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Effect of quercetin and its conjugated metabolite 
quercetin 3-O-13-D-glucuronide (Q3GA), on peroxynitrite- 
induced consumption of lipophilic antioxidants in human 
plasma low-density lipoprotein (LDL) was measured to 
estimate the role of dietary flavonoids in the defense system 
against oxidative modification of LDL based on the reaction 
of nitric oxide and superoxide anion. Synthesized 
peroxynitrite-induced consumption of endogenous lycopene 
13-carotene and ct-tocopherol was effectively suppressed by 
adding quercetin aglycone into LDL solution. Q3GA also 
inhibited the consumption of these antioxidants effectively. 
These results indicate that dietary quercetin is capable of 
inhibiting peroxynitrite-induced oxidative modification of 
LDL in association with lipophilic antioxidants present 
within this lipoprotein particle. 

Keywords: Quercefin; Quercetin glucuronide; Peroxynitrite; 
Low-density lipoprotein; a-tocopherol; Lycopene 

INTRODUCTION 

Oxidative modification of low-density lipopro- 
tein (LDL) has been implicated in the initial 
event of early stages of atherosclerosis. [11 Role 
of dietary antioxidants in the prevention and 
attenuation of atherosclerosis is the subject of 
argument, because they are expected to sup- 
press the oxidative process of LDL in blood 
stream and intima. [2"31 In particular, lipophilic 
antioxidants present within LDL, that is, 
carotenoids and c~-tocopherol, are frequently 
discussed from the viewpoint of anti-athero- 
sclerosis, t4l Nevertheless, precise mechanism in 

*Corresponding author. 

925 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



926 J. T E R A O  et al. 

LDL oxidation in v i v o  remains unclear. Peroxyni- 
trite is produced in vascular system by the reaction 
of nitric oxide and superoxide generating from 
endothelial cells, macrophages and neutrophils. [51 
This reactive nitrogen species is a potent oxidant 
and is capable of initiating lipid peroxidation in 
liposomes t6j and rat brain synaptosomes. [7J Con- 
siderable studies I8-131 also reported that human LDL 
is subjected to oxidative modification by the 
exposure to synthesized peroxynitrite mad peroxyni- 
trite-generating agent. Peroxynitrite is therefore 
likely to be responsible, at least partly, for in v i v o  

oxidative modification of LDL. 
Quercetin is a typical flavonol-type flavo- 

noid distributed in plant kingdom. A sub- 
stantial amotmt of quercetin is daily consumed 
from vegetables and fruits [141. Its antioxidant 
activity involves scavenging of superoxide 
anion and peroxyl radicals, inhibition of 
lipoxygenase, and chelation of metal ions 
responsible for the generation of reactive 
oxygen species, t151 Recently, quercetin and its 
related flavonoids were found to possess 
strong peroxynitrite-scavenging activity. I16] On 
the other hand, Manach et  al. tl7~ and our  

group [~81 have demonstrated that conjugated quer- 
cetin metabolites accumulated exclusively in 
human plasma by the ingestion of quercetin-rich 
foods. Recently we identified quercetin 3-0-13- 
D-glucuronide (Q3GA) as a major conjugated 
metabolite in rat plasma after oral intake of 
quercetin (Fig. 1). tlgl It is therefore of much 
interest to know the role of quercetin and Q3GA in 
the protection of LDL from peroxynitrite-induced 
oxidative modification. 

This s tudy was conducted to clarify the 
protective effect of quercetin and Q3GA on 
peroxynitrite-induced consumption of major 
lipophilic antioxidants present in LDL, lycopene, 
13-carotene and a-tocopherol, by using syn- 
thesized peroxynitrite. It will provide infor- 
mation to know whether  or not dietary 
quercetin can affect the antioxidant status of 
LDL on peroxynitr i te- induced oxidative 
modification. 

MATERIALS AND METHODS 

Materials 

Quercetin (3,3',41,5,7-pentahydroxylflavone), 13- 
carotene, trans-13-8'-apocarotenal, D-et-tocopherol 
and D-8-tocopherol were obtained from Sigma 
Chemical (St. Louis, MO, USA). Lycopene was 
from Wako Pure Chem. (Osaka, Japan). Querce- 
tin 3-O-13-D-glucuronide was synthesized chemically 
and purified by column chromatography as described 
previously, t191 Peroxynitrite was synthesized from 
sodium nitrite and I-I202 t2°1 and excess H202 was 
eliminated by passage of the peroxynitrite solution 
over the column packed with MnOa powder. [2~1 The 
concentration of peroxynitrite was calculated by using 
its molecular coefficient at 302urn in 1.2M NaOH 
(E302nm = 1670mol-icm-1)- [211 LDL was isolated 
from fresh human plasma by discontinuous density- 
gradient ultracentrifugation according to the method 
described previously, t221 The protein concentration of 
the LDL solution was determined by the method of 
Lowry et  a/. [a31 Isolated LDL was stored under 
nitrogen gas for not longer than one week. 

Exposure of LDL to Synthesized Peroxynitrite 

Quercetin or Q3GA was added as ethanol 
solution (20~1) to 2.0ml of LDL solution 
(0.1 mgprotein/ml)  containing 0.5 mM diethyle- 
netriaminepentaacetic acid (DTPA) in 0.01M 
Tris-HC1 buffer (pH 7.4) and incubated for 
5 min at 37°C. In the case of control experiment, 
ethanol (20 txl) was added to the LDL solution. 
Then, peroxynitrite solution (10 ~1) was added to 
the LDL solution and mixed vigorously for 
I min. For the analysis of c~-tocopherol and 
carotenoids in the solution, 2.0 ml of solution was 
mixed with 101xl of 1.0mM aqueous EDTA 
solution, 20 Ixl of ethanol containing internal 
standards (8'-apocarotenal; 0.25nmol and 8- 
tocopherol; 0.5nmol), and 0.5ml of methanol 
solution containing 1.0mM butyl hydroxyto- 
luene (BHT). e~-tocopherol and carotenoids 
were extracted with 0.5ml hexane by mixing 
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Structures of quercetin and Q3GA. 

vigorously. Extraction was carried out twice and 
the hexane layers were combined and evapor- 
ated in vacuo. The residue was dissolved in 50 ~1 
chloroform and used as the sample for HPLC 
assay. 

Determination of Lycopene [~-Carotene and ot- 
Tocopherol 

Lycopene and [3-carotene were quantified by 
HPLC using a column of TSK gel Octyl-80Ts 
(Tosoh, Japan, 4.6mm x250mm) with mobile 
phase of methanol/acetonitrile/dicholometha- 
ne /water  (7:7:2:0.16, v / v / v / v )  at a flow rate of 
1.4ml/min.  The effluent was monitored at 
450nm using a Shimadzu SPD-10AV spectro- 
photometric detector (Shimadzu, Kyoto, Japan). 
For the determination of et-tocopherol, mobile 
phase of methanol/water (93:7, v /v)  was used 
and the effluent was monitored with spectro- 
fluorometer (Shimadzu RF10A) with extinction 
at 290 nm and emission at 325 nm. 

RESULTS 

Figure 2 shows the contents of lipophilic 
antioxidants present in the lipoprotein particles 
after the exposure to peroxynitrite at the 
concentration of 1 0 -  500 ~M. Lycopene and c~- 
tocopherol present  within the l ipoprotein 
particles were decreased dramatically by the 
exposure to peroxynitrite at 10 ~M. In contrast, 
~-carotene content was not decreased signifi- 
cantly by the exposure to peroxynitrite at 
10p~M. However, ~-carotene was also con- 
sumed at higher peroxynitrite concentration 

(50 -- 500 i~M). 
Figure 3 shows the effect of quercetin aglycone 

and Q3GA on the consumption of lycopene [3- 
carotene and et-tocopherol by the exposure of 
human LDL to peroxynitrite at 50 ~M. The same 
concentration of quercetin aglycone, 50~M, 
significantly suppressed the decrease of these 
three compounds. In particular, its effect was 
remarkable for [3-carotene as compared to the 
other two lipophilic antioxidants. Q3GA at the 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



928 J, T E R A O  et al. 

10 

. .  9 

8 

7 

= 4 

~.~  2 ¸ 

0 1- 

O- 

a 

a 

lycopene  carotene  -tocopherol 

Peroxynitr i te  

½o 

s o  

II 
200 

500  

FIGURE 2 Contents of lipophilic antioxidants present in LDL after exposure to peroxynitrite at different concentration (10- 
500 IxM). Contents of the lipophilic antioxidants in LDL before exposure to peroxynitrite were as follows: lycopene, 0.78 + 
0.12nmol/mgprotein;  13-carotene, 1.10 + 0.60nmol/mgprotein,  c~-tocopherol, 7.84 _+ 0.60nmol/mgprotein).  Protein 
concentration of the LDL preparation was 0.1 ml /mL Values are given as the mean + S.D. for three experiments. Means not 
sharing a common letter in the same group (lycopene, G-carotene, a-tocopherol, respectively) are significantly different (p < 
0.05), as determined by Bonferroni/Dunn's  multiple comparison test 

same concentration was also found to suppress 
the consumption of the three antioxidants 
significantly. Its suppressive effect was compar- 
able to that of quercetin aglycone in lycopene and 
c~-tocopherol consumption, although it was 
lower in ~3-carotene consumption. These results 
clearly demonstrate that Q3GA, as well as 
quercetin aglycone, is capable to inhibit perox- 
ynitrite-induced consumption of endogenous 
lipophilic antioxidants in human LDL. 

D I S C U S S I O N  

Peroxynitrite is formed by the reaction of 
superoxide anion and nitric oxide at nearly 

diffusion controlled rate. I24] At neutral pH, 
peroxynitrite is easily protonated to generate 
peroxynitrous acid, which seems to be respon- 
sible for the initiation of lipid peroxidation. [sl It 
is plausible that peroxynitrite is generated from 
endothelial cells or macrophages and this 
reactive nitrogen species attacks LDL particles 
leading to oxidative modification. We used 
synthesized peroxynitri te for this study. 
Although synthesized peroxynitrite is stable in 
alkaline condition, it induces tyrosine 
nitration, [121 oxidation of c¢-tocopherol to e~- 
tocopherylquinone, I~°l and accumulat ion of 
cholesteryl ester hydroperoxides (CE-OOH) [131 
in human plasma LDL at neutral pH. We also 
found slight increase in CE-OOH concentration 
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3 Effect of quercetin and Q3GA on peroxynitrite- 
induced consumption of lipophilic antioxidants present 
within LDL. Human LDL solution (0.1mgprotein/ml) was 
exposed to peroxynitrite at 50txM. Concentrations of 
quercetin and Q3GA were adjusted to 50 ~M. Values are 
given as the mean-+ S.D. for three experiments, n.d., not 
detected. Means not sharing a common letter in the same 
group (lycopene, 13-carotene, c*-tocopherol, respectively) are 
significantly different (p<O.05), as determined by 
Bonferroni/Dunn's multiple comparison test 

by the exposure to peroxynitrite at 10-500 ~M 
(0.5-1.0nmol/mg protein; data are not shown 
here). 

Pannala et al. [25] claimed that carotenoids are 
consumed at higher level than oL-tocopherol with 
lycopene being more reactive than 13-carotene in 
peroxynitrite-induced LDL oxidation. Panasenko 
et al. I26~ demonstrated that lycopene is the most 
reactive among all carotenoids detected in LDL, when 
this lipoprotein particle was exposed to peroxynitrite. 
It is therefore likely that lycopene serves as an 
effective peroxynitrite scavenger when LDL is 
exposed to peroxynitrite. It is recently reported that 
some flavonoids and polyphenols are efficient 
peroxynitrite scavengers. I16'27-32j In particular, Hae- 
nen et aL [16} pointed out that quercetin scavenges 
peroxynitrite most effectively among seven flavonol- 
type flavonoids. Our result clearly demonstrates that 
quercetin is helpful in protecting LDL from 
peroxynitrite attack by retarding the consumption of 
lycopene and other lipophilic peroxynitrite-scaven- 
gers present within LDL. It is likely that quercetin 
present in LDL solution scavenges peroxynitrite 
effectively before this reactive nitrogen species 

reaches to the site of reaction with lipophilic 
antioxidants within LDL. 

Blood plasma contains a variety of water- 
soluble antioxidants, which are distributed in 
aqueous phase of the plasma. Among them, 
bilirubin is reported as an antioxidant for 
peroxynitrite induced LDL oxidation. I331 Uric 
acid is highly reactive to peroxynitrite and 
produce nitrated uric acid derivative. I341 Quer- 
cetin may help the plasma antioxidant defense 
by coordinating with these water-soluble anti- 
oxidants. We recently confirmed that Q3GA 
accumulated in rat plasma as a major metabolite 
of orally administered quercetin, ll91 This study 
demonstrated that Q3GA also possesses an 
inhibitory effect on peroxynitrite-induced con- 
sumption of lipophilic antioxidants within LDL. 
Thus, it is plausible that dietary quercetin retains 
peroxynitrite-scavenging activity at least partly 
in the circulation even after metabolic conversion 
during the absorption process. We already found 
that G3GA exerted a substantial antioxidant 
effect on copper-ion induced oxidation of human 
plasma LDL. E19J It is therefore conceivable that 
some quercetin metabolites such as Q3GA 
contribute to the defense system of human 
plasma LDL against the damage originated 
from reactive oxygen/nitrogen species involving 
peroxynitrite. 

In conclusion, both quercetin aglycone and 
Q3GA are effective peroxynitrite scavengers and 
they are capable of inhibiting peroxynitrite- 
attack on human plasma LDL in association 
with lipophilic antioxidants within LDL. 
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