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BACKGROUND AND PURPOSE

Quercetin is anti-inflammatory in macrophages by inhibiting lipopolysaccharide (LPS)-mediated increases in cytokine and nitric
oxide production but there is little information regarding the corresponding effect on the vasculature. We have examined the
effect of quercetin, and its principal human metabolites, on inflammatory changes in the porcine isolated coronary artery.

EXPERIMENTAL APPROACH

Porcine coronary artery segments were incubated overnight at 37°C in modified Krebs-Henseleit solution with or without

1 ug-mL™" LPS. Some segments were also co-incubated with quercetin-related flavonoids or Bay 11-7082, an inhibitor of
NFxB. Changes in isometric tension of segments to vasoconstrictor and vasodilator agents were recorded. Nitrite content of
the incubation solution was estimated using the Griess reaction, while inducible nitric oxide synthase was identified
immunohistochemically.

KEY RESULTS

Lipopolysaccharide reduced, by 35-50%, maximal contractions to KCl and U46619, thromboxane A, receptor agonist, and
impaired endothelium-dependent relaxations to substance P. Nitrite content of the incubation medium increased 3- to 10-fold
following exposure to LPS and inducible nitric oxide synthase was detected in the adventitia. Quercetin (0.1-10 uM) opposed
LPS-induced changes in vascular responses, nitrite production and expression of inducible nitric oxide synthase. Similarly,

10 uM Bay 11-7082, 10 uM quercetin 3’-sulphate and 10 uM quercetin 3-glucuronide prevented LPS-induced changes, while
myricetin (10 uM) was inactive. Myricetin (10 uM) prevented quercetin-induced modulation of LPS-mediated nitrite
production.

CONCLUSION AND IMPLICATIONS

Quercetin, quercetin 3’-suphate and quercetin 3-glucuronide, exerted anti-inflammatory effects on the vasculature, possibly
through a mechanism involving inhibition of NFkB. Myricetin-induced antagonism of the effect of anti-inflammatory action of
quercetin merits further investigation.

Abbreviations
DMEM, Dulbecco’s modified Eagle’s medium; K-H, Krebs-Henseleit; LPS, lipopolysaccharide; NOS, nitric oxide synthase

© 2011 The Authors British Journal of Pharmacology (2011) 162 1485-1497 1485
British Journal of Pharmacology © 2011 The British Pharmacological Society



S Al-Shalmani et al.

Introduction

Numerous epidemiological studies indicate that fla-
vonoid intake as part of a balanced diet confers
beneficial health effects in man, including improved
cardiovascular function, reduced incidence of
cancer and amelioration of symptoms associated
with inflammatory disorders (Boots et al., 2008).
Quercetin is a major flavonoid found in various
foods, such as apples, onions and broccoli, that is
reported to possess a range of biological activities in
isolated cells and tissues (Halliwell, 2007; Boots
et al., 2008). When ingested as a supplement in man
some of the effects noted for quercetin have been
consistent with both the epidemiological and in
vitro observations (Williamson and Manach, 2005).
For example, Edwards etal. (2007) demonstrated
that quercetin lowered blood pressure in hyperten-
sive subjects, an effect potentially related to the
reported direct vasodilator action of this flavonoid,
and its metabolites, on isolated blood vessels (Perez-
Vizcaino et al., 2002).

With respect to putative anti-inflammatory activ-
ity of quercetin, cytokine-induced or lipopolysac-
charide (LPS)-induced production of nitric oxide
and prostanoids in human macrophage cell lines
have been reported to sensitive to high concentra-
tions (>10 uM). of the flavonoid (Chen et al., 2005;
Hamalainen et al., 2007). The mechanism for this
protective effect of quercetin has been attributed to
suppression of LPS-induced activation of NFxB, pos-
sibly linked to stabilization of the cytoplasmic
NFxB/IkB complex (Hamalainen et al., 2007) and
specific inhibition of IxB kinase (Chen et al., 2005).
In mouse microglia, quercetin (at approx’ 3 uM)
exerted a greater inhibitory effect on LPS-induced
nitrite production compared with that elicited by
interleukin-1f (Chen etal., 2005), thereby high-
lighting the selective nature of this action. The sig-
nificance of these observations has, however, been
called into question because the concentrations
used greatly exceeds plasma levels of the aglycone
detected in man (approximately 30 nM) and there is
no information regarding the biological activity of
key metabolites (Kroon et al., 2004).

It is well recognized that the vasculature is a
significant component in the development of
inflammatory responses. Endothelial cells exhibit
signs of altered expression of cell adhesion mol-
ecules (Read efal., 1994), while vasoconstrictor
responses are reduced under the influence of locally
generated dilator substances (Mitchell ef al., 2007;
van Gil et al., 2008). For example, nitric oxide pro-
duction in blood vessels is increased by inflamma-
tory stimuli and is recognized as a major contributor
to increased local blood flow (Mitchell et al., 2007).
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While there is recent information concerning the
effect of quercetin and its metabolites on the expres-
sion of endothelial cell adhesion molecules (Tribolo
et al., 2008), there is no comparable study regarding
the changes in contractions of vascular smooth
muscle.

In the present study we have investigated the
effect of quercetin, and two of the key metabolites in
man, quercetin 3’-sulphate and quercetin
3-glucuronide (Kroon et al., 2004; Wang and Morris,
2005), against LPS-induced changes in contractions
of the porcine isolated coronary artery (Qi etal.,
2007) and the generation of nitric oxide. In addi-
tion, as many quercetin-rich foods also contain sig-
nificant amounts of myricetin, a 5’ hydroxylated
derivative of quercetin (Fusi etal.,, 2005;
Hamalainen et al., 2007), this flavonoid was also
examined.

Methods

Porcine hearts were obtained from a local abattoir
and placed in modified Krebs-Henseleit (K-H) solu-
tion (composition (mM): NaCl, 118; KCI, 4.§;
MgS04.7H,0, 1.2; CaCl,.2H,0, 1.3; NaHCO;, 25.0;
KH,PO, 1.2.), maintained at 4°C before being trans-
ported to the laboratory. The anterior descending
branch of the coronary artery was dissected from the
hearts, cleaned of connective tissue and then
divided into 4 mm long segments.

Contraction studies

For contraction experiments, single segments of the
porcine coronary artery were incubated in 2 mL K-H
solution (previously gassed with 95% O, and 5%
CO; for 5 min.) containing 2% Ficoll and a combi-
nation of 60ug-mL" benzyl penicillin and
20 pg-mL™" streptomycin sulphate. The solution also
contained 1 pg-mL™ LPS, various concentrations of
quercetin or a combination of LPS and the flavonoid
(added 60 min before LPS) and then sealed in a
sterilized glass vial and stored overnight at 37°C for
16-18 h. In some experiments the effect of 10 uM
myricetin, 10 uM quercetin 3’-sulphate or 10 uM
quercetin 3-glucuronide in the presence of LPS was
examined. In addition, the effect of co-incubation
with a selective inhibitor of NFxB, Bay 11-7082
(10 uM) (Pierce et al., 1997), against LPS-induced
changes in the blood vessel was also assessed.
Unless, indicated otherwise, all experiments were
conducted on nominally endothelium-intact seg-
ments of the coronary artery. In a further set of
experiments the effect of 1 uM quercetin was exam-
ined against LPS-induced changes in contractile
responses in endothelium-denuded segments of the



coronary artery, prepared as described by Suri et al.
(2010). In all instances the segments were effectively
paired so that each experimental condition had a
control segment taken from the same animal

After overnight storage, segments were removed
from the incubation solution and placed in K-H
solution (maintained at 37°C and gassed with 95%
0; and 5% CO,) in a 15 mL isolated organ bath,
prepared for isometric tension recordings as previ-
ously described (Qi etal., 2007) and allowed to
equilibrate for 60 min. Contractions of the segment
were measured using a Grass FT03 isometric force
transducer connected to a MacLab unit coupled to a
Macintosh LC4 computer running Chart 3.5. An
initial resting tension of 80 mN was slowly applied
to each segment at the end of the equilibration
period and the recorded tension declined to
40-60 mN over the next 40 min. Segments were
repeatedly exposed to 60 mM KCIl for 15 min until
reproducible contractions were observed. The prepa-
rations were exposed to cumulatively increasing
concentration of either KCI (6-60 mM) or U46619
(a stable thromboxane-mimetic analogue, 9,11-
dideoxy-9¢,11a-methanoepoxyprostaglandin =~ Fj,,
1-200 nM). When each preparation was exposed to
a maximally effective concentration of U46619,
10 nM substance P was added to assess the integrity
of the endothelium. In some experiments, the
involvement of nitric oxide in the effect of LPS on
contractile responses was investigated by adding
10 uM 1400 W, a selective inhibitor of inducible
nitric oxide synthase (iNOS) (Garvey et al., 1997),
30 min before constructing concentration-response
curves to either KCI or U46619.

Nitrite ion determination

For the measurement of nitrite ion accumulation, a
marker for nitric oxide production (Kelm, 1999),
two segments were incubated in each vial for 24 h
with aerated Dulbecco’s modified Eagle’s medium
(DMEM) (without phenol red) containing 1 mM
L-arginine, 60 ug-mL™" benzyl penicillin and
20 ug-mL™* streptomycin. The segments were
exposed to either 1ug-mL™' LPS, a flavonoid, or
combination of LPS and flavonoid, as described
above. Some preparations were also exposed to
either 10 uM 1400 W, 1 uM dexamethasone or
10 uM Bay 11-7082 for 24 h in the presence of
1 ug-mL™ LPS. After the incubation period, the seg-
ments were removed, briefly blotted on paper cloth
and weighed. Nitrite ion accumulation in the incu-
bation medium was determined by the Greiss reac-
tion as previously described (UKil et al., 2006). Five
hundred microlitres of Greiss reagent (1% sulpha-
nilamide and 0.1% naphthylethylamine diamine in
5% hydrocholoric acid) was added to 500 pL of the
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incubation medium and optical density measured at
550 nm, using a UNICAM UV/VIS spectrophotom-
eter. A standard concentration-optical density curve
was calculated for every assay using sodium nitrite
solution against a blank (500 uL. DMEM and 500 puL
Griess Reagent). In a separate experiment we estab-
lished that incubation of DMEM containing either
the flavonoid, LPS or a combination of both
(without the arterial segments) produced an optical
density reading similar to the blank. The minimum
detectable amount of nitrite was 375 nmoles.

Immunohistochemistry

Sections of the coronary artery incubated under the
above conditions were prepared on a cryostat (5 um
thick) and stored frozen at —-80°C until required. The
section were then warmed to room temperature for
20 min and fixed in cold acetone at —4°C for 20 min.
To block endogenous peroxidase activity, sections
were treated with blocking serum (two drops of
vectastain in 5 mL phosphate buffer solution (pH
7.4) containing 2% w/v immunohistochemical
grade bovine serum albumin) for 10 min at room
temperature. The sections were then incubated for
1 h with primary mouse antibodies: porcine-CD31
(diluted 1:75) or rabbit iNOS (diluted 1:100). The
sections were then washed in phosphate buffer
solution, incubated for 10 min with biotinylated
anti-mouse antibody in 10% NGS (Vectastain ABC
Kit), washed in phosphate buffer solution, incu-
bated for a further 5 min with ABC (avidin-biotin-
peroxidase) reagent in phosphate buffer solution
and, finally, washed again. Immunoreactive CD31
and iNOS were visualized by incubating the sections
in Vector Red substrate (one drop of levamisole solu-
tion to S mL of 200 M Tris-HCI pH 8.2) for 30 min.
Finally, sections were dehydrated and cover-slipped
with DPX mounting medium. The observation and
photographs were made using a light microscope
(Leica DM4000B) and an imaging digital camera.
Images were obtained using Openlab (improvision,
UK).

Data analysis and statistics

Contractions produced by U46619 and KCl were
measured as milliNewtons force (mN). Responses
were expressed as the maximum contraction (Emax),
and potency determined as the negative logarithm
of the concentration causing 50% of the maximum
response (-log ECso or pD») using a logistic equation
(Kaleidagraph, version 3.6 Synergy Software). The
values are shown as the mean (=SEM). The content
of nitrite ions in the medium was calculated accord-
ing to the equation deduced from the standard
curve. The amount on nitrite ions in the medium
was then divided by the wet weight of tissues to
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obtain the amount of nitrite ion production from
each segment, as nmoles (mg wet weight)™. In the
majority of instances differences between mean
force developed (mN) in segments from the same
animal were assessed by a paired Student’s t-test
(two-tailed). When responses were normalized, rela-
tive to either the maximum contractile response in
the corresponding control segment, or pre-existing
tone (dilator responses), then difference were
assessed using a Wilcoxon test. Where there was
more than one treatment condition assessed differ-
ences were analysed by ANOVA followed by post hoc
Dunnett’s test. A P-value < 0.05 was considered sta-
tistically significant.

Materials

Benzyl penicillin, streptomycin sulphate, Ficoll, LPS
(Eschericha coli O 11I1:B4), Bay 11-7082 ((E)-3(4-
methylphenylsulfonyl)-2-propenenitrile),  sulpha-
nilamide, N-(1-napthyl)-ethylene-diamine dihydro
chloride and quercetin dehydrate were all obtained
from Sigma-Aldrich Company Ltd (Poole, Dorset,
UK). Substance P was obtained from Bachem (UK).
U46619 was obtained from Alexis Coporation (Not-
tingham, UK). 1400 W was obtained from Tocris
Cookson Ltd (Avonmouth, UK). Dexamethasone
sodium phosphate was purchased from Organon
(Cambridge, UK). DMEM was supplemented with
antibiotics (see above) and 2 mM L-glutamine
(Gibco). The metabolites of quercetin, quercetin-3’-
sulphate and quercetin-3-glucuronide, were pre-
pared at the Institute of Food Research, Norwich
(Needs and Kroon, 2006). Antibodies against rabbit
iNOS (Santa Cruz Botechology, Santa Cruz, Califo-
nia, USA) and mouse anti-porcine CD31 (MCA1747,
Serotec, Kidlington, UK) were also obtained. Quer-
cetin, Bay 11-7082 and quercetin metabolites were
dissolved in 100% DMSO at a concentration of
10 mM (<0.1% DMSO in final incubation medium),
whereas dexamethasone was dissolved in absolute
ethanol at a concentration of 10 mM, all other drugs
were dissolved in distilled water.

Results

Contraction studies

KCI and U46619 elicited concentration-dependent
contractions of the porcine coronary artery
(Figure 1A,B), with a potency (pD;) of 1.59 = 0.01 (n
= 11) and 7.96 = 0.05 (n = 11) respectively. Over-
night exposure of the porcine coronary artery to
1 ug-mL™ LPS significantly reduced the maximum
response KCI to 68.8. = 3.1% (n = 11) of control
without significantly altering the potency (pD. 1.55
+ 0.02). Similarly, the maximum response to
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U46619 was reduced to 71.4 = 2.1% (n = 11) of
control with no alteration in the potency (pD. —
7.89 = 0.07). Following overnight co-incubation of
segments with LPS and 10 uM Bay 11-7082, a selec-
tive inhibitor of NFkB (and subsequent removal),
submaximal and maximal responses to both ago-
nists were significantly increased (Figure 1), with the
maximum contractions equivalent to 84.9 = 3.1%
(KCl) and 89.8 = 2.6% (U46619) of the control
responses (Figure 1). The potency of the agonists
was not altered (data not shown). As shown in
Figure 1C,D, LPS-induced suppression of the
maximum responses to KCl (31.9 £ 4.5%, n = 12)
and U46619-induced contractions (28.9 = 12.4%, n
= 12) were abolished following post-incubation
exposure to 10 uM 1400 W, a selective inhibitor of
iNOS.

Overnight co-incubation of porcine coronary
artery segments with 1 ug-mL™ LPS and 10 uM quer-
cetin (and subsequent removal) increased responses
to both KCl and U46619 compared with that of LPS
alone (Figure 2). In contrast, overnight incubation
with 10 uM myricetin did not affect LPS-induced
inhibition of KCI and U46619-induded contractions
(Figure 2). At the end of the U46619 concentration-
response assay, the addition of 10 nM substance P
produced a transient relaxation (25.9 £ 5.6%, n =
13) in control preparations (see also Table 1) that
was significantly reduced (P < 0.01) following LPS
treatment. As shown in Table 2, the inhibitory effect
of LPS on substance P-induced relaxations was pre-
vented by co-incubation with 1 uM and 10 uM quer-
cetin. In contrast, substance P-induced relaxations
were not significantly different between segments
incubated overnight with either 1 ug-mL™ LPS or
1 ug-mL™" LPS and 10 uM myricetin (Table 2).

Surprisingly, overnight incubation of segments
with either 10 uM quercetin alone or 10 uM myrice-
tin alone (followed by subsequent removal) was
associated with a significant reduction, of the con-
tractions elicited by KCI (see Table 1). Responses to
U46619 were also significantly reduced, following
overnight exposure to 10uM myricetin alone
(Table 1). Although exposure to 10 uM quercetin did
not significantly affect U46619-induced contrac-
tions (Table 1), substance P-induced relaxations
were significantly reduced. Table 1 also shows that
overnight exposure to 1 uM quercetin did not affect
either KCI or U46619-induced contractions or sub-
stance P-induced relaxations.

Figure 3 shows that porcine coronary artery seg-
ments exposed overnight to a combination of
0.1 uM quercetin with 1 ug-mL™ LPS, or 1 uM quer-
cetin with 1 ug-mL™ LPS, elicited larger contractions
to both KCI and U46619 compared with segments
exposed to 1 pug-mL™" LPS alone. Prior exposure to
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LPS, while 1400 W was added to the organ bath 20 min prior to construction of the concentration response curves. The responses shown are as

mean *
lipopolysaccharide.

1 uM or 10 uM quercetin prevented the inhibitory
effect of 1ug-mL' LPS on substance P-induced
relaxation and was associated with a small increase
in the potency of U46619 (Table 2). The impairment
of KCl and U46619 responses caused by 1 ug-mL™
LPS was also significantly reduced by prior exposure
to either 10 uM quercetin-3’-sulphate or 10 uM
quercetin-3-glucuronide (Table 2). Similarly, sub-
stance P-induced relaxations following exposure to
LPS were significantly larger when preparations
were co-incubated with the metabolites (Table 2).
Figure 4 shows that while both 1 uM quercetin and
a combination of 1 uM quercetin and 10 uM Bay K
11-7082 was able to oppose the inhibitory effect of
LPS on constrictor responses and endothelium-
dependent relaxations, there was no difference
between the two conditions (see Table 2).

In a separate set of experiments we established
that following removal of the endothelium, over-
night exposure to 1 ug-mL™ LPS was still associated
with a significant reduction in the maximum con-
tractions to KCI (76.8 = 3.2% of control segments, n
= 8) and U46619 (71.2 = 4.6% of the control seg-

SEM of 11-12 observations. *P < 0.05, significant difference between the responses for the paired LPS-treated preparations. LPS,

ments, n = 8). Successful removal of the endothe-
lium was verified at the end of the experiment by
the failure of substance P to cause relaxation of
U46619-induced tone. As shown in Table 2, incuba-
tion with 1 uM quercetin in endothelium-denuded
segments afforded significant protection against the
inhibitory effect of 1pug-mL™' LPS on maximal
responses to both agonists.

Nitrite ion accumulation

Following overnight storage in DMEM control seg-
ments of the porcine coronary artery produced
between 3 and 30 nmol nitrite (mg wet weight)™.
Exposure to 1 pg-mL™" LPS was associated with a 5-
to 20-fold increase in the production of nitrite ions
by the coronary artery (Table 3). Co-incubation of
the porcine coronary artery with either 10 uM
1400 W or 1 uM dexamthasone reduced the LPS
response by 77.6 = 5.3% (n=12) and 70.9 * 4.8% (n
= 12), respectively, while 10 uM Bay 11-7082 abol-
ished the response (Table 3). Evidence for the induc-
tion of NOS was provided by immunohistochemical
examination of the porcine coronary artery. Figure 5
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The effect of overnight exposure of the porcine coronary artery to 1 ug-mL™" LPS, in the presence or absence of either (A, B) 10 uM quercetin or
(C, D) 10 uM myricetin, on responses elicited by KCl and U46619. The responses shown are as mean * SEM of 7-13 observations. *P < 0.05,
significant difference between the responses for the paired LPS-treated preparations. LPS, lipopolysaccharide.

Table 1

Effect of Bay 11-7082, quercetin and myricetin on the maximum response (mN) and potency (pD,) of KCl and U46619 contractions and substance
P(SP)-induced relaxation in isolated porcine coronary arteries incubated for 16 h in modified Krebs-Henseleit solution

KCl
Max (mN) pD:
Control (n=11) 101.5 = 4.3 1.59 = 0.01
10 uM Bay 11-7082 83.5 + 3.3* 1.57 = 0.02
Control (n = 21) 124.6 = 9.2 1.54 = 0.02
10 uM quercetin 98.1 £ 6.7** 1.62 = 0.03
Control (n=7) 121.6 = 7.3 1.68 = 0.04
10 uM myricetin 73.5 = 5.2* 1.68 = 0.01
Control (n = 8) 98.1 £ 9.3 1.54 = 0.02
1 uM quercetin 94.4 = 6.3 1.52 = 0.02

U46619 sP
Max (mN) pD: % relaxation
96.8 + 2.3 7.96 = 0.04 ND
86.1 = 2.0** 7.91 = 0.08 ND
120.6 + 9.6 7.67 = 0.07 37.1 = 4.9
109.8 + 6.7 7.88 = 0.06 24.1 = 3.1*
110.8 + 6.4 8.11 = 0.08 16.7 = 7.6
82.6 = 7.2** 7.97 = 0.08 7.2 14
97.1 £ 1.6 8.01 = 0.03 38.8 = 2.0
93.2 = 4.1 8.01 = 0.03 352 =25

Values shown are the mean * SEM of observations from paired segments taken from 7 to 21 different animals.
*P < 0.05, **P < 0.01; significantly different from the paired control preparation.

ND, not done.

shows that control preparations express CD31 on
endothelial cells but no evidence of iNOS. Segments
treated overnight with 1 pug-mL™ LPS exhibited
increased expression of endothelial CD31 and the
appearance of iNOS in the tunica adventitia (but not
the tunica media). Co-incubation with 10 uM quer-
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cetin reduced LPS-induced expression of endothelial
CD31 and adventitial NOS (Figure 5). Similar obser-
vations were noted in preparations of the coronary
artery from three other animals.

While prior exposure to 10 uM quercetin caused
a significant 89.6 = 4.4% (n = 12) reduction in
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Table 2

Effect of quercetin, myricetin and quercetin metabolites on the maximum response (g weight) and potency (pD,) of KCl and U46619 contractions
and SP-induced relaxation in segments of the porcine isolated coronary artery incubated for 16 h in modified Krebs-Henseleit solution in the
presence of 1 ug-mL™" LPS

Kcl U46619 sP
Max (% control) Max (% control) % relaxation
LPS (n =13) 60.1 = 3.5 1.62 = 0.03 71.2 = 3.4 7.72 = 0.06 9.35 1.9
LPS 85.8 = 4.7* 1.57 = 0.04 83.5 £ 6.5 7.87 = 0.08* 22.5 £ 3.9**
10 uM quercetin
LPS (n=7) 58.6 + 5.9 1.64 = 0.04 70.3 = 4.4 7.89 = 0.06 54 * 0.6
LPS 659 + 8.2 1.59 = 0.04 66.3 £ 7.8 7.97 = 0.08 9.1 = 3.0
10 uM myricetin
LPS (n = 26) 62.6 = 3.0 1.59 £ 0.03 77.6 £ 3.4 7.72 = 0.03 8.6 £ 1.4
LPS 95.0 = 4.7** 1.60 = 0.02 110.0 = 7.4** 7.84 £ 0.03* 23.6 = 3.4**
1 uM quercetin
LPS (n =13) 64.0 = 4.8 1.53 = 0.04 75.5 = 3.4 7.73 = 0.04 79 £ 20
LPS 83.7 = 5.8** 1.57 = 0.03 90.8 * 5.6* 7.92 = 0.05* 12.0 = 3.4
0.1 uM quercetin
Endothelium-denuded segments
LPS (n = 8) 78.6 £ 7.6 1.62 £ 0.02 70.3 £ 4.7 7.71 = 0.09 0
LPS 105.3 = 10.6** 1.64 £ 0.01 100.8 = 2.5** 7.91 = 0.06 0
1 uM quercetin
1.60 = 0.02 58.7 £ 3.2 7.84 = 0.03 20.2 £ 5.7
LPS (n = 8) 47.5 = 2.3
LPS 83.6 = 3.6** 1.65 £ 0.01 87.0 £ 4.1** 7.98 £ 0.03* 49.5 = 4.9**
10 uM quercetin
3’-sulphate
LPS (n=10) 58.5 = 2.1 1.58 £ 0.02 62.6 = 3.6 7.84 £ 0.03 10.0 = 4.6
LPS 83.6 * 3.6* 1.65 = 0.01* 99.0 £ 5.7** 7.86 = 0.01 30.8 = 8.7*
10 uM quercetin
3-glucuronide
LPS (n=10) 853 2.0 1.62 = 0.02 873 £ 3.6 7.99 = 0.03 32.5.0 £ 5.2
1 uM quercetin
LPS 79.5 =53 1.65 £ 0.02 79.5 £ 5.7 7.96 £ 0.04 254 = 4.0
1 uM quercetin
10 uM Bay 11-7082

Values shown are the mean = SEM of observations in paired segments from 7 to 26 different animals.
*P < 0.05, **P < 0.01; significant difference in the response between paired segments and Wilcoxon test. Unless indicated otherwise all

segments were endothelium-intact.
LPS, lipopolysaccharide.

LPS-induced nitrite production (Figure 6A), expo-
sure to 10 pM myricetin did not affect LPS-induced
increase in nitrite production (Figure 6B). Table 3
shows that prior incubation with either 0.1 uM and
1 uM quercetin reduced LPS-induced nitrite produc-
tion by about 50% and 70% respectively. Similarly,
exposure to 10 uM quercetin 3’-sulphate and 10 uM
quercetin 3-glucuronide significantly reduced LPS-
induced production of nitrite (Table 3).

In light of the observations that quercetin, but
not myricetin, reduced LPS-induced nitrite/nitrate
production in the coronary artery (Figure 6), we also
examined the effect of prior exposure to 10 uM

myricetin against the inhibitory effect of 1 uM quer-
cetin. Figure 7 shows that 1 uM quercetin alone
markedly reduced LPS-induced nitrite production
but was much less inhibitory in the presence of
10 uM myricetin.

Discussion

The principal observation in this study is that
quercetin and two of its metabolites, quercetin
3’-sulphate and quercetin 3-glucuronide, inhibit
key inflammatory changes in the porcine isolated

British Journal of Pharmacology (2011) 162 1485-1497 1491



S Al-Shalmani et al.

A

160
—O— Control

—[1— 1pg:mI~'LPS

—@— Tug-mlI~'LPS
0.1uM Quercetin

140

120

100

80

60

Contraction (mN)

40

20

[KCI] (M)

—(O— Control
—[— 1pg-mI~'LPS

—@— 1ug-ml~'LPS
1puM Quercetin

140

120

100

80

60

Contraction (mN)

40

20

[KCIT (M)

Figure 3

Contraction (mN)

Contraction (mN)

B

160
—(O— Control

—}—1pg-ml~'LPS

—@— 1ug-mlI~'LPS
0.1uM Quercetin

140

120

100+

80

I 1
107

1
10 10°

[U46619] (M)

—(O— Control
1 —O— 1pg-mi~'LPs

1 —@— 1pg-ml~'LPS
1uM Quercetin

T
10°®
[U46619] (M)

0
10 10°
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or (C, D) 1 uM quercetin, on responses elicited by KCl and U46619. The responses shown are as mean = SEM of 13-26 observations. *P < 0.05,
significant difference between responses for the paired LPS-treated preparations. LPS, lipopolysaccharide.

coronary artery induced by prolonged exposure to
LPS. The basis of this potentially beneficial effect of
the flavonoid can be largely attributed to prevention
of the induction of NOS.

Lipopolysaccharide-induced changes in the
porcine coronary artery
Prolonged exposure of the coronary artery to LPS
induced a significant reduction in contractile
responses to both KCI and U46619, with a slightly
greater effect against the former, and an impairment
of endothelium-dependent relaxations to substance
P. The effect of LPS on contractile responses is quali-
tatively similar to that noted in other studies
(Gibreal et al., 2000; Piepot et al., 2000), but was not
accompanied by a reduction in the potency of either
agonist. In the case of substance P-induced relax-
ations, suppression of endothelium-dependent
responses by LPS has been previously reported for
the porcine coronary artery (Qi et al., 2007). The
inhibitory effects of LPS on contractile responses
was also observed in endothelium-denuded seg-
ments, which suggests that these changes are a func-
tion of independent actions on endothelial and
non-endothelial cells in the blood vessel.

These changes in vascular responsiveness were
accompanied by increased production of nitrite ions
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(as determined by the Griess reaction) and immu-
nohistochemical evidence for induction of NOS in
the blood vessel. The adventitial location for iNOS
in the coronary artery is similar to that reported for
the rat aorta (Kleschyov et al., 1998), where expo-
sure to LPS caused a 4- to 10-fold greater activity for
nitric oxide production in the tunica adventitia
compared with the tunica media. A strong pharma-
cological link between biochemical and functional
events was provided by the finding that exposure to
1400 W, a selective inhibitor of iNOS (Garvey et al.,
1997), prevented LPS-induced changes in contrac-
tile responses and nitric oxide formation in the
porcine coronary artery. As the effect of 1400 W on
LPS-induced changes in the coronary artery were
mimicked by inhibition of NFkB (with Bay 11-7082)
it would appear that activation of this pathway pre-
cedes induction of NOS, as described in macroph-
ages (Chen et al., 2005).

The effect of quercetin and

quercetin metabolites

Quercetin, quercetin 3’-sulphate and quercetin
3-glucuronide suppressed the LPS-induced changes
in endothelial and vascular responses, and the
elevation in nitrite ion production, with the agly-
cone exhibiting activity at concentrations as low as
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The effect of overnight exposure of the porcine coronary artery to
1 ug-mL™" LPS in the presence or absence of either 1 uM quercetin,
or 1 uM quercetin and 10 uM Bay K 11-7082 on responses to either
(A) KCl or (B) U46619. The responses are shown as the mean = SEM
of 10 observations. *P < 0.05, **P < 0.01 significant differences
between the maximum responses in preparations treated with LPS:
ANOVA followed by Dunnett’s post hoc test. LPS, lipopolysaccharide.

0.1 uM. As the effect of quercetin on LPS-induced
changes was also noted in endothelium-denuded
segments of the coronary artery, it would appear
that the endothelium is not the primary site of
action for this flavonoid. A direct action of querce-
tin on iNOS appears unlikely as immunohis-
tochemical evidence clearly implicates suppression
of the induction of the enzyme in the tunica adven-
titia, in a manner comparable with that reported for
the anti-inflammatory agent dexamethasone (Kor-
honen et al., 2002). Quercetin has been reported to
inhibit LPS-induced nitric oxide production in
various non-vascular cells, including RAW 264.7
macrophages (Chen et al., 2001), J774.1 macroph-
ages (Raso et al., 2001; Hamalainen et al., 2007)) and
mouse BV microglia (Chen et al., 2005). Crucially,
however, the potency of quercetin in the porcine

Quercetin opposes LPS in coronary artery

isolated coronary artery is approximately 10- to
30-fold greater than that noted in cultured cells,
where it is typically >3 uM. The efficacy of quercetin
and its metabolites in this vascular model stands in
marked contrast to that of myricetin, which failed
to modify LPS-induced suppression of contractile
responses.

Quercetin-induced changes of nitric oxide pro-
duction superficially mirrors the effects observed on
LPS-induced suppression of contractile response.
While this point is reinforced by the lack of effect of
myricetin on LPS-induced nitrite production, the
precise relationship between biochemical events
and functional changes is clearly complex. The
highest concentration of quercetin examined
(10 uM) significantly impaired vasoconstrictor
responses and substance P-mediated relaxations per
se (see Table 1). Thus, the overall effect of 10 uM
quercetin on LPS-induced changes in contractile
responses is the sum of two opposing actions and
less than that observed with 1 uM quercetin - but
comparable with that noted for the overall effect of
0.1 uM quercetin. Also, it remains a possibility that
the overall effect of LPS on contractile responses is
product of the induction of several inflammatory
mediators rather than just nitric oxide (Qi et al.,
2007). Overall, it is noteworthy that quercetin
modified the coronary actions of LPS in a similar
manner to that reported for eritoran (a Toll-like
receptor 4 antagonist) against endotoxin in rat
aortic segments (Ehrentraut et al., 2007), which sug-
gests that this flavonoid may be beneficial in inflam-
matory conditions.

It is well recognized that a key mediator of
inflammatory responses in cells is the translocation
of nuclear factor-xB (NF-xB) from the cytoplasm to
the nucleus and activation of numerous genes,
including those for NOS and pro-inflammatory
cytokines (Liu and Malik, 2006). In the case of
endothelial and vascular smooth muscle cells NF«xB
has been linked to increased expression of cell
adhesion molecules (Read et al., 1994), the induc-
tion of NOS (Hattori et al.,, 2003) and associated
with development of early atherosclerotic lesions
(Hajra etal., 2000). Thus, stabilization of the
NF-xB/IxB complex in the coronary artery could
explain the protective effect of quercetin against
LPS-induced changes in contractile responses,
nitric oxide production and the expression of
PECAM-1 (CD31) found in this study. This possi-
bility is reinforced by the observation that a com-
bination of quercetin and Bay K 11-7082, a known
inhibitor of NFxB (Pierce et al., 1997) was no more
effective against LPS-induced changes in the coro-
nary artery than quercetin alone (see Figure 4),
yet neither condition completely prevented the
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Table 3

Effect of inhibitors of nitric oxide synthase and various flavonoids on nitrite ion production of the porcine isolated coronary artery segments
incubated for 16 h in modified Krebs-Henseleit solution in the absence or presence of 1 ug-mL™" LPS

Nitrite (nmol-mg~"' wet weight)

n=9 n=16
Control 7.4 = 3.2 5.5 * 0.9 17.8 = 7.6 21.1 £ 6.7 20.5 = 3.8
LPS 99.8 = 10.6 325 £ 0.5 138 = 29.1 105 = 18.8 274 = 46.5
LPS and flavonoid 30.8 = 3.3** 6.4 = 0.9** 70.6 = 20.0** 37.4 £ 10.2** 80.1 = 21.5**

or inhibitor (10 uM 1400 W)

LPS and flavonoid 33.1 = 5.6**
or inhibitor (1 uM dexameth’)

(10 uM Bay 11-7082) (0.1 uM quercetin) (1 uM quercetin) (10 uM quercetin 3’-sulphate)

40.8 = 12.3**
(10 uM quercetin 3-glucuronide)

Values shown are the mean + SEM of 9-16 observations.

*P < 0.05, **P < 0.01; denote a statistically significantly different from the LPS preparation (paired Student’s t-test) or ANOVA with a post hoc

Dunnett test.
dexmeth, dexamethasone.

Control

CD 31 »

) -

Figure 5
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50um

Immunohistochemical localization of (upper panels) PECAM-1 (CD31) and (lower panels) inducible nitric oxide synthase (iNOS) in the porcine
isolated coronary artery following incubation in modified Krebs-Henseleit solution for 16-18 h at 37°C without (Control) or with either 1 pg-mL™’
LPS or 1 ug-mL™" LPS and 10 uM quercetin (quercetin added 60 min before LPS). Evidence for the presence of these proteins in either the
endothelium or tunica adventitia is shown by the presence of red staining and the bar on each panel represents either 100 um or 50 um. LPS,

lipopolysaccharide.

inhibitory effect of LPS. While the precise molecu-
lar target for this beneficial effect of quercetin was
not investigated, the failure of myricetin to mimic
the effect of quercetin on LPS-induced nitric oxide
production, and to also ‘antagonise’ the effect of
quercetin (see Figure 7), indicates that these struc-
turally related flavonoids may be useful in future

1494  British Journal of Pharmacology (2011) 162 1485-1497

studies. It is noteworthy that the lack of effect of
myricetin on inflammatory responses in the coro-
nary artery is not a selective effect for the vascula-
ture. Blonska ef al. (2003) noted that quercetin and
kaempferol were capable of inhibiting LPS-induced
production of IL-1pB in RAW 264.7 cells but myrice-
tin was inactive.
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The effect of 24 h exposure to 1 ug-mL™" LPS (A) 1 ug-mL™" LPS plus
10 uM quercetin and (B) 1 ug-mL™" LPS plus 10 uM myricetin on
nitrite ion production in porcine coronary artery segments incubated
in DMEM. The flavonoids were added to DMEM 60 min before LPS.
The values shown are the mean + SEM of 8-12 observations. **P <
0.01 significant difference from control, ANOVA. DMEM, Dulbecco’s
modified Eagle’s medium; LPS, lipopolysaccharide.

Although the potency of the flavonoids against
inflammatory events in the coronary artery is
greater than that reported in macrophages, suggest-
ing a selective action on the vasculature, the physi-
ological relevance remains unclear. Quercetin is
extensively metabolized in man and the concentra-
tions used in this study exceeded the peak plasma
levels of the aglycone (0.03 uM) and the metabolites
(3 uM) detected following dietary ingestion (Kroon
et al., 2004; Wang and Mortis, 2005). However, two
recent studies raise the possibility that flavanoids
can be either generated in situ from metabolites
accumulated in activated cells (Kawai et al., 2008a)
or even preferentially concentrated in cells (Kawai
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The effect of 24 h exposure to 1 pug-mL™" LPS, 1 ug-mL™" LPS plus
1 uM quercetin (Quer) and 1 ug-mL™" LPS with a combination of
10 uM myricetin (Myr) and 1 uM quercetin on nitrite ion production
in porcine coronary artery segments incubated in DMEM. Myricetin
was added to DMEM 60 min before quercetin, which in turn was
added 60 min prior to the addition of LPS. The values shown are the
mean *= SEM of 12 observations. **P < 0.01 significant difference
from control by ANOVA. DMEM, Dulbecco’s modified Eagle’s
medium; LPS, lipopolysaccharide.

et al., 2008b), potentially the threshold for physi-
ological significance. Nonetheless, further studies
on human blood vessels with lower concentrations
of quercetin and the metabolites are warranted. In
light of the striking difference between the effect of
quercetin and myricetin on the porcine coronary
artery, there is also a need to establish whether
myricetin can inhibit the effect of quercetin in
human vascular cells, effectively behaving as an
‘antagonist’.

The finding that quercetin can oppose the proin-
flammatory effect of LPS on the vasculature may
also hold therapeutic significance. Recently, querce-
tin has been shown to attenuate both the release of
pro-inflammatory cytokines in response to LPS in
mice and the associated lethality (Teng et al., 2009).
Significantly, this effect of quercetin was manifest
even when administered several hours after expo-
sure to LPS, raising the possibility that a similar
mechanism may occur in the vasculature.

In conclusion, we have demonstrated that one of
the major dietary flavonoids, quercetin and its prin-
cipal human metabolites oppose pro-inflammatory
events in both endothelial cells and vascular
smooth muscle cells. These effects of quercetin are
evident at lower concentrations than previously
reported in studies using other cell types and sug-
gests a selective action on the vasculature, particu-
larly against the induction of NOS. Further studies
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on human blood vessels are warranted to establish
whether these observations are relevant to the well-
documented beneficial effects of dietary flavonoids
(Halliwell, 2007; Boots et al., 2008).
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