
Received: 2014.06.12
Accepted: 2014.09.02

Published: 2015.01.07

 2177   2   2   21

Inducible and Endothelial Nitric Synthetase 
Expression and Nitrotyrosine Accumulation in 
Iris Vasculature of Patients with Primary Open-
Angle Glaucoma: A Pilot Study

 ABDE 1 Wojciech Rokicki
 BG 2 Małgorzata Żaba
 BF 1 Dorota Wyględowska-Promieńska
 BF 1 Adam Kabiesz
 F 2 Edyta Reichman-Warmusz
 B 2 Marlena Brzozowa
 C 3 Wojciech Majewski
 E 2 Romuald Wojnicz

 Corresponding Author: Wojciech Rokicki, e-mail: wojtek.rokicki@gmail.com
 Source of support: Local government

 Background: The “double-faced” effect of nitric oxide (NO) is thought to play an important role in triggering and progres-
sion of glaucoma.

 Material/Methods: Iris samples were obtained during iridectomy in 35 patients (mean age of 65.4±5.3 years) with diagnosed pri-
mary open-angle glaucoma (POAG). The controls were collected postmortem from 10 donors with a mean age 
of 62.2±1.9 years. Visual field defects were evaluated by perimetry. The Hodapp-Parrish-Anderson classification 
was used to divide patients into 3 visual field defect groups. The intraocular pressure was measured 3 times 
before surgery using applanation tonometry. The phenotype activity of nitric oxide synthase (NOS) isoenzymes 
(endothelial – eNOS and inducible – iNOS) and expression of nitrotyrosine in iris vasculature was assessed.

 Results: Significant differences were found between glaucoma patients and the controls in eNOS and iNOS activity 
(Mann-Whitney test, U=35.5, Z=–2.037, p=0.04 and U=21, Z=2.69, p=0.007, respectively). In addition, the re-
sults showed an upregulation of nitrotyrosine in the capillary endothelial cells in the study group, which was 
associated with the duration of diagnosed glaucoma (R-Spearman of 0.33, p=0.0047) and visual field mean de-
fect MD (R-Spearman of 0.29, p=0.019). Moreover, the activity of nitrotyrosine was significantly correlated with 
iNOS immunoreactivity (R-Spearman of 0.5, p=0.0001). However, the iNOS activity significantly varied among 
Hodapp-Parrish-Anderson groups (p=0.03).

 Conclusions: Our observations confirmed the association between glaucomatous disturbances and upregulation of iNOS, 
together with increased nitrotyrosine storage.
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Background

Glaucoma is a wide group of disturbances mainly causing pro-
gressive ganglion cell damage, visual field loss, and, finally, 
blindness. Despite well developed diagnostic tools and relatively 
efficient treatment, glaucoma is still the world’s leading cause 
of irreversible blindness among older people. Glaucomatous 
neuropathy may progress with elevated or normal (arbitrari-
ly estimated) intraocular pressure (IOP). Therefore, the main 
known glaucoma risk factor – elevated IOP – is neither suffi-
cient nor necessary to trigger glaucoma neuropathy.

Several observations have suggested the multifactorial charac-
ter of glaucoma pathogenesis, but the trigger initiating glau-
comatous pathology remains unknown.

Recent reports demonstrated a significant role of nitrative 
stress in glaucomatous pathology. Several studies highlight-
ed the role of nitric oxide (NO) and increased nitrative stress 
in glaucoma [1].

The NO is synthesized from L-arginine by a family of nitric ox-
ide synthase (NOS) isozymes: neuronal (n)NOS (NOS1), endo-
thelial (e)NOS (NOS3), and inducible-NOS (i)NOS (NOS2). NOS1 
have been cloned from human retina [2] and NOS3 mainly from 
vascular [3] and trabecular meshwork (TM) endothelial cells 
[4]. NOS2 isoform has been explored in the cornea, iris, ciliary 
body, neural retina, retinal glial cells, retinal pigment epithe-
lial cells, and optic nerve head under conditions of increased 
intraocular pressure and uveitis [1,5–7].

The neuronal and endothelial NOS are constitutive, Ca2+/calmod-
ulin-dependent enzymes and are tightly controlled by mech-
anisms regulating physiological intracellular Ca2+ levels. The 
iNOS is Ca2+-independent and is induced in response to im-
munologic or inflammatory stimuli [8]. The observed “double-
faced” effect of NO in the eye is thought to play an important 
role in triggering and progression of glaucoma. On the one hand, 
eNOS expressed in TM physiologically regulates aqueous out-
flow in the eye by maintaining endothelial cell function [9,10]. 
Therefore, upregulation of eNOS lowers IOP [11], reducing the 
main risk factor, as postulated in the mechanical hypothesis 
of glaucoma. Additionally, vascular endothelial cell production 
of eNOS improves optic nerve head (ONH) blood flow velocity, 
as postulated in the vascular hypothesis of glaucoma [12,13].

On the other hand, increased IOP induced iNOS upregulation 
at the transcription level [14,15]. The overexpression of iNOS 
leads to production of large amounts of potentially cytotoxic 
NO [8]. The cytotoxicity associated with high levels of NO is due 
to the formation of the powerful oxidant peroxynitrite (ONOO–

) by its interaction with superoxide anion (O2
–). Peroxynitrite is 

a highly reactive molecule that can cause extensive damage to 

proteins, lipids, and, especially, DNA molecules. Nitrative mod-
ification of proteins leads to important structural and func-
tional alterations involved in trabecular meshwork degener-
ation and retinal ganglion cells (RGC) [16]. A major reaction 
peroxynitrite with proteins is the formation of 3-nitrotyrosine 
(NO2Tyr). NO2Tyr is commonly used as a diagnostic marker of 
NO-derived oxidants in both human disease states and an-
imal models [1,17]. Positive NT immunoreactivity indicates 
long-term exposure to peroxynitrite [18].

The purpose of our study was to estimate the association 
iNOS, eNOS expression, and 3-NT accumulation in human iris 
sampled in vivo with clinical feature of patients with POAG.

Material and Methods

The study protocol was approved by the Ethics Committee of 
the Medical University of Silesia, Katowice (permission num-
ber: KNW/0022/KB1/123/10) and adhered to the tenets of 
the Declaration of Helsinki for experiments involving human 
tissue and samples.

Participants

Patients who were planned for deep sclerectomy with bas-
al iridectomy were recruited to our study. The inclusion crite-
ria were: (1) Caucasians with diagnosed and treated primary 
open-angle glaucoma (POAG), (2) age 65–75 years, (3) non-
smokers, (4) normal or normalized blood pressure, and (5) no 
retinal or neurologic disease that may have affected the visu-
al field. The exclusion criteria were: (1) glaucoma other than 
POAG type, (2) diabetes mellitus, (3) incidences of inflamma-
tion process in ocular tissue, (4) infective disorders, (5) anti-
thrombotic or vasoactive cardiovascular therapy, (6) intrabulbar 
surgery during the last 12 months, and (7) Raynaud’ disease.

POAG was defined as the presence of a reproducible visual field 
defect consistent with glaucoma and the appearance of the optic 
disc, along with a pretreatment IOP of 21 mm Hg or more, and 
an opened angle with no signs of secondary causes of glauco-
ma. The type of glaucoma was confirmed by 2 experienced oph-
thalmologists based on gonioscopy, ophthalmoscopy, tonom-
etry, visual field examination (Octopus 301 HS, Interzeag) and 
policlinic history analysis including the last 6 months of glauco-
ma eye drops use. The Hodapp-Parrish-Anderson classification 
[19] was used to stage glaucoma defects in patients. The aver-
age IOP was determined by 3 measurements using Goldmann 
applanation tonometry (Haag-Streit, Bern, Switzerland) under 
topical anesthesia with 0.5% Alcaine (Alcon) eye drops. The first 
one was measured at 14–21±3.1 days before surgery, when 
the patient presented at our policlinic. The third measurement 
was made on the day of surgery (before administration of any 
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intravenous osmotic agents) and the second measurement was 
made during the control test 3–5±1.3 days after the first mea-
surement. All IOP measurements were made during morning 
hours (between 8 AM and 11 AM).

Following written consent, each patient underwent the surgical 
procedure, in which a full-thickness piece of iris (approximate-
ly 1×1 mm) was removed using iridectomy scissors.

Controls

The control sections were obtained at autopsy and processed 
within 8 hours after death. The methodology was similar, 
through corneal incision full-thickness piece of iris was sam-
pled. The age-matched donors were involved when inclusion/
exclusion criteria (as above) were fulfilled in their health history.

Sample collection

Each sample was gently irrigated with 10 ml of Ringer’s solu-
tion, then was placed into an Eppendorf 2-ml Safe-Lock test 
tube (Eppendorf Biopur®) containing 99.5% acetone for dehy-
dration for 5 min at 4°C. Afterwards, the acetone was poured 
off and the test tube with sample inside was filled with tis-
sue-freezing medium (OCT Compound, Miles). The specimens 
were placed in a –70°C freezer until sectioning.

Immunohistochemistry

For immunohistochemistry, frozen sections were incubated 
with murine antihuman antibodies: monoclonal anti-eNOS 
(clone RN5 from ABCAM), polyclonal anti-iNOS (MILLIPORE), and 
monoclonal anti-Nitrotyrosine (clone HM11 from INVITROGEN).

The dilution of the primary antibody was verified in our labo-
ratory in a series of pilot experiments. Antibodies were diluted 

in TRIS-buffered saline, pH 7.6, and samples were incubat-
ed for 60 min at room temperature in a humidified chamber. 
Prior to staining, frozen sections were incubated for 10 min 
at room temperature with a serum-free protein block (DAKO 
A/S) to block nonspecific staining. The EnVision method (DAKO 
EnVision Kit®/Alkaline Phosphatase detection system) was used 
according to the manufacturer’s instructions. The bound pri-
mary antibody was detected using the New Fuchsin Substrate 
System (DAKO A/S). The primary antibody was omitted from 
negative control slides. As a positive control, heart biopsy spec-
imens from patients with heart failure were used. To suppress 
nonspecific staining due to endogenous alkaline phosphatase 
activity, Levamisole was used at a final concentration of 0.2 
mM. The sections were counterstained with Mayer’s hema-
toxylin. The immunohistological examination of biopsy speci-
mens was made by 2 investigators independently, blinded to 
clinical features and histopathological diagnosis. Each speci-
men was evaluated qualitatively and semiquantitatively. The 
semiquantitative scoring system was defined as: 0, lack of or 
weak focal staining on the endothelial cells; 1+, weak, multi-
focal staining on the interstitial cells; 2+, increased, multifocal 
staining; and 3+, strong endothelial staining (Figures 1 and 2).

Statistics

The non-parametric Spearman correlation was calculated for 
rank variables. In case of comparison between multiple groups, 
the non-parametric Kruskall-Wallis or Mann-Whitney test were 
used, respectively. The p-value <0.05 was considered statis-
tically significant.

Results

Table 1 summarizes the demographic distribution. Only 1 eye 
per patient was included in the study.

Figure 1.  Weak immunostaining for iNOS in sparse iris 
endothelial cells (arrows) in a control subject (original 
magnification 400×).

Figure 2.  Up-regulation of iNOS by microvascular iris 
endothelium in a study group subject (red color) 
(original magnification 400×).
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The average parametric quantitative index  mean defect in the 
studied group was 9.8±5.6 (1.4–22.7).

Accordingly to Hodapp-Parrish-Anderson classification, the 
studied group had 11 (31%) patients with early defect, 7 
(20%) with moderate defect, and 17 (49%) with severe de-
fect of the visual field.

The average intraocular pressure during the preoperative pe-
riod was 30.6±7.7 mmHg (range,16–43 mmHg).

The assessment of eNOS, iNOS expression, and NT accumu-
lation in studied specimens was based on immunoreactivity 
presented by controls (Table 2).

The immunoreactivity of eNOS, iNOS, and nitrotyrosine re-
vealed no significant dependence on age (p=0.83, p=0.69, and 
p=0.66, respectively) or sex (p=0.73, p=0.28, and p=0.89, re-
spectively) of participants.

The iNOS staining significantly varied (p=0.03) among Hodapp-
Parrish-Anderson groups. The iNOS expression was significant-
ly different in the severe defect subgroup as compared to the 
early and moderate defect groups.

The iNOS upregulation was observed in 15 (88%) patients and 
normal or low activity in 2 (12%) patients with significant de-
fect (HPA III). In the combined first and second HPA groups, 
7 (39%) patients had low or normal immunoreactivity and 11 
(61%) patients had increased iNOS staining.

The results showed significant dependency (R-Spearman of 0.5, 
p=0.0001) between iNOS and nitrotyrosine staining.

The nitrotyrosine immunoreactivity was significantly associat-
ed with the duration of diagnosed glaucoma (R-Spearman 0.33, 
p=0.047) and with the visual field mean defect (R-Spearman 
0.39, p=0.019).

Similarly, iNOS and eNOS immunoreactivity showed no signif-
icant association with diagnosed glaucoma duration (p=0.1 
and p=0.44, respectively) or with the visual field mean defect 
(p=0.1 and p=0.08, respectively).

The eNOS, iNOS, and nitrotyrosine immunoreactivity were not 
significantly correlated with mean preoperative intraocular pres-
sure (R-Spearman –0.09, p=0.06; R-Spearman –0.3, p=0.085, 
and R-Spearman –0.12, p=0.48, respectively).

Glaucoma patients n=35 Controls n=10

Sex (men/female) Y n=15 X n=20 Y n=4 X n=6

Age (years)
65.8±4.9 65.1±5.6 62.5±3.5 62.0±1.0

65.4±5.3 62.2±1.92

Median duration of known glaucoma 
(years)

1–15 5.6±3.5 Ø

Glaucoma drugs
b-b* CAI* a-m* PG*

Ø
27 22 20 2

Table 1. Demographic characteristics of patients enrolled in the study.

* b-b – b blockers; CAI – carbonic anhydrase inhibitors; a-m – a2 agonists; PG – prostaglandin analogues.

eNOS
scores 0–3

iNOS
scores 0–3

NT
scores 0–3

Controls 1+, n=2; 1.5+, n=6; 2.0+, n=2 0+, n=4; 0.5+, n=6 0.5+, n=6; 1.0+, n=4

Low immunoreactivity <1.5+ n=27 (77%) <0.5+ n=16 (46%) <0.5+ n=13 (37%)

Normal immunoreactivity 1.5+ n=1 (3%) 0.5+ n=9 (26%) 0.5+ n=7 (20%)

High immunoreactivity >1.5+ n=7 (20%) >1.5+ n=10 (28%) >0.5+ n=15 (43%)

Table 2. Immunoreactivity of nitric oxide synthase isoenzymes and nitrotyrosine in controls and glaucoma patients.

eNOS – endothelial nitric oxide synthase; iNOS – inducible nitric oxide synthase; NT – nitrotyrosine, n – the number of patients.
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We found significant differences when comparing eNOS (Mann-
Whitney test, U=35.5, Z=–2.037, p=0.04) and iNOS (Mann-
Whitney test, U=21, Z=2.69, p=0.007) reactivity of examined 
and control specimens. The differences in nitrotyrosine stain-
ing in patients and controls just failed to reach statistical sig-
nificance (Mann-Whitney test U=44.5, Z= 1.7, p=0.088).

In the examined group we found no significant link between 
the kind of topical glaucoma medications and the immunore-
activity to iNOS, eNOS, and NT (p=0.04).

Discussion

This study was designed to investigate the role of nitrative 
stress in glaucoma. We found that nitrative stress appears to 
be a risk factor for glaucoma.

We examined iNOS, eNOS, and nitrotyrosine immunoreactivity 
using a somewhat different model compared with earlier ex-
perimental protocols, and we used iris tissue, which has not 
been previously reported. Although this is the first in vivo iris 
study of nitrative stress in the course of glaucomatous distur-
bances, we have compared our observation with related arti-
cles based on other from iris tissue examination.

Patients with POAG in our study mainly had acute phase in-
trabulbar pressure. The present in vivo study of iris tissue in-
creases the understanding of NO responsiveness in glaucoma-
tous/hypertensive conditions. In trabecular meshwork studies 
[14,15], up-regulation of iNOS was observed, probably in re-
sponse to elevation of IOP, regardless of experimental proto-
cols. In our examined group, we recorded the mean IOP (ap-
proximately 30 mmHg), close to that regulated by perfusion 
apparatus (30 mmHg) in an in vitro model of Schneemann et 
al. [14]. Nevertheless, our examined group revealed homoge-
neity in intraocular pressure and we found no relation among 
mean IOP and eNOS, iNOS, and NT immunostaining.

Corresponding with previously reported data, we observed an 
association between iNOS activity and visual field damage. In 
the study by Fernández-Durango et al. [15] and in the present 
study, iNOS was significantly correlated with degree of visu-
al field defect. NO overproduction from iNOS in hypoxic-isch-
emic conditions contributes to cytotoxicity, resulting in cell 
death and axonal damage to retinal ganglion cells [20], which 
are associated with visual field changes.

Additionally, in our study nitrotyrosine staining depended on 
iNOS upregulation, which corresponds with earlier reports 
[8,18].

Our patients presented significant association between glauco-
ma duration and increased nitrotyrosine accumulation, which 
reflects long-term exposure to NO in glaucomatous conditions, 
probably mainly by upregulation of iNOS. Nevertheless, the 
iNOS was not directly correlated with the time of diagnosed 
glaucoma, in our opinion due to its short-term fluctuating ac-
tivity changing over the course of the disease. However, the 
duration of treated glaucoma was self-reported by patients 
and may not be precise. In addition, due to the relatively small 
number of cases in the study group, such a relationship can-
not be excluded (iNOS retained some statistical trend – p=0.1).

Activity of eNOS/iNOS changes in single-sampled glaucoma-
tous conditions was proven by significant differences between 
examined patients and controls in nitric oxide synthase isoen-
zymes reactivity, but the nitrotyrosine storage in patients and 
controls did not reflect these changes. We did not have data 
on the agonal process of donors, which could have had an im-
pact on postmortem nitrotyrosine accumulation.

Finally, eNOS in iris vasculature revealed poor predictive val-
ue. In contrast, patients with POAG present less eNOS activity 
than that of normal control subjects in the trabecular mesh-
work [10,11,21]. Findings of eNOS gene polymorphism could 
be influenced by a small number of cases [22] and/or by the 
fact that the iris tissue histologically differs from the trabecu-
lar meshwork, especially in endothelium percentage.

Conclusions

The results of the present study seem to confirm previous re-
ports describing an association between glaucomatous dis-
turbances and upregulation of iNOS, together with increased 
nitrotyrosine storage.

Study limitations

–  The current study is limited by a relatively small number 
of patients studied. However, the results are encouraging 
enough for use in designing a larger study.

–  Glaucoma is a disease with various rates of progressions 
[1,16] and should not be treated as a typical chronic disor-
der. A prospective follow-up study should be performed.

–  The ophthalmic condition of controls was based only on 
medical history.

–  Groups were not genetically investigated.
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