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Abstract Cyclooxygenases (COXs) catalyze the conversion
of arachidonic acid to prostaglandins (PGs), thromboxanes,
and hydroxyeicosatetraenoic acids. In the present study, we
investigated several dietary bioflavonoids for their ability to
modulate the catalytic activity of COX I and II in vitro and
also in cultured cells. We found that some of them are the
most powerful direct stimulators of the catalytic activity of
COX I and II known to date, increasing the formation of
prostaglandin products in vitro by up to 11-fold over the con-
trols. This stimulatory effect of bioflavonoids is enzyme spe-
cific because none of them stimulates the catalytic activity of
a number of lipooxygenases tested. Compared with phenol, a
prototypical COX stimulator commonly used in vitro, the
naturally occurring bioflavonoids are up to 29 times more
efficacious in stimulating the COX activity. Additional stud-
ies using intact cells in culture showed that some of the die-
tary compounds that were active in the biochemical assays
also activated the formation of PGE; (a representative PG)
when they were present at 0.01 to 1 uM concentrations. The
stimulatory effect of dietary compounds on COX-mediated
PG formation is far more potent in intact cells than in the
in vitro assays. Mechanistically, bioflavonoids mainly acted
to slow down the suicidal inactivation of the COX enzymes,
but they did not appear to reactivate the inactivated enzymes.
The finding of this study suggests that some of the biofla-
vonoids likely will serve as the naturally occurring cofactors
for the COX enzymes in humans.—Bai, H-W,, and B. T. Zhu.
Strong activation of cyclooxygenase I and II catalytic activity
by dietary bioflavonoids. J. Lipid Res. 2008. 49: 2557-2570.
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Arachidonic acid (AA) is metabolized in the body by cy-
clooxygenases (COXs) to form various prostaglandins
(PGs), thromboxanes (TXs), and hydroxyeicosatetraenoic
acids (HETEs) (1-4). Many of these autacoids exert a
whole host of biological actions in the body through acti-
vation of specific membrane receptors (5-7). COXs are
intracellular enzymes with two distinct catalytic activities:
one for cyclooxygenation that converts AA to PGGo, and
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one for peroxidation that further transforms PGGs to
PGHy (1). In humans, two COX isoforms, namely, COX
I and COX II, have been identified (2, 8-15). They share
approximately 60% overall sequence similarity, although
the sequence homology in the catalytically important re-
gions is much higher (11-15). At present, it is widely ac-
cepted the view that COX II, which is often induced in
the presence of various mitogens, plays a more important
role in mediating inflammation, whereas COX I, whose
cellular levels vary over a smaller range, may largely func-
tion as a house-keeping enzyme (8).

Earlier studies showed that phenol, a nonphysiological
chemical with antioxidant activity, has a direct stimulatory
effect on the catalytic activity of COX I and II in vitro (16,
17). Because of this unique property, this organic chemical
has been commonly added to the reaction mixture to op-
timize the catalytic activity of COX I and II in vitro. It is
generally thought that phenol functions like a supporting
cofactor for the COX I- and II-mediated metabolism of AA
in vitro.

Notably, there are many phenolic/polyphenolic com-
pounds that are naturally occurring and abundantly pres-
ent in our daily diet, such as bioflavonoids. Bioflavonoids
are among the most powerful antioxidants and free radical-
scavengers present in our food. Historically, some mem-
bers of the bioflavonoid family were once considered as
vitamin-like chemicals (18), because of their unique biolog-
ical property in reducing capillary fragility and permeability.
In the past half century, a great deal of research has been
conducted to better understand a variety of biological ac-
tions associated with bioflavonoids as well as other dietary
polyphenolic compounds (19-26).

At present, however, little is known about whether there
are naturally occurring phenolic compounds that are used
in the body to serve as physiological cofactors to support
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taglandin; TX, thromboxane.
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the COX-mediated formation of PG products. In our
search for answers, we examined various bioflavonoids
(structures shown in Fig. 1) for their ability to modulate
the catalytic activity of COX I and II in vitro, and their ac-
tivity was compared with phenol, a prototypical activator of
the COX activity. We report here our finding that some of
the bioflavonoids represent a group of most powerful di-
rect stimulators of the catalytic activity of COX I and II
known to date, resulting in an increase in the formation
of various AA metabolites in vitro and also in intact cells
in culture. These data suggest a new possibility that one
of the important biological functions of bioflavonoids in
the human body likely is to serve as the naturally occurring
cofactors for the COX enzymes.

MATERIALS AND METHODS

Chemicals

["*C]Arachidonic acid (["*CJAA, specific radioactivity of 53 Ci/mol)
was purchased from PerkinElmer (Boston, MA). Indomethacin, NS-
398, hematin, flavone, myricetin, quercetin, fisetin, morin, chrysin,
kaempferol, baicalein, daidzein, genistein, silibinin, apigenin, and
lipopolysaccharide (LPS; from Escherichia coli, serotype 055:b5)
were purchased from Sigma Co. (St. Louis, MO). Chrysoeriol,
isorhamnetin, diosmetin, and tamarixetin were purchased from

Extrasynthese (Cedex, France). COX I, COX II, 12-lipoxygenase
(12-LOX), 15-LOX, PGly, PGGy, TXBs, PGEs, 6-keto-PGFy,,
PGFsy,, PGHy, PGDy, 5-hydroxy-5Z,87,117Z,13E-eicosatetraenoic
acid (5-HETE), 11-hydroxy-5Z,87,11Z,13E-eicosatetraenoic acid
(11-HETE), 12-hydroxy-5Z7,87,11Z,13E-eicosatetraenoic acid (12-
HETE), 15-hydroxy-5Z,87,117,13E-eicosatetraenoic acid (15-
HETE), 12-hydroxy-5Z,8E,10E-heptadecatrienoic acid (12-HHT)
and the enzymatic immunoassay kits for PGEs were purchased
from Cayman Co. (Ann Arbor, MI). According to the supplier,
the COX I and COX II preparations used in our present study
had a purity of approximately 95% and 70%, respectively, which
was confirmed by our SDA-PAGE analysis (Fig. 2).

Assay of cyclooxygenase and lipoxygenase activity

For assaying the catalytic activity of COX I and II in vitro, the
incubation mixtures (added to an Eppendrof tube) consisted of
20 pM [MCJAA (0.2 wGi) as substrate, COX I or COX 1II as the
enzyme (0.5 or 0.97 pg/ml, respectively), 10 mM ethylene-
diaminetetraacetic acid (EDTA), 1 mM reduced glutathione,
1 uM hematin, and a bioflavonoid in 200 wl Tris-HCI buffer
(100 mM, pH 7.4). Similarly, for measuring 12-LOX and 15-
LOX activities, the incubation mixtures included 20 pM ['*C]
AA (0.2 pCi) as substrate, 12-LOX or 15-LOX as the enzyme
(at 72 wg/ml or 75 ng/ml, respectively), and a bioflavonoid in
a final volume of 200 pl Tris-HCI buffer (100 mM, pH 7.4).
The bioflavonoids or other test compounds were initially dis-
solved in pure ethanol and then diluted with the reaction buffer.
The reaction was incubated at 37°C for 5 min and terminated by

Substituting group

1. Flavone No functional group A
2. Myricetin  3,5,7,3,4,5 —0OH
3.Quercetin  3,5,7,3,4’ - OH fj\o
4. Fsetin 3,7,4,5 -0H OH
Flavones 5.Morin 3,5,7,2,4 —OH o
6. Baicalein 5,6,7—-0H OH OH
7.Chrysin 5,7—-0H HO O OH
8. Apigenin  5,7,4’—0OH
9. Kaempferol 3,5,7,4"—0OH HO (0]
10. Isorhamnetin  3,5,7,4’-0H, 3’ - CH3
11. Tamarixetin 3,5,7,3 —0OH, 4’ —CH;
12. Diosmetin 5,7, 3’ — OH, 4’ — CH, B ,f{
13. Chrysoeriol 5,7,4’ —OH, 3’ - CHs 0
14. Quercetin glucoside 3 —[B], 5,7, 3,4 — OH o OH
15. Rutin 3-[A],5,7,4,5 -0OH
OH
OH OH
Flavanones
16. Naringenin 5,7, 4’ — OH Cc 0 OH
(o) 17. Naringin  7—[A], 5,4 —0OH 0.
O 18. Hesperidin 7 —[A], 5,5 - OH, 4’ - O- %
19. Silibinin  2-(C], 3,5, 7— OH OH
o
Isoflavones
20. Daidzein 7,4’ —OH
21. Genistein 5,7,4 —OH

Fig. 1. Chemical structures of bioflavonoids and other compounds used in this study.
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Fig. 2. SDS-PAGE analysis (with Coomassie brilliant blue staining)
of the relative purity of the cyclooxygenase (COX) I and II enzymes
used in the present study. The arrow indicates the location of
COX I and II protein bands.

adding 15 wl of 0.5 N HCI to each tube. Ethyl acetate (600 nl) was
added immediately for extraction. The dried extracts were redis-
solved in acetonitrile and analyzed by HPLC for determining the
metabolite compositions.

The HPLC system consisted of a Waters 2690 solvent delivery
system, a Waters 484 UV-detector, and an IN/US B-RAM radioflow
detector, coupled with a Cig column (Atlantis, 4.6 X 150 mm).
For COX metabolites, they were eluted with a linear gradient
from 93% solvent A (25% acetonitrile in water containing 0.01%
acetic acid) and 7% solvent B (100% acetonitrile containing 0.01%
acetic acid) to 14% A and 86% B over 27 min. The gradient was
then changed to 100% A over a 3-min period at a flow rate of
1 ml/min. For LOX metabolites, they were eluted with a linear
gradient from 93% A and 7% B to 32% A and 68% B over 10 min.
The gradient was then changed to 100% A over a 2-min period ata
flow rate of 1 ml/min. The radioactive fractions were detected
using a radioflow detector, while the nonradioactive coeluting
standards were detected at 230 nm (wavelength) for HHT and
various HETEs, and at 200 nm for other PG products.

Mass spectrometric analysis of various AA
metabolites formed

We used the liquid chromatography-mass spectrometry (LC-
MS/MS) for structural identification of the AA metabolites
formed. The HPLC system consisted of a Shimadzu SIL-20AC
autosampler, a pair of LC-20AD pumps, a DGU-20A3 degasser,
and a SCL-10AVP system controller (Shimadzu, Tokyo, Japan).
The mass spectrometer was a Waters Quattro Premier triple quad-
rupole instrument with an electrospray interface source (Waters,
Milford, MA). The entire LC-MS/MS system is controlled by
MassLynx 4.0 software. Thirty percent of the HPLC column ef-
fluent was introduced into an electrospray interface operated in
the negative ionization mode. The interface used nitrogen desol-
vation gas at 650 L/hour, 400°C. The instrument was operated in
the multiple reaction monitoring mode, and each standard mol-
ecule was individually tested for optimization of various parameters
such as cone voltage and collision energy. For optimization of the
cone voltages and collision energies during the method develop-
ment, a solution containing each analyte was infused into the elec-
trospray ionization source at 10 pL/min using a syringe pump

(Pump 11, Harvard Apparatus, Holliston, MA). The mass spectra
for various product ions (daughter ions) were recorded using the
continuum averaging mode of operation.

Determination of the kinetic parameters (K, V. and
Vinax/ Kn) for COX I and 1T

To determine the kinetic parameters (K, and V,,,,) for COX I-
and II-mediated formation of PGFs,, PGEs, PGDy, and 12-HHT,
we used various concentrations of ['*C]AA as substrate in the ab-
sence or presence of a bioflavonoid. The x-axis of the Michaelis-
Menten curves was the varying concentrations of [**CJAA and
the y-axis was the corresponding rate of formation of various
AA products. The curves were analyzed using the SigmaPlot
8.0 software to determine the K,, (wM) and V,,,, (nmol/pug pro-
tein/b min) values.

Cell culture experiments

The murine macrophage RAW264.7 cell line was obtained
from American Type Culture Collection (Rockville, MD) and
maintained in DMEM containing L-glutamine, glucose, and so-
dium bicarbonate. To determine the effect of myricetin (a repre-
sentative dietary bioflavonoid) on the expression of COX I and II
proteins in cultured RAW264.6 cells, these cells were treated with
myricetin alone (0-100 wM) or in combination with LPS. The
COX I and COX II protein levels were analyzed using 10% SDS-
PAGE in a Mini-Protein system (BioRad, Hercules, CA). After elec-
trophoresis, the protein bands on the gel were transferred onto
the PVDF membrane (BioRad, Hercules, CA) for Western blot
analysis. The membrane was first blocked with 5% nonfat dried
milk powder in TrissHCl-buffered saline containing 0.1% Tween-20
(the blocking solution), and then it was probed with polyclonal
rabbit antibodies (Upstate, Lake Placid, NY) against COX I, or
the polyclonal goat antibodies (Upstate, Lake Placid, NY) against
COX II. The primary antibody-antigen complexes were detected
using the goat anti-rabbit IgG for COX I and the rabbit anti-goat
for COX II conjugated to horseradish peroxidase (Invitrogen,
Carlsbad, CA) and developed according to procedures supplied
by the Amersham ECL Plus (Piscataway, NJ).

To determine the effect of bioflavonoids on the formation of
PGEy (a representative PG) by LPS-pretreated RAW264.7 cells, the
cells were first stimulated with 1 wg/ml LPS for 2 h to induce COX
II expression, and then the medium was removed and replaced
with 300 pL of serum-free DMEM with or without the dietary com-
pound at concentrations of 0.01, 0.1 1, 10, and 100 puM. NS-398 (a
COX II specific inhibitor, at 10 uM) and indomethacin (a non-
specific inhibitor of COX I and COX II, 10 pM) were used for
comparison. After additional 2-h incubation, the culture media
were collected and PGEs levels in the culture medium were mea-
sured by using the EIA kit.

RESULTS

Characterization of AA metabolites formed by
COXTI and II

Incubations of COX I or COX II with 20 pM ['*C]AA
produced several radioactive AA metabolites, which in-
cluded PGFy, PGEo, PGDo, 12-HHT, several HETE deriva-
tives (5-HETE, 11-HETE, 12-HETE, and 15-HETE), plus
a few unidentified metabolites (Fig. 3). The overall AA
metabolite profiles formed by COX I and II were similar.
12-HHT was the most abundant product formed in COX I
and IT-mediated reactions. PGGs and PGH,, two well-
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Fig. 3. The HPLC chromatographs showing the separation of the [**C]JAA metabolites formed by COX I- and II-mediated reactions. The
incubation mixture (in an Eppendrof tube) consisted of 20 uM ["*C]AA (0.2 wCi) as substrate, COX I or COX II as the enzyme (0.5 or
0.97 pg/ml, respectively), 10 mM ethylenediaminetetraacetic acid (EDTA), 1 mM reduced glutathione, 1 wM hematin, and a stimulator
chemical in 200 pl of 100 mM Tris-HCI buffer, pH 7.4. A, B: The radioactive AA metabolites formed by COX II in the absence or presence of
100 wM myricetin as a stimulator, respectively. C, D: The radioactive AA metabolites formed by COX I in the absence or presence of 100 uM
myricetin as a stimulator, respectively. Each data point is the mean of duplicate determinations. HETE, hydroxyeicosatetraenoic acid.
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known putative intermediates in AA metabolism, were not
detected in these in vitro reactions. It is likely that these
intermediates might be present transiently and then trans-
formed to other stable PG products. TXBs was formed in
small quantity. In this study, we have mostly focused on the
formation of four major COX products, namely, PGFy,,
PGEy, PGDo, and 12-HHT, when we evaluated the effect
of bioflavonoids on AA metabolism.

The identity of various AA metabolites was first probed
by comparing their HPLC retention times with those of
authentic standards. Then LC-MS/MS was used to confirm
the structural identity of the AA metabolites detected. To
do so, the metabolites were deprotonated to form their
corresponding [M-H] precursor ions in the electrospray
ionization source and then were detected in the negative
ion mode. The MS/MS detector was used to fragment the
precursor ions to form specific product ions. The fragmen-
tation pattern of each AA metabolite produced in vitro was
then matched against a library of authentic standards. A
complete match of the retention time of a given metabo-
lite peak and also its mass fragmentation pattern was
needed for confirmation of the identity of the metabolite
formed. Using this method, we unequivocally confirmed
the identities of PGFo,, PGEs, PGDy, 12-HHT, 15-HETE,
11-HETE, 12-HETE, and 5-HETE.

Stimulation of COX I and II catalytic activity in vitro
by bioflavonoids

Optimization of AA metabolism conditions. To quantify the
COX I- and II-mediated metabolism of ['*C]JAA in vitro,
we first conducted a series of assays to determine the suit-
able concentrations of the enzymes and the substrate, as
well as the incubation time for the metabolic reactions.
The formation of several AA metabolites, such as PGFo,,
PGE,y, PGDy, and 12-HHT, was increased with COX I pro-
tein concentrations from 0 to 4 pg/ml and with COX II
from 0 to 5 wg/ml either in the presence or absence of
myricetin, a representative bioflavonoid stimulator (Fig. 4).
The K,, values for the COX II-mediated formation of PGFy,,
PGEy, PGDy, and 12-HHT were all below 2 uM (Table 1).
Accordingly, a saturating substrate concentration of 20 uM
['*C]AA was used in all in vitro metabolism experiments
reported here unless indicated otherwise. Notably, it was
reported in several earlier studies that the COX-mediated
reaction for the formation of various PG products reached
a plateau very rapidly, within 1 min (16, 17, 27). Our data
also showed that the enzymatic reactions reached plateaus
usually within 1 min of incubation. A uniform 5-min incuba-
tion time was used in all experiments presented in this study.

Effect on AA metabolite profiles. A total of some 20 natu-
rally occurring bioflavonoids were tested in the present
study for their ability to modulate the catalytic activity of
COX I and II in vitro, and the data were summarized in
Fig. 5. The profiles of stimulation of the COX I- and II-
mediated formation of different AA metabolites by differ-
ent bioflavonoids were different. For COX II, myricetin (at
200 wM) had the highest efficacy, increasing the formation
of PGFy,, PGEy, PGDy, and 12-HHT by 549%, 924%, 677%,
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Fig. 4. Effect of the COX concentrations on the formation of
several quantitatively-predominant AA metabolites [PGFy,, PGEo,
PGDy, and 12-HHT] in the absence (open circle) or presence of
100 wM myricetin (filled circle). The incubation mixtures consisted
of 20 uM [MCJAA (0.2 pCi) as substrate, different concentrations
of COX I or COX II as indicated, 10 mM EDTA, 1 mM reduced
glutathione, 1 uM hematin, and with or without 100 uM myricetin
in 200 pl of 100 mM Tris-HCI buffer, pH 7.4. The incubations
were carried out at 37°C for 5 min. Each data point is the mean
of duplicate determinations.

and 680%, respectively (Fig. 5, upper panels). Quercetin,
fisetin, morin, and tamarixetin also had high efficacy for
stimulating the formation of some of the AA metabolites.
Among the various AA metabolites formed by COX II,
PGE, was increased with many of the bioflavonoids tested.
Tamarixetin, baicalein, kaempferol, genistein, quercetin
glucoside, apigenein, isorhamnetin, diosmetin, silibinin,
rutin, diadzein, chrysoeriol, and chrysin had moderate ac-
tivity in stimulating the formation of major AA metabolites.
Naringin, naringenin, hesperidin, and flavone had either
weak or no appreciable effect on the COX II-mediated for-
mation of major AA metabolites (Fig. 5, upper panels).
When COX I was the enzyme, quercetin and fisetin were
the two most efficacious stimulators of PGEs formation
(Fig. 5, lower panels). Notably, several other bioflavonoids
(such as tamarixetin, genistein, chrysoeriol, diosmetin,
kaempferol, apigenin, daidzein) had a preferential stimu-
lation of the COX I-mediated formation of PGDy (by up to
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TABLE 1. Kinetic parameters (K,, and Vyax values) for the COX-mediated formation of PGFy,, PGE9, PGDs, and
12-hydroxy-57,8E,10E-heptadecatrienoic acid (12-HHT)
COX 11 COX 1
Product Myricetin K,, (pM) Vinax (nmol/ug/5 min) Vinax/ Ko K, (pM) Vinax (nmol/pg/5 min) Vonax/ Kin
PGFy, 0 pM 1.8 38 20.8 4.0 23 5.8
100 pM 9.9 236 23.8 4.5 90 20
PGE,o 0 pM 1.2 41 34.2 1.9 29 15.3
100 pM 5.5 457 83.0 2.2 160 72.7
PGDy 0 pM 0.9 30 33.3 5.8 19 3.3
100 pM 2.4 179 74.6 5.3 72 13.6
12-HHT 0 pM 1.0 44 43.5 1.5 26 17.3
100 pM 2.6 375 144.0 1.8 190 105.6
5-HETE 0 pM 4.2 7 1.7 4.2 4 1
100 pM 13 7 0.5 6.4 2 0.3
11-HETE 0 pM 9.7 14 1.4 4.6 5 1.1
100 uM 15.4 142 9.2 4.8 35.2 7.3
12-HETE 0 pM 8.4 11 1.3 5 13 2.6
100 pM 15.6 7 0.4 6.6 2 0.3
15-HETE 0 pM 8.2 16 2.0 261.3 222 0.8
100 pM 35.2 168 4.8 126.1 230 1.8

COX, cyclooxygenase; HETE, hydroxyeicosatetraenoic acid.

10-fold) over other AA metabolites (PGFy,, PGEy, and
12-HHT). Interestingly, flavone (a man-made flavonoid
without any hydroxyl groups) also exerted a strong prefer-
ential efficacy in stimulating the COX I activity for the for-
mation of PGDs (692%), but it only had a weak stimulatory
effect on the COX II activity. Resveratrol also inhibited the
COX T activity.

For comparison, we have also tested the effect of phe-
nol, the prototypical activator of the catalytic activity of
COX I and II under the same conditions. The presence
of phenol at 2 mM (a concentration used in many pub-
lished studies) showed only a modest stimulation of the
COX I- and II-mediated conversion of AA to various PG
products (Fig. 5). When phenol is compared with some
of the bioflavonoids (such as quercetin and myricetin)
for their ability to stimulate COX I and II-mediated forma-
tion of PGEy, the naturally occurring compounds had up
to 22- to 29-fold higher efficacy than phenol.

Lastly, it is also of note that the degree of stimulation of
COX I and II by various bioflavonoids did not show a
meaningful degree of correlation, except for the forma-
tion of PGEy (2 = 0.458) and 12-HHT (»2 = 0.299). This
result suggests that although the AA metabolite profiles
formed by COX I and II are similar, their sensitivity to
the stimulation by various bioflavonoids as well as the under-
lying mechanisms of their stimulation are likely different.

Concentration dependence of bioflavonoids. Using myricetin
as an example, its stimulatory effect on COX I-mediated
formation of various AA metabolites, such as PGFy,, PGEo,
PGDy, and 12-HHT, was clearly concentration dependent
(Fig. 6). The curve had a biphasic pattern: at lower con-
centrations (<125 wM), it strongly stimulated the forma-
tion of most AA metabolites in a concentration-dependent
manner and reached a plateau when 125-250 M of myr-
icetin was present. At concentrations (=250 uM), myricetin
started to show a concentration-dependent reduction of its
stimulatory effect, and it almost returned to the basal levels
(or even slightly below that) when 1,000 wM of myricetin
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was present. The maximal stimulation of COX I-mediated
formation of PGFy,, PGEs, PGDs, and 12-HHT by myricetin
was approximately 4-, 7-, 4-, and 8-fold, respectively. Myricetin
also had a strong stimulation of the COX Il-mediated for-
mation of PGFs,, PGEs, PGDs, and 12-HHT (approxi-
mately 6-, 10-, 8-, and 8fold, respectively, of the controls)
(Fig. 6). Notably, myricetin’s biphasic pattern of regula-
tion of COX II-mediated formation of PGFs,, PGE,, and
PGDy was somewhat less pronounced compared with
COX I, with a reduced self-inhibition when it was present
at higher concentrations (Fig. 6). In addition, we have
also compared the concentration-dependent effect of
quercetin, fisetin, and morin on the catalytic activity of
COX II in vitro, and similar curve patterns were observed

(Fig. 6).

Mechanisms for the stimulation of COX II activity
by bioflavonoids

Enzyme kinetics. To evaluate the enzyme kinetics for the
stimulation of COX I and II activity by dietary polyphenols,
several representative bioflavonoids (myricetin, quercetin,
fisetin, and morin) were chosen for further studies. We fo-
cused on analyzing the formation of PGFs,, PGEs, PGDo,
and 12-HHT as major products. The Michaelis-Menten
curves for the COX I- and II-mediated formation of rep-
resentative AA metabolites in the presence of myricetin
is shown in Fig. 7. All kinetic parameters (K, V.. and
Vinax/ K) for COX I- and II-mediated formation of PGFo,
PGE,, PGDy, 12-HHT, 5-HETE, 11-HETE, 12-HETE, and
15-HETE in the presence or absence of different bioflavo-
noids were calculated using curve regression analyses and
were summarized in Table 1 for comparison. The presence
of a bioflavonoid greatly increased the V,,,, values (up
to 11-fold), although the apparent the K,, value for the
formation of PGEy was also increased (approximately
2.5-fold). In most cases, the V,,,./K, values were signifi-
cantly increased, which shows an increased catalytic effi-
ciency for AA metabolism by COX I and II in vitro. It is
of note that while 15-HETE was a quantitatively major
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metabolite formed by COX I and II, its apparent K,, values
were unusually high compared with all other AA metabo-
lites characterized (Table 1).

Time course of the stimulation. In the absence of any bio-
flavonoids, the COX II-mediated formation of PGEy and
other AA metabolites reached a plateau within 1 min
(sometimes as short as 20 to 30 s). However, in the pres-
ence of 100 uM myricetin, the amount of PGs formed by
COX II increased continuously for nearly 5 min (Fig. 8).
When myricetin was added to the reaction mixtures after
a 3-min incubation at 37°C, the formation of PGs was
not further increased (Fig. 8). This observation suggests
that the presence of myricetin only slows down the self-
inactivation of the COX enzyme, but it does not restore
the enzyme molecules that are already inactivated.

Effect of bioflavonoids on PGEy formation in
RAW264.7 cells

We conducted a number of experiments to determine
the modulating effect of representative dietary bioflavo-
noids on PG formation in cultured RAW264.7 cells that
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were pretreated with LPS for 2 h to induce COX II expres-
sion. Western blot analysis showed that treatment of
murine RAW264.7 cells with LPS increased the protein lev-
els of COX II, but not COX I (Fig. 9). In comparison, treat-
ment with myricetin alone or in combination with LPS
did not appreciably alter COX II protein levels in these cells
(Fig. 9). These data showed that pretreatment of RAW264.7
cells with LPS significantly and selectively induced the lev-
els of COX II protein but not the COX I protein.

Next we have determined the effect of these bioflavo-
noids on the levels of PGEy (a representative PG) in the
culture media of LPS-pretreated RAW264.7 cells using an
EIA kit. Cells pretreated with LPS had a markedly in-
creased formation of PGE,, and the formation of PGEy
was almost completely inhibited when 10 uM NS-398 (a
specific COX II inhibitor) or 10 uM indomethacin (a non-
selective COX inhibitor) was present (Fig. 10A). These
data suggest that the PGE, formed by LPS-pretreated
RAW264.7 cells was mainly catalyzed by the COX II en-
zyme that was selectively induced during LPS pretreat-
ment. Addition of myricetin, quercetin, fisetin, or morin
to LPS-pretreated RAW264.7 cells exhibited a dual pattern
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Each data point is the mean of duplicate determinations. The ki-
netic paramters (K, V. and V,,./K,) for all AA metabolites
were summarized in Table 1.

of concentration-dependent stimulation and inhibition of
PGE, formation (Fig. 10B). Atlower concentrations (<1 uM),
the formation of PGE, was stimulated in a concentration-
dependent manner by the presence of these dietary com-
pounds, and the stimulation reached a plateau when the
concentration reached approximately 1 wM. However, at
higher concentrations (>10 uM), these dietary com-
pounds showed a concentration-dependent inhibition of
PGEy formation (Fig. 10B). In comparison, flavone (which
does not have a stimulatory effect on COX II-mediated
formation of PGs in vitro; see Fig. 5) did not have a stim-
ulatory effect on the formation of PGEs in LPS-pretreated
RAW264.7 cells. Instead it inhibited PGEy formation in a
concentration-dependent manner, which is consistent with
the finding from in vitro enzymatic assays.

Effect of bioflavonoids on the in vitro catalytic activity
of LOXs

To determine whether the observed direct stimulation
of COX activity by certain bioflavonoids is an enzyme-
specific phenomenon, we have compared their effect on
the LOX-mediated AA metabolism. The formation of
12-HETE by 12-LOX and the formation of 15-HETE by
15-LOX was uniformly inhibited by all bioflavonoids tested
(Fig. 11). Notably, when COX I and II were used as the en-
zymes, the formation of small amounts of various HETEs
was also detected. Interestingly, some of the bioflavonoids
stimulated the COX-mediated formation of HETEs (partic-
ularly 11-HETE and 15-HETE) in a similar way as they stim-
ulated the COX-mediated formation of PGs (Fig. 3).

DISCUSSION

Direct stimulation of the catalytic activity of COX I and II
by bioflavonoids

In 1980, Baumann, von Bruchhausen, and Wurm (28)
first reported that some of the dietary polyphenols, such
as galangin and luteolin, inhibited the COX-mediated
AA peroxidation when present at high concentrations.
Since then, several researchers have also reported that
other dietary polyphenols, including many of the common
bioflavonoids tested in the present study, inhibited the
catalytic activity of COX I and II in vitro and in vivo when
present at high concentrations (29, 30). In addition, bio-
flavonoids have been reported to inhibit the LOX activity
(31). The effect of polyphenols on the catalytic activity of
5-LOX and 12-LOX has been studied extensively in the
pastin an effort to better understand their anti-inflammatory
properties (32). This inhibitory effect has often been used as
a mechanistic explanation for their chemopreventive effect
against certain types of cancer (33).

In the present study, we have evaluated some 20 natu-
rally occurring bioflavonoids for their ability to modulate
the catalytic activity of COX I and II in vitro. To our surprise,
some of the common bioflavonoids, such as myricetin,
quercetin, and fisetin, were found to have a powerful, di-
rect stimulatory effect (up to 11-fold increase) on the COX
I- and II-mediated formation of PGEy and other PG prod-
ucts. This stimulatory effect of bioflavonoids was enzyme
specific because none of them stimulated the catalytic ac-
tivity of LOXs. Compared with phenol, a prototypical COX
stimulator in vitro, the naturally occurring bioflavonoids
are up to 29 times more efficacious in stimulating the
COX activity. To the best of our knowledge, these natural
compounds are the most powerful direct stimulators of the
in vitro COX I and II catalytic activity known to date.

In addition, we have also conducted experiments using
cultured cells, which clearly showed that these bioflavonoids
could strongly stimulate COX-mediated formation of PGEo
(a representative PGs) in intact cells, and a strong stimula-
tory effect was observed at physiologically achievable concen-
trations (10 to 100 nM). These data provide support for the
novel concept that these dietary bioflavonoids are physiologi-
cally relevant activators of the COX I and II activity in vivo.
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Here it should be noted that the potency of these die- the in vitro reaction conditions, which may not be best
tary compounds in intact cells (Fig. 10) is much higher  suited for studying the interactions of the highly lipophilic
than what was seen in the in vitro enzymatic assays (Figs. 5 COX enzymes with the water-soluble dietary compounds.

and 6). This discrepancy may lie in the difference between In partial support of this explanation, we noticed that the
Without LPS With LPS
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Myricetin (uM) 0 0.01 0.1 1 10 0 0,01 0.1 1 10

CON1 | D —-—- - . .. - -

Fig. 9. Effect of lipopolysaccharide (LPS) and myricetin on COX I and COX II protein levels in RAW264.7 cells
in culture. After treatment with 1 wg/ml LPS for 2 h, RAW264.7 cells were incubated with different concentra-
tions of myricetin for an additional 2 h. Western blot analysis of cell lysates was performed with antibodies specific
for COX I or COX II, coupled with a secondary antibody conjugated with horseradish peroxidase. A total of
three experiments were conducted, and a representative data set from one of the experiments was shown.
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concentration-dependent dual stimulation and inhibition The exact molecular mechanism by which bioflavonoids
was also observed in almost exactly the same pattern in both stimulate the catalytic activity of COX I and II is not pre-
in vitro biochemical assays and intact cells, although the cisely understood at present. As observed in the present
COX enzymes in intact live cells were far more sensitive study and also in several other studies (34-37), COX I
to the actions of these dietary compounds than the COX  and II rapidly undergo suicidal inactivation, which likely
enzymes used in the in vitro biochemical assays. is mediated by chemically reactive radical intermediates

1G5y =352 pM - IC5)=58.6 uM 1

12-LOX
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Fig. 11. The inhibitory effect of myricetin, quercetin, and
fisetin on the catalytic activity of 12-LOX and 15-LOX in
vitro. The incubation mixture consisted of seven different

120 . . . . . . concentrations (0, 31.3, 62.5, 125, 250, 500, and 1,000 wM)
of quercetin, fisetin, or morin, 20 pM [**CJAA (0.2 wCi) as
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formed during enzymatic catalysis of cyclooxidation and
peroxidation. Data from our present study showed that
bioflavonoids mainly act to slow down the suicidal inactiva-
tion of the COX enzymes, but they cannot reactivate the
inactivated enzymes.

Bioflavonoids are known to have strong radical-scavenging
activity as well as antioxidant activity (38). Earlier structure-
activity relationship studies have shown that the presence
of a 3-hydroxyl group in the heterocyclic Gring, a catechol
group in the Bring, and a C2-C3 double bond of a biofla-
vonoid favored its antioxidant and free radical-scavenging
activity (38—41). The stimulatory effect of bioflavonoids on
COX-mediated AA metabolism may be contributed, in part,
by their radical-scavenging properties. It is possible that the
hydroxyl groups of bioflavonoids may bind to the enzymes
to act as electron donors, accelerating their peroxidative
activity to convert PGGy to PGHy. However, the free radical-
scavenging activity of various bioflavonoids is not believed
to be a major mechanism of their actions because the de-
gree of stimulation of COX activity by bioflavonoids did
not correlate with the number of hydroxyl groups pres-
ent at their Bring. Notably, flavone (a synthetic compound
with no hydroxyl groups attached to it) also showed strong,
selective activity in stimulating the formation of certain
AA metabolites. This observation is rather intriguing, and
it sheds light on the mechanisms of the stimulatory ac-
tions of these bioflavonoids.

Physiological/pathophysiological implications

In the body, the COX I- and II-mediated metabolism
of AA results in the formation of various PGs, TXs, and
HETEs (1-4). These autacoids exert a whole host of bio-
logical actions in the body through activation of specific
membrane receptors (5—7). One of the best known func-
tions of PGs is their ability to mediate an inflammatory
response (42). It is expected that persistent alterations,
either increase or decrease, of the COX I- and II-mediated
biosynthesis of autacoids in vivo will have consequential
health effects. Preclinical studies have shown that inhibi-
tion of the COX I and II activity in vivo may inhibit the
intestinal tumorigenesis in the APC™™ " mice (33). How-
ever, long-term inhibition of COX I and/or COX II by ef-
fective COX inhibitors has also been closely linked to a
number of notorious side effects including gastrointes-
tinal ulceration and bleeding as well as increased risk for
heart attacks (43). The gastrointestinal toxicity appears
to be largely related to COX I inhibition (44). In compar-
ison, selective COX II inhibition (caused by the use of
Celebrex or Vioxx) would decrease the production of
vascular prostacyclin (PGly), thereby affecting the balance
between the levels and functions of the prothrombotic and
antithrombotic eicosanoids (45, 46). These clinical obser-
vations suggest that lower basal levels of the COX I and II
activity are not always better or beneficial for optimal
health; on the contrary, it is believed that a balanced
COX activity is required for the normal physiological func-
tions in vivo.

Bioflavonoids are phytochemicals produced by various
plants in large quantities (47). They are among the most
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potent antioxidants present in our diet, and have been a
subject of a great deal of research in the past several de-
cades because of their many health-promoting benefits
and broad pharmacological effects (16-22). A number
of recent studies have shown that many of these dietary
polyphenols can be effectively absorbed in the digestive
system in humans and are present in circulation and tis-
sues at physiologically or pharmacologically relevant con-
centrations (48-53). Historically, some members of the
bioflavonoid family were once considered to be a class of
vitamin-like compounds (18), because of their unique bio-
logical property in reducing capillary fragility and perme-
ability. Nowadays, bioflavonoids are not considered as
vitamins because they have not been shown unequivocally
to be essential dietary constituents required for normal
physiological functions. Mechanistically, it is generally
believed that their potent antioxidant and free radical-
scavenging activity (54—59) contributes importantly to many
of their health-promoting effects. However, the results of
our present study raise an exciting possibility that some of
the unique vitamin-like actions of bioflavonoids may be at-
tributable to their strong stimulatory effect on the COX I
and II catalytic activity in vivo. Stated differently, we hy-
pothesize that bioflavonoids may be a group of naturally
occurring cofactors that are used in the body by COX I
and II to support their catalytic activity. If this assumption
proves to be correct, then this would naturally lead to the
suggestion that the original proposal of nearly half a cen-
tury ago concerning bioflavonoids as vitamin-like com-
pounds may still be valid.

CONCLUSION

In the present study, we have tested some 20 naturally
occurring bioflavonoids for their ability to stimulate the
catalytic activity of COX I and II in PG biosynthesis in vitro.
We found that some of the bioflavonoids, such as myricetin,
quercetin, fisetin, and morin, have a powerful direct stim-
ulatory effect on the COX I and II activity, and they are per-
haps the most efficacious stimulators of the COX I and II
catalytic activity known to date. Given the large amount of
preexisting information in the literature concerning the
inhibitory effect of dietary polyphenols on the COX activ-
ity, our finding is rather intriguing, and it suggests that
bioflavonoids may represent a unique class of physiologi-
cal, high-efficacy stimulators of the COX I and II activity
in vivo. il

The authors would like to thank Dr. Gregory A. Reed at the
University of Kansas Medical Center for helpful discussion.
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