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Introduction
Glaucoma is a common eye disorder and the leading 

cause of irreversible blindness worldwide. The disease 
causes vision loss due to neurodegeneration of the retinal 
ganglion cell (RGC) projection to the brain through the 
optic nerve [1, 2].

Elevated intraocular pressure (IOP) is a very consistent 
risk factor for the presence of glaucoma [3]. We have dem-
onstrated a rise in IOP animals with experimental adrena-
line-induced glaucoma (AIG) in animals [4], which is in 
general agreement with pathophysiological mechanisms of 
primary glaucoma.

Delivery of energy substances like glucose and oxy-
gen to neurons is essential for enabling neuronal activities. 
Therefore, adequate blood flow in ocular vessels is impor-
tant for ocular homeostasis [5, 6], whereas impaired ocular 
blood flow is critical in the pathogenesis of glaucoma [5, 
7]. Additionally, studies have shown that an increase in 
systemic blood pressure is associated with an increased 
risk of open-angle glaucoma [3].
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Purpose: To assess the effect of the angiotensin-converting enzyme (ACE) 
inhibitor zofenopril on the intraocular pressure (IOP), rheographic coefficient 
(RC) and tonographic parameters of the eye in a rabbit model of adrenaline-
induced glaucoma (AIG).
Methods: In group 1 (12 animals), experimental glaucoma was induced by 
injecting 1:1000 adrenaline 0.1 ml through the auricle vein every other day 
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animals received an aqueous suspension (1 ml) of zofenopril orally at a dose 
of 1 mg/kg daily for 3 months. The control group comprised 10 intact rabbits. 
Rabbit eyes were assessed by ophthalmoscopy and biomicroscopy. A Maklakoff 
tonometer was used for IOP measurements. Ocular hydro- and hemodynamics 
were assessed. The Kruskal-Wallis and Mann-Whitney tests were employed to 
assess group differences.
Results: In group 1, mean IOP statistically significantly increased by 28.3%, 
34.2% and 46.7% at days 30, 60 and 90, respectively, compared to baseline (р 
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points compared to controls. In group 2, at day 60 and day 90, IOP was 19.6% 
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animals, at day 90, RC was decreased by 37.0%, tonographic aqueous humor 
(AH) outflow facility (C) was decreased by 36.8%, AH production was increased 
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animals.
Conclusion: In rabbits with AIG, ocular blood flow and ocular hydrodynamics 
parameters were impaired in the presence of elevated IOP. Zofenopril had a 
beneficial effect on the function of eyes with AIG (i.e., the IOP, parameters of 
ocular hemodynamics and AH circulation).
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Studies demonstrated correlation of retinal vascular 
changes with the severity of POAG, suggesting that vas-
cular dysfunction is present in POAG, even at a very early 
stage of glaucoma, and increases with the severity of the 
disease [8, 9]. These changes can eventually result in irre-
versible neurodegenerative disorder, not only in the retina, 
but also in the brain, with patients experiencing a hetero-
geneous set of visual and cognitive symptoms [1, 10].

That is why vascular dysregulation with chronic va-
soconstriction is believed by some researchers to be the 
primary cause of POAG, limiting energy supply to reti-
nal and brain neurons with subsequent hypo-metabolism 
or neuronal cell death. Understanding the details of these 
pathophysiological processes in glaucoma will enable the 
development of therapeutic means to combat not only ele-
vated IOP, but also manifestations of vascular dysfunction 
for the prevention of neurodegenerative progression that 
can cause structural changes in the retina and optic nerve 
and neural cell apoptosis, leading to loss of sight [11].

Despite advances in the research of the pathogenesis of 
glaucoma, the mechanisms of the disease remain incom-
pletely understood. Therefore, further research is warrant-
ed to acquire knowledge on the potential for developing 
effective means to prevent and treat this insidious disease. 
Numerous publications have discussed current glaucoma 
treatment strategies. The development and implementa-
tion of these strategies will support neurovascular function 
in the eye [7], and – with the impact on neuroregulatory 
mechanisms [12] and neuronal protection [2, 10] – will 
enable successful treatment, especially with combinations 
of these treatment options.

The intraocular renin-angiotensin system (RAS) pro-
duces effects on aqueous humor (AH) dynamics, whereas 
angiotensin-converting enzyme (ACE) inhibitors are as-
sociated with the function of the system [13]. Given the 
above facts and that glaucoma is a chronic disease involv-
ing particularly vascular neurodegenerative processes, our 
attention was drawn by this medication group. However, 
ACE inhibitors may exert potential antiglaucomatous ef-
fects not only at the level of ocular hydrodynamics, but 
also at the level of ocular vessels due to the capability of 
the inhibitors to induce relaxation of spastic vessels. These 
medications are widely used in cardiological practice.

Zofenopril contains two sulfhydryl groups and is an 
ACE inhibitor that we believe deserves special attention. 
It has a high restorative potential due to the presence of 
these groups in the molecule. Zofenopril significantly pre-
served ischemic zone endocardial blood flow at reperfu-
sion in pigs after myocardial ischemia/reperfusion and sig-
nificantly augmented plasma H2S levels in mice and pigs 
[14]. Zofenopril (but not enalapril that includes no thiol 
group) improved vascular function by potentiating the H2S 
pathway in a model of spontaneous hypertension [15].

In our previous study, a negative Spearmen correlation 
was noted between the IOP and levels of endogenous H2S 
in the eye drainage system (trabecular meshwork, Sch-

lemm canal and collector channels), retina, optic nerve and 
AH in rabbits with AIG.

Daily treatment with the H2S donor NaHS contributed 
to an increase in H2S levels in the ocular tissues and IOP 
reduction [16].

Given the features of the ACE inhibitor zofenopril and 
its potential capacity to impact on the mechanisms of glau-
comatous process, we aimed to examine experimentally 
the effect of this compound on the ocular functional pa-
rameters that change in glaucoma (IOP dynamics, ocular 
hydrodynamics and hemodynamics).

The purpose of the study was to assess the effect of 
the ACE inhibitor zofenopril on the IOP, rheographic coef-
ficient (RC) and tonographic parameters of the eye in a 
rabbit model of AIG.

Material and Methods
Thirty-four rabbits > 2 years of age were included in 

the study. They were maintained under normal vivarium 
conditions and fed and watered ad libitum. All animal ex-
periments were performed in compliance with the Gen-
eral Ethical Principles of Animal Experiments (approved 
by Third National Congress on Bioethics, Ukraine, Kyiv, 
2007) and European Convention for the Protection of Ver-
tebrate Animals Used for Experimental and Other Scientif-
ic Purposes from the European Treaty Series (Strasbourg, 
1986). The study was approved by the Bioethics commit-
tee (Reference number: №3, Date of approval: April 14, 
2021).

In group 1 (12 animals), experimental glaucoma was 
induced by injecting 1:1000 adrenaline 0.1 ml through the 
auricle vein every other day for 3 months (40 injections 
totally) [17].

In group 2 (12 animals), animals received an aqueous 
suspension (1 ml) of zofenopril orally at an active sub-
stance dose of 1 mg/kg daily for 3 months (with adrenaline 
introduced 20 minutes after zofenopril).

The control group comprised 10 intact rabbits that 
were not subjected to any effects.

Rabbit eyes were assessed by ophthalmoscopy and 
biomicroscopy throughout the experiment. A Maklakoff 
tonometer with a 7.5-g plunger load was used for IOP 
measurements after topical anesthesia with alkain 0.5%.

The tonograph TNS-100 was used to measure ocular 
hydrodynamic parameters. The computerized rheographic 
complex (Reocom, Ukraine, Kharkov) was used to mea-
sure hemodynamic parameters.

JASP software (version 0.95.3; the JASP Team, Am-
sterdam, the Netherlands) was used for statistical analysis 
[18]. The Kruskal-Wallis and Mann-Whitney tests were 
employed to measure differences in groups.

Results
Table 1 presents mean IOP values at baseline and days 

30, 60 and 90 after the initiation of the experiment in study 
groups.
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Baseline IOP errors in experimental groups and IOP 
variations throughout the experiment in the control group 
were within the range of statistical error.

In group 1, mean IOP statistically significantly in-
creased by 28.3%, 34.2% and 46.7% at days 30, 60 and 
90, respectively, compared to baseline. Additionally, mean 
IOP statistically significantly increased by 29.1%, 42.7% 
and 51.7% at days 30, 60 and 90, respectively, compared 
to controls.

In eyes of rabbits treated with zofenopril in the presence 
of AIG, mean IOP was found to be increased by 17.4% at 
day 30 (р < 0.05), and by 10.1% and 5.4% and days 60 and 
90, respectively, compared to baseline. At each time point, 
there was no significant difference in IOP between glauco-
matous animals treated with zofenopril and controls. 

There was a significant difference in IOP between glau-
comatous animals treated with zofenopril and non-treated 
glaucomatous animals, with IOP being 19.6% and 29.6% 
higher in the latter group at day 60 (р < 0.05) and day 90 
(р < 0.001), respectively. At day 90, ocular blood flow was 
found to be substantially decreased in non-treated AIG 
animals, with the RC being 37.0% decreased compared 
to controls (Table 2). Additionally, in non-treated glau-
comatous animals, tonographic AH outflow facility (C) 
was decreased by 36.8%, AH production was increased 
by 23.0%, tonographic IOP (P0) was increased by 61.4% 
compared to controls (Table 2).

Treatment with zofenopril in the presence of AIG sub-
stantially improved ocular hydrodynamics and hemody-
namics, with RC and C values approaching those seen in 
eyes of the control group. Moreover, in glaucomatous ani-
mals treated with zofenopril, P0 was increased by 25.2%, 
and F was decreased by 6.6% compared to controls (Table 
2).

In glaucomatous animals treated with zofenopril, ocu-
lar blood flow and hydrodynamics were substantially im-
proved compared to non-treated glaucomatous animals. 
Particularly, RC and C were 45.7% and 41.7%, respec-
tively, higher, and AH production and P0 were 24.1% and 
22.4%, respectively, lower in the former animals than in 
the latter.

Therefore, in rabbits with AIG, treatment with an 
aqueous suspension of the ACE inhibitor zofenopril orally 
daily throughout the experiment contributed to IOP reduc-
tion to the values close to those of the control group, and 
to substantial improvements in ocular blood flow and AH 
circulation.

Discussion
Previous failures to achieve a positive final treatment 

outcome in medication-only treatment for glaucoma can 
be accounted for the prolonged use of hypotensive therapy 
only. Later, the multifactorial nature of the glaucomatous 
process was established, in which the microenvironment 
of the ganglion cell and its axon is disrupted as a result of 

Table 1. Intraocular pressure (measured in mmHg) in control rabbits and rabbits with adrenaline-induced glaucoma untreated 
or treated with ACE inhibitor zofenopril

Group of rabbits Statistics
Time points

Baseline 30 days 60 days 90 days

Controls
(n=20)

Mean ± SEM
p
%
p1
%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

Untreated glaucoma
(n=24)

Mean ± SEM
p
%
p1
%1
p2
%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 treated 
with zofenopril 

(n=24)

Mean ± SEM
p
%
p1
%1
p2
%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

Notes: n, number of eyes; p, P-value for difference compared to baseline; p1, P-value for difference compared to controls; p2, 
P-value for difference compared to animals with untreated glaucoma; AIG, adrenaline-induced glaucoma; ACE, angiotensin-
converting enzyme; SEM, standard error of mean
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metabolic and biomechanical disturbances, impairments 
of neurovascular coupling and autoregulation, ultimately 
leading to vascular dysfunction in glaucoma [19].

Successful therapy for functional improvement in pa-
tients with glaucoma should take into account not only the 
initial cause (involving molecular mechanisms of patho-
physiological sequelae, reduced blood flow, impaired 
autoregulation, neurovascular coupling dysfunction, and 
blood-retina/brain-barrier breakdown, etc.) but also all po-
tential pathways for disease progression and complication 
development [7, 19].

Several biomarkers of glaucoma progression from a 
vascular perspective, including endothelin-1 (ET-1), , vas-
cular endothelial growth factor (VEGF), and matrix metal-
loproteinases (MMPs), nitric oxide and hydrogen sulfide 
have been identified [8, 16, 20]. Consequently, they may 
be considered for their potential as pharmacological inter-
vention targets.

It has been reported that H2S-producing donors can re-
duce IOP in normotensive rabbits [21] and elevated IOP in 
animals with experimental glaucoma [16].

We have reported previously [22] that zofenopril sub-
stantially increased the level of H2S gas transmitter and 
was helpful in the normalization of control of constitutive 
NO-synthases and endogenous nitrite and nitrate (NO3ˉ 
and NO2ˉ) ions. Therefore, zofenopril may be considered 
as a potential component of comprehensive conservative 
treatment for primary glaucoma [22].

Therefore, although the exact mechanism of action of 
zofenopril on the control of aqueous humor dynamics re-
mains elusive, the physiological effects of zofenopril are 

due to its antioxidative and vascular protective properties, 
which is associated with the release of H2S. Our experi-
ment demonstrated that IOP can be normalized in AIG 
treated with zofenopril. It is likely that the hypotensive ef-
fect of zofenopril is due to an increased level of H2S in the 
eye drainage system in AIG [22]; effects of H2S on sympa-
thetic neurotransmission from isolated porcine iris-ciliary 
bodies [23] and the pool of neuromediators in the anterior 
segment of the eye [24] have been reported.

Effects of H2S on the AH outflow pathways may be as-
sociated with its ability to relax vascular smooth muscle, 
resulting in vasodilation [25]. This H2S activity is caused 
by its effects on adenosine triphosphate (ATP)-sensitive 
K+ channels [26].

Zofenopril protects against myocardial ischemia-re-
perfusion injury by increasing nitric oxide and hydrogen 
sulfide bioavailability and has been shown to exert vas-
culoprotective and cardioprotective actions [14, 27]. The 
involvement of deficiency of H2S and NO-dependent pro-
cesses in the pathogenesis of glaucoma makes it reason-
able to assess the effects of zofenopril on ocular hemody-
namics and hydrodynamics in animal models of glaucoma.

ACE inhibitors can affect IOP levels through their ac-
tions on AH dynamics. These inhibitors can decrease an-
giotensin II levels in AH, thus affecting the uveoscleral 
outflow, and slow down AH formation by lowering blood 
flow in the ciliary body [13].

We have experimentally demonstrated that the ACE 
inhibitor zofenopril can be used to normalize the ocular 
blood flow and AH circulation in rabbits with AIG.

Table 2. Effect of the angiotensin-converting enzyme (ACE) inhibitor zofenopril on the rheographic coefficient (RQ) and pa-
rameters of ocular hydrodynamics in rabbits with adrenaline-induced glaucoma

Group of rabbits Statistics

Parameters examined

RC,
0/00

Hydrodynamics parameters

C, mm3/min F, mm3/min P0, mmHg

Controls
(n=20)

Mean ± SEM
p
%
p1
%1

2.92 ± 0.21
-

100.0
-
-

0.19 ± 0.01
-

100.0
-
-

1.52 ± 0.13
-

100.0
-
-

9.20 ± 0.46
-

100.0
-
-

Untreated 
glaucoma

(n=24)

Mean ± SEM
p
%
p1
%1

1.84 ± 0.15
<0.001

63.0
-

100.0

0.12 ± 0.02
<0.01
63.2
-

100.0

 1.87 ± 0.06
<0.05
123.0

-
100.0

14.85 ± 0.92
<0.001
161.4

-
100.0

Glaucoma treated 
with zofenopril

(n=24)

Mean ± SEM
p
%
p1
%1

2.68 ± 0.23
>0.05
91.8

<0.01
145.7

0.17 ± 0.01
>0.05
89.5

<0.05
141.7

1.42 ± 0.08
>0.05
93.4

<0.001
75.9

11.52 ± 0.78
<0.05
125.2
<0.05
77.6

Notes: n, number of eyes; p, P-value for difference compared to baseline; p1, P-value for difference compared to controls; p2, 
P-value for difference compared to animals with untreated glaucoma; ACE, angiotensin-converting enzyme; AIG, adrenaline-
induced glaucoma; C,  aqueous humor outflow facility; F, aqueous humor production; P0, tonographic IOP; RC, rheographic 
coefficient;  SEM, standard error of mean
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The effects of zofenopril on the blood volume of cho-
riociliary vessels appear to be caused by its capacity to 
increase plasma and heart tissue levels of nitric oxide [14] 
that plays an important role in supporting vascular homeo-
stasis. Nitric oxide deficiency is a pathogenetic factor of 
endothelial dysfunction [28].

In turn, the beneficial effect of zofenopril on the pa-
rameters of ocular hydrodynamics in rabbits with AIG is 
also likely to be caused by nitric oxide deficiency in ocular 
tissues, causing relaxation of the trabecular meshwork and 
improving AH outflow [29].

Therefore, our study on AIG in rabbits demonstrated 
impaired ocular blood flow and ocular hydrodynamics in 
the presence of elevated IOP, and beneficial effect of the 
ACE inhibitor zofenopril on the eye function (i.e., the IOP, 
and parameters of ocular hemodynamics and hemodynam-
ics). Further research is needed to confirm the results clini-
cally.
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