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Luteolin reduces IL-6 production in microglia by
inhibiting JNK phosphorylation and activation of AP-1
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Luteolin, a flavonoid found in high concentrations in celery and
green pepper, has been shown to reduce production of proinflam-
matory mediators in LPS-stimulated macrophages, fibroblasts, and
intestinal epithelial cells. Because excessive production of proin-
flammatory cytokines by activated brain microglia can cause be-
havioral pathology and neurodegeneration, we sought to deter-
mine whether luteolin also regulates microglial cell production of
a prototypic inflammatory cytokine, IL-6. Pretreatment of primary
murine microlgia and BV-2 microglial cells with luteolin inhibited
LPS-stimulated IL-6 production at both the mRNA and protein
levels. To determine how luteolin inhibited IL-6 production in
microglia, EMSAs were performed to establish the effects of
luteolin on LPS-induced binding of transcription factors to the
NF-«B and activator protein-1 (AP-1) sites on the IL-6 promoter.
Whereas luteolin had no effect on the LPS-induced increase in
NF-«B DNA binding activity, it markedly reduced AP-1 transcription
factor binding activity. Consistent with this finding, luteolin did
not inhibit LPS-induced degradation of IkB-a but inhibited JNK
phosphorylation. To determine whether luteolin might have sim-
ilar effects in vivo, mice were provided drinking water supple-
mented with luteolin for 21 days and then they were injected i.p.
with LPS. Luteolin consumption reduced LPS-induced IL-6 in plasma
4 h after injection. Furthermore, luteolin decreased the induction of
IL-6 mRNA by LPS in hippocampus but not in the cortex or
cerebellum. Taken together, these data suggest luteolin inhibits
LPS-induced IL-6 production in the brain by inhibiting the JNK
signaling pathway and activation of AP-1 in microglia. Thus,
luteolin may be useful for mitigating neuroinflammation.
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Lipopolysaccharide (LPS) is an outer membrane component
of Gram-negative bacteria that is recognized by the immune
system as a pathogen-associated molecular pattern. It binds the
Toll-like receptor 4 (TLR4)/CD14 complex on the surface of
mammalian cells (1) and activates cell signaling pathways to
induce expression of inflammatory genes including IL-183, IL-6,
and TNF-a (2). Peripheral injection of LPS in rodents stimulates
cells of the innate immune system and increases the production
of inflammatory cytokines. Cytokines produced in the periphery
convey a message to the CNS and induce microglial cells to
generate a similar cytokine response within the brain. In this
way, microglial cells participate in the formation of the sickness
behavior syndrome, which when moderately expressed, is adap-
tive (3). In some instances, however, peripheral infection results
in an exaggerated brain cytokine response and behavioral pa-
thology. For example, old mice that expressed high levels of
inflammatory cytokines in the brain after peripheral injection of
LPS remained anorectic longer (4), exhibited depression-like
behavior longer (5), and experienced deficits in hippocampal-
dependent working memory not seen in young adult cohorts (6).
Peripheral infection also exacerbated neurodegeneration in an-
imal models of multiple sclerosis, Alzheimer’s disease, and prion
disease by inducing an exaggerated inflammatory cytokine re-
sponse in the brain (7). Therefore, inhibiting inflammatory
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cytokine production by activated microglia may be useful for
preventing neurobehavioral deficits and neurodegeneration.

Flavonoids, plant polyphenolic compounds abundant in fruits
and vegetables, exhibit a wide variety of biological effects, including
antioxidant free-radical scavenging and antiinflammatory proper-
ties (8). The flavonoid luteolin (3',4’,5,7-tetrahydroxyflavone),
abundant in celery, green pepper, parsley, perilla leaf, and cham-
omile tea (9), is of particular interest for modulating immune
reactions as several studies comparing the antiinflammatory prop-
erties of luteolin with other flavonoids such as quercetin, genistein,
or hesperetin in peripheral macrophages found luteolin to be most
potent (10, 11). Luteolin has been shown to inhibit LPS-induced
NF-«B transcriptional activity in intestinal epithelial cells, mouse
bone-marrow derived dendritic cells (12), murine macrophage cells
(10), and rat fibroblasts (13). In another study (10), luteolin
inhibited LPS-stimulated TNF-« and IL-6 in a murine macrophage
cell line. These studies suggest luteolin modulates cell signaling
pathways activated by LPS and subsequent production of inflam-
matory cytokines.

Although the effects of flavonoids on the NF-«B inflammatory
pathway have received considerable attention, expression of the
inflammatory cytokine IL-6 is mediated by an activator protein-1
(AP-1) regulatory element in addition to NF-«B (14). It is not
known whether luteolin inhibits AP-1 activitiy in microglia. AP-1 is
regulated by c-Jun and the MAPK, JNK, which is stimulated by LPS
binding to the TLR4/CD14 complex. Activated JNK phosphory-
lates the NH2-terminal activation domain of c-Jun, resulting in
DNA binding and AP-1 activation. The IL-6 gene promoter con-
tains functional AP-1 consensus sequences (14), and only recently
have proinflammatory actions in microglia been shown to be
mediated by JNK (15). JNK is now viewed as a pharmacological
target for inhibiting brain inflammation and protecting neurons
(16, 17).

We examined the effects of luteolin on LPS-induced production
of IL-6 by microglial cells in vitro and found evidence suggesting
luteolin inhibits the JNK and AP-1 signaling pathway and produc-
tion of IL-6. Furthermore, in mice provided drinking water sup-
plemented with luteolin, IL-6 was reduced in peripheral blood and
discrete brain areas after peripheral injection of LPS. Thus, luteolin
is a promising agent for preventing and treating neuroinflammation
mediated by the JNK and AP-1 signaling pathway, and it may be
useful for mitigating a dysregulated linkage between the immune
system and brain.

Results

Effect of Luteolin on LPS-Induced IL-6 Production in Microglial Cells.
Primary murine microglia and BV-2 cells were pretreated with
luteolin (0, 10, 25, and 50 uM) and stimulated with 10 ng/ml LPS
for a 24-h incubation period. IL-6 concentration in supernatant of
microglial cells stimulated with LPS increased to 1,100 pg/ml.
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Fig. 1. Suppression of LPS-induced IL-6 secretion in primary microglia and BV-2 cells. Primary microglia (A) and BV-2 cells (B) were pretreated with luteolin for
1 h and stimulated with LPS for a 24 h incubation period. IL-6 secretion was measured by ELISA. Concentration of IL-6 in supernatants from primary microglia
and BV-2 cells stimulated with LPS was 1,100 and 2,800 pg/ml, respectively. Data are presented as percentage of IL-6 release compared with IL-6 level of LPS alone
treatment (100%). Bars represent the mean + SEM from three independent experiments. Means with different letters are different (P < 0.05).

Pretreatment of primary microglia with 10 and 25 uM luteolin
reduced LPS-induced IL-6 production by 40% and 90%, respec-
tively (Fig. 14). When luteolin was increased to 50 uM, IL-6
secretion by LPS-stimulated microglia was completely blocked. In
a separate, but similar, study, the effect of luteolin on IL-6 secretion
by LPS-stimulated BV-2 cells was assessed (Fig. 1B). IL-6 concen-
tration in supernatant of BV-2 cells stimulated with LPS increased
to 2,800 pg/ml. Pretreatment of BV-2 cells with 10 and 25 uM
reduced LPS-stimulated IL-6 by 40% and 80%, respectively. The
highest concentration of luteolin suppressed IL-6 secretion com-
pletely. Neither LPS nor luteolin affected cell survival or prolifer-
ation (data not shown).

To determine whether the decrease in LPS-induced IL-6 protein
measured in supernatants was associated with a decrease in steady-
state levels of IL-6 mRNA, primary microglia and BV-2 cells were
incubated 1 h with the indicated concentrations of luteolin and then
incubated for 8 h with 10 ng/ml LPS (Fig. 2). As anticipated, LPS
induced a marked increase in IL-6 mRNA in primary microglia
(1,200-fold increase) and BV-2 cells (3,000-fold increase). Pretreat-
ment with luteolin reduced steady-state levels of IL-6 mRNA in a
dose-dependent manner in both primary microglia (Fig. 24) and
BV-2 cells (Fig. 2B). Taken together, these data indicate that
luteolin is a potent inhibitor of LPS-induced IL-6 production in both
primary microglia and BV-2 cells.

Effect of Luteolin on NF-xB and AP-1 DNA Binding Activity in Microglia.
To determine the effects of luteolin on transcription factor signaling
pathways that might mediate LPS-induced IL-6 production, EMSA
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was performed. Because BV-2 cells and primary microglia re-
sponded similarly to LPS and luteolin, and the number of microglia
that can be cultured from neonatal mice is limited, BV-2 cells were
used. Cells were pretreated with 0 and 50 uM luteolin for 1 h after
which they were stimulated with LPS (10 ng/ml) for a 1-h incubation
period. The 1-h treatment of LPS was determined to be optimal in
apreliminary study (data not shown). Nuclear protein was extracted
and subjected to EMSA using oligonucleotide probes correspond-
ing to the consensus binding sites for NF-«kB or AP-1. Represen-
tative gels are shown in Fig. 3 4 and B, and the average DNA
binding as determined by densitometric scanning of gels from three
separate studies is shown in Fig. 3 C and D. NF-«B and AP-1
binding activity was induced by LPS treatment (Fig. 34 and B, lanes
1 and 5). The binding specificity was verified by incubating nuclear
extracts from LPS-stimulated BV-2 cells with excess unlabeled
specific competitor oligonucleotide probe (Fig. 3 4 and B, lane 2)
or unlabeled nonspecific ologonucleotide probe (Fig. 3 4 and B,
lane 3). Whereas treatment with the NF-«B inhibitor pyrrolidinedi-
thiocarbamate (PDTC) completely blocked LPS-induced NF-«B
DNA binding (Fig. 34, lane 8), luteolin did not affect this response
to LPS (Fig. 34, lane 7). However, the increased AP-1 binding
activity induced by LPS was attenuated by pretreatment with
luteolin (Fig. 3B, lane 7).

Effects of Luteolin on 1kB-« Degradation and Phosphorylation of JNK.

To determine whether luteolin modulates IkB-a and MA PK, which

are upstream molecules in the NF-«B and AP-1 signaling pathways,
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Fig. 2. Suppression of LPS-induced IL-6 mRNA expression in primary microglia and BV-2 cells. Primary microglia (A) and BV-2 cells (B) were pretreated with

luteolin for 1 h and stimulated with LPS for an 8-h incubation period. Expression of IL-6 mMRNA was measured by RT-PCR. In primary microglia the threshold cycle
of GAPDH and IL-6 was 32 and 19, respectively. In BV-2 cells the threshold cycle of GAPDH and IL-6 was 27 and 13, respectively. Data are presented as percentage
of IL-6 mRNA expression compared with IL-6 mMRNA expression level of LPS-alone treatment (100%). Bars represent the mean = SEM from three independent
experiments. Means with different letters are different (P < 0.05).
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Luteolin inhibits LPS-induced AP-1 activation. BV-2 cells were pretreated with luteolin for 1 h and stimulated with LPS for a 1 h incubation period. (A

and B) Nuclei were extracted for NF-xB (A) and AP-1 (B) EMSA. PDTC was used as a NF-«B inhibitor. (C and D) Transcription factor binding activity for NF-«B (C)
and AP-1 (D) was determined by densitometric scanning. Bars represent the mean = SEM from three independent experiments. Means with different letters are

different (P < 0.05).

respectively, BV-2 cells were pretreated with 0, 25, or 50 uM
luteolin for 1 h and stimulated with LPS for a 30-min incubation
period. The 30-min treatment of LPS was determined to be optimal
in a preliminary study that examined IkB-« degradation and
MAPK phosphorylation at 5, 15, 30, 45, and 60 min after LPS
treatment (data not shown). Treatment with LPS resulted in
degradation of IkB-a, a necessary prelude to NF-«B activation (Fig.
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Fig. 4.

4A). As anticipated, prior treatment with PDTC inhibited I«B-«
degradation. However, luteolin did not inhibit LPS-induced IkB-«
degradation, which is consistent with the failure of luteolin to inhibit
NF-«B DNA binding activity (Fig. 34). As anticipated, stimulation
with LPS resulted in the phosphorylation of Erk, p38, and JNK (Fig.
4 B-D). However, pretreatment of BV-2 cells with 25 and 50 uM
luteolin inhibited only JNK phosphorylation (Fig. 4D).
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Luteolin inhibits LPS-induced phosphorylation of JNK. BV-2 cells were pretreated with luteolin for 1 h and stimulated with LPS for a 30-min incubation

period. Cells were collected, and cell lysates were separated by 12% SDS/PAGE, transferred to membranes, and blotted with specific antibodies to IkB-« (A), Erk
and phosphorylated Erk (B), p38 and phosphorylated p38 (C), and JNK and phosphorylated JNK (D). B-Actin was blotted as an internal control. Bars represent
the mean = SEM from three independent experiments. Means with different letters are different (P < 0.05).

7536 | www.pnas.org/cgi/doi/10.1073/pnas.0802865105 Jang et al.



=
vd
=

5000

4000

3000

2000

Plasma IL-6 (pg/ml)

1000

0
Luteolin (mg/ml) water KOH KOH 1 2.5 5
LPS (0.33 pg/g BW)

Fig. 5. Luteolin reduces LPS-stimulated IL-6 production in plasma. Mice fed
luteolin (0, 1, 2.5, or 5 mg/ml) for 21 days were injected with LPS (0.33 ng/g
BW). At 4 h postinjection, mice were killed, and plasma was collected for IL-6
measurement. Bars represent the mean = SEM (n = 9). Means with different
letters are different (P < 0.05).

Effect of Luteolin on IL-6 Production in the Periphery and Brain After
Injection of LPS. Peripheral administration of LPS stimulates pe-
ripheral macrophages to produce IL-6 and other inflammatory
cytokines. The peripheral cytokines convey a message to the brain
and stimulate microglia to produce a similar set of cytokines.
Therefore, we investigated whether intake of luteolin would atten-
uate IL-6 production both in the periphery and brain of mice
injected with LPS. Mice were provided 0, 1, 2.5, and 5 mg/ml
luteolin in drinking water for 21 days and then injected i.p. with LPS
[0.33 pg/g body weight (BW)]. Based on average daily intake, mice
given water with 0, 1, 2.5, and 5 mg/ml luteolin ingested 0, 4.7, 10.6,
and 19.5 mg of luteolin per day, respectively. As anticipated, LPS
induced IL-6 in both the periphery and brain (Figs. 5 and 6). Mice
given luteolin, however, had lower plasma levels of IL-6 protein
irrespective of the supplementation level (Fig. 5). The highest
supplemental level of luteolin reduced LPS-induced IL-6 mRNA in
the hippocampus, but IL-6 expression in other brain areas was not
affected (Fig. 6).

Discussion

In this study, we showed that the polyphenolic plant-derived
flavonoid, luteolin, inhibited binding to the AP-1 site on the IL-6
promoter and subsequent production of IL-6 by microglial cells
stimulated with LPS. Luteolin reduced AP-1 transcription factor
DNA binding and inhibited phosphorylation of the MAPK, JNK.
The inhibitory properties of luteolin on kinase activity were dis-
crete, as several steps in the NF-«B activation pathway were
uninterrupted. Additionally, the antiinflammatory properties of
luteolin were evident in vivo, as LPS-induced IL-6 production in

both the periphery and hippocampus was reduced in mice provided
luteolin-supplemented drinking water. These results suggest that
luteolin inhibits the JNK signaling pathway and activation of AP-1
in microglia. Thus, luteolin is a promising agent for preventing and
treating neuroinflammation mediated by the JNK and AP-1 sig-
naling pathway and may be useful for mitigating a dysregulated
linkage between the immune system and brain.

There are three isoforms of JNK, which are also referred to as
stress-activated kinases (18). Whereas JNK1 and JNK2 are ubiq-
uitously expressed, JNK3 is restricted to the brain, heart, and testis.
In neurons, activated JNK targets substrates that induce apoptotic
responses (19), and as a result, therapeutic strategies aimed at
inhibiting JNK have emerged as a means to reduce cell death
resulting from cerebral ischemia or diseases such as Parkinson’s and
Alzheimer’s (17, 20). In brain, however, JNK activity is not re-
stricted to neurons and apoptotic pathways, because all three
isoforms of JNK are present in microglia where they mediate
proinflammatory actions (15). In primary microglia cultures from
neonatal rat brain, inhibition of JNK with SP600125 reduced
LPS-induced metabolic activity and the induction of several genes
regulated by AP-1, including IL-6 (15). Thus, our finding in the
present study that Iuteolin inhibited LPS-induced JNK phosphor-
ylation, AP-1 DNA binding activity, and IL-6 expression and
release confirms the proinflammatory nature of the JNK pathway
in microglial cells. It demonstrates, further, an additional antiin-
flammatory property of luteolin.

It is important to note that we do not contend that all of the
antiinflammatory effects of Iuteolin are mediated via JNK and
AP-1. The JNK inhibitor, SP600125, only partially reduced (30—
40%) LPS-induced IL-6 secretion in rat microglial cells (15). Thus,
if luteolin acted only via the JNK pathway we would not have seen
the nearly complete inhibition of IL-6 production (Fig. 1). It is more
likely that luteolin inhibited both AP-1 and NF-«B transcriptional
activity. A previous study in rat fibroblasts found that luteolin
inhibited LPS-induced NF-«B transcriptional activity without pre-
venting degradation of IkB-« and translocation of NF-«B from the
cell cytoplasm to the nucleus (13). In another study, luteolin
partially inhibited TNF-a-induced NF-«B DNA binding activity but
completely blocked NF-«B transcriptional activity in mouse intes-
tinal epithelial cells (21). In our study, luteolin also failed to inhibit
IkB-a degradation and NF-«B DNA binding. Although we did not
measure transcriptional activity, based on these earlier reports and
our own findings showing NF-«B is involved in IL-6 expression in
microglia (22-24), we suspect the nearly complete blockade of
LPS-induced IL-6 production by luteolin was the net result of its
effects on the INK/AP-1 signaling pathway and NF-«kB transcrip-
tional activity, which act independently or coordinately to regulate
expression of target genes (25). Interaction between components of
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Luteolin reduces LPS-stimulated IL-6 production in hippocampus. Mice fed luteolin (0, 1, 2.5, or 5 mg/ml) for 21 days were injected with LPS (0.33 ng/g

BW). Four hours after LPS injection, cortex (Left), cerebellum (Center), and hippocampal (Right) tissue were collected, and IL-6 mMRNA was measured by RT-PCR.
Bars represent the mean + SEM (n = 9). Means with different letters are different (P < 0.05).
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NF-«B (p65) and AP-1 (c-Jun/c-Fos) presents a possible mecha-
nism for coordinate control of these factors (26). It has been
reported that expression of dominant negative c-jun results in AP-1
and NF-«B down-regulation (27). In any case, our data are intrigu-
ing because they suggest that luteolin inhibits LPS-induced JNK
phosphorylation in microglia, thus demonstrating the functional
diversity of luteolin in inhibiting inflammatory pathways.

An important objective of our study was to determine whether
the effects of luteolin on IL-6 production in vitro translated to the
in vivo setting. We were encouraged by previous studies suggesting
an inverse relationship between dietary flavonoid concentration
and degree of inflammation associated with pathologic conditions.
For example, Commenges et al. (28) examined records from 1,367
subjects 65 years of age or older and concluded that the intake of
flavonoids is inversely related to dementia. Flavonoids also reduce
the incidence of cerebrovascular disease in humans (29), are
protective in cardiovascular disease and cancer (30), reduce clinical
symptoms in a rodent model of multiple sclerosis (31), and inhibit
inflammation in an animal model of arthritis (32).

In our mouse model, provision of luteolin for 21 days attenuated
LPS-induced expression of IL-6 in the periphery (as assessed by
measuring plasma IL-6 concentration) and in the hippocampus (as
assessed by measuring IL-6 mRNA). These results are noteworthy
because IL-6 in the periphery plays a role in the pathogenesis of
immunologically mediated fatigue and loss of strength (33, 34).
Furthermore, the hippocampus is densely populated with microglia,
and inflammatory cytokines are well known to inhibit working
memory (35) and memory consolidation (36) in hippocampal-
dependent tasks. Although flavonoids can penetrate the blood—
brain barrier (37), it is unclear whether luteolin entered the brain
to directly inhibit IL-6 expression or whether it reduced hippocam-
pal IL-6 indirectly by reducing peripheral responses to LPS. Re-
gardless, we provide evidence to suggest luteolin may be useful for
mitigating neuroinflammation.

Materials and Methods

Reagents. LPS from Escherichia coli (serotype 0127:B8) was obtained from Sigma.
Luteolin was obtained from Calbiochem and Synorex. The antibodies and stan-
dards for the IL-6 ELISA were purchased from PharMingen. The 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium (MTS) cell proliferation assay was purchased from Promega. DMEM and
HBSS were purchased from Bio-Whittaker. FBS was purchased from HyClone.
Penicillin and streptomycin were purchased from Invitrogen.

Animals. Neonatal (<3 days old) and adult (3-6 months) male BALB/c mice were
obtained from our breeding colony kept in barrier-reared conditions in a specific
pathogen free facility at the University of Illinois. Mice were housed in polypro-
pylene cages and maintained at 21°C under a reverse-phase 12-h light-dark cycle
with ad libitum access to water and rodent chow. All procedures were in accor-
dance with the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals and were approved by the University of Illinois Institutional
Animal Care and Use Committee.

Primary Microglial Cell Culture. Primary microglial cell cultures were established
from neonatal mice, as described (38). In brief, whole brains were aseptically
removed and mechanically dissociated after a 15-min trypsinization (0.25% tryp-
sin). Brain tissue was passed through a 100-mm nylon mesh, washed twice in
HBSS, and plated on poly-L-lysine-coated 162-cm? culture flasks in growth me-
dium (DMEM supplemented with 20% FBS, 3.7 g/liter sodium bicarbonate, 200
mM glutamine, 100 units/ml penicillin, 100 wg/ml streptomycin, 0.25 pg/ml fun-
gizone, 50 ug/ml gentamicin). Mixed glia cultures were maintained at 37°C, 95%
humidity, and 5% CO,. Growth medium was replenished every other day until
confluency. Mixed glia cultures were shaken for 3 h at 37°C, and nonadherent
microglia were collected, counted by trypan blue staining, and plated at a density
of 1 X 10° cells/ml on poly-L-lysine-coated 24-well plates. Resultant cultures
contained >95% microglia. After 48 h, microglia were washed twice with DMEM
and supplemented with warm growth medium containing experimental treat-
ments. Cell viability was measured by the MTS cell proliferation assay according
to the manufacturer’s instructions.
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BV-2 Microglial Cell Culture. The immortalized murine microglia cell line, BV-2 (a
gift from Linda Van Eldik, Northwestern University, Evanston, IL), has been used
as a model to investigate the neuroimmune system (39, 40). BV-2 cells were
maintained in 150-cm? tissue culture flasks (BD Falcon) in DMEM supplemented
with 10% FBS and 100 units/ml penicillin/streptomycin at 37°C in a humidified
incubator under 5% CO,. Confluent cultures were passed by trypsinization. Cells
were centrifuged (5 min at4°C, 250 X g), and culture medium was removed. In all
experiments, cells were resuspended in DMEM supplemented with 10% FBS and
seeded in six-well plates (BD Falcon) before being subjected to treatments. Cell
viability was measured by the MTS cell proliferation assay according to the
manufacturer’s instructions.

IL-6 Production. Primary microglia and BV-2 cells were pretreated with vehicle
(0.05% DMSO, vol/vol) or luteolin (0-50 uM) for 1 h and incubated with 10 ng/ml
LPS for 8 h to determine IL-6 mRNA expression or 24 h to determine supernatant
IL-6 concentration. Cytokine gene expression was determined at 8 h because a
preliminary study that examined IL-6 mRNA at various times after introduction of
LPS (0, 2, 4, 8, 16, and 24 h) revealed maximal induction of IL-6 mRNA at this time
point. IL-6 protein in supernatant was determined 24 h after LPS treatment as we
have reported (23). Luteolin was introduced at the 0- to 50-..M range because the
physiologically relevant concentration of flavonoids is reportedly 10 uM (41, 42),
and one study showed that plasma luteolin increased up to 14 uM after 50
umol/kg of luteolin administration (9).

Total RNA was isolated from primary microglia and BV-2 cells by using the Tri
Reagent protocol (Sigma). RNA samples were subjected to a DNase | digestion
procedure and then reverse-transcribed to cDNA by using a RT Retroscript kit
(Ambion). Quantitative real-time PCR was performed by using the Applied Bio-
systems Assay-on Demand Gene Expression protocol as described (4). In brief,
cDNA was amplified by PCR where a target cDNA (IL-6; Mm00446190_.m1) and a
reference cDNA (glucose-3 phosphate dehydrogenase; Mm99999915._g1) were
amplified simultaneously by using an oligonucleotide probe with a 5’ fluorescent
reporter dye (6-FAM) and a 3’ quencher dye (NFQ). PCRs were performed at the
following conditions: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C
for 15 s and 60°C for 1 min. Fluorescence was determined on an ABI PRISM
7900HT-sequence detection system (PerkinElmer). Data were analyzed by using
the comparative threshold cycle (Ct) method, and results are expressed as fold
difference.

IL-6 protein in cell culture supernatants was measured with an in-house
customized ELISA that we have described in detail (43). The assay was sensitive to
10 pg/ml IL-6, and the interassay and intraassay variation was <10%.

NF-xB and AP-1 Binding to the IL-6 Promoter. BV-2 cells were pretreated with
vehicle (0.05% DMSO, vol/ivol) or luteolin (0-50 wM) for 1 h and stimulated with
10 ng/ml LPS for a 1-h incubation period. Transcription factor DNA-binding
activity was determined at 1 h, because a preliminary study that examined NF-«xB
at various times after introduction of LPS (0, 0.5, 1, and 2 h) revealed maximal
activity at this time point. Nuclear proteins were extracted from BV-2 cells by
using procedures similar to what we described (23). In short, ~1 X 107 microglia
were collected with a cell scraper, centrifuged at 500 X g, and washed three times
in HBSS. The remaining steps of the nuclear extraction procedure were per-
formed at 4°C. Cells were resuspended for 5 min in hypotonic buffer containing
10 mM Hepes, 10 mM KCl, 1.5 mM MgCl, 0.5 mM DTT, 0.5 mM PMSF, and 10
ng/mlleupeptin at pH 7.9. After a 5-min spin at 2,060 X g, cells were twice treated
for 10 min with hypotonic buffer plus 0.5% Nonidet P-40. Cells were then
centrifuged at 2,900 X g, and the liquid (cytosolic) layer was removed and frozen
at —80°C. The remaining pellet was resuspended in hypotonic buffer, and nuclei
were examined and counted with trypan blue staining. After two washes with
hypotonic buffer, the pellet was subjected to a high-salt extraction buffer con-
taining 20 mM Hepes, 50 mM KCl, 420 mM Nacl, 1.5 mM MgCl,, 0.5 mM DTT, 0.5
mM PMSF, 10 ug/liter leupeptin, 25% glycerol, and 0.2 mM EDTA for 30 min.
Nuclei were then centrifuged twice for 5 min each at 11,600 X g to pellet cell
debris, and the remaining clear layer (nuclear extract) was collected, assayed for
protein (Bio-Rad), diluted to a concentration of 1 ug/ul protein, and frozen at
—80°C until EMSA was performed.

EMSA was performed as described (22, 23); purified synthetic oligonucleotide
probes corresponding to NF-«B and AP-1 binding sequences of the IL-6 promoter
were purchased from Qiagen. The sequences for NF-kB and AP-1 were 5'-
atgtgggattttcccatgag-3’ and 5'-ctcaagtgctgagtcacttt-3/, respectively. The oligo-
nucleotides were end-labeled with [y-32P] ATP by using T4 polynucleotide kinase
(Promega) and purified with a nucleotide removal kit (Qiagen). Resulting radio-
labeled single-stranded probes were annealed according to standard methods.
Nuclear extracts (20 ng) were incubated with or without competitor DNA for 10
min at room temperature in a buffer containing 10 mM Tris*HCI (pH 7.5), 2 ug
poly(di-dc), 10 mM MgCl, 100, mM KCl, 1 mM EDTA, 20% glycerol, and 1 mM
DTT. Either radiolabeled AP-1 or NF-«B probe (100 fmol, 1-2 X 105 cpm/pmol) was
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added to the samples for 30 min at room temperature. Reactions were termi-
nated by addition of 10X EMSA loading buffer, and resulting protein-DNA
complexes were resolved by electrophoresis on a 4% polyacrylamide gel in a
Tris—glycine-EDTA running buffer (pH 8.5). Gels were dried and exposed to
autoradiography overnight at —80°C. Band densities were quantitated by den-
sitometric analysis using ImageJ software.

Immunoblotting for 1kB-a and MAPK. BV-2 cells were pretreated with luteolin
(0-50 nM) and stimulated with 10 ng/ml of LPS for a 30-min incubation period.
MAPK phosphorylation was determined at 30 min because a preliminary study
that examined phosporylation at various times after introduction of LPS (0, 5,
10, 15, 20, 30, 45, and 60 min) revealed maximal phosphorylation at this time
point. Cells were washed with cold HBSS and lysed with a lysis buffer [150 mM
NacCl, 50 mM Tris-HCl (pH 7.4), 0.25% sodium depxycholate, 1% Nonidet P-40,
1 mM NaF and 1 mM NaVOs], including protease inhibitors (1 mM PMSF, 1
pa/mlleupeptin, pepstatin, aprotinine and 1 mM EDTA). Protein content was
determined with a BCA protein assay kit (Bio-Rad). Cell lysates were denatured
with SDS/PAGE sample buffer at 92°C and frozen at —20°C. Protein samples
were separated by 12% SDS/PAGE and electrophoretically transferred to
nitrocellulose membranes (Osmonics). The membranes were subsequently
blocked in 5% nonfat milk/TPBS (10 mM Tris-HCl, 150 mM Nacl, 0.05% Tween
20). Anti-IkB-a (Santa Cruz), anti-Erk, anti-phosphorylated Erk, anti-p38, an-
tiphosphorylated p38, anti-JNK, and antiphosphorylated JNK antibodies (Cell
Signaling) were used at a dilution of 1:1,000 in 1% BSA/TPBS. B-Actin (Sigma)
was used as an internal control. The immunoreactive bands were visualized by
using secondary antibodies conjugated to HRP (Santa Cruz) and a Lumi-Glo
chemiluminescent detection kit (Amersham). Protein bands were quantitated
by densitometric analysis using ImageJ software.
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Animal Studies. Luteolin was dissolved in 50 mM KOH and added to drinking
water to achieve final concentrations of 0, 1, 2.5, and 5 mg/ml. Aspartame (1.25
mg/ml) and 0.2% (wt/vol) white chocolate flavor were added to mask any taste
difference and improve palatability. All drinking solutions were standardized to
pH 9.5 by addition of HCl. Mice had free access to the drinking solutions for 21
days. The duration and level of luteolin water supplementation was chosen based
on several previous studies (31, 44). Fresh drinking solution was provided every
other day, and average daily intake and body weight were monitored. Mice
drank ~4 ml per day, and luteolin treatment did not alter daily intake of water.
Drinking water was subjected to Folin-Ciocalteu assay to verify that luteolin did
not degrade (data not shown). At the end of the 21-day water supplementation,
mice were injected i.p. with saline or Escherichia coli LPS (0.33 ng/g BW). Mice
were killed by CO, asphyxiation 4 h after injection, and plasma was collected,
stored (—80°C), and later assayed for IL-6 as described for cell culture superna-
tants. Brain tissue was dissected, and cortex, cerebellum and hippocampus were
placed in RNAlater and stored (—80°C). The time for collecting samples after LPS
injection was determined by previous studies (45, 46). As described for BV-2 cells,
RNA was later isolated from brain tissue, and IL-6 mRNA was measured by
quantitative real-time PCR.

Statistical Analysis. All data were analyzed by using Statistical Analysis System
(SAS) General Linear Model procedures. Data were subjected to one-way
ANOVA, and differences between treatment means were determined by t tests
using the least-significant difference procedure of SAS. All data are expressed as
the treatment means = SEM.
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