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Abstract

Epidemiologic studies show a correlation between the dietary intake of food polyphenols
and beneficial health effects. Several in vitro studies indicate that the anti-inflammatory
potential of polyphenols is, at least in part, mediated by a modulation of the enzymes of the
arachidonic acid cascade, such as the prostaglandin forming cyclooxygenases (COXs).
Evidence that this mode of action can be transferred to the situation in vivo is scarce. This
study characterized effects of a subset of polyphenols on COX-2 expression and activity in
vitro and compared the potency with known drugs. Next, the in vivo relevance of the
observed in vitro effects was tested. Enzyme assays and incubations of polyphenols with
the cancer cell line HCA—7 and lipopolysaccharide (LPS) stimulated primary monocytes
support the hypothesis that polyphenols can effect COX-2 expression and activity in vitro.
The effects were most pronounced in the monocyte assay for wogonin, apigenin, resvera-
trol and genistein with IC5, values of 1.5 uM, 2.6 yM, 2.8 yM and 7.4 uM. However, these
values are 100- to 1000-fold higher in comparison to those of the known pharmaceuticals
celecoxib, indomethacin and dexamethasone. In an animal model of LPS induced sepsis,
pretreatment with polyphenols (i. p. 100 mg/kg bw) did not result in decreased plasma or tis-
sue prostaglandin levels, whereas the positive control celecoxib effectively attenuated LPS
induced prostaglandin formation. These data suggest that despite the moderate potency in
vitro, an effect of polyphenols on COX-2 during acute inflammation is unlikely, even if a
high dose of polyphenols is ingested.

Introduction

The dietary intake of fruits and vegetables is correlated with a longer healthier life. Health pro-
moting effects are discussed for secondary plant metabolites in particular for polyphenols: Epi-
demiological studies suggest beneficial effects of polyphenols on cardiovascular diseases and

the risk for the development of cancer [1, 2]. Chronic inflammation plays an important role in
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the development of these diseases and a large number of studies report anti-inflammatory
effects for polyphenols [3, 4]. Aside from their antioxidative and radical scavenging properties,
a modulation of pro-inflammatory mediators formed in the arachidonic acid (AA) cascade,
such as cyclooxygenase-2 (COX-2) products, are suggested as modes of action underlying the
anti-inflammatory effects [3]. COX-2 is expressed during inflammatory processes, giving rise
to a large number of biological active prostaglandins (PGs), for example the pain, fever and
inflammation mediating PGE, [5]. Based on this central role COX-2 is a major target of selec-
tive COX-2 inhibitors (COX-2i) and non-steroidal anti-inflammatory drugs (NSAIDs), which
also inhibit the constitutively expressed COX-1. Effects of polyphenols on COX-2 activity,
have been demonstrated in a vast number of in vitro studies [6-11]. However, different test sys-
tems were used, and the lack of a correlation with the efficacy of known COX-2i or NSAIDs
makes it impossible to compare and evaluate the potency of polyphenols. Moreover, a highly
potent inhibition of COX-2 in vitro does not directly translate into an anti-inflammatory
potential in vivo. The aim of the present study was to evaluate if food polyphenols could elicit a
pharmacological relevant inhibition of COX-2. Therefore polyphenols, which are known to
inhibit COX-2 in vitro, i.e. nobiletin [9, 12], naringenin [7, 13], apigenin [6, 10, 13], wogonin
[8, 14], genistein [10], epigallocatechingallat (EGCG) [10, 15] and resveratrol [11, 16, 17], as
well as the resveratrol oligomers e-viniferin and hopeaphenol, were comprehensively analyzed
regarding their effects on COX-2. In a tiered approach the effect on COX-2 was tested in a
cell-free enzyme assay, in a cancer cell line and in lipopolysaccharide (LPS) stimulated primary
human monocytes. Finally, the most potent COX-2 inhibitors were tested for their ability to
modulate COX-2 activity during acute inflammation in the LPS induced sepsis model with
multi organ fajlure. In this model a modulation of all branches of the AA cascade by polyphe-
nols was analyzed by means of targeted metabolomics in plasma and different organs.

Materials and Methods

Chemicals

Resveratrol (> 99%), apigenin (> 97%), genistein (> 98%), naringenin (> 95%), EGCG

(> 95%) and wogonin (> 98%) were purchased from Sigma (Schnellendorf, Germany). Hope-
aphenol (> 90%) and e-viniferin (> 90%) were obtained from Actichem (Montauban, France).
Celecoxib was purchased from Santa Cruz Biotechnology (Dallas, USA).

In vitro assays

The in vitro assays were performed as described [6, 16, 18] and COX metabolites were quanti-
fied by LC-MS [18].

In the cell-free assay polyphenols were incubated with ovine recombinant COX-1 (70 ng/
mL, Cayman Chemicals/ Biomol, Hamburg, Germany) or human recombinant COX-2 (50 ng/
mL, Cayman Chemicals).

HCA-7 cells were incubated with sub-cytotoxic concentrations of the polyphenols dissolved
in Tris buffered DMEM medium. Cytotoxicity of the polyphenols was evaluated by the lactate
dehydrogenase leakage test (Cyto-Tox-ONE, Promega Mannheim, Germany). After 24 h the
supernatant was collected for LC-MS analysis and the cells were harvested to analyze the
COX-2 expression by Western Blotting.

Primary human monocytes were freshly isolated from human blood. Blood was collected
from healthy human subjects after written informed consent was obtained. The study was
approved by the ethics committee of the Medical University Hannover (Nr. 6379, 11/2013).
Monocytes were separated by gradient density centrifugation [18] and incubated with media
containing 10 ug/mL LPS from Escherichia coli 0111:B4 (Sigma, Schnellendorf, Germany,
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12630) and sub-cytotoxic concentrations of the polyphenols. After 24 h, the supernatant was
sampled for LC-MS and cells were collected for the COX-2 expression analysis by Western
Blotting. In all assays, the concentrations of the polyphenols were stable (recovery > 80%) for
up to 24 h, as determined by LC. Inhibitory effects were calculated based on the PGE, forma-
tion determined by LC-MS.

Animals

Twelve week old male C57BL/6N mice (Charles River, Sulzfeld, Germany) were used for all
experiments. C57BL/6 male mice (H2° 11-13 weeks of age) were obtained from Charles River
(Sulzfeld, Germany). Animals were cared for in accordance with the institution’s guidelines for
experimental animals and with the guidelines of the American Physiological Society. The ani-
mal protection committee of the local authorities (Lower Saxony state department for food
safety and animal welfare LAVES) approved all experiments (approval: 33.9-42502-04-12/
0846). Mice were housed under conventional conditions in individually ventilated cages pro-
duced by Techniplast Inc. (Italy) with a 12 h light/dark cycle and had free access to food (Altro-
min 1324 standard mouse diet) and domestic quality drinking water ad libitum. Mice were
monitored closely and if they appeared compromised (i.e. inactivity, no intake of food or
water) after compound or LPS injection the experiment was terminated.

In vivo model

C57BL/6N mice were pretreated with the polyphenols (i. p., 100 mg/kg bw) or vehicle (80/20
(v/v) PEG 400/DMSO, 5uL/g bw). After 2 h mice were i. p. challenged with 10 mg/kg bw LPS
(from E.coli 0111:B4, Sigma, L2630) or vehicle (10 uL/g bw). The control group, received COXi
vehicle and LPS vehicle (n = 8), the LPS control group received the COXi vehicle and LPS

(n =7). Twenty-four hours after LPS treatment animals were sacrificed in general isofluran
anesthesia by whole body perfusion with ice cold PBS. Thereafter, organ retrieval of liver and
kidney samples was done and tissues were shock frozen and fixed in RNA later. Samples were
stored at -80°C till further analysis. Blood drawing from the retro orbital venus plexus with an
EDTA coated capillary was done at baseline (i.e. 4 days prior to study start) and 24 h thereafter.
Plasma was generated by centrifugation at 4000 g at 4°C and stored at -80°C till further
analysis.

Oxylipin analysis
Oxylipin levels were analyzed in plasma and tissues by LC-MS following SPE extraction of

200 pl plasma or tissue homogenate (50 mg) on Chromabond C;g ec cartridges (Machery-
Nagel, Diiren, Germany) [19]. A list of the covered analytes can be found in the SI (S1 Table).

Clinical chemistry

Clinical chemistry parameters (urea, creatinine, aspartate transaminase (AST), alanine trans-
aminase (ALT), lactate dehydrogenase (LDH)) in plasma were analyzed at baseline (4 days
prior the experiment) and 24 h after LPS injection. Parameters were determined by using the
tully automated Olympus AU 400 analyzer (Beckman Coulter Inc.). Only healthy mice (AST
below 80 U/ml and a LDH below 1000 U/ml) were included in the experiment.

RNA extraction and real time quantitative PCR

Tissue sections were stored in RNA-later immediately after organ retrieval. Total RNA was
extracted using the RNeasy mini kit system (Qiagen, Hilden, Germany) and transcribed using
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Superscript II Reverse transcriptase (Invitrogen). Quantitative (q) PCR was performed on
Lightcycler 420 II (Roche Diagnostics, Penzberg, Germany) using FastStart Sybr-Green chem-
istry. Gene-specific primers for IL-6 (Quantitec QT00098875, Qiagen) and MCP-1 (Quantitec
QT00167832, Qiagen) were used for the gene of interest and HPRT served as house keeping
gene for normalization (Quantitec QT00166768, Qigaen). Quantification was carried out using
qgene software.

Data analysis

GraphPad Prism 5.0 (GraphPad Software, San Diego, USA) was used for data analysis, the fit-
ting of dose response curves and calculation of the ICs, values. Statistical differences were
determined by Dunnetts test (LPS vs. other groups).

Results
Enzyme assay

In the cell-free enzyme assay nobiletin, naringenin, wogonin and genistein showed no effect on
COX-1 or COX-2 dependent PGE, formation (Table 1). Incubation of COX-1 with 100 uM
apigenin resulted in a 31% decreased PGE, formation in comparison to the control, while the
COX-2 activity remained unaffected. EGCG, resveratrol, e-viniferin and hopeaphenol dose-
dependently decreased the product formation of both isoforms (Table 1). Resveratrol was the
most potent compound tested and the IC5, values of 0.49 uM (COX-1) and 0.43 uM (COX-2)
were comparable for both isoforms. For EGCG, e-viniferin and hopeaphenol the ICs, values to

Table 1. Effect of polyphenols on COX activity in the different in vitro test systems.

COX-1 enzyme assay

ICso (UM) *(95% CI)

Nobiletin no effect (up to
100 pM)
Naringenin no effect (up to
100 pM)
Genistein no effect (up to 30 uM)
Apigenin inhibition < 50%(up to
100 pM)
EGCG 17(2.6-108)
Wogonin no effect (up to
100 pM)
Resveratrol 0.49 (0.34-0.71)
e-Viniferin 1.6 (0.97-2.6)
Hopeaphenol 4.0 (2.4-6.7)
n. d. no data

COX-2 enzyme
assay

ICs (UM) *
(95% Cl)

no effect (up to
100 pM)

no effect (up to
100 pM)

no effect (up to
30 uM)

no effect (up to
100 pM)

32(16-64)

no effect (up to
100 uM)

0.43 (0.27-0.67)
11 (2.5-44)

22 (6.9-68)

* |Cs0 values were calculated based on the PGE; (n = 3).
T COX-2 protein levels were analyzed by COX—2 specific Western Blot; decreased COX—2 protein in comparison to the control is indicated by |.

doi:10.1371/journal.pone.0139147.1001

HCA-7cell line
inhibition < 50%(up to
100 pM)

100 uM:53% inhibition
100 pM:54% inhibition
10 uM:59% inhibition
no effect (up to 10 uM)
inhibition < 50%(up to
10 uM)

47 (2.9-7.7)

no effect (up to 1 uM)

no effect (up to 1 uM)

COX-
2Expression 1

100 uM:COX-2 |
100 pM:COX-2 |
100 uM:COX-2 |

no effect(up to
10 uM)

no effect(up to
10 uM)

no effect(up to
10 pM)

no effect(up to
50 uM)

no effect (up to
1 uM)

no effect (up to
1 uM)

primary monocytes
ICs50 (UM) *(95% CI)
24(18-34)

29(27-30)
7.4(4.4-13)
2.6(2.4-3.0)

no effect(up to 10 uM)
1.5(0.89-2.5)

2.8 (2.2-3.5)
inhibition < 50% (up to
1 uM)

inhibition < 50% (up to
1 uM)

COX-
2Expression 1

no effect(up to
100 pM)

100, 30 pM:COX—
2]

n.d.

10, 3 uM:COX-2 |
10 uM:COX-2 |
n.d.

50, 10 yM: COX-2
!

no effect (up to

1 uM)
1 pM: COX-2 |
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inhibit the COX-2 isoform were higher in comparison to those required to inhibit COX-1, e.g.
1.6 uM (COX-1) and11 pM (COX-2) for e-viniferin (Table 1).

Modulation of COX-2 activity in cells

Incubation of HCA-7 cells with non-cytotoxic concentrations of the polyphenols nobiletin,
EGCG, wogonin, e-viniferin and hopeaphenol resulted in no or only slight (inhibition < 50%)
changes of PGE, formation (Table 1). Naringenin (100 pM), genistein (100 uM) and apigenin
(10 uM) inhibited the formation of PGE,, and the IC5, values were estimated to be about

100 puM. In contrast, resveratrol potently reduced PGE, formation in HCA-7 cells at an ICs, of
4.7 uM (Table 1, Fig 1). A COX-2 specific Western Blot analysis of the cells treated with the

(I) COX-2 enzyme assay (I1) HCA-7 cells
(A) resveratrol

—_—

100 100 100

(1l1) monocytes

50 50

Inhibition (%
(3]
o

o
o
o

= * r .
- = = O - - o - = 1=
@ o e o e ) e
o
Cinnibitor (M) Cinnibitor (MM)
— — - ——— COX-2
———— e B-actin
B TS E cmm
(B) apigenin o
© 100 ;\?100
. N
"g 100 s
% 50 %
= 0 0 £ 0
T - 2 8 T55g5 ™2 S 2
o - S 2o e e
Cinnibitor (MM) Cinnibitor (MM) Cinnibitor (MM)
—— ———— — - w— e e — B-actin
e‘_gg.éé._h S?TISSE cm
o S qo o O
o

Fig 1. Effects of resveratrol (A) and apigenin (B) on PGE, formation and COX-2 expression in the COX-2 enzyme assay (l), in HCA-7 cells (ll) and
in LPS-stimulated primary human monocytes (lll). The inhibition (% of control) was calculated based on the PGE, formation. Shown are mean + SD.

doi:10.1371/journal.pone.0139147.g001
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polyphenols indicated for nobiletin, naringenin and genistein a decreased COX-2 expression,
while all other compounds did not affect the COX-2 protein levels (Table 1).

COX-2 activity in LPS stimulated primary human monocytes was slightly reduced by e-
viniferin and hopeaphenol (inhibition < 50%, Table 1). All other polyphenols inhibited PGE,
formation with ICs, values between 1.5 and 29 uM (Table 1). The most potent polyphenols
tested were wogonin (1.5 pM), apigenin (2.6 pM), resveratrol (2.8 uM) and genistein (7.4 uM).
Decreased COX-2 protein levels were found in incubations with naringenin, apigenin, EGCG,
resveratrol and hopeaphenol (Table 1, Fig 1).

In vivo model

In acute systemic inflammation caused by LPS (i. p. 10 mg/kg, no COX-i) plasma PG levels
were massively elevated compared to the control (Fig 2). The plasma concentration of the non-

(A) PGE, (B) PGF,, (C) 6-keto-PGF,
5.0 *k 1.0 kK 4 ;
s 25 0.5 2
S
o * *%
0 0! 0
. L c cxw ¢C© O c cx® C© L c cxw ¢C©
COX-i "'E'E'ﬁg'g "'E'E"ég'g "'E'E;c__g,,e_,'q:,
S Yo S Yo S Yo =
2g598.E 2g59eE 2g598.S
S0 <ol S<o i
(14 (14 (14
LPS -+ + + + + + -+ + + + + + -+ + + + + +
(D) 8-iPGF,, (E) 13,14-dih-15-k-PGF,,  (F) 13,14-dih-15-k-PGE,
0.4 wx (.50 o
2
S 0.2 0.25
= 11.
(8} *%k
0 L c cxw C© 0 L Cc Cc xR C 0 O c cxw C
COX-i - - g s é g g - - R E ,,‘T_% g d:, - - g ,§ g %
Sgh T = Sgo = Sgh ® =
2g598.S 235 ¢S 2g5¢sE
S<o 2y S<o 2 S<o 2
(14 (14 (24
LPS -+ + + + + + -+ + + + + + -+ + + + + +

Fig 2. Plasma PG levels in acute (24 h) LPS induced sepsis in mice. The test compounds were administered 2 h prior to the induction of sepsis by LPS
(100 mg/kg bw, i. p.). PG concentration is below the limit of quantification (LOQ, dotted line) if no bar is displayed. Shown are mean + SEM. (n = 4-8, ANOVA
followed by Dunnett's test *p<0.05, **p<0.01, ***p<0.001).

doi:10.1371/journal.pone.0139147.g002
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=
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COX-i - - 'g T3 g T
R
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(14
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enzymatically formed 8-iPF,,, was not significantly elevated by LPS induced sepsis. Treatment
with a high dose of the selective COX-2i celecoxib—serving as positive control—attenuated
LPS induced PG increase: 6-keto-PGF,,,, PGF,, and 13,14-dihydro-15-keto-PGE; were below
the limit of quantification (LOQ). PGE, (p< 0.01) and 13,14-dihydro-15-keto-PGF,,, (p<
0.01) were massively decreased in comparison to the LPS group (Fig 2). Treatment with the
polyphenols (i. p. 100 mg/kg) did not result in decreased PG levels in comparison to the LPS
group (Fig 2). The PGE, levels were even elevated (p< 0.01) following resveratrol administra-
tion. For the polyphenol e-viniferin, high levels of PGF,,, (p< 0.001), 13,14-dihydro-15-keto-
PGF,, (p< 0.001), 13,14-dihydro-15-keto-PGE,; (p< 0.01) and the non-enzymatically formed
autoxidation marker 8-iPF,, (p< 0.001) were detected.

It is noteworthy, that the COX blockade by the celecoxib group did not shunt oxylipin for-
mation towards the CYP- or LOX pathway of the AA cascade (Fig 3, S2 Table), as described in
earlier studies [20]. The epoxy- and dihydroxy-fatty acid (FA) metabolites were even decreased
in the CYP pathway (Fig 3, S2 Table). A similar decrease was observed for the sum of linoleic

(B) S DiIHOME (C) S EpOME / S DiIHOME
400 510 -
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200 2 0.5
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o
0 S 0
2 cc35 £ 23 £
T T 558 Es T T 35L8ss
O 8L O3 8 E
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S<o 2y SIS
14 (14
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(E) S DIHETrE (F) S EpETrE / ¥ DiHETrE
12 §2.4
]
%
6 21.2
()
o
0 S 0
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T T35 Lss T T 355L8ss
O Se ox oo cw
g2Es: S L
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(14 (1’4
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Fig 3. Sum of LA and AA plasma epoxy fatty acid and dihydroxy fatty acid levels in acute (24 h) LPS-induced sepsis in mice. The test compounds
were administered 2 h prior induction of sepsis LPS (100 mg/kg BW, i. p.). Shown are mean + SEM. (n = 4-8, ANOVA followed by Dunnett's test *p<0.05,

*¥p<0.01, ***p<0.001).

doi:10.1371/journal.pone.0139147.9003
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acid (LA) derived epoxy-metabolites in the apigenin (p< 0.05) and the resveratrol (p< 0.01)
group and the sum of DiHET<Es in the case of apigenin (p< 0.05) as exemplary shown in Fig 3
for the metabolites of LA and AA.

The kidney PG levels 24 h after LPS injection showed a similar trend as in plasma. Slightly
increased PG levels were observed in the LPS group when compared to the control group (Fig
4, 83 Table). The selective COX-2 inhibitor celecoxib lowered PG concentrations in compari-
son to the LPS group (PGE; metabolite 13,14-dihydro-15-keto-PGE,,, (p< 0.01), PGE; metab-
olite 13,14-dihydro-15-keto-PGE; <LOQ.). Kidney levels of PGE, (p< 0.001), PGF,,, (p<
0.001), 6-keto-PGF,,, (p< 0.05), 13,14-dihydro-15-keto-PGE; (p< 0.001) and 8-iPGF,,, (p<
0.001) in the resveratrol group were increased in comparison to the animals only receiving
LPS. 6-keto-PGF1,, (p< 0.001), 13,14-dihydro-15-keto-PGE; (p< 0.001) and 8-iPGF,,, (p<
0.01) kidney levels were elevated in the €-viniferin treated mice (Fig 4).

(A) PGE, (B) PGF,, (C) 6-keto-PGF,,
. 300 100 150
m *%k%k
£ .
g 150 50 75
=
(&)
. cC R C cC C R C© cC C R C©
COX-i __.g.E.ég.g "%E'ﬁ__’.g'q:, __.g.E.ég.E
O SHe S« O SHoe S« O SHoe S«
235§ ¢2E 235§5¢E Lg59%E
S<o g i S<o2 3 3<8 2z
(14 (14 (14
LPS -+ + + + + + -+ + + + + + -+ + + + + +
(D) 8-iPGF,, (E) 13,14-dih-15-k-PGF,,  (F) 13,14-dih-15-k-PGE,
5 4 6 0.8
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g 2 3 0.4
°
0 o cec=—¢c 0 occ=c 0.0 oOcc= ¢
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S<o g S<ogi S<o
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Fig 4. Kidney PG levels in acute (24 h) LPS induced sepsis in mice. The test compounds were administered 2 h prior induction of sepsis by LPS (100 mg/
kg BW, i. p.). Shown are mean + SEM. (n = 4-8, ANOVA followed by Dunnett's test *p<0.05, **p<0.01, ***p<0.001).

doi:10.1371/journal.pone.0139147.9004
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Clinical chemistry markers of kidney function (plasma creatinine and urea levels) were
moderately increased in the LPS group, while treatment with celecoxib and e-viniferin caused
an elevation of both parameters (Fig 5) indicating worsening of renal function.

The chemoattractant and pro-inflammatory molecule MCP-1 was measured by qPCR in
renal tissue and revealed elevated mRNA levels in the LPS group (p <0.05 LPS versus vehicle
group). Combined treatment with LPS and celecoxib or polyphenols did not affect MCP-1 lev-
els in comparison to the LPS group (Fig 6). The pro-inflammatory IL-6 mRNA expression in
the kidney was about 10-fold increased due to LPS injection in comparison to vehicle control
(p > 0.05). Treatment with apigenin, resveratrol and genistein resulted in similar IL-6 mRNA
elevation as in the LPS group, whereas celecoxib und e-viniferin caused further increase IL-6
mRNA expression compared to the LPS group (celecoxib 9-fold, e-viniferin 28-fold in compar-
ison to LPS group, Fig 6).

In the liver tissue no change in PG levels was observed between the LPS and the control
group (S1 Fig, S4 Table). Consistently, only slight increase in plasma ALT activity and a moder-
ate increase in AST activity were observed (Fig 5). The mice treated with celecoxib, e-viniferin
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Fig 5. Plasma urea, and creatinine levels as well as plasma AST, ALT and LDH activities in acute (24 h) LPS-induced sepsis in mice. The test
compounds were administered 2 h prior to the induction of sepsis ba LPS (100 mg/kg bw, i. p.). Shown are mean + SEM. (n = 4-8, ANOVA followed by
Dunnett's test *p<0.05, **p<0.01, ***p<0.001).

doi:10.1371/journal.pone.0139147.9005
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Fig 6. Kidney MCP-1 and IL-6 mRNA levels in acute (24 h) LPS-induced sepsis in mice. The test compounds were administered 2 h prior to the
induction of sepsis by LPS (100 mg/kg bw, i. p.). Shown are mean + SEM. (n = 3-5, ANOVA followed by Dunnett's test *p<0.05, **p<0.01, ***p<0.001).

doi:10.1371/journal.pone.0139147.9006

and genistein showed elevated AST and ALT activity in plasma indicating aggravated liver
injury of the high dose (Fig 5).

Discussion

The current concept is that several food ingredients elicit effects on human health by a modula-
tion of the activity of enzymes of the AA cascade [21]. Particularly for food polyphenols a large
number of studies report a potentially beneficial reduction of COX-2 activity [3]. The aim of
the present work was to reevaluate these findings, analyzing a library of polyphenols—which
have been potent in three in vitro test systems—in a robust in vivo inflammation model for
their effects on COX-2.

EGCG, resveratrol, e-viniferin and hopeaphenol inhibited COX-1 and COX-2 in the cell
free assay (Table 1). The most potent polyphenol tested was resveratrol with an ICsq of
0.49 uM (COX-1) and 0.43 uM (COX-2) (Table 1). The potency is consistent with previous
studies reporting of ICs, values for resveratrol ranging from 0.5 to 0.9 uM in the case of COX-
1 and from 1.0 to 3.1 in the case of COX-2 [16, 22, 23]. Thus, our data support the hypothesis
that polyphenols could indeed act as COXi. It is remarkable that the polyphenols inhibited
COX-2 at potency levels comparable to those of the NSAID indomethacin (0.36 uM) and
selective COX-2i celecoxib (0.24 uM) in this test system (S5 Table). Both compounds are fre-
quently used in the clinic for analgetic treatment of patients [24]. Taking the tyrosyl radical
involved in the enzyme catalysis and the radical scavenging properties of polyphenols into
account, the inhibition of COX by polyphenols is discussed as being a rather unspecific mecha-
nism [25, 26]. However, the polyphenols naringenin, genistein and apigenin with a strong anti-
oxidative capacity [27, 28] showed no effect on COX. Hence, the inhibition by EGCG,
resveratrol, e-viniferin and hopeaphenol seems not to be based on a fully unspecific
mechanism.

In order to evaluate the biological relevance of enzyme inhibitors, cell assays are more pre-
dictive because the enzyme acts in its intact cellular compartment (ER) and changes at the
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expression level can be monitored. Moreover, the uptake of the inhibitor into the cell is taken
into account. When studying biological questions in cellular systems, it is crucial to choose the
most adequate cell line. COX-2 expression is increased in many types of cancer, e. g. colon,
breast or lung cancer, and, thus, some cell lines derived thereof, such as the colon adenocarci-
noma derived cell line HCA-7, abundantly express COX-2 [29]. Therefore, these HCA-7 cells
were selected for the in vitro studies of the effects of polyphenols on COX-2 activity.

In HCA-7 cells, only naringenin, nobiletin, genistein, apigenin and resveratrol affected
COX-2 dependent PGE, formation (Table 1). In the case of resveratrol, the unchanged COX-
2 protein levels after 24 hours suggest that resveratrol acts by inhibiting COX-2 activity, which
is consistent with earlier findings [17]. However, at longer incubation times (48 h and 96 h)
resveratrol has been shown to decrease COX-2 expression [17]. The slight change in PGE, for-
mation and the unchanged COX-2 protein levels after an incubation with apigenin are compa-
rable to a previous study [6]. Interestingly, the effects of genistein, nobiletin and naringenin
can be in part explained by a decreased COX-2 expression (Table 1). This mode of action is
supported by the lack of effect on the COX-2 activity in the cell free enzyme assay. However,
the effects only occurred at high concentrations of the compounds. Among the compounds
tested only resveratrol effectively decreased the PGE, formation in HCA-7 cells. However, its
ICsq of 4.7 uM was more than 10-fold higher than that of celecoxib (ICsy 0.29 pM) and indo-
methacin (ICso 0.58 pM) (S5 Table). Resveratrol can be rapidly glucuronidated by intestinal
cells and the resulting low intracellular concentration may explain the low efficacy of resvera-
trol [30]. Based on these data, it seems unlikely that polyphenols could affect COX-2 expres-
sion and PGE, formation of cancer cells in vivo.

An up-regulated expression of COX-2 in monocytes, macrophages and other cells plays a
key role in acute inflammation [31]. This makes COX-2 to one of the main drug targets in
inflammation. Although cell line models, e. g. the murine macrophage cell line RAW 264.7, are
often used to study effects on COX-2 during inflammatory processes in vitro [7, 8, 12, 14], LPS
stimulated primary human monocytes are closer to the in vivo situation in patients. In stimu-
lated primary human monocytes all tested polyphenol potently inhibited LPS induced PGE,
production except for EGCG, e-viniferin and hopeaphenol. Resveratrol, apigenin, genistein
and wogonin were the most potent polyphenols with ICs, values below 10 uM. Although com-
parison of different cellular systems has its limitations, these results are consistent with earlier
studies in RAW 264.7 cells reporting an ICs, value of 8 uM and reduced COX-2 levels for api-
genin, reduced PGE, formation and COX-2 levels for genistein as well as a lack of effect of
EGCG on PGE, levels with even a slight increase in COX-2 protein levels [10]. Incubation of
LPS stimulated murine macrophages with wogonin resulted in a suppression of COX-2 protein
expression and an ICsq of 0.3 uM [8], whereas for naringenin and nobiletin decreased COX-2
protein levels were found in LPS stimulated RAW 264.7 cells [7, 9]. The decreased COX-2 pro-
tein levels for naringenin and apigenin in combination with the absence of inhibitory effects in
the enzyme assay suggest that these polyphenols reduce PGE, production in primary mono-
cytes by down regulation of COX-2 expression. As described earlier [11], resveratrol acts by
two different mechanisms, the down-regulation of COX-2 protein and the inhibition of the
COX-2 activity (Table 1, Fig 1). One mechanism how polyphenols could reduce COX-2
mRNA expression is modulation of nuclear factor kappa B (NF-kB) signaling [32, 33]. Part of
this action may be explained by their antioxidative properties which lead to reduced oxidative
endoplasmic reticulum (ER) stress and reduced NF-xB activation [34, 35].

In comparison with pharmaceutically used COX inhibitors, the polyphenols are about 100
to 1000-fold less potent in the monocyte assay with ICs, values of 14, 10 and 1.6 nM for cele-
coxib, indomethacin and dexamethasone (S5 Table).
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Following consumption of polyphenol rich foods significant plasma concentrations were
detected in humans [36]. Consumption of a black tea containing 0.1 g mg of EGCG resulted in
maximal plasma concentrations of 0.13-0.33 uM [37]. The ingestion of grapefruit juice (0.2 g
total naringenin) resulted in a plasma peak level of 6 uM total naringenin (free and conjugated
form) [38]. After consumption of a single soy meal containing 3.6 umol total genistein/kg bw,
maximal plasma concentrations of 4 uM (free and conjugated form) were observed [26].
Though these concentrations are in the range of the determined ICs, values for COX-2 inhibi-
tion in the different assay systems (Table 1), it should be noted that the major portion of poly-
phenols in plasma is detected in form of its phase II metabolites, dominantly O-glucuronides.
For example even a high single oral dose of 5 g resveratrol led to a plasma concentration of
2.3 uM, while the concentration of its phase II metabolites was several fold higher [39].

Nevertheless, these studies indicate that plasma concentrations close to their ICs, in the uM
range could result from the oral intake of a high oral dose of polyphenols [36]. In order to eval-
uate potential health effects of polyphenols on COX-2 a robust in vivo model with a highly
induced expression of COX-2 and elevated PGE, levels was selected. The LPS induced sepsis
model is a reliable and often used animal model to study the effects of compounds on the AA
cascade and in this context in particular on the COX-2 mediated branch [40, 41]. However,
this approach does not intend to utilize polyphenols to treat sepsis. Compounds were adminis-
tered i. p. to prevent low intestinal absorption and tested in a high dose to ensure that even low
to moderate inhibitory effects can be detected. Similar high doses have been used in previous
studies investigating the effect of apigenin and resveratrol or celecoxib on LPS induced sepsis
[20, 33, 42]. It should be noted that celecoxib and e-viniferin caused moderate elevation of
liver function parameters AST, ALT, and LDH indicating liver function impairment (Fig 5). As
previously described, celecoxib reduced plasma and kidney PG levels significantly [20], thus
demonstrating that the model allows to detect modulation of COX-2 in vivo. Therefore, cele-
coxib was a suitable positive control in the LPS induced sepsis model. None of the polyphenols
tested attenuated the PG levels. Taking the high dose administered into account, this observa-
tion suggests that the potential to affect COX-2 in vivo is negligible. Resveratrol as well as its
dimer increased the PGE, plasma concentration, which indicate that the stilbene might even
aggravate at high concentrations the inflammatory process (Fig 2).

The targeted metabolomics approach enables the parallel detection of a large number of
products being part of the COX pathway. This allowed us to characterize the COX-2 inhibition
in more detail. In animals treated with celecoxib not only PGE, but also the plasma metabolites
of PGI, (6-keto-PGF,,,), PGE, (13,14-dihydro-15-keto-PGE,;) and PGF,,, (13,14-dihydro-
15-keto-PGF,,) were decreased, thereby additionally supporting an inhibition of COX-2 by
celecoxib. However, all these metabolites were not lowered by treatment with polyphenols (Fig
2), thus substantiating the fact that the polyphenols cannot modulate COX-2 in vivo.

The targeted metabolomics approach led to an interesting additional finding: Both apigenin
and resveratrol reduced the levels of the CYP derived epoxy-FAs and their hydrolysis products
(dihydroxy-FAs, Fig 3). This indicates that CYPs are inhibited by these compounds, a mode of
action of polyphenols that is well known for drug metabolizing CYPs [43]. This unexpected
activity of the compounds should be addressed in further studies.

The treatment with polyphenols did not attenuate tissue inflammation of the kidney or sys-
temic liver function and renal function impairment as measured by clinical chemistry in the
LPS induced sepsis model (Figs 5 and 6). Thus, it has to be concluded that the food ingredients
do not alleviate the inflammation and organ damage caused by acute sepsis under the condi-
tions of our study. Our study is in line with Larossa et al. [42] who observed no effect on the
levels of a number of inflammatory biomarkers after resveratrol treatment. Nicholas et al. stud-
ied the effect of i.p. administration of a similar dose of apigenin (50 mg/kg bw) in a high dose
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LPS (37.5 mg/kg bw) mouse model and reported reduced mortality at 28-42 h post LPS admin-
istration. This protective effect was discussed in context of modulation of NF- kB signaling and
reduced pro-inflammatory cytokine release [33]. In our study we investigated the effect of api-
genin in a milder LPS (10 mg/kg bw) model at a single time point 24 h after LPS treatment
therefore we cannot conclude on mortality. However, we did not see an effect on the pro-
inflammatory cytokines IL-6 and MCP-1. Though, we did not observe changes in COX-2
activity based on PG levels in vivo the reduced COX-2 expression in monocytes is consistent
with blockade NF-«B signaling reported by Nicholas et al in vitro.

Overall our data support earlier findings that food polyphenols inhibit COX-2 in vitro.
However, if more biological relevant systems are used, the efficacies of these natural products
are lower in comparison to drugs (factor 10 in cancer cells, factor 100-1000 in primary mono-
cytes). In vivo, even a high dose of polyphenols had no effect on COX-2 activity on acute
inflammation in the LPS sepsis model. Taking the poor bioavailability of polyphenols [44] into
account, it seems highly unlikely that the highest dose that can possible be ingested would
modulate acute inflammation. However, direct effects in the gastrointestinal tract might take
place, as reduced COX-2 expression and PGE, production have been observed for resveratrol
in different murine colitis models [45, 46].
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S1 Fig. Liver PG levels in acute (24 h) LPS induced sepsis in mice. The test compounds were
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