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ENALAPRILAT AS A NEW MEANS OF PREVENTING THE DEVELOPMENT
OF RETINOPATHY OF PREMATURITY
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In a rat model of experimental retinopathy of prematurity (ROP), the safety of enalaprilat and its effect
on the level of angiotensin-converting enzyme (ACE) and angiotensin-II (AT-II) in the vitreous body and retina
were investigated. The study was performed on 136 newborn Wistar rat pups divided into 2 groups:
group A — experimental (animals with ROP, n=64) and group B — control (n=72). Each group was further divided
into 2 subgroups: A0 and BO (n=32 and n=36, respectively) — animals that did not receive injections of enalaprilat,
and Al and B1 (n=32 and n=36, respectively) — animals treated with daily intraperitoneal (i.p.) injections of enalaprilat
(0.6 mg/kg of body weight). This treatment started on day 2 and lasted either to day 7 or to day 14 in accordance with
the therapeutic scheme. Animals were taken out of the experiment on day 7 and day 14. In samples of the vitreous body
and retina, the content of ACE and AT-II was determined by enzyme immunoassay. On day 7 in subgroups Al and B1
the levels of ACE and AT-II in the vitreous did not differ, while on day 14 were lower than in subgroups A0 and BO,
respectively. Changes in the parameters studied in the retina were somewhat different from those found in the vitreous
body. On the seventh day, the level of ACE in the retina of animals of subgroup B1 did not differ significantly
from subgroup B0, and in subgroup Al it was increased compared to subgroup AO. On day 14, its significant
decrease was noted in subgroups Al and B1 as compared with subgroups A0 and B0. At the same time, the level
of AT-II in the retina of rat pups of subgroup Bl was lower than in subgroup B0, both on day 7 and day 14.
On day 7, the concentration of AT-II, as well as the concentration of ACE, increased in subgroup Al as compared
to subgroup AO. On day 14, this parameter in subgroup Al was significantly lower as compared to subgroup AO,
but significantly higher than in subgroup B1. It should be noted that i.p. injections of enalaprilat, increased a death rate
of animals of both groups. The use of enalaprilat, starting from the preclinical period of the ROP development,
led to a decrease in the activity of the renin-angiotensin system (RAS) in ROP animals at the onset of retinopathy
in the experimental model used. This opens up prospects for considering enalaprilat as a means of preventing
the development of this pathology; however, the recognized high toxicity of the drug requires further studies and
correction of the timing of its administration and dosage in order to achieve a balance of efficacy and safety of use
in order to prevent the development of ROP in children.
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INTRODUCTION

Retinopathy of prematurity (ROP) is a leading
cause of visual impairment in children worldwide
for several decades [1, 2]. In Russia ROP ranks
as the 3rd-4th leading cause of visual disability
(per 10,000 child population) [3]. It was originally
described in the 40s of the last century. Since that
time the clinical “portrait” of ROP has changed with
the development of ophthalmic and neonatal services:
from retrolental fibroplasia to zone I ROP. To date,
significant success has been achieved in the monitoring
and treatment of “classic forms” of ROP. The main
tasks facing researchers and clinicians include
the study of pathogenesis, optimization of screening
and increase in the frequency of favorable
anatomical and functional outcomes of severe
forms of ROP that develop in very preterm infants
with extremely low birth weight [4-7]. Since these
forms of ROP are often resistant to conventional

laser coagulation of the retina, the efficacy and
safety of anti-VEGF therapy still need further
active study. One of the important issues
is the search for ways to prevent the development
and progression of ROP, which is based on the study
of the role of various molecular agents in the induction
of abnormal vasoproliferation.

The pathogenetic significance of a wide range
of pro- and anti-angiogenic factors in the development
of various vasoproliferative ophthalmopathology
is the subject of research by scientists around
the world. Most of these factors are polyfunctional
molecules, the predominant properties of which
at a particular moment are determined by the tissue
in which they are located, the receptors with which
they interact, and interaction with other factors.
This interaction has a complex multilevel character
and is capable of changing the agent activity vector
to the opposite direction.
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In the context of problems related to pathological
vasoproliferation, the angiogenic properties of the
renin-angiotensin system (RAS) attract much attention
due to the main function of this system is the regulation
of blood pressure and tissue perfusion [8].
There is evidence that its key vasoactive peptide
angiotensin II (AT-II) also has a pronounced
vasoproliferative activity, which is realized through
various mechanisms, including vascular endothelial
growth factor (VEGF) mediated [9, 10]. In a series
of our experimental and clinical studies, an increased
content of AT-II at the local and systemic levels
was revealed precisely at the stage of induction
of the pathological process [11]. The data obtained
formed the basis for the assumption about the possible
protective role of drugs that reduce the concentration
of AT-II, in particular angiotensin-converting
enzyme (ACE) inhibitors, and about the prospects
for their use to prevent the development of pathological
vasoproliferation in ROP.

One of the widely used ACE inhibitors
in clinical practice is enalaprilat, which is a derivative
of two amino acids — L-alanine and L-proline. Its effect
on the RAS is manifested in an increase in plasma
renin activity (due to the elimination of negative
feedback in response to renin release) and a decrease
in aldosterone secretion. Since ACE is identical
to the kininase II enzyme, enalaprilat can also
block the destruction of bradykinin, a peptide with
a pronounced vasodilating effect, which underlies
the active use of enalaprilat for the treatment of primary
arterial hypertension of any severity and renovascular
hypertension, as well as for the treatment or prevention
of heart failure [12-14].

At this stage of the research, the goal of our work
was to study the safety of using the ACE inhibitor
enalaprilat in a rat model of experimental ROP,
as well as its effect on the level of ACE and AT-II
in the vitreous body and retina of rat pups with ROP.

MATERIALS AND METHODS

The study was performed on 136 newborn
Wistar rat pups. Animals were divided into
2 groups: group A — experimental groups (animals
with ROP, n=64) and group B — control group (n=72).
The ROP model was developed by us in the course
of previous studies [15]: in order to reproduce
the pathology, newborn rat pups were placed
in an incubator for 14 days together with the female
who gave birth to them. Every 12 h, the oxygen
concentration in the incubator was changed
from 60% to 15% by switching the oxygen
concentrator on and off. Rats of the control group from
the moment of birth were under conditions with normal
oxygen content (21%).

Animals of the experimental and control groups
were divided into 2 subgroups: (i) A0 and BO
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(n=32 and n=36, respectively): animals that did not
receive enalaprilat injections, (ii)) Al and BI1
(n=32 and n=36, respectively): animals treated
with enalaprilat injections from the second
to the seventh or fourteenth days of life (depending
on the period of withdrawal from the experiment);
enalaprilat (Enap-R, KRKA, Slovenia) was injected
intraperitoneally (i.p.) at a dose of 0.6 mg/kg
of body weight.

Animals of all subgroups were kept at constant
temperature (26°C) and light (12 h day, 12 h night)
regimes throughout the experiment.

Animals of all subgroups were taken out
of the experiment on the day 7 (half of the total
number of animals of each subgroup) and day 14
(the second half of the animals) by cervical dislocation.

All animals underwent binocular enucleation
at the indicated time. The eyeball was opened along
the limbus, the cornea and lens were removed along
with the remnants of the persistent vascular bag and
hyaloid artery, and vitreous samples were taken using
filter paper strips, which were weighed before and
after sampling. The eye cup was then placed in cold
saline and the retina was isolated. The components
of the vitreous body were eluted with 0.05 M phosphate
buffer, pH 7.4 (1:20, by weight), and centrifuged
for 10 min at 3000 g. The supernatant was collected,
frozen, and stored at -70°C until the study.

Each retina was placed in 200 ul of cold lysis
buffer (Lysis buffer-3, Cloud-Clone Corp., USA),
homogenized using an UP50H ultrasonic homogenizer
(Hielsher, Germany) for 15 s (amplitude 122 pm,
125 V/em?), centrifuged for 10 min at 3000 g,
the supernatant was collected, frozen, and stored at -70°C
until the study.

In samples of the vitreous body and retina,
the content of ACE and AT-II was determined
by enzyme immunoassay using ELISA kits for
Angiotensin I Converting Enzyme and ELISA kits for
Angiotensin-II (Cloud-Clone Corp.). The concentration
of total protein was determined by the Lowry
method [16]. The optical density of the samples
was determined using a multifunctional photometer
for microplates Synergy MX (BioTek, USA).

The choice of the particular terms for conducting
biochemical studies was due to the primary
focus of this part of the work on the prevention
of the development of the pathological process,
which could be carried out at the preclinical stage
of the development of the disease. According to previous
studies, peripheral avascular zones of the retina
were determined on day 7 of the experiment,
both in the experimental and control groups
of animals; on day 14 the process of normal
retinal vascularization completed in the animals
of the control group, while the experimental
animals had the initial stage of pathological
neoangiogenesis [15].
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Statistical processing of the results was carried out
using statistical packages Microsoft Excel and Statistica.
The significance of differences between groups with
a significance level of at least 95% was assessed using
the nonparametric Mann-Whitney U-test.

RESULTS AND DISCUSSION

The course of enalaprilat administration
was accompanied by a high death rate of animals
of both groups. Until day 14 of the experiment,
only 25-50% of the pups from the experimental
group and about 75% of the pups of the control
group survived. The most frequent period of death
was 4-5 days of life. In subgroups A0 and BO,
all animals were alive throughout the experiment.

The ACE Level in the Vitreous Body

On day 7 of the experiment, the ACE level
in the vitreous body in animals of subgroup A0 tended
to increase as compared to the animals of subgroup BO.
On day 14, the increase in the content of ACE
in the vitreous body in subgroup A0 reached the level of
statistical significance (p=0.0005) (Fig. 1).

The data obtained indicate the involvement
of RAS in the pathogenesis of ROP, particularly,
in the induction of pathological angiogenesis;
this confirms the data obtained in our earlier
studies [11].

On day 7 in animals of subgroups Al and BI,
the level of ACE in the vitreous body did not differ from
that in animals of subgroups A0 and B0, respectively.
On day 14, this parameter in both subgroups of animals
treated with enalaprilat (Al and B1) was significantly
lower than in animals of subgroups A0 and BO,
respectively  (p=0.034 for subgroup A0 and
p=0.0014 for subgroup BO) (Fig. 1).

The Level of AT-1I in the Vitreous Body

Analysis of the AT-II level in the vitreous
body confirmed our earlier data on its potential
role in the induction of pathological angiogenesis
in ROP [11]. On day 7 its content increased
in animals of subgroup AO, as compared
to subgroup BO (p<0.05). However, unlike ACE,
on day 14 of the experiment, this difference
disappeared due to the increase of this parameter
in subgroup BO (Fig. 2).
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Figure 1. The concentration of ACE in the vitreous body of rat pups (ng/ml).
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Figure 2. The concentration of AT-II in the vitreous body of rat pups (pg/ml).
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Probably, in subgroup BO animals maturation
is accompanied by expected consumption of ACE
for the physiological production of AT-II; this explains
the obtained dynamics of the parameters studied.
In subgroup A0, by the time of onset of pathological
vascularization development, regulatory mechanisms
are impaired and the key RAS reaction (synthesis
of AT-1I with the help of ACE) begins to function under
conditions of peak concentrations of its components.
In this context, it seems promising to study
the content of other RAS components to assess the level
of imbalance of all its components.

On day 7 of the experiment, the level of AT-1I
in the vitreous body in animals of subgroups A1 and B1
basically did not differ from the level in animals
of subgroups AO and BO, respectively, while
on day 14 of the experiment, this parameter decreased
in subgroups Al and B1 as compared with subgroups
A0 and BO, respectively (p=0.011 for subgroups
B0 and B1, p=0.0054 for subgroups A0 and A1) (Fig. 2).

Thus, the data obtained indicate that the systemic
use of the ACE inhibitor leads to a blockade
of the increase of the ACE level and to a significant
decrease in AT-II in the vitreous body of animals
with ROP by the critical time for the development
of retinopathy, the time of the onset of pathological
neovascularization. This may indicate the presence
of the effect of “accumulation” of the activity
of the drug and makes it relevant to study its effect
at later time intervals.

The Level of ACE in the Retina

On day 7 of the experiment, the level of ACE
in the retina of rat pups of subgroups A0 and B0
did not differ significantly. On day 14, in animals
of subgroup B0, there was a tendency to its increase,
while in subgroup AO, there was a downward trend,
which made the difference between the groups
statistically significant by this time interval
(»=0.0016) (Fig. 3).

On day 7, the ACE level in the retina of animals
of subgroup B1 did not differ significantly from
subgroup B0, and in subgroup A1l it tended to increase
as compared the subgroup A0. On day 14, its level
in animals of subgroups Al and Bl significantly
decreased as compared with animals of subgroups
A0 and BO, respectively (p=0.0014 for subgroups
B0 and B1, p=0.031 for subgroups A0 and A1) (Fig. 3).

The Level of AT-11 in the Retina

The level of AT-II in the retina of animals
of subgroup A0 was significantly higher than
in animals of subgroup BO both on day 7 (p=0.008)
and on day 14 (p=0.004). This confirms the results
of our previous study (Fig. 4).

In the retina of animals of subgroup B1, there was
a tendency to decrease in the level of AT-II compared to
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subgroup B0 observed both on day 7 and day 14.
In animals of subgroup A1l on day 7, the concentration
of AT-II, as well as the concentration of ACE,
was increased as compared to animals of subgroup A0
(»=0.008). On day 14, in animals of subgroup Al,
this parameter was significantly lower than in animals
of subgroup A0 (p=0.046) and significantly higher than
in animals of subgroup B1 (p=0.004) (Fig. 4).

The discorrelation of the level and dynamics
of parameters found in the vitreous body and retina
of animals can be explained by the fact that a significant
source of various RAS factors in the vitreous body
is the systemic blood flow: they enter the vitreal
cavity from the hyaloid artery functioning at a given
time in the development of animals. The local
RAS functions in the retina and the synthesis
of its components occurs independently.

Analysis of the level of the studied parameters
in the retina of animals treated with enalaprilat injections
requires a very cautious approach, since the activity
of the drug may be limited due to the presence
of the blood-retinal barrier. Although the blood-retinal
barrier demonstrates its inferiority and failure during
the ROP development [17], however, the degree
of its permeability for each specific molecule at each
specific period of development certainly requires
further investigation.

CONCLUSIONS

The involvement of RAS components in the
pathogenesis of various diseases, not directly
related to the regulation of vascular tone but related
to the polyfunctionality of its components,
particularly, AT-II, made it relevant to study
the effects of pharmacological agents that affect
RAS activity and their applicability for the treatment
and prevention of these pathological conditions.
In the context of ROP, ACE inhibitors and
AT1 receptor blockers significantly reduced
VEGF-A expression during disease progression [9, 18].
Using an experimental model of ROP, it has been
shown that under conditions of intravitreal
administration of the AT1 receptor antagonist
valsartan, there was a significantly higher survival rate
of retinal astrocytes, improved revascularization
of the retina, and suppression of preretinal
neovascularization. This led to the conclusion that
AT1 receptor blockers have a protective effect on glial
cells and blood vessels in experimental ROP [19].

In our study, the use of enalaprilat, starting from
the preclinical period of the ROP development,
led to a decrease in RAS activity in rat pups with ROP
at the critical period of retinopathy development
(the onset of the disease in the experimental model
used). This opens up broad prospects for considering
it as a means of preventing the development
of this disease.



Katargina et al.

2,00

1,80 T

1,60

5

ng/mi

- 1,20

1,00

0,80

0,60
0,40
0,20

concentration

0,00

m 7th day
E)14th day

Subgroup BO Subgroup B1

Subgroup AO Subgroup A1

subgroups of animals

Figure 3. The concentration of ACE in the retina of rat pups (ng/mg of protein).

- 4,2
3,64

3,2

2.3

m 7th day

concentration, pg/ml

1,2 1,1[

£l 14th day

1,00 - 1 0505

]

0,00 - T T

Subgroup BO  Subgroup B1

Subgroup A0 Subgroup Al

subgroups of animals

Figure 4. The concentration of AT-II in the retina of rat pups (pg/mg of protein).

However, the high toxicity of enalaprilat
recognized in this study indicates that this drug
suppresses not only pathological neovascularization
during the ROP development, but can also have
a negative effect on the normal growth of blood vessels
in other immature organs of newborn rat pups, and
obviously, cause significant, incompatible with life
hemodynamic changes.

In this regard, we plan to continue this work and
optimize the timing of drug administration and
its dosage in order to achieve a balance between
the effectiveness and safety of'its use in order to prevent
the development of ROP in children.
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SHAJIAIPUJIAT KAK HOBOE CPEACTBO IMTPO®UJIAKTUKHA
PA3BUTUSA PETUHOIIATUHN HEJOHOIIEHHBIX

JIL.A. Kamapzuna, H.b. Yecnokosa, T.A. Ilagnenko, O.B. be3noc, H.A. Ocunosa*, A.1O. Ilanosa

HannoHaIbHBIN METUITMHCKUN UCCIIeIOBATEIBCKIN IIEHTP MIAa3HbIX OoJie3Hel nMeHu [ enbpMronbIia,
105062, Mockga, yi. CamoBas-UepHorpssckas, 14/19; *ai1. moura: natashamma@mail.ru

Ha kppIcHHOI Mozenu sKCHepHMEHTaJIbHOW peTuHonaruu HenoHouieHHbIX (DPH) m3yuena OezomacHOCTb
MPUMCHEHUsl JHAJANpuiaTa W €ro BIUSHHEC Ha YpPOBCHb aHTHOTCH3WH-mpeBpamaromiero ¢epmenra (AIID) u
aarnorensuHa-1l (AT-II) B crexkmoBumHOM Tene W ceTdaTke. lcciemoBaHWe BBIIONHEHO Ha 136 HOBOPOXKIEHHBIX

KphIcsATax moponsl Wistar, pasnenéHHbIX Ha 2 rpynmbel: rpymma A — ombeiTHas (kuBotHele ¢ OPH, n=64) u
rpynna b — xoHTponpHas (n=72). Kaxnmas u3 yka3aHHBIX Tpynm OblIa pasaelieHa Ha 2 TMOATPYIIIHI:
A0 m B0 (n=32 um n=36 COOTBETCTBEHHO) — JKHBOTHBIE, HE TIOJy4YaBIINE HHBEKIMM DIHAJAIpUIATA,

n Al u b1 (n=32 u n=36 COOTBETCTBEHHO) — >KUBOTHBIE, KOTOPHIM CO BTOPBIX MO CEbMBIE HJIH YETHIPHAIIATHIE CYTKH
JKM3HHM (B 3aBUCHMOCTH OT CpPOKOB BBIBEICHHMS M3 OSKCIIEPUMEHTA) €XKEJAHEBHO WHTPAIEPUTOHEATbHO BBOJIMIN
sHananpmiar (0,6 mMr/kr Beca). JKMBOTHBIX BBIBOAWIIM M3 JKCIIEPUMEHTA Ha CEIbMBIE M YETHIPHAALATHIE CYTKH.
B o0pasmax cTeKIoBHAHOTO Tena u ceTdarku onpeaersimn copepkanue AII® u AT-II metomoM IMMYHO(QEPMEHTHOTO
anamm3a. Ha cenpmble cyTku B moarpymnmnax Al u b1 ypoBau AII® u AT-II B CTEKJIOBUIHOM Tejl€ HE OTINYAINCH,
a Ha YeThIpHA/LAThIe CYTKH ObulM HMXke, yeM B moarpynnax AO u B0 coorBercTBenHO. /IMHamuka noka3zareneit
B CeTYaTKe HECKOJIBKO OmIMYajach OT JMHAMUKHM IOKa3aTreneil B creknoBugHOM Tene. Ha cemgbmble CyTKH
ypoBeHb AII® B ceTuarke )KUBOTHBIX NOArpynmsl b1 cymecTseHHo He oTuyancs ot noarpynnst b0, a B noarpymnmne Al
OBUT TTIOBBIIIIEH IO CpaBHEHMUIO ¢ moarpynmoil AQ. Ha yeTsipHamaTsie CyTKH OBIIIO OTMEUEHO €T0 3HAYMMOE CHIDKCHHUE
B noarpymmax Al u b1 mo cpasreruto ¢ moarpynmamu AO u B0. B 1o e Bpems ypoBens AT-II B ceTdaTke KpBICAT
noarpynmel b1 W Ha ceapmble, W Ha YETBIpHAAIATBIE CyTKH ObLT HUXke, yeM B moarpynmne b0. B moarpymme Al
Ha cenpMble CyTKH KoHIeHTpanus AT-II, Taxke kak u koHmeHtpauus AlIID, Obula MOBBINIEHA 1O CPaBHEHMIO
¢ moarpymmnoii AO. Ha dwerslpHamuareie cyTku B moarpymie Al naHHBIA IOKa3aTedb ObUT JOCTOBEPHO HIKE
1o cpaBHeHHIO ¢ moxrpynmnoid A0, HO JOcToBepHO Bblle, 4eM B noarpynmne bl. Baxno ormeruTs, uTo Ha (oHe
MHTpANEpPUTOHEATbHBIX HHBEKIMH JHAJanpuiara Oblla OTMEYEHa BBICOKAs THOENb XMBOTHBIX 0O0EWX TPYIII.
IIprmenenne sHamanpuiaTa, Ha4MHAS ¢ JOKIMHHYECKOTO cpoka pa3zButusi DPH, nmpuBOANT K CHIKEHHIO aKTHBHOCTH
penuH-anruoreH3nHOoBo cuctembl (PAC) y xuBoTHBIX ¢ DOPH Ha cpoke ne0roTa peTHMHOMATHH B HCIIOJIb3yeMOU
9KCIIEPUMEHTAIBHON MoJeiau. OTO OTKPHIBAaeT NEPCIEKTUBBI I PAcCMOTPEHHsS €ro B KauecTBE CpPEICTBa
NpoQUIAKTUKY Pa3BUTUSl JTAHHOW NATOJOTHH, OJHAKO BBHISBJICHHAS BBICOKAas TOKCHYHOCTH Ipenapara Tpelyer
NPOJOJDKEHHsT pabOThl M NPOBEJCHUSI KOPPEKIMH CPOKOB €r0 BBEAEHHS M JIO3MPOBKM ISl JOCTHXKEHHs OanaHca
3¢ PEKTUBHOCTH U 0€30MTaCHOCTH MPUMEHEHHS € IETbI0 MPOQHUIAKTHKN Pa3BUTHSI PETHHONATHH y JETEH.

THonuwiii mexcm cmamuvu Ha PyCcKOM A3bIKe 0ocmyneH Ha cavme xcypuana (hitp://pbmc.ibmc.msk.ru).
KitroueBble €JI0Ba: PETHHONATHS HEJOHOIIEHHBIX; SKCIIEPUMEHTAIbHASL MOJIEIIb; PO(PUIAKTHKA; SHATAIPHIIAT
®unaHcupoBaHue. VccienoBanue MPOBEACHO 0€3 MCMOIb30BaHUS HCTOYHUKOB BHEIIHETO (DHHAHCHPOBAHUSL.
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