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Background: Topical nitric oxide-releasing dexamethasone (NCX1021) may avoid the negative effects of
dexamethasone phosphate.

Aims: To obtain more information on the role of nitric oxide in glaucoma and to compare a nitric oxide-
releasing dexamethasone with dexamethasone phosphate with regard to intraocular pressure (IOP) and
ocular haemodynamics in an experimental rabbit model.

Methods: Six rabbits were treated with dexamethasone phosphate 0.1% in the right eye and with
NCX1021 in the left eye for 5 weeks. The parameters considered were IOP, nitric oxide marker levels in
aqueous humour, ocular haemodynamics of ophthalmic artery (by means of colour Doppler imaging),
expression of endothelial nitric oxide synthase (eNOS)in ciliary processes and histology of ciliary bodies.
Results: Dexamethasone increased IOP levels, NCX1021 did not. Nitrite and cyclic guanosine
monophosphate levels in aqueous humour were lowered by dexamethasone and increased by
NCX1021. Resistivity index of the ophthalmic artery was increased, eNOS expression was reduced
and ciliary bodies showed histological lesions in dexamethasone-treated eyes, not in NCX1021-treated
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terised by loss of retinal ganglion cells, morphological

changes in the optic nerve head and consequent visual
field impairment. Many risk factors are considered to be
associated with the pathogenesis of glaucoma. Ocular
hypertension is considered to be the major risk factor for
the development of this disease.'” Therefore, reduction in
intraocular pressure (IOP) is actually the mainstay of
treatment for glaucoma, but in some cases it is not sufficient
to stop the progression of the disease.**

Among the vascular risk factors, several studies support the
possible pathogenetic role of a dysfunction of the endothe-
lium-dependent vasoregulatory system.”” Two molecules
released by endothelial cells have been characterised:
endothelin 1, which has a vasoconstrictory effect, and nitric
oxide, which has a vasodilative effect.'®

Nitric oxide is a radical gas that is produced by the enzyme
nitric oxide synthase (NOS) and has a very short half life. It is
soluble in tissues and diffuses across membranes because of
its small size. Nitric oxide is unstable; its measurable markers
in biological fluids are nitrites (NO, ) and cyclic guanosine
monophosphate (cGMP)."" It has a crucial role in complex
processes such as vasodilatation, inflammation, thrombosis,
immunity and neurotransmission."” "’

The different isoforms of NOS probably explain the
multifaceted roles of nitric oxide in glaucoma pathogenesis.
In fact, nitric oxide participates in outflow pathway, local
modulation of ocular blood flow and apoptosis of retinal
ganglion cells.'"*°

Topical corticosteroids, the most useful drugs to treat
ocular inflammatory diseases, may increase IOP by acting on
the outflow pathway; therefore, their use is limited in
patients with glaucoma.”!

Nitric oxide donors have been shown to markedly reduce
IOP in animals and humans.””** Nitric oxide-donating

Glaucoma is a progressive optic neuropathy charac-
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Conclusions: NCX1021 may avoid the IOP increase, impairment of ocular blood flow and the
morphological changes in the ciliary bodies possibly induced by corticosteroid treatment.

steroids have been recently synthesised, with an aim to
reduce the relevant side effects of steroids and possibly
increase their activity.* Wallerath ef al”> showed in mice that
systemic dexamethasone treatment increased arterial blood
pressure in wild-type endothelial nitric oxide synthase
(eNOS)+/+ mice and not in eNOS—/— mice, showing that a
down regulation of eNOS and a reduction in vascular NO
production contribute to the vessel damage caused by
corticosteroids.”

The presence of nitric oxide may reduce the effect of
steroids in increasing IOP and may counterbalance their
possible negative effects on the ocular vessels.

We conducted the present study to gain more information
on the role of nitric oxide in glaucoma and to evaluate
whether NCX1021, a topical nitric oxide-releasing dexa-
methasone, would have different effects than dexametha-
sone on IOP, outflow pathway and ocular haemodynamics in
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Figure 1 Chemical structure of NCX1021: dexamethasone 21-[21-4'-
(nitro-oxymethyl)benzoate].

Abbreviations: cGMP, cyclic guanosine monorhosphate; eNOS,
endothelial nitric oxide synthase; IOP, intraocular pressure; NOS, nitric
acid synthase; SEM, standard error of mean
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Figure 2 Colour Doppler imaging of the ophthalmic artery.

a rabbit model of experimental corticosteroid-induced glau-
coma.

MATERIALS AND METHODS

A nitric oxide-releasing dexamethasone, NCX1021 (dexa-
methasone 21[4'-(nitro-oxymethyl)benzoate]), was com-
pared with dexamethasone phosphate (fig 1). NCX1021
was recently synthesised at NicOx Laboratories, Milan, Italy.

The spacer between dexamethasone and the nitric oxide-
donating group assures the maintenance of the same
chemical and pharmacological properties as dexamethasone
phosphate.*

Six adult male New Zealand albino rabbits were studied.
The experimental procedures conformed with those of the
Declaration of Helsinki and with the Guide for the Care and
Use of Laboratory Animals as adopted and promulgated by
the US National Institute of Health, and were conducted on
authorisation of Italian regulations on protection of animals
used for experimental and other scientific purposes (DM 116/
1992) according to European Union regulations (OJ of ECL
358/1, 18 December 1986), and were approved by the local
animal care Committee of the University of Florence,
Florence, Italy.

The right eye of each rabbit was treated with dexametha-
sone phosphate 0.1% one drop three times a day for 5 weeks.
The left eye was treated with NCX1021 following the same
protocol.

Table 1 Effect of dexamethasone phosphate
and NCX1021 on intraocular pressure
Intraocular pressure, mean (SEM)
Week mm Hg
Week 0 (basal)
NCX1021 10.1 (4)
Dexamethasone 9.8 (6)
Week 1
NCX1021 15.2 (5)
Dexamethasone 14.7 (7)
Week 2
NCX1021 18.9 (4)
Dexamethasone 27.8 (10)
Week 3
NCX1021 13.3 (%)
Dexamethasone 21.8 (8)
Week 4
NCX1021 15.1 (6)
Dexamethasone 22.9 (10)
Week 5
NCX1021 14.1 (5)
Dexamethasone 24.5(11)
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Figure 3 Effect of dexamethasone phosphate and NCX1021 on

intraocular pressure (IOP). White columns, NCX1021-treated eyes;

(EI)lGCk columns, dexamethasone-treated eyes. *p<<0.001. See table 1 for
ata.

The procedures listed below were carried out in constrained
rabbits, using a topical anaesthesia with drops of benoxinate
0.4%.

IOP was measured in both eyes of all rabbits three times a
day wusing Tono-Pen XL (Solan Ophthalmic Products,
Jacksonville, USA) by observers who were masked about the
treatments; the mean value of three measurements was
considered. Aqueous humour samples (200 pl) were with-
drawn from the anterior chamber of each eye at baseline and
then every week until the end of the study; the samples were
treated with 3'-isobutyl-1-methylxanthine to inhibit phospho-
diesterase activity and immediately frozen at —80°C until use.

Haemodynamic evaluations were carried out by the same
investigator, who was masked about the treatments, by
means of a Color Doppler DynaView TM II SSD-1700 (Aloka,
Tokyo, Japan), using a 6-MHz probe. In our personal
experience, on the basis of unpublished data on the ocular
blood flow evaluation in rabbits, this probe allows to obtain a
good resolution and a high reproducibility, as regards the
measurable parameters of retrobulbar haemodynamics.
Systolic and diastolic velocities and resistivity index of the
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Figure 4 Effect of dexamethasone phosphate and NCX1021 on nitrite
levels in ojueous humour. White columns, NCX1021-treated eyes; black
columns, dexamethasone-treated eyes. *p<0.001. See table 2 for data.
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Table 2  Effect of dexamethasone phosphate
and NCX1021 on nitrite levels in aqueous
humour
Nitrite level, mean (SEM)
Week nmol/mg
Week 0 (basal)
NCX1021 15.4 (4)
Dexamethasone 15.5 (3)
Week 1
NCX1021 25.7 (3)
Dexamethasone 10.4 (2)
Week 2
NCX1021 26.9 (3)
Dexamethasone 11.1 (1)
Week 3
NCX1021 23.7 (4)
Dexamethasone 10.9 (2)
Week 4
NCX1021 251 (3)
Dexamethasone 10.8 (3)
Week 5
NCX1021 26.4 (4)
Dexamethasone 10.5 (2)

ophthalmic artery were evaluated in each eye at baseline, at
week 2 of treatment and at the end of the study (fig 2).

At the end of the experiments the rabbits were killed with
intravenous pentobarbital sodium.

The ciliary processes were isolated and prepared for the
determination of eNOS protein and for morphological
observations.

Nitrite concentrations in the aqueous humour were
determined by the Griess reaction, evaluated by spectro-
photometry and expressed as nanomoles per milligram of
protein.

The concentration of cGMP was determined by means of a
radioimmunoassay kit, using cGMP labelled with iodine-125,
and expressed as femtomoles per milligram of protein.*

Western blots were used to assess the expression of eNOS
in ciliary processes. Ciliary bodies were prepared for western
blot analysis, which was carried out with a mouse polyclonal
antibody antagonist eNOS immunoglobulin (Ig)G1 1:1000.”
Densitometric analysis of the bands was carried out using the

Table 3 Effect of dexamethasone phosphate
and NCX1021 on cyclic guanosine
monophosphate levels in aqueous humour
Cyclic guanosine
monophosphate, mean (SEM)
Week fmol/mg
Week 0 (basal)
NCX1021 151.2 (24)
Dexamethasone 138.2 (43)
Week 1
NCX1021 176.2 (38)
Dexamethasone 87.4(7.19)
Week 2
NCX1021 166.9 (33)
Dexamethasone 77.6 (17)
Week 3
NCX1021 160.2 (31)
Dexamethasone 88.9 (18)
Week 4
NCX1021 167.5 (34)
Dexamethasone 86.3 (15)
Week 5
NCX1021 171.6 (64)
Dexamethasone 92.7 (15)
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Figure 5 Effect of dexamethasone phosphate and NCX1021 on cyclic
guanosine monophosphate (cGMP) Eave|s in aqueous humour. White
columns, NCX1021-treated eyes; black columns, dexamethasone-
treated eyes. *p<<0.001. See table 3 for data.

image analysis software (Image Pro-Puis version 4.1, Media
Cybernetics) of the National Institutes of Health, Bethesda,
Maryland, USA. Protein content was determined with the
Bradford method.*

Ciliary bodies were isolated from control rabbits, and those
treated with dexamethasone or NCX1021. The ciliary bodies
were fixed in an isotonic mixture of 0.6% formaldehyde and
0.5% acetic acid for 1 week at room temperature, dehydrated
by graded ethanol and embedded in paraffin wax.*® For
histopathological examinations, 5-pm-thick tissue sections
were deparaffinised with xylene, stained with haematoxylin
and eosin, and studied using light microscopy.

Results are shown as mean (standard error of mean
(SEM)). Statistical comparisons between groups were carried
out using Student’s t test for paired observations. The one-
way analysis of variance was used to evaluate the parameters
of retrobulbar haemodynamics; p<<0.05 was considered to be
significant. A semiquantitative evaluation was used to
analyse the expression of eNOS in the ciliary processes;
p<<0.01 was considered to be significant.
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Figure 6 Scah‘ercla|ot of the two groups of eyes related to intraocular
pressure (IOP) and nitrite levels in aqueous humour. Empty circles,
NCX1021-treated eyes; filled circles, dexamethasone-treated eyes.
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Figure 7 Scatter plot of the two groups of eyes related to cyclic

uanosine monophosphate (cGMP) levels and nitrite levels in aqueous
ﬁumour. Empty circles, NCX1021-treated eyes; filled circles,
dexamethasone-treated eyes.

RESULTS

IOP increased after a few days of dexamethasone treatment,
reaching the highest value at week 2 (basal, 9.8 (SEM 6);
week 2, 27.8 (SEM 10) mm Hg). IOP values remained stably
increased until the end of the treatment (24.5 (SEM 11) mm
Hg at week 5). NCX1021 did not modify IOP levels especially
during the last two weeks of the study (basal, 10.1 (SEM 4);
week 2, 18.9 (SEM 4); and week 5, 14.1 (SEM 5) mm Hg).
The difference between the two groups of eyes was
significant from week 2 of treatment to the end of the
follow-up period (p<<0.001; table 1, fig 3).

In dexamethasone-treated eyes, nitrite levels decreased in
aqueous humour (basal, 15.5 (SEM 3); week 2, 11 (SEM 1);
and week 5, 10.5 (SEM 2) nmol/mg). On the other hand, in
NCX1021-treated eyes, these levels increased from week 2
(basal, 15.4 (SEM 4); week 2, 26.9 (SEM 3); week 5, 26.4
(SEM 4) nmol/mg). The difference between the two groups
of eyes reached significance at every week of follow-up
(p<0.001; table 2; fig 4).
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Figure 8 Scatter plot of the two groups of eyes related to intraocular
pressure (IOP) ancrcydic guanosine monophosphate (cGMP) levels in
aqueous humour. Empty circles, NCX1021-treated eyes; filled circles,
dexamethasone-treated eyes.
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Table 4 Resistivity index of the ophthalmic artery in
dexamethasone phosphate-treated eyes
Resistivity index
Rabbit number Week 0 (basal) Week 2 Week 5
1 0.46 0.52 0.54
2 0.45 0.56 0.52
3 0.52 0.60 0.56
4 0.56 0.56 0.62
5) 0.48 0.58 0.58
6 0.46 0.52 0.56
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Figure 9 Resistivity index of the ophthalmic artery in dexamethasone
phosphate-treated eyes (p<0.001). Each line corresponds to one rabbit.
See table 4 for data.

These findings were confirmed by the determination of
cGMP levels in the aqueous humour, which were found to
decrease in dexamethasone-treated eyes (basal, 138.2 (SEM
43); week 2, 77.6 (SEM 17); and week 5, 92.7 (SEM 15) fmol/
mg) and increase in NCX1021-treated eyes (basal, 151.2
(SEM 24); week 2, 166.9 (SEM 33); and week 5, 171.6 (SEM
44) fmol/mg). The difference between the two groups of eyes
was significant during the whole treatment period (p<<0.001;
table 3; fig 5).

Figure 6 shows the relationship between IOP and nitrite
levels, fig 7 that between nitrite and cGMP levels, and fig 8
shows the association between c¢GMP levels and IOP in
dexamethasone-treated and in NCX1021-treated eyes.

Resistivity index of ophthalmic artery, which was similar
in the two groups at baseline, was increased in dexametha-
sone-treated eyes at weeks 2 and 5 of treatment (p<<0.001;
table 4; fig 9). This parameter seemed not to be modified at
any time in NCX1021-treated eyes (p = 0.595; table 5; fig 10).
Peak systolic velocity was not modified either in the

Table 5 Resistivity index of the ophthalmic artery in
NCX1021-treated eyes

Resistivity index

Rabbit number Week O (basal)  Week 2 Week 5
1 0.45 0.46 0.45
2 0.51 0.50 0.52
8 0.48 0.47 0.50
4 0.46 0.48 0.46
5 0.52 0.54 0.53
6 0.56 0.54 0.56

www.bjophthalmol.com
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Figure 10 Resistivity index of the ophthalmic artery in NCX1021-
}reoted eyes (p<<0.595). Each line corresponds to one rabbit. See table 5
or data.
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Figure 11 Western blot analysis of endothelial nitric oxide synthase
(eNOS) protein expression in the ciliary body. Bands a and b, basal
conditions; bands ¢ and d, ciliary bodies of the eyes treated with
dexamethasone phosphate; band e, ciliary bodies of the eyes treated
with NCX1021; Ean f, marker.
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dexamethasone-treated (p=0.390) or in the NCX1021-
treated (p =0.546) eyes. We found no significant changes
in end diastolic velocity between dexamethasone-treated
(p =0.454) and NCX1021-treated (p = 0.728) eyes.

Western blot analysis showed that, in comparison to the
values expressed in naive rabbits, dexamethasone decreased
eNOS expression in ciliary processes, whereas NCX1021 did
not (p<<0.01; fig 11).

Examination of ciliary bodies by light microscopy showed a
loss of epithelial cells, pigment reduction and thickening of
the ciliary muscle in dexamethasone-treated eyes. These
lesions were not present in any NCX1021-treated eyes
(fig 12).

DISCUSSION
The present study supports the hypothesis, widely described
in the literature, that nitric oxide has a multifaceted role in
glaucoma pathogenesis. The present study focused on nitric
oxide released by the endothelium, which is involved in the
modulation of the outflow pathway and in retrobulbar
haemodynamics. Nitric oxide synthesised by eNOS, differ-
ently from inducible NOS-derived nitric oxide, seems not to
be responsible for the formation of free radicals as
peroxynitrites, which may be toxic for some ocular tis-
sues.lZ 13 17

Our work suggests that NCX1021 may avoid the IOP
increase, the impairment of retrobulbar circulation and the
morphological changes in the ciliary bodies possibly induced
by topical treatment with corticosteroids. Moreover,
NCX1021 seems to be more effective than dexamethasone
in reducing the inflammatory response due to neutrophils, by
acting on the specific receptor for glucocorticoids on these
cells (our unpublished observations).

According to our data, the release of nitric oxide seems to
be implicated in avoiding ocular hypertension. Increased

Figure 12  Light microscopy of ciliary bodies. (A,D,E) Histology of the ciliary bodies isolated from the NCX1021-treated eyes. (B,C,F,G)

Dexamethasone phosphate-treated eyes.

www.bjophthalmol.com
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nitric oxide levels in the aqueous humour may avoid outflow
impairment and prevent inhibition of nitric oxide synthesis
by eNOS, two possible side effects of topical treatment with
dexamethasone.

In our study, the resistivity index of ophthalmic artery was
increased in dexamethasone-treated eyes, whereas in
NCX1021-treated eyes, no noticeable modifications of this
haemodynamic parameter were present. These data suggest
that nitric oxide may have a positive effect in ocular
haemodynamics too.

With respect to anti-inflammatory response, NCX1021
maintains the same receptor of dexamethasone on activated
neutrophils.

The lack of histopathological lesions of ciliary bodies could
make NCX1021 a more profitable drug than dexamethasone.

In our study, we detected no changes in the lens during the
whole follow-up period. However, studies on rats and on
humans suggest that inducible NOS might be responsible for
cataractogenesis due to free radicals; there are no clear data
about a cataractogenic role of eNOS.” ** A few experimental
studies have evaluated a possible cataractogenic role of
topical steroids, but until now no certain data are avail-
able.’! ** The potential changes in the lens as a result of nitric
oxide donors attached to topical steroid treatment have not
been studied vyet.

Further investigations are needed to confirm our pre-
liminary data, which seem to be interesting from a clinical,
therapeutical point of view. In fact, the opportunity to avoid
dangerous effects of the topical treatment with corticoster-
oids may be relevant for patients with glaucoma and
responders to corticosteroids.
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