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This study examined the effects of metabolic transformation of the common dietary flavonoid, quercetin,
on its ability to protect low-density lipoprotein (LDL) from neutrophil-mediated modification. Quercetin
was shown to be effective in protecting LDL against neutrophil-mediated modification at physiological
concentrations (1 µM) and appears to act by inhibiting myeloperoxidase (MPO)-catalyzed oxidation
(IC50 ) 1.0 µM). Quercetin was also shown to protect against radical-induced [2,2′-azobis(2-
methylpropionamidine)dihydrochloride] oxidation (IC50 ) 1.5 µM). Studies of structure-activity
relationships showed that methylation at the 3′-position or glucuronidation at the 3-position did not
significantly affect inhibition by quercetin of the MPO activity, but conjugations at both positions
significantly reduce its activity. Our results suggest that the common dietary flavonoid, quercetin,
and some of its major in vivo metabolites are potential inhibitors of MPO at physiological
concentrations. Dietary flavonoids that could modify MPO activity could protect lipoproteins from
damage in chronic inflammatory states such as cardiovascular disease.
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INTRODUCTION

Oxidative damage to low-density lipoprotein (LDL) has been
proposed as a critical step in the development of atherosclerosis
(1). Studies with human populations have demonstrated that
circulating oxidized LDL is associated with preclinical athero-
sclerosis, coronary arterial atherosclerosis, acute coronary
syndrome, and vulnerable plaques (2). Circulating oxidized LDL
is believed to be a useful marker for identifying patients with
coronary heart disease (2). Nitrotyrosine, a marker of LDL
protein damage, is nearly 100-fold higher in LDL recovered
from human atherosclerotic aorta than that in circulating LDL
from healthy donors (3).

One pathway for LDL modification in vivo is through reactive
species generated by myeloperoxidase (MPO) (4). MPO has
been suggested as a physiological catalyst for in vivo LDL

modification in studies using monocytes and neutrophils isolated
from humans (5). Previous reports of elevated plasma MPO in
early adverse cardiac events (6), in acute coronary syndrome
(7), and after acute myocardial infarction (8) provide further
evidence that MPO may contribute to cardiovascular disease.
More recently, MPO has been implicated in the production of
cyanate, which can cause carbamylation of proteins (4).

Population studies suggest that dietary flavonoids may provide
protection against cardiovascular disease (9). Recent controlled
intervention trials report that flavonoid-rich food can improve
endothelial and platelet function and reduce blood pressure in
humans (10) and may inhibit the development of atherosclerosis
in animal models (11). Because oxidative stress has been
implicated in atherosclerosis and cardiovascular disease, one
of the main properties of flavonoids thought to explain their
health benefit is their antioxidant activity (12). However, the
results of intervention studies have yielded conflicting results
(13). This may be due to variations in the absorption and
metabolism of flavonoids, which may alter antioxidant activity
as well as other biological activities (14). In particular, there is
doubt about the interpretation of in vitro studies of antioxidant
activity where issues of bioavailability and metabolic transfor-
mation have not been considered (15).
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To address the issue of the effect of metabolic transformation
on flavonoid bioactivity, we have compared the ability of
quercetin and its major in vivo metabolites to inhibit LDL
modification by human neutrophils, a rich source of MPO. We
have also examined the structural features important for anti-
oxidant activity by comparing quercetin and its major metabo-
lites (Figure 1) as well as other structurally related flavonoids.
We found that structural modification of quercetin due to
metabolic transformation can have an effect on bioactivity. We
also found that quercetin and some of its metabolites protect
LDL from MPO-mediated modification in vitro.

MATERIALS AND METHODS

Chemicals and Reagents. Bovine serum albumin (BSA), calcium
chloride, guaiacol, sodium acetate, quercetin, sodium phosphate dibasic,
sodium phosphate monobasic, sodium bromide, sodium chloride,
sodium hydrogencarbonate, luteolin, kaempferol, taxifolin, butylated
hydroxytoluene, hydrogen peroxide (50% by volume), phorbol 12-
myristate 13-acetate (PMA), methane sulfonic acid, phenol, benzoic
acid, superoxide dismutase (SOD), ferricytochrome c, 2,2′-azobis(2-
methylpropionamidine) dihydrochloride (AAPH), and diethylenetri-
amine penta-acetic acid were purchased from Sigma Aldrich (St. Louis,
MO); acetonitrile, magnesium sulfate, and sulfuric acid were from
Univar (WA, Australia); ficoll-paque was from GE Healthcare (Uppsala,
Sweden); Hanks’ balanced salt solution (HBSS), phosphate-buffered
saline (PBS), heat-inactivated fetal calf serum (HIFCS), and RPMI 1640
were from Gibco Invitrogen (Carlsbad, CA); dextran 500 was from
Amersham Biosciences (Uppsala, Sweden); glucose and potassium
phosphate monobasic were from Merck (VIC, Australia), and methanol
and ethanol were from Mallinckrodt (NJ). 3′-O-Methylquercetin,
quercetin-3′-O-sulfate, quercetin-3-O-glucuronide, and 3′-O-meth-
ylquercetin-3-O-glucuronide were synthesized as previously described
(16).

AAPH-Induced and Neutrophil-Mediated Modification of LDL.
Neutrophils were isolated from the neutrophil/erythrocyte pellet after
Ficoll-Paque gradient centrifugation and dextran sedimentation of red
cells as previously described (17). Cell viability was assessed using
trypan blue exclusion and was typically >98%. LDL was isolated
immediately from fresh plasma by density gradient ultracentrifugation,
and its protein concentration was determined as previously described
(18). LDL (final protein concentration, 0.1 mg/mL) was incubated at
37 °C in the presence of either PMA-activated peripheral neutrophils
(5 × 106 cells/mL HBSS; final PMA concentration, 200 nM) or AAPH
(final concentration, 5 mM). The supernatant from the cell suspension

was collected at regular time intervals and stored at -80 °C before
F2-isoprostane and 3-chlorotyrosine analyses. LDLs incubated with
PMA-activated cells were used as positive controls, while LDLs
incubated with untreated cells without PMA activation served as
negative controls.

Figure 1. Structures of quercetin and its metabolites present in human circulation.

Figure 2. (A) Dose-dependent effects of quercetin (Q, black bar), 3′-O-
methylquercetin (MQ, white bar), quercetin-3′-O-sulfate (QS, light gray
bar), quercetin-3-O-glucuronide (QG, striped bar), and 3′-O-methylquer-
cetin-3-O-glucuronide (MQG, dark gray bar) on the production of
F2-isoprostanes by PMA-activated neutrophils (n ) 3). *p < 0.05 vs
quercetin-3′-O-sulfate and 3′-O-methylquercetin-3-O-glucuronide at 1 µM
concentration. #p < 0.05 vs the positive control. (B) Dose-dependent effects
of quercetin (Q, black bar), luteolin (L, white bar), kaempferol (K, light
gray bar), and taxifolin (T, striped bar) on the production of F2-isoprostanes
by PMA-activated neutrophils (n ) 3). *p < 0.05 vs quercetin at 2 µM
concentration. **p < 0.05 vs quercetin at 10 µM concentration. #p < 0.05
vs the positive control.
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Measurement of Inhibition of Lipoprotein Oxidation. The anti-
oxidant ability of each compound (quercetin, 3′-O-methylquercetin,
quercetin-3′-O-sulfate, quercetin-3-O-glucuronide, 3′-O-methylquerce-
tin-3-O-glucuronide, luteolin, kaempferol, and taxifolin) to inhibit
AAPH-induced or neutrophil-mediated LDL oxidation was measured
by the formation of F2-isoprostanes (stable marker of lipid peroxidation)
quantitated by gas chromatography-mass spectrometry (GC-MS) (19).
Briefly, the test compound (final concentrations: 1, 2, and 10 µM) was
added to the LDL and neutrophils (prior to PMA stimulation) or AAPH
addition. Aliquots of the mixture were analyzed for lipid peroxidation
products at specific time points up to 3 h and compared to control
incubations without the addition of test compounds. LDL oxidation by
neutrophils was quantified by measuring the amount of 15-F2t-
isoprostanes produced after 120 min, calculated relative to an internal
standard (15-F2t-isoprostanes-d4). The intra- and interassay coefficients
of variation (CV) for this assay were 8 (n ) 8) and 5.6% (n ) 3).

Measurement of Inhibition of Lipoprotein Chlorination. Inhibi-
tion of lipoprotein chlorination by quercetin, its metabolites, and its
structural analogues, luteolin, kaempferol, and taxifolin was determined
by measuring 3-chlorotyrosine production (20). Briefly, the sample was
extracted with acetone, and the residue containing total proteins was
hydrolyzed with methane sulfonic acid (6 M with 1% phenol and 1%
benzoic acid) at 50 °C for 12 h. The hydrolysate was dissolved in the
high-performance liquid chromatography (HPLC) mobile phase [20 mM
sodium phosphate buffer, pH 3.0, with 5% (v/v) methanol], and an

aliquot (20 µL) of the supernatant was injected into the HPLC-ECD
system. Chromatography was performed on a 15 mm × 5 mm i.d., 5
micron, LiChrospher 100 RP-18 reverse phase column (Agilent
Technologies) at a flow rate of 1 mL/min using a Hewlett-Packard
Series 1100 HPLC. The voltage of the analytical cell was set at 550
mV. Results were obtained with within and between assay reproduc-
ibility of 7 (n ) 10) and 3.5% (n ) 3), respectively.

Measurement of Inhibition of Functional MPO Activity. To test
the effect of quercetin, its metabolites, and its structural analogues,
luteolin, kaempferol, and taxifolin, on MPO activity in peripheral
neutrophils, freshly isolated cells (1 × 106 cells/mL in HBSS) were
incubated with these compounds (2 µM) for 5 min at 37 °C before the
incubate was removed. The cells were resuspended on fresh HBSS and
lysed by sonication. Functional MPO activity was determined by
measuring its catalytic action on the oxidation of guaiacol in the
presence of hydrogen peroxide as described previously (21). The intra-
and interassay CV of the results obtained were 1.3 (n ) 6) and 2.9%
(n ) 3), respectively.

Measurement of Inhibition of NADPH Oxidase Activity. The
effects of quercetin, its metabolites, and its structural analogues, luteolin,
kaempferol, and taxifolin, on NADPH oxidase activity in peripheral
neutrophils was investigated by measuring superoxide radical ion as
described (22). Freshly isolated neutrophils (1 × 106 cells/mL) in HBSS
were incubated with the compounds (1, 2, and 10 µM) for 5 min at 37
°C before PMA was added (final concentration, 200 nM). Superoxide
production was determined by measuring the reduction of cytochrome
c (final concentration, 100 µM) in the presence and absence of SOD
(final concentration, 150 units/mL). The intra- and interassay CV of
the results obtained were 3 (n ) 8) and 2.4% (n ) 3).

Statistical Analysis of Results. Statistical analysis of results was
performed using SPSS version 11.5. One-way analysis of variance
(ANOVA) (23) and Bonferroni posthoc analyses were performed on
specific concentration points. The results analyzed were considered

Figure 3. (A) Dose-dependent effects of quercetin (Q, black bar), 3′-O-
methylquercetin (MQ, white bar), quercetin-3′-O-sulfate (QS, light gray
bar), quercetin-3-O-glucuronide (QG, striped bar), and 3′-O-methylquer-
cetin-3-O-glucuronide (MQG, dark gray bar) on the production of
F2-isoprostanes after AAPH treatment of LDL (n ) 3). *p < 0.05 vs all
metabolites at 1 µM concentration. **p < 0.05 vs quercetin-3′-O-sulfate
and 3′-O-methylquercetin-3-O-glucuronide at 2 µM concentration. ***p <
0.05 vs quercetin-3′-O-sulfate and 3′-O-methylquercetin-3-O-glucuronide
at 10 µM concentration. #p < 0.05 vs the positive control at 1 µM
concentration. ##p < 0.05 vs the positive control at 2 µM concentration.
###p < 0.05 vs the positive control at 10 µM concentration. (B) Dose-
dependent effects of quercetin (Q, black bar), luteolin (L, white bar),
kaempferol (K, light gray bar), and taxifolin (T, striped bar) on the
production of F2-isoprostanes after AAPH treatment of LDL (n ) 3). *p <
0.05 vs luteolin and kaempferol at 1 µM concentration. **p < 0.05 vs
luteolin and kaempferol at 2 µM concentration. ***p < 0.05 vs luteolin
and kaempferol at 10 µM concentration. #p < 0.05 vs the positive control.

Figure 4. (A) Dose-dependent effects of quercetin (Q, black bar), 3′-O-
methylquercetin (MQ, white bar), quercetin-3′-O-sulfate (QS, light gray
bar), quercetin-3-O-glucuronide (QG, striped bar), and 3′-O-methylquer-
cetin-3-O-glucuronide (MQG, dark gray bar) on the production of
3-chlorotyrosine by PMA-activated neutrophils (n ) 3). *p < 0.05 vs the
positive control at 1 µM concentration. **p < 0.05 vs the positive control
at 2 µM concentration. ***p < 0.05 vs the positive control at 10 µM
concentration. (B) 3-Chlorotyrosine production by PMA-activated neutro-
phils in the absence (C) or presence of quercetin (Q), luteolin (L),
kaempferol (K), taxifolin (T), 3′-O-methylquercetin (MQ), quercetin-3′-O-
sulfate (QS), quercetin-3-O-glucuronide (QG), and 3′-O-methylquercetin-
3-O-glucuronide (MQG) (1 µM) (n ) 3). *p < 0.001 vs control.
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significantly different if p value e 0.05 based on 95% confidence
interval. Error bars in all of the figures were presented as standard error
of means (SEM).

RESULTS

Effects on Lipid Peroxidation. Neutrophils did not produce
F2-isoprostanes from LDL over 120 min in the absence of PMA.
LDL incubated with PMA-activated neutrophils produced
significant amounts of F2-isoprostanes up to 10-fold the initial
level over the 120 min period (mean ( SEM: 145.5 ( 2.5 vs
1385.7 ( 3.2 pg/mL, p < 0.001). Quercetin and its metabolites
exerted dose-dependent inhibition of F2-isoprostane formation
(Figure 2A). Quercetin protected LDL against neutrophil-
mediated lipid peroxidation with an IC50 of approximately 1
µM, while the IC50 for its metabolites ranged from 2 to 4 µM.
All of the metabolites had significantly lower inhibitory activities
(p < 0.05 by ANOVA analysis of the area under dose-response
curve) as compared to the parent molecule. Quercetin and its
metabolites were effective in inhibiting lipid peroxidation at
concentrations ranging from 1 to 10 µM (Figure 2A). At the
realistic physiological concentration (1 µM), quercetin and all
its major in vivo metabolites showed significant protection
against lipid peroxidation (p < 0.05 vs positive control) (Figure
2A). Quercetin and quercetin-3-O-glucuronide were significantly
more effective in reducing lipid peroxidation (p < 0.05) as
compared to the other metabolites (Figure 2A). There was no
significant difference in activity between quercetin and its
metabolites at 2 µM concentration, even though the metabolites
appeared to have diminished effects at both concentrations

(Figure 2A). Quercetin and its metabolites exhibited dose-
dependent inhibition of AAPH-initiated LDL peroxidation
(Figure 3A), with an IC50 value of approximately 1.5 µM for
quercetin and IC50 values ranging from 2 to 10 µM for its
metabolites. At 1 µM concentration, quercetin, 3′-O-meth-
ylquercetin, quercetin-3′-O-sulfate, and quercetin-3-O-glucu-
ronide offered significant protection against AAPH-initiated
LDL oxidation (p < 0.05 vs positive control) (Figure 3A).
Quercetin, 3′-O-methylquercetin, and quercetin-3-O-glucuronide
were significantly more effective (p < 0.05) as compared to
quercetin-3′-O-sulfate and 3′-O-methylquercetin-3-O-glucu-
ronide (Figure 3A). When the structural analogues of quercetin,
luteolin, kaempferol, and taxifolin were tested, all three
significantly inhibited LDL oxidation (p < 0.05) (Figure 2B).
Luteolin and kaempferol showed significantly less inhibition
of neutrophil-mediated oxidation of LDL than quercetin (p <
0.05) at 2 and 10 µM concentrations, whereas only kaempferol
was significantly less active than quercetin at a 1 µM concentra-
tion. Taxifolin was not significantly different to quercetin
(Figure 2B). Similar trends in activity were observed during
the AAPH oxidation of LDL, with all, except taxifolin, showing
significantly diminished activity (p < 0.05) as compared to
quercetin (Figure 3B).

Effects on LDL Protein Modification. MPO is an enzyme
in neutrophils producing hypochlorous acid, which reacts with
tyrosine residues in proteins to form 3-chlorotyrosine. Activated
neutrophils produced at least 10-fold more LDL 3-chlorotyrosine
as compared to unstimulated cells (mean ( SE.: 9.80 ( 0.55
vs 0.87 ( 0.05 µM, p < 0.001). Quercetin and its metabolites
exhibited dose-dependent inhibition of 3-chlorotyrosine forma-
tion (Figure 4A). Quercetin suppressed tyrosine chlorination,
with an IC50 value of approximately 1 µM, while its metabolites
showed diminished activity with IC50 values ranging from 2 to
10 µM. However, the reduction in activity reached significance
only when quercetin-3′-O-sulfate and 3′-O-methylquercetin-3-
O-glucuronide were compared to the parent molecule (p < 0.05
by ANOVA analysis) (Figure 4A,B). Only quercetin, 3′-O-
methylquercetin, and quercetin-3-O-glucuronide offered sig-
nificant protection against tyrosine chlorination (p < 0.05)
(Figure 4A). Taxifolin exhibited similar activity to quercetin,
while luteolin and kaempferol showed lower activity (Figure
4B).

Effects on Functional MPO Activity. The effects of
quercetin, its metabolites, and structural analogues luteolin,
kaempferol, and taxifolin on functional MPO enzyme activity
were compared to untreated control neutrophil lysate MPO
enzyme activity. The mean rate of guaiacol oxidation by the
untreated control neutrophil lysate was 1.36 ( 0.31 units/mL
(n ) 3). Dose-dependent effects on MPO activity were observed
for quercetin (IC50 ≈ 1.5 µM) and its metabolites (IC50 ranging
from 2 to >10 µM) (Figure 5A). The four quercetin metabolites
as well as the analogues luteolin and kaempferol were less
effective at suppressing MPO enzyme activity than quercetin,
while the analogue taxifolin had similar activity to quercetin
(Figure 5B). Quercetin-3′-O-sulfate and 3′-O-methylquercetin-
3-O-glucuronide were the only molecules where the decrease
in activity as compared to the parent molecule reached
significance (p < 0.05) (Figure 5A).

Effects on Superoxide Production. Superoxide radical ion
is a reactive oxygen species produced by the enzyme, NADPH
oxidase, in phagocytic cells. Stimulated neutrophils produced
approximately 6-fold more superoxide radical ion than unstimu-
lated neutrophils (data not shown). Quercetin (IC50 ≈ 4.5 µM)
exhibited dose-dependent inhibition of superoxide formation

Figure 5. (A) Dose-dependent inhibition of functional MPO enzyme activity
in lysed PMA-activated neutrophils by quercetin (Q, black bar), 3′-O-
methylquercetin (MQ, white bar), quercetin-3′-O-sulfate (QS, light gray
bar), quercetin-3-O-glucuronide (QG, striped bar), and 3′-O-methylquer-
cetin-3-O-glucuronide (MQG, dark gray bar) (n ) 3). *p < 0.05 vs the
positive control at 1 µM concentration. **p < 0.05 vs the positive control
at 2 µM concentration. ***p < 0.05 vs the positive control at 10 µM
concentration. (B) Functional MPO enzyme activity in lysed PMA-activated
neutrophils in the absence (C) or presence of quercetin (Q), luteolin (L),
kaempferol (K), taxifolin (T), 3′-O-methylquercetin (MQ), quercetin-3′-O-
sulfate (QS), quercetin-3-O-glucuronide (QG), and 3′-O-methylquercetin-
3-O-glucuronide (MQG) (1 µM) (n ) 3). *p < 0.05 vs all except quercetin-
3′-O-sulfate and 3′-O-methylquercetin-3-O-glucuronide.
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(data not shown). At 1 µM, quercetin significantly reduced
superoxide formation by about 20% (data not shown). Quercetin
metabolites showed diminished inhibition, but only quercetin-
3′-O-sulfate and 3′-O-methylquercetin-3-O-glucuronide were
significantly less active (p < 0.05 using ANOVA analysis of
the area under dose-response curve) as compared to the parent
molecule (data not shown).

DISCUSSION

Our results showed that quercetin and two of its metabolites,
3′-O-methylquercetin and quercetin-3-O-glucuronide, inhibited
neutrophil-mediated modification of LDL as measured by F2-
isoprostanes and 3-chlorotyrosine formation (Figures 2A and
4A) at concentrations that may be achieved in vivo after
consumption of a quercetin-rich diet or supplementation.
However, the metabolites quercetin-3′-O-sulfate and 3′-O-
methylquercetin-3-O-glucuronide consistently showed reduced
activity as compared to quercetin. The activities of 3′-O-
methylquercetin and quercetin-3-O-glucuronide were compared
with those of luteolin and kaempferol as the absence of the 3-OH
group in luteolin and the 3′-OH group in kaempferol are similar
to the 3-O and 3′-O modifications in 3′-O-methylquercetin and
quercetin-3-O-glucuronide. Taxifolin showed similar activity to
quercetin, suggesting that removal of the double bond in the C

ring had little effect. Taxifolin also showed inhibition of AAPH
oxidation of LDL similar to quercetin in contrast to luteolin,
kaempferol, and the quercetin metabolites, which were less
effective. MPO-catalyzed LDL oxidation was more sensitive
to quercetin and its metabolites than the AAPH-initiated LDL
oxidation (Figures 2A and 3A). Levels of 3-chlorotyrosine, a
product of MPO activity, were reduced in LDL after treatment
with all compounds except for quercetin-3′-O-sulfate and 3′-
O-methylquercetin-3-O-glucuronide, showing again that these
particular metabolic transformations render quercetin less active
(Figure 4A,B). Similar trends in activity were seen when MPO
activity was measured in lysed neutrophils (Figure 5A,B).
Metabolic modifications resulting in 3′-O-methylquercetin and
quercetin-3-O-glucuronide did not have a significant effect on
MPO inhibitory activity of quercetin. Production of superoxide
ion radical by neutrophils was only slightly decreased in the
presence of quercetin, 3′-O-methylquercetin, and quercetin-3-
O-glucuronide. These results suggest that inhibition of neutro-
phil-mediated LDL modification by quercetin and related
compounds is predominantly due to inhibition of MPO as well
as direct free radical scavenging action as evidenced by the
compounds’ ability to inhibit AAPH-initiated oxidation.

Quercetin metabolites had diminished ability (IC50 values of
2-4 µM) to protect LDL from oxidative damage and to inhibit
MPO activity when compared to the parent molecule (IC50 value
of 1 µM) (Figures 2A, 4A, and 5A). By comparing the activity
of quercetin with its structural analogues (luteolin, kaempferol,
and taxifolin), we have proposed a structural activity relationship
of quercetin in relation to its free radical scavenging and MPO
inhibiting activities (Figure 6). Our experiments, which were
carried out at physiological concentrations (24), showed that
the 3′-OH (luteolin) and 3-OH (kaempferol) groups on the B
and C rings, respectively, played similar roles in both radical
scavenging and MPO inhibiting activities. The 2,3 double bond
on the B ring (taxifolin) played a negligible part in protecting
LDL against oxidative damage (Figures 2B, 3B, 4B, and 5B),
because taxifolin retained similar activity to quercetin. Similar
observations were reported for cell-free Cu2+ and AAPH-
mediated LDL oxidation under nonphysiological concentra-
tions (25, 26). Our results support the equivalence of the 3′-
OH and 3-OH modifications with the observed similarity in
activities of 3′-O-methylquercetin and quercetin-3-O-glucu-
ronide, which were in turn similar to luteolin and kaempferol
(Figures 2A,B, 3B, 4B, and 5B). Interestingly, conjugation at
either 3- or 3′-positions did not significantly reduce quercetin
activity against MPO-catalyzed events (Figures 2B, 4B, and

Figure 6. Structural activity relationships for quercetin, luteolin, kaempferol, and taxifolin.

Figure 7. Flow diagram showing possible routes by which MPO can
catalyze the modification of LDL. The arrows indicate the points at which
quercetin (Q) may inhibit the process.
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5B), unlike that against radical scavenging activities (Figure
3B). Our results are consistent with previous reports that the
catechol structure at the B ring and the 3-OH group in the C
ring account for the radical scavenging effects of flavonoids
(25, 26). They also agree with a recent report that the presence
of a resorcinol group in the A ring is the main contributor to
the inhibitory effects of flavonoids on MPO (27). The significant
lack of activity observed for quercetin-3′-O-sulfate may be
explained by the possible hydrogen bond between the sulfate
group and the 3-OH group (on the C ring) or 4′-OH group (on
the B ring), which would limit the availability of the 3-OH
group.

We have shown that quercetin protects LDL from neutrophil-
mediated modification at physiological concentrations (1 µM).
These results were particularly relevant as the neutrophil
concentration used reflects their possible numbers at the site of
inflammation (28). It has been well-established that quercetin
with its phenolic OH groups protects against free radical damage
via radical scavenging activity (29). However, low bioavail-
ability (∼1 µM) and metabolic transformation reduce the likely
in vivo scavenging action of quercetin. The effect of metabolic
transformation on bioactivity has been reported previously
(30, 31). The importance of quercetin as an antioxidant is
brought into question given the higher bioavailability of other
in vivo antioxidants, like ascorbic acid and R-tocopherol (32),
although quercetin may exert synergistic and additive effects
with other in vivo antioxidants. Our results suggest that quercetin
is not effective at suppressing/scavenging superoxide ion radical
production (IC50 ) 4.5 µM) in activated neutrophils at physi-
ological concentrations. It had been previously reported that
quercetin exhibited a dose-dependent inhibition of the generation
of superoxide anion radical (IC50 ) 5.0 µM) from xanthine/
xanthine oxidase (33). Pincemail et al. (34) reported that human
MPO activity was inhibited by quercetin (IC50 ) 3.5 µM) in
vitro. We have shown similar inhibition by quercetin on MPO
enzyme activity, as well as 3-chlorotyrosine production (an
established biomarker of MPO activity) by peripheral neutrophils
with an IC50 value of 1-1.5 µM (Figures 4A and 5A).
Quercetin was also shown to be more effective at protecting
against MPO-mediated events (IC50 ) 1 µM) (Figures 4A and
5A) than superoxide-initiated damage (IC50 > 10 µM) in
neutrophils. Possible routes by which quercetin may inhibit
MPO-catalyzed activities are summarized in Figure 7. Fla-
vonoids were reported to be substrates for MPO as they were
oxidized by MPO in the absence of LDL to produce reactive
free radicals and quinones (35). Quercetin was found to be a
powerful scavenger of hypochlorous acid (36), thus limiting the
MPO-catalyzed chlorination of LDL proteins. It was proposed
that quercetin also scavenged the •NO2 radical (37), which is a
powerful oxidant produced by the MPO-catalyzed reaction
between hydrogen peroxide and nitrite ions (38). Quercetin and
other flavonoids have also been shown to act as substrate for
chlorination (39), thereby protecting the proteins from chlorina-
tion damage.

In conclusion, our study has shown that quercetin and at least
one of its in vivo major metabolites (quercetin-3-O-glucuronide)
are potent inhibitors of cell-mediated LDL modification at
physiological concentrations, mainly through the inhibition of
MPO. The recently reported presence of quercetin glucuronides
in human atherosclerotic lesions suggests that quercetin may
be available to prevent LDL oxidation in vivo (40). These results
are particularly interesting because of the potential health
benefits of diet derived flavonoids such as quercetin.
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