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Abstract. Endothelial progenitor cells (EPCs), a group of bone 
marrow-derived pro-angiogenic cells, contribute to vascular 
repair after damage. EPC dysfunction exists in diabetes and 
results in poor wound healing in diabetic patients with trauma 
or surgery. The aim of the present study was to determine the 
effect of quercetin, a natural flavonoid on high glucose‑induced 
damage in EPCs. Treatment with high glucose  (40  mM) 
decreased cell viability and migration, and increased oxidant 
stress, as was evidenced by the elevated levels of reactive 
oxygen species (ROS), malondialdehyde (MDA) and super-
oxide dismutase in bone marrow-derived EPCs. Moreover, 
high glucose reduced the levels of endothelial nitric oxide 
synthase (eNOS) phosphorylation, nitric oxide (NO) production 
and intracellular cyclic guanosine monophosphate (cGMP). 
Quercetin supplement protected against high glucose‑induced 
impairment in cell viability, migration, oxidant stress, eNOS 
phosphorylation, NO production and cGMP levels. Quercetin 
also increased Sirt1 expression in EPCs. Inhibition of Sirt1 by 
a chemical antagonist sirtinol abolished the protective effect 
of quercetin on eNOS phosphorylation, NO production and 
cGMP levels following high glucose stress. To the best of our 
knowledge, the results provide the first evidence that quercetin 
protects against high glucose‑induced damage by inducing 
Sirt1-dependent eNOS upregulation in EPCs, and suggest that 
quercetin is a promising therapeutic agent for diabetic patients 
undergoing surgery or other invasive procedures.

Introduction

Vascular endothelial cells (ECs) are a dynamic border between 
circulating blood and the surrounding tissue. If ECs were 

impaired, endothelial progenitor cells (EPCs), a group of bone 
marrow-derived cells identified in 1997 (1), would contribute 
to postnatal vasculogenesis (2). Generally, EPCs are mobilized 
from the bone marrow into peripheral blood and are home 
to damaged areas for neo‑angiogenesis (2). EPC dysfunction 
is known to be a critical event of diabetes (3). Circulating 
EPCs are reduced in peripheral vascular complications of 
type 1 and 2 diabetes mellitus (4-5). Many factors involved in 
the pathophysiology of diabetes, such as hyperglycemia, lead to 
EPC dysfunctions. In vitro studies also demonstrated that high 
glucose resulted in cellular injury in EPCs by inducing oxidant 
stress (6), apoptosis (7) and the downregulation of endothelial 
nitric oxide synthase (eNOS) (8). Since EPC dysfunction may 
result in poor wound healing in diabetic patients with trauma 
or surgery, restoring the biological functions of EPCs for these 
patients is crucial.

Flavonoids have recently received much attention as 
potential preventive and therapeutic agents for diabetes (9-10). 
Quercetin, a ubiquitous flavonol abundantly found in plant 
products such as capers, lovage, apples, onions and grapes, 
possesses antioxidative and anti‑inflammatory properties (11). 
Recently, the protective and therapeutic value of quercetin 
in diabetes has been recognized. Oral administration of 
quercetin in rats with type 1 diabetes significantly decreased 
incremental plasma glucose levels  (12). Quercetin had 
beneficial effects on cell membranes altered in diabetic condi-
tions, by restoring transmembrane potential (13). Moreover, 
quercetin protected against diabetes-induced exaggerated 
vasoconstriction, adventitial leukocyte infiltration, endothe-
lial pyknosis and increased collagen deposition in rats (14). 
Thus, the ability of quercetin to protect against the deleterious 
effects of hyperglycemia and to improve glucose metabolism 
and intake must be considered as it affects treatment strategy. 
Notably, quercetin has been tested in a double-blind random-
ized controlled clinical trial  (15). In women with type  2 
diabetes, quercetin reduced systolic blood pressure, serum 
concentration of tumor necrosis factor-α (TNF-α) and inter-
leukin-6 (IL-6) (15).

Based on the fact that quercetin has significant beneficial 
effects for diabetes, we hypothesized that there are likely more 
molecular mechanisms underlying the protective effects of 
quercetin in diabetes. In this study, we investigated the effect 
of quercetin on high glucose-induced damage in EPCs. To the 
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best of our knowledge, the results provided the first evidence 
that quercetin protects against high glucose‑induced damage 
by inducing Sirt1-dependent eNOS upregulation in EPCs.

Materials and methods

Reagents. Quercetin (catalogue no: Q4951) and antibodies 
against phosphor-eNOS (p-eNOS), and total-eNOS were 
purchased from Cell  Signaling Biotechnology (Danvers, 
MA, USA). The antibody against Sirt1 and the Sirt1 inhibitor 
sirtinol, was purchased from Santa Cruz Biotechnology, Inc. 
(Santa Cruz, CA, USA). The antibody against β-actin was 
purchased from Sigma (St.  Louis, MO, USA). The cell 
viability assay [cell counting kit-8 (CCK‑8)] was purchased 
from Dojindo Molecular Technologies,  Inc. (Kumamoto, 
Japan). Dichlorodihydrofluorescein diacetate (DCFH-DA) 
was purchased from Invitrogen Life Technologies (Carslbad, 
CA, USA). Nitric oxide (NO) assay was purchased from 
Abcam (Cambridge, MA, USA). Malondialdehyde (MDA) and 
cyclic guanosine monophosphate (cGMP) ELISA kits were 
purchased from Cell Biolab, Inc. (San Diego, CA, USA).

Bone marrow cell isolation and culture. Bone marrow-derived 
EPCs were prepared as previously described (16). Bone marrow 
was harvested from the femurs and tibiae of 2-month‑old male 
C57BL/6J mice (Changchun Institute of Biological Products, 
Changchun, China). The mononuclear cell fraction was isolated 
with Ficoll (Amersham Pharmacia Biotech, Inc., Piscataway, 
NJ, USA). Cells were seeded in fibronectin‑coated six-well 
plates (Corning, Lowell, MA, USA) and cultured in Dulbecco's 
modified Eagle's medium (DMEM) supplemented with a 
specific mixture of vascular endothelial growth factor, fibro-
blast growth factor-2, insulin‑like growth factor-1, epidermal 
growth factor, hydrocortisone, gentamicin, amphotericin-B, 
5% fetal bovine serum and ascorbic acid (EGM2-MV; Lonza, 
Walkersville, MD, USA). The concentration of glucose in this 
medium was 5.5 mM. To produce a high glucose challenge in 
EPCs, the EPCs were cultured in high glucose (40 mM).

Cell viability assay. Viability of EPCs was evaluated using a 
non‑radioactive CCK-8 assay as previously described (17-18). 
High glucose incubated EPCs were treated with quercetin 
(20 or 100 µM) for 48 h. The control cells were cultured in 
normal glucose medium. After discarding the medium, the 
cells were incubated with 10 µl of CCK-8 solution for 3 h at 
37˚C. The optical density at 450 nm was analyzed in a micro-
plate reader (Thermo Fisher Scientific Inc., Waltham, MA 
USA). Experiments were performed in duplicate.

Transwell migration assay. EPCs (1x105) were placed in the 
upper chamber of a 24-well transwell migration insert (pore 
size, 5 µm) with DMEM in the presence or absence of high 
glucose and quercetin (20 and 100 µM, respectively). The lower 
chamber contained migration medium (EBM-2, 0.5% BSA, 
10%  FBS, 100  IU/ml penicillin, and 100  µg/ml strepto-
mycin) (19). After migration for 24 h, the non‑migrating cells 
on the upper side of the membrane were wiped away, while the 
cells on the lower side of the membrane were fixed, excised, 
mounted with DAPI containing mounting medium and counted 
on a fluorescent microscope (IX71; Olympus, Tokyo, Japan).

Reactive oxygen species (ROS) assay. Intracellular ROS 
production was evaluated by incubating the cells with 30 µM 
DCFH-DA at 37˚C for 1 h. The fluorescence was revealed 
by fluorescence microscopy, using the same exposure condi-
tions in each experiment (20). The cells were counted by two 
blinded readers obtaining similar results. The DCFH-DA 
fluorescence was calculated using Image Pro Plus software 
(Media Cybernetics Inc., Silver Spring, MD, USA).

Superoxide dismutase and MDA activity assays. Intracellular 
superoxide dismutase and MDA assays were performed as 
previously described (21-23). EPCs were treated with high 
glucose or high glucose plus quercetin (100 µM) for 6 h and 
lysed using RIPA buffer. The superoxide dismutase level and 
MDA concentration of each sample were detected according 
to the manufacturer's instructions using a microplate reader.

Western blotting. Western blotting was performed as previ-
ously described  (24-25). Briefly, cells were lysed in lysis 
buffer (50  mM Tris, pH  7.4, 150  mM sodium chloride, 
1%  Nonidet P-40, 1  mM EDTA, 1  mM sodium orthova-
nate, 1 mM sodium fluoride, 1 mg/ml leupeptin, 1 mg/ml 
aprotinin, 1  mg/ml pepstatin  A, and 1  mM PMSF)  (26). 
Cell lysates were centrifuged at 10,000 x g for 10 min and 
the supernatants were collected. The samples were boiled 
for 10 min. The protein concentration was determined using 
a BCA assay. Equal amounts of protein were separated by 
10% SDS-PAGE and transferred to nitrocellulose by stan-
dard procedures (27). Membranes were incubated overnight 
at 4˚C with antibodies against p-eNOS (1:200), t-eNOS 
(1:500), Sirt1 (1:250) and β-actin (1:1,000). After incubation 
with the corresponding secondary antibodies (1:5,000), the 
membranes were washed three times and bands were detected 
by the enhanced chemoluminescence kit (ECL; Amersham 
Pharmacia Biotech, Inc.) (28).

NO production measurement. NO concentrations in EPCs 
were determined by detecting the concentration of nitrite, the 
stable product of NO. EPCs were seeded in 24-well plates at a 
density of 1x105 cells/well. Following treatment with glucose 
or glucose + quercetin or glucose + quercetin + sirtinol for 
12 h, the medium was collected and NO content in the medium 
(NO production) was measured using a microplate procedure 
based on the Griess reaction by a NO assay kit. The optical 
densities at a wavelength of 560 nm were obtained using a 
microplate reader and concentrations of NO were calculated 
according to the calibration curve.

Intracellular cGMP measurement. EPCs were treated with 
glucose or glucose + quercetin or glucose + quercetin + sirtinol 
for 12 h. The cells were then lysed using a RIPA buffer. The 
protein concentration was determined by a BCA assay. The 
cGMP level was measured using a commercial cGMP ELISA 
kit according to the manufacturer's instructions.

Statistical analysis. Statistical calculations were performed 
using the GraphPad Prism 5 software program (GraphPad 
Software, Inc., La Jolla, CA, USA). The data are expressed as 
the means ± SEM and compared using ANOVA with Tukey 
correction. Statistical significance was set at P<0.05.
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Results

Quercetin protects against high glucose-induced damage in 
EPCs. First, we studied whether quercetin exerted protec-
tive effects on EPCs. As shown in Fig.  1A, high glucose 
significantly decreased the cell viability at Day 2 in culture 
EPCs. The two concentrations of quercetin (20 and 100 µM) 
attenuated this detrimental effect of high glucose. The effect 
of quercetin on the cell migration of EPCs was also investi-
gated. Quercetin (20 and 100 µM) rescued the migration of 
EPCs impaired by high glucose (Fig. 1B). These results clearly 
suggested that quercetin protects against high glucose‑induced 
damage in EPCs.

Quercetin decreases high glucose-induced oxidant stress 
in EPCs. The effects of quercetin on high glucose-induced 
damage oxidant stress in EPCs were examined. Results of 
the DCFH-DA assay revealed that high glucose treatment 
triggered fluorescence in EPCs, suggesting that the ROS level 
was markedly increased by high glucose (Fig. 2A). Quercetin 
supplement (100 µM) significantly decreased DCFH-DA fluo-
rescence (Fig. 2A). MDA level is an index of endogenous lipid 
peroxidation. Notably, high glucose also enhanced the MDA 
level in EPCs (Fig. 2B). Quercetin successfully inhibited the 
increase of MDA level (Fig. 2B). Total superoxide dismutase 
levels, major scavengers of ROS, were also determined. High 

glucose treatment decreased the superoxide level in EPCs, 
which was partly rescued by quercetin (Fig. 2C). These results 
suggested that quercetin decreased high glucose-induced 
oxidant stress in EPCs.

Quercetin prevents high glucose-induced inhibition of eNOS 
phosphorylation and NO production in EPCs. NO is, not only 
the key endothelium-derived relaxing factor that plays pivotal 
roles in maintaining vascular function, but also a potent posi-
tive regulator of EPCs (29-30). Thus, we studied the effects of 
quercetin on NO production in EPCs following high glucose 
stress. First, we measured eNOS expression, the major enzyme 
responsible for NO production in EPCs. High glucose did not 
alter the eNOS expression (Fig. 3A). However, high glucose 
decreased eNOS phosphorylation, which is critical for eNOS 
enzymatic activity (Fig. 3A). Quercetin partly inhibited the 
high glucose-induced decrease of eNOS phosphorylation in 
EPCs (Fig. 3A). Moreover, we determined NO production in 
the medium of cultured EPCs. High glucose treatment signifi-
cantly reduced the NO production of EPCs (Fig. 3B), which 
was partly blocked by the quercetin supplement (Fig. 3B). To 
identify the underlying molecular mechanisms, we assayed 
intracellular cGMP, which is produced by soluble guanylyl 
cyclases in responding to NO. High glucose decreased the 
intracellular cGMP level, which was prevented by quer-
cetin  (Fig.  3C). These results emphasized that quercetin 

Figure 1. Quercetin protects against high glucose-induced injury in endothelial progenitor cells (EPCs). (A) Effects of high glucose and quercetin on the cell 
viability of EPCs. PCs were treated with the medium of normal glucose (5.5 mM) or high glucose (40 mM) plus quercetin (20 and 100 µM) for 2 days and 
the cell viability was measured; *P<0.05, n=8. (B) Effects of high glucose and quercetin on the migration of EPCs. EPCs (1x105) were placed in the upper 
chamber of a 24-well transwell migration insert with Dulbecco's modified Eagle's medium (DMEM) in normal glucose (5.5 mM) or high glucose (40 mM) and 
quercetin (20 and 100 µM). The lower chamber contained migration medium to induce EPC migration for 24 h; *P<0.05, n=8. 
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Figure 2. Quercetin decreases high glucose-induced oxidant stress in endothelial progenitor cells (EPCs). (A) Representative images and quantitative analysis of 
dichloro-dihydro-fluorescein diacetate (DCFH-DA) fluorescence in EPCs treated with high glucose (40 mM) and high glucose + quercetin (100 µM) for 24 h; 
*P<0.05, n=6. (B) Intracellular malondialdehyde (MDA) levels in EPCs treated with high glucose (40 mM) and high glucose + quercetin (100 µM) for 24 h; *P<0.05, 
n=6. (C) Intracellular superoxide dismutase levels in EPCs treated with high glucose (40 mM) and high glucose + quercetin (100 µM) for 24 h; *P<0.05, n=6. 

Figure 3. Quercetin prevents high glucose-induced inhibition of endothelial nitric oxide synthase (eNOS) phosphorylation and nitric oxide (NO) production in 
endothelial progenitor cells (EPCs). (A) Representative images and quantitative analysis of eNOS phosphorylation in EPCs treated with high glucose (40 mM) 
and high glucose + quercetin (100 µM) for 48 h; *P<0.05, n=6. (B) NO production in the culture medium of EPCs treated with high glucose (40 mM) and 
high glucose + quercetin (100 µM) for 48 h; *P<0.05, n=6. (C) Intracellular superoxide dismutase levels in EPCs treated with high glucose (40 mM) and high 
glucose + quercetin (100 µM) for 48 h; *P<0.05, n=6. 
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prevented the high glucose-induced inhibition of eNOS phos-
phorylation and NO production in EPCs.

Quercetin protects high glucose-induced inhibition of eNOS 
phosphorylation in a Sirt1-dependent manner in EPCs. Sirt1, 
a nicotinamide adenosine dinucleotide (NAD+)-dependent 
histone deacetylase, deacetylates eNOS, stimulating eNOS 
activity and increasing endothelial NO production (31). We 
studied the alteration of Sirt1 in EPCs following treatments of 
high glucose and quercetin. High glucose treatment decreased 
Sirt1 expression, whereas quercetin partly rescued the Sirt1 
expression (Fig. 4). To elucidate whether this modulation on 
Sirt1 of quercetin is essential for the activation of eNOS, we 

used sirtinol, a specific inhibitor of Sirt1, to block Sirt1 deacet-
ylase activity. As shown in Fig. 5A, the sirtinol supplement 
completely blocked the rescuing effect of quercetin on eNOS 
phosphorylation. Furthermore, sirtinol blocked the increase 
of NO production (Fig. 5B) and intracellular cGMP (Fig. 5C) 
induced by quercetin treatment following high glucose stress.

Discussion

In the present study, we have demonstrated that quercetin 
protects against the high glucose-induced decrease of cell 
viability and migration in EPCs. Further experiments showed 
that quercetin decreased high glucose-induced oxidant 

Figure 4. Effects of high glucose and quercetin on Sirt1 protein expression. Immunoblot analysis shows that high glucose (40 mM) decreases Sirt1 protein 
expression, which is partly prevented by quercetin (100 µM). Endothelial progenitor cells (EPCs) were treated with high glucose and high glucose + quercetin 
for 48 h; *P<0.05, n=5. 

Figure 5. The protection of quercetin on endothelial nitric oxide synthase (eNOS) phosphorylation and nitric oxide (NO) production in endothelial progenitor 
cells (EPCs) is Sirt1-dependent. (A) Representative immunoblotting images and quantitative analysis of eNOS phosphorylation (phospho-eNOS/total-eNOS 
ratio) in EPCs treated with high glucose (40 mM) or high glucose + quercetin (100 µM) or high glucose + quercetin (100 µM) + sirtinol (40 µM) for 48 h; *P<0.05, 
n=6. (B) Quantitative analysis of NO production in the medium of EPCs treated with high glucose (40 mM) or high glucose + quercetin (100 µM) or high 
glucose + quercetin (100 µM) + sirtinol (40 µM) for 48 h; *P<0.05, n=6. (C) Quantitative analysis of intracellular cyclic guanosine monophosphate (cGMP) levels 
in EPCs treated with high glucose (40 mM) or high glucose + quercetin (100 µM) or high glucose + quercetin (100 µM) + sirtinol (40 µM) for 48 h; *P<0.05, n=6. 
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stress, as evidenced by levels of ROS, MDA and superoxide 
dismutase. Quercetin prevented the high glucose-induced 
decrease of eNOS phosphorylation, NO production and 
intracellular cGMP level. Inhibition of Sirt1 by sirtinol also 
markedly blocked the rescuing effect of quercetin on eNOS 
phosphorylation, NO production and the intracellular cGMP 
level. These data suggest that quercetin protects against high 
glucose-induced damage in EPCs by restoring eNOS in a 
Sirt1-dependent manner.

In the present study, quercetin protects against high 
glucose‑induced cell injury in EPCs. Previously, quercetin 
was reported to protect against high glucose-induced 
apoptosis in human umbilical vein ECs via its anti-oxidant 
effects (32). Bournival et al (33) and Shi et al (34) demon-
strated a similar phenomenon in neuronal cells respectively. 
However, to the best of our knowledge, there is no report 
on the effects of quercetin on EPCs following high-glucose 
stress. Accumulating evidence suggests that oxidant stress-
caused EPCs dysfunction is involved in the pathogenesis of 
diabetes (4-5). The number of EPCs obtained from type 1 
diabetic patients in culture was 44% lower compared with 
age- and sex-matched control subjects (4). Similarly, EPCs 
from type 2 diabetic patients were reduced by 40% compared 
with healthy subjects  (5). Additionally, conditioned media 
from patient EPCs were significantly reduced in their capacity 
to support endothelial tube formation in comparison to control 
EPCs (4). High glucose was shown to impair early and late 
EPCs by modifying NO‑mediated mechanisms (35). Besides 
this mechanism, modulation of oxidant stress (6), apoptosis (7) 
and autophagy (36) also contribute to high glucose‑induced 
cell damage. To the best of our knowledge, this is the first 
study on the protective effect of quercetin in high glucose-
challenged EPCs, emphasizing the potential therapeutic value 
of quercetin in diabetic patients with trauma or surgery.

A novel mechanism underlying the protective effect of 
quercetin on EPCs under high glucose was identified in this 
study. To the best of our knowledge, this is the first study 
showing that quercetin prevented high glucose-induced 
inhibition of eNOS phosphorylation, NO production and intra-
cellular cGMP in EPCs in a Sirt1-dependent manner. High 
glucose decreased eNOS and thereby NO production (35). 
NO donor although not antioxidants reversed the impair-
ments, suggesting the role of NO-related mechanisms in high 
glucose‑caused EPC downregulation (35). Moreover, uncou-
pling of eNOS in glucose-treated EPCs resulted in production 
of eNOS-mediated O2-  (37), which is detrimental to EPCs. 
In the present study, high glucose significantly decreased the 
phosphorylation of eNOS in EPCs and NO production. Of 
note, quercetin reversed this detrimental effect, suggesting 
that the improved NO signaling may account for the protec-
tive effect of quercetin in EPCs.

Of note, we found that quercetin upregulated Sirt1 in EPCs. 
Sirt1 is a well-known key regulator of cell defenses, metabo-
lism, aging and cell survival  (38). High glucose has been 
reported to downregulate the number of EPCs by reducing 
Sirt1 expression levels and enzyme activity  (39). Certain 
chemicals, such as stachydrine, may ameliorate high-glucose 
induced endothelial cell senescence and SIRT1 downregula-
tion (40). The results of the present study demonstrate the 
enhancing effect on Sirt1 of quercetin in EPCs, which is in 

conconrdance with previous studies reporting that quercetin 
increases Sirt1 expression in brain and skeletal muscle (41-42). 
Moreover, we used sirtinol, an inhibitor of Sirt1, to investi-
gate the effect of Sirt1 deacetylase activity inhibition on 
quercetin‑induced eNOS upregulation and NO production. As 
expected, sirtinol efficiently inhibited the promoting effect of 
quercetin on eNOS upregulation and thereby NO production 
and cGMP concentration, suggesting that the beneficial effects 
of quercetin on EPCs is Sirt1-dependent.

In conclusion, to the best of our knowledge, we have 
demonstrated for the first time that quercetin protects against 
high glucose-induced damage by inducing Sirt1‑dependent 
eNOS upregulation in EPCs. Thus, our results support the 
hypothesis that dietary supplement of quercetin may promote 
EPCs biological function and improve vascular repair, which 
is crucial for diabetic patients undergoing surgery or other 
invasive procedures.
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