+100 μmol/L 
PQQ+40 mmol/L glucose) (16.57%) and the respective control 
group (10 μmol/L SP600125+40 mmol/L glucose) (33.01%) 
were significantly decreased compared to the rate observed 
in the high glucose-treated group (P<0.01 and P<0.05).  The 
results shown in Figure 3 demonstrate that PQQ could inhibit 
the high glucose-induced apoptosis by activating the JNK 
pathway.

The effect of PQQ on the ROS levels in high-glucose-damaged 
bEND.3 cells
The DCFH-DA molecular probe was used to label peroxide 
in the bEND.3 cells.  After the fat-soluble DCFH-DA enters 
the cell, it is hydrolyzed by lipase into DCFH.  The non-
fluorescent DCFH is then oxidized by intracellular ROS to 
become fluorescent DCF, and a flow cytometer can measure 
the fluorescence density of the fluorescent product DCF, thus 
providing a relative quantitative analysis.  The results showed 
that, after 48 or 72 h of damage by high glucose (25 or 40 
mmol/L), the intracellular fluorescence intensity significantly 
increased compared to that of the normal control group, and 
100 µmol/L PQQ could effectively antagonize the ROS level 
increase induced by high glucose (25 or 40 mmol/L) damage 
(P<0.05).  The results are shown in Figure 4.

The effect of PQQ on the changes in the mitochondria levels in 
high-glucose-damaged bEND.3 cells
MitoTracker Green was used to stain the bEND.3 cells, and a 
microplate reader was used to measure the fluorescence inten-
sity changes inside the mitochondria, which indirectly reflect 
the amount of cellular mitochondria.  The results showed that, 
48 or 72 h after high glucose (25 or 40 mmol/L) damage, the 
intracellular fluorescence intensity significantly decreased 
compared to that observed in the normal control group 
(P<0.01).  The addition of 100 µmol/L PQQ could significantly 
antagonize the decrease in the mitochondrial level caused by 

Figure 1.  Statistical results of the MTT assay used to assess bEND.3 cell 
viability in each group treated with different concentrations of glucose for 
24, 48, and 72 h.  bP<0.05 compared to the 5.56 mmol/L glucose group.

Figure 2.  Analysis of the protective effect of different PQQ concentrations 
on the viability of bEND.3 cells damaged by high glucose (25 or 40 
mmol/L glucose).  bP<0.05, cP<0.01.
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high glucose (P<0.05).  The results are shown in Figure 5.  

The effect of PQQ on the expression of HIF-1α in high-glucose-
damaged bEND.3 cells
Western blot analysis was used to examine the effect of PQQ 
on the expression of HIF-1α and PGC-1α in the high-glucose-
damaged bEND.3 cells.  The results showed that high glucose 
damage caused an increase in the expression of HIF-1α protein 
in bEND.3 cells (P<0.05), and HIF-1α protein expression in the 
bEND.3 cells in the PQQ protection group was even higher.  
The differences were significant when compared to the normal 
control group (P<0.01).  The expression of PGC-1α and NRF-1 

mRNA and protein were decreased in the high-glucose-dam-
aged bEND.3 cells (P<0.05), and the addition of PQQ could 
promote the expression of PGC-1α and NRF-1 mRNA and pro-
tein.  The results are shown in Figures 6–8.  TMRM were used 
to measure the effects of PQQ on the mitochondrial membrane 
potential.  The results showed that PQQ could increase the 
mitochondrial membrane potential, and the results are shown 
in Figure 9.

The effect of PQQ on the JNK pathway in high-glucose-damaged 
bEND.3 cells
Western blot analysis was used to examine the effect of PQQ 
on the JNK pathway in the high-glucose-damaged bEND.3 
cells.  The results showed that high glucose damage did not 
have an obvious effect on JNK expression in bEND.3 cells 
(P>0.05).  However, high glucose significantly promoted the 
expression of p-JNK in the cells (P<0.01), whereas PQQ could 
significantly decrease the expression of p-JNK in the high-
glucose-damaged cells, as compared to the normal control 
group (P<0.05).  The phosphorylation level of JNK was further 
decreased when the JNK inhibitor SP600125 was added to the 

Figure 3.  The effect of PQQ on the apoptosis of high-glucose-damaged 
bEND.3 cells.  (A) normal glucose group (5.56 mmol/L glucose); (B) JNK 
inhibitor control group (10 μmol/L SP600125+40 mmol/L glucose); (C) 
JNK inhibitor+PQQ group (10 μmol/L SP600125+100 μmol/L PQQ+40 
mmol/L glucose); (D) PQQ group (100 µmol/L PQQ+40 mmol/L glucose); 
(E) high glucose group (40 mmol/L glucose); (F) statistics of the flow 
cytometric analysis.  bP<0.05, cP<0.01 compared to the normal control.  
eP<0.05, fP<0.01 compared to high glucose group.

Figure 4.  The effect of PQQ on the ROS levels in the high-glucose-
damaged bEND.3 cells.  bP<0.05, cP<0.01 compared to the 5.56 mmol/L 
glucose group.  eP<0.05.

Figure 5.  The effect of PQQ on the changes of in the mitochondria levels 
in high-glucose-damaged bEND.3 cells.  bP<0.05, cP<0.01 compared to 
the normal control group. eP<0.05.
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PQQ protection group.  The results are shown in Figure 10.

Discussion
DM is a chronic disease in which high blood glucose persis-
tently attacks the micro- and macro-vessels throughout the 
body[9, 24].  Microvascular structural changes occur in diabetic 
patients, including capillary permeability changes, microvas-
cular aneurysm formation, subendothelial deposition, and 
perimicrovascular fibrosis[25, 26].  The oxidative stress response 
plays an important role in the mechanisms underlying diabetic 
complications.  In diabetic patients, the main sources of the 
oxidative stress response include glucose autoxidation, Fenton 
reactions catalyzed by transition metals, advanced glycosyl-
ation, the polyol pathway, mitochondrial respiratory chain 
deficiency, xanthine oxidase, peroxidase, nitric oxide synthase 
enzymes, and NADPH oxidase.  The oxidative stress response 

plays an important role in the development and progression 
of diabetic complications; however, few articles have reported 
the application of antioxidants in the treatment of diabetes.  
Therefore, in this study, we used in vitro experiments to inves-
tigate the ability of PQQ to antagonize high glucose damage.  

In the current study, we used bEND.3 cells to investigate 
the protective effect of PQQ on endothelial cells, as well as 
to determine its protection pathway and mechanism.  In our 
experiments, MTT was used to measure changes in the viabil-
ity of bEND.3 cells that had been treated with different con-
centrations of glucose for 24 and 48 h.  The results indicated 
that obvious damage occurred in the bEND.3 cells treated with 

Figure 6.  (A) Western blot analysis of HIF-1α protein expression in various 
groups of bEND.3 cells; (B) relative changes in HIF-1α protein expression 
in various groups of bEND.3 cells; (C) Western blot analysis of PGC-1α 
protein expression in various groups of bEND.3 cells; (D) relative changes 
in PGC-1α protein expression in various groups of bEND.3 cells.  1) normal 
glucose group; 2) high glucose group; 3) PQQ group.  bP<0.05, cP<0.01 
compared to the normal control group.

Figure 7.  Western blot analysis of NRF-1 protein expression in various 
groups of bEND.3 cells.  cP<0.01 compared to the normal control group.

Figure 8.  RT-PCR analysis of NRF-1 and PGC-1α mRNA levels in various 
groups of bEND.3 cells.  bP<0.05 compared to the normal glucose group.
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40 mmol/L glucose for 48 h (P<0.05); therefore, this condition 
was established as the high-glucose-damaged endothelial cell 
model of DM.  Then, different concentrations of PQQ (1, 10, 
and 100 μmol/L) were added to the high-glucose-damaged 
bEND.3 cells, and an MTT assay was used to measure the 
effects of PQQ on endothelial cell viability following high glu-
cose damage.  The results showed that 100 μmol/L PQQ effec-
tively protected the bEND.3 cells from the damage induced by 
40 mmol/L glucose (P<0.01).

 Superoxide anions in the mitochondria initiate a series of 
reactions to generate hydrogen peroxide, ferrous ion, hydroxyl 
radicals, and peroxynitrite, resulting in damage to lipids, 
proteins, and nucleic acids[27].  Many functional enzymes in 
the mitochondria are particularly sensitive to ROS-mediated 

reactions, leading to changes in ATP synthesis, the disrup-
tion of intracellular calcium homeostasis, and the alteration 
of mitochondrial permeability.  All of these changes tend to 
result in cell death through apoptosis[28].  Multiple factors can 
trigger programed cell death in endothelial cells via apop-
tosis, such as glucose, cytokines, and islet amyloid peptide/
free fatty acids.  Yoon and colleagues found that trimetazidine 
reduced the apoptosis rate of human umbilical vein endothe-
lial cells (HUVECs) in diabetic rats[29].  In the present study, we 
found that the PQQ protection group (100 μmol/L PQQ+40 
mmol/L glucose) exhibited an obvious and significant 
(P<0.05) decrease in the ratio of early apoptotic cells compared 
to the high glucose damage group.  This result indicates that 
PQQ can effectively prevent the bEND.3 cell apoptosis caused 
by high glucose damage, which is consistent with previous 
reports.

 Most glucose that enters the cell is broken down by the oxi-
dative phosphorylation pathway in the mitochondrial respira-
tory chain.  The ROS produced by malfunctioning or damaged 
mitochondria mainly consist of superoxide anions, which are 
regarded as the initial source of diabetic complications.  There-
fore, a reduction of the ROS produced by the mitochondria 
is considered one method to relieve the effects of DM[30].  The 
human body has multiple antioxidant mechanisms to remove 
the ROS produced during respiration and metabolic processes.  
The first mechanism involves superoxide dismutase (SOD).  
The overexpression of copper-zinc superoxide dismutase 
(CuZnSOD) can protect the experimental animals from renal 
damage caused by type II diabetes.  The second mechanism 
involves the glutathione peroxidase (GXH-Px) and catalase 
(CAT) system.  These two enzymes catalyze the reduction of 
hydrogen peroxide into water.  In the animal model of type 
II diabetic renal damage, the overexpression of CAT has pro-
tective effects on the experimental animals[31].  In the current 
study, we used the molecular probe DCFH-DA to label the 
peroxides inside of the bEND.3 cells.  Flow cytometry was then 
used to measure the intensity of the DCF fluorescent product, 
resulting in a relative quantitative analysis.  The bEND.3 cells 
were stained with MitoTracker Green, and a microplate reader 
was used to measure the changes in fluorescence intensity 
inside the mitochondria, which indirectly reflected the amount 
of cellular mitochondria.  The results showed that the cel-
lular fluorescence intensity was significantly increased 48 h 
after high glucose damage, as compared to the normal control 
group.  Moreover, 100 μmol/L PQQ significantly antagonized 
the increase in the ROS level (P<0.05) and the reduction in the 
mitochondrial levels caused by high glucose damage (P<0.05).  
These results suggest that PQQ protects endothelial cells from 
high glucose damage.  It is likely that PQQ protects the cells 
by decreasing the cellular ROS production and by antagoniz-
ing the decrease in the number of mitochondria caused by 
high glucose damage.  

 When oxygen supplies are not sufficient, a hypoxic signal is 
rapidly sent to the nucleus to initiate the expression of certain 
genes involved in the maintenance of oxygen homeostasis 
and energy metabolism inside the cells and body.  Studies in 

Figure 9.  The effect of PQQ treatment on mitochondrial membrane 
potential.  cP<0.01 compared to the normal control group.  fP<0.01.

Figure 10.  (A) Western blot analysis of p-JNK and t-JNK expression in 
various groups of bEND.3 cells; (B) relative changes in p-JNK protein 
expression in various groups of bEND.3 cells.  1, high glucose group; 2, 
PQQ group; 3, JNK inhibitor group; 4, normal glucose group.  bP<0.05, 
cP<0.01 compared to the normal glucose group.
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recent years have shown that HIF-1α is the core regulator that 
maintains oxygen homeostasis and regulates the expression 
of a series of genes pertinent to hypoxia; additionally, HIF-1α 
plays an important role in sensing hypoxia and transmit-
ting hypoxic signals[32].  Studies by Yan et al found that high 
glucose can induce the expression of the HIF-1α protein in 
endothelial cells[33].  Studies by Zhang et al found that salidro-
side can protect brain cortex neurons and antagonize CoCl2-
induced apoptosis by promoting the expression of the HIF-1α 
protein[34].  The results of the present study showed that high 
glucose damage resulted in the increased expression of the 
HIF-1α protein in bEND.3 cells (P<0.05), and the expression 
of HIF-1α protein in the bEND.3 cells of the PQQ protection 
group was even higher (P<0.01).  This result indicates that 
PQQ antagonizes the apoptosis induced by high glucose dam-
age by promoting HIF-1α expression, which is consistent with 
previous reports.  

JNK is a member of the MAPK superfamily and belongs to 
the evolutionarily conserved serine/threonine protein kinase 
family.  The JNK pathway is an important signal transduction 
pathway for cell growth, proliferation, differentiation, and 
apoptosis.  Activated JNK can interact with the N-terminus 
of c-Jun and phosphorylate the active regions of transcription 
factors, thereby promoting gene expression and new protein 
synthesis and regulating cell death, proliferation, differentia-
tion, and other functions[36].  Studies by Ho et al found that 
high concentrations of glucose can cause a dramatic increase 
in the oxidative stress response, JNK activity, and apoptosis 
in HUVECs[37].  The current study showed that high glucose 
damage did not have an obvious effect on JNK expression 
in bEND.3 cells (P>0.05).  However, high glucose levels sig-
nificantly promoted the expression of p-JNK inside the cell 
(P<0.01).  PQQ could significantly decrease the level of p-JNK 
expression in the high-glucose-damaged cells compared to 
the normal control group (P<0.05).  When the JNK inhibitor 
SP600125 was added to the cells of the PQQ protection group, 
the phosphorylation level was further decreased.  The results 
indicate that the protection of high-glucose-damaged endothe-
lial cells by PQQ might be related to the JNK pathway.  

In summary, PQQ can protect bEND.3 cells from high glu-
cose damage in a dose-dependent fashion by reducing apop-
tosis, clearing intracellular ROS, and antagonizing the reduc-
tion of mitochondria.  The protective effect of PQQ might be 
related to the promotion of intracellular HIF-1α expression 
and the JNK pathway.  
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