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Abstract: Objective — to evaluate the role of the amino acid arginine in the structure of the non-opioid analogue of leu-enkephalin (NALE)
and the involvement of the nitric oxide system in the implementation of its cardioprotective effect in newborn albino rats subjected to
intrauterine hypoxia.

Material and Methods — Pregnant female rats were subjected daily to 4-hour hypobaric hypoxia (oxygen partial pressure — 65 mm Hg) on
days 15-19 of their gestation. The 7-day-old offspring of hypoxified female rats were examined. The progeny of intact animals served the
control. We studied body and heart weights; activity of proliferative processes and autophagy in the myocardium of subendocardial parts
of the left ventricle, expressed via the immunohistochemical detection of Ki-67 and Beclin-1 proteins, respectively; karyometric and
nucleolometric indicators of cardiomyocytes (CMC); intensity of free radical processes in the tissues of the heart by chemiluminescence
parameters. Correction of post-hypoxic changes in newborn rats was carried out by intraperitoneal injection of two peptides (Phe—D-Ala—
Gly—Phe—Leu—Arg — non-opioid analogue of leu-enkephalin, or NALE, and Phe—D-Ala—Gly—Phe-Leu-Gly — G peptide) daily from day 2
through day 6 of their lives at a dose of 100 pg/kg. To assess the involvement of the nitric oxide system in the implementation of the NALE
effects, the NO synthase inhibitor — N-nitro-L-arginine methyl ester (L-NAME) was additionally administered at a dose of 50 mg/kg.

Results — Intrauterine hypoxia led to a decrease in body weights of 7-day-old animals, an increase in the number of CMC expressing the
Beclin-1 protein, reduction in the size of CMC nuclei, activation of free radial oxidation, and a decrease in antiradical protection in the heart
tissues. The administration of NALE to newborn animals, subjected to intrauterine hypoxia (IUH), normalized their body weight and size of
the CMC nuclei, and partially corrected changes in Beclin-1 expression and in chemiluminescence parameters. In 7-day-old animals,
subjected to IUH and neonatal administration of NALE and L-NAME, a lower body weight was observed than in the control. Against the
background of nitric oxide blockade, the antioxidant effect of NALE diminished, but the corrective effect of NALE on the karyometric index
and Beclin-1 expression remained. G peptide, which differs from NALE by the substitution of the C-terminal amino acid Arg for the amino
acid Gly, exhibited a corrective effect similar to NALE on the consequences of IUH.

Conclusion — Administration of NALE and G peptides to newborn albino rats after IUH has a pronounced cardioprotective effect. The
mechanisms of the NALE peptide effects are, in part, associated with the activation of the NOS-NO system. However, the affinity of this
peptide for opioid-like receptors may be of greater importance.
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Introduction leu-enkephalin for the amino acid Phe [3]. In this regard, the
mechanisms of NALE effects remain uncertain. A hypothesis was
proposed about the significant role of the C-terminal amino acid
arginine in the realization of its effects. It is known that peptides
containing the amino acid arginine at the terminal position can act
as inducers of nitric oxide (NO) synthesis due to the release of the
NO synthase (NOS) substrate [4]. The NOS-NO system is an
important pathogenetic element of cardioprotection [5].

The non-opioid analogue of leu-enkephalin (NALE) — the
peptide Phe—D-Ala—Gly—Phe—Leu—-Arg — exhibits a pronounced
cardioprotective effect, when administered to newborn albino
rats, subjected to intrauterine hypoxia (IUH) [1]. NALE is
characterized by cytoprotective and antioxidant effects in vitro [2].
This peptide has no affinity for opioid receptors due to the
substitution of the N-terminal amino acid Tyr in the structure of
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Table 1. Distribution of animals by study type

Sample size, n Control IUH IUH+NALE |UH+NALE +I-NAME |UH +G
Total . 3527 3% . 27 . 31 .
Chemllummescent 15 10 15 12 15
studies T T T T
Sfri\llr:r;?nc analysis, 20 17 19 15 16

0 8 10 10 10

morphological studies

The objective of our study was to assess the role of the amino
acid arginine in the structure of NALE and involvement of the nitric
oxide system into implementation of the peptide cardioprotective
effect in newborn albino rats subjected to IUH.

Material and Methods
Study subjects

The experiment used three-month-old pregnant albino female
Wistar rats (n=20) and their offspring (n=154). The animals were
kept in a vivarium at a temperature of 22-24 °C and with access to
food and water ad libitum. The animals were fed with standard
pelleted food for laboratory rodents.

Test substances

We used peptides synthesized by the Limited Liability
Company Almabion (RF); control of the peptide purity (95%) was
provided by high-performance liquid chromatography (HPLC)
analysis and mass spectrometry:

1)  The peptide Phe—D-Ala—Gly—Phe—-Leu—Arg is a structural
analogue of leu-enkephalin with three structural modifications: (1)
the addition of the C-terminal amino acid Arg; (2) replacement of
the amino acid Gly in the second position of the amino acid chain
with amino acid D-Ala to increase the resistance of the peptide to
the action of endopeptidases [6]; (3) replacement of the N-
terminal amino acid Tyr with amino acid Phe. Since the N-terminal
amino acid Tyr is crucial for the interaction of opioid peptides with
specific receptors [3], the Phe—D-Ala—Gly—Phe—Leu—Arg peptide is
incapable of binding to opioid receptors and was named a non-
opioid analogue of leu-enkephalin (NALE).

2)  The peptide Phe—D-Ala—Gly—Phe—Leu—Gly is a structural
analogue of the NALE peptide and differs from the latter by amino
acid Gly replacing the C-terminal amino acid Arg. Due to this
replacement, this peptide was called G peptide.

Besides, N-nitro-L-arginine methyl ester (L-NAME) (Sigma
Aldrich, USA), a non-selective inhibitor of nitric oxide synthase,
was used in our study [7].

Experimental design

For the experiment, three-month-old female rats were placed
to sexually mature male rats in a ratio of 4:1. The onset of
pregnancy was recorded by the presence of sperm in vaginal
smears. To simulate IUH, pregnant female rats were subjected to
4-hr hypoxic exposure daily over 15 to 19 days of gestation. The
animals were placed in an experimental hypobaric chamber, in
which the pressure was reduced to 310 mm Hg, which
corresponded to conditions at an elevation of 7000 m above sea
level. In this case, the partial pressure of oxygen was 65 mm Hg.
The 7-day-old offspring of hypoxified female rats were examined,
while the progeny of intact animals considered the control.

The following five experimental groups of animals were
formed:

1) Control group (n=35): the offspring of intact (not exposed to
hypoxia) female rats, who were administered daily 0.1 ml of
isotonic sodium chloride solution intraperitoneally from day 2 to
day 6 of their lives;

2) IUH group (n=27): the offspring of hypoxified female rats,
who were administered daily 0.1 ml of isotonic sodium chloride
solution intraperitoneally from day 2 to day 6 of their lives;

3) IUH+NALE group (n = 34): the offspring of hypoxified female
rats, who were administered daily NALE peptide intraperitoneally
at a dose of 100 pg/kg in 0.1 ml of solvent (isotonic sodium
chloride solution) from day 2 to day 6 of their lives;

4) IUH+NALE+ L-NAME group (n=27): offspring of hypoxified
female rats, who were administered daily NALE peptide at a dose
of 100 pg/kg in 0.1 ml of solvent (isotonic sodium chloride
solution) and L-NAME at a dose of 50 mg/kg in 0.05 ml of solvent
(isotonic sodium chloride solution) intraperitoneally;

5) IUH+G peptide group (n=31): offspring of hypoxified female
rats, who received daily intraperitoneal injection of G peptide at a
dose of 100 pg/kg in 0.1 ml of a solvent (isotonic sodium chloride
solution) from day 2 to day 6 of their lives.

Removal of animals from the experiment was conducted by
rapid decapitation under ether anesthesia with chloroform vapor.
We then we determining their body weights (g) and absolute heart
weights (mg).

In each experimental group of 7-day-old animals, some of the
animals were used to extract the heart for chemiluminescence
studies, while some were used for gravimetric and morphological
studies (Table 1).

During morphological examination, histological topography
sections (across all parts of the heart) in the amount of 12 pieces
were prepared from the heart of each animal; sections were
mounted four pieces for each of three glasses for three histological
methods: immunohistochemical (IHC) determination of Ki-67, IHC
identification of Beclin-1, and staining with silver nitrate. The unit
of statistical sampling for each research method was the indicators
of a single animal.

Morphometric and immunohistochemical studies

The heart was subjected to standard histological preparation
with cutting paraffin sections. We used neutral 10% formaldehyde
in phosphate buffer as a fixative.

To identify the nucleolus organizer regions, histological
topography sections of the heart, after dewaxing, were stained
with silver nitrate, according to the AgNOR method [8]. The
morphometry of the nuclear-nucleolar apparatus of
cardiomyocytes (CMC) was carried out on a MEKOS-C computer-
assisted image analyzer: the area of the CMC nucleus, along with
the number and total area size of nucleoli in the CMC nucleus
were estimated.

Paraffin sections of the heart 3 um thick, subject to IHC study,
were mounted on glasses with an adhesive electrostatic coating
SuperFrost Plus. The following antibodies were used:

i) Polyclonal antibodies to Ki-67 protein (Cloud-Clone
Corp., USA);

ii)  Monoclonal antibodies to Beclin-1 protein (Cloud-
Clone Corp., USA).
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Table 2. Body and heart weights of 7-day-old albino rats in study groups (MxSD)

Experimental groups Body weight, g Heart weight, mg
Control (n=20) 12.28+2.27 88.40+14.29
IUH (n =17) 10.66+2.08 *p=0.04 84.59+19.52 *p=0.54

IUH+NALE (n=19)
IUH+NALE+L-NAME (n=15)
IUH+G peptide (n=16)

11.78+1.40 *p=0.25 # p=0.09
10.43+1.95 *p=0.02 #p=0.88 &p=0.029
11.57+1.63 *p=0.32 #p=0.15

89.68+15.06 *p=0.870 #p=0.48
72.40+10.89 *p=0.001 #p=0.046 &p=0.03
93.31+14.83 *p=0.46 #p=0.08

* —significance of differences with control group; # — significance of differences with IUH group; & — significance of differences with IUH+NALE group.

Table 3. Inmunohistochemical myocardium study of 7-day-old albino rats in experimental groups (M1SD)

Experimental groups Ki-67 labeling index of cardiomyocytes (%) Beclin-1 labeling index of cardiomyocytes (%)
Control (n=10) 23.27+7.50 7.9043.00
IUH (n =8) 19.9745.03 *p=0.45 17.04+3.84 *p=0.0001

IUH+NALE (n=10)
IUH+NALE+ L-NAME (n=10)
IUH+G peptide (n=10)

20.61+6.00 *p=0.43 #p=0.87
16.64+6.69 *p=0.07 #p=0.41 &p=0.35
15.23+3.78 *p=0.014 #p=0.06

14.05%1.65 *p=0.0001 #p=0.049
11.96%2.52 *p=0.008 #p=0.007 &p=0.06
11.2043.00 *p=0.03 #p=0.005

* —significance of differences with control group; # — significance of differences with IUH group; & — significance of differences with IUH+NALE group.

Table 4. Indicators of nuclear-nucleolar apparatus in cardiomyocytes of 7-day-old albino rats in study groups (M+SD)

Experimental groups Nucleus area (um?)

Total area of nucleoli (um?)

Number of nucleoli

21.66%4.26
17.20£0.74 *p=0.023
22.48+5.85 *p=0.749 # p=0.049

Control (n=10)
IUH (n =8)
IUH+NALE (n=10)

IUH+G peptide (n=10) 21.25+4.44 *p=0.49 #p=0.037

1.666£0.299 *p=0.319
2.228+0.501 *p=0.152 #p=0.024
IUH+NALE+L-NAME (n=10) 22.68+3.06 *p=0.580 #p=0.001 &p=0.934 2.194+0.507 *p=0.193 # p=0.029 &p=0.889
2.032+0.249 *p=0.422 #p=0.026

2.666+0.198
2.717+0.288 *p=0.688
2.949+0,333 *p=0.056 # p=0.173
2.619+0.321 *p=0.714 # p=0.536 &p= 0.054
3.047+0.255 *p=0.004 #p=0.039

1.875+0.474

* —significance of differences with control group; # — significance of differences with IUH group; & — significance of differences with [UH+NALE group.

Table 5. Chemiluminescent parameters of heart homogenates of 7-day-old albino rats in study groups (MSD)

Indices measured in

) ) Control (n=15) IUH (n=10) IUH+NALE (n=15) IUH+NALE+-NAME (n=12) IUH+G protein (n=15)
conventional units
S 2.968+0.580 6.168+0.951 4.017+0.819 5.034+0.706 4.889+0.973
B 'p<0.001 *p=0.002, #p<0.001 . *p<0.001, #p=0.010, &p=0.004 *p<0.001, #p=0070
S 7.036+1.381 13.652+1.941 9.214+2.013 11.088+1.668 10.873+1.471
T 'p<0.001 p=0.005, #p<0.001 . *p<0.001, #p=0.008, &p=0.020 *p<0.001, #p=0.004
+ + + +
H1 2.77540.520 4.396_0.939 i 3.450+0.961 i} 4.087+0.789 i} 4.017+0.864
___________________________________ p<0.001 _______"p=0.036#p=0003 ___ ___ *p<0.001,#p=0059, &p=0.090 _________*p<0.001 #p=0040 __
36.981+3.177 25.890+2.765 29.337+2.660 29.76243.109
Smdz 18.410+£2.567
__________________________________ *p<0.001 __ ___ *p<0.001 #p<0.001 ___ ___ *p<0.001 #p<0.001, &p=0.007 ___ __ __*p<0.001 #p<0.001 _
+ + + +
H2 13.293+2.320 31.301+3.861 19.204+3.386 23.88943.605 23.377+3.682
*p<0.001 *p<0.001, #p<0.001 *p<0.001, #p=0.006, &p=0.005 *p<0.001, #p<0.001

* — significance of differences with control group; # — significance of differences with IUH group; & — significance of differences with [IUH+NALE group; S, —
light intensity over 1 min of spontaneous chemiluminescence; Sia: — light intensity over 2 min of Fe**-induced chemiluminescence; H1 — maximum amplitude
of a fast flash of Fe**-induced luminescence; Singz — light intensity over 2 min of H,0,-induced luminol-dependent chemiluminescence; H2 — maximum of the

amplitude of H,0,-induced luminol-dependent luminescence.

Primary antibodies were diluted with Dako Antibody Diluent
solution (Dako North America Inc.,, USA): Ki-67 to the
concentration of 8 ug/ml, Beclin-1 to the concentration of 5 pug/ml.
Pre-dewaxed sections were placed in citrate buffer (Cloud-Clone
Corp., USA), and high-temperature antigen unmasking was
performed in the MILESTONE Histos 5 Rapid Microwave
Histoprocessor for 19 min at 98 °C. Further processing of the
sections was carried out, using a polyvalent imaging system, based
on the biotin-streptavidin-peroxidase complex (Leica Biosystems,
Germany). To block endogenous peroxidase, the sections were
incubated with a peroxidase block for 10 minutes; treated with
primary antibodies for 30 minutes, secondary antibodies for 20
minutes, polymer solution for 30 minutes, and freshly prepared
DAB solution for 5 minutes. At the final stage of the reaction, the
sections were counterstained with hematoxylin. Preparations

without incubation in primary antibodies — but in full compliance
with the rest of the protocol steps — served a negative control.

Labeled CMCs were counted under light microscopy with a 15x100
microscope maghnification in the subendocardial zone of the left
ventricle, based on viewing at least 500 cells. The proportion of
proliferating CMC was estimated by specific IHC staining with
antibodies to the Ki-67 protein. By specific IHC staining with antibodies
to the Beclin-1 protein of the cell cytoplasm, the proportion of CMC in
the state of autophagy was estimated [9].

Chemiluminescence study

We employed the chemiluminescence method (CML) to
analyze the activity of free radical oxidation in heart homogenates
of 7-day-old animals. CML was recorded on an LS-50B
luminescence spectrometer (Perkin Elmer), following the
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previously described procedures [10]. The signal was standardized
using the built-in FinLab software. The following parameters were
determined: S, — light intensity over 1 min of spontaneous CML;
H1 - maximum amplitude of a fast flash of Fe**-induced
luminescence; Si,q; — light intensity over 2 min of Fe*"-induced
CML; H2 — maximum of the amplitude of H,0,-induced luminol-
dependent luminescence; S;,q; — light intensity over 2 min of H,0,-
induced luminol-dependent chemiluminescence. The CML
intensity was expressed in relative units.

Statistical data processing

Statistical processing of experimental data was carried out
using the Statistica 6.0 program. After confirming the normality of
the distribution of variation series, the values of arithmetic mean
(M) and standard deviation (SD) were determined. Comparison
among groups was conducted, using the Student’s t-test.
Differences were considered significant at p<0.05.

Results

Effect of intrauterine hypoxia on the studied heart indicators
in 7-day-old animals

Hypoxic exposure from day 15 through day 19 of gestation led
to a change in the state of 7-day-old offspring of albino rats. A
decrease in the body weight of animals by 13.2% was recorded.
The heart weight of 7-day-old rats of the IUH group did not
statistically significantly differ from the control value (Table 2).

When analyzing the Ki-67 labeling index of CMC nuclei in animals
of the IUH group, a decrease in the number of proliferating cells by
14.18% was revealed (Table 3). However, the observed change was
not statistically significant. IUH significantly (twice as much) increased
the proportion of CMCs, expressing Beclin-1 protein (Table 3), which
reflected a pronounced activation of the cell autophagy process.
Morphometric studies of the nuclear-nucleolar apparatus of the CMC
in IUH group animals did not register significant changes in the
number and size of nucleoli, but exposed a significant decrease by
20.6% in the size of cell nuclei (Table 4).

A chemiluminescent study of heart homogenates in
experimental animals showed a 2.1-fold increase in the intensity of
free radical processing (Ss,); an increase in the rate of forming
peroxide radicals (Si.q1) by 1.94 times; increase in the content of
lipid hydroperoxides (H1) by 1.76 times. At the same time, the
peroxide resistance of the substrate and the activity of the
antioxidant defense system significantly decreased, as evidenced
by the increase in H2 index by 2.35 times and a two-fold increase
in Sinq2 (Table 5).

Thus, the IUH effect led to activation of the autophagy process
in the myocardium of experimental 7-day-old animals and a
decrease in size of the CMC nuclei, which probably reflected the
state of cellular stress. The registered morphological changes were
recorded against the background of pronounced oxidative stress at
the tissue level. Similar changes in the redox status of the
myocardium and in the state of the CMC in newborn animals after
severe IUH were previously detected by us [1].

Effect of neonatal administration of the NALE peptide on
indicators of 7-day-old albino rats after intrauterine hypoxia

The introduction of NALE peptide to experimental animals,
subjected to IUH, from day 2 through day 6 of their lives corrected

a number of deviations. There was a normalization of the body
weight: this indicator in the IUH+NALE group did not differ
significantly from the control (Table 2). The morphometric
parameters of the CMC nuclear-nucleolar apparatus in animals of
this experimental group also did not differ from the control
parameters. At the same time, the area of the nuclei and the total
area of the nucleoli in the CMC of the animals in the IUH+NALE
group significantly exceeded those of the IUH group (Table 4). The
proportion of CMCs, expressing Beclin-1 protein in the IUH+NALE
group remained significantly higher than control value, but was
significantly (by 17.5%) lower than in the IUH group (Table 3). A
similar pattern was observed in the CML study of heart
homogenates in animals of the IUH+NALE group: the parameters,
characterizing the severity of oxidative stress, were represented by
numerically smaller values than in the IUH group — by 29.5% -
38.7% (Table 5). Consequently, the introduction of NALE peptide in
the neonatal period to animals after IUH was able to partially
correct negative changes in the myocardium and the body as a
whole. Our findings are consistent with the previously identified
protective effects of the NALE peptide for the CMC of white rats,
exposed to severe IUH [1].

Effect of neonatal administration of the NALE peptide against
the background of inhibiting NO synthesis on indicators of 7-day-
old albino rats after intrauterine hypoxia

Exposure of IUH-subjected animals to NALE peptide against
the background of nitric oxide synthesis blockade did not correct
changes in animal body weights. The body weights in the
IUH+NALE+L-NAME group did not differ from those in IUH group,
and were significantly lower than the body weights of control
animals (by 15.1%) and IUH+NALE group (by 11.5%). Besides, in
the animals of this group, we detected a significant decrease in the
heart mass, compared with control (by 18.1%), IUH (by 14.4%) and
IUH+NALE groups (by 19.3%) (Table 2). The decrease in heart
weight under conditions of nitric oxide synthesis blockade was
possibly due to a decline in the proliferative activity of CMC: in
animals of this group, wee observed a pronounced tendency to a
reduction in the proportion of CMC, expressing Ki-67 (by 28.5%,
compared with the control) (Table 3). Animals of the [IUH+NALE+L-
NAME group were also characterized by a significantly augmented
proportion of CMC, expressing Beclin-1, compared with the
control (by 51.3%). At the same time, the proportion of CMCs,
showing staining with the autophagy marker, in this experimental
group was significantly (by 14.9%) lower than the same indicator in
the IUH group (Table 3). The sizes of the nuclei and nucleoli of the
CMC in the IUH+NALE+L-NAME group did not differ from the
control values, but were significantly higher than those in the IUH
group by 31.9% and 31.7%, respectively.

The indices of free radical oxidation in the heart homogenates
of the animals from IUH+NALE+L-NAME group were significantly
(by 47.3%-79.7%) higher than those of the control group; and also,
by 13.5%-25.35% higher than the indicators of the IUH+NALE
group. However, four out of five CML parameters remained
significantly lower than those of the IUH group.

Thus, the introduction of an inhibitor of the nitric oxide
synthesis, L-NAME, partially neutralized the positive effect of the
NALE peptide on the condition of experimental animals subjected
to IUH: the animals of the IUH+NALE+L-NAME group retained post-
hypoxic decrease in body weights; there was a more pronounced,
in comparison with the IUH+NALE group, activation of free radical
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oxidation. At the same time, the blockade of nitric oxide synthesis
did not completely eliminate the cardioprotective effect of NALE.

Effect of neonatal administration of G protein on indicators of
7-day-old albino rats after intrauterine hypoxia

The introduction of G peptide to IUH-subjected experimental
animals from day 2 through day 6 of their lives caused effects
similar to those of the NALE peptide. In animals of the IUH+G
experimental group, we observed the absence of significant
differences from the control in body and heart weights (Table 2),
as well as in the size of the CMC nuclei and nucleoli (Table 4). In
this group, there was a significant 14.3% increase in the number of
CMC nucleoli in comparison with the control, in conjunction with a
34.6% decrease in the proportion of cells, expressing Ki-67 protein.
The proportion of CMC with an IHC marker of autophagy in the
IUH+G group, as well as the parameters of free radical oxidation,
were significantly smaller than the corresponding parameters of
the IUH group, although they remained significantly higher than in
control group.

Thus, the introduction of the NALE analogue — G peptide — led
to a partial correction of the studied post-hypoxic changes in the
body of 7-day-old animals. The effects of G peptide were similar to
those of NALE peptide.

Discussion

IUH causes negative changes in the heart condition both in the
neonatal period and in subsequent ontogenetic development
stages. In experimental animals subjected to IUH, hypoplasia of
the heart walls, a reduction in the CMC number in combination
with their hypertrophy were described [11-13]. A decrease in the
number of CMC is a consequence of their reduced proliferative
activity and augmented apoptosis. An early exit of CMC from the
cell cycle with premature differentiation and an increase in the
proportion of binuclear CMC was revealed [11]. The transition of
CMC from mononuclear to binuclear phenotype occurs vis
incomplete cytokinesis during mitosis. The resulting binuclear cells
are terminally differentiated and, hence, they are unable to
proliferate [14]. These changes have epigenetic mechanism: an
increased DNA methylation [15]. All these post-hypoxic changes
significantly reduce the structural reserve of the heart for
subsequent functioning and make the body more vulnerable to
cardiac catastrophes at the later stages of ontogenesis.

In our previous publications, we showed ongoing reduction
both in body weight and in heart weight, along with a decrease in
the DNA-synthetic CMC activity and decline in the number of
nucleoli in the CMC nuclei of newborn albino rats that underwent
severe IUH [1, 16]. The results of the present study, in general,
confirmed the nature of post-hypoxic changes in the myocardium
of newborn experimental animals. At the same time, in this study,
we identified a number of differences from the earlier obtained
results. For example, in this experiment, we recorded a decrease in
the body weight of animals, but did not reveal significant changes
in the heart weight. The cause of less pronounced changes,
apparently, lies in less severe hypoxic effect (expressed as
analogue to occurring at 7000 m above sea level versus 9000 m in
our previous experiments). It is known that, in IUH conditions, the
body protects its vital organs (heart, brain) by redistribution and
centralization of blood circulation; therefore, the decrease in heart
mass lags behind the reduction in body weight significantly [11].
Also, this fact probably explains the absence of a significant

change in the proliferative activity of CMC (Ki-67 labeling index).
Another feasible explanation could root in a different
methodological approach, used by us to assess the proliferative
activity of CMC. Previously, we recorded the DNA-synthetic CMC
activity, using autoradiography with 3H-tritium-labeled thymidine,
which made it possible to estimate the amount of CMC in the S-
period of the cell cycle. The method of IMC assessment of Ki-67
labeled CMC reveals the entire proliferating pool of cells, with the
exception of cells in the GO-phase.

In  7-day-old experimental animals subjected to IUH,
manifestations of oxidative stress at the organ level were
recorded, which were accompanied by a pronounced increase in
the expression of the Beclin-1 protein. This protein performs the
most important functions in the autophagic process in the CMC
and highly correlates with the cell apoptosis level [9]. It is known
that activation of autophagy is a universal cell response to
damaging influences [17]. Oxidative stress with generation of
significant amounts of reactive oxygen species is the main stimulus
for autophagy [18]. An increased formation of Beclin-1 in the CMC
was shown in ischemia-reperfusion myocardial lesions. In this
case, stimulation of autophagy is provided by reactive oxygen
species [19]. A reduction in the size of nuclei in experimental
animals under these conditions, apparently, reflects the
pronounced cellular stress of the CMC. A decrease in the size of
the CMC nuclei is detected after cold stress in rats due to
myocardial ischemia [20].

Administering NALE to IUH-subjected animals in the neonatal
period (on a daily basis — from day 2 through day 6 of their lives)
reduces the severity of negative changes in their bodies. Previously
[1], we have reported the ability of NALE to reduce negative post-
hypoxic changes in gravimetric parameters and free-radical
processes, as well as to normalize the proliferative activity of CMC
and the state of nucleoli in the CMC nuclei of 7-day-old white rats,
subjected to severe IUH. In the present study, we demonstrated
NALE-induced normalization of the body weight and CMC
karyometric index in experimental animals. Compared with the
indicator values for the IUH group, the severity of oxidative stress
at the tissue level and the proportion of CMC, expressing Beclin-1,
significantly decreased. According to the literature sources, a
decline in Beclin-1 expression reduces CMC autophagy, caused by
ischemia-reperfusion injury, and improves cell survival [21].
Therefore, in this experimental model, we were able to confirm
the cardioprotective effect of the NALE peptide.

Bearing in mind the structural features of the NALE peptide,
depriving it of its affinity for opioid receptors, the issue of the
possible mechanisms of the peptide’s effect on cells remains
relevant. The C-terminal amino acid Arg in the NALE molecule can
cause the activation of the NOS-NO system, lead to an increase in
the activity of constitutive NOS, and provide a cytoprotective
effect due to generation of NO. There is some evidence that
cardioprotection in conditions of myocardial ischemia is associated
with augmented NOS induction [22].

Accordingly, the blockade of nitric oxide synthesis can neutralize
the manifestations of the NALE peptide cardioprotective effect. To
test this hypothesis, we evaluated NALE effects on the studied
parameters of the heart in 7-day-old white rats who underwent IUH
under conditions of NOS blockade with a non-selective inhibitor — L-
NAME. Under these conditions, we discovered the absence of a
corrective effect of NALE on the body weight of the experimental
animals, along with a slight decline in the its antioxidant effect. No
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statistically significant effect of the NOS-NO system blockade on the
amount of CMC with manifestations of autophagy and the nuclear-
nucleolar apparatus of the CMC was observed. Therefore, we
concluded that blockade of nitric oxide synthesis only partially
neutralized the effects of NALE.

At the same time, in the IUH+NALE+L-NAME group versus
control animals, a significant reduction in heart mass and a
pronounced tendency towards a decrease in the index of Ki-67-
labeled CMC nuclei drew our attention. Apparently, this was due
to the intrinsic effect of L-NAME on the myocardium.
Administration of L-NAME increases the production of reactive
oxygen species in the heart [23]. Administration of L-NAME to rats
with ischemia-reperfusion myocardium injury activates apoptotic
death of CMC [24]. Therefore, an important addition to the
analysis of the amino acid Arg role in the structure of NALE was
introduced by the results of an experiment on the effect of the
NALE analogue, modified in the C-terminal amino acid, called G
peptide (Phe—D-Ala—Gly—Phe—Leu—Gly), on neonatal rats after IUH.

With regard to gravimetric parameters (body weight) and CMC
nucleometry, the administration of G peptide completely
neutralized post-hypoxic changes. The peptide induced a significant
(relative to the control) decrease in the Ki-67 labeling index of CMC
nuclei and an increase in the number of nucleoli, which could
indirectly indicate the acceleration of the processes of CMC
differentiation. G peptide had a pronounced antioxidant effect, only
slightly less than the analogous effect of the NALE peptide, and
significantly reduced the number of CMCs, expressing the autophagy
marker — Beclin-1 protein. Thus, G peptide also exhibited a
cardioprotective effect in animals that underwent IUH. Analyzing
possible mechanisms of the G peptide effect on heart, we should
emphasize its pronounced structural analogy with the N-terminal
fragment of the endogenous peptide nociceptin and, therefore,
possible affinity of G peptide for opioid-like receptors, which are
specific nociceptin receptors. Affinity for opioid-like receptors is due
to the peptide fragment Phe—X—Gly—Phe [25], which is present in the
structures of both NALE and G peptides. Opioid-like receptors are
present on the CMC membrane [26] and are likely to be involved in
the cardiotropic properties of NALE and G peptide.

Conclusion

Administering a non-opioid analogue of leu-enkephalin (Phe—
D-Ala—Gly-Phe-Leu—Arg) to newborn albino rats, subjected to
intrauterine hypoxia, has a pronounced cardioprotective effect.
The mechanisms of the NALE peptide effects are, partially,
associated with the activation of the NOS-NO system. However,
the affinity of the peptide for opioid-like receptors may be of
greater importance.
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