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Background/aim: The authors investigated the concentrations of 8-isoprostaglandin F2a, a marker of
oxidative stress in vivo, and ascorbic acid, a protectant against oxidative damage, in the aqueous
humour of patients with exfoliation syndrome (XFS) and cataract and compared the results with those in
age matched patients with cataract, but without XFS, to determine whether XFS is associated with
increased oxidative stress.
Methods: Aqueous humour was aspirated at the beginning of phacoemulsification cataract surgery
from 27 eyes of 27 cataract patients with XFS and 27 eyes of 27 age matched cataract patients with-
out XFS. 8-Isoprostaglandin F2a concentration in the aqueous was determined with a commercial immu-
noassay; ascorbic acid concentration was measured with a microplate assay method.
Results:. The mean concentration of 8-isoprostaglandin F2a in the aqueous from patients with XFS
(2429 (SD 2940) pg/ml; range 400–10500 pg/ml) was significantly higher than that measured in the
aqueous of age matched control patients (529.1 (226.8) pg/ml; range 325–1000 pg/ml); (p =
0.0028). Furthermore, mean ascorbic acid concentration in XFS patients (0.75 (0.39) mM; range
0.28–1.70 mM) was significantly lower than that found in control patients (1.19 (0.47) mM; range
0.53–2.4 mM); (p = 0.0005). There was a reverse correlation between 8-isoprostaglandin F2a and
ascorbic acid concentration.
Conclusion: 8-Isoprostaglandin F2a was significantly increased in the aqueous of patients with XFS,
and ascorbic acid was decreased, providing evidence of a role for free radical induced oxidative
damage in the pathobiology of XFS.

First described by Lindberg in 1917, exfoliation syndrome
(XFS) is an age related disease characterised by the
synthesis and progressive accumulation of a fibrillar

extracellular material in many ocular tissues. It is the most
common identifiable condition leading to the development of
open angle glaucoma (exfoliative glaucoma, XFG).1 2 The
pathogenesis and mechanisms underlying the development of
XFS and the subsequent progression from XFS to XFG remain
unknown.2 3

Ultraviolet radiation, a main cause of free radical formation,
has been implicated in various ocular disorders such as ptery-
gium, cataract, and age related macular degeneration.
Differences in exposure to ultraviolet radiation have been sug-
gested to be a cause for the variable prevalence of XFS around
the world.4 Growth factors5 and metalloproteinases6 7 can be
activated by free radicals. Furthermore, growth factors and
metalloproteinases have been shown to be involved in the
pathobiology of XFS.8 9 In particular, increased concentrations
of transforming growth factor beta 1 (TGF-β1), a powerful
modulator of extracellular matrix formation,10 have been
detected in the aqueous humour of patients with XFS and
XFG11 12 and increased TGF-β1 synthesis has been associated
with increased levels of reactive oxygen species.13 14

There is a significant link between ultraviolet irradiation
and ascorbic acid levels in the aqueous humour.15 Ascorbic
acid, a major antioxidant and free radical scavenger in the eye,
may be reduced in the aqueous humour of patients with XFS
suggesting a role for free radical induced oxidative damage in
XFS pathobiology.

The levels of free radical catalysed arachidonic acid
products, such as 8-isoprostaglandin F2a (8-IPGF), in urine
and other biological fluids are currently employed as markers

of oxidative stress in vivo.16 17 These compounds in their esteri-
fied form may contribute to free radical catalysed cell
membrane injury.18 Furthermore, isoprostanes influence ex-
tracellular matrix synthesis and express growth factor activity
in cultured rat aortic smooth muscle cells.19 These experimen-
tal data support the notion that isoprostanes formed by free
radicals in the anterior segment of the eye may have a role in
XFS development. We investigated the role of free radicals in
XFS by comparing and correlating the aqueous levels of
8-IPGF and ascorbic acid in patients with XFS and cataract
and age matched cataract controls.

PATIENTS AND METHODS
Aqueous humour samples were collected at two collaborating
centres at the university department of ophthalmology,
Aristotle University of Thessaloniki, Greece and at the depart-
ment of ophthalmology, General Hospital of Patra, Greece. We
entered in this prospective study samples from normotensive
patients with and without XFS who were undergoing routine
cataract surgery. We excluded patients with other ophthalmic
conditions (for example, glaucoma, uveitis, progressive retinal
disease, etc) and systemic diseases (for example, diabetes,
arthritis) that might have influenced the levels of 8-IPGF or
ascorbic acid. Excluded were patients who received topical
medications and patients who had undergone previous laser
or intraocular surgery. The only systemic medications allowed
in this study were those used for control of arterial
hypertension.

All patients underwent a comprehensive ocular examina-
tion before enrolment. A dilated examination was performed
the day before surgery to look for exfoliation material. All
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patients had intraocular pressure lower than 20 mm Hg and
did not receive any local medication except mydriatics before
surgery. Consent was obtained from all patients. For the pur-
poses of this study only patients exhibiting exfoliation mate-
rial deposits on the lens and/or pupillary border were deemed
to have XFS. Patients exhibiting pigment liberation signs
commensurate with the definition of exfoliation suspect20

were excluded from the study to ensure lack of possible con-
tamination of the control group.

Aqueous humour samples were obtained before fashioning
of the scleral tunnel. A small amount of aqueous humour
(10–40 µl) was aspirated through an ab externo limbal para-
centesis site using a 27 gauge needle on a tuberculin syringe,
with special care to avoid blood contamination. Immediately
after collection, aqueous samples were stored at −70°C until
biochemical analysis. Samples that could not be evaluated
within 6–9 weeks of storage were not included in this study
and were used for the preparation of ascorbic control samples.
This investigation included a total of 54 aqueous samples, 27
from cataract patients with XFS (mean age 77.1 (SD 5.9)
years) and 27 from age matched cataract patients without XFS
(mean age 74.2 (6.3) years).

8-IPGF measurement assay
The aqueous concentration of 8-IPGF was measured with a
commercial immunoassay kit (Assay Designs Inc, Ann Arbor,
MI, USA). The kit is a competitive enzyme linked immu-
noassay. An 8-IPGF polyclonal antibody binds either to the
8-IPGF contained in the sample or to alkaline phosphatase
covalently bound 8-IPGF. A calibration curve was constructed
using a standard 8-IPGF solution provided by the kit. Ten µl of
aqueous was diluted with 40 µl of the provided diluent
solution and used directly, without previous hydrolysis. The
8-IPGF concentration measurement assay was used according
to the instructions of the provider, following the overnight
incubation protocol. The lower detection limit of the assay was
determined as the concentration of 8-IPGF measured at 2 SD
from the zero along the calibration curve and was calculated to
be 62 pg/ml. Thus, the detection limit for the diluted aqueous
samples was 310 pg/ml. Interassay variation was found to be
6.1% for a concentration of 2.0 pg/ml.

Ascorbic acid measurement assay
Ascorbic acid concentration in the aqueous was assessed with
a microplate assay method, in accordance with the technique
described by Shichi et al.21 The technique employed has been
reported previously.22 Before analysis aqueous humour sam-
ples were treated with 6% trichloroacetic acid, incubated at
room temperature for 15 minutes and centrifuged for 15 min-
utes at 13 000 g in order to precipitate protein. Protein was
then measured in the sediment using the bicinchonic acid
(BCA) assay as described before.23

Ten µl of each supernatant, standard solution, or control
was mixed in a microplate well with 5 µl of 1M NaOH and was

incubated for 30 minutes at room temperature. Following
incubation another 10 µl of each supernatant was placed in a
second microplate well. Each sample was then mixed with 200
µl of BCA reagent (Pierce, Rockford, IL, USA). After incubation
for 30 minutes at room temperature the absorbance at 562 nm
was measured in a microplate photometer. Ascorbic acid
(Sigma-Aldrich Chemie Gmbh, Steinheim, Germany) solu-
tions with known concentrations served as standards for the
construction of a calibration curve.

For the construction of a control sample we employed a pool
of 15 aqueous humour samples, which were left for 4 weeks at
4°C and were then found to have undetectable levels of ascor-
bic acid. Subsequently, a known amount of ascorbic acid (0.7
mM) was added to this control pool. This pool was then ali-
quoted and kept at −70°C until measurement concurrently
with the study samples. Throughout the study a satisfactory
recovery, 96% (6.2%), interassay variation 4.3% and intra-
assay variation 7.1% was calculated from this sample.

Statistical calculations were performed with the GraphPad
InStat statistical package for Windows. Data are expressed as
mean (SD). Normal distribution fitting was checked by the
Kolmogorov-Smirnov goodness of fit test. Statistical signifi-
cance of the differences between XFS and controls was calcu-
lated by the two tailed unpaired Student’s t test with Welch
correction or by the Mann-Whitney non-parametric test
where applicable. Correlations between sets of data were esti-
mated by Pearson or by Spearman non-parametric correlation.

RESULTS
8-IPGF concentration was above the lowest detection limits of
the assay (310 pg/ml) in 19 of the 27 samples derived from
patients with XFS and in only 11 of the 27 controls. The values
of 8-IPGF did pass Kolmogorov-Smirnov normality test only
in controls. The mean concentration of 8-IPGF from patients
with XFS was 2429 (2940) pg/ml (range 400–10 500 pg/ml). A
significantly lower 8-IPGF concentration was measured in the

Figure 1 8-Isoprostaglandin F2a concentration in the aqueous
humour of cataract patients with and without XFS. A significantly
higher concentration (p = 0.0054) was found in the XFS samples.
Error bars represent standard error of means (SEM).

Figure 2 Ascorbic acid concentration in the aqueous humour of
cataract patients with and without XFS. A significantly lower
concentration (p = 0.0005) was found in the XFS samples. Error bars
represent standard deviation (SD).

Figure 3 Correlation between 8-isoprostaglandin F2a and ascorbic
acid concentration in all aqueous humour samples with measurable
8-isoprostaglandin F2a values. A significant correlation (Spearman p
= 0.0004) was found.
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aqueous of age matched control patients (mean 529.1 (226.8)
pg/ml; range 325–1000 pg/ml); (p = 0.0028; Mann-Whitney
test) (Fig 1).

Ascorbic acid was detected in all samples collected. The
mean concentration of ascorbic acid in the aqueous humour
from patients with XFS (0.75 (0.39) mM; range 0.28–1.70
mM) was significantly lower than that of the age matched
control patients (mean 1.19 (0.47) mM; range 0.53–2.4 mM);
(p = 0.0005; Student t test); (Fig 2).

A significant reverse correlation was documented between
8-IPGF and ascorbic levels in all samples with measurable
8-IPGF concentrations (40 samples); (p = 0.0004; Spearman
correlation). This is graphically shown in Figure 3. 8-IPGF and
ascorbic acid concentration did not correlate with age (p =
0.765 and p = 0.936 respectively; Pearson correlation).

DISCUSSION
In the present study, the mean concentration of 8-IPGF in
aqueous from patients with XFS and cataract was found to be
approximately five times greater than that measured in the
aqueous from age matched control cataract patients. Further-
more, in those patients with XFS mean ascorbic acid concen-
tration was significantly decreased. To the best of our knowl-
edge, this is the first time that the level of 8-IPGF has been
assessed in the human aqueous humour.

Isoprostanes are formed by free radical mediated peroxida-
tion of arachidonic acid and serve as biomarkers of lipid per-
oxidation and potential mediators of free radical injury. These
molecules are geometric stereoisomers to cyclo-oxygenase
generated prostaglandins with their hydrocarbon chains in a
cis position in relation to the pentane ring.24 8-IPGF is
produced by free radical attack on arachidonate, which resides
on the SN-2 position of cell membrane phospholipids.18 The
resulting esterified peroxy-arachidonate is then converted to
isoprostane by β cleavage followed by rearrangement and
finally cleaved by a phospholipase and released into the
surrounding fluid. The same molecule can also be synthesised
by prostaglandin endoperoxide synthase-2 in human
monocytes.25 8-IPGF circulates in plasma and is excreted in
urine and its concentration in these biological fluids has been
used as an indicator of oxidative stress status in vivo.16 17 26–28

Among other important biological actions 8-IPGF is a potent
vasoconstrictor and a mitogen for fibroblasts and vascular
smooth muscle cells.29–31 Thus 8-IPGF may also mediate free
radical injury to the surrounding tissues.

The mean value of non-esterified 8-IPGF in the control
aqueous samples was approximately three times greater than
the reported value in the plasma, while the mean value of
IPGF in aqueous from XFS patients was approximately 15
times greater than in plasma, which was reported to be about
140 pg/ml.32 33 Since the concentration of 8-IPGF reflects the
oxidative stress status in vivo,17 26 27 the higher 8-IPGF concen-
tration in aqueous may be attributed to higher oxidative stress
applied to ocular tissues exposed to ultraviolet radiation.34 It is
well documented that aqueous humour acts as an ultraviolet
filter protecting the lens and retina against ambient
radiation.35 It is for this purpose that aqueous humour
contains a series of molecules such as ascorbic acid, urate,
L-tyrosine, L-cysteine, and glutathione that protect the eye
against free radical damage.36 Ascorbic acid is the most impor-
tant of these molecules in terms of ocular antioxidant
defence.15 The reverse correlation established in the current
study between ascorbic acid and 8-IPGF concentrations in the
aqueous further supports this notion.

We found significantly lower ascorbate levels in the aqueous
humour of patients with XFS compared to age matched con-
trols. The finding further supports our recent report in another
series of XFS patients.22 However, it remains to be determined
whether the decreased level of ascorbic acid in the aqueous is

part of the underlying XFS pathobiology, or merely reflects a
secondary phenomenon due to concurrent damage of the cili-
ary secretory cells or increased oxidation.

Ultraviolet irradiation, a main cause of free radical
formation, has been implicated in the past for the variable
prevalence of XFS in various ethnic cohorts around the
world.4 37 Both decreased ascorbate levels and increased
8-IPGF concentration in the aqueous of XFS patients may be
attributed to the influence of ultraviolet irradiation. The inter-
relation between ascorbic acid and 8-IPGF is complex and a
cause and effect relation between these two molecules cannot
be proved. Nevertheless, the data presented herein suggest a
faulty antioxidant defence system and enhanced oxidative
stress in the anterior chamber of patients with XFS. We
hypothesise that 8-IPGF is implicated in XFS pathobiology,
either by expressing growth factor activity and directly influ-
encing extracellular matrix metabolism,19 30 or, alternatively, by
influencing matrix formation indirectly via upregulation of
growth factors and downregulation of proteolytic enzymes
such as matrix metalloproteinases (MMPs).

8-IPGF has been reported to increase TGF-β1 synthesis in
experimental type I diabetes38 and to decrease MMP-2 and
MMP-9 activity in vitro.39 Recently, a significantly increased
level of TGF-β1 has been measured in the aqueous humour of
patients with XFS and has been suggested to play an
important part in the pathogenesis of XFS.11 12 Moreover, levels
of activated MMP-2 were significantly decreased in aqueous
samples from XFS patients,9 suggesting that reduced MMP
activity in aqueous humour may promote the abnormal
matrix accumulation. There is increasing evidence to suggest
that oxidative stress together with anterior segment hypoxia,
upregulation of growth factors, particularly TGF-β1, and a
MMP/TIMP imbalance constitute major molecular mecha-
nisms involved in the pathogenesis of XFS. These mechanisms
ultimately may lead to increased extracellular matrix forma-
tion and progressive accumulation of exfoliation material in
the anterior segment tissues of patients with XFS.

The hypothesis that oxidative stress is causally involved in
XFS development and that a cascade of complex events links
8-IPGF, ascorbate, and TGF-β1 in XFS is supported by the
observation that TGF-β1 synthesis is promoted by oxidative
stress caused by hydrogen peroxide.13 14 Further evidence is
provided by a number of reports which demonstrate that oxi-
dative injury can trigger fibrogenic responses and that oxida-
tive stress resulting in lipid peroxidation is involved in the
pathogenesis of fibrotic disorders—for example, hepatic and
pulmonary fibrosis.40

It should also be emphasised that 8-IPGF itself is a potent
vasoconstrictor and promotes the secretion of endothelin, a
peptide with additional mitogenic and vasoconstrictor
activities.30 31 41 These actions of 8-IPGF may provide a logical
explanation for the microvascular abnormalities documented
in the iris vasculature in patients with XFS/XFG resulting in a
pronounced hypoperfusion and hypoxia in the anterior cham-
ber of these patients.41–45

In conclusion, our findings indicate that free radical action
together with a depleted antioxidant defence system may rep-
resent important molecular mechanisms in the development
of XFS. Future research is required to improve the under-
standing of these mechanisms in order to elucidate the patho-
genesis of XFS, as a first step towards development of specific
treatment strategies in the future.
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