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Plant-derived polyphenols attenuate
lipopolysaccharide-induced nitric oxide and tumour
necrosis factor production in murine microglia and
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Lipopolysaccharides released during bacterial infections induce the expression of pro-inflammatory
cytokines and lead to complications such as neuronal damage in the CNS and septic shock in the
periphery. While the initial infection is treated by antibiotics, anti-inflammatory agents would be
advantageous add-on medications. In order to identify such compounds, we have compared 29 com-
mercially available polyphenol-containing plant extracts and pure compounds for their ability to pre-
vent LPS-induced up-regulation of NO production. Among the botanical extracts, bearberry and
grape seed were the most active preparations, exhibiting IC50 values of around 20 lg/mL. Among the
pure compounds, IC50 values for apigenin, diosmetin and silybin were 15, 19 and 12 lM, in N-11
murine microglia, and 7, 16 and 25 lM, in RAW 264.7 murine macrophages, respectively. In addition,
these flavonoids were also able to down-regulate LPS-induced tumour necrosis factor production.
Structure-activity relationships of the flavonoids demonstrated three distinct principles: (i) flavonoid-
aglycons are more potent than the corresponding glycosides, (ii) flavonoids with a 49-OH substitution
in the B-ring are more potent than those with a 39-OH-49-methoxy substitution, (iii) flavonoids of the
flavone type (with a C2=C3 double bond) are more potent than those of the flavanone type (with a at
C2-C3 single bond).
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1 Introduction

The fight against bacterial infection represents one of the
high points of modern medicine. The development of anti-

biotics in the 1940s offered physicians a powerful tool
against bacterial infections that has saved the lives of mil-
lions of people. The goal of these drugs is to kill invading
bacteria without harming the host. Gram-negative bacterial
cell walls contain LPS, a highly inflammatory chemical that
provokes an immune response in the human body, particu-
larly by treatment of infected patients with beta-lactams
and other cell-wall active antibiotics, which kill bacteria
but release massive amounts of their wall components [1,
2]. LPS is responsible for triggering the overreaction of the
host immune system, which results in the release of oxygen
and nitrogen species, cytokines, and other proinflammatory
mediators.

During bacterial infections, when there is a large quantity
of LPS present, cytokines, in particular tumour necrosis
factor (TNF), the majority released by macrophages, cause
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increased vasodilation, leading to hypotension, impaired
oxygen distribution and myocardial depression [3].
Approximately one-third of cases result in death due to
multiple organ failure or secondary infection or other com-
plications [4]. Currently, treatment of septic shock involves
fluid resuscitation to restore blood pressure and tissue
reperfusion, as well as administration of antibiotics to elim-
inate the causative organism. The third key strategy is to
interfere with the pathogenic signalling cascades mediating
septic shock. Due to the significant contribution of pro-
inflammatory cytokines to the progression of septic shock,
a much-researched approach for treatment is the use of
anti-inflammatory agents. For example, prostacyclin and
pentoxifylline, which are inhibitors of leukocyte and plate-
let activation as well as potent vasodilators, have been tried
with limited success [5]. Alternative approaches include
anti-endotoxin antibodies, TNF receptor fusion proteins,
anti-TNF antibodies, interleukin (IL)-1 receptor antagonist,
or cyclooxygenase (COX) inhibitor, to name a few [6].

When bacteria have penetrated the blood-brain-barrier
and infected the brain, an inflammation of the leptome-
ninges, the tissues that surround the brain and spinal cord
(bacterial meningitis, BM) can occur. Inflammation in the
subarachnoid space, involving the resident macrophages of
the brain, the microglia, quickly causes damage to the brain.
Diffuse inflammation causes pressure around the brain,
leading to compression of vessels and decreased blood flow.
This, as well as bacterial and white blood cells toxins, can
very quickly cause brain damage. The bacterial products
that elicit responses are peptidoglycan and/or LPS. Injection
of either one of these into cerebrospinal fluid (CSF) can
cause inflammatory response, e.g. the expression of TNF,
IL1, IL6 and IL8 and the production of nitric oxide.

LPS initiates signalling events resulting in the up-regula-
tion of inflammatory mediators upon binding to the Toll-
like receptor 4 [7]. Among other pathways, signalling can
involve the activation of the pro-inflammatory transcription
factor (TF), nuclear factor jB (NF-jB), which controls the
transcription of cytokines such as IL1ß, 6, 8 and 12 and
TNF, as well as adhesion molecules and enzymes, COX 2
and inducible nitric oxide synthase (iNOS) [8]. In addition,
activation of nicotinamide-adenine dinucleotide phosphate
(NADPH)-oxidase in macrophages and microglia results in
a “respiratory burst”, generating reactive oxygen species
(ROS), first the superoxide anion (O2

– ), which is then con-
verted to hydrogen peroxide (H2O2) [9].

A vast amount of evidence suggests that glia-derived NO
plays a role in the pathophysiology of BM. First, in an
experimental rat model of pneumococcal BM, treatment
with an iNOS inhibitor attenuated a number of early acute
events associated with BM, such as increases in regional
blood flow, intracranial pressure, brain water content, and
leukocyte (white blood cells) pleocytosis. Secondly, co-
incubation of rat astrocytes in primary culture with pneu-

mococci stimulated NO production and was inhibited by
NO synthase inhibitors. Thirdly, a significantly increased
concentration of nitrite (a breakdown product of NO syn-
thesis) in the cerebrospinal fluid (CSF) of a small number
of patients with meningococcal meningitis was docu-
mented. This increased CSF nitrite levels occurred in the
absence of an increase in nitrite in serum. Finally, a small
study showed increased of CSF nitrite in seven patients
with meningitis [10]

As the involvement of NO in the development of the
complications of bacterial infection was recognised, its
attenuation or modulation became a new treatment strategy
in therapeutic research, but side effects were a consistent
problem [11–13]. NO is a ubiquitous signalling molecule
involved in an array of cellular processes, including inflam-
mation [14]. In sepsis, it is released in large quantities from
circulating immune cells, due to the activation of the
enzyme iNOS by LPS [15]. The increased production of
NO by endothelial cells is thought to contribute to vasodila-
tion, as the deletion of iNOS prevented LPS-induced vaso-
dilation [16]. NO is a radical scavenger, and can react with
superoxide to form the highly reactive peroxynitrite
(ONOO – ), which causes damage to membrane lipids and
proteins, contributing to organ and tissue damage in septic
shock [17]. As iNOS is under the control of NF-jB, sup-
pression of NF-jB activity may contribute to regaining vas-
cular tension in a pro-inflammatory setting. Oxidative
stress, or high levels of ROS, contributes significantly to
tissue damage, as well as augment the inflammatory proc-
ess by increasing the activity of NF-jB [18]. Because NF-
jB is redox-regulated, radical-scavenging antioxidants,
such as N-acetyl cysteine (NAC) can reduce its activity
[19]. NAC is the most extensively studied antioxidant for
the treatment of sepsis, and it has been found to decrease
TNF and IL8 production as well as inhibit platelet aggrega-
tion and leukocyte infiltration, however, more research is
required to evaluate its potential clinical use [5].

Polyphenols are powerful antioxidants found in plants,
which have long been the focus of interest and research for
their apparent beneficial health effects. Flavonoids are a
major group of polyphenolic compounds that are well
known for their potent antioxidant and peroxisome prolifer-
ator-activated receptor (PPAR) agonistic properties.

Due to the large number of plant polyphenols available
and their varying efficacy, we have taken a comparative
approach to determine, in vitro, the most probable candi-
dates for use as anti-inflammatory drugs or assisting treat-
ment of LPS-mediated inflammatory processes. Using NO
and TNF as indicators of inflammation, the aim of this
study was to compare the activity of 29 plant preparations
or pure plant-derived bioflavonoids. Furthermore, we
attempted to identify the most important structural features
determining their anti-inflammatory activities by structure-
activity relationships.
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2 Materials and methods

2.1 Cell maintenance

RAW264.7 cells (obtained from Ian Cassidy, University of
Queensland, Australia) and N11 microglia (obtained from
the University of T�bingen, Germany) were grown in 175-
cm2 cell culture flasks on DMEM containing 5% foetal calf
serum (FCS), supplemented with penicillin (200 U/mL),
streptomycin (200 lg/mL) and Fungizone (2.6 lg/mL).
N11 cells were grown in the same manner. Both cell lines
were maintained at 378C in a humid environment contain-
ing 5% CO2.

2.2 Activation of macrophages and microglia with
LPS

After cells had grown to confluence in culture flasks, they
were removed using a rubber cell scraper. Use of trypsin
was avoided as it can catalyse the removal of membrane-
bound receptors. Cells were concentrated by centrifugation
for 3 min at 900 rpm, resuspended in a small volume of
fresh DMEM (5% FCS), cell densities were estimated using
a Neubauer counting chamber and cell densities adjusted to
106 cells/mL. Cells (100 lL) were dispensed into the 60-
inner wells of 96-well plates. Sterile distilled water was
added to the outer row of wells. Plates were incubated at
378C for 24 h with 5% FCS DMEM to allow growth to con-
fluence. The media was removed by aspiration and cell
were the grown in 0.1% FCS containing media for 18 h.

Samples to be tested were dissolved in DMSO, 95%
ethanol, ddH2O or 1 M NaOH to concentrations of
100 mg/mL for complex extracts or 200 mM for

,

pure’
compounds (minimum 95%) (Table 1). Dilutions were
then made in media from these concentrates, so that the
maximum solvent content did not exceed 0.05% of the
final well volume. Final concentrations of complex
extracts ranged from 5 to 50 lg/mL and those of pure
compounds ranged from 10 to 100 lM. All stock solutions
were stored at –208C and dilutions in media were stored at
48C for no longer than 1 week.

After the cells had been in media for 18 h, the media
were removed by aspiration. For assays with extracts and
pure compounds, the dilutions in media were added 1 h
prior to addition of LPS. In assays without extracts, LPS
dilutions in media were added and the total volume adjusted
to 100 ll with media. Plates were incubated at 378C (5%
CO2) for 24 h. Every plate contained three wells that only
contained media as a negative control, while 10 lg/mL LPS
was used as a positive control. Vehicle controls were ini-
tially present, where all solvents used were tested alone at
0.05% of total volume. Once it had been established that
this quantity of solvent did not have a significant effect on
cells in terms of activating ability or effect on viability,
vehicle controls were no longer included.

2.3 Determination of NO-scavenging activity of
polyphenols

In a 96-well plate, 50 lL of a freshly dissolved 5 mM
sodium nitroprusside solution in 20 mM sodium phosphate
solution, pH 7.4, 0.09% NaCl was added to 50 lL of a solu-
tion of apiginin, diosmetin or silymarin in various concen-
trations ranging from 5 lg/mL to 5 mg/mL to for 1 h at
508C. Since all polyphenol stock solutions were dissolved
in DMSO and DMSO itself turned out to act as an NO scav-
enger, a solution of 20 mM sodium phosphate solution, pH
7.4, 0.9% NaCl with the respective amount of DMSO, cor-
responding to the DMSO in the polyphenol solution, was
set to 100%. Nitrite formed was analyzed with the Griess
reagent as described below.

2.4 NO determination

NO production was monitored by measuring the concentra-
tion of nitrite in the media using the “Griess reagent”. Con-
ditioned media (50 lL) from each well were transferred to a
fresh 96-well plate and 25 lL of Reagent 1 (1%w/v sulfani-
lamide in ddH2O) and 25 lL of Reagent 2 (0.1%w/v naph-
thyethylene-diamine in 5% HCl) were added and the
absorbance at 540 nm determined using a plate reader
(Multiskan Ascent with Ascent software v2.4, Labsystems).

2.5 Determination of TNF in cell culture
supernatant by ELISA

The concentration of TNF, following 24 h of incubation of
cells with LPS was determined by a Sandwich ELISA,
according to the manufacturer's manual (Peprotech).
Briefly, capture antibody was used at a concentration of
1 lg/mL in PBS (1.9 mM NaH2PO4, 8.1 mM Na2HPO4,
154 mM NaCl) (pH 7.4). Serial dilutions of TNF standard
from 0 to 10000 pg/mL in diluent (0.05% Tween-20, 0.1%
BSA in PBS) were used as internal standard. TNF was
detected with a biotinylated second antibody and an Avidin
peroxidase conjugate with ABTS as detection reagent. Col-
our was determined at 405 nm in a 96-well plate reader.

2.6 Cell viability assays

Cell viability was assessed using MTT (3-(4,5-dimethylth-
iazol-2-yl)2,5-diphenyl tetrazolium bromide), which meas-
ures the level of respiration in a cell. DMEM (50 lL) con-
taining 1 mg/mL MTT was added to each well and incu-
bated for 1 h at 378C (5%CO2). Media was then removed
and 100 lL of 95% ethanol added. Following shaking for at
least 30 min, the absorbance at 595 nm was measured. Cell
viability was also assessed using Neutral Red (NR) uptake.
Following removal of media of 50 lL of DMEM containing
25 lg/mL NR was added to the wells and incubated for 1 h
at 378C (5% CO2). The media were then removed and
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100 lL of the cell lysis solution (50% ethanol, 10% acetic
acid) was added to each well. Plates were then shaken for
30 min and the absorbance at 540 nm was measures with a
96-well plate reader.

2.7 Graphical presentation and statistical analysis

Graphical data presented in this report was generated using
Graphpad Prism 3.0 software. The same program was used
to perform statistical analysis of results. Datasets with
statistically significant differences from controls or refer-
ence values were determined using a one-way ANOVA, fol-
lowed by Tukey's test for multiple comparisons. Datasets
with P values less than 0.01 were considered statistically
different.

3 Results

3.1 LPS-induced NO production in RAW264.7 and
N11 cells

We have used murine RAW264.7 and N11 cells as model
cell lines for macrophages and microglia, respectively. LPS
was applied at concentrations ranging from 0.1 to 50 lg/
mL. Figure 1 demonstrates that basal production of NO in
cells in medium is negligible with respect to that induced by
LPS. After 24 h, NO production was estimated by measur-
ing the nitrite concentration. LPS induced concentration-
dependent NO production in a hyperbolic fashion in both
RAW264.7 macrophages and N11 microglia (Fig. 1). The
maximum rate of NO production was very similar between
the two cell lines, but the EC50 value for LPS in the macro-
phages was lower than in the microglia (2 lg/mL vs. 10 lg/
mL). The concentration of LPS chosen for assays with plant
extracts was 10 lg/mL, as this generated an intermediate
response, which would allow apparent inhibition as well as
margin for potential augmentation.

3.2 Effect of plant extracts and pure compounds
on LPS-induced NO production

Twenty-nine plant extracts/compounds were tested on LPS-
activated N11 microglia and RAW264.7 macrophages
(Table 1). Cell viability was monitored by two assays, the
MTT reduction assay, which measures mitochondrial func-
tion, and the NR assay, which correlates with phagocytic
activity. Results (mean values) from assays with N11 micro-
glia and RAW264.7 macrophages with all 29 extracts or
pure compounds are summarized in Tables 2 and 3, respec-
tively. Among the botanical extracts, bearberry (containing
arbutin, a glycosylated hydroquinone), grape seed (contain-
ing procyanidins) were among the most active preparations,
exhibiting IC50 values of around 20 lg/mL. The pure com-
pounds, which most effectively inhibited LPS-induced NO
production in both cell types were apigenin (96% purity),

diosmetin (96% purity), and silymarin (81% silybin + 9%
isosilybin = 90% total flavanolignans).

Apigenin inhibited LPS-induced NO production in a
dose-dependent manner in N11 microglia with an IC50 value
of approximately 15 lM (Fig. 2, Table 2). In RAW macro-
phages, apigenin reduced LPS-induced NO production
even more dramatically, reaching an IC50 at 7 lM (Fig. 2,
Table 3). In both N11 microglia and RAW264.7 macro-
phages (Fig. 3), diosmetin dose dependently down-regu-
lated LPS-induced NO production, with IC50 values of 19
and 16 lM, respectively (Tables 2 and 3). In N11 microglia
(Fig. 4), the silymarin extract effectively decreased NO pro-
duction in response to LPS, with an IC50 value of 8 lg/mL,
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Figure 1. Nitric oxide production by RAW264.7 macrophages
and N11 microglia upon activation with LPS. Nitric oxide pro-
duction was measured by determination of nitrite present in
the cell culture media after 24 h of incubation with LPS (E. coli
serotype 0127:B8). Data points represent mean values of
three replicates from two separate experiments, bars repre-
sent SEM.

Figure 2. Dose-dependent effect of apigenin on LPS-induced
NO production by N11 microglia and RAW264.7 macro-
phages. Cells were incubated with apigenin for 1 h, before
they were activated with 10 lg/mL LPS for 24 h. In addition to
nitrite, cell viability was also determined after 24 h by Neutral
Red uptake (NR) and MTT reduction assays. Bars represent
SEM.
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corresponding to 12 lM silybin. In macrophages (Fig. 4),
the silymarin also reduced LPS-induced NO production,
with an IC50 value of approximately 15 lg/mL, which cor-
responds to approximately 25 lM silybin. In contrast to the
other flavonoids, the silymarin exhibited a significant
degree of cytotoxicity with IC50 values of around 40 to
70 mM for both cell lines (Tables 2 and 3).

3.3 Direct NO-scavenging effects of apigenin,
diosmetin and silymarin

It could be argued that the effective polyphenolic com-
pounds in the experiments scavenge NO directly and that
this reactivity is the main reason for their inhibitory effects
on nitrite levels as it has been described for quercetin [20].

To investigate if direct NO scavenging is the cause for lower
nitrite levels in the presence of apigenin, diosmetin or sily-
marin in our experiments, a control experiment in a cell-
free system was performed. Here, NO was released by the
NO donor sodium nitroprusside (SNP), which releases NO
in a reaction that obeys first-order kinetics [21]. NO in
aqueous solution containing oxygen is oxidized primarily
to NO2 – [22], which allows the Griess assay to be used to
indirectly measure NO production similar to the cellular
assays. Of a 5 mM solution of freshly dissolved SNP, 50 lL
was added to 50 lL of serially diluted solutions of apigenin,
diosmetin and silymarin. Oxyhemoglobin reacts with NO
under physiological conditions and was used as a positive
control [23]. After incubation of the NO generating system
with the potential scavengers for 1 h at 508C, Griess reagent
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Table 1. Characteristic data of the plant extract and their active ingredients

Solvent Concentration
of stock
solution

Active
compound(s)
in preparation

% Active
compound
in preparation

Approximate con-
centration of major
active compound in
stock solution (lM)

Botanical extracts
Bearberry (Uva ursi) DMSO 100 mg/mL Arbutin (phenolic) 20 60
Bitter orange ddH2O 100 mg/mL Flavanones 50 90
Chamomile 1M NaOH 100 mg/mL flavones 5 9
Echinacea purpurea 4% ddH2O 100 mg/mL Caffeoyl-tartaric acids 5 11
Grape seed 95% Ethanol 100 mg/mL procyanidins 95 90
Grape skin 1M NaOH 100 mg/mL Anthocyanins 30 100
Grapefruit DMSO 100 mg/mL Flavanones 50 90
Green Olive leaf (20%) DMSO 100 mg/mL Oleuropeosides + flavones 35 70
Labiatae (Sage, Thyme &
Rosemary)

DMSO 100 mg/mL Rosmarinic acid + flavones 10 30

Rosemary (20%) DMSO 100 mg/mL Diterpenes 10 30
Sage DMSO 100 mg/mL Rosmarinic acid + flavones 10 30
Thyme DMSO 100 mg/mL Rosmarinic acid + flavones 10 30
Valerian 1M NaOH 100 mg/mL Valerenic acids 1 3

Flavonoids
Apigenin DMSO 200 mM Apigenin 95 200
Diosmetin DMSO 100 mg/mL Diosmetin 93 310
Diosmin 1M NaOH 200 mM Diosmin 93 200
Hesperetin DMSO 200 mM Hesperetin 90 200
Hesperidin DMSO 200 mM Hesperidin 93 200
Naringenin 95% Ethanol 200 mM Naringenin 92 200
Naringin DMSO 200 mM Naringin 90 200
Naringin water-soluble DMSO 100 mg/mL Naringin 50 90
Water-soluble citrus
bioflavonoids

DMSO 100 mg/mL Flavanones + flavones 50 90

Polyphenols (single compounds and combinations)
Antimicro DMSO 100 mg/mL Rosmarinic acid 20 60
Carnosic acid 70% 95% Ethanol 100 mg/mL Carnosic acid 80 235
Citroflavan-3-ol 1M NaOH 100 mg/mL Flavanones + procyanidins 70 80
Citrolive DMSO 100 mg/mL Oleuropeosides + flavones

+ flavanones
40 110

Dental Care DMSO 100 mg/mL Flavonoids + procyanidins
+ rosmarinic acid

50 90

Hydroxytyrosol DMSO 100 mg/mL Hydroxytyrosol 10 70
Silymarin compounds
(Milk thistle)

DMSO 100 mg/mL Silybin and isosylibin 70 150
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was added and the concentration of nitrite was determined.
Under these assay conditions, approximately 50 lM nitrite
was formed. Whereas haemoglobin was effective as a NO
scavenger in a dose-dependent manner, apigenin, diosmetin
and silymarin did not scavenge NO to the same degree as
observed in the cellular assays, indicating that direct NO
scavenging is not the major mode of action for the tested
polyphenols (Fig. 5).

3.4 Effect of apigenin, diosmetin and silymarin on
LPS-induced TNF production

Further evidence for the interference of the selected poly-
phenols with signalling rather than unspecific NO scaveng-
ing was demonstrated by using TNF release as a second
readout besides NO. For this purpose, RAW264.7 macro-
phages were pre-incubated with the selected polyphenols
for 1 h before addition of 10 lg/mL LPS. After 24 h of

incubation, TNF was determined by ELISA with samples of
the conditioned media. Apigenin was most efficient at
decreasing TNF production, with an IC50 of approximately
5 lg/mL, which corresponds to roughly 20 lM. Diosmetin
also significantly reduced TNF production, down to 50% at
approximately 25 lg/mL, which corresponds to roughly
80 lM. Silymarin decreased TNF production significantly,
nearly reducing it to 50% at 35 lg/mL (Fig. 6). These data
support the hypothesis that the flavonoids inhibit intracellu-
lar pro-inflammatory signalling pathways rather than scav-
enging NO directly.

4 Discussion

Both RAW264.7 macrophages and N11 microglia are
known to produce NO in response to LPS through activa-
tion of iNOS [24–27]. NO production is easy to quantify,
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Table 2. Effect of plant extracts on NO production and cell viability in microglia (N11)) activated with LPS. Cell viability is expressed
as percentage of control at the highest concentration of plant extracts or compounds tested (50 lg/mL or 100 lM). In extracts, which
contain at least 80% of a single active compound, concentrations of the major active compounds are expressed in lM and lg/mL. In
plant extracts, which are complex mixtures or combinations of compounds, concentrations are expressed only in lg/mL

N11 NO production Cell viability

Max
inhibition

IC50 NR MTT

No Extract % lg/mL lM % %

1 Uva ursi 95 16 CE 110 95
2 Bitter orange 10 NA NA 110 100
3 Chamomile 0 NA NA ND 90
4 Echinacea purpurea 0 NA NA ND 100
5 Grape seed 90 26 CE 80 80
6 Grape skin 20 NA NA 110 60
7 Grapefruit 20 NA NA 90 ND
8 Green olive leaf 50 20 CE 90 90
9 Labiatae 50 40 CE 90 90

10 Carnosic acid 95 6 18 20 ND
11 Rosemary 20 NA NA 100 ND
12 Sage 10 NA NA 100 ND
13 Thyme 20 NA NA 90 ND
14 Valerian 10 NA NA 110 ND
15 Apigenin 90 5 15 125 125
16 Diosmetin 90 6 19 120 140
17 Diosmin 60 58 90 ND 100
18 Hesperetin 50 32 100 90 80
19 Hesperidin 20 NA NA ND 100
20 Naringenin 70 12 40 60 80
21 Naringin 40 43 70 70 60
22 Naringin water-soluble 30 NA NA 105 110
23 Water-soluble citrus bioflavonoids 40 NA NA 100 110
24 AntimicRO 30 NA NA 100 115
25 Citroflavan-3-ol 30 NA NA 110 100
26 Citrolive 0 NA NA 80 60
27 Dental Care 0 NA NA 100 100
28 Hydroxytyrosol 0 NA NA 100 60
29 Silybin (active compound in Silymarin) 100 8 12 40 80

NA: 50% inhibition of NO not achieved at the highest concentration tested; ND: No data; CE: complex extract, an IC50 cannot be
expressed as a concentration.
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and generally correlates with induction of inflammatory
gene expression, hence it is a good indicator of cellular acti-
vation and production of other NF-jB regulated pro-
inflammatory cytokines [14]. Thus, a reduction in NO pro-
duction suggests that the inflammatory response is down-
regulated, and that the production of other pro-inflamma-
tory mediators would be reduced. Because NO also has
cytotoxic properties, its elimination in an inflammatory set-
ting would reduce the damage to cells and thus the extent of
tissue damage.

The screen of the 29 different plant extracts revealed that
not all polyphenols are capable to reduce LPS-induced NO
production. From the results of this screen, the three pure
compounds apigenin, diosmetin and silybin, emerged as the
most potent inhibitors of inflammation, based on their abil-
ity to reduce levels of NO. Interestingly, they all belong to

the family of flavones characterized by a double bond in the
C-ring (Table 4).

The flavonoid apigenin is found in many green herbs, but
in high concentrations in chamomile [28]. It has been stud-
ied extensively and has been shown to inhibit LPS-induced
inflammatory responses in many different settings. For
example, iNOS and COX-2 expression in LPS-activated
RAW264.7 cells was reduced by 50% at a concentration of
15 lM, which corresponds well with the results herein [29].
In addition, the results from the TNF assay strongly indi-
cated that TNF production in response to LPS was
decreased by apigenin in a dose-dependent manner. Apige-
nin has also been found to inhibit cytokine-induced expres-
sion of adhesion molecules ICAM-1, VCAM-1 and
E-selectin, as well as inhibit prostaglandin synthesis and
IL6 and IL8 production [30]. In that particular study, apige-
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Table 3. Effect of plant extracts on NO production and cell viability in macrophages (RAW 264.7) activated with LPS. Cell viability is
expressed as percentage of control at the highest amount/volume or concentration of plant extracts or compounds tested (50 lg/mL
or 100 lM). In extracts, which contain at least 80% of a single active compound, parameters were related to concentrations of this
compound and expressed in lM. In plant extracts, which are complex mixtures or combinations of compounds, parameters were
related to weight/volume and expressed in lg/mL

RAW264.7 NO production Cell viability

Max inhibition IC50 NR MTT

No Extract % lg/mL lM % %

1 Uva ursi 30 NA NA 100 100
5 Grape seed 90 45 CE 80 50
8 Green olive leaf 40 NA NA 110 ND
9 Labiatae 0 14 CE 120 ND

15 Apigenin 90 2 7 130 ND
16 Diosmetin 80 5 16 100 ND
29 Silybin (active compound in Silymarin) 80 15 25 80 ND

NA: 50% inhibition of NO not achieved at the highest concentration tested; ND: No data; CE: complex extract, an IC50 cannot be
expressed as a concentration

Figure 3. Dose-effect of diosmetin on LPS-induced NO pro-
duction by N11 microglia and RAW264.7 macrophages. Cells
were incubated with diosmetin for 1 h, before they were acti-
vated with 10 lg/mL LPS for 24 h. In addition to nitrite, cell via-
bility was also determined after 24 h by Neutral Red uptake
(NR) and MTT reduction assays. Bars represent SEM.

Figure 4. Dose-effect of silybin (silymarin extract) on LPS-
induced NO production by N11 microglia and RAW264.7 mac-
rophages. Cells were incubated with silymarin extract for 1 h,
before they were activated with 10 lg/mL LPS for 24 h. In
addition to nitrite, cell viability was also determined after 24 h
by Neutral Red uptake (NR) and MTT reduction assays. Bars
represent SEM.
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nin did not inhibit TNF-induced NF-jB nuclear transloca-
tion, suggesting its mechanism involves decreased NF-jB
transcriptional activity.

Further properties of apigenin include antagonism at the
thromboxane A2 receptor. When the effects of several flavo-
noids on platelet aggregation, serotonin release and TxA2

generation were investigated, apigenin abrogated arachi-
donic acid and collagen-induced platelet responses, such as
aggregation and secretion, with a less substantial effect on
TxA2 synthesis. It was identified as a specific and potent
ligand of the TxA2 receptor in the lM range, which
accounts for anti-platelet effects related to stimulation with
those agonists [31].
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Table 4. Chemical structures of polyphenolic compounds

Substituents

3 5 7 39 49

Flavones Apigenin H OH OH H OH
Diosmetin H OH OH OH OCH3

Flavone glycosides Diosmetin H OH OR OH OCH3

Flavanones Nariginin H OH OH H OH
Hesperetin H OH OH OH OCH3

Flavanone glycosides Naringin H OH OR H OH
(R: b-Neohesperidose)
Hesperidin H OH OR H OCH3

(R:b-Rutinoside)

Flavones Flavanones

Figure 5. Direct NO scavenging by apigenin, diosmetin and
silymarin. NO production was measured as the concentration
of nitrite present in the media after 1 h of incubation of the pol-
yphenolic compounds with 5 mM SNP at 508C. The known NO
scavenger haemoglobin was used as a positive control. Data
points were expressed as % of control and represent the
mean of three replicates, bars represent SEM.

Figure 6. TNF production by LPS-activated RAW264.7 mac-
rophages in the presence of selected polyphenols. TNF was
measured by a commercial sandwich-ELISA (Peprotech)
using media from cells incubated with LPS and various con-
centrations of apigenin, diosmetin and silymarin for 24 h. Data
points represent the mean of three replicates, and bars repre-
sent SEM.
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Diosmetin is a bioflavonoid, which is highly abundant in
citrus [32]. It proved to be as potent as apigenin in the inhib-
ition of NO production, which could be expected, consider-
ing their structural similarity. Diosmetin also reduced TNF
production in response to LPS [33]. Studies on the metabo-
lism of bioflavonoids have shown that oral diosmin is read-
ily converted to its aglycone; diosmetin, which was not
metabolised and thus remained in the plasma for at least
24 h [34]. Based on its similarity to apigenin in structure,
the mechanism of its anti-inflammatory activity might be
similar to that of apigenin.

The active constituents of milk thistle are flavonolignans
including silybin, silydianin, and silychristine, collectively
known as silymarin. Silybin is the component with the
greatest degree of biological activity, and milk thistle
extracts are usually standardized to contain 70–80% sily-
bin. Silymarin extract has been shown to effectively inhibit
NO production [35]. The activity of this extract is assumed
to be mediated by silybin [36]. Cell viability, however, was
particularly reduced in N-11 microglia by silymarin. A pos-
sible explanation for this might have been inhibition of the
retroviral driven expression of macrophage-colony stimu-
lating factor (M-CSF), which is a growth factor for N11
cells [37]. M-CSF expression is partially under NF-jB con-
trol, which implies that silybin down-regulated NF-jB
activity, consistent with previous studies [35, 38, 39].

Regarding the mechanisms of anti-inflammatory activity
of bioflavonoids, the down-regulation of NF-jB activity by
antioxidants is possible because it is a redox-sensitive tran-
scription factor [40]. Its activity is regulated by the inhibitor
of NF-jB (IjB), the release from which allows transloca-
tion into the nucleus [41]. The reduction of ROS by the anti-
oxidants may have resulted in reactivation of protein tyro-
sine phosphatases that inhibit the kinases responsible for
IjB phosphorylation. The presence of apigenin has been
shown to result in inhibition of IjB kinase activity [42].
Protein kinase C (PKC), which is involved in mediating the
assembly of NADPH oxidase, as well as activation of IjB
kinases, can be activated by oxidative stress, through oxida-
tion of the cysteine-rich catalytic domain [43, 44]. Thus,
inhibition of ROS-mediated PKC activation by antioxidants
may be an alternative mechanism in the reduction of ROS
as well as NF-jB activity.

Previously, four structural groups have been implicated
in determining their radical scavenging and/or antioxidant
capacity: (i) the O-dihydroxy (catechol) structure in the
B-ring of the flavonoid skeleton, (ii) the 2,3-double bond in
conjugation with 4-oxo function, which are responsible for
electron dislocation from the B-ring, (iii) the presence of
both 3-(a)- and 5-(b)-hydroxyl groups for maximal radical
scavenging capacity and strongest radical absorption, and
(iv) other elements such as the presence or absence of gly-
cosidic moieties in the flavonoid skeleton, the glycosylation
site, and number and position of the free and sterified
hydroxyl groups [45].

Analysis of structure-activity relationship from our study
is mostly supportive of these previous results and showed
three distinct principles (Table 4). IC50 values for statistical
analysis below were used from the experiments with N11
cells.

(i) Flavonoid-aglycons (without glucose-rhamnose) are
significantly more potent than the corresponding glyco-
sides: diosmetin (IC50= 6 lM) versus diosmin (IC50= 58
lM); naringenin (IC50 = 12 lM) versus naringin (IC50 = 43
lM) and hesperetin (IC50 = 32 lM) versus hesperidin (IC50

A 100 lM), (p A 0.05 for all 3 pairs). One of the reasons for
the higher potency of the non-glycosylated compounds
could be their cell membrane permeability.

(ii) The flavonoids with only a 49-OH substitution in the
B-ring are more potent than those with a 39-OH-49-methoxy
substitution: apigenin (IC50 = 15 lM) versus diosmetin
(IC50 = 19 lM); naringenin (IC50 = 40 lM) versus hespere-
tin (IC50 = 100 lM) and naringin (IC50 = 70 lM) versus hes-
peridin (IC50 A 100 lM), (p A 0.05 for all three pairs). Api-
genin, the most potent compound, does not possess a cate-
chol structure in the B-ring, suggesting that a 49-OH group
in the B-ring is sufficient for a potent anti-inflammatory
effect.

(iii) The flavonoids of the flavone type (with a C2 = C3

double bond) are more potent than those of the flavanone
type (with a single bond at C2 –C3) (apigenin (IC50 =
15 lM) versus naringenin (IC50 = 40 lM) and diosmetin
(IC50 = 19 lM versus hesperetin (IC50 = 100 lM), (p A 0.05
for each of the two pairs).

Now, it can be speculated that the “anti-inflammatory”
potencies of flavonoids are based on a combination of their
anti-oxidant and structural properties, e.g. interference
with other signalling systems. Recent research on antago-
nism of compounds such as apigenin suggests the throm-
boxane A2 receptor and subsequent inhibition of thrombox-
ane-mediated platelet aggregation and that the “anti-
inflammatory” effect of the most potent flavonoids in this
study might be related to their structural properties at the
“receptor level”, not purely on their general antioxidant
activity [31]. One anti-inflammatory target could be the
nuclear PPAR receptor, a transcription factor, which can
also modulate the transcriptional activity of non-PPRE-
containing genes via transrepression. The best-documented
mechanism by which PPAR can transrepress non-PPRE-
containing genes is its ability to physically interact with the
p65 subunit of NF-jB, which inhibits NF-jB-dependent
transactivation [46, 47].

In respect to potential therapeutic applications, the effi-
cacy of orally applied plant-derived polyphenols as anti-
inflammatory drugs might be limited by low bioavailability
and loss of function due to hepatic metabolic processing
[48]. For example, flavonoid supplementation of 500 mg to
2 g/day is necessary to yield plasma levels of approximately
5–10 lM [49, 50]. However, the use of plant derived poly-
phenols as treatment for septic shock or meningitis is sub-
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ject to slightly different conditions. Bioavailability would
not be an issue as they could be administered intravenously
prior to, or in conjunction with, antibiotics and fluid resus-
citation. The main issue would rather be toxicity. The
results herein show that the most potent polyphenols,
namely apigenin, diosmetin and silymarin (silybin), were
non-toxic at active concentrations in our cell culture sys-
tem, although the therapeutic window is smaller with the
silymarin extract. If the sudden high level of oxidative stress
and secretion of pro-inflammatory cytokines (“cytokine
storm”) in septic shock can be prevented or rapidly elimi-
nated by the tested flavonoids, then much of the damage to
tissues caused by hypoperfusion and organ failure may be
avoided, thus significantly improving the patient's chances
of survival.

First animal studies appear to support the validity of this
approach. For example, baicalein, a major bioactive flavo-
noid component from dried roots of Scutellaria baicalensis
Georgi (Huang qin) was shown to have beneficial effect on
circulatory failure and vascular dysfunction during sepsis
induced by LPS (10 mg/kg, i.v.) in anesthetized rats. Treat-
ment of the rats with baicalein (20 mg/kg, i.v.) significantly
attenuated the deleterious hemodynamic changes of hypo-
tension and tachycardia caused by LPS and significantly
inhibited the elevation of TNF. Baicalein also decreased
levels of iNOS and the overproduction of NO and superox-
ide anions caused by LPS. It also increased the survival rate
of treated mice challenged by LPS (60 mg/kg) [51]. In con-
clusion, there is accumulating evidence that bioflavonoids
are potent antioxidant and anti-inflammatory compounds
and are likely to be safe for human use [52–56]. Long-term
oral supplementation may aid the body's detoxification of
oxygen radicals, thus reducing damage to cellular mem-
branes, as well as protect organs from the harmful effects of
chronic inflammatory conditions. Herein, we suggest an
additional application, namely that plant-derived antioxi-
dants could be used to aid in the treatment of LPS-induced
complications of bacterial infections, by reducing levels of
ROS and NO and thus down-regulating NF-jB-driven cyto-
kine production. By reducing cellular damage and inhibit-
ing the rampant inflammatory response, organ failure may
be prevented, thus significantly improving the patient's
chances of survival. Screening these bioflavonoids in ani-
mal models of septic shock, e.g. induced by administration
of a high dose of LPS into mice would be an appropriate
next step to compare their efficacy and safety for this appli-
cation [57].

Microglial activation also plays an important role in vari-
ous neurodegenerative diseases such as Alzheimer's and
Parkinson's diseases as well as cerebral inflammatory dis-
eases such as multiple sclerosis, whereby other pro-inflam-
matory inducers – often yet unknown – assume the role of
LPS. Therefore, the inhibition of microglial activation by
the compounds tested might have significant meaning. For
example, Alzheimer's disease (AD) is characterized by a

chronic inflammatory process around amyloid plaques,
activation of micro- and astroglia and increased levels of
radicals and pro-inflammatory cytokines [58]. iNOS, IL1ß,
IL6 and TNF have been detected in amyloid plaques and
adjacent microglial and astroglial cells [59]. Activated glia
are a further source of ROS (such as superoxide and NO)
through the activation of NADPH oxidase and iNOS,
respectively [60, 61]. ROS act as second messengers in pro-
inflammatory signal transduction and intracellular acting
antioxidants such as flavonoids including apigenin and
diosmetin can thus act as anti-inflammatory drugs for these
diseases. In a recent meta-analysis of 187 retrospective
studies, garlic extract, curcumin, melatonin, resveratrol,
Ginkgo biloba extract, green tea, vitamin C and vitamin E
were identified as agents that show promise in helping to
prevent AD [62].
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