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ORIGINAL PAPER

Effect of the ACE inhibitor Zofenopril on the 
Oxidative Status of the Eye in Animals with 
Experimental Glaucoma

SUMMARY
Aims: To evaluate the effect of zofenopril on oxidative stress markers and antioxidant enzyme activity in ocular tissues of rabbits with experimentally 
induced glaucoma.
Materials and Methods: An experimental model of adrenaline-induced glaucoma (AIG) was developed in 2–2.5-year-old rabbits. Zofenopril, 
an angiotensin-converting enzyme (ACE) inhibitor, was administered orally as an aqueous suspension (1 mg/kg body weight) daily for three months. 
Oxidative stress was assessed by measuring malondialdehyde (MDA) levels as a marker of lipid peroxidation (LPO), hydroxyl and superoxide radical 
generation, and the activity of antioxidant enzymes (glutathione peroxidase (GPx), superoxide dismutase (SOD), and catalase (CAT)). 
Intraocular pressure (IOP) in rabbits was measured using an applanation tonometer under local anesthesia with 0.5% Alcaine. Spectrophotometric 
analysis was performed on the retina, optic nerve, and drainage zone tissues.
Results: In the AIG modeling group, a dynamic increase in IOP was observed: by 28.3% after 30 days, by 34.2% and 46.7% after 60 and 90 days, respectively, 
compared to baseline data. Oral administration of zofenopril suspension during AIG modeling resulted in a milder elevation of IOP – by 17.4% on day 
30 (p < 0.05) – followed by a gradual decline to 110.1% and 105.4% of baseline values on days 60 and 90, respectively. On day 90 of the study, rabbits 
with AIG exhibited significant activation of LPO and elevated MDA levels in ocular tissues: by 54.1% in the retina, 39.9% in the optic nerve, and 70.1% in 
the drainage zone, compared to controls (intact animals) (p < 0.01). Enhanced free radical generation was observed: hydroxyl radical levels increased by 
71.3% in the retina, 58.9% in the optic nerve, and 81.8% in the drainage zone; superoxide radical levels increased by 78.4%, 64.4%, and 94.2%, respectively. 
Antioxidant enzyme activity declined in the retina, with GPx decreasing by 35.9%, SOD by 42.4%, and CAT by 30.7%, compared to the controls.
Zofenopril administration during glaucoma modeling resulted in reduced MDA levels: by 19.3% in the retina, 16.1% in the optic nerve, and 28.1% in 
the drainage zone, compared to the untreated AIG group. Hydroxyl radical generation also decreased by 23.0% in the retina, 21.9% in the optic nerve, 
and 23.9% in the drainage zone. Superoxide radical levels were reduced by 20.3% in the retina and 24.9% in the drainage zone. In contrast, antioxidant 
enzyme activity increased in the retina: GPx rose by 33.6%, SOD by 26.2%, and CAT by 21.6%, compared to the untreated AIG group.
Conclusion: Prolonged systemic administration of zofenopril in a  rabbit model of glaucoma effectively attenuated oxidative stress and stabilized 
intraocular pressure. Zofenopril prevented a progressive rise in IOP observed in untreated animals, maintaining IOP values close to physiological levels 
throughout the experiment. The treatment resulted in a marked decrease in LPO and MDA accumulation within the retina, optic nerve, and drainage 
zone, along with reduced generation of hydroxyl and superoxide radicals and a significant restoration of antioxidant enzyme activity. 
Key words: glaucoma, experimental model, rabbits, retina, optic nerve, drainage zone tissues, ACE inhibitor zofenopril, free radical processes, oxidative 
stress, antioxidant enzymes
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INTRODUCTION

Glaucoma is one of the leading causes of blindness 
worldwide, due to the progressive damage to the optic 
nerve and the loss of retinal ganglion cells. Oxidative 
stress and vascular dysfunctions play a  key role in the 

pathogenesis and progression of this disease. Modern 
ophthalmology continues to explore pharmacological 
treatments that target the pathogenic mechanisms un-
derlying glaucoma.

Despite advances in understanding the molecular and 
physiological basis of glaucoma and the development of 
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novel therapies, the treatment and prevention of compli-
cations associated with the disease remain highly rele-
vant challenges [1].

The renin-angiotensin system (RAS) plays a pivotal role 
in the regulation of systemic blood pressure, as well as 
fluid and electrolyte homeostasis. In addition to the sys-
temic RAS, local RASs have been identified in various or-
gans, where they regulate regional fluid balance. The eye 
also possesses its own local RAS, located in structures in-
volved in aqueous humor dynamics [2]. This makes ocular 
RAS a promising pharmacological target for the develop-
ment of novel antiglaucoma therapies.

Some studies suggest that drugs acting on the renin- 
-angiotensin system – such as angiotensin – converting 
enzyme (ACE) inhibitors – could represent a new class of 
antiglaucoma agents. These drugs may reduce intraocular 
pressure (IOP) by modulating the dynamics of aqueous 
humor. Specifically, they are thought to lower Ang II levels 
in the aqueous humor, thereby enhancing uveoscleral 
outflow and reducing aqueous production via decreased 
ciliary body perfusion [3]. Several animal studies support 
these hypotheses, demonstrating a  significant IOP-low-
ering effect that lasts more than four hours following 
the administration of enalapril, fosinopril, and ramipril in 
models of acute and chronic ocular hypertension [4]. 

Among ACE inhibitors, zofenopril stands out for its 
unique antioxidant and vasodilatory effects [5], attribut-
ed to the presence of two sulfhydryl (thiol) groups in its 
molecular structure. Clinical studies involving patients 
with arterial hypertension and myocardial ischemia have 
shown that zofenopril enhances the capacity of the vas-
cular endothelium to induce vessel relaxation, increases 
the activity of antioxidant enzymes such as superoxide 
dismutase and glutathione peroxidase, and decreases 
the levels of lipid peroxidation products [6].

Oxidative stress is considered a critical pathogenic fac-
tor in glaucoma [7]. Thus, pharmacological agents that 
combine vasodilatory effects with modulation of intraoc-
ular fluid dynamics and antioxidant properties may hold 
therapeutic promise. Zofenopril is regarded as one such 
promising candidate.

This study aimed to investigate oxidative and antioxi-
dative markers in the target ocular tissues of rabbits with 
experimentally induced glaucoma, treated with the ACE 
inhibitor zofenopril.

MATERIALS AND METHODS

Experimental studies were conducted on rabbits aged 
2 to 2.5 years. All procedures complied with the European 
Convention for the Protection of Vertebrate Animals Used 
for Experimental and Other Scientific Purposes (Stras-
bourg, 1986) and the Ukrainian Law “On the Protection of 
Animals from Cruelty” (No. 1759-VI of 15.12.2009). Ethical 
approval was obtained from the Local Bioethics Commit-
tee of the Institute (Protocol No. 1, dated 03.07.2025). Sci-
entific research does not require informed consent.

Adrenaline-induced glaucoma (AIG) was modeled by 
intravenous administration of 0.1 ml of adrenaline solu-
tion (Pharmaceutical Company “Zdorovye” LLC, active 
ingredient content 1.80 mg/ml) [8] every other day for 
three months (a total of 40 injections) [9, 10]. Zofenopril 
(Zocardis, manufactured by Menarini, Italy, with 30.0 mg 
of zofenopril active ingredient) was administered orally 
as a 1 ml aqueous suspension at a dose of 1 mg/kg body 
weight once daily for three months. The drug was given 
20–30 minutes before each adrenaline injection.

IOP in rabbits was measured using an applanation to-
nometer under local anesthesia with 0.5% Alcaine.

The animals were removed from the experiment un-
der deep anesthesia (1 mL of 10% sodium thiopental 
solution per kg of body weight), using the air embolism 
method. The eyeballs were enucleated at a temperature 
of 0 °C to 5 °C. For biochemical studies, tissues from the 
ocular drainage area, retina, and optic nerve were used 
to prepare a  homogenate with 0.9% sodium chloride 
solution at a ratio of 1:9 (w:v). The resulting extracts were 
centrifuged at 5 °C for 10 minutes at 10,000 rpm, and the 
supernatant was used for analysis.

The oxidative status of ocular tissues was assessed by 
measuring both pro-oxidant and antioxidant markers. 
Pro-oxidant indicators included hydroxyl [11] and su-
peroxide radical [12] levels and malondialdehyde (MDA) 
concentration [13].

(The principle of the MDA assay is based on the reaction 
of malondialdehyde with 2-thiobarbituric acid (TBA) un-
der acidic conditions at 100 °C, resulting in the formation 
of a colored trimethine complex with a maximum absor-
bance at 532 nm. MDA concentration was expressed as 
nmol/g of tissue. 

The enzymatic arm of the antioxidant defense system 
was evaluated spectrophotometrically. GPx activity was 
determined by monitoring the rate of oxidized glutathi-
one formation in the presence of the NADPH-dependent 
enzyme glutathione reductase, recording the decrease in 
optical density due to NADPH oxidation at 340 nm. GPx 
activity was expressed as μkat/g of tissue.

SOD activity was assessed by measuring the degree 
of inhibition of nitroblue tetrazolium (NBT) reduction 
by superoxide radicals. The principle of this method is 
based on the enzyme’s ability to inhibit the formation of 
formazan dye, resulting from the reduction of NBT by su-
peroxide radicals. SOD activity was expressed in arbitrary 
units per gram of tissue.

CAT activity was determined, based on the ability of hy-
drogen peroxide to form a  stable colored complex with 
molybdate salts. The absorbance of the resulting hydrogen 
peroxide-molybdate complex was measured at 410  nm. 
Enzyme activity was expressed as μkat/g of tissue.

The obtained IOP data in animals were statistically pro-
cessed using non-parametric analysis methods, namely 
the Kruskal-Wallis and Mann-Whitney tests. Biochemical 
parameters were analyzed using the parametric Stu-
dent’s t-test method. All methods’ significance was set at 
p-value < 0.05.)
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RESULTS

In the AIG modeling group, a dynamic increase in IOP 
was observed (Table 1): by 28.3% after 30 days, by 34.2% 
and 46.7% after 60 and 90 days, respectively, compared 
with baseline data. Oral administration of zofenopril sus-
pension during AIG modeling resulted in a milder eleva-
tion of IOP – by 17.4% on day 30 (p < 0.05) – followed 
by a  gradual decline to 110.1% and 105.4% of baseline 
values on days 60 and 90, respectively. When compared 
to the control group, these differences were not statisti-
cally significant at any time point. However, a significant 
reduction in IOP was observed in the zofenopril-treated 
group compared to untreated AIG animals – by 19.6% on 
day 60 (p < 0.05) and by 29.6% on day 90 (p < 0.001).

The first stage of the study involved measuring MDA, 
a  terminal product of lipid peroxidation, in the ocular 
tissues of rabbits across all experimental groups: con-
trol, AIG (adrenaline-induced glaucoma), and AIG with 
zofenopril treatment (Table 2).

In the group with experimentally induced glaucoma, 
MDA levels were significantly elevated in all examined 
ocular tissues, compared to the control group. Specifical-
ly, MDA content increased by 54.1% in the retina, 39.9% in 
the optic nerve, and 70.1% in the drainage zone tissues.

In the group with experimentally induced glaucoma, 
MDA levels were significantly elevated in all examined 
ocular tissues, compared to the control group. Specifical-
ly, MDA content increased by 54.1% in the retina, 39.9% in 
the optic nerve, and 70.1% in the drainage zone tissues.

Zofenopril administration during AIG modeling led to 
a reduction in MDA levels in all studied tissues. Compared 

to the control group, MDA levels in the zofenopril-treat-
ed group were 124.4% in the retina, 117.3% in the optic 
nerve, and 122.3% in the drainage zone. When compared 
to untreated AIG animals, the zofenopril-treated group 
demonstrated a decrease in MDA levels by 19.3% in the 
retina, 16.1% in the optic nerve, and 28.1% in the drain-
age zone (Graph 1).

The results of other oxidative stress markers – name-
ly, superoxide and hydroxyl radical levels in the ocular 
drainage zone, retina, and optic nerve of AIG animals 
treated with zofenopril – are presented in Table 2, 
Graph 1.

Hydroxyl radical generation on day 90 of AIG model-
ing was significantly elevated: by 71.3% in the retina, 
58.9% in the optic nerve, and 81.8% in the drainage 
zone, compared to the control group. Zofenopril treat-
ment resulted in a marked reduction in hydroxyl radical 
generation.

Zofenopril treatment led to a decrease in hydroxyl rad-
ical levels in the retina, optic nerve, and drainage zone, 
compared to the untreated glaucoma group. However, 
the values in the treatment group remained higher than 
in the control group, indicating partial compensation of 
oxidative stress.

Zofenopril administration during AIG modeling re-
sulted in a  reduction of hydroxyl radical generation 
to 132.0% in the retina (p < 0.05), 124.1% in the optic 
nerve (p > 0.05), and 138.4% in the drainage zone tissues 
(p  <  0.05), relative to the control group. Compared to 
the untreated glaucoma group, hydroxyl radical genera-
tion decreased by 23.0% in the retina, 21.9% in the optic 
nerve, and 23.9% in the drainage zone tissues.

Table 1. IOP in rabbits with AIG under the influence of the angiotensin-converting enzyme blocker zofenopril (in mm Hg)

Animal groups Statistical 
indicators

Exposure time, days

Input data 30 60 90

Control
(n = 10)

M ±m
p
%
р1

%1

14.6 ±0,8
-

100.0
-

100.0

15.1 ±0.7
> 0.05
103.4

-
100.0

14.3 ±0.9
> 0.05
97.9

-
100.0

14.7 ±0.7
> 0.05
100.7

-
100.0

Glaucoma
(n = 12)

M ±m
p
%
р1

%1

р2

%2

15.2 ±0.9
-

100.0
> 0.05
104.1

-
100.0

19. 5±1.2
< 0,01
128.3
< 0.01
129.1

-
100.0

20.4 ±1.3
< 0,01
134.2
< 0.01
142.7

-
100.0

22. 3±0.9
< 0,01
146.7

< 0.001
151.7

-
100.0

Glaucoma + 
Zofenopril

(n = 14)

M ±m
p
%
р1

%1

р2

%2

14.9 ±0.7
-

100.0
> 0.05
102.1
> 0.05
98.0

17.5 ±0.9
< 0.05
117.4
> 0.05
115.9
> 0.05
89.7

16.4 ±0.8
> 0.05
110.1
> 0.05
114.7
< 0.05
80.4

15.7 ±1.2
> 0.05
105.4
> 0.05
106.8

< 0.001
70.4

n – number of eyes, p – level of significance of differences in data in relation to the baseline data, p1 – level of significance of differences in data in relation 
to the control group, p2 – level of significance of differences in data in relation to the group of animals with glaucoma, IOP – intraocular pressure, 
AIG – adrenaline-induced glaucoma
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The experiment also evaluated the generation of super-
oxide radicals in the ocular tissues of rabbits under vari-
ous conditions. The control group demonstrated baseline 
radical levels, while a significant increase was observed in 
the glaucoma group, indicating elevated oxidative stress. 
Specifically, superoxide radical levels increased to 178.4% 
in the retina, 164.4% in the optic nerve, and 194.2% in the 
drainage zone, compared to the control group.

Zofenopril treatment resulted in a  substantial reduc-
tion in superoxide radical generation across all examined 
tissues. In the retina, the level decreased to 142.2%, in 
the optic nerve to 133.6%, and in the drainage zone to 
145.8%, relative to the controls. Thus, although super
oxide radical generation remained elevated under 
zofenopril treatment during AIG modeling, a  statistical-
ly significant reduction was noted in comparison with 
untreated glaucoma animals: by 20.3% in the retina and 
24.9% in the drainage zone. In the optic nerve, the reduc-
tion reached 18.8%, but due to a broader range of values, 
the result did not reach statistical significance (p > 0.05).

The drainage zone consistently exhibited the highest 
levels of radical generation under all experimental condi-
tions, indicating a high vulnerability of this ocular struc-
ture to oxidative stress.

The increase in MDA levels confirms the activation 
of lipid peroxidation processes in ocular tissues under 
AIG conditions, which is a  recognized mechanism con-
tributing to the pathogenesis of primary glaucoma. 

Graph 1. Relative changes in the oxidative state (% of control) 
of rabbit eye tissues with AIG and with the use of the ACE 
inhibitor zofenopril
Gpx – Glutathione peroxidas, SOD – Superoxide dismutase, CAT – Catalase, 
MDA – Malondialdehyde, OH- – hydroxide ion, O2- – superoxide anion
ACE – angeotensin converting enzyme, AIG – adrenaline-induced glaucoma

Table 2. Indicators of oxidative stress in the eye tissues of rabbits with AIG and with the use of the ACE inhibitor zofenopril 

Biochemical 
Indicators Tisseues

Experimental Conditions

Control
(n = 10)

Glaucoma
(n = 12)

Glaucoma + Zofenopril
(n = 14)

Gpx
(µkcat/g tissue)

Retina 514.52 ±37.28 329.56 ±23.64* 440.37 ±33.24

Optic nerve 413.82 ±32.14 280.98 ±16.82* 363.59 ±26.42

Drainage zone tissues 321.12 ±21.98 234.76 ±16.78* 288.29 ±18.54

SOD
(units/g tissue)

Retina 39.26 ±2.14 22.57 ±1.25* 28.49 ±1.38*

Optic nerve 32.19 ±2.16 19.89 ±1.14* 25.04 ±1.62*

Drainage zone tissues 23.48 ±1.24 16.74 ±1.25* 20.29 ±1.15

CAT
(µkcat/g tissue)

Retina 48.57 ±3.29 33.68 ±2.23* 40.94 ±2.65

Optic nerve 39.52 ±2.60 28.61 ±1.58* 34.0 ±2.40

Drainage zone tissues 26.85 ±1.64 20.64 ±1.15* 23.90 ±1.36

MDA
(nmol/g tissue)

Retina 858.14 ±65.42 1322.34 ±90.26* 1067.52 ±82.13

Optic nerve 638.26 ±47.14 892.73 ±65.37* 748.67 ±46.16

Drainage zone tissues 380.12 ±23.80 646.73 ±42.24* 465.02 ±34.27

OH-

(absorbance
units/hr/mg protein)

Retina 132.17 ±10.56 226.40 ±19.56* 174.42 ±14.92*

Optic nerve 114.08 ±8.72 181.28 ±15.34* 141.63 ±11.07

Drainage zone tissues 123.74 ±9.82 224.95 ±20.42* 171.29 ±14.30*

O2
-

(absorbance
units/hr/mg protein)

Retina 2.18 ±0.20 3.89 ±0.28* 3.10 ±0.24*

Optic nerve 1.49 ±0.12 2.45 ±0.20* 1.99 ±0.16*

Drainage zone tissues 1.90 ±0.16 3.69 ±0.32* 2.77 ±0.22*
Gpx – Glutathione peroxidas, SOD – Superoxide dismutase, CAT – Catalase, MDA – Malondialdehyde, OH- – hydroxide ion, O2- – superoxide anion, AIG – 
adrenaline-induced glaucoma, ACE – angeotensin converting enzyme
*p-value < 0.05
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The free-radical degradation of peroxynitrite drives the 
accumulation of hydroxyl radicals. It is also known that 
superoxide radical generation in the body is associated 
with the activation of xanthine oxidase, NADPH oxidase, 
and lipid-related cyclooxygenase and lipoxygenase path-
ways.

The status of antioxidant enzymes in the ocular tis-
sues of rabbits with experimental glaucoma and under 
zofenopril treatment changed as follows: (Table 2).

By day 90 of AIG modeling, the activity of antioxi-
dant enzymes in the retinal tissue showed a  significant 
decrease: glutathione peroxidase activity dropped by 
35.9%, superoxide dismutase by 42.4%, and catalase by 
30.7%, compared to the control group.

Similarly, antioxidant enzyme activity in the optic 
nerve was significantly reduced in rabbits with AIG: GPx 
by 32.1%, SOD by 38.2%, and CAT by 27.6% versus the 
controls.

In the drainage zone tissues, AIG led to a significant de-
crease in antioxidant activity as well: GPx by 26.9%, SOD 
by 28.7%, and CAT by 23.1%.

A  comparative analysis of enzyme activity across tis-
sues revealed more pronounced changes in neural struc-
tures – retina and optic nerve – than in the drainage zone, 
highlighting the higher susceptibility of nervous tissue to 
oxidative damage under glaucomatous conditions.

Zofenopril administration during AIG modeling led to 
a significant improvement in the enzymatic component 
of the eye’s antioxidant defense system. In the retina, sta-
tistically significant increases in enzyme activity were ob-
served: GPx by 33.6%, SOD by 26.2%, and CAT by 21.6%, 
compared to untreated AIG animals. In the optic nerve, 
GPx activity increased by 29.4%, SOD by 25.9%, and CAT 
by 18.9% (p > 0.05). In the drainage zone, the increases 
were 22.8%, 21.2%, and 15.8%, respectively (p  >  0.05), 
compared to untreated AIG animals (Graph 1).

These findings confirm that AIG induces oxidative 
stress, and the reactive components of this process neg-
atively affect the retina, optic nerve, and drainage zone 
tissues of experimental animals. Zofenopril treatment at-
tenuated oxidative stress markers, suggesting a slowing 
of glaucomatous progression.

DISCUSSION

Adrenaline-induced glaucoma (AIG) reproduces the 
chronic glaucomatous process, which is triggered by 
β-adrenergic activation with increased cAMP and Ca2+ 

influx, and then leads to a gradual disruption of hydro-
dynamics: after a short increase in intraocular fluid pro-
duction and outflow, a predominant outflow deficit, re-
tention, and a persistent increase in intraocular pressure 
are formed. In parallel, vascular and ischemic shifts with 
endothelial dysfunction and oxidative stress develop, 
which exacerbate damage to neurosensory structures. 
Morphologically, this is manifested by damage to the 
drainage system, thinning of the nerve fiber layer, death 

of ganglion cells and progressive optic disc excavation 
– changes identical to primary open-angle glaucoma. 
Due to its chronic course, high reproducibility, and con-
trollability, AIG induction allows us to trace the complete 
sequence “trigger  hemodynamic/metabolic shifts  
neurodegeneration” and to  correctly test pathogenet-
ic approaches (β-blockade, limitation of Ca2+-overload, 
antioxidant and vascular strategies). The combination of 
these factors makes AIG an adequate and most appropri-
ate experimental model of glaucoma [8]

Our study demonstrated that rabbits with AIG develop 
pronounced oxidative stress, as evidenced by increased 
lipid peroxidation in target ocular tissues, elevated MDA 
levels, intensified free radical generation, and reduced 
activity of antioxidant enzymes – GPx, SOD and CAT. 
These findings reflect a  disruption of the balance be-
tween pro-oxidant and antioxidant systems, which is 
a key mechanism in the progression of neurodegenera-
tive changes in glaucoma-affected ocular tissues [14].

Zofenopril administration led to a substantial decrease 
in MDA levels in the retina, optic nerve, and drainage 
zone, accompanied by normalization of antioxidant en-
zyme activity. These effects demonstrate zofenopril’s abil-
ity to mitigate oxidative stress by targeting several key 
pathogenic mechanisms of glaucoma. Notably, increased 
activity of GPx, SOD, and CAT suggests restoration of an-
tioxidant defenses, which can inhibit lipid peroxidation 
and reduce damage to cell membranes.

Primary glaucoma is a multifactorial condition, marked 
by progressive optic nerve degeneration and retinal gan-
glion cell atrophy. Impaired ocular hydrodynamics and 
elevated IOP are considered primary risk factors. Among 
its underlying pathophysiological mechanisms, oxidative 
stress plays a  pivotal role, significantly contributing to 
disease onset and progression [1,14,15].

Oxidative stress in glaucoma leads to trabecular mesh-
work damage, impaired aqueous humor outflow, elevat-
ed IOP, and mitochondrial dysfunction in retinal ganglion 
cells, ultimately resulting in apoptosis and disrupted axo-
nal transport [15,16].

Sulfur-containing ACE inhibitors play a  crucial role in 
the treatment of arterial hypertension, due to their ability 
to modulate the RAS and promote vasodilation. They en-
hance nitric oxide (NO) production by endothelial cells, 
which – along with prostaglandins – suppresses the syn-
thesis of the potent vasoconstrictor endothelin-1 (ET-1) 
[17].

Animal studies have shown that ACE inhibitors such 
as enalapril, fosinopril, and ramipril can lower IOP by en-
hancing uveoscleral outflow and reducing aqueous hu-
mor production through modulation of ciliary body blood 
flow. In addition, they decrease angiotensin II levels in the 
aqueous humor, promoting vasodilation via increased 
endothelial NO production. Dysregulation of vascular 
tone modulators (ET-1 and NO) correlates with changes 
in IOP [18]. Zofenopril is of particular interest due to its 
thiol-containing molecular structure. It has been shown 
to elevate levels of hydrogen sulfide (H₂S) metabolites, 
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which exert vasodilatory effects and improve vascular 
function – an effect not observed with non-thiol ACE in-
hibitors such as enalapril. Several studies have confirmed 
that zofenopril administration increased plasma H₂S me-
tabolite levels in both mice and pigs [19,20].

Our work has shown that zofenopril reduced IOP in 
a rabbit model of glaucoma, and one of the mechanisms 
of this effect is the effect on the pro-oxidant-antioxidant 
balance.

From our perspective, zofenopril represents the most 
promising ACE inhibitor for investigating therapeutic 
effects in primary glaucoma, owing to its combined va-
sodilatory and antioxidant actions mediated through its 
unique thiol group. Zofenopril reduces oxidative stress, 
as evidenced by the increased activity of antioxidant en-
zymes, such as superoxide dismutase and glutathione 
peroxidase. It also decreases the levels of lipid peroxida-
tion products. In addition, zofenopril serves as a donor of 
hydrogen sulfide (H2S), further enhancing its antioxidant 
and vasodilatory effects. This pharmacological profile 
makes zofenopril effective in reducing oxidative stress, 
which plays a  key role in the progression of glaucoma 
and other ocular neurodegenerative diseases [21,22].

The renin-angiotensin system is responsible for regu-
lating blood pressure and maintaining fluid and electro-
lyte homeostasis. In addition to the systemic RAS, local 
RASs exist in various organs, including the eye, where 
they contribute to the regulation of intraocular fluid dy-
namics [2]. This positions the ocular RAS as a  potential 
therapeutic target for the development of novel anti-
glaucoma agents. Several studies suggest that RAS-mod-
ulating drugs, particularly ACE inhibitors, may emerge as 
future candidates for glaucoma therapy [23].

ACE inhibitors may lower IOP by modulating the dy-
namics of aqueous humor. They reduce Ang II levels in 
the aqueous humor, thereby enhancing uveoscleral out-
flow and decreasing aqueous production through a  re-
duction in ciliary body perfusion [4,24].

By inhibiting bradykinin degradation, ACE inhibitors 
also promote vasodilation by enhancing the synthesis 
of nitric oxide in endothelial cells. Alongside prostaglan-
dins, NO acts as a vasodilator and suppresses the produc-
tion of endothelin-1 (ET-1), a potent vasoconstrictor [25].

A  study by Bucci et al. reported that zofenopril im-
proved vascular function in spontaneously hypertensive 
rats through mechanisms associated with H₂S  release 
[20]. In contrast, enalapril – which lacks a  thiol group – 
did not demonstrate similar vascular benefits in the same 
study.

Zofenopril’s  metabolites act as H₂S  donors, releasing 
the molecule into the solution. Moreover, zofenopril in-
creases endothelial nitric oxide synthase (eNOS) activity, 
promoting the synthesis of physiological levels of NO. 
Thus, the drug functions as a dual donor of H₂S and NO, 
contributing to its vasodilatory efficacy.

Beyond these pharmacological effects, zofenopril 
demonstrates significant antioxidant activity, primarily 
due to the presence of two sulfhydryl groups in its mo-

lecular structure. Clinical studies in patients with arterial 
hypertension and myocardial ischemia have shown that 
zofenopril enhances endothelial vasodilation, accompa-
nied by increased activity of antioxidant enzymes [8].

As shown earlier, endothelial dysfunction – character-
ized by imbalances in ET-1 and NO signaling, disrupted 
oxidative-antioxidative homeostasis, and possible dys-
regulation of H2S production – is a  pathogenic basis of 
glaucomatous neurodegeneration [23].

The influence of oxidative stress on the development 
and progression of the glaucomatous process has been 
extensively investigated [13,14,15]. According to the ex-
isting metabolic theory of primary open-angle glaucoma 
(POAG) pathogenesis, one of the key mechanisms under-
lying glaucomatous optic neuropathy (GON) is the acti-
vation of free radical processes in cellular membranes. 
Under physiological conditions, free radical oxidation 
reactions are continuously occurring at a controlled level. 
However, under pathological conditions, their activation 
leads to the accumulation of reactive oxygen species 
(ROS) in ocular tissues and biological fluids. As shown by 
Korelina [26], the intensification of lipid peroxidation and 
oxidative stress plays a  critical role in the experimental 
model of glaucoma.

Reactive oxygen species initiate structural damage to 
mitochondria, promote calcium influx into retinal gangli-
on cells (RGCs), and trigger apoptotic pathways [27,28]. 
Elevated oxidative stress also contributes to an increase 
in the concentration of glutamate – a highly toxic excit-
atory neurotransmitter in the retina and central nervous 
system – thereby inducing neuronal excitotoxicity and 
accelerating RGC apoptosis [29,30]. Salt and Cordeiro 
[29] demonstrated that glutamate excitotoxicity is a key 
mechanism of neuronal loss in glaucoma, while Goyal et 
al. [30] confirmed elevated oxidative stress markers in the 
aqueous humor of patients with both primary open-an-
gle and primary angle-closure glaucoma.

Experimental studies by Korelina [31], using an adren-
aline-induced glaucoma model, further support these 
findings. Intravenous administration of adrenaline to 
laboratory animals led to retinal ganglion cell layer atro-
phy and thinning of the nerve fiber layer. Over a 100-day 
experimental period, RGC loss reached 47.3%, while the 
rate of apoptosis increased by approximately 100-fold 
compared with control animals.

Adrenaline is known as a “stress hormone”, and chronic 
psychological stress has been identified as a  significant 
trigger for glaucoma development. There are studies that 
show the additional contribution of anxiety to the wors-
ening of glaucoma. Rezapour et al. [32] reported that 
patients with glaucoma often exhibit comorbid anxiety 
and depression, suggesting a link between psychological 
stress and disease progression. Similarly, Mendez-Ulrich et 
al. [33] demonstrated that anxiety-related IOP may affect 
the diagnostic accuracy of glaucoma, while Otori et al. [34] 
assessed the quality of life of glaucoma patients using the 
State-Trait Anxiety Inventory, confirming that emotional 
stress is closely related to disease burden. Persistent stress 
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not only increases ROS production but also suppresses 
the activity of endogenous antioxidant defense systems, 
creating a condition known as metabolic stress syndrome 
[30,35]. This imbalance between oxidative and antioxidant 
processes plays a central role in the progression of glauco-
matous optic neuropathy.

For the above reasons, in-depth investigation of these 
pathogenic mechanisms and pharmacological interven-
tions targeting them remains a relevant and fundamental 
research objective in ophthalmology. Our results support 
the effectiveness of zofenopril as a neuroprotective agent 
that modulates key mechanisms in the glaucomatous 
process. Its antioxidant effect may play a  crucial role in 
preventing damage to the retina and optic nerve, which 
is essential for preserving visual function in patients with 
glaucoma.

These findings underscore the importance of further 
studies evaluating the clinical potential of zofenopril and 
its long-term effects on structural and functional chang-
es in the glaucomatous eye.

CONCLUSION

In the glaucoma model, a marked increase in oxidative 
stress markers was observed, particularly MDA, hydrox-
yl, and superoxide radicals in the retina, optic nerve, and 

ocular drainage zone. Administration of the ACE inhibi-
tor zofenopril resulted in a  reduction of these markers, 
compared to untreated AIG animals, although the values 
remained above those of the control group. A decrease 
in free radical generation was documented: superoxide 
radicals by 20.3% in the retina and 24.9% in the drainage 
zone; hydroxyl radicals by 23% in the retina, 21.9% in the 
optic nerve, and 23.9% in the drainage zone.

Antioxidant activity in ocular tissues under glaucoma 
conditions was significantly reduced, particularly the ac-
tivities of glutathione peroxidase, superoxide dismutase, 
and catalase. Zofenopril treatment contributed to the 
normalization of these values, especially in the retina and 
optic nerve. In the retina, glutathione peroxidase activi-
ty increased by 33.6%, superoxide dismutase by 26.2%, 
and catalase by 21.6%. In the optic nerve, glutathione 
peroxidase activity rose by 29.4%, superoxide dismutase 
by 25.9%, and catalase by 18.9%, compared to untreated 
AIG animals. These data indicate a significant restoration 
of the enzymatic component of the antioxidant defense 
system in the eyes of experimental animals with glauco-
ma following zofenopril administration.

This study demonstrated that zofenopril effectively 
reduces oxidative stress in experimental glaucoma by 
enhancing antioxidant enzyme activity and reducing 
the burden of cytotoxic free radicals and pro-oxidant 
metabolites on ocular tissues.
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