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Abstract

Uveitis, an intraocular inflammatory disease, occurs mostly in young people and can result
in the loss of socioeconomic capabilities. Silibinin has been shown to exert anti-inflammatory
effects in human retinal pigment epithelial (RPE) cells. The present study investigated the
anti-inflammatory effect of silibinin pretreatment on endotoxin-induced uveitis (EIU) in rats
and the mechanisms by which it exerts these effects. Uveitis was induced via injection of
lipopolysaccharides (LPS) into Lewis rats. Twenty-four hours after the LPS injection, histo-
logical examination showed that silibinin decreased inflammatory cell infiltration in the ante-
rior segment of the eyes of LPS-treated rats. Analyses of the aqueous humor showed that
silibinin decreased cell infiltration, protein concentration, nitric oxide (NO), and prostaglandin
(PG)-E2 production. Western blot analysis indicated that silibinin decreased the expression
of inducible NO synthase (iNOS), cyclooxygenase (COX-2), and phosphorylated kB in the
iris-ciliary body (ICB). Immunohistochemistry showed that silibinin decreased intercellular
adhesion molecule (ICAM-1) expression in the ICB. In addition, western blot analysis
showed that silibinin attenuated the expression of INOS, COX-2, ICAM-1, and nuclear p65
in LPS-treated RAW cells. In conclusion, silibinin pretreatment prevents EIU and the subse-
quent production of proinflammatory mediators and ICAM-1, at least in part, by blocking the
NF-kB—dependent signaling pathway both in vivo and in vitro. These effects may contribute
to the silibinin-mediated preventive effects on intraocular inflammatory diseases such as
acute uveitis.

Introduction

Upveitis is an intraocular inflammatory disease that can affect any part of the eye and cause seri-
ous complications. It accounts for 10-15% of the number of cases of total blindness and up to
20% of the cases of legal blindness in developed countries.[1, 2] It occurs mostly in young peo-
ple and can result in loss of the patient’s independence and socioeconomic capabilities.[3] Cur-
rently, the therapeutic strategy to combat uveitis is to suppress inflammation and therefore
corticosteroids are the mainstay of therapy;[4] however, corticosteroids can cause many
unwanted ocular side effects, including accelerated cataract formation, increased intraocular
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pressure,[5, 6] and systemic side effects such as hypertension, diabetes, Cushing’s syndrome,
and osteoporosis.[7] Therefore, investigating the mechanisms of intraocular inflammation and
developing effective preventive agents for uveitis remain important issues.

Endotoxin-induced uveitis (EIU) in animals is an animal-based model to study uveitis and
is an acute form of uveitis that can be induced in rats, mice, and rabbits by exposure to a sub-
lethal dose of exogenous bacterial toxins, such as lipopolysaccharides (LPS).[8-10] Systemic
injection of LPS can generate inflammatory responses, largely in the anterior uvea, and mild
responses in the posterior segments of the eye, both of which mimic the pathological condi-
tions of human acute uveitis.[8, 11, 12] EIU is a widely used experimental model to investigate
the pathological mechanism of ocular inflammation and test the efficacy of potential anti-
inflammatory agents.[13] The clinically relevant classical signs of inflammation in EIU are
intense acute, but transient, cellular infiltration in the anterior and vitreous chambers by neu-
trophils and macrophages,[8, 14] in which acute inflammatory responses occur 4 h after the
LPS injection, reach a peak at 18 to 24 h, and are maintained for 72 h.[14, 15] Furthermore,
recent studies have shown that inflammatory mediators such as nitric oxide (NO)[16, 17] and
prostaglandin (PG)-E2[17], and, cell-adhesion molecules such as intercellular adhesion mole-
cule (ICAM)-1[14, 18] are involved in the pathogenesis of EIU. The activation of transcription
factor nuclear factor-xB (NF-kB) plays a key role in LPS-dependent inducible gene expression,
which results in the production and release of inflammatory mediators and adhesion mole-
cules.[19, 20] Therefore, the suppression of NF-xB activation could be a potential therapeutic
target for ocular inflammation.

Silibinin, a hepatoprotective medicine, is the main active component of the silymarin com-
plex extracted from milk thistle. Silibinin has antioxidant and tissue regenerative properties
that have wide applications in hepato-, neuro-, nephro-, and cardio-protection.[21] Recently,
researchers have focused on the anti-cancer effects of silibinin through multiple molecular
mechanisms, and, its use as a preventive and therapeutic agent in cancer therapy has been
approved based on its potential usefulness.[22] In addition, Ramasamy et al. demonstrated
that the anti-inflammatory effects of silymarin are related to the inhibition of the transcription
factor NF-kB that regulates inflammation- and immune response-related gene expression.[22]
In our previous study, we also demonstrated that silibinin inhibits ICAM-1 expression, and
thereby its function, by suppressing the NF-kB signaling pathway in TNF-o and IFN-y -stimu-
lated retinal pigment epithelial (RPE) cells.[23] Therefore, these results prompted us to investi-
gate the effect of silibinin pretreatment on EIU. The objective of this study was to investigate
the potential use of silibinin in preventive therapy against EIU in vivo and in vitro.

Materials and methods
Animals and induction of uveitis

All animal experiments were approved and conducted under the guidance of the Institutional
Animal Care and Use Committee (accredited by the Association for Assessment and Accredi-
tation of Laboratory Animal Care International) of the National Defense Medical Center, Tai-
pei, Taiwan (No: IACUC-13-135). All animals used in the study were cared for in accordance
with the Association for Research in Vision and Ophthalmology Statement for the Use of Ani-
mals in Ophthalmic and Vision Research. Eight-week-old male Lewis rats (210-220 g) were
used in this study (purchased from LASCO Co., Charles River Technology, Taipei, Taiwan).
They were maintained under a 12-hour light/12-hour dark cycle. Food and water were sup-
plied ad libitum.

To induce uveitis, LPS from Salmonella typhimurium (Sigma-Aldrich, St. Louis, MO, USA)
diluted in 0.2 ml of phosphate-buffered saline (PBS; pH 7.4) was injected into the footpad of
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each rat at a dose of 300 pg/kg body weight (BW). Silibinin (Sigma-Aldrich, St. Louis, MO,
USA) that had been dissolved in 0.2 ml of dimethyl sulfoxide (DMSO) was administered by
intraperitoneal injection (i.p.) to each rat at a dose of 100 and 200 mg/kg BW.

Rats were randomly allocated to the following five groups: (1) A control group, consisting
of rats that received i.p. injections of 0.2 ml DMSO daily for 3 days, and then the footpad was
injected with 0.2 ml PBS for 24 h; (2) A silibinin group, consisting of rats that received daily
i.p. injections of Silibinin (200 mg/kg in 0.2 ml DMSO) for 3 days, and then the footpad was
injected with 0.2 ml PBS for 24 h; (3) an LPS group, consisting of rats that received daily i.p.
injections of 0.2 ml DMSO for 3 days, and then the footpad was injected with LPS (300 ug/kg
in 0.2ml PBS) for 24 h; (4) a silibinin (100)+LPS group, consisting of rats that received daily
i.p. injections of silibinin (100 mg/kg in 0.2 ml DMSO) for 3 days, and then the footpad was
injected with LPS (300 pg/kg in 0.2 ml PBS) for 24 h; (5) a Silibinin (200)+LPS group, consist-
ing of rats that received daily i.p. injections of silibinin (200 mg/kg in 0.2 ml DMSO) for 3
days, and then the footpad was injected with LPS (300 pg/kg in 0.2 ml PBS) for 24 h. There
were 16 rats in each group, of which 4 were used for the collection of aqueous humor (one eye
was used for cell counting and the other for the protein concentration assay), another 4 were
used for the collection of additional aqueous humor (one eye was used for measuring of NO
levels and the other for measuring of PG-E2 levels), 4 were used for the preparation of iris-cili-
ary body (ICB) lysates, and the remaining 4 were used for histological and immunohistological
analyses. 24 h after the LPS injection, euthanasia of rats was conducted in CO, chambers.

Cell counts and protein concentration

Cell counting and measurement of protein concentration in aqueous humor (AqH) were per-
formed as previously described.[14] Briefly, immediately after euthanization, the AqH was
collected by puncturing the anterior chamber of the eye with a 30-gauge needle. For cell count-
ing, the AQH was mixed with an equal amount of trypan blue solution (Sigma-Aldrich,

St. Louis, MO, USA), and 1 drop of the cell suspension was applied to a hemocytometer. The
number of cells per square (equivalent to 0.1 uL) was counted manually using a light micro-
scope, and the mean number of cells counted from five squares per sample was multiplied by
two to correct the previous dilution. A BCA (bicinchoninic acid) protein assay reagent kit
(Pierce, Rockford, IL, USA) was used to measure total protein concentration in the AqH.

Histology and immunohistology

For histology and immunohistology, eyes were enucleated immediately after death and
immersed in 4% paraformaldehyde for at least 24 h, after which they were snap-frozen in lig-
uid nitrogen and embedded in OCT compound in cryomolds. More than 20 serial axial cryo-
stat sections (6 um thick) were cut from each eye, starting at the optic nerve head.

Sections were stained with hematoxylin and eosin for histological studies. For immunohis-
tology, sections were deparaffinized in xylene prior to rehydration using gradient alcohol, and
endogenous peroxidase activity was blocked by treatment with 3% hydrogen peroxide for 20
min. Antigen retrieval was performed by treating the sections with citrate buffer saline (pH
6.0) for 15 min at 95°C in a microwave oven. Non-specific binding was prevented by blocking
with 10% bovine serum albumin (BSA) for 30 min at room temperature. Sections were incu-
bated with primary antibodies for ICAM-1 (diluted 1:200 in TBST; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for another 60 min at room temperature. Following incubation, sec-
tions were lavaged with tris-buffered saline (TBS) and incubated with goat anti-rabbit IgG con-
jugated with horseradish peroxidase for 30 min at room temperature. Staining was performed
using 3,3’-diaminobenzidine (DAB) as the chromogen, and sections were counterstained with
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hematoxylin followed by dehydration and mounting. Negative controls were prepared using
TBS in lieu of the first antibody. The stained slides were observed and analyzed under a micro-
scope at 200X magnification.

Determination of NO and PG-E2 levels in the AQH

The concentrations of NO and PG-E2 in the AqH were detected by an NO quantitation kit
(Active Motif, Carlsbad, CA, USA) and a PG-E2 ELISA kit (Neogen, Lansing, MI, USA),
respectively, following the manufacturer’s instructions. Four independent replications of each
experiment were performed.

Preparation of rat ICB lysates

Rat ICB lysates were prepared in the following manner. Briefly, in each group, the ICBs were
carefully isolated and homogenized in 50 pL of hypotonic buffer (10 mM HEPES-KCI, 1 mM
B-mercaptoethanol, and 1 mM dithiothreitol). After incubation on ice for 10 min, the homoge-
nate was vortexed for 10 s and centrifuged at 1000 g. The supernatant was discarded, the pellet
was resuspended in 100 pL of lysis buffer in the presence of protease inhibitors and was incu-
bated on ice for 10 min. The insoluble debris of rat ICB lysates was removed by centrifugation
at 12,000 g at 4°C for 15 minutes.

Cell culture and treatment

Mouse macrophage-like RAW 264.7 cells were obtained from the Bioresource Collection and
Research Center (Taipei, Taiwan) and were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 4 mM | -glutamine, 10% FBS (fetal bovine serum), 100 U/mL of
penicillin, and 100 mg/mL of streptomycin at 37°C in a humidified atmosphere containing 5%
CO,. The confluent RAW cells were pretreated with 50 and 100 pM silibinin for 18 h and then
co-treated for 24 h with 100 ng/mL of LPS derived from S. typhimurium (Sigma-Aldrich,

St. Louis, MO, USA), unless otherwise stated.

Preparation of RAW cell lysates

RAW cell lysates were prepared as follows. Briefly, confluent cultured cells were pretreated
with or without 50 and 100 pM of silibinin, and co-treated with LPS for 24 h at 37°C. The cells
were pelleted at 1000 g, resuspended, and sonicated in cold lysis buffer (50 mM Tris-HCI [pH
7.5], 2% sodium dodecyl sulfate (SDS), and 1 mM phenylmethylsulfonyl fluoride. The insolu-
ble debris of RAW cell lysates was removed by centrifugation at 12,000 g at 4°C for 15 min.

Preparation of nuclear extract from RAW cells

Nuclear extraction of proteins from RAW cells was performed as follows. Confluent cultured
cells were pretreated with or without silibinin (50 and 100 pM) and co-treated with LPS for 24
h at 37°C. The cells were washed twice with PBS. Proteins were extracted from the nucleus by
using a Nuclear Extraction Kit (Affymetrix, Santa Clara, CA, USA) and following the manufac-
turer’s instructions.

Western blot analysis

The protein content of rat ICB lysates, RAW cell lysates, and nuclear extracts was determined
using the BCA method (BCA; Pierce, Rockford, IL, USA) with BSA (bovine serum albumin) as
the standard. The lysates (20 ug) were resolved using one-dimensional SDS-polyacrylamide
gel electrophoresis (SDS-PAGE). The separated proteins were transferred onto polyvinylidene
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difluoride (PVDF) membranes (Immobilon; Millipore, Bedford, MA, USA), blocked with 5%
(w/v) skim milk for 1 h at room temperature, and then incubated overnight at 4°C with anti-
bodies directed against iNOS (diluted 1:1,000 in Tris-buffered saline containing Tween-20
(TBST, 0.1% at 1X; Santa Cruz Biotechnology, Santa Cruz, CA, USA), COX-2 (diluted 1:1,000
in TBST; Santa Cruz Biotechnology), rat ICAM-1 (diluted 1:1,000 in TBST; R&D Systems,
Minneapolis, MN, USA), IkB (diluted 1:1,000 in TBST; Santa Cruz Biotechnology), p-IkB
(diluted 1:1,000 in TBST; Cell Signaling Technology, Danvers, MA, USA), p65 (diluted 1:1,000
in TBST; Santa Cruz Biotechnology), glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
diluted 1:5,000 in TBST; Santa Cruz Biotechnology), o-tubulin (diluted 1:5,000 in TBST; Santa
Cruz Biotechnology), and Lamin B1 (diluted 1:1,000 in TBST; Abcam, Cambridge, UK). The
membranes were washed and incubated with horseradish-peroxidase-conjugated secondary
antibodies (1:25,000; Jackson ImmunoResearch Laboratories, Pennsylvania, USA) for 1 h at
room temperature, and the protein was visualized using an enhanced chemiluminescence
(ECL) procedure (enhanced chemiluminescence reagent; Millipore, Billerica, MA, USA). The
images of western blotting were acquired with a UVP BioSpectrum 500 and analyzed by Vision
Works LS software (UVP, California, USA).

Statistical analysis

Data were analyzed using a one-way analysis of variance (ANOVA). When a significant differ-
ence between the groups was obtained, multiple comparisons of their means were made with
Tukey’s post hoc test to identify which group was significantly different. Data are presented as
means + standard deviations (SDs). Each result is representative of at least three independent
experiments. Differences in means were deemed to be significant when P < 0.05. Statistical
analyses were performed using the GraphPad Prism version 5.01 for Windows (GraphPad
Software, La Jolla, California, USA).

Results

Effects of silibinin on the histopathological changes in the anterior
segment of the eyes of rats with EIU

To investigate the effect of silibinin pretreatment on ocular inflammation in LPS-treated rats
in vivo, the histopathological changes in the anterior segment of eyes were examined after
staining with hematoxylin and eosin. As shown in Fig 1, the results indicated that no cellular
infiltration was observed in the anterior segment of the control group (Fig 1A). Conversely, in
the LPS group, histological evaluation revealed massive cell infiltration, predominantly into
the anterior segment as compared to the control group (Fig 1B). Compared with the LPS
group, the silibinin (100)+ LPS group showed a reduction of cellular infiltration in the anterior
segment (Fig 1C); however, there was significantly reduced cellular infiltration in the silibinin
(200)+ LPS group (Fig 1D). Therefore, these results show that silibinin attenuates LPS-induced
histopathological changes in the anterior segment in a dose-responsive manner.

Effects of silibinin on LPS-induced cellular infiltration and protein
concentration in the AqH

As described above, the indicated dosages of silibinin attenuated the LPS-induced histopatho-
logical changes in the anterior segment of the eye (Fig 1). To investigate the effect of silibinin
pretreatment on the cellular infiltration and protein concentration in the AqH in LPS-treated
rats, we collected the AqH to count cells and measure protein concentration. As shown in Fig
2A, in the LPS group, the number of the infiltrated cells in the AqH showed a significant
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Fig 1. Histopathological features of inflammatory cell infiltration in the anterior segment of rat eyes. (A)
Control group showed no cellular infiltration in the histopathological section of the anterior segment. (B) LPS group
showed severe inflammatory cell infiltration compared to the control group. (C) Silibinin (100)+ LPS group showed
a decreased amount of inflammatory cells compared to the LPS group. (D) Silibinin (200)+ LPS group showed a
significantly decreased amount of inflammatory cells compared to the LPS group. These images are representative
of four rats in each group. Cells were stained with hematoxylin and eosin and viewed under 200X magnification.

https://doi.org/10.1371/journal.pone.0174971.9001

increase (43 + 6.25 x10*/mL; P < 0.001) compared to the control group. In the Silibinin (100)+
LPS group and Silibinin (200)+ LPS group, the infiltrated cells in the AqH significantly
decreased (P < 0.01 and P < 0.001, respectively) in a dose-responsive manner (27.33 + 2.52
x10*/mL and 16 + 2.65 x10*/mL, respectively), compared to those in the LPS group. Similarly,
protein concentration in the AqH of the LPS group increased significantly (46.47 + 4.03 mg/
mL; P < 0.001) compared to the control group; however, the Silibinin (100)+ LPS group and
Silibinin (200)+ LPS group significantly attenuated this increase (P < 0.001 for each) in the
protein concentration in the AqH in a dose-responsive manner (25.83 + 1.51 mg/mL and
18.17 + 1.76 mg/mL respectively; Fig 2B), when compared to the LPS group. These results sug-
gest that silibinin attenuates LPS-induced cellular infiltration and increased protein concentra-
tion in the AqH.

Effects of silibinin on the levels of NO and PG-E2 in the AqH of LPS-
treated rats

Previous studies have reported that the inflammatory mediators NO and PG-E2 play an
important role in LPS-induced intraocular inflammation in EIU.[17] Therefore, we investi-
gated the effects of silibinin pretreatment on the levels of NO and PG-E2 in the AqH of LPS-
treated rats. As shown in Fig 3A, in the LPS group, the levels of NO in the AqH of rats
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Fig 2. Effects of silibinin on Lipopolysaccharide (LPS)-induced cellular infiltration (A) and protein concentration (B) in the aqueous
humor of rats. In each group, the aqueous humor was collected to count cells and measure protein concentration. Compared to the control
group, the Silibinin group did not affect the rates of cellular infiltration or protein concentrations. In the LPS group, the cell counts and protein
concentration markedly increased; however, the Silibinin (100)+ LPS group and Silibinin (200)+ LPS group significantly reduced these effects in
a dose-responsive manner. Each value represents the mean + SD of data of four rats. ***P < 0.001 versus the control group; #*P < 0.05;
##p<0.01; #*P<0.001.

https://doi.org/10.1371/journal.pone.0174971.9002

significantly increased (108.05 + 2.08 uM; P < 0.001) compared to the control group. Com-
pared to the LPS group, rats in the Silibinin (100)+ LPS group and Silibinin (200)+ LPS group
showed a significant decrease in the levels of NO in the AqH in a dose-responsive manner
(95.35 +3.51 and 72.25 + 5.13uM; P < 0.01 and P < 0.001, respectively). Similarly, the levels of
PG-E2 were significantly increased (8466.67 + 503.32 pg/mL; P < 0.001) in the LPS group
when compared with those in the control group. Compared to the LPS group, rats in the Silibi-
nin (100)+ LPS group and Silibinin (200)+ LPS group had a significant decrease in the levels of
PG-E2 in the AqH (4000 + 200 and 3200 + 200pg/mL, respectively; P < 0.001 for each; Fig

3B). Overall, these results demonstrate that silibinin reduces the production of the LPS-
induced inflammatory mediators NO and PG-E2 in the AqH.

Effects of silibinin on LPS-induced expression of INOS and COX-2 in the
ICBs

iNOS and COX-2 are primarily responsible for increased NO and PG-E2 production during
inflammation.[24, 25] Considering that silibinin reduced the production of LPS-induced NO
and PG-E2 in the AqH (Fig 3), it could decrease the expression of iNOS and COX-2 in the
ICBs of LPS-treated rats. We used western blot analysis to determine the effects of silibinin
pretreatment on the expression of LPS-induced iNOS and COX-2 in the ICB. As shown in Fig
4, we found that the expression of iNOS and COX-2 increased in the ICBs of the LPS group
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Fig 3. Effects of silibinin on Lipopolysaccharide (LPS)-induced Nitric Oxide (NO) (A) and Prostaglandin (PG)-E2 (B) expression in the
aqueous humor of rats. In each group, the aqueous humor was collected to quantify the levels of NO and PG-E2 using a commercially available
NO quantitation kit and an ELISA kit respectively. Compared to the control group, the levels of NO and PG-E2 expression increased significantly in
the LPS group. Compared to the LPS group, the Silibinin (100)+LPS group and Silibinin (200)+LPS group had significantly decreased expression
of LPS-induced NO and PG-E2 in a dose-responsive manner. Each value represents the mean + SD of results in four rats. *** P < 0.001 versus
the control group; *P < 0.05; #P < 0.01; *##P < 0.001.

https://doi.org/10.1371/journal.pone.0174971.9003

when compared with their expression in the control group. Compared to the LPS group, rats
in the Silibinin (100)+ LPS group and Silibinin (200)+ LPS group showed a marked decrease
in iNOS and COX-2 protein expression in a dose-responsive manner. Therefore, these results
suggest that silibinin decreases the expression of LPS-induced iNOS and COX-2 in the ICB of
rats.

Effect of silibinin on ICAM-1 expression in the ICBs of LPS-treated rats

Our previous studies have reported that ICAM-1 expression plays a critical role in cell infiltra-
tion in EIU.[14, 26] In the aforementioned studies, we used immunohistochemical (IHC)
staining to evaluate the effects of silibinin pretreatment on ICAM-1 expression in the ICBs of
LPS-treated rats. As shown in Fig 5, we found that the ICBs expressed low levels of ICAM-1 in
the control group (Fig 5A); however, in the LPS group, the ICBs expressed high levels of
ICAM-1 compared to control group (Fig 5B). Compared to the LPS group, the expression of
ICAM-1 was slightly decreased in the Silibinin (100)+ LPS group (Fig 5C) and markedly
decreased in the Silibinin (200)+ LPS group (Fig 5D). These results indicate that silibinin
attenuates LPS-induced ICAM-1 expression in the ICB of rats in a dose-responsive manner.

Effect of silibinin on the activation of NF-kB in the ICBs of LPS-treated
rats

The above results indicated that silibinin attenuated LPS-induced inflammatory reactions in
rats with EIU. Furthermore, previous studies have shown that endotoxins or proinflammatory
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Fig 4. Effects of silibinin on Lipopolysaccharide (LPS)-induced Nitric Oxide Synthase (iNOS) (A) and
Cyclooxygenase (COX)-2 (B) protein expression in the Iris-Ciliary Body (ICB) of rats. For each group, the
rat ICBs were collected and rat ICB lysates were prepared and analyzed by immunoblotting/western blotting
using antibodies against iNOS, COX-2, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; to normalize
protein expression). The optical density of the protein bands for INOS, COX-2, and GAPDH were analyzed. The
data are presented as mean * SD of four rats per group. The differences in the INOS and COX-2 protein levels in
ICBs of rats from the groups were compared using an ANOVA, followed by Tukey’s post hoc test. ** P < 0.01
and *** P <0.001 versus the control group; * P < 0.05; *##* P < 0.001.

https://doi.org/10.1371/journal.pone.0174971.g004

cytokines induce the phosphorylation and degradation of IkB, and then NF-«B, released from
the inhibitory signalosome, translocates to the nucleus and induces the transcription of a num-
ber of genes, resulting in the expression of inflammatory proteins such as iNOS, COX-2, and
ICAM-1.[19] Therefore, we tested whether NF-xB activation is suppressed by silibinin pre-
treatment in the ICBs of LPS-treated rats using western blotting. As shown in Fig 6, there was
minimal expression of phosphorylated IkB in the ICBs of the control and Silibinin groups.
Compared to the control group, the expression of phosphorylated IkB increased in the ICBs of
the LPS group. By contrast, in the Silibinin (100)+ LPS group and Silibinin (200)+ LPS group,
silibinin pretreatment reduced the increase of phosphorylated IkB expression in the ICBs of
LPS-treated rats compared to the LPS group in a dose-responsive manner. Taken together,
these results indicate that silibinin attenuates LPS-induced inflammatory reactions in rats with
EIU, at least in part, by suppressing NF-xB activation.

Silibinin attenuates LPS-induced inflammation by suppressing NF-kB
activation in macrophages

Previously, we found that macrophages participate in cellular infiltration into the anterior
chamber and ICBs of LPS-treated rats.[14] Therefore, we used a mouse macrophage cell line
(RAW 264.7 cells) as an in vitro model to explore the anti-inflammatory mechanism of silibi-
nin on EIU. To investigate the anti-inflammatory effects of silibinin in RAW cells, we used
western blotting to determine the expression of iNOS, COX-2, and ICAM-1 in LPS-treated
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Fig 5. Effects of silibinin on Lipopolysaccharide (LPS)-induced Intercellular Adhesion Molecule (ICAM)-1
expression in the ICBs of rats by Imnmunohistochemical (IHC) staining. Histopathological sections stained with
antibodies against ICAM-1. (A) Control groups. (B) LPS group. (C) Silibinin (100)+ LPS group. (D) Silibinin (200)+ LPS
group. The increased expression of ICAM-1 was noted in the LPS group (B) relative to the expression in control group
(A). Compared to the LPS group (B), the decreased expression of ICAM-1 was noted in the Silibinin (100)+ LPS group
and Silibinin (200)+ LPS group (C, D). These images are representative of four rats in each group. Original
magnification 200X.

https:/doi.org/10.1371/journal.pone.0174971.9g005

cells. As shown in Fig 7A, 7B and 7C, compared to the control group, treatment with LPS sig-
nificantly increased the expression of iNOS, COX-2, and ICAM-1 in RAW cells. However, sili-
binin (50 and 100 uM, respectively) decreased the expression of iNOS, COX-2, and ICAM-1 in
LPS-treated RAW cells in a dose-responsive manner. These results suggest that silibinin atten-
uates LPS-induced inflammation in RAW cells. Considering that silibinin suppressed the acti-
vation of NF-kB in LPS-treated rats (Fig 6), NF-kB signaling could be involved in the silibinin-
mediated inhibition of LPS-treated RAW cells. We collected the nuclear extract from LPS-
treated RAW cells to examine the effect of silibinin on the expression of the nuclear p65 pro-
tein using western blot analysis. As seen in Fig 7D, treatment with LPS significantly increased
the expression of nuclear p65 in RAW cells compared to the control group. By contrast, treat-
ment with silibinin decreased the expression of nuclear p65 in LPS-treated RAW cells. These
results suggest that silibinin suppresses LPS-induced NF-kB activation in RAW cells. Overall,
these results demonstrate that silibinin attenuates LPS-induced inflammation, at least in part,
by suppressing NF-kB activation in RAW cells.
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Fig 6. Effects of silibinin on the expression of phosphorylated IkB in the Iris-Ciliary Body (ICB) of
Lipopolysaccharide (LPS)-treated rats. (A) For each group, rat ICBs were collected, and rat ICB lysates
were prepared and analyzed by immunoblotting using antibodies against 1kB, p-1kB, and a-tubulin (used to
normalize protein expression). (B) The optical density of the protein bands for IkB, p-1kB, and a-tubulin was
analyzed. The results are presented as the mean + SD of four rats in each group. The differences in the p-1kB/
IkB ratios in ICB of rats from the groups were compared using ANOVA, followed by Tukey’s post hoc test. ns,
not significant; *** P < 0.001 versus the control group; * P< 0.05; *# P < 0.001.

https://doi.org/10.1371/journal.pone.0174971.g006

Discussion

Previously, we have reported that silibinin effectively suppresses TNF-o and IFN-y-induced
ICAM-1 expression and synthesis by inhibiting NF-kB activity in human RPE cells[23]; how-
ever, to the best of our knowledge, the effects of silibinin on EIU and its mechanism of action
have not been clearly elucidated. In the present study, we have initiated an investigation into
the anti-inflammatory effects and the possible mechanism employed by silibinin in a protec-
tive role against EIU in vivo and in vitro. The results of this study show that silibinin signifi-
cantly attenuated the ocular inflammatory response in rats with EIU, with significant
decreases in inflammatory cell infiltration, as well as protein, NO, and PG-E2 concentrations
in the AqH. The expression of iNOS, COX-2, and ICAM-1 were also reduced by silibinin
administration in the ICBs of LPS-treated rats. In addition, silibinin decreased the expression
of phosphorylated IkB in the ICB of LPS-treated rats and consequently suppressed NF-kB acti-
vation. Furthermore, we also found that silibinin decreased the expression of iNOS, COX-2,
ICAM-1, and nuclear p65 protein in LPS-treated RAW cells. Overall, these results suggest that
silibinin attenuates the inflammatory responses of EIU in rats and RAW cells. Therefore, silibi-
nin might be a potent preventative agent to treat acute ocular inflammation.

EIU is a model for acute inflammation, in which leukocytes, primarily neutrophils and
monocytes, leave the iris venules and infiltrate the surrounding tissues.[15] Inflammatory
mediators, including NO and PG-E2, participate in the pathogenesis of EIU.[27, 28] NO is
synthesized by NO synthase (NOS) isoenzymes. In EIU, LPS induces iNOS expression in
endothelial cells, macrophages, and polymorphonuclear leukocytes, which synthesize large
amounts of NO and subsequently change hemodynamics and vascular permeability. [27, 29]
Given that previous studies have demonstrated that suppressing the expression of iNOS can
inhibit the development of EIU,[24, 29, 30] the activation of iNOS and the subsequent
increased production of NO play important roles in the pathogenesis of EIU. In addition, after
LPS is injected into rats, many tissues show increased COX-2 expression, [14, 31, 32] which
participates in the production of proinflammatory prostaglandins.[33, 34] PG-E2, a major
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Fig 7. Silibinin inhibits Lipopolysaccharide (LPS)-induced Nitric Oxide Synthase (iNOS),
Cyclooxygenase (COX-2), and Intercellular Adhesion Molecule (ICAM-1) expression in RAW cells by
suppressing NF-kB activation. Cells were pretreated with 50 and 100 uM of silibinin for 18 h and then were
cotreated with 100 ng/mL of LPS for 24 h. The cell lysates were collected to measure the expression of iINOS
(A), COX-2 (B), and ICAM-1 (C) protein by western blotting. The optical density of the protein bands for
iINOS, COX-2, ICAM-1, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was analyzed. The
results are presented as the mean + SD of three independent experiments. The differences in the INOS,
COX-2, and ICAM-1 protein levels in RAW cells from the groups were compared using an ANOVA followed
by Tukey’s post hoc test. ns, not significant; *** P < 0.001 versus the control group; * P < 0.05; *** P<0.001.
(D) The nuclear translocation of p65 was determined in the nuclear extract of cell lysate by western blots
using specific antibodies against p65. The optical density of the protein bands for p65 and lamin B1 was
analyzed. The results are presented as the mean + SD of three independent experiments. The differences in
the p65 levels of RAW cells from the groups were compared using an ANOVA, followed by Tukey’s post hoc
test. *** P< 0.001 versus the control group; ** P < 0.05; *** P<0.001.

https://doi.org/10.1371/journal.pone.0174971.9g007
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metabolite of COX-2, is an inflammatory mediator that contributes to the breakdown of the
blood-aqueous barrier during EIU.[28] Given that the iNOS/NO and the COX-2/PG-E2 syn-
thesis have additive effects in EIU, the inhibition of NO and PG-E2 synthesis has therapeutic
effects on uveitis.[17] Therefore, to elucidate the mechanism responsible for the anti-inflam-
matory effect of silibinin pretreatment, we evaluated the effects of silibinin on the cell infiltra-
tion, protein concentration, and the levels of inflammatory mediators such as NO and PG-E2
in the AqH, and the enzymes, iNOS and COX-2, in the ICBs of rats with EIU. Consistent with
previous studies,[17, 24, 28-30] our results showed that silibinin reduced the increase in cell
infiltration, protein concentration, NO and PG-E2 production, and iNOS and COX-2 expres-
sion in rats with ETU. Taken together, these results also indicate that silibinin attenuates the
increase in protein concentration in EIU of rats, possibly because silibinin influences both the
induction of iINOS/NO and synthesis of COX-2/PG-E2. Consequently, these results may sug-
gest that silibinin prevents LPS-induced breakdown of the blood-aqueous barrier integrity by
decreasing the production of NO and PG-E2.

Previous studies have reported that the expression of ICAM-1 on the ciliary body is signifi-
cantly augmented after LPS injection,[35] whereas interactions between ICAM-1 and lympho-
cyte functional antigen (LFA)-1 are mainly responsible for the adhesion of leukocytes before
extravasation during EIU.[18, 36] Several studies have found that intraperitoneal injection of
monoclonal antibodies against ICAM-1 inhibits LPS-induced cellular infiltration into the
anterior segment.[18, 37] In the RPE cells in posterior uveitis patients, increased ICAM-1
expression has been detected, which facilitates the extravasation of inflammatory cells into the
retina.[38] In EIU, the increase in TNF-a and IFN-y expression play critical roles in this patho-
genesis,[39-41] and in our previous study, we showed that silibinin inhibited TNF-o and IFN-
v-induced ICAM-1 gene expression and protein synthesis in RPE cells and suppressed TNF-o.
and IFN-y-induced monocyte adhesion to RPE cells.[23] In the present study, we found that
silibinin decreased LPS-induced cell infiltration in the anterior segment and ICAM-1 expres-
sion in the ICBs. Based on the aforementioned studies, these findings suggest that silibinin
reduces infiltration of inflammatory cells, at least in part, by decreasing the ICAM-1 expres-
sion and subsequently affecting the interaction between ICAM-1 and LFA-1 in vivo. In addi-
tion, the interaction between ICAM-1 and LFA-1 can provide a second signal for T-cell
activation, which plays an important role for T-cell migration to target tissues,[42] and T cells
are essential for EIU.[10] Therefore, the data from this study suggest that silibinin attenuates
LPS-induced immune cell activation by decreasing the ICAM-1 expression.

NEF-«B is a heterodimer consisting of p50, p65, and the inhibitory subunit IkB, and resides
in the cytoplasm. When cells are stimulated by endotoxins or proinflammatory cytokines, the
IxB protein is phosphorylated and subsequently degraded.[43] In the absence of the inhibitory
subunit, p50 and p65 are released and enter the nucleus to bind to the kB sequence to induce
the transcription of a number of genes that promote the expression of inflammation-associated
proteins such as ICAM-1, iNOS, and COX-2.[19] Silibinin is a potent inhibitor of the NF-xB
signaling pathway that is responsible, in part, for the molecular basis for its anticancer, antia-
poptotic, and anti-inflammatory effects.[44] In our previous studies, we showed that silibinin
inhibited TNF-o and IFN-y-induced ICAM-1 expression in human RPE cells by suppressing
IxB phosphorylation and subsequently reducing translocation of the p65 subunit of NF-xB
into the nucleus.[23] In this study, we report that silibinin suppresses LPS-induced phosphory-
lation of the IxB subunit of NF-«B, thereby preventing further NF-kB translocation in vivo. In
addition, because the activation of NF-KkB is critical for the induction of iNOS and COX-2 by
LPS,[45, 46] our results note that silibinin decreases the expression of iNOS and COX-2 pro-
tein, and subsequently NO and PG-E2 production, by suppressing NF-xB activation. Given
that the NF-kB signaling pathway plays an important role in the induction of ICAM-1 by LPS,
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[14] our results also show that silibinin reduced ICAM-1 expression by suppressing the activa-
tion of NF-kB. Overall, these results suggest that silibinin exerts its anti-inflammatory effect, at
least in part, by suppressing phosphorylation of the IxB subunit of NF-«B.

In our previous study, we demonstrated that a majority of the inflammatory cells and mac-
rophages infiltrated the ICBs and anterior chamber;[14] macrophages are associated with
innate immunity and play a crucial role in the pathogenesis of EIU.[47, 48] After the systemic
injection of LPS in the rat model of EIU, a large number of macrophages infiltrate the eyes,
[49] which express iNOS and produce substantial amounts of NO in the retina and vitreous.
[16] Therefore, we investigated the effects of silibinin on the dynamics of inflammatory media-
tors after stimulating RAW cells with LPS. To investigate the mechanism responsible for the
anti-inflammatory effect of silibinin in vitro, we evaluated the effects of silibinin on the LPS-
induced expression of proinflammatory mediators such as iNOS, COX-2, and ICAM-1 in
RAW cells. Consistent with our in vivo results, silibinin attenuates the expression of proinflam-
matory mediators in LPS-treated RAW cells in vitro. Given that the expression of iNOS, COX-
2, and ICAM-1 is regulated by NF-«B,[14, 45, 46] our previous studies also demonstrated that
for a large number of nuclei positive staining of p65 were detected in LPS-treated RAW cells,
indicative of NF-kB activation by LPS stimulation.[14] Therefore, we next investigated the role
of NF-«B in the silibinin-mediated suppression of LPS-related inflammation in RAW cells in
vitro. We used western blot analysis for p65 after nuclear extraction as a more accurate tech-
nique to quantify the levels of NF-kB activation in RAW cells. Consistent with our previous
study, we found that silibinin decreased the expression of the nuclear p65 protein in LPS-
treated RAW cells, suggesting that the LPS-induced NF-«B activation was suppressed by silibi-
nin treatment. Taken together, these in vitro results indicate that the anti-inflammatory effects
of silibinin were sequential events, at least in part, whereby the suppression of NF-kB activa-
tion led to a reduction in the LPS-induced expression of proinflammatory molecules.

LPS, a component of the outer membrane of Gram-negative bacteria, is one of the endotox-
ins that can cause death in rats when administered at a dosage of ~20 mg/kg.[8, 50] In the rat
model of EIU, systemic injection of LPS at a dosage of ~200 ug/kg to 1mg/ kg is sufficient to
produce ocular inflammation, but does not induce significant systemic diseases such as car-
diac, hepatic, and renal diseases.[8, 51] Qin et al. report that footpad injection of LPS at 1 mg/
kg induces moderate inflammation in the eyes without generating obvious hepatic and renal
lesions.[51] Consequently, in this study, we injected LPS at a dosage of 300 pg/kg into the foot-
pad to observe the effect of silibinin pretreatment on ocular inflammation. Consistent with
previous studies, [8, 51] there were no significant systemic diseases after LPS injection at this
dosage in the present study.

The limitations of the present study are that our results suggest the potential of silibinin in
attenuating the cellular and molecular aspects of the inflammatory response in EIU of rats;
however, treatment with silibinin prior to the induction of EIU, as performed in this study, is
insufficient to suggest that silibinin suppresses ocular inflammation once it is established,
because there is inadequate evidence to suggest that silibinin can reduce already established
inflammation. As such, additional experiments, such as treatment with silibinin at the same
time or after the induction of EIU, are needed to determine the effects of silibinin on estab-
lished ocular inflammation.

In conclusion, we demonstrate that silibinin pretreatment on EIU in vivo and in vitro effec-
tively attenuated the increase in cell infiltration and protein levels, the production of NO and
PG-E2, and the expression of iNOS, COX-2, and ICAM-1, at least in part, by suppressing NF-
kB activity. Furthermore, our study indicates that silibinin may be an ideal candidate for the
development of a potential preventive agent to suppress ocular inflammatory diseases such as
uveitis.
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