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Luteolin attenuates endotoxin-induced uveitis in Lewis rats
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aBstRACT. The aim of the present study was to investigate the efficacy of luteolin on endotoxin-induced uveitis (EIU) in rats. EIU was
induced in Lewis rats by subcutaneous injections of lipopolysaccharide (LPS). One hr before the LPS injection, 0.1, 1 or 10 mg/kg luteolin
or 1 mg/kg prednisolone was intraperitoneally injected. We investigated its effect upon clinical scores, cellular infiltration and protein leak-
age, as well as on the level of tumor necrosis factor (TNF)-a, nitric oxide (NO) and prostaglandin (PG) E2 in the aqueous humor (AqH).
Histologic examination and immunohistochemical analysis in the iris-ciliary body (ICB) were performed to determine the expressions
of cyclooxygenase (COX)-2 and inducible NO synthase (iNOS), and then the activated nuclear factor (NF)-xB p65, I kappa B (IkB)-a
degradation, phosphorylated (p)-1kB kinase (IKK) a/p and activator protein (AP)-1 c-Jun. Luteolin suppressed, in a dose-dependent manner,
the clinical scores, number of inflammatory cells, the protein concentration, and the TNF-a, NO and PGE2 levels in the AqH and improved
the histiologic status of the ocular tissue. Luteolin suppressed the expression of iNOS and COX-2 and the activated NF-kB p65, IkB-a
degradation, p-IKKa/p and AP-1 p-c-Jun in the ICB. The anti-inflammatory potency of 10 mg/kg luteolin was as strong as that observed
with 1 mg/kg prednisolone. These results demonstrate that luteolin attenuates ocular inflammation by inhibiting expression and release of

inflammatory markers, along with the inhibition of the activated NF-kB pathway and at least partly AP-1 activity in the ICB.
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Endotoxin-induced uveitis (EIU) is a widely established
animal model for acute ocular inflammation [27]. This model
has applications not only in evaluating the pathophysiology
of this condition, but also in investigating new potential
treatment [26]. The inflammatory response in EIU is char-
acterized by a breakdown of the blood-barrier and is cell-
mediated with leakage of protein into the anterior chamber
of the eye and infiltration with a large number of polymor-
phonuclear cells and macrophages in aqueous humor (AqH),
and starts 4 hr after LPS injection, with maximum inflam-
mation 18-24 hr after LPS injection [4, 17, 34]. Although
the exact mechanism of EIU remains not well understood,
evidence indicates that the elevated expressions of inflam-
matory mediators, including tumor necrosis factor (TNF)-a,
interleukin (IL)-1, IL-6 [6, 7, 35], nitric oxide (NO) derived
from inducible NO synthase (iNOS) [30] and prostaglandin
(PG) E2, produced by cyclooxygenase (COX)-2 [2], play
pivotal roles in EIU in rats. The expression of inflammatory
mediators, such as TNF-a, iNOS and COX-2, is controlled
by nuclear factor (NF)-kB and activator protein (AP)-1 [29],
as has been shown in various ocular tissues including the
iris-ciliary body (ICB) [13, 16, 33].

NF-«xB is composed of p65 and p50, while AP-1 is a
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ubiquitous protein that resides in the cytoplasm as homo- or
heterodimers with the Jun and Fos families. Activation of
NF-kB and AP-1 is regulated by the phosphorylated p65 and
c-Jun, which are subunits of NF-kB and AP-1, respectively
[14, 28]. The activity of NF-«kB is regulated by its interaction
with the family of NF-kB inhibitor protein called I kappa
B (IxkB) which results in the formation of inactive NF-kB-
IkB complexes in the cytoplasm [14]. The IkB kinase (IKK)
complex is comprised of IKKa, IKKf and IKKy or NF-kB
essential modulator (MEMO). This multi-protein complexe
(c. 700-900 kDa) is deemed to be the ‘master coordinator of
NF-«kB activation’ [15].

Luteolin is one of the most common flavonoids present
in many dietary foods, including olive oil, broccoli, celery,
parsley, green pepper, herb, dandelion and Japanese honey-
suckle [20]. Luteolin has served as various molecular targets,
such as transcription factors, cytokines, enzymes, apoptosis
and growth factors [5, 23]. NF-kB and AP-1 inhibiting ac-
tivities of luteolin have been attributed to anti-inflammatory
mechanisms [10, 24, 31].

The purpose of the present study was to examine the ef-
fect of luteolin on clinical and histopathologic scores, and
inflammatory evaluations in the AqH and expression of pro-
inflammatory mediators on the ICB in Lewis rat having EIU.
In addition, to elucidate the possible mechanism underlying
one of anti-inflammatory effects of luteolin, we investigated
the activation of NF-kB pathway and AP-1 activity in the
ICB.

MATERIALS AND METHODS

Animals: Six-week-old male Lewis rats, weighing
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150-170 g, were obtained from SLC (Hamamatsu, Japan)
and kept in 12-hr light/12-hr dark cycles for 7 days for accli-
matization to the animal house facility. All experiments were
performed in compliance with a protocol approved by the
Animal Care and Use committee of Kitasato University (ap-
proval no. 09-109), and with the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use
of Animals in Ophthalmic and Vision Research.

Antibodies and reagents: Antibodies against iINOS, Cox-2
and NF-«kB p65 and IkB-a were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, U.S.A.). Phosphorylated
(p)-IKKa/p and AP-1 p-c-Jun antibodies were purchased
from Cell Signaling Technology (Danvers, MA, U.S.A.).
Lipopolysaccharide (LPS) from Salmonella Typhimurium
and prednisolone were purchased from Sigma-Aldrich (St.
Louis, MO, U.S.A.). Luteolin, 3',4",5,7-tetrahydroxyflavone,
was purchased from Chroma Dex Inc. (Irvine, CA, U.S.A.).

Induction of EIU and animal groups: After appropriately
anesthetized with isoflurane (Dainippon Sumitomo Pharma
Co., Ltd., Osaka, Japan), EIU was induced by subcutane-
ous at two locations of injection of 200 ug of LPS (100
ug each subcutaneous) that had been diluted in 0.1 m/ of
phosphate-buffered saline (PBS, pH 7.4) [32]. The LPS non-
treated animals received the same volume of pyrogen-free
PBS subcutaneously (LPS (—) group). Rats were injected
intraperitoneally with 0.1, 1 or 10 mg/kg luteolin in 0.8 m/
of PBS containing 0.1% dimethyl sulfoxide (DMSO, Sigma-
Aldrich). As a positive control, rats were injected intraperi-
toneally with 1 mg/kg prednisolone diluted in 0.8 m/ of PBS
containing 0.1% DMSO. The intraperitoneal injection was
administered 1 hr before LPS injection. Sham animals were
not injected by LPS, but only injected intraperitoneally with
0.1% DMSO in PBS. Each group was comprised of 5, 6 or
8 animals.

Clinical uveitis scoring: Slit lump evaluation was per-
formed 24 hr after LPS injection. The clinical manifestations
were recorded and evaluated a left eye by three observers.
There was no difference from the evaluation of clinical
finding by three observers. Uveitis was graded from scores
0—4 as previously described [1]. The grading is assigned as:
0=no inflammatory reactions; 1 =discrete dilation of iris and
conjunctival vessels; 2=moderate dilation of the iris and
conjunctival vessels; 3=intense iridal hyperemia with flare
in anterior chamber; and 4=the same clinical signs as 3 plus
the presence of fibrinous exudate in the pupillary area with
intense flare in the anterior chamber.

Number of infiltrating cells and protein concentrations in
AqH: The rats were euthanized 24 hr after LPS injection, and
the aqueous humor (25-30 wu//rat) was collected from both
eyes per a rat immediately by an anterior chamber puncture
using a 30-gauge needle under a surgical microscope (Olym-
pus, Tokyo, Japan). For cell counting, the pooled aqueous
humor was suspended in an equal amount of Tiirk stain
solution, and the cells were counted using a hemocytometer
under light microscopy. The number of cells per field (an
equivalent of 0.1 x/) was obtained by averaging the results
of four fields from each sample. Then, the aqueous humor
samples were centrifuged at 2,500 rpm for 5 min at 4°C to
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obtain the supernatant. The total protein concentration in the
aqueous humor samples was measured with a bicinchoninic
acid (BCA) protein assay kit (Pierce, IL, U.S.A.).

TNF-a, NO and PGE2 Levels: The levels of TNF-a, NO
and PGE2 in the AqH were measured by using a total ni-
trite colorimetric assay (Oxis International, Portland, OR,
U.S.A)), TNF-a and PGE2 ELISA kits (R&D Systems,
Minneapolis, MN, U.S.A.) according to the manufacturer’s
instructions, respectively.

Histopathologic evaluation and immunohistochemistry:
Three and 24 hr after LPS injections, both eyes were enucle-
ated and immediately stored in 4% paraformaldehyde in
PBS for 24 hr at 4°C, and then, the eyes were embedded in
paraffin. Sagittal sections (3 or 5 um) were cut and stained
with hematoxylin and eosin (HE). Anterior chamber, ICB
and vitreous were observed by a masked fashion under light
microscopy. The number of infiltrating inflammatory cells
surrounding ICB in four sections per left eye, of eight eyes
forming different animals, was averaged. Histopathologic
evaluation of inflammation was scored by grades of 0-3 as
described previously [12]. In brief, histopathologic evalua-
tion of inflammation was scored by grades of 0-3. Grade 0
represents no infiltrating cells, grade 1 represents mild cell
infiltration (equal to or less than 75, greater than 0 inflamma-
tory cells) and grade 2 represents moderate cell infiltration
(equal to or less than 150, greater than 75 inflammatory
cells). Grade 3 represents severe cell infiltration with severe
anterior chamber exudates (more than 150 inflammatory
cells).

Paraffin-embedded serial sections were deparaffinized
in xylene, rehydrated through a graded ethanol series and
washed with Tris-buffer saline (TBS, pH 7.6). The sec-
tions were then boiled in the target retrieval solution buf-
fer (10 mM citrate buffer solution, pH 6.0) in autoclave
(120°C) for 5 or 10 min and left at room temperature for 30
min. Endogenous peroxidase was eliminated by incubation
with 0.3% hydrogen peroxide in methanol for 20 min, then
washed in TBS for 5 min three times and incubated in 10%
normal goat serum for 20 min. The sections were incubated
with antibodies, iNOS (1:200), COX-2 (1:100), NF-kB p65
(1:200), IxkB-a (1:200), p-IKKa/B (1:150) and AP-1 p-c-Jun
(1:200) overnight at 4°C. They were then stained with per-
oxidase (Histofine SAB-Po kit; Nichirei, Tokyo, Japan).

Statistical analysis: All data are expressed as mean =+
standard deviation (SD). Parametric data were analyzed
by variance (ANOVA), and the Tukey test was used for ad
hoc comparison between the two treatment groups. Non-
parametric data were analyzed by Kruskal-Wallis, and the
Newman-Keuls test was used for ad hoc comparison be-
tween the two treatment groups. P<0.05 was considered to
be statistically significant.

RESULTS

Clinical scoring and number of infiltrating cells and
protein concentration in AqH: Twenty-four hr after LPS
injection, the clinical scoring in the LPS group was 3.66 +
0.51. One and 10 mg/kg luteolin treated groups showed a
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significantly reduced clinical scoring compared with LPS
group, and the clinical scoring was 1.83 + 0.40 and 1.16 +
0.40, respectively (P<0.01, Fig. 1A). The effect of 10 mg/kg
luteolin was almost the same as that for the 1 mg/kg pred-
nisolone group.

In the LPS group, the number of inflammatory cells in the
AgH 24 hr after LPS injection was 28.16 + 4.88 x 10° cells/
m/. The number of inflammatory cells in the groups treated
with 0.1, 1 and 10 mg/kg luteolin was significantly lower
than that in the LPS group, and the number of inflammatory
cells was19.41 + 3.39 x 10° cells/m/, 13.33 + 3.10 x 103
cells/m/ and 7.41 + 1.82 x 103 cells/m/ (P<0.01, Fig. 1B).
The effect of 10 mg/kg luteolin on the number of infiltrating
cells in the AqH was almost the same as that for the 1 mg/kg
prednisolone group. No infiltrating cells were detected in the
AgH of non-LPS injection rats.

The protein concentration in the AqH of the LPS group
was 28.50 £ 2.41 mg/m/. Protein concentrations in the 0.1, 1
and 10 mg/kg luteolin groups were significantly lower than
those in the LPS group, and the concentrations were 23.6 +
1.80 mg/ml/, 19.37 + 1.99 mg/m/ and 15.15 £ 1.72 mg/m/
(P<0.05, Fig. 1C). The reduction in the protein concentration
in the 10 mg/kg luteolin group was almost the same as that of
the 1 mg/kg prednisolone group.

Histopathologic evaluation: Microscopically, sever uve-
itis was present in LPS group in the ocular tissue 24 hr after
LPS injection. It was characterized by intense cell infiltra-
tion in anterior chamber and around and in the ICB. Cell
infiltrations predominantly consisted of macrophage and
neutrophils. Reductions of cell infiltration were observed in
eyes treated with 10 mg/kg luteolin or prednisolone group
compared to the LPS group (Fig. 2A). Further, the histo-
pathological grading in the LPS group was 2.62 + 0.51. The
group treated with 10 mg/kg luteolin showed a significantly
lower grading compared with the LPS group, and the grad-
ing was 1.50 £ 0.53. The effect in the 10 mg/kg luteolin was
almost the same as that of the 1 mg/kg prednisolone group
(P<0.001, Fig. 2B).

TNF-0, NO and PGE?2 levels in AqH: The TNF-a, NO
and PGE2 levels were remarkable 24 hr after LPS injec-
tion, and their levels were 329.24 + 45.4 pg/m/, 239.64 +
20.69 uM and 2,214.54 £ 297.11 pg/ml, respectively. Pred-
nisolone group significantly reduced the levels of TNF-o,
NO and PGE2 compared to the LPS group, and their levels
were 130.78 £49.2 pg/ml, 81.83 £ 28.26 uM and 932.51 +
446.80 pg/ml, respectively. The effect of 10 mg/kg luteolin
on TNF-a, NO and PGE2 levels did not differ significantly
from those of 1 mg/kg prednisolone, and their levels were
126.71 + 57.55 pg/ml, 105.75 + 33.28 uM and 1018.46 +
364.24 pg/ml, respectively. (Fig. 3A, B-C).

Immunohistochemical studies for the expression of iNOS
and COX-2 and the activated NF-kB p635, IkB-a degradation,
p-IKKo/p and AP-1 p-c-Jun: The immunoreaction for iNOS
and COX-2 protein 24 hr after LPS injection was strongly
expressed in the ICB and infiltrating cells. Luteolin inhibited
the expression of iNOS as well as COX-2 in the ICB (Fig. 4).
Three hr after injection of LPS, no activated NF-«kB p65-
and Ap-1 p-c-Jun-positive nuclei were found in the ICB of
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Fig. 1.  Effect of luteolin on clinical scores (A), infiltrating cells (B)
and protein concentration (C) in aqueous humor 24 hr after LPS
injection. Each value represents the mean + SD (n=6). No clinical
signs and infiltrating cells in aqueous humor were investigated
from LPS non-treated group (LPS (-) group). * P<0.05, ** P<0.01
and ***P<0.001, compared with the LPS group.

the LPS (—) group. Activated NF-«B p65 and Ap-1 p-c-Jun
immunoreactivity was strongly expressed in the ICB of the
LPS group. In contrast, the expression of activated NF-xB
p65- and Ap-1 c-Jun-positive cells was inhibited in the ICB
of rats treated with 10 mg/kg luteolin. Luteolin also inhibited
IkB-0 degradation and p-IKKo/f in the ICB (Fig. 5).

DISCUSSION

In this study, we have demonstrated that luteolin sup-
pressed the clinical score, number of inflammatory cells, the
protein concentration, and the TNF-a, NO and PGE2 levels
in the AqH as well as improved the histiologic status of EIU
in a dose-dependent manner. TNF-o may play pivotal roles
in the pathogenesis of EIU [6, 25]. TNF-a expression is dem-
onstrated in intraocular tissues including the ICB in the rat
having EIU, and the decreased level of TNF-a in AqH corre-
sponded to the inhibited TNF-a expression in intraocular tis-
sues of the rat with EIU [32]. Symptoms of Behget’s disease
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Fig. 2. Histologic evaluation of EIU treated with luteolin. A: histo-

logic changes in the anterior segment of the eye in an animal 24
hr after LPS injection. Rats without LPS injection (a) showed no
inflammation (LPS (—) group). Severe inflammatory cell infiltration
was observed in the LPS injected rats (b). A reduction in inflam-
mation was observed in the anterior segment of rats treated with
10 mg/kg luteolin (c) and 1 mg/kg prednisolone (d). AC: anterior
chamber; CB: ciliary body; HE staining; Bars: 100 xm; Arrows:
inflammatory cells. B: effect of various luteolin dosages on histo-
logic grading of EIU. Each value represents the mean + SD (n=8).
**P<0.01 and ***P<0.001, compared with the LPS group.

were reportedly remarkably ameliorated by administration
of anti-TNF-a antibody [21]. Furthermore, the prominent
and crucial role of TNF-a has been further shown by dimin-
ished inflammation in a TNF-a receptor-deficient model in
immune complex-induced uveitis [3]. These, together with
NO derived from iNOS and PGE2 produced by COX-2, play
important roles in EIU [2].

The iNOS inhibitor, NG-nitro-L-argine (L-NAME), inhib-
its the development of EIU by inhibiting iNOS activity [18].
COX-2 is responsible for the production of great amount of
pro-inflammatory PGs at inflammatory sites in animals and
human with inflammatory diseases [19]. ICB is one of the
major sources of NO and PGE2 production as well as in-
flammatory cells and plays a key role in the pathogenesis of
EIU [8, 9]. Our results show that the luteolin attenuated the
expression of iNOS and COX-2 in the ICB, suggesting that
blocking the expression of iNOS and COX-2 is one of the
anti-inflammatory mechanisms of luteolin. Luteolin inhibits
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Fig. 3.  Effect of luteolin on TNF-a (A), NO (B) and PGE2 (C)

levels in the aqueous humor. The aqueous humor was collected
24 hr after LPS injection. Each value represents the mean += SD
(n=5). * P<0.05, ** P<0.01 and ***P<0.001, compared with the
LPS group.

NF-«kB and AP-1 activation through LPS-induced protein ki-
nase B (Akt), IKK phosphorylation and IkB-o degradation,
as well as reactive oxygen species (ROS) production and
then decreased the expression of inflammatory regulating
gene products, such as TNF-a, IL-6, iNOS and COX-2, in
vitro and in vivo [5, 10]. It has been also demonstrated that
LPS-induced NF-kB and AP-1 DNA binding complexes are
down-regulated by luteolin in mouse alveolar macrophage
[5]. Several reports have shown that the inhibitors of NF-kB
and AP-1 successfully prevented uveitis in rats [11, 12, 22,
23]. Consistent with findings of previous studies, we for the
first time indicated that luteolin inhibits p-IKKo/f and IxB-a
degradation and then reduces migration of NF-kB p65 and
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Fig. 4.  Effects of luteolin on expression of iNOS and COX-2 in the ICB. Paraffin-embedded serial sections 24
hr after LPS injection were immunostained with antibodies against iNOS and COX-2. Luteolin prevented the
expression of iNOS and COX-2 in the ICB. Bars: 25 um.
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Fig. 5. Effects of luteolin on NF-kB pathway and AP-1lactivity in the ICB. Serial sections of paraformaldehyde in PBS fixed
rat eye enucleated 3 hr after LPS injection were immunostained with antibodies against active NF-kB p65, IkB-a, phos-
phorylation of IKKa/p and AP-1 c-Jun, respectively. Luteolin inhibited the expression of activated NF-kB p65- and Ap-1
p-c-Jun-positive cells in the ICB. Luteolin inhibited IkB-a degradation and phosphorylation of IKKo/f. Bars: 25 um. Arrows:
activated NF-«xB p65 positive cells. Arrowheads: phosphorylation of AP-1 c-Jun positive cells.
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AP-1 p-c-Jun from the cytoplasm to the nucleus in the ICB,
suggesting a reduction in NF-kB and AP-1 transcriptional
activity. Thus, one of possible mechanisms for the inhibition
of iNOS and COX-2 expression in the ICB and TNF-a levels
in the AqH by luteolin treatment could be the inhibition of
LPS-induced NF-«xB pathway and AP-1 p-c-Jun activation.

In the present study, because luteolin was administered
1 hr before LPS injection, we demonstrated preventive
anti-inflammatory effects on EIU. The preventive anti-
inflammatory potency of 10 mg/kg luteolin was as strong
as that observed with 1 mg/kg prednisolone. To investigate
therapeutic anti-inflammatory effects, we plan to conduct
further experiments of EIU treated with luteolin after 4 hr
LPS injection.

In conclusion, the present study suggests that luteolin
attenuates ocular inflammation by inhibiting the expression
and release of inflammatory mediators, along with the inhibi-
tion of the activated NF-«xB pathway and at least partly AP-1
activity in the ICB. Luteolin may be a promising drug target
for the development of ocular anti-inflammatory agents.
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