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PURPOSE. Glucosamine sulfate (GS) is a naturally occurring
sugar that exerts immunosuppressive effects in vitro and in
vivo. The authors investigated whether GS modulates the inflammatory reaction in endotoxin-induced uveitis (EIU) of rats
and the mechanisms by which it exerts its effects.
METHODS. Two-hundred micrograms of lipopolysaccharide
(LPS) was injected subcutaneously into Lewis rats to induce
EIU. Doses of GS (10, 100, or 1000 mg/kg) were divided into
three aliquots and administered intraperitoneally 30 minutes
before LPS injection, concurrently with LPS injection, and 30
minutes after LPS injection. Twenty-four hours after LPS injection, aqueous humor was collected for cell counting and measurement of protein concentration. Immunohistochemical
staining of the iris-ciliary body was performed to evaluate the
effects of GS on intercellular adhesion molecule (ICAM)-1 and
nuclear factor (NF)-B activation and to demonstrate macrophage infiltration. The effects of various doses of GS pretreatment were also examined using a mouse macrophage cell line
(RAW264.7 cells) and LPS stimulation. Levels of prostaglandin
(PG)-E2 and nitric oxide (NO) were determined. Expression of
inducible NO synthase (iNOS) and cyclooxygenase (COX)-2
were measured using Western blot analysis. The effect of GS on
LPS-induced NF-B activation in RAW cells was also examined.
RESULTS. Cell counting and analysis of protein concentration in
aqueous humor revealed that GS suppressed EIU in rats treated
with a high dose of GS (1000 mg/kg). Immunohistochemistry
showed that treatment with GS reduced ICAM-1 expression
and suppressed activation of NF-B in the iris-ciliary body. The
main inflammatory cells in the iris-ciliary body during EIU were
macrophages. In LPS-stimulated macrophage RAW cell culture,
GS inhibited the production of NO and PG-E2, the expression
of iNOS and COX-2, and the activation of NF-B.

CONCLUSIONS. GS suppresses EIU in rats by blockading the
NF-B– dependent signaling pathway and the subsequent production of ICAM-1 and proinflammatory mediators. This study
has extended the authors’ previous observation that GS is a
potentially important compound for reducing ICAM-1–mediated inflammatory effects in the eye. (Invest Ophthalmol Vis
Sci. 2008;49:5441–5449) DOI:10.1167/iovs.08-1784

E

From the 1Department of Ophthalmology, Tri-Service General
Hospital, Taipei, Taiwan, Republic of China; the 2Department of Ophthalmology, Kaohsiung Armed Force General Hospital, Kaohsiung,
Taiwan, Republic of China; the 3Department of Pharmacy, Tajen University, Pintung, Taiwan, Republic of China; and the 4Department of
Ophthalmology, National Defense Medical Center, Taipei, Taiwan,
Republic of China.
Supported in part by Grants TSGH-C96-6-S01, TSGH-C96-6-S02,
TSGH-C96-6-S03, and TSGH-C96-6-S04 from the Tri-Service General
Hospital and Grant NSC-96-2314-B-016-021-MY3 from the National Science Council.
Submitted for publication January 23, 2008; revised June 16 and
August 6, 2008; accepted October 8, 2008.
Disclosure: Y.-H. Chang, None; C.-T. Horng, None; Y.-H. Chen,
None; P.-L. Chen, None; C.-L. Chen, None; C.-M. Liang, None; M.-W.
Chien, None; J.-T. Chen, None
The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be marked “advertisement” in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Corresponding author: Jiann-Torng Chen, Department of Ophthalmology, Tri-Service General Hospital, National Defense Medical Center, 325, Cheng-Kung Road, Section 2, Taipei, Taiwan, Republic of
China; jt66chen@ms32.hinet.net.

ndotoxin-induced uveitis (EIU) is an acute form of uveitis
that can be induced by giving rats,1 mice,2 and rabbits3
systemic injections of a sublethal dose of lipopolysaccharide
(LPS), a component of the cell walls of Gram-negative bacteria.
Symptoms of EIU usually manifest 4 hours after LPS injection,
peak at 18 to 24 hours after LPS injection, and persist for 72
hours. The histopathology of EIU is characterized by transient
but intense acute cellular infiltration of the anterior and posterior segments of the eye by neutrophils and macrophages.
Although the pathogenesis of EIU is unclear, it is known that
proinflammatory cytokines such as tumor necrosis factor
(TNF)-␣, interleukin (IL)-1␤, interferon (INF)-␥, and IL-6,4 –7
inflammatory mediators such as nitric oxide (NO)8 and prostaglandin (PG)-E2,9 and cell-adhesion molecules such as intercellular adhesion molecule (ICAM)-110 are involved.
The production and release of inflammatory mediators and
adhesion molecules in response to LPS is dependent on inducible gene expression, which is mediated by the activation of
transcription factors such as NF-B. Inactive NF-B is a heterodimer of p50 and p65 (RelA); it is present in the cytoplasm
and is sequestrated by the inhibitor of kappa B (IB) family of
inhibitors.11,12 After the phosphorylation and degradation of
IB, the p50-p65 component is released and translocates to the
nucleus, where it activates the transcription of genes involved
in innate immunity, inflammation, and cell survival.13–15
An in vitro study has shown that monosaccharides, especially those with amino groups, can inhibit cytotoxic T-lymphocyte activity.16 Moreover, hexosamines inhibit natural
killer cell cytotoxicity.17 Glucosamine sulfate (GS), a naturally
occurring hexosamine, exerts immunosuppressive effects in
vitro and in vivo.18,19 It prolongs cardiac allograft survival in
vivo by suppressing the activation of T-lymphoblasts and dendritic cells.18 GS also augments type II decoy receptor expression and suppresses NF-B activity and IL-1␤ bioactivity in rat
chondrocytes.19 We recently demonstrated that GS suppresses
ICAM-1 expression and leukocyte adhesion induced by proinflammatory cytokine stimulation of retinal pigment epithelial
cells and conjunctival cells in vitro.20 –22 These results stimulated us to investigate the effect of GS on EIU, an animal model
of uveitis.
The purpose of our study was to investigate the effects of
GS on EIU in rats. We found that GS inhibited LPS-induced
cellular infiltration and protein leakage in aqueous humor. To
elucidate the mechanisms responsible for the anti-inflammatory effects of GS, we investigated the expression of ICAM-1
and the activation of NF-B in the iris-ciliary body and found
that both were suppressed by GS. We also demonstrated that
GS inhibits the production of NO and PG-E2 and the expression
of inducible NO synthase (iNOS) and cyclooxygenase (COX)-2
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in LPS-stimulated RAW 264.7 cells. Activation of NF-B by LPS
in RAW cells was also suppressed by GS.

METHODS
Animals and Induction of EIU
Eight-week-old male Lewis rats (210 –220 g) were used in this study.
They were maintained under a 12-hour light/12-hour dark cycle. Food
and water were supplied ad libitum. All the animals were cared for in
accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Rats were randomly allocated to a control group or a treatment
group that was subdivided into an LPS group, a GS group, and an LPS
⫹ GS group. There were 12 rats in each group. Eight of the 12 rats
were used for the collection of aqueous humor; one eye was used for
cell counting and the other for the protein concentration assay. The
other four rats were used for immunohistologic analysis. To induce
EIU, 200 g LPS from Salmonella typhimurium (Sigma-Aldrich, St.
Louis, MO) that had been diluted in 0.2 mL phosphate-buffered saline
(PBS; pH 7.4) was injected into one footpad of each rat of the LPS and
the LPS ⫹ GS groups. In the GS and LPS ⫹ GS groups, rats were
injected intraperitoneally with 10, 100, or 1000 mg/kg GS (SigmaAldrich) divided into three aliquots administered 30 minutes before
LPS injection, simultaneously with LPS injection, and 30 minutes after
LPS injection. This sequence of GS injections was used because of the
pharmacokinetics of glucosamine.23 In the LPS group, 0.5 mL PBS was
administered intraperitoneally using the schedule described for GS
injection in the GS and LPS ⫹ GS groups. In the control group, neither
LPS nor GS was injected into the rats; they received only vehicle. Rats
were humanely killed 24 hours after LPS injection.

Cell Counts and Protein Concentration
Immediately after euthanatization, aqueous humor was collected by
puncture of the anterior chamber of the eye with a 30-gauge needle.
For cell counting, the aqueous humor was mixed with an equal amount
of trypan blue solution (Sigma-Aldrich), and 1 drop of the cell suspension was applied to a hemocytometer. The number of cells per square
(equivalent to 0.1 L) was counted manually using a light microscope,
and the mean number of counts from five squares per sample was
multiplied by 2 to correct the previous dilution.
Total protein concentration in aqueous humor was measured using
a BCA protein assay reagent kit (Pierce, Rockford, IL).

Histology and Immunohistology
For histology and immunohistology, eyes were enucleated immediately
after death and immersed in 4% paraformaldehyde for at least 24 hours,
after which they were snap-frozen in liquid nitrogen and embedded in
OCT compound in cryomolds. More than 20 serial axial cryostat sections (6-m thick) were cut from each eye, starting at the optic nerve
head.
Sections were stained with hematoxylin and eosin for histology.
For immunohistology, sections were incubated with anti–ICAM-1
antibody (1A29, dilution 1:50; Chemicon, Temecula, CA), anti–
macrophage subset antibody (HIS36, dilution 1:50; Santa Cruz Biotechnology, Santa Cruz, CA), or anti–NF-B p65 antibody (C20, sc-372,
dilution 1:50; Santa Cruz Biotechnology) overnight at 4°C. Sections
were blocked with 5% fetal bovine serum (heat inactivated, no. 26140;
Invitrogen, Carlsbad, CA). Tissues were then probed with a fluorescein
isothiocyanate (FITC)-labeled secondary antibody (1:50 dilution; Jackson ImmunoResearch Laboratories, West Grove, PA). Cells were also
stained with 4⬘, 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for 5
minutes for localization and quantification of nuclei. Preparations were
mounted in 70% glycerol and were examined using fluorescence microscopy. The same exposure was used for photographing all samples,
and the nuclei were quantified using the images.
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NF-B p65 Nuclear Translocation
To calculate the percentage of NF-B–positive cells in the iris-ciliary
body, four intact sections from each eye, of equal length and 30 m
apart from each other, were evaluated. After immunostaining for NF-B
p65, the two iris-ciliary bodies appearing on each slide were photographed. The total number of cells and the number of NF-B–positive
cells that had translocated to the nuclei in the photograph were
counted manually by an investigator who was masked to the treatment
samples. The number of NF-B–positive cells was expressed as a
percentage of the total number of cells present. The mean number of
NF-B–positive cells per rat was calculated from four slides per eye
from both eyes. Group means were calculated from four rats per
group.

Cell Culture and Treatment
Mouse macrophage-like RAW264.7 cells were obtained from the Bioresource Collection and Research Center (Taipei, Taiwan) and were
grown in Dulbecco modified Eagle medium (DMEM) supplemented
with 4 mM L-glutamine, 10% FBS, 100 U/mL penicillin, and 100 mg/mL
streptomycin at 37°C in an atmosphere containing 5% CO2.
In each experiment, the RAW264.7 cells were preincubated with
GS (Sigma-Aldrich), glucose (Glu; Sigma-Aldrich), N-acetylglucosamine
(N-AcG; Sigma-Aldrich), or galactosamine hydrochloride (Gal; SigmaAldrich) at the indicated concentration for 2 hours and were then
stimulated for 24 hours with 1 g/mL LPS (Sigma-Aldrich) derived from
S. typhimurium.

Western Blotting
RAW264.7 cells were scraped from the culture dishes and lysed in 2⫻
sample buffer. The samples were boiled for 10 minutes, electrophoresed using 10% SDS-PAGE, and transferred to polyvinylidene difluoride membranes (Immobilon; Millipore, Bedford, MA). Blots were
probed with 1:1000 dilutions of anti-iNOS (06 –573; Upstate Biotechnology, Lake Placid, NY) or anti–COX-2 (C-20; Santa Cruz Biotechnology) for 1 hour at room temperature and were then washed three
times with TBST buffer. After incubation with a horseradish peroxidase–conjugated secondary antibody (Jackson ImmunoResearch Laboratories) for 1 hour at room temperature, blots were washed three
times and developed using an enhanced chemiluminescence system
(Millipore). The densities and areas of spots on the developed images
were measured. Four independent repetitions of each experiment
were performed.

Measurement of NO and PG-E2 Concentrations
Concentrations of NO and PG-E2 in cell cultures were measured using
a NO quantitation kit (Active Motif, Carlsbad, CA) and a PG-E2 ELISA kit
(Neogen, Lansing, MI), respectively. Four independent repetitions of
each experiment were performed.

Immunofluorescence Staining
RAW264.7 cells with or without GS pretreatment were incubated with
1 g/mL LPS for 60 minutes After incubation, cells were washed, fixed
in methanol/acetone (1:1) for 1 hour at ⫺20°C, and treated with 0.1%
Triton X-100 for 10 minutes on ice. Cells were further incubated in PBS
containing 5% BSA for 1 hour at room temperature to counter nonspecific binding of the primary antibody. Rabbit polyclonal antibodies
against p65 (1:200 dilution; Santa Cruz Biotechnology) were used as
primary antibodies. FITC-labeled goat anti–rabbit IgG (1:200 dilution;
Jackson ImmunoResearch) was used as the secondary antibody. Cells
were examined using fluorescence microscopy. The same exposure
was used for photographing all samples.

Statistical Analysis
Student’s t-test was used for comparisons involving two group means.
One-way analysis of variance (ANOVA) and the Bonferroni test were
used for comparisons involving three or more group means. Data are
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Effect of GS on ICAM-1 Expression in the
Iris-Ciliary Body of EIU Rats
Given that ICAM-1 plays a key role in leukocyte adhesion and
infiltration, we determined whether GS affects ICAM-1 expression in the iris-ciliary body. The iris-ciliary body constitutively
expressed low levels of ICAM-1, as determined by immunohistochemistry (Fig. 3A). Strong expression of ICAM-1 in the
iris-ciliary body was evident 24 hours after LPS injection (Fig.
3C). Rats in the LPS ⫹ GS subgroup that received a GS dose of
1000 mg/kg showed a marked decrease in ICAM-1 expression
24 hours after LPS administration (Fig. 3G).

Effect of GS on NF-B Activation in the
Iris-Ciliary Body of EIU Rats

FIGURE 1. Histopathologic features of inflammatory cell infiltration in
the iris-ciliary bodies of rats in the (A) control group and in treatment
groups (B) LPS, (C) LPS ⫹ 10 mg/kg GS, and (D) LPS ⫹ 1000 mg/kg GS.
There was no cellular infiltration in the control group (A), but severe
inflammatory cell infiltration was evident in the LPS group (B). The
suppressive effect of GS on cellular infiltration was dose dependent in
the LPS ⫹ GS group (compare C with D). Original magnification,
⫻200.
expressed as mean ⫾ SEM. P ⱕ 0.05 was considered statistically
significant.

NF-B is composed of two groups of structurally related interactive proteins that bind to DNA recognition sites as a dimer
whose activity is regulated by its subcellular location.24 Because NF-B activity is essential for the activation of endotoxininduced ICAM-1 expression,25,26 we used an immunofluorescence assay to examine the location of the p65 subunit of
NF-B within the iris-ciliary body. Figure 4A shows that there
was little activated NF-B p65 in the iris-ciliary body in the
control and GS groups. In rats injected with LPS, nuclear
translocation of the activated NF-B p65 subunit was observed.
Activation was decreased by the addition of GS in the LPS ⫹ GS
group (Fig. 4A). Quantitative analysis of cells positive for NF-B
revealed that LPS-induced NF-B activation was suppressed by
GS in a dose-dependent manner (Fig. 4B).

RESULTS
Histopathology of the Effect of GS on EIU
Twenty-four hours after LPS injection, severe cellular infiltration was observed in the iris-ciliary bodies of the LPS group
(Fig. 1B) and in the LPS ⫹ GS subgroups treated with low doses
of GS (10 and 100 mg/kg GS; Fig. 1C). A significant reduction
of cellular infiltration was observed in the anterior segment of
LPS ⫹ GS rats treated with 1000 mg/kg GS (Fig. 1D). There was
no cellular infiltration in the iris-ciliary body in the control
group (Fig. 1A) and the GS group (data not shown).

Effect of GS on Cellular Infiltration and Protein
Concentration of Aqueous Humor
Twenty-four hours after LPS administration, the aqueous humor of the LPS group contained 96.65 ⫾ 8.45 ⫻ 105/mL
inflammatory cells (n ⫽ 8). When treated with GS at a dose of
1000 mg/kg, the concentration of inflammatory cells 24 hours
after the administration of LPS was significantly lower (15.9 ⫾
3.70 ⫻ 105/mL; P ⬍ 0.01) than that in the LPS group. The
levels of inflammatory cells 24 hours after the administration of
LPS in rats treated with GS doses of 10 mg/kg and 100 mg/kg
(91.90 ⫾ 12.99 ⫻ 105/mL and 87.32 ⫾ 12.28 ⫻ 105/mL,
respectively) were slightly lower than those of the LPS group,
but the differences were not significant (Fig. 2A). There were
few inflammatory cells in the anterior segments of rats in the
control and GS groups.
The concentration of protein in aqueous humor was substantially greater in the LPS group than in the control and GS
groups. In the LPS ⫹ GS group, a reduction in protein concentrations was observed with low-dose GS treatments (10 and
100 mg/kg), but the effects were not significant. The protein
concentration was significantly reduced only by the high dose
of GS (1000 mg/kg; Fig. 2B).
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FIGURE 2. Effects of GS on (A) cellular infiltration and (B) protein
concentration in aqueous humor 24 hours after LPS injection. Note
that GS had no effect on basal (unstimulated) rates of cellular infiltration and protein concentration. LPS stimulation markedly increased
cell count and protein concentration, which were significantly suppressed by the high-dose GS treatment (1000 mg/kg). Means were
derived from eight rats. *Significantly different from the LPS group.
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6B). When the RAW cells were incubated with GS alone, iNOS
and COX-2 in the medium were maintained at concentrations
similar to those of unstimulated samples. After treatment with
LPS (1 g/mL) for 24 hours, iNOS and COX-2 concentrations
increased by 25-fold and 22-fold, respectively. When macrophages were incubated with various concentrations of GS
(0.046, 0.46, or 4.6 mM) together with 1 g/mL LPS for 24
hours, significant concentration-dependent inhibition of iNOS
and COX-2 expression was observed, as was the case with NO
(Fig. 7A) and PG-E2 (Fig. 7B). Trace amounts of NO and PG-E2
were detected in unstimulated and GS-treated RAW cells. After
24 hours of LPS treatment, the production of NO increased
1.9-fold, and the concentration of PG-E2 increased to 4.9 ng/
mL. Preincubation with GS suppressed LPS-induced NO and
PG-E2 production in a dose-dependent manner. RAW264.7 cell
viability, determined with the use of the MTT assay, was not
affected by the addition of GS at a dose of 4.6 mM (data not
shown).

Effects of Different Hexosamines on iNOS, COX-2,
NO, and PGE2 Levels Induced with LPS
To study whether other hexosamines also inhibit LPS-induced
iNOS, COX-2, NO, and PGE2 expression, we incubated RAW
cells with equimolar concentrations (4.6 mM) of GS, Glu,
N-AcG, or Gal for 2 hours before stimulation with LPS for 24
hours. GS significantly reduced LPS-induced iNOS, COX-2
(Figs. 6C, 6D), NO, and PGE2 (Figs. 7C, 7D) levels. Although
Glu, N-AcG, and Gal all had some inhibitory effects on iNOS
and COX-2, these effects were not significant (Figs. 6C, 6D).
Moreover, their effects on NO and PGE2 were not obvious
(Figs. 7C, 7D).

Immunostaining of NF-B Subunit p65
in RAW Cells

FIGURE 3. Immunofluorescence images showing the effect of GS on
LPS-induced ICAM-1 expression in the iris-ciliary body of rats. (A, C, E,
G) Sections stained with antibody against ICAM-1. (B, D, F, H) Sections
stained with DAPI for the localization of nuclei. (A, B) Control groups,
which received neither LPS nor GS. (C, D) LPS group (rats were
injected with LPS). (E, F) LPS ⫹ GS group (rats were injected with LPS
and 10 mg/kg GS). (G, H) LPS ⫹ GS group (rats were injected with LPS
and 1000 mg/kg GS). Original magnification, ⫻200.

To investigate the activation of NF-B after LPS stimulation and
the effect of GS on it in RAW cells, we performed immunofluorescence staining of NF-B p65. In vehicle-treated and GStreated cells, cytoplasmic staining with nuclear sparing was
evident (Figs. 8A, 8B). Nuclear staining was evident after LPS
stimulation, indicating that NF-B had been activated and had
translocated to the nucleus (Fig. 8C). GS pretreatment prevented nuclear staining, suggesting that activation and nuclear
translocation of NF-B were blocked by GS.

DISCUSSION
ED2-like Antigen Expression in Inflammatory
Cells in the Iris-Ciliary Body
ED2-like antigen is a macrophage-specific antigen. To determine whether macrophages participate in the cellular infiltration into the anterior chamber and the iris-ciliary body during
EIU, we used immunofluorescence to stain samples from the
LPS group and the LPS ⫹ GS group for ED2-like antigen. Most
cells that infiltrated the anterior chamber and iris-ciliary body
were positive for ED2-like antigen (Fig. 5).

Effects of GS on Expression of COX-2 and iNOS
and Levels of PG-E2 and NO
To investigate whether GS affects the COX-2–PG-E2 and
iNOS-NO pathways, we assessed changes in the levels of
COX-2, PG-E2, iNOS, and NO before and after administration of
LPS to RAW cells that had been subjected to GS preincubation
or had not been exposed to GS. Trace amounts of iNOS and
COX-2 were detected in vehicle-treated and GS-treated cells.
After 24 hours of culture, unstimulated macrophages expressed background levels of iNOS (Fig. 6A) and COX-2 (Fig.
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We demonstrated that GS inhibits cellular infiltration and protein concentration in the aqueous humor of a rat EIU model.
Immunostaining showed that LPS-induced ICAM-1 expression
and NF-B activation were also suppressed by GS. These results
are compatible with those of our previous in vitro studies.20 –22
To investigate the mechanisms responsible for these results,
we used RAW264.7 cells, a mouse macrophage cell line, as an
in vitro model. Concentrations of iNOS, NO, COX-2, and PG-E2
were significantly lower in the LPS ⫹ GS group than in the LPS
group but not in the groups treated with the control sugars, as
was NF-B p65 activation.
GS dosages and administration intervals used in this study
were chosen for the following reasons. First, in a preliminary
study, we administered a single low dosage of GS simultaneously with LPS, but it had no effect on EIU at this level (data
not shown). For intraperitoneal injection of GS in rats, the LD50
was 5247 mg/kg, and the rat no-observed-adverse-effect level
(NOAEL) was 2700 mg/kg.27 The largest dose of GS used in our
study was 1000 mg/kg, which was lower than the NOAEL and
was administered in thirds at intervals. Second, plasma GS
levels peak at 12.5 minutes after intraperitoneal GS administra-
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FIGURE 5. Double labeling of inflammatory cells in the anterior segment of a rat in the LPS group. (A) Immunostaining of macrophagespecific ED2-like antigen. (B) DAPI staining of nuclei. (C) Image obtained by merging (A) and (B) showing that the infiltrating cells were
predominantly macrophages.

FIGURE 4. The effect of GS on NF-B activation. (A) Immunohistochemistry of NF-B p65 in the iris-ciliary body of rats. (a, c, e, g)
Sections stained with antibody against p65. (b, d, f, h) Sections stained
with DAPI for localization of nuclei. An area of each panel (lower left)
was selected, magnified, and shown to provide better resolution. The
selected area is exactly the same in the paired panels. (a, b) Control
group in which neither LPS nor GS was injected. (c, d) LPS group in
which rats were injected with LPS. (e, f) LPS ⫹ GS group in which rats
were injected with LPS and GS (10 mg/kg). (g, h) LPS ⫹ GS group in
which rats were injected with LPS and GS (1000 mg/kg). Arrows:
NF-B p65 nuclear translocation-positive cells. Original magnification,
⫻200. (B) Percentage of activated NF-B p65-positive cells in the
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tion, and the half-life of GS is 0.69 ⫾ 0.5 hour.23 Accordingly,
to maintain high levels of GS before and after LPS injection, GS
doses were administered in thirds 30 minutes before LPS injection, concurrently with LPS injection, and 30 minutes after
LPS injection.
During the endotoxin-induced inflammatory reaction, the
interaction between ICAM-1 and lymphocyte functional antigen (LFA)-1 is primarily responsible for the adhesion of leukocytes before extravasation.28,29 In the animal model of EIU, LPS
is used to induce ICAM-1 expression in the iris-ciliary body.30
Because systemic administration of a monoclonal antibody
against ICAM-1 has been shown to suppress LPS-induced cel-

iris-ciliary body. Mean activated NF-B p65-positive cells in each rat
were calculated from four slides per eye for both eyes. Group means
were calculated from four rats per group. Values are expressed as
mean ⫾ SD (n ⫽ 4). *Significantly different from the LPS group.
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FIGURE 6. Effects of different concentrations of GS (A, B) and different
hexosamines (C, D) on LPS-induced
levels of iNOS protein and COX-2
protein in RAW cells. (A, B) RAW
cells were preincubated with the indicated concentrations of GS for 2
hours and then were stimulated with
1 g/mL LPS for 24 hours. (C, D)
RAW cells were preincubated with
GS, Glu, N-AcG, or Gal (4.6 mM) for
2 hours and then were stimulated
with 1 g/mL LPS for 24 hours. Protein levels were quantified by Western blot analysis and are expressed
as multiples of the control mean.
Data are expressed as the mean ⫾
SEM; n ⫽ 4; *P ⬍ 0.05 compared
with the LPS-treated group.

FIGURE 7. Effects of different concentrations of GS (A, B) and different
hexosamines (C, D) on the levels of
NO and PGE2 in LPS-treated RAW
cells. (A, B) RAW cells were preincubated with the indicated concentrations of GS for 2 hours and then
were stimulated with 1 g/mL LPS
for 24 hours. (C, D) RAW cells were
preincubated with GS, Glu, N-AcG,
or Gal (4.6 mM) for 2 hours and then
were stimulated with 1 g/mL LPS
for 24 hours. Levels of NO and PG-E2
were quantified using a commercially available NO quantitation kit
and an ELISA kit, respectively. Data
are expressed as mean ⫾ SEM; n ⫽
4; *P ⬍ 0.05 compared with the LPStreated group.
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FIGURE 8. Immunofluorescence images of the p65 subunit of NF-B in
RAW cells stained with antibody against p65. (A) Immunostaining is
evident in the cytoplasm of control cells but not in the nuclei. (B)
Incubation with GS (4.6 mM) alone did not result in nuclear staining.
(C) When RAW cells were stimulated with LPS (1 g/mL) for 1 hour,
intense nuclear immunostaining was evident. (D) When RAW cells
were pretreated with GS (4.6 mM) and then stimulated with LPS (1
g/mL) for 1 hour, a significant decrease in p65 nuclear immunostaining compared with LPS-treated cells was evident. Original magnification, ⫻200.

lular infiltration into the anterior segment,10,31 we considered
that ICAM-1 may play a key role in cellular infiltration in EIU. In
our previous reports, we demonstrated that proinflammatory
cytokine-induced ICAM-1 gene expression and protein synthesis is inhibited by GS.20,22 We also showed that in retinal
pigment epithelial (RPE) cells, neutrophil adherence, which
was augmented by proinflammatory cytokines, was effectively
suppressed by GS.21 Other authors have shown that the levels
of proinflammatory cytokines we used in our previous studies
(TNF-␣, IFN-␥, IL-1␤, and IL-6) are elevated during EIU5 and
that these cytokines play important roles in the pathogenesis of
EIU.4 –7,32 In this study, we showed that GS suppressed inflammatory cell infiltration of the aqueous humor and LPS-induced
ICAM-1 expression in the iris-ciliary body in vivo. We consider
this finding significant because ICAM-1 has been detected in
RPE cells of patients with posterior uveitis, and elevated levels
of ICAM-1 are considered to promote extravasation of inflammatory cells into the retina.33 Recently, it has been demonstrated that GS suppresses the activation of T cells and dendritic cells in vitro and prolongs cardiac allograft survival in
vivo.18 It has been suggested that T cells, especially CD4⫹ T
cells, play an important role in EIU.2 Interaction between
ICAM-1 and LFA-1 serves as a costimulatory signal (signal-2) for
T-cell activation, which is essential for T-cell migration to target
tissues.34 GS may suppress T-cell activation and the subsequent
recruitment of inflammatory cells by inhibiting the interaction
between ICAM-1 and LFA-1.
NF-B is a heterodimer consisting mainly of p65 (RelA) and
p50 and is located in the cytoplasm, where it has been associated with several inhibitory molecules.11,24,35,36 Once cells are
exposed to proinflammatory cytokines or endotoxin, signal
transduction results in the phosphorylation and degradation of
IB. NF-B is then released from the inhibitory signalosome,
translocates to the nucleus, and induces the transcription of a
variety of genes, resulting in the expression of inflammatory
proteins such as ICAM-1, iNOS, and COX-2.37 In our previous
studies, we demonstrated that GS reduces proinflammatory
cytokine-induced ICAM-1 gene expression and protein syn-
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thesis in human RPE cells by preventing IB degradation and
thus translocation of the p65 subunit of NF-B into the nucleus.20 –22 We now show that GS treatment dose dependently
prevents LPS-induced nuclear translocation of the p65 subunit
of NF-B in vivo and in vitro. Taken together, these results
indicate that GS exerts its anti-inflammatory effect, at least in
part, by preventing nuclear translocation of the p65 subunit of
NF-B.
Monocytes and macrophages, which are associated with
innate immunity, play an important role in the inflammatory
reaction that occurs within a few hours of an LPS challenge.38
IL-13, an anti-inflammatory cytokine, is secreted by T-helper-2
(Th-2) lymphocytes39 and inhibits the production of proinflammatory cytokines in LPS-activated monocytes and macrophages.40 – 43 That EIU is inhibited by intraocularly injected
IL-1344 suggests that activated monocytes and macrophages
play a role in the pathogenesis of EIU. During EIU, macrophages in the retina and vitreous humor produce substantial
amounts of NO.8 Yang45 found that after LPS injection, the eye
undergoes a massive influx of macrophages. That finding is
compatible with our finding that a major part of the inflammatory cells that infiltrated the iris-ciliary body and the anterior
chamber were ED2-like antigen-positive macrophages. Accordingly, we postulated that the mouse macrophage cell line RAW
264.7 would be an ideal in vitro model for investigating the
dynamics of inflammatory mediators after LPS stimulation and
the effects of GS treatment.
To elucidate the mechanism responsible for the anti-inflammatory effect of GS, we evaluated the effects of GS on LPSinduced levels of proinflammatory mediators such as NO and
PG-E2 and their enzymes, iNOS and COX-2, in RAW cells.
Glucose, N-acetylglucosamine, and galactosamine were used as
control hexosamines, and their effects on LPS-induced iNOS,
COX-2, NO, and PGE2 levels were less significant than those of
GS. NO is a free radical. When iNOS is induced by LPS or
cytokines, NO is synthesized in large quantities by endothelial
cells, macrophages, and polymorphonuclear leukocytes, resulting in protein leakage and changes in hemodynamics and
vascular permeability, which are typical of EIU.46 – 48 During
EIU, the level of iNOS mRNA increases in the iris-ciliary body
and the retina.49 EIU can be suppressed by inhibiting the
expression of iNOS,46,49,50 suggesting that iNOS activation and
the subsequent production of large quantities of NO contribute
to the pathogenesis of EIU. On the other hand, expression of
COX-2 is also induced by LPS in various tissue preparations.51–53 This enzyme plays a major role in the inflammatory
process by catalyzing the production of prostaglandins.54,55
PG-E2 is an inflammatory mediator that causes the breakdown
of the blood-aqueous barrier during EIU.56 We found that
LPS-induced iNOS and COX-2 expression and NO and PG-E2
production in RAW cells were suppressed by GS in a dosedependent manner. We also showed that GS suppressed the
activation of LPS-induced NF-B in RAW cells. Given that the
expression of iNOS and COX-2 is regulated by NF-B,57,58 our
results indicate that GS inhibits NO and PG-E2 production by
blocking NF-B activation and, consequently, iNOS and COX-2
protein production. Inhibition of NO and PG-E2 has therapeutic effects on uveitis.9 Given that the effects of these pathways
are additive in endotoxin-induced uveitis, GS-mediated inhibition of both the iNOS/NO and the COX-2/PG-E2 pathways, as
observed in our study, indicates that GS administration may be
a potent means of treating uveitis.
Dietary supplementation with GS is commonly used to
relieve the symptoms of osteoarthritis (OA).59 – 62 The therapeutic value of GS has been validated by several in vitro
studies. It has been demonstrated that GS downregulates IL-1–
induced COX-2 gene expression and subsequent PGE2 synthesis in chondrocytes and that it decreases neutrophil function
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and immune activity in synovial tissue.18,63,64 It has also been
proposed that GS may quench small bioactive molecules such
as NO and oxygen radicals, which damage articular cartilage.65
In addition to the anti-inflammatory effects of GS on OA, GS
may increase intracellular concentrations of UDP-N-AcG,
which is essential for the formation of glycosaminoglycan, a
component of cartilage.66 GS is safe, and side effects in humans
are rare and, if present, mild. The recommended oral dosage of
GS is 1500 mg/d, which is equivalent to 25 mg/kg/d for a 60-kg
adult. Doses of as much as 322.5 mg/kg (administered as a 5
mol/min/kg intravenous infusion over 300 minutes) have
been safely administered to humans.67
In summary, this study showed that GS has dose-dependent
anti-inflammatory effects on EIU in rats. Possible mechanisms
for the anti-inflammatory effect of GS are suppression of the
production of ICAM-1, PG-E2, and NO and inhibition of the
expression of COX-2 and iNOS, which are mediated by suppression of NF-B activation. Compared with the adverse effects of corticosteroids and nonsteroidal anti-inflammatory
drugs, the absence of such effects with GS is attractive. However, because of its short half-life and the high intravenous dose
required for GS to affect EIU in rats, its value in the treatment
of uveitis requires further study.
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