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Abstract:

Quercetin, a plant-derived flavonoid, has attracted considerable attention as promising compound for heart disease prevention and

therapy. It has been linked to decreased mortality from heart disease and decreased incidence of stroke. Here, we report new data

showing the angioprotective properties of quercetin mediated by its effect on proteasomal proteolysis. This study was designed to in-

vestigate the ability of quercetin to modulate proteasomal activity in a rabbit model of cholesterol-induced atherosclerosis. First, we

show proteasomal trypsin-like (TL) activity increased up to 2.4-fold, chymotrypsin-like (CTL) activity increased by up to 43% and

peptidyl-glutamyl peptide-hydrolyzing (PGPH) activity increased by up to 10% after 8 weeks of a cholesterol-rich diet. A single in-

travenous injection of the water-soluble form of quercetin (Corvitin) significantly decreased proteasomal TL activity 1.85-fold in

monocytes, and decreased the CTL and PGPH activities more than 2-fold in polymorphonuclear leukocytes (PMNL) after 2 h. Pro-

longed administration (1 month) of Corvitin to animals following a cholesterol-rich diet significantly decreased all types of prote-

olytic proteasome activities both in tissues and in circulating leukocytes and was associated with the reduction of atherosclerotic

lesion areas in the aorta. Additionally, the pharmacological form of quercetin (Quertin) was shown to have an antiatherogenic effect

and an ability to inhibit proteasome activities.
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Introduction

Proteasomal degradation of proteins contributes sig-

nificantly to the regulation of the vital functions of

cells. Disturbances in proteasomal proteolysis are as-

sociated with the development of various diseases, in-

cluding neuropathology, aging, and cancer [2, 5, 7,

17, 20], and are believed to play pivotal roles in pa-

thologies of the cardiovascular system, such as athe-

rosclerosis. In fact, all principal processes involved in

atherogenesis, such as lipoprotein exchange, expres-

sion of cell adhesion molecules, receptor recycling,

and apoptosis of smooth muscle and endothelial cells,

require proteasomal proteolysis [1, 28, 29, 31, 32].

Herrmann’s study on hypercholesterolemia modeling

showed that the amount of ubiquitinated proteins in

the coronary artery of domestic pigs was 35% higher

in samples from animals on a high-cholesterol diet

compared with control animals, even though there

was no difference in the proteasome proteolytic activ-

ity among the studied groups [10].
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The available experimental data were further ex-

tended by reports showing alterations of proteasomal

proteolysis in atherosclerotic-changed human vessels.

Versari et al. [30] showed a decrease of proteasomal

chymotrypsin-like (CTL) activity in atherosclerotic

plaques of carotid arteries of patients with symptoms

of cerebral ischemia. Additionally, the accumulation

of ubiquitin conjugates in these patients increased

when compared with the corresponding parts of arter-

ies of patients without these symptoms. Overall, the

lack of data about proteasome activity in intact human

arteries makes it difficult to elucidate the significance

of the changes in proteasome proteolysis during athe-

rosclerosis. In addition, there are no experimental data

concerning the use of specific proteasome inhibitors,

which would be a helpful tool in resolving this ques-

tion. In experiments conducted by Herrmann et al.,

the proteasome inhibitor MLN-273 injected for a pe-

riod of 12 weeks into animals on a high-cholesterol

diet led to an increased intima/media ratio and other

negative effects [11]. The current data conclude that

there is a proatherogenic effect of proteasome prote-

olysis inhibition.

It has been recently shown that polyphenols of green

tea, especially epigallocatechin-3-gallate, are powerful

specific inhibitors of proteasomal CTL activity both in

vitro and in vivo [22]. Our previous experiments pro-

vide strong evidence that quercetin, one of the dietetic

bioflavonoids, has the ability to decrease proteasome

activity [6]. There are also several works that show that

proteasome inhibitors, including quercetin and other

bioflavonoids, have antiatherogenic properties [3, 8].

In particular, JuŸwiak et al. [14] demonstrated that

quercetin effectively reduces the formation of athero-

sclerotic plaques in the aorta and in the injured carotid

artery in rabbits fed a high-fat diet. These authors sug-

gest that this effect is mediated by the reduction of se-

rum triglycerides and cholesterol levels.

In the present study, we report for the first time that

quercetin inhibits proteasome activity in circulating

leukocytes of control animals 2 h after a single intra-

venous administration and significantly prevents the

increase of all three proteasome activities in aorta.

The prolonged application of quercetin decreases the

intensity of atherosclerotic lesions in rabbits fed a high-

cholesterol diet. Moreover, the studied drugs have no

effect on triglyceride, low-density lipoprotein and

very low-density lipoprotein levels.

Materials and Methods

Experiments were performed on 56 rabbits with an

average weight of 2.95 ± 0.35 kg. Animals were di-

vided into four groups: control (16 rabbits); a group fed

a cholesterol-rich diet (CRD, 1% cholesterol) every

day over 4 weeks (15 rabbits); a group fed the same

CRD with simultaneous intravenous injections of Cor-

vitin (SIC “Borshchahivskiy chemical-pharmaceutical

plant” CJSC, Kiev, Ukraine) in a dose of 5 mg/kg

every second day for 4 weeks (10 rabbits); and a group

fed the same CRD with Quertin (SIC “Borshcha-

hivskiy chemical-pharmaceutical plant” CJSC, Kiev,

Ukraine) application orally in a dose of 15 mg/kg daily

for 8 weeks (15 rabbits). After 4 weeks, blood from the

lateral vena of the ear was taken to measure protea-

some activity in blood cells. Additional blood sam-

ples were obtained from 5 rabbits that received a sin-

gle intravenous injection of Corvitin before and 2 h

after injection.

Blood cells were fractionated by centrifugation on

a Percoll gradient. Briefly, blood stabilized with

Na-EDTA was diluted in a 0.9% NaCl solution in

a 1:1 ratio and stratified on a Percoll gradient solution

containing 4 layers with densities of 72, 63, 54, and

45%. To obtain these concentrations, 9 parts of Per-

coll were mixed with 1 part of 10X Hanks solution

(pH 7.4) and the corresponding amount of a 0.9%

NaCl solution to reach required density. The first cen-

trifugation was performed at 400 × g for 5 min, the

first supernatant layer was removed, and this volume

was replaced with 0.9% sodium chloride solution. The

second centrifugation was done at 800 × g for 15 min

with subsequent collection of cells between the 45

and 54% density layers (monocytes), 54 and 63%

(lymphocytes), and 63 and 72% (PMN leukocytes).

Cells were washed from the Percoll by centrifugation

at 800 × g for 5 min and the sediment was resuspended

in Hanks solution (pH 7.4). The number of leukocytes

was determined using a cell count chamber. Cells were

then sonicated, permeabilized by saponin (0.1 mg/ml)

and used for biochemical analyses.

After sonication, unlysed cells, membranes, and

nuclei were removed by centrifugation at 800 × g for

10 min. The supernatant was incubated in a buffer

containing 25 mM Tris-HCl (pH 7.5) and 1 mM

dithiothreitol. The fluorogenic substrate Suc-Leu-

Leu-Val-Tyr-7-amido-4-methylcoumarin was used to

measure the CTL activity of the proteasome; Boc-
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Leu-Ser-Thr-Arg-7-amido-4-methylcoumarin was used

for detection of TL activity and CBZ-Leu-Leu-Glu-

AMC for PGPH activity. After a 30-min (for TL ac-

tivity) or 1-h (for others) incubation with 6 µM fluoro-

genic peptide, the fluorescence of the reaction products

was monitored at 380 nm excitation and 440 nm emis-

sion using free 7-amino-4-methylcoumarin (AMC) as

a standard on a Hitachi 4000 spectrofluorometer. To

differentiate between nonproteasome- and proteasome-

mediated peptide hydrolysis, reactions were per-

formed in the absence and presence of selective protea-

some inhibitors, clasto-lactacystin �-lactone (2.5 µM)

or MG132 (5 µM). The percent inhibition of hydrolysis

of the respective substrates by selective inhibitors was

used to assess proteasome activity, which was ex-

pressed as nM AMC per 10� cells per 1 min [24].

Animals were euthanized by air embolia to investi-

gate proteasome activity in tissues. The aorta was ho-

mogenized in a glass homogenizer in Tris-HCl buffer

(pH 7.4), and the suspension was centrifuged at 900 × g

for 10 min. The supernatant was used for biochemical

analyses. The protein concentration in the aortic ho-

mogenate was estimated by the method of Lowry et al.

[19]. Proteasomal activity was expressed as nM of AMC

per 1 mg of protein per 1 min. Fluorogenic substrates,

clasto-lactacystin �-lactone, MG132, dithiothreitol, and

Percoll were purchased from Sigma (USA).

The levels of cholesterol, triglyceride, LDL, and

VLDL were determined using Bio System A25 (Bio-

Systems S.A., Spain).

Histological changes in aortic tissues were estab-

lished as follows: the frozen aortic arch from all ani-

mals of all experimental groups was sliced at a thick-

ness of 10–12 µm on a cryomicrotome from 3 seg-

ments at an interval of 3–4 mm. The slices were then

fixed on glass. A stock solution of Oil Red was di-

luted with isopropanol in a 3:2 ratio, filtered and used

to stain microsamples for 10 min. Then, samples were

washed by distilled water, stained by hematoxylin for

3 min, and after fixation, slices were examined under

an optical microscope.

All experiments were performed according to

European Convention for the Protection of Vertebrate

Animals Used for Experimental and Other Scientific

Purposes.

Statistical analyses were made using Origin 7.0 and

Excel 2000. All values are presented as the mean ± SE.

The Student’s t test was used to evaluate significance;

p < 0.05 was considered statistically significant.

Results

Intravenous injection of Corvitin

Our experiments show that after 90 min of intrave-

nous injection of Corvitin, proteasomal activities had

changed differently in isolated leukocytes. In mono-

cytes, TL activity decreased 1.85-fold (p < 0.05) after

Corvitin injection in comparison with the control

level, but there were no significant changes in CTL

and PGPH activities (Tab. 1). CTL and PGPH activi-

ties in lymphocytes decreased by 1.7-fold (p = 0.2)

and 1.9-fold (p = 0.2), respectively, but TL activity in-

creased up to 40% (p = 0.15). The most significant

changes in proteasome activities following Corvitin

injection were observed in PMN leukocytes (Tab. 1):
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Tab. 1. Influence of Corvitin (5 mg/kg of body weight, 90 min after injection) on CTL, TL and PGPH activities in isolated monocytes, PMN and
lymphocytes of rabbits

TL activity (nmol AMC/106

cells per min)
CTL activity (nmol AMC/106

cells per min)
PGPH activity (nmol AMC/106

cells per min)

Control monocytes 36.01 ± 7.524 18.23 ± 3.732 0.22 ± 0.814

Monocytes + Corvitin 19.52 ± 4.116* 19.23 ± 3.524 0.24 ± 1.226

Control lymphocytes 12.14 ± 2.731 6.34 ± 1.289 0.06 ± 0.073

Lymphocytes + Corvitin 15.83 ± 1.623 3.84 ± 0.912 0.03 ± 0.005

Control PMN 0.21 ± 0.632 4.45 ± 0.411 0.21 ± 0.440

PMN + Corvitin 0.11 ± 0.020 2 ± 0.232* 0.08 ± 0.008*

* p < 0.05 compared with control. Control – n = 8; Corvitin – n = 10



all three proteolytic activities of the proteasome were

reduced: TL by 2-fold (p = 0.09), CTL by 2.4-fold

(p = 0.038), and PGPH by 2.6-fold (p = 0.047). Over-

all, the data provide primary evidence that intrave-

nously injected quercetin is able to inhibit proteaso-

mal activity in vivo.

Effect of a high-cholesterol diet on proteasomal

activity

To control for the effectiveness of atherosclerosis

modeling by CRD, we monitored the metabolism of

some lipids and defined the level of indicators of cho-

lesterol in rabbit plasma. Experimental data clearly indi-

cate the adequacy of our model, showing the increase of

cholesterol, triglycerides, LDL and VLDL levels up to

32-, 2.2-, 30-, and 5-fold, respectively (Fig. 1).

Furthermore, we discovered a significant influence

of an 8-week cholesterol-rich diet (CRD) on protea-

some activity in aorta: TL activity increased 2.4-fold

in comparison with control (p < 0.05), CTL increased

by 43% and PGPH activity increased by 10% (Fig. 2).

The addition of Corvitin to the CRD reduced protea-

somal activity in aortic tissues. In particular, both TL

and PGPH activities decreased by 25% (p < 0.05) and

50% (p < 0.05), respectively. The most prominent re-

duction was detected for CTL (10-fold, p < 0.05) after

Corvitin application when compared with rabbits that

received only the high-cholesterol diet.

CTL activity in monocytes of animals from the

CRD group decreased by 40% in comparison with

those from control, and Corvitin led to a 2.5-fold de-

crease of this activity. CRD did not have a significant

effect on PGPH activity, whereas Corvitin administra-

tion decreased it by up to 8.7-fold (Tab. 2). A similar

pattern was observed in lymphocytes: an atherogenic

diet increased CTL activity by 10% and augmented

PGPH activity up to 4-fold (p < 0.05). Corvitin de-

creased CTL and PGPH activities by 16.5- and

7.4-fold, respectively, in comparison to animals that

received only cholesterol forage diets. Both CTL

(5-fold) and PGPH (40%) activities were reduced in

PMN leukocytes upon Corvitin application in com-

parison with the CRD group (Tab. 2). These data

clearly show that Corvitin administration decreases

proteasomal CTL and PGPH activities in blood cells,
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Fig. 1. Levels of cholesterol (A), triglycerides (B), LDL (C), and VLDL (D) in the blood plasma of control (n = 10), cholesterol-rich diet (CRD;
n = 16), and CRD + Corvitin (n = 10) groups. * p < 0.05 compared with control



thereby affecting the proteasome proteolysis involved

in inducing atherogenic lesions of the blood vessel

wall.

Effect of a 4- and 8-week Quertin-containing

diet on proteasome activity in blood cells in

CRD rabbits

Because Corvitin had an antiatherogenic effect when

intravenously administrated, it would be difficult to

use it for the prevention of atherosclerotic injury due

to a slow development of disease. Therefore, we ana-

lyzed the ability of quercetin to influence the proteo-

somal system and atherosclerosis development,

choosing its oral pharmacological form (Quertin) for

further investigations.

CRD resulted in the following changes of proteaso-

mal proteolysis: after a 4-week CRD, CTL activity

decreased by 40% in rabbit monocytes. Simultaneous

application of Quertin for 4 weeks decreased CTL ac-

tivity up to 2.5-fold when compared to CRD. Addi-

tion of Quertin to the CRD after 8 weeks decreased

the CTL activity in monocytes by 3-fold when com-

pared with the group of rabbits that received only

CRD for the same amount of time. There were no sig-

nificant changes of PGPH activity in monocytes after

4 weeks, but after 8 weeks of CRD, it increased

15 times (p < 0.05) compared to control. Quertin pre-

vented this increase and reduced PGPH activity by

70% compared to CRD alone (p < 0.05) (Tab. 3).

Furthermore, we evaluated changes of proteasomal

activities in lymphocytes and found that CTL activity
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Fig. 2. Changes in proteasome activity in aortic tissues of control (n = 10), cholesterol-rich diet (CRD; n = 16), and CRD + Corvitin (n = 10)
groups. (A) Trypsin-like; (B) chymotrypsin-like; and (C) PGPH activity. * p < 0.05 compared with control; � p < 0.05 compared with CRD

Tab. 2. Changes of CTL and PGPH activity of the proteasome in monocytes, lymphocytes and PMN in a model of cholesterol atherosclerosis
due to Corvitin.

CTL activity (nM AMC/106

cells per min)
PGPH activity (nM AMC/106

cells per min)

Monocytes of control rabbits 21.97 ± 3.525 0.059 ± 0.008

Monocytes of rabbits, 4 weeks of cholesterol-reach diet (CRD) 15.13 ± 1.841 0.05 ± 0.012

Monocytes of rabbits(4 weeks of CRD + Corvitin) 6.13 ± 2.825*† 0.01 ± 0.002*†

Lymphocytes of control rabbits 8.46 ± 1.624 0.10 ± 0.033

Lymphocytes of rabbits after 4 weeks of CRD 9.24 ± 2.876 0.44 ± 0.103*

Lymphocytes of rabbits (4 weeks of CRD + Corvitin) 0.55 ± 0.182† 0.05 ± 0.013†

PMN of control rabbits 3.83 ± 0.623 0.2 ± 0.05

PMN of rabbits after 4 weeks of CRD 3.56 ± 0.551 0.11 ± 0.125

PMN of rabbits (4 weeks of CRD + Corvitin) 0.72 ± 0.133*† 0.08 ± 0.012

* p < 0.05 compared to control. � p < 0.05 compared to cholesterol diet group. Control – n = 8; Corvitin – n = 10
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Tab. 3. Changes of CTL and PGPH activity of the proteasome in monocytes, lymphocytes and PMN cells in a model of cholesterol atherosclero-
sis due to Quertin

CTL activity (nM AMC/106

cells per min)
PGPH activity (nM AMC/106

cells per min)

Monocytes of control rabbits 21.01 ± 3.412 0.06 ± 0.008

Monocytes of rabbits after 4 weeks of CRD 15.21 ± 1.823 0.06 ± 0.010

Monocytes of rabbits (4 weeks of CRD + Quertin) 8.33 ± 0.421*# 0.10 ± 0.042

Monocytes of rabbits (8 weeks of CRD) 30.23 ± 9.125 0.94 ± 0.240*

Monocytes of rabbits (8 weeks of CRD + Quertin) 9.57 ± 2.243* 0.57 ± 0.142#

Lymphocytes of control rabbits 7.83 ± 1.402 0.12 ± 0.031

Lymphocytes of rabbits after 4 weeks of CRD 9.41 ± 2.812 0.10 ± 0.030

Lymphocytes of rabbits (4 weeks of CRD + Quertin) 4.24 ± 0.435 0.27 ± 0.142

Lymphocytes of rabbits after 8 weeks of CRD 7.41 ± 1.515 0.41 ± 0.103*

Lymphocytes of rabbits (8 weeks of CRD + Quertin) 6.12 ± 1.734 0.44 ± 0.112*

PMN of control rabbits 3.82 ± 0.625 0.27 ± 0.052

PMN of rabbits after 4 weeks of cholesterol diet 3.56 ± 0.552 0.37 ± 0.113

PMN of rabbits (4 weeks of CRD + Quertin) 0.15 ± 0.053*# 0.42 ± 0,072

PMN of rabbits after 8 weeks of CRD 3.04 ± 0.524 0.43 ± 0.051*

PMN of rabbits (8 weeks of CRD + Quertin) 0.06 ± 0.005*# 0.05 ± 0.005*#

* p < 0.05 compared with control. � p < 0.05 compared with the cholesterol diet group at the corresponding term. Control – n = 16; 4 weeks of
CRD – n = 15; 4 weeks of CRD + Quertin – n = 15; 8 weeks of CRD – n = 15; 8 weeks of CRD + Quertin – n = 15
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Fig. 3. Changes in proteasome activity in aortic tissues of control (n = 16), cholesterol-rich diet (CRD; n = 15), and CRD + Quertin (n = 15)
groups. (A) Trypsin-like; (B) chymotrypsin-like; and (C) PGPH activity. * p < 0.05 compared with control, � p < 0.05 compared with CRD

A B C

m
k

M
A

M
C

/m
g

p
ro

te
in

p
e

r
m

in

m
k

M
A

M
C

/m
g

p
ro

te
in

p
e

r
m

in

m
k

M
A

M
C

/m
g

p
ro

te
in

p
e

r
m

in

CRD
+ Quertin

CRD
+ Quertin

CRD
+ Quertin

Fig. 4. Changes in proteasome activities in tissues of the venous wall. (A) trypsin-like; (B) chymotrypsin-like; and (C) PGPH activity



increased by 20% after 4 weeks of CRD and de-

creased by 80% in a group with simultaneous Quertin

administration compared with control. The pattern of

changes in both groups after 8 weeks of CRD and si-

multaneous Quertin administration was similar but

not significant. PGPH activity increased equally in

both groups, those that received CRD alone or re-

ceived a combination of CRD with Quertin, compared

with control. Therefore, there was no effect of drug

administration on this particular proteasome activity.

Effect of an 8-week CRD with Quertin on

proteasomal activity in aortic and vena cava

posterior tissues of rabbits

TL activity in aortic tissues increased 2.3-fold after

8 weeks of CRD compared to control (p < 0.05) and

was reduced by Quertin by 15% compared with the

CRD group (Fig. 3). Cholesterol forage resulted in

a 60% (p < 0.05) increase of CTL activity, and Quer-

tin administration brought this value down to the con-

trol level (p < 0.05). PGPH activity also increased by

70% in the CRD group compared with control, and

the effect of Quertin on this type of proteasome activ-

ity was not significant (Fig. 3).

The pattern of changes of proteasome activities in

tissues of the venous wall was quite different.

Whereas TL activity increased in the CRD group and

decreased in the group with simultaneous administra-

tion of Quertin, like it did in aortic tissues, the

changes in CTL activity had absolutely controversial

tendencies, and it was reduced in both these groups.

PGPH activity changed in the same way as TL (Fig. 4),

and, importantly, the control levels of CTL and PGPH

activities in the venous wall were significantly lower

than corresponding levels in aortic tissues.

These data clearly indicate that, like Corvitin, the

simultaneous use of Quertin and CRD prevents the in-

crease of proteasome activity, but Quertin action

seems to be less pronounced.

Morphological changes in aorta

Pathohistological changes in rabbit aorta were differ-

ent among experimental groups. The endothelial layer

in the control group had no signs of desquamation,

edema and lipid infiltration (Oil Red staining). The

elastic inner membrane, media and adventitia were in-

tact. Histological investigation of aorta in the CRD

group showed local disturbances in intima and media.
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Fig 5. (A) Morphology of aortic tissues of control rabbits. (B) Local
CRD disturbances in intima and media, endothelial desquamation,
lipid accumulation in different layers of vessels, SMC migration to the
intima, and excrescence of connective tissue were detected in the
areas of the plaque formation in the CRD group. (C) These changes
were abolished in the CRD + Corvitin group. Double-staining: Oil Red
and hemotoxylin
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Endothelial desquamation, lipid accumulation in dif-

ferent layers of the vessel, SMC migration to the in-

tima, and excrescence of connective tissue were de-

tected in the areas of plaque formation. Corvitin ad-

ministration considerably abolished this effect (Fig. 5),

especially at the level of lipid accumulation and the

intima/media ratio, which was strongly decreased

compared to the CRD group (Fig. 6).

Thus, Corvitin promotes the protection of the struc-

ture and functions of vessel walls and prevents lipid

accumulation in intima and lipid plaque formation.

Discussion

Analysis of the collected data allows us to conclude

that the pathological role of the increase of all three

types of proteasome proteolytic activities or separate

subunits in atherogenesis is due to significant changes

in proteasomal activities observed by hypercholes-

terolemia modeling in tissues and in isolated blood

cells. The use of bioflavonoids in intravenous and oral

forms inhibited the activity of the proteasome com-

plex and significantly decreased lipid accumulation in

intima. TL activity was most prominently increased in

aorta, by 2.4- and 2.3-fold after 4 and 8 weeks of

CRD, respectively. These data are to some extent con-

sistent with the work of Herrmann et al., who used the

atherogenic diet in pigs (a high-cholesterol diet for

12 weeks) [7]. Bioflavonoids caused the most promi-

nent decrease of the proteasomal �5 subunit of CTL,

independently of the mode of drug administration. The

majority of researchers consider this subunit to be the

most important for multicatalytic complex formation

and functioning. Our data correlate to a certain extent

with results of American studies [3]. Chen et al. found

that one of the bioflavonoids, apigenin, which has a very

similar structure to quercetin, inhibits proteasomal activ-

ity in transformed cells (culture of Jurkat T cells) [3].

Because we found that proteasome activity was the

lowest in venous walls in normal conditions, it is pos-

sible to assume that this regional feature of protea-

some proteolysis is one of the factors that promotes

the antiatherogenic defense in veins. Changes in pro-

teasome activity the in wall of veins differed com-

pared to aorta in animals on a high-cholesterol diet.

There was no significant increase of any proteasome

subunit activity. Oral application of Quertin decreased

proteasomal TL and PGPH activities, but CTL activ-

ity had a tendency to increase. These data also indi-

rectly prove the pathogenic action of increased pro-

teasomal proteolysis in cholesterol-induced athero-

sclerosis.

We have shown in this work that the protective ef-

fects of bioflavonoids are not associated with an influ-

ence on lipid indices of blood: the cholesterol, triglyc-

eride, LDL and VLDL content did not change with

quercetin administration. Although these data are in-

consistent with the results from JuŸwiak et al. [14],

they can be explained by the significantly (300 times)

lower dose of quercetin administered to experimental

animals. In contrast, our findings are in agreement

with the results of Herrmann et al., who similarly

showed that proteasome inhibitors did not affect the

lipid spectrum of blood. Thus, this is another reason

to consider that the antiatherogenic effect of fla-

vonoids is mediated by their influence on proteasome

activity. It is clear that flavonoids have many anti-

atherogenic properties in addition to their effect on

proteasome activity. Quercetin is one of the most

widespread natural polyphenols used by humans. Its

role as antioxidant and an inhibitor of adenylate cy-

clase, LOX and most protein kinases has been proved

by a number of studies [12, 16, 25, 27]. Together,

these and other characteristics provide the mecha-

nisms by which quercetin influences the induction of

apoptosis, mediates vasorelaxation, inflammation,

and proliferation and participates in the diversity of

other atherosclerotic processes. Additionally, biofla-
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Fig. 6. Aortic intima/media ratio of control, CRD, and CRD + Quertin
rabbits. * p < 0.05 compared with control, # p < 0.05 compared with
CRD



vonoids are known to decrease the intensity of LDL

oxidation and aggregation [22]. Treatment with fla-

vonoids decreases the activity of endotelin-1 synthe-

sis in experiments using an oxidative stress model

[13, 26]. Quercetin decreases the expression of E-se-

lectin and molecules of cell adhesion [18]. The impor-

tant characteristic of these substances is their ability

to prevent hypertrophy of smooth muscle cells of the

vessel wall due to the inhibition of MAPK. This can

be a possible mechanism of the antioxidant action of

quercetin. Alternatively, this could be explained by

the ability of quercetin to act as antioxidant. Moreo-

ver, some studies show that quercetin accumulates in

regions of the aorta injured by atherosclerosis and

prevents oxidation of lipids in these areas [15].

Proteasomal PGPH activity comes from the �1

subunit of the constitutional proteasome or the LMP-2

subunit of the immunoproteasome. The data of Ga-

czynska et al. demonstrate that imunoproteasome as-

sembly (substitution of the �1 subunit by LMP-2) is

characterized by a decrease in PGPH activity. This

means that CRD may cause changes in proteasome

activity by increasing the �1 subunit and/or de-

creasing LMP-2. Some disturbances in the immune

system typical of atherogenesis may be caused by

these changes in proteasome activity [9]. The proin-

flammatory response of an organism that takes place

during atherogenesis also involves proteasomal prote-

olysis, including the activation of NF-�B, expression

of cell adhesion molecules, etc. [9]. Experiments have

shown that a single dose of the proteasomal inhibitor

MG-132 reduces formation of neointima after endo-

thelial denudation of carotid arteries by up to 75% and

decreases infiltration by monocytes and proliferation

of smooth muscle cells [21]. It was also shown that

inhibition of proteasome activity decreases hypertro-

phy of vessel walls in hypertension, which can be ex-

plained by the decreased secretion of endotelin-1 [26].

Overall, these data support the results of the present

work concerning the antiatherogenic effect of quer-

cetin mediated by inhibition of proteasome activity.

Notably, CRD also impacted proteasome activity in

blood cells, with the most prominent effect on the

upregulation of PGPH activity in the 2�� month of the

experiment. Administration of flavonoids profoundly

reduced proteasomal activity, and importantly, this in-

hibitory action was highly dependent on the form of

drug administration. The most prominent reduction

was observed during intravenous injections of Cor-

vitin and was apparent in all types of cells (mono-

cytes, lymphocytes and PMN). In contrast, oral Quer-

tin significantly influenced proteasome activity only

in monocytes and PMN.

These data indicate that the increase of proteasome

activity in aorta and blood cells plays a pathogenic

role during the development of atherosclerosis. Here,

we report for the first time that the antiatherogenic

action of quercetin is due to its inhibitory effect on

proteasome activity. Two different pharmacological

forms of quercetin produced in Ukraine, water-

soluble Corvitin and pelletized Quertin, are shown to

be effective treatments of experimental atherosclero-

sis and might be considered as perspective human

antiatherosclerotic drugs.

References:

1. Bulteau AL, Lundberg KC, Humphries KM, Sadek HA,

Szweda PA, Friguet B, Szweda LI: Oxidative modification

and inactivation of the proteasome during coronary occlu-

sion /reperfusion. J Biol Chem, 2001, 276, 30057–30063.

2. Bulteau A.L., Petropoulos I., Friguet B: Age-related al-

terations of proteasome structure and function in aging

epidermis. Exp Gerontol, 2000, 35, 767–777.

3. Chen D, Chen MS, Cui QC, Yang H, Dou QP:

Structure-proteasome-inhibitory activity relationships of

dietary flavonoids in human cancer cells. Front Biosci,

2007, 1, 1935–1945.

4. Curin Y, Andriantsitohaina R: Polyphenols as potential

therapeutical agents against cardiovascular diseases.

Pharmacol Rep, 2005, 57, 97–107.

5. Dahlmann B: Role of proteasomes in disease. BMC

Biochem, 2007, 22, 1–12.

6. Dosenko VE, Nagibin VS, Tumanovskaia LV, Zagorii

VIu, Moibenko AA: The influence of quercetin on the

activity of purified 20S, 26S proteasome and proteaso-

mal activity in isolated cardiomyocytes (Russian). Bio-

med Khim, 2006, 52, 138–145.

7. Fang CH, Wang JJ, Hobler S, Li BG, Fischer JE, Hassel-

gren PO: Proteasome blockers inhibit protein breakdown

in skeletal muscle after burn injury in rats. Clin Sci,

1998, 95, 225–233.

8. Feng B, Zhang Y, Mu J, Ye Z, Zeng W, Qi W, Luo Z

et al.: Preventive effect of a proteasome inhibitor on the

formation of accelerated atherosclerosis in rabbits with

uremia. J Cardiovasc Pharmacol, 2010, 55, 129–138.

9. Gaczynska M, Rock KL, Goldberg AL: �-Interferon and

expression of MHC genes regulate peptide hydrolysis by

proteasomes. Nature, 1993, 365, 264–267.

10. Hermann J, Gulati R, Napoli C, Woodrum JE, Lerman

LO, Rodriguez-Porcel M, Sica V et al.: Oxidative

stress-related increase in ubiquitination in early coronary

atherogenesis. FASEB J, 2003, 17, 1730–1732.

11. Herrmann J, Saguner AM, Versari D, Peterson TE,

Chade A, Olson M, Lerman LO, Lerman A: Chronic

�����������	��� 
������ ����� ��� ��������� 1017

Antiatherogenic effects of quercetin and the proteasome
����� �� �	�
���� �� 	�



proteasome inhibition contributes to coronary atheroscle-

rosis. Circ Res, 2007, 101, 865–874.

12. Hubbard GP, Stevens JM, Cicmil M, Sage T, Jordan PA,

Williams CM, Lovegrove JA, Gibbins JM: Quercetin in-

hibits collagen-stimulated platelet activation through in-

hibition of multiple components of the glycoprotein VI sig-

naling pathway. J Thromb Haemost, 2003, 1, 1079–1088.

13. Jiménez R, López-Sepúlveda R, Kadmiri M, Romero M,

Vera R, Sánchez M, Vargas F et al.: Polyphenols restore

endothelial function in DOCA-salt hypertension: role of

endothelin-1 and NADPH oxidase. Free Radic Biol Med,

2007, 43, 462–473.

14. JuŸwiak S, Wójcicki J, Mokrzycki K, Marchlewicz M,

Bia³ecka M, Wenda-Ró¿ewicka L, Gawroñska-Szklarz

B, DroŸdzik M.: Effect of quercetin on experimental

hyperlipidemia and atherosclerosis in rabbits. Pharmacol

Rep, 2005, 57, 604–609.

15. Kamada C, da Silva EL, Ohnishi-Kameyama M, Moon

JH, Terao J: Attenuation of lipid peroxidation and hyper-

lipidemia by quercetin glucoside in the aorta of high

cholesterol-fed rabbit. Free Radic Res, 2005, 39, 185–194.

16. Lamoral-Theys D, Pottier L, Dufrasne F, Nève J, Dubois

J, Kornienko A, Kiss R et al.: Natural polyphenols that

display anticancer properties through inhibition of kinase

activity. Curr Med Chem, 2010, 17, 812–825.

17. Lehman NL: The ubiquitin proteasome system in neuro-

pathology. Acta Neuropathol, 2009, 118, 329–347.

18. Lotito SB, Frei B: Dietary flavonoids attenuate tumor ne-

crosis factor �-induced adhesion molecule expression in

human aortic endothelial cells. Structure-function rela-

tionships and activity after first pass metabolism. J Biol

Chem, 2006, 281, 37102–37110.

19. Lowry O.H., Rosenbrough NJ, Farr AL: Randall RJ. Pro-

tein measurement with Folin phenol reagent. J Biol

Chem, 1951, 193, 265–275.

20. McNaught KSP, Jenner P: Proteasomal function is im-

paired in substantia nigra in Parkinson’s disease. Neuro-

sci Lett, 2001, 297, 191–194.

21. Meiners S, Laule M, Rother W, Guenther C, Prauka I,

Muschick P, Baumann G et al: Ubiquitin-proteasome

pathway as a new target for the prevention of restenosis.

Circulation, 2002, 105, 483–489.

22. Naito Y, Yoshikawa T: Green tea and heart health. J Car-

diovasc Pharmacol, 2009, 54, 385–390.

23. Nam S, Smith DM, Dou QP: Ester bond-containing tea

polyphenols potently inhibit proteasome activity in vitro

and in vivo. J Biol Chem, 2001, 276, 13322–13330.

24. Pashevin DO, Dosenko VE, Byts IuV, Moibenko OO:

Proteasome activity changes in the aorta, heart tissues,

and blood leucocytes in modelling of cholesterol athero-

sclerosis (Ukrainian). Fiziol Zh, 2007, 53, 3–10.

25. Perez-Vizcaino F, Duarte J, Jimenez R, Santos-Buelga C,

Osuna A: Antihypertensive effects of the flavonoid quer-

cetin. Pharmacol Rep, 2009, 61, 67–75.

26. Reiter CE, Kim JA, Quon MJ: Green tea polyphenol epi-

gallocatechin gallate reduces endothelin-1 expression

and secretion in vascular endothelial cells: roles for

AMP-activated protein kinase, Akt, and FOXO1. Endo-

crinology, 2010, 151, 103–114.

27. Sadik CD, Sies H, Schewe T: Inhibition of 15-lipoxygenases

by flavonoids: structure-activity relations and mode of

action. Biochem Pharmacol, 2003, 65, 773–781.

28. Stangl K, Stangl V: The ubiquitin-proteasome pathway

and endothelial (dys)function. Cardiovasc Res, 2010, 85,

281–290.

29. Tummala PE, Chen XL, Sundell CL, Laursen JB,

Hammes CP, Alexander RW, Harrison DG, Medford

RM: Angiotensin II induces vascular cell adhesion

molecule-1 expression in rat vasculature: A potential link

between the renin-angiotensin system and atherosclero-

sis. Circulation, 1999, 11, 1223–1229.

30. Versari D, Herrmann J, Gössl M, Mannheim D, Sattler

K, Meyer FB, Lerman LO, Lerman A: Dysregulation of

the ubiquitin-proteasome system in human carotid athe-

rosclerosis. Arterioscler Thromb Vasc Biol, 2006, 26,

2132–2139.

31. Wenner C, Lorkowski S, Engel T, Cullen P: Apolipopro-

tein E in macrophages and hepatocytes is degraded via

the proteasomal pathway. Biochem Biophys Res Com-

mun, 2001, 2, 608–614.

32. Wojcik C, di Napoli M: Ubiquitin-proteasome system

and proteasome inhibition: new strategy in stroke ther-

apy. Stroke, 2004, 6, 1506–1518.

Received: August 27, 2010; in the revised form: January 24,

2011; accepted: March 3, 2011.

1018 �����������	��� 
������ ����� ��� ���������


	849	Review Œ Lipoic acid Œ biological activity and therapeutic potential.
	Anna Gor¹ca, Halina Huk-Kolega, Aleksandra Piechota, Paulina Kleniewska, El¿bieta Ciejka, Beata Skibska

	859	Review Œ Statin-induced myopathies.
	Micha³ Tomaszewski, Karolina M. Stêpieñ, Joanna Tomaszewska, Stanis³aw J. Czuczwar

	867	Review Œ Novel mechanistic and clinical implications concerning the safety of statin discontinuation.
	Magdalena Jasiñska-Stroschein, Jacek Owczarek, Irena Wejman, Daria Orszulak-Michalak

	880	Anxiolytic-like activity of MGS0039, a selective group II mGlu receptor antagonist, is serotonin- and GABA-dependent.
	Katarzyna Stachowicz, Joanna Wieroñska, Helena Domin, Shigeyuki Chaki, Andrzej Pilc

	888	Behavioral deficits and exaggerated feedback control over raphe-hippocampal serotonin neurotransmission in restrained rats.
	Darakhshan J. Haleem

	898	Influence of aripiprazole on the antidepressant, anxiolytic and cognitive functions of rats.
	Kinga Burda, Anna Czubak, Krzysztof Kus, El¿bieta Nowakowska, Piotr Ratajczak, Jennifer Zin

	908	Buspirone improves the anti-cataleptic effect of levodopa in 6-hydroxydopamine-lesioned rats.
	Javad Mahmoudi, Alireza Mohajjel Nayebi, Morteza Samini, Siamak Reyhani-Rad, Vahab Babapour

	915	Neuroprotective effect of carvedilol against aluminium induced toxicity: possible behavioral and biochemical alterations in rats.
	Anil Kumar, Atish Prakash, Samrita Dogra

	924	Non-neutral nonsynonymous single nucleotide polymorphisms in human ABC transporters: the first comparison of six prediction methods.
	Da Cheng Hao, Yao Feng, Rongrong Xiao, Pei Gen Xiao

	935	Transdermal buprenorphine in the treatment of cancer and non-cancer pain Œ the results of multicenter studies in Poland.
	Anna Przeklasa-Muszyñska, Jan Dobrogowski

	949	Involvement of kainate receptors in the analgesic but not hypnotic effects induced by inhalation anesthetics.
	Li-Hua Hang, Dong-Hua Shao, Yue-Ping Gu, Ti-Jun Dai

	956	Beneficial role of telmisartan on cardiovascular complications associated with STZ-induced type 2 diabetes in rats.
	Bhoomika R. Goyal, Kaushal Parmar, Ramesh K. Goyal, Anita A. Mehta

	967	Protective effect of novel pyridoindole derivatives on ischemia/reperfusion injury of the isolated rat heart.
	Zuzana Broskova, Vladimir Knezl

	975	Long-term use of low-dose spironolactone in spontaneously hypertensive rats: Effects on left ventricular hypertrophy and stiffness.
	Marcelo P. Baldo, Ludimila Forechi, Elis A.S. Morra, Divanei Zaniqueli, Rebeca C. Machado, Wellington Lunz, Sérgio L. Rodrigues, José Geraldo Mill

	983	Can vitamins C and E restore the androgen level and hypersensitivity of the vas deferens in hyperglycemic rats?
	Glaura S.A. Fernandes, Daniela C.C. Gerardin, Thaiane A. Assumpção, Kleber E. Campos, Débora C. Damasceno, Oduvaldo C.M. Pereira, Wilma D.G. Kempinas

	992	C3435T polymorphism of the ABCB1 gene: impact on genetic susceptibility to peptic ulcers.
	Aleksandra Sa³agacka, Malwina Bartczak, Marta ¯ebrowska, Marcin Ja¿d¿yk, Mariusz Balcerczak, Robert Janiuk, Marek Mirowski, Ewa Balcerczak

	999	Association between remote organ injury and tissue polyamine homeostasis in acute experimental pancreatitis Œ treatment with a polyamine analogue bismethylspermine.
	Hai-Tao Jin, Teemu Lämsä, Panu H. Nordback, Mervi T. Hyvönen, Nikolay Grigorenko, Alex R. Khomutov, Isto Nordback, Sari Räty, Ilkka Pörsti, Leena Alhonen, Juhani Sand

	1009	Antiatherogenic effect of quercetin is mediated 
by proteasome inhibition in the aorta and circulating leukocytes.
	Denis A. Pashevin, Lesya V. Tumanovska, Victor E. Dosenko, Vasyl S. Nagibin, Veronika L. Gurianova, Alexey A. Moibenko

	1019	Effect of indometacin pretreatment on protamine sulfate-mediated relaxation of the isolated rat uterus: the role of the antioxidative defense system.
	Jelena Kordiæ-Bojinoviæ, Zorana Oreıèanin-Duıiæ, Marija Slaviæ, Ratko Radojièiæ, Mihajlo Spasiæ, Slobodan R. Milovanoviæ, Duıko Blagojeviæ

	1029	Anti-inflammatory effects of LASSBio-998, a new drug candidate designed to be a p38 MAPK inhibitor, in an experimental model of acute lung inflammation.
	Aline C. Brando Lima, Alexandre L. Machado, Patrícia Simon, Moisés M. Cavalcante, Daniele C. Rezende, Gilberto M. Sperandio da Silva, Paulo Gustavo B. D. Nascimento, Luis E. M. Quintas, Fernando Q. Cunha, Eliezer J. Barreiro, Lídia M. Lima, Vera L.G. Koatz

	1040	Effects of propranolol on the development of glucocorticoid-induced osteoporosis in male rats.
	Joanna Folwarczna, Maria Pytlik, Leszek „liwiñski, Urszula Cegie³a, Barbara Nowiñska, Monika Rajda

	SHORT COMMUNICATIONS
	1050	Anxiolytic-like activity of zinc in rodent tests.
	Anna Partyka, Magdalena Jastrzêbska-Wiêsek, Bernadeta Szewczyk, Katarzyna Stachowicz, Anna S³awiñska, Ewa Poleszak, Urszula Doboszewska, Andrzej Pilc, Gabriel Nowak


	1056	Dopaminergic drug-induced modulation of the expression of the dopamine transporter in peripheral blood lymphocytes in Parkinson™s disease.
	Alessandra Fanciulli, Roberta Misasi, Dario Campanelli, Francesca R. Buttarelli, Francesco E. Pontieri

	1061	Neuropeptide FF receptor modulates potassium currents in a dorsal root ganglion cell line.
	Catherine Mollereau, Michel Roumy, Jean-Marie Zajac

	1066	Effects of the antioxidant baicalein on the pharmacokinetics of nimodipine in rats: a possible role of P-glycoprotein and CYP3A4 inhibition by baicalein.
	Young-Ah Cho, Jun-Shik Choi, Jin-Pil Burm
	1074	Note to Contributors





	content
	cont
	contents_3'2005
	contents

