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Caveolin-1 is a major protein of the caveolae structure in vascular
endothelial cell membrane. Phosphorylation of caveolin-1 is
one of the initial events leading to exacerbation of vascular
permeability caused by oxidative stress. Although quercetin is
known to be an anti-atherosclerosis factor that acts as a dietary
antioxidant, little is known about its role in the regulation
of caveolin-1 phosphorylation. In this study, we investigated
the inhibitory effect of quercetin on hydrogen peroxide-induced
caveolin-1 phosphorylation in human umbilical vein endothelial
cells. Quercetin inhibited caveolin-1 phosphorylation in cells
pretreated with quercetin for 24 h and then exposed to hydrogen
peroxide. However, quercetin 3-O-β-glucuronide, a conjugated
metabolite of quercetin, did not exert this inhibitory effect.
Exposure to hydrogen peroxide increased vascular permeability
and reduced mRNA expression of the intercellular adhesion
protein, vascular endothelial cadherin (VE-cadherin). By contrast,
pretreatment with quercetin suppressed the increase in vascular
permeability and decreased VE-cadherin expression. These results
indicate that deconjugated quercetin can play a role in the
prevention of altered vascular permeability under oxidative
stress by suppressing caveolin-1 phosphorylation. Thus, dietary
quercetin may be beneficial for the maintenance of endothelial
cell function.
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C ardiovascular disease has provoked risk for premature death
worldwide.(1,2) It was estimated 422.7 million people was

suffered from cardiovascular disease in 2015, and was estimated
17.9 million deaths worldwide in 2015. It was comprising
31% of all global deaths.(1,3) Atherosclerosis is one of the
factors that cause coronary artery disease and cerebrovascular
disease. Atherosclerosis results in dysfunction of the vascular
endothelium, formation of fatty streak in blood vessels, and
plaque fibrosis.(4) Basic diet control and exercise therapy are
needed for preventing atherosclerosis.(5) In addition to this, it has
been suggested that several bioactive within dietary food can be
is one of the solution for preventing atherosclerosis.(6,7)

Endothelial cells play a central role in maintaining
homeostasis of vascular function.(8,9) Tight junctions and
adherens junctions suppress the permeation of substances
through the gap of neighboring vascular endothelial cells.
However, the impairment of cell-cell adhesion in inflamed
tissues enhances vascular permeability,(10,11) and the resulting

invasion of lipoproteins and/or plasma components into the
vessel walls accelerates vascular endothelial dysfunction.
Vascular endothelial cells are densely populated with caveolae,
which are flask-shaped invaginations measuring 50–100 nm in
diameter.(12) Caveolae are rich in sphingolipids and cholesterol,
and are implied to serve as a platform for endocytosis and
signal transduction,(13–16) particularly in the cell membrane.
Caveolin-1 (Cav-1), a major protein component of caveolae, is
involved in the regulation of lipoprotein transcytosis, vascular
inflammation,(17) and progression of atherosclerosis.(18)

Phosphorylation of Cav-1 has been reported to increase
the endocytosis of plasma albumin and contribute to vascular
permeability by enhancing vascular endothelial cadherin
(VE-cadherin) endocytosis.(19–21) Furthermore, phosphorylation
of Cav-1 in the endothelium was shown to be enhanced
in response to oxidized low-density proteins (ox-LDL) and
hydrogen peroxide (H2O2).(22,23) It is therefore likely that the
inhibition of Cav-1 phosphorylation is involved in the protective
action of antioxidative food factors in the endothelium.
Flavonoids, which are composed of diphenyl propane

structure, are distributed ubiquitously in the plant kingdom and
have been suggested to exert a wide variety of health promoting
effects.(24–26) It has already been reported that higher flavonoid
intake lowers mortality due to cardiovascular diseases.(27)

Moreover, it is known that the amount of flavonoid intake is
inversely correlated with the incidence rate of cardiovascular
diseases.(28) Quercetin (3,3,4,5,7-pentahydroxyflavone; Q), a
flavonol-type flavonoid commonly present in fruits and
vegetables, is a potential candidate for use in preventing the
onset of cardiovascular diseases owing to its anti-oxidative or
anti-atherosclerosis functions.(29–31)

Although Q mainly exists as a glucoside in plants,(32) it
is hydrolyzed in epithelial cells of the small intestine during
absorption,(33) and the resulting aglycone is further converted
into various metabolites, including glucuronides, sulfates, and/or
their O-methyl derivatives (isorhamnetin and tamarixetin) in the
small intestine and liver.(33) Kawai et al.(34) and Ishisaka et al.(35)

reported that Q 3-O-glucuronide (Q3GA), a major conjugated Q
metabolite, is converted to its aglycone form by the action of
macrophages. It is likely that Q glucuronide metabolites present
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in the plasma act as anti-atherosclerotic agents in the aorta
after it is converted to its aglycone form.(36–38) In a previous
study,(39) we investigated the effects of Q glucuronide metabolites
and its aglycone on ox-LDL-induced expression of Cav-1 in
human umbilical vein endothelial cells (HUVECs). The purpose
of this study was to evaluate the protective role of Q against
endothelial dysfunction, with a focus on suppression of Cav-1
phosphorylation using a H2O2-exposed HUVECs system.

Materials and Methods

Reagents. Q dehydrate, H2O2, and anti-Cav-1 (c3237) were
purchased from Sigma Aldrich Co. (St. Louis, MO). Anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 14C10)
and anti-phospho-Fyn (D49G4) were obtained from Cell
Signaling Technology (Beverly, MA). Anti-phospho-Cav-1
(sc-14037) and anti-Fyn (sc-16) antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Q3GA
and myricetin (M) (1127S) were obtained from Extrasynthese
(Genay, France). Flavone (F) was obtained from Nacalai Tesque
(16012-31) (Kyoto, Japan). Luteolin (L) was obtained from
LKT Laboratories (L8377; Saint Paul, MN) and 8-prenyl Q was
synthesized as previously described by Kawamura et al.(40)

Cells and culture. HUVECs were purchased from Lonza
Japan (Tokyo, Japan). HUVECs were cultured in endothelial cell
growth medium EGM-2 (cc-3156) mixed with SingleQuotsTM
(cc-4176) (Lonza, Basel, Switzerland) and maintained at 37°C in
a humidified atmosphere containing 5% CO2. Cells were used at
passages from #3 to #10.

Real-time reverse-transcription polymerase chain reaction
(RT-PCR). HUVECs (6 × 104 cells/well) were plated on 24-
well plates and incubated for 24 h. Cells were treated with
H2O2 and Q-related compounds. To estimate the effects of
flavonoids, they were added to the cells before H2O2 treatment.
Briefly, cells treated with flavonoids were washed with Hank’s
balanced salt solution (HBSS) and transferred to fresh medium
containing H2O2. Total RNA was isolated from HUVECs using
ISOGEN (Nippon Gene, Toyama, Japan). mRNA expression was
determined by real-time reverse-transcription polymerase chain
reaction (real-time PCR), as previously described.(41) The primers
used in this study are indicated in Table 1.
The relative gene expression levels in each sample compared

to the control were calculated using the comparative Ct method
(ΔΔCT). The gene expression levels of target genes in each
sample were normalized to that of GAPDH ΔΔCT value.

Western blotting. HUVECs were seeded on 60 mm dishes
(5 × 105 cells/dish) and incubated for 24 h. These cells were
treated with Q-related compounds. The treated cells were
washed with HBSS and fresh medium containing H2O2 added.
After incubation for 24 h, the cells were washed twice
with HBSS and lysed with lysis buffer [50 mM Tris-HCl
(pH 8.0), 200 mM NaCl, 20 mM EDTA, 1% sodium dodecyl
sulfate polyacrylamide (SDS), 0.5% sodium deoxycholate,
0.01% Nonidet P-40, phosphatase inhibitor tablet (Phos STOP),
and protease inhibitor tablet (complete EDTA-free)]. Protein
concentrations were determined using the bicinchoninic acid

(BCA) protein assay (Pierce; Thermo Scientific, Waltham, MA).
The protein samples were boiled with reducing buffer (Nacalai
Tesque) for 5 min. The samples were separated by 15% SDS
gel electrophoresis (SDS-PAGE). Proteins were transferred onto
Immobilon P PVDF transfer membranes (Millipore, Bedford,
MA), followed by blocking of non-specific binding with a
commercial blocking buffer (Blocking One for GAPDH, Cav-1
and Fyn or Blocking One P for phosphor Cav-1 and phosphor
Fyn; Nacalai Tesque) for 1 h. After washing with Tris-buffered
saline containing 0.05% Tween 20 (TBST), the membranes
were incubated with anti-Cav-1 antibody, anti phospho-Cav-1
antibody, anti-Fyn antibody, anti-phospho-Fyn antibody, or anti-
GAPDH antibody for 1 h at room temperature. After washing
three times with TBST, the membranes were incubated for
1 h at room temperature with a secondary antibody. After
washing with TBST, the membranes were visualized using
enhanced chemiluminescence (ECL) prime detection reagents
(GE Healthcare, Buckinghamshire, UK). Images were captured
using Lumino Image Analyzer LAS-3000 mini (Fujifilm, Tokyo,
Japan) and analyzed using ImageJ software (National Institutes
of Health, Bethesda, MD). Phosphorylated proteins were
normalized to the total amount of each protein.

Vascular permeability assays. Vascular permeability was
assessed using CultreCoat 24 well in vitro vascular permeability
assay kit (3475-024-K; R&D systems, Minneapolis, MN). Fresh
medium was added to the upper chamber and maintained at
37°C in a humidified atmosphere containing 5% CO2. HUVECs
were seeded in the upper chamber (2 × 106 cells/dish) and 500 
μl of medium was added to the bottom chamber, then incubated
for 72 h. Q-related compounds were then added to the cells in
the upper chamber to determine their effects. After 24 h, the
medium in the upper chamber was aspirated and the cells were
washed with HBSS thrice. Then, the cells in the upper chamber
were incubated in medium containing 2 mM H2O2 for 0.5 h. The
medium in the upper chamber was aspirated and the cells were
washed with HBSS thrice. The upper chamber was transferred
to another 24 well plate and the bottom chamber was filled
with 300 μl of fresh medium. Fluorescein isothiocyanate (FITC)-
dextran (3475-096-02) (R&D systems) was added to the treated
cells in the upper chamber and maintained for 5 min. The
medium in the bottom chamber was transferred to a 96-well plate
and fluorescence (485 nm excitation with 520 nm emission) was
measured.

Statistical analyses. Data from at least three independent
experiments are expressed as mean ± SD. Statistical analyses
were performed using PASW statistics 18.0 (SPSS Inc., Chicago,
IL). P value <0.05 were considered statistically significant.

Results

H2O2 induced Cav-1 phosphorylation. Exposure of
HUVECs to 2 mM H2O2 for 30 min significantly enhanced Cav-1
phosphorylation, although exposure to the same for 15 min did
not show significant enhancement of Cav-1 phosphorylation
(Fig. 1A and B). Moreover, 2 mM, but not 0.5 mM H2O2,
showed significant phosphorylation of Cav-1 (Fig. 1C and D).

Table 1. Primers used for real-time RT-PCR

Gene Forward Reverse

GAPDH 5'-GCACCGTCAAGGCTGAGAAC-3' 5'-TGGTGAAGACGCCAGTGGA-3'

occludin 5'-ACAGAGCAAGATCACTATGAGACA-3' 5'-TGTTGATCTGAAGTGATAGGTGGA-3'

JAM 5'-AAGACACTGGGACATACACTTGT-3' 5'-CGATGAGCTTGACCTTGACCT-3'

ZO-1 5'-TGGTGTCCTACCTAATTCAACTCA-3' 5'-CGCCAGCTACAAATATTCCAACA-3'

VE-cadherin 5'-CAACTGGCCTGTGTTCACGC-3' 5'-ATCCACTGCTGTCACAGAGATGA-3'
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Suppressive effect of Q and its glucuronide on
phosphorylation of Cav-1. Figure 2 shows the effects of
Q and Q3GA on Cav-1 phosphorylation, when HUVECs were
treated with these compounds for 0.5 h (Fig. 2A and B) or 24 h
(Fig. 2C and D) before the addition of 2 mM H2O2. Q suppressed
the phosphorylation of Cav-1 when HUVECs were treated with it
for 24 h before exposure to H2O2. Q3GA showed no suppression
of Cav-1 phosphorylation in the treatment, neither at 0.5 h nor 24 
h. On the contrary, Fyn phosphorylation was unaffected by both
Q and Q3GA treatments (Fig. 2C and E). As shown in Fig. 2F,
neither Q nor Q3GA had any effect on the phosphorylation of
Cav-1 without exposure to H2O2.

Comparison of suppressive effects of Q analogs on H2O2-
induced Cav-1 phosphorylation. Notably, 8PQ exerted a
suppressive effect similar to that of Q, although its suppression
was not significantly different. None of the other Q analogues
suppressed the phosphorylation of Cav-1 (Fig. 3).

Effect of Q on H2O2-induced vascular permeability of
HUVECs. To estimate the vascular permeability of HUVECs,
they were seeded on a transwell membrane and exposed to H2O2
for 0.5 h after pretreatment with Q for 24 h. Then, the rate
of permeation of FITC-dextran in HUVECs was measured by
fluorescent assay (Fig. 4). Exposure to H2O2 increased vascular
permeability significantly, while pretreatment with Q apparently
attenuated the H2O2-induced increase in vascular permeability.

Effect of Q on gene expression related to intercellular
junction in HUVECs. Figure 5 shows the effect of H2O2
exposure for different periods (0.5, 1, and 3 h) on the expression

of genes related to tight junctions and adherens junctions in
HUVECs.
The expression of VE-cadherin decreased after 1 and 3 h of

exposure to H2O2. In contrast, H2O2 did not affect the expression
of occludin, junctional adhesion molecule (JAM), and zonula
occludens-1 (ZO-1) after exposure for 0.5, 1, and 3 h. Q showed
higher gene expression of VE-cadherin (Fig. 6).

Discussion

In this study, we investigated the effect of Q on H2O2-
induced Cav-1 phosphorylation and vascular permeability in
endothelial cells. Pre-treatment with Q for 24 h suppressed H2O2-
induced Cav-1 phosphorylation and attenuated the enhancement
of vascular hyper-permeability (Fig. 2). However, neither the
conjugated metabolite of Q, Q3GA, nor the Q analogues L,
M, and F suppressed Cav-1 phosphorylation in endothelial
cells (Fig. 3). Though there have been few reports about the
beneficial effect of flavonoid on phosphorylation of Cav-1, it is
demonstrated Q suppressed phosphorylation of Cav-1 induced
by H2O2 in this study. This is a novel mechanism of Q on the
prevention effect of atherosclerosis.
Fyn, an Src family kinase, plays an essential role in Cav-1

phosphorylation as response to oxidative and hyperosmotic
stress.(42) In this study using H2O2-exposed HUVECs, we
confirmed that oxidative stress can induce phosphorylation of
both Cav-1 and Fyn (Fig. 1 and 2). H2O2, a reactive oxygen
species, is frequently used at high concentrations (e.g., 2 mM) to
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Fig. 1. Enhancement of Cav-1 phosphorylation by H2O2 in HUVECs. HUVECs were treated with H2O2 (at 0.5 or 2 mM) for 15 or 30 min.
Phosphorylated Cav-1, total Cav-1, and GAPDH were determined by Western blotting. (A, C) Typical images of Western blotting. (B, D) densities
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Fig. 2. Effect of Q and Q3GA on Cav-1 phosphorylation induced by H2O2. HUVECs were treated with Q or Q3GA at 10 μM for 0.5 h (A) or 24 h (C)
prior to the treatment with 2 mM H2O2 for 30 min. Phosphorylated Cav-1, total Cav-1, phosphorylated Fyn, total Fyn, and GAPDH were determined
by Western blotting. (A, C) Typical images of Western blotting. (B, D, E) Densities for phosphorylated protein, which were normalized to each total
protein obtained from (A), and (C), respectively. The relative density was calculated as % of the band density obtained from H2O2 alone. HUVECs
were treated with Q or Q3GA at 1 or 10 μM for 24 h (F, G). Phosphorylated Cav-1, total Cav-1, and GAPDH were determined by Western blotting.
(F) Typical images of Western blotting. (G) Densities for phosphorylated Cav-1, which were normalized by total Cav-1 obtained from (F). Data
are means ± SD (n = 3). Asterisks represent significant differences (p<0.05) between H2O2 alone and each treatment as determined by two-sided
Student’s t test.
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induce oxidative stress in cultured cells, including HUVECs.(43)

According to the study of Shin et al.(44) the addition of 1 μM
sodium orthovanadate to the cells inhibited cellular phosphatase
activity. Therefore, the cellular system used in this study can
reflect the oxidative stress in vascular endothelial cells in vivo.
We demonstrated that pretreatment of HUVECs with Q

for 24 h exerted inhibitory effect on Cav-1 phosphorylation
in these cells (Fig. 2). The inhibitory effect of Q on Cav-1
phosphorylation can be explained by both its direct antioxidant
activity and indirect activity responsible for the cellular signal
transduction pathway. In contrast, Q did not show any effect
on Fyn phosphorylation (Fig. 2). Fyn is phosphorylated in
the cytoplasm,(45) while Cav-1 phosphorylation occurs at the
caveolae in the plasma membrane of vascular endothelial
cells.(46) It is therefore likely that Q is capable of acting at
caveolae in the plasma membrane, but not in the cytoplasm.
Although few studies have demonstrated the cellular localization
of Q in HUVECs, Q hardly existed in cultured cells
after 24 h of treatment.(47,48) Furthermore, direct antioxidant
activity is unlikely to be responsible for cardiovascular health
in humans.(49) Therefore, we suppose that Q may affect
intracellular signaling pathways to exert its inhibitory effect.
Piechota-Polanczyk et al.(50) showed that heme oxygenase-1
(HO-1), an intracellular antioxidant enzyme, is involved in the
inhibition of Cav-1 phosphorylation in a mouse model. Q is
known to increase HO-1 gene expression via phosphorylation
of ERK, which inhibits H2O2-induced apoptosis.(51) Therefore,
Q may act as an inhibitor of Cav-1 phosphorylation through
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the induction of HO-1 expression.(50) Nuclear accumulation of
Nrf2, a transcription factor for the gene expression of HO-1,
and downregulation of the Nrf2 repressor, Keap1, reportedly
participate in Q-dependent HO-1 induction.(52) Therefore, it can
be hypothesized that HO-1 induction is involved in the inhibition
of Cav-1 phosphorylation when HUVECs are pretreated with
Q for 24 h. In HUVECs, AMPK stabilizes Prdx1 and c-Abl
complexes, thus acting as a negative regulator of Cav-1
phosphorylation.(43)

Cav-1 knockdown markedly reduced the localization of VE-
cadherin and β-catenin at the endothelial cell binding sites.(53)

Exposure to H2O2 causes dissociation of β-catenin from Cav-1
and VE-cadherin.(23) Our results revealed that H2O2 exacerbated
vascular permeability, concomitant with both a decrease in VE-
cadherin mRNA expression and Cav-1 phosphorylation. These
phenomena indicate that vascular permeability is increased by
the deficiency of cell-cell adhesion proteins under oxidative
stress. Thus, Q appears to contribute to the maintenance of
vascular function by suppressing the attenuation of VE-cadherin
gene expression through inhibition of oxidative stress dependent-
Cav-1 phosphorylation.
The results of the structure-activity relationship study

indicated that the Q analogues tested in this study did not
exert inhibitory effects on Cav-1 phosphorylation (Fig. 3).
The inherent structure of Q, a flavonol structure with an o-
dihydroxy group at the B-ring, may be necessary for exerting
this activity. Interestingly, the present study did not show any
inhibitory effects of Q3GA (Fig. 2). Q is present as conjugated
glucuronide and/or sulfate metabolites in blood.(29) It is therefore
implied that deconjugation and conversion into Q aglycone by
β-glucuronidase at the site of vascular inflammation is required
for Q glucuronide conjugates to exert their vascular function
through modulation of Cav-1 phosphorylation in vivo.

Q mainly exists as glycosylated form such as its glucoside
or rutinoside in natural sources.(54) Recent studies using rodents
demonstrated that these glycosides exerted beneficial effect on
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estimated by the measurement of fluorescent FITC-Dextran that passes
through HUVEC cell. The index was calculated based on the ratio
between control and independent experiments. Data are means ±
SD (n = 3). Different letters represent significant differences (p<0.05)
determined by ANOVA with the Tukey multiple comparison test.
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hyperglycemia and blood stasis syndrome,(55,56) when they were
orally administered. These glycosides are hydrolyzed in the
intestinal tract and resulting aglycone is transferred into the blood
stream.(57) Therefore, Q glycosides from dietary origin seem to
possess a potential to exert preventive effect on exacerbation of
vascular permeability caused by oxidative stress.

In conclusion, we confirmed that H2O2 causes phosphorylation
of Cav-1, reduces the mRNA expression of the plasma
membrane-bound protein VE-cadherin, and increases vascular
permeability in HUVECs. Q aglycone suppresses both H2O2-
dependent Cav-1 phosphorylation and increases vascular
permeability. Q may protect the vascular endothelium by
suppressing the phosphorylation of Cav-1 in the endothelial
cells under oxidative stress. Q increased VE-cadherin expression
under H2O2 exposure (Fig. 6C). Further study is needed for
clarify whether Q protect VE-cadherin down-regulation by H2O2
through suppression of Cav-1 phosphorylation or not. Q
glucuronide metabolite did not show such an inhibitory effect,
indicating that the release of aglycone from a plasma-conjugated
metabolite is necessary for dietary Q to exert vascular function.
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FITC  fluorescein isothiocyanate

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Treatment time (h)

0.5 1 3

Treatment time (h)

0.5 1 3

Treatment time (h)

0.5 1 3

Treatment time (h)

0.5 1 3

Fo
ld

 in
du

ct
io

n 
of

 V
E-

ca
dh

er
in

to
 G

A
PD

H
 (

ra
tio

 t
o 

co
nt

ro
l)

Fo
ld

 in
du

ct
io

n 
of

 Z
O

-1
to

 G
A
PD

H
 (

ra
tio

 t
o 

co
nt

ro
l)

Fo
ld

 in
du

ct
io

n 
of

 J
A
M

to
 G

A
PD

H
 (

ra
tio

 t
o 

co
nt

ro
l)

Fo
ld

 in
du

ct
io

n 
of

 o
cc

ul
ud

in
to

 G
A
PD

H
 (

ra
tio

 t
o 

co
nt

ro
l)

A

C

B

D

a

b
b

Fig. 5. Effect of H2O2 on vascular permeability related gene expression. HUVECs were treated with 2 mM H2O2 for 0.5, 1, or 3 h. Gene expression
was normalized to that of GAPDH expression. Data were calculated as the ratio between control (without H2O2 treatment) and treated cells. Data
are means ± SD (n = 3). Different letters represent significant differences (p<0.05) determined by ANOVA with the Tukey multiple comparison test.
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GAPDH  glyceraldehyde-3-phosphate dehydrogenase
H2O2  hydrogen peroxide
HUVEC  human umbilical vein endothelial cells
JAM  junctional adhesion molecule
L  luteolin
M  myricetin
ox-LDL  oxidized low-density proteins
8PQ  8-prenyl quercetin
Q  quercetin

Q3GA  quercetin 3-O-glucuronide
RT-PCR  reverse-transcription polymerase chain reaction
SDS  sodium dodecyl sulfate polyacrylamide
VE-cadherin  vascular endothelial cadherin
ZO-1  zonula occludens-1
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