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I N T R O D U C T I O N

Uveitis is the most commonly seen intraocular in-
flammatory disease in humans. Immunologically or bio-
chemically active factors in uveitis are important in
tissue damage development. The factors involved in
tissue damage due to inflammation in uveitis have not
been fully identified. 

Endotoxin-induced uveitis (EIU), a model of intraocular
inflammation elicited by lipopolysaccharide (LPS), is
a useful experimental model for the understanding of
acute anterior uveitis in humans, and is used in stud-
ies examining the pathophysiology of this disease (1,
2). LPS produces uveitis when it is injected into the

v i t reous of the rabbit eye, as characterized by dila-
tion of the iridal blood vessels, the breakdown of blood-
ocular barriers, increased vascular permeability,
plasma protein leakage, and inflammatory cell infil-
tration into the aqueous humor (AH) (3). Many pro i n-
flammatory mediators have been implicated in the patho-
genesis of EIU, including cytokines, pro s t a g l a n d i n s ,
leukotrienes, oxygen free radicals, and other toxic sub-
stances. Although the ocular effects of LPS are well
documented, the molecular mechanisms of EIU are
not fully understood.

Although the exact pathogenic mechanisms under-
lying uveitis are unknown, free radicals appear to be
involved in this inflammatory disord e r. Numerous oxy-
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gen metabolites have been detected in ocular tissues
and media in various studies of experimental autoimmune
uveitis (4). Despite numerous studies, the roles of fre e
radicals in uveitis are unclear. The characterization of
the influx of free radicals into the anterior chamber
of eyes with uveitis has provided important insights
into the mechanisms of this disease. There have been
a few reports on the relationship between uveitis and
f ree radicals. To our knowledge, this is the first re-
port on the measurement of antioxidant enzyme lev-
els in the AH of rabbits in EIU.

The purpose of this study was to experimentally pro-
duce EIU in rabbits and then measure the levels of
nitrite, superoxide dismutase (SOD), glutathione per-
oxidase (GPx), catalase (CAT), and malondialdehyde
(MDA) in the AH. We hoped to elucidate the oxidative
damage occurring in EIU.

M E T H O D S

Nine female New Zealand white rabbits (2 to 3 kg)
w e re anesthetized with intramuscular injections of xy-
lazine (12 mg/kg) and ketamine (20 mg/kg). The right
eye of each rabbit was injected intravitreally (2 mm
posterior to the limbus) with endotoxin (2 µg in 10 µl ;
LPS from Salmonella typhimurium, L 6511, Sigma Chem-
ical Co., St. Louis, MO). For controls, 10 µl  steri le
saline was injected intravitreally into the left eye. Ex-
periments were conducted in accordance with the As-
sociation for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and
Vision Researc h .

The degree of the anterior uveitis intensity was clin-
ically assessed by two investigators 20 hours after
the LPS injection. All eyes were examined with a slit-
lamp and scored clinically for vascular, pupillary, and
exudative signs. The intensity of the signs of intraocular
inflammation was graded using a clinical scoring sys-
tem described previously (5). At 24 hours post LPS
injection, the rabbits were killed with intracardiac pen-
tobarbital. Approximately 0.2 to 0.3 ml of AH sam-
ples were obtained from each eye with a 26-gauge
needle and a 1-ml tuberculin syringe by means of an-
terior chamber paracentesis under a surgical micro-
scope. An AH sample of 10 µ l was taken for a cell
count before centrifugation. After drying, the AH was
dyed by Wr i g h t ’s method. Inflammatory cells per mi-

c roliter were counted under the microscope. The AH
was then centrifuged at 15,000 rpm for 3 minutes. 

Because there was a limited amount of AH, it was
diluted with phosphate-buff e red saline for measure-
ment. The GPx activity of the AH was determined us-
ing cumene hydro p e roxide as substrate. The method
is based on the NADPH-coupled reaction by which
oxidized glutathione produced by the activity of GPx
is converted to reduced glutathione by exogenous glu-
tathione reductase and NADPH. The rate of NADPH
oxidation was measured at 340 nm (6). The re s u l t s
w e re expressed as U/mg pro t e i n .

The SOD activity of the AH was determined with
c o m m e rcially available kits (Randox Lab. Ltd., Ire l a n d ,
Cat. No. SD125). SOD estimation was based on the
generation of superoxide radicals produced by xan-
thine and xanthine oxidase, which react with 2-(4-
i o d o p h e n y l ) - 3 - ( 4 - n i t ro p h e n o l ) - 5 - p h e n y l t e t r a z o l i u m
chloride to form a red formazan dye. The SOD activ-
ity of the AH was measured by degree of inhibition of
a reaction that catalyses superoxide radical genera-
tion by xanthine and xanthine oxidase. The re s u l t s
w e re expressed in international units per mill igram of
aqueous protein (U/mg pro t e i n ) .

The lipid peroxidation levels of the AH were deter-
mined by the thiobarbituric acid (TBA) method (7). MDA,
an end product of fatty acid peroxidation, reacts with
TBA to form a colored complex that has maximum ab-
sorbance at 532 nm. MDA values were calculated fro m
the absorbance coefficient of the MDA-TBA complex
at 532 nm, 1.56 x 105 c m- 1m o l- 1. The values were ex-
p ressed as nanomoles MDA formed per milli liter of
aqueous. CAT activity was determined by the tech-
nique described by Aebi (8), taking the catalytic ac-
tivity of the catalase that can be measured by fol-
lowing the decomposition of H2O2. The values were
e x p ressed as U/mg pro t e i n .

The protein content of the AH was determined by the
Lowry method (9). Nitrite levels were determined by a
colorimetric assay based on the Griess reaction (10).

Data were analyzed by Wilcoxon and paired t- t e s t ,
with p<0.05 considered statistically significant.

R E S U LT S

Twenty hours following injection, fibrinous exuda-
tion and heavy flares were seen in the anterior cham-



Satici et al

7 8 1

ber of all eyes injected with LPS (median clinical score
7.50 (range 5-11)). In eyes injected with saline, con-
junctival hyperemia was seen (median clinical score
1.00 (range 0-2)). The clinical score of the endotoxin
g roup was significantly higher than that of the con-
t rol group (w=-2.68, p<0.01). Our study showed that
the AH cell count and protein and nitrite levels had
i n c reased significantly at 24 hours in eyes with
uveitis, to 3478±556 cell/µl, 26.0±2.74 mg/ml, and
12.11±2.03 mM/ml, re s p e c t i v e l y. In eyes without
uveitis, the AH cell count and protein and nitrite lev-
els were determined to be 9.44±5.17 cell/µl ,
1.61±0.38 mg/ml, and 3.11±1.69 mM/ml (t=18,719,
p<0.001, t=25,964, p<0.001, t=11,513, p<0.001), re-
s p e c t i v e l y. The clinical score, AH cell count, and pro-
tein and nitrite levels are shown in Table I.

It was determined that MDA levels were significantly
higher in the AH of eyes with uveitis than in eyes in-
jected with saline (t=5,407, p<0.01). SOD, GPx, and
C AT levels were significantly lower in the AH of eyes
with uveitis than in that of the controls (t=-7,125, p<0.001,
t=-5,752, p<0.001, t=-31,215, p<0.001, re s p e c t i v e-
ly). The AH levels of antioxidant enzymes and MDA
a re shown in Table II.

D I S C U S S I O N

Anterior uveitis can be induced in rabbits by sin-
gle-dose intravitreal LPS injection. Eighteen to 24 hours
following LPS injection, the AH inflammatory re a c-
tion reaches its maximum, disappearing within 5 to
7 days. Our study showed that the clinical score and
AH protein level increased significantly at 20 to 24
hours in eyes with uveitis compared to those of the
c o n t rols. 

EIU is characterized by a massive cell increase in
the AH, consisting predominantly of PMN and a few
m o n o c y t e s / m a c rophages (11). In this study, we
demonstrated that injection of LPS leads to cell in-
c rease in the AH. It was determined that 88% of the
cells into the AH were composed of PMN. 

F ree radicals arising from activated monocytes/
m a c rophages and PMN in uveitis initiate a variety of
cytotoxic reactions and can exacerbate the inflam-
matory response, cause the inflammation to become
c h ronic, and lead to tissue damage (12). Free radi-
cals are atoms or molecules in outer orbit or with one
or more unpaired electrons (13). The unpaired elec-
t rons make these molecules extremely toxic, damage

TABLE I - R E S U LTS OF CLINICAL SCORE AND AQUEOUS HUMOR CELL COUNT, PROTEIN, AND NITRITE LEVELS
IN ENDOTOXIN-INDUCED UVEITIS

Aqueous humor
C l i n i c a l P ro t e i n , N i t r i t e ,

G ro u p s c o re C e l l /µl m g / m l mM/ml 

L P S 7 . 5 0a ( 5 - 1 1 ) 3 4 7 8 ± 5 5 6b 2 6 . 0 ± 2 . 7 4c 1 2 . 1 1 ± 2 . 0 3d

C o n t ro l 1.00 (0-2) 9 . 4 4 ± 5 . 1 7 1 . 6 1 ± 0 . 3 8 3.11±1.69 

Values are median (range) or mean±SD. aw=-2.68, p<0.01 (Wilcoxon test); bt=18,719, p<0.001 (Paired t-test); ct = 2 5 , 9 6 4 ,
p<0.001 (Paired t-test); dt=11,513, p<0.001 (Paired t-test); LPS = Lipopolysaccharide

TABLE II - AQUEOUS HUMOR LEVELS OF ANTIOXIDANT ENZYMES AND MALONDIALDEHYDE (MDA) IN THE CON-
TROL AND LIPOPOLYSACCHARIDE (LPS) GROUPS

LPS gro u p C o n t rol gro u p P a i red t-test
t p

MDA, nmol/ml 1 3 . 1 8 ± 2 . 7 8 7 . 9 1 ± 0 . 9 5 5 , 4 0 7 < 0 . 0 1
S u p e roxide dismutase, U/mg pro t e i n 1 . 3 0 ± 0 . 9 1 4 . 0 8 ± 1 . 3 3 - 7 , 1 2 5 < 0 . 0 0 1
Glutathione peroxidase, U/mg pro t e i n 0 . 2 4 ± 0 . 1 1 0 . 5 9 ± 0 . 1 8 - 5 , 7 5 2 < 0 . 0 0 1
Catalase, U/mg pro t e i n 1 . 8 8 ± 0 . 1 9 5 . 8 9 ± 0 . 3 1 - 3 1 , 2 1 5 < 0 . 0 0 1
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their structures by attaching to molecules such as those
of protein and nucleic acid, and, by impairing the cell
m e m b r a n e ’s permeability and integrity, leading to cell
death. An organism is protected from the harmful ef-
fects of free radicals by antioxidant enzymes such as
SOD, CAT, and GPx (14). When the balance between
f ree radicals formation and the mechanisms for
cleansing these radicals is upset, free radical-re l a t-
ed tissue damage is initiated. Various studies have
demonstrated the role of inflammatory free radicals
during uveal inflammation. 

The superoxide radical is a highly toxic free radical
that plays a variety of roles in the uveitis. It has been
experimentally demonstrated that the supero x i d e
radical increases vascular permeability and exacer-
bates inflammation. In this study, we found signifi-
cantly lower SOD levels in the AH of eyes with uveitis
than in the control eyes. SOD activities indicate the
p roduction of superoxide radicals during EIU. Supero x i d e
radicals accumulate and activate neutrophils at an in-
flammatory site (15). The low SOD levels in the AH
may be an indication that insufficient detoxification
of the superoxide radicals in the environment has con-
tributed to the development of tissue damage. PMN
that have infiltrated the iris, the ciliary body, and the
AH may contribute to the high levels of supero x i d e
radicals in the AH. 

S u p e roxide anions and hydrogen peroxide are
among the most important primary species generat-
ed by phagocytes (2). Superoxide radicals pro d u c e d
in excessive amounts during oxidative stress are con-
verted to H2O2 by SOD. If the H2O2 p roduced exceeds
the capacity of peroxide cleaning enzymes, the hy-
d roxyl radical is formed, which is even more toxic.
H y d roxyl radicals have been implicated as the ulti-
mate cytotoxic agent because of their high re a c t i v i-
ty (16). When hydroxyl radicals derived from super-
oxide rise above a certain level in the cell, they aff e c t
the unsaturated fatty acids present in the cell mem-
branes, causing lipid peroxidation. In this study, MDA
levels were two times higher in the AH of eyes with
uveitis than in that of the controls. The most impor-
tant source of MDA, which we determined to be pre-
sent in high amounts in the AH during EIU, are PMN
that have infiltrated the anterior segment. 

Glutathione-dependent enzymes play an important
role in the detoxification of substances capable of
forming reactive metabolites. They protect membrane

lipids from the oxidation of peroxides by breaking up
GPx, H2O2, and lipid peroxides (17). In a number of
experimental cataract studies, a decrease in lens GPx
levels prior to the onset of opacification has been demon-
strated. As glutathione levels decrease, so does the
resistance of the lens to oxidative stress (18). In our
s t u d y, GPx levels were found to be lower in the AH
24 hours after intravitreal injection of LPS than in the
c o n t rol eyes.

NO, a multifunction free radical with a short half-
life, is rapidly transformed into more stable compounds
such as nitrite (19). In the present study, high nitrite
levels in the AH were determined. NO has been shown
to be a potent oxidizing agent, capable of initiating
the peroxidation of lipids in membranes. Incre a s e d
NO production is found in the enhancement of inflammation
t h rough its effects on vasodilatation, neutrophil ad-
hesion, and alteration of vascular permeability, lead-
ing to tissue damage in many endotoxin-induced acute
inflammations (20). The high nit rite levels determined
may be due to inflammatory cells that have infiltrat-
ed the AH. Inflammatory cells, mainly PMN, have been
shown to generate NO and superoxide simultaneously
in experimental autoimmune uveitis (16). The simul-
taneous generation of NO and superoxide may be an
important mediator of inflammation. NO reacts with
s u p e roxide anions to produce peroxynitrite and the
subsequent hydroxyl radical.

F ree radicals may play an important role as media-
tors of inflammation in the pathogenesis of EIU. In
this study, MDA levels were shown to increase and
antioxidant enzyme levels to decrease in the anteri-
or chamber of eyes injected with LPS. The low levels
of antioxidant enzymes such as SOD, GPx, and CAT
a re insufficient to prevent the formation of free radi-
cals, leaving the eye exposed to oxidative damage.
The increase in free radicals and the decrease in an-
tioxidant enzymes in the anterior chamber may be im-
portant factors in the development of uveitis-re l a t e d
complications. 

These findings suggest that free radicals play a
role in EIU-related inflammatory reactions. The in-
flux of inflammatory cells such as PMN and mono-
cytes/ macrophages in the AH may contribute to the
p roduction of various free radicals during EIU. In in-
flammation, the free radicals released by the cells
into their environment play a role in the pathogene-
sis of EIU. 



Satici et  a l

7 8 3

R E F E R E N C E S

1. Rosenbaum JT, Howes EL, Rubin RM, Samples JR. Ocular
inflammatory effects of intravitreally-injected tumor necrosis
factor. Am J Pathol 1988; 133: 47-53.

2. Bellot JL, Palmero M, Alcoriza N, et al. Concomitant treat-
ment with a 5-lipoxygenase inhibitor improves the anti-
inflammatory effect of the inhibition nitric oxide synthase
during the early phase of endotoxin-induced uveitis in the
rabbit. Ophthalmic Res 1997; 29: 227-36.

3. Fleisher LN, Ferrell JB, Smith MG, McGahan C. Lipid medi-
ators of tumor necrosis factor-α induced uveitis. Invest
Ophthalmol Vis Sci 1991; 32: 2393-9.

4. Nussenblatt RB. Experimental autoimmune uveitis: mecha-
nisms of disease and clinical therapeutic indications. Invest
Ophthalmol Vis Sci 1991; 32: 3131-41.

5. Bellot JL, Palmero M, Garcia-Cabanes C, Espi R, Hariton C,
Orts A. Additive effect of nitric oxide and prostaglandin-E2

synthesis inhibitors in endotoxin-induced uveitis in the rab-
bit. Inflamm Res 1996; 45: 203-8. 

6. Paglia DE, Valentine WN. Studies on the quantitative char-
acterization of erythrocyte glutathione peroxidase. J Lab
Clin Med 1967; 70: 158-68.

7. Ohkawa H, Ohishi N, Yagi K. Assay of lipid peroxides in ani-
mal tissues by thiobarbituric acid reaction. Anal Biochem
1979; 95: 351-8.

8. Aebi AH. La catalase erythrocytaire. In: Exposes annuels de
biochimie medicale. 29ieme serie. Paris: Masson 1969:
139-66.

9. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Pro t e i n
m e a s u rement with the Folin phenol reagent. J Biol Chem
1951; 193: 265-75.

10. Tracey WR, Tse J, Carter G. Lipopolysaccharide-induced

changes in plasma nitrite and nitrate concentrations in rats
and mice: pharmacological evaluation of nitric oxide syn-
thase inhibitors. J Pharmacol Exp Ther 1995; 272: 1011-5.

11. Mo JS, Matsukawa A, Ohkawara S, Yoshinaga M. Role and
regulation of IL-8 and MCP-1 in LPS-induced uveitis in rab-
bits. Exp Eye Res 1999; 68: 333-40.

12. Rao NA, Romero JL, Fernandez MAS, Sevanian A, Marak
GE. Role of free radicals in uveitis. Surv Ophthalmol 1987;
32: 209-13.

13. Reilly PM, Bukley GB. Tissue injury by free radicals and
other toxic oxygen metabolites. Br J Surg 1990; 77: 1324-5.

14. Fridovich I. Oxygen: aspects of its toxicity and elements of
defense. Exp Eye Res 1983; 36: 15-32.

15. Jacquemin E, de Kozak Y, Thillaye B, Courtois Y, Goureau
O. Expression of inducible nitric oxide synthase in the eye
from endotoxin-induced uveitis rats. Invest Ophthalmol Vis
Sci 1996; 37: 1187-96.

16. Wu GS, Zhang J, Rao NA. Peroxynitrite and oxidative dam-
age in experimental autoimmune uveitis. Invest Ophthalmol
Vis Sci 1997; 38: 1333-9.

17. Atalla LR, Sevanian A, Rao NA. Immunohistochemical
localization of glutathione preoxidase in ocular tissue. Curr
Eye Res 1988; 7: 1023-7.

18. Rogers KM, Augusteyn RC. Glutathione reductase in nor-
mal and cataractous human lenses. Exp Eye Res 1978; 27:
719-21.

19. Rocha G, Baines MG, Deschenes J, Duclos A, Antecka E,
Di Silvio M. Nitric oxide and transforming growth factor-β
levels during experimental uveitis in the rabbit. Can J Oph-
thalmol 1997; 32: 17-24.

20. Zhang J, Wu LY, Wu GS, Rao NA. Differential expression of
nitric oxide synthase in experimental uveoretinitis. Invest
Ophthalmol Vis Sci 1999; 40: 1899-905. 


