AGRICULTURAL BIOLOGY, ISSN 24120324 (English ed. Online)
2020, V. 55, Ne 3, pp. 794-803

(SEL’SKOKHOZYAISTVENNAYA BIOLOGIYA) ISSN 0131-6397 (Russian ed. Print)
ISSN 2313-4836 (Russian ed. Online)

UDC 636.5:591.3:577.1 doi: 10.15389/agrobiology.2020.4.794eng
doi: 10.15389/agrobiology.2020.4.794rus

THE EMBRYONIC METABOLISM OF NITRIC OXIDE
AND ITS INTERRELATION WITH POSTEMBRYONIC DEVELOPMENT
IN CHICKEN (Gallus gallus domesticus L..) AND QUAILS (Coturnix coturnix L.)

A.M. DOLGORUKOVA!, V.Yu. TITOV! 2, I.I. KOCHISHZ, V.I. FISININI,
I.N. NIKONOVZ, 0.V. KOSENKO1, 0.V. MYASNIKOVA?

! Federal Scientific Center All-Russian Research and Technological Poultry Institute RAS, 10, ul. Ptitsegradskaya, Sergiev
Posad, Moscow Province, 141311 Russia, e-mail anna.dolg@mail.ru, vtitov43@yandex.ru (0< corresponding author),
olga@vnitip.ru, oleg_kosenko@list.ru;

2Skryabin Moscow State Academy of Veterinary Medicine and Biotechnology, 23, ul. Akademika K.I. Skryabina, Mos-
cow, 109472 Russia, e-mail prorector@mgavm.ru, ilnikonov@yandex.ru, omyasnikova71@gmail.com

ORCID:

Dolgorukova A.M. orcid.org/0000-0002-9958-8777 Nikonov [.N. orcid.org/0000-0001-9495-0178

Titov V.Yu. orcid.org/0000-0002-2639-7435 Kosenko O.V. orcid.org/0000-0002-9516-5769

Kochish L.I. orcid.org/0000-0001-8892-9858 Myasnikova O.V. orcid.org/0000-0002-9869-0876

Fisinin V.I. orcid.org/0000-0003-0081-6336

The authors declare no conflict of interests

Acknowledgements:

Supported financially by Russian Foundation for Basic Research, project No. 20-016-00204-a

Received May 10, 2020

Abstract

The embryonic development is accompanied by the intense synthesis of nitric oxide (NO).
Many processes of the embryogenesis (e.g. tissue differentiation, apoptosis) were found to be NO-
dependent. However, due to the difficulties related to the control of NO metabolites in living tissues
the physiological effects of NO have been studied by the indirect methods exclusively, via the effects
of the inhibitors of NO synthesis or the effects of NO donor compounds and arginine as the precursor
in the NO biosynthesis. But this does not allow us to establish the mechanism of the relationship
between the observed effect and the metabolism of nitric oxide. Myogenesis is also considered NO-
dependent since arginine, NO-synthase inhibitors, and NO donors were reported to affect the devel-
opment of muscles. However, these effects are quite contradictory. The lack of data on the relationship
between nitric oxide metabolism and these effects does not allow us to suggest in detail the role of NO
in myogenesis and the mechanism of its influence on muscle development. And the lack of under-
standing of this mechanism does not allow the use of nitric oxide to correct the animal development.
In this study we are presenting a pioneer view on the interrelationships of embryonic NO metabolism
with the features of the postembryonic body development in different poultry species determined with
the use of highly sensitive and highly specific enzymatic sensor for determination of the NO metabo-
lites. The study was aimed at the determination of interrelationships between the intensities of embry-
onic NO synthesis and its oxidation and embryonic and postembryonic body growth in poultry and at
the evaluation of possible application of these interrelationships for the enhancement of meat produc-
tivity. The experiments were performed in 2017-2019 on different breeds of chickens and quails. It was
found that the intensity of embryonic NO synthesis is similar within any given poultry species. In most
cases no significant differences between the breeds (p > 0,05). This was determined by the total con-
centration of all NO metabolites in the embryo. However, the intensity of embryonic NO oxidation to
nitrate can vary drastically. Differences between embryos of egg and meat breeds, lines and crosses on
this indicator reach several orders of magnitude. In the embryos of egg breeds, there is mainly an
accumulation of nitric oxide in the so-called donor compounds. By the end of embryogenesis, their
concentration reaches several hundred of micromoles. In meat breed embryos NO is mainly oxidized
to nitrate. The variance of the intensity of embryonic NO oxidation within a given breed does not
exceed 10-15 %. This oxidation was found to occur predominantly in the embryonic muscle tissues.
The intensity of NO oxidation is similar for endogenous (synthesized by embryos) and exogenous
(injected in ovo) NO donors. The injections of inhibitors of NO synthesis decreased the embryonic
concentration of total NO metabolites while the NO donors to nitrate ratio was not affected. These
effects suggest that the intensity of NO oxidation to nitrate is directly correlated with certain features
of embryonic tissues. Therefore, it can be considered as a biochemical marker of these features. It
correlates with meat productivity and is an indicator inherent to a given breed. It is not sex-linked and



does not depend on the layer age, nutrition, etc. Thus, it can be regarded as a highly sensitive and
highly specific genetically preconditioned marker. The 2-fold increase or decrease of embryonic con-
centration of oxidized NO (by the intraembryonic injections of NO donors or inhibitors of NO syn-
thesis, respectively) did not significantly affect the postnatal body growth rate. The exact mechanism
of the embryonic NO oxidation and the interrelationships of the latter with the development of mus-
cular tissues are still to be elucidated.

Keywords: poultry, nitric oxide, NO donors, nitrate, embryogenesis, post-embryonic growth

Embryogenesis is known to be accompanied by the synthesis of NO [1-4].
It is believed that many processes occurring in the developing embryo, for exam-
ple, implantation [5], cell differentiation and apoptosis [6, 7], adaptation to hy-
poxia [8], are NO-dependent. Nitric oxide has been reported to affect muscle
development [9, 10]. This is shown both at cellular [11-14] and at body [13, 15,
16] levels, including the embryonic level [9, 17]. The conclusions were made on
the basis of experiments with NO donor compounds [9, 11, 18], studies of the
consequences of blocking NO synthesis [9, 10, 12, 13], and the use of arginine as
a source of NO [9, 12, 17]. The observed effects are rather contradictory and do
not allow researchers to suggest in detail any mechanism of NO influence on
myogenesis. The drawback of all previous studies, from our point of view, is the
lack of control estimates of the drug metabolism and the initial level of NO in the
tissue. Until now, such measurements have been methodologically problematic
[19, 20], but these estimates are obligatory to clarify the mechanism of NO par-
ticipation in physiological processes.

Using a highly sensitive enzymatic sensor, which allows quantification of
all physiologically significant nitro- and nitroso compounds [20], we have previ-
ously identified the main regularities of the synthesis and metabolism of nitric
oxide in an avian embryo [21]. It was found that in the embryos of breeds, lines
and crosses resulted from breeding for improved meat productivity, there is an
intense oxidation of NO synthesized in the embryo to nitrate. In embryos of the
initial and egg poultry, NO accumulates mainly in so-called NO donor com-
pounds: the nitrosothiols (RSNO), dinitrosyl iron complexes (DNIC), high mo-
lecular weight nitro compounds (RNO2) that are capable of transforming into
DNIC. The difference in the intensity of NO oxidation between meat and egg
forms can be up to two orders of magnitude [21].

This paper presents findings on the relationship between the rate of syn-
thesis and metabolism of nitric oxide (NO) in the embryo, on the one hand, and
the embryonic and postembryonic development of birds, on the other hand. It was
shown for the first time that the oxidation of NO to nitrate occurs predominantly
in the muscles. It is the intensity of this oxidation that correlates with meat produc-
tivity. It is conditioned by genetically determined characteristics of embryonic tis-
sues, and these features are associated with the growth rate of muscle tissue.

The work was aimed to quantify the intensity of synthesis and oxidation
of nitric oxide in the embryo and to collate these processes with embryonic and
postembryonic growth rate of poultry in order to reveal regulatory potential of NO
in increasing meat productivity.

Materials and methods. The experiment involved chicken (Gallus gallus
domesticus L.) breeds Andalusian blue, Yurlovskaya golosistaya, Orlovskaya sittse-
vaya, Cornish (line B56), Plymouth Rock (line B79), Malay and kulangi fighting
breeds, and crosses Hisex White, Smena 8, Cobb 500, Ross 308, as well as quail
(Coturnix coturnix L.) breeds Estonian meat-egg, Japanese gray, Manchurian
golden, Pharaoh and heavy white. Seventy fertilized eggs from each breed and
cross provided by Genofond LLC (Russia) were placed in incubators (Stimul-Ink-
1000, Stimul Group LLC, Russia) at 37.6 °C during incubation period, and 37.2



°C during hatching (a vivarium of Breeding Genetic Center Zagorskoe, VNITIP,
Sergiev Posad, Moscow Province, 2017-2019). Each egg was weighted before in-
cubation.

Four eggs of each breed, line and cross were taken before incubation and
during incubation, on days 7 and 17 for chickens, and every day from day 1 to
day 13 for quails, to remove embryos for quantification of NO metabolites (anal-
ysis was performed no later than 30 min after sampling). The embryos were me-
chanically cut into small pieces and poured with a 158 mM sodium chloride so-
lution containing 10 mM potassium phosphate, pH 7.4, 20 ml solution per 1 g
tissue, and homogenized (a glass homogenizer, 8 min, 40 frictions per min, 6 °C).
De-shelled eggs without embryos were subjected to a similar procedure.

The dinitrosyl iron complex with two glutathione molecules (DNIC/GSH),
prepared according to the method described earlier [19, 20], was used as an exog-
enous NO donor compound. L-nitroarginine (NA) (Sigma-Aldrich, USA) was
used to block the NO synthesis. Donor and blocker solutions were prepared in
sterile physiological saline and injected in ovo into the air chamber before setting
eggs in incubation according to the experimental scheme: 0.3 ml of saline (con-
trol), 0.3 ml of 13.0 mM DNIC/GSH (donor), 0.3 ml 6.0 mM NA (blocker).

An enzymatic sensor developed by us was used to quantify NO metabo-
lites. The sensor is based on the ability of nitrite, nitrosamines (RNNO), nitro-
sothiols (RSNO), dinitrosyl iron complexes (DNIC), and nitro derivatives of high
molecular weight compounds (RNO2) to inhibit catalase in the presence of halo-
gen ions and on the loss of this property under the influence of factors specific to
each group of compounds. Nitrates were reduced to nitrites with vanadium tri-
chloride and quantified [20]. The method allows quantification of NO derivatives
with a sensitivity of up to 50 nM without sample preparation [20] using facility
based on a Dithermanal device (Vaskut-EMG, Hungary).

Classical Griess test was also used to measure nitrite (NO2") ions [22].

The hatched young birds were grown in KBN-1640 cages, 20 birds each up
to 10 days of life and 8-10 birds each from day 10 to day 28 of life. Feeding corre-
sponded to the recommendations of VNITIP for the age and the breed (cross) (Mos-
cow, 2014). Growth was estimated by individual weighing on days 1, 14 and 28.

Results are shown as means (M) and standard errors of means (zSEM).
The significance of the differences between the compared indicators was assessed by
the Student’s r-test. Differences were deemed statistically significant at p < 0.05.

Results. Synthesis and oxidation of NO in avian embryos. The
development of the avian embryo is accompanied by intense production of nitric
oxide. Synthesized NO, according to recent concepts, is involved in formation of
NO-derived complexes, the so-called NO donors. These compounds are assumed
to directly interact with the physiological target [19, 23-25]. As can be seen from
the data presented in the figure, by day 3, the total concentration of NO metab-
olites, i.e. the NO donors and nitrates in the homogenous content of a quail egg
reaches 150 pymol/l. We have found a similar relationship in chickens [21]. The
NO donor compounds accumulate in the amnion, while nitrate ions concentrate
outside the amniotic bladder. Nitrite and nitrosamines appeared in trace amounts
in all tissues of the embryo [25]. From day 3 to day 6 in quails (see Fig.) and to
day 11 in chickens [21], the total concentration of nitro and nitroso compounds
in the embryo homogenate is practically unchanged. Further, the indicator sharply
increases (see Fig.), which is associated with the onset of intense synthesis of NO
in embryonic tissues [21].

Until this time, the total concentration of NO donors and nitrates derived
from NO oxidation, in embryos of all breeds of one species is approximately the



same (see Fig., Table 1). However, embryos in different breeds, lines, and crosses
differed in the proportion of nitrates and NO donors. Within one species, this
proportion can vary by several orders of magnitude (see Table 1). As we previously
found, this is due to the fact that in some embryos NO is intensively oxidized to
nitrate, while in others it is predominantly accumulated in NO donors [21]. This
oxidation begins on days 2-3 and continues throughout embryogenesis (see Fig.).
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Dynamics of total NO metabolites (A), NO donors
NO (B) and nitrates (C) concentration in intact
quail (Coturnix coturnix L.) embryos of breeds
Pharaoh (1), Manchurian golden (2), Estonian meat-
egg (3) and Japanese gray (4) during incubation
(MESEM, n =4 for each point; a vivarium of
Breeding Genetic Center Zagorskoe, VNITIP,
Sergiev Posad, Moscow Province, 2017-2019).

1. Relation of NO metabolites (nitrates and NO donors, umol/l) in homogenates of
intact 7-day-old embryos of chickens and quails of different breeds, lines and
crosses in collation with the dynamics of live weight (M+SEM, n = 50 for each
breed, line and cross; a vivarium of Breeding Genetic Center Zagorskoe,
VNITIP, Sergiev Posad, Moscow Province, 2017-2019)

Chick weight, g Proportion

Breeds, lines and crosses |Egg weight, g day 28 of NO metab-

day 1 day 14 Q \ 3 olites, day 7
Chicken (Gallus gallus domesticus L.)

. . <0.1
Hisex White 64.2+0.8 42.4+3.1  79.8+£3.9 222.4%5.2 138.948.9
Smena § 64.810.6 47.5£0.7 311.9£19.2 1157.0+50.0 %

+
Cobb 500 62.71£0.7 48.5£1.9 276.5t17.5 1244.5+38.4 %
. <0.1
+ + + + e
Yurlovskaya golosistaya 60.4+0.7 39.1£0.8 107.5+4.5 241.7£8.9 149.649 1
+
Malay fighting breed 54.510.5 37.910.8 98.8+4.4 214.84+9.1 %
. <0.1
Orlovskaya sittsevaya 51.71£0.5 35.5£0.9 93.1£5.8 167.8+8.7 131.546.9
. <0.1
Andalusian blue 48.51£0.6 37.2£0.97 85.4%3.1 170.6+5.4 141.8+8.4
+
Kulangi 55.7£0.6 41.3£09  92.4+3.8 223.7+8.3 %
+
Cornish (line B56) 65.810.6 49.3+0.7 291.719.4 1287.5+49.1 15;?*;?3
Plymouth Rock (line B79) 64.31£0.8 44.9+£0.7 265.2+9.7 1058.4+32.6 14;?3%3 4
+
Ross 308 65.6+0.7 43.4+0.5 341.7+10.1 1146.4£30.5 %
Quails (Coturnix coturnix L.)
. <0.1
Manchurian golden 12.7£0.2 11.7£0.2 95.8%1.1 178.21£3.7 163.6+1.7 131.844.3
+
Estonian 13.0%0.1 12.1£0.2  111.0%1.1 194.5+3.8 181.8+2.3 %
i Ed _
?Manchurian golden X S Esto- 136105 136102 109.3+14 1846441 1769438 1085109

nian

1.5+0.8



Continued Table 1

<0l
Japanese gray 122502 106203 956£12 163527 Is8133 oS00
. 168.5+10.9
Q Japanese gray X & Estonian 12.1£0.1 10.4%0.3 98.7+1.4 171.3£2.4 167.5+2.1 15408
Pharaoh 134401 119402 1052416 2051434 198660 %
Heavy white 135402 109402 1050426  2833+3.1  277.4+6.1 %
©Manchurian golden x & Jap- <0.1

anese gray 12.6+0.1 10.2+0.1  96.3%0.8 1794+29 165223 131.0+4.8

N ote. Concentration of nitrites and nitrosamines in all specimens is < 0.1 pmol/l. The numbers above and below
the line indicate the concentration of nitrates and NO donors.

High intensity of oxidation is characteristic of the meat poultry. It is ob-
served in broiler embryos (Cobb 500, Smena 8, Ross 308), their paternal line
Cornish B56, and also in embryos of fighting breeds (Malay and kulangi). Their
embryos are characterized by low levels of NO donors (from units to tens of mi-
cromoles per liter) with a high content of nitrate (hundreds of micromoles per
liter) (see Table 1). In embryos of egg breeds (Hisex, Orlovskaya sinttsevaya, Yur-
lovskaya golosistaya, Andalusian blue), as well as in the maternal line of Plymouth
Rock B79 of the cross Smena 8§, the intensity of NO oxidation is minimal, which
shows the relation of nitrate to NO donors (see Fig., Table 1). By analogy, for the
embryos of heavy quail breeds (Pharaoh, heavy white, Estonian), there is a high
intensity of nitric oxide oxidation in the embryo, while in the light breed (Japanese
gray, Manchurian golden) oxidation is negligible (see Table 1).

Relationship between embryonic NO oxidation and bird
growth rate. Analysis of the content of nitro- and nitroso compounds in the
tissues of 17-day-old chicken embryos, characterized by both high and low rates
of NO oxidation, shows in all cases the highest level of NO donor compounds in
the liver. The liver, as well as the gastrointestinal tract, contains mainly nitric
oxide donors, and the amount of nitrate is insignificant. A significant accumulation
of nitrate, many times higher than that of NO donors, occurred in muscles of the
Cornish B56 embryo. In the Hisex White cross line, the muscles predominantly
contained NO donors (Table 2). Consequently, nitrate accumulates mainly in
muscle tissue. It is in it, apparently, that NO oxidation to nitrate occurs. This gives
one more reason to assume that NO oxidation in the embryo is mainly associated
with myogenesis, namely with myogenesis of skeletal muscles (see Table 2).

2. Concentration (nmol/mg) of nitro and nitroso compounds in tissues of 17-day-old
intact embryos of chicken (Gallus gallus domesticus L.) egg cross Hisex White and
meat line Cornish B56 (MESEM, n = 8; a vivarium of Breeding Genetic Center
Zagorskoe, VNITIP, Sergiev Posad, Moscow Province, 2017-2019)

Cross Liver Gastrointestinal tract Muscle
NO donors [ NO3- NO donors | NO3- NO donors | NO3-
Hisex White 11.5£0.9 <0.1 1.1+0.1 <0.1 3.2+0.3 0.3+0.1*
Cornish B56 33.5+0.3 0.24+0.1 4.3+0.3 <0.1 0.24+0.1 4.24+0.3*

N o te. Concentration of nitrites and nitrosamines in all specimens is < 0.1 pmol/l.
* Differences from other organs are statistically significant at p < 0.05.

Our previous works show that there is no qualitative difference in the con-
centration of NO donors and nitrates between the pectoral and leg muscles of
chickens and quails. In meat birds, nitrate predominates, in egg birds, NO donors.
Quantitative differences in the concentration of NO metabolites between these
muscle groups of one individual are no more than 10-12% [21, 26], which is
incomparable with the difference between egg and meat forms (see Table 2). That
is, NO oxidation is not directly related to the biochemical characteristics of these
muscle groups. Since muscle tissue dominates in weight over others, nitrate pre-
dominates in homogenates of embryos of meat forms (see Fig.).



We found that 8-15 days after hatching, the concentration of NO donors
and nitrate in chick tissues sharply decreases and becomes approximately the same
in all breeds, lines and crosses [21]. That is, a high content of nitro- and nitroso
compounds and intensive oxidation of NO donors to nitrates in muscle tissue are
embryonic phenomena. It was also shown that the development of muscle tissue
in embryos with high and low rates of NO oxidation proceeds at the same rate
and does not have a qualitative difference in any parameters [26]. The difference
may be in the intensity of muscle growth. But how can you evaluate it? Relation
of gutted carcasses weight of broilers to their body weight is no than 5% more
than that index of egg breeds [21]. It was the live weight that we decided to use
as a criterion for the growth of muscle and bone tissue.

On day 1 after hatching, chickens of different breeds differ slightly in live
weight (see Table 1). The increase in weight in embryos with high and low rates
of embryonic NO oxidation, based on the data in Table 3, also occurs without
significant differences. However, after hatching, the chickens show significant dif-
ferences in growth (see Table 1).

3. Weigh (g) of intact quail (Coturnix coturnix L.) embryos during incubation
(MESEM, n = 8; a vivarium of Breeding Genetic Center Zagorskoe, VNITIP,
Sergiev Posad, Moscow Province, 2017-2019)

Breed Days on incubation
8 | 10 | 12 | 15 | day after hatching
Manchurian golden 0.53+0.02 1.23£0.08 2.63%+2.1 5.3243.1 11.7£0.2
Pharaoh 0.57£0.02 1.20£0.10 2.75%2.1 5.34+34 11.9+0.2

The difference in live weight and its gain between broilers and egg chick-
ens, as well as between heavy and light quail breeds, is obvious (see Table 1). But
Cornish and Plymouth Rock, the paternal and maternal lines of the Smena 8 cross
with high and low rates of embryonic NO oxidation, respectively, differed insig-
nificantly in terms of live weight. A significant difference (p < 0.05) occurred only
on week 3 after hatching. There was no significant difference in live weight be-
tween fighting breeds and egg breeds Yurlovskaya golosistaya and Hisex White (see
Table 1).

Quails of heavy (Pharaoh, white heavy, Estonian) and light (Japanese gray,
Manchurian golden) breeds clearly differed in live weight (p < 0.05). In the em-
bryos of hybrids of Japanese gray and Estonian, as well as Manchurian golden and
Estonian breeds, as follows from the proportion of nitrate and NO donors on day
7, embryonic oxidation of nitric oxide occurs with a high intensity (it is not lower
than in embryos of the Estonian breed). In terms of live weight, these hybrids
occupied an intermediate position between the parental breeds, while the hybrids
of the Manchurian golden and Japanese gray breeds were similar in live weight
and the rate of NO oxidation to their parents (see Table 1).

Thence two questions arise. What is the mechanism of the relationship
between NO oxidation and the rate of weight gain resulted primarily from the
development of bone and muscle tissue? And can this process be controlled to
increase meat productivity?

Exogenous NO donors, introduced into eggs before incubation, underwent
oxidation to nitrate in those embryos where there was intense oxidation of endog-
enously synthesized NO (Ross 308), and practically did not oxidize where the
latter was not oxidized (Hisex White) (Table 4).

It means that the intensity of oxidation is determined by certain features
of the embryo tissues. The data in Table 2 allow us to assume that oxidation occurs
in muscle tissue. These features are determined genetically, since they are inherent
in specific breeds, lines and crosses regardless of the age of the laying hen, the



conditions of its keeping and the conditions of eggs incubation [21], and can also
be fully or partially inherited (see Table 1). The intensity of post-embryonic growth
is somehow connected with these features. In this case, as an explanation, it can
be suggested that nitric oxide is intensively oxidized in the embryo, and pheno-
typic manifestations associated with this process are observed after hatching (see
Table 1).

4. Concentration (umol/1) of NO donors and NO3- in homogenates of 7-day-old em-
bryos in chicken (Gallus gallus domesticus L.) crosses, as influenced by an exoge-
nous blocker of NO synthesis and DNIC/GSH applied prior to incubation
(MESEM, n =25 for each group; a vivarium of Breeding Genetic Center Zagor-
skoe, VNITIP, Sergiev Posad, Moscow Province, 2017-2019)

Treatment | NO donors | NO3-

Cross Hisex White:

+ 0.3 ml saline (control) 138.3+£7.8 <0.1

+ 0.3 ml 13.0 MM DNIC/GSH 210.91£9.4* <0.1

+ 0.3 ml 6.0 MM NA 39.8+3.1* <0.1
Cross Ross 308:

+ 0.3 ml saline (control) 3.7+1.2 131.217.5

+ 0.3 ml 5.0 MM DNIC/GSH 3.9+1.3 165.0£8.3*

+ 0.3 ml 13.0 MM DNIC/GSH 34.1£2.9 179.6£8.1*

+ 0.3 ml 6.0 MM NA 3.611.2 46.71+4.2%

Note. NA — Nw-nitro-L-arginine, DNIC/GSH — dinitrosyl-iron-di-glutathione. Concentration of nitrites and
nitrosamines in all specimens is < 0.1 umol/l.
* Differences from corresponding controls are statistically significant at p < 0.05.

Thus, NO oxidation serves as a marker of the presence of such features,
which, apparently, can manifest themselves not only in the embryonic, but also in
the postembryonic period. This marker can be used both to determine phenotyp-
ically unexpressed forms [27] and, possibly, to control the breeding process.

Consequently, if the intensity of endogenous NO oxidation is low, then
the exogenous NO donor compounds, most likely, should not have any effect. Or,
if a similar effect does occur, then it is not associated with NO. According to our
data, exogenous NO donors, when injected into the embryo of both egg and meat
chickens at the concentrations used in Table 4, did not have a significant effect
on the live weight of chickens during the first 3 weeks after hatching (p > 0.05).

The use of NO synthase blockers reduced the amount of nitro and nitroso
compounds in the embryo without changing the ratio between NO donors and ni-
trate (see Table 4). A 70% decrease in the total concentration of NO donors and
nitrates did not significantly affect the increase in live weight in the first three
weeks after hatching (p > 0.05). That is, we cannot yet give an unambiguous
answer whether the oxidation of NO itself affects myogenesis, or whether this
oxidation is a side effect of specific processes in the developing muscles of em-
bryos of meat poultry.

So, we revealed that the rate of nitric oxide synthesis in the embryos of
birds of the same species is approximately the same, while the rate of NO oxidation
to nitrate varies up to several orders of magnitude when comparing egg and meat
breeds, lines and crosses. In egg poultry, nitric oxide in embryos accumulates in
amounts of up to several hundred micromoles, mainly as NO donor compounds,
while in meat poultry, oxidation of NO to nitrate predominates. Within the breed,
line and cross, the rate of NO oxidation varies by no more than 10-15%. Oxidation
occurs mainly in muscle tissue. Exogenous NO donors are oxidized in the embryo
with the same intensity as endogenous ones, and the blocker of NO synthesis,
decreasing the total concentration of its metabolites, does not affect the quantita-
tive ratio between NO donors and nitrate. Consequently, the intensity of embry-
onic oxidation is a biochemical marker of gene expression that determines the rate
of muscle growth. The identification of these genes is an important scientific and



practical task. The possibility of regulation of meat productivity at the embryonic
level is seen primarily in the regulation of the expression of these genes.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

REFERENCES

Tiwari M., Prasad S., Pandey A., Premkumar K., Tripathi A., Gupta A., Chetan D., Yadav P.,
Shrivastav T., Chaube S. Nitric oxide signaling during meiotic cell cycle regulation in mammalian
oocytes. Frontiers in Bioscience (Scholar Edition), 2017, 9: 307-18 (doi: 10.2741/s489).

Khan H., Kusakabe K., Wakitani S., Hiyama M., Takeshita A., Kiso Y. Expression and localiza-
tion of NO synthase isoenzymes (iNOS and eNOS) in development of the rabbit placenta. J.
Reprod. Dev., 2012, 58(2): 231-236 (doi: 10.1262/jrd.11-128t).

Von Mandach U., Lauth D., Huch R. Maternal and fetal nitric oxide production in normal and
abnormal pregnancy. Journal of Maternal-Fetal and Neonatal Medicine, 2003, 13(1): 22-27 (doi:
10.1080/jmf.13.1.22.27).

Blum J., Morel C., Hammon H., Bruckmaier R., Jaggy A., Zurbriggen A., Jungi T. High con-
stitutional nitrate status in young cattle. Comparative Biochemistry and Physiology A-Molecular &
Integrative Physiology, 2001, 130(2): 271-282 (doi: 10.1016/s1095-6433(01)00390-7).

Battaglia C., Ciottii P., Notarangelo L., Fratto R., Facchinetti F., De Aloysio D. Embryonic
production of nitric oxide and its role in implantation: a pilot study. Journal of Assisted Reproduc-
tion and Genetics, 2003, 20(11): 449-454 (doi: 10.1023/B:JARG.0000006706.21588.0d).

Kim Y., Chung H., Simmons R., Billiar T. Cellular non-heme iron content is a determinant of
nitric oxide-mediated apoptosis, necrosis, and caspase inhibition. J. Biol. Chem., 2000, 275(15):
10954-10961 (doi: 10.1074/jbc.275.15.10954).

Li J., Billiar T., Talanian R., Kim Y. Nitric oxide reversibly inhibits seven members of the caspase
family via S-nitrosylation. Biochemical and Biophysical Research Communications, 1997, 240(2):
419-424 (doi: 10.1006/bbrc.1997.7672).

Malyshev 1., Zenina T., Golubeva L., Saltykova V., Manukhina E., Mikoyan V., Kubrina L.,
Vanin A. NO-dependent mechanism of adaptation to hypoxia. Nitric Oxide, 1999, 3(2): 105-113
(doi: 10.1006/1i0x.1999.0213).

Cazzato D., Assi E., Moscheni C., Brunelli S., De Palma C., Cervia D., Perrotta C., Clementi E.
Nitric oxide drives embryonic myogenesis in chicken through the upregulation of myogenic differ-
entiation  factors.  Experimental  Cell ~ Research, 2014, 320 (2): 269-280 (doi:
10.1016/j.yexcr.2013.11.006).

Stamler J., Meissner G. Physiology of nitric oxide in skeletal muscle. Physiol Rev., 2001, 81(1):
209-237 (doi: 10.1152/physrev.2001.81.1.209).

Ulibarri J., Mozdziak P., Schultz E., Cook C., Best T. Nitric oxide donors, sodium nitroprusside
and S-nitroso-N-acetylpencillamine, stimulate myoblast proliferation in vitro. In Vitro Cell Dev.
Biol. Anim., 1999, 35(4): 215-218 (doi: 10.1007/s11626-999-0029-1).

Long J., Lira V., Soltow Q., Betters J., Sellman J., Criswell D. Arginine supplementation induces
myoblast fusion via augmentation of nitric oxide production. J. Muscle Res. Cell Motil., 2006,
27(8): 577-584 (doi: 10.1007/s10974-006-9078-1).

Anderson J.E. A role for nitric oxide in muscle repair: nitric oxide—mediated activation of muscle
satellite cells. Molecular Biology of the Cell, 2000, 11(5): 1859-1874 (doi: 10.1091/mbc.11.5.1859).
Lee H., Back M., Moon K., Song W., Chung Ch., Ha D., Kang M-S. Nitric Oxide as a messenger
molecule for myoblast fusion. J. Biol. Chem., 1994, 269(20): 14371-4.

Ribeiro M., Ogando D., Farina M., Franchi A. Epidermal growth factor modulation of prosta-
glandins and nitrite biosynthesis in rat fetal membranes. Prostaglandins Leukotrienes and Essential
Fatty Acids, 2004, 70(1): 33-40 (doi: 10.1016/j.plefa.2003.08.003).

Samengo G., Avik A., Fedor B., Whittaker D., Myung K., Wehling-Henricks M., Tidball J. Age-
related loss of nitric oxide synthase in skeletal muscle causes reductions in calpain S-nitrosylation
that increase myofibril degradation and sarcopenia. Aging Cell, 2012, 11(6): 1036-1045 (doi:
10.1111/acel.12003).

Li Y., Wang Y., Willems E., Willemsen H., Franssens L., Buyse J., Decuypere E., Everaert N.
In ovo L-arginine supplementation stimulates myoblast differentiation but negatively affects mus-
cle development of broiler chicken after hatching. Journal of Animal Physiology and Animal Nu-
trition, 2016, 100(1): 167-177 (doi: 10.1111/jpn.12299).

Tirone M., Conti V., Manenti F., Nicolosi P., D’Orlando C., Azzoni E., Brunelli S. Nitric oxide
donor molsidomine positively modulates myogenic differentiation of embryonic endothelial pro-
genitors. PLoS ONE, 2016, 11(10): e0164893 (doi: 10.1371/journal.pone.0164893).

Vanin A. EPR characterization of dinitrosyl iron complexes with thiol-containing ligands as an
approach to their identification in biological objects: an overview. Cell Biochem. Biophys., 2018,
76(1): 3-17 (doi: 10.1007/s12013-017-0811-8).

Titov V.Yu., Kosenko O.V., Starkova E.S., Kondratov G.V., Borkhunova E.N., Petrov V.A.,
Osipov A.N. Enzymatic sensor detects some forms of nitric oxide donors undetectable by other
methods in living tissues. Bulletin of Experimental Biology and Medicine, 2016, 162(1): 107-110



21.

22.

23.

24.

25.

26.

27.

(doi: 10.1007/s10517-016-3557-1) (in Russ.).

Titov V.Yu., Dolgorukova A.M., Fisinin V.I., Borkhunova Ye.N., Kondratov G.V., Slesarenko N.A.,
Kochish I.I. The role of nitric oxide (NO) in the body growth rate of birds. Worid Poultry Science
Journal, 2018, 74(4): 675-686 (doi: 10.1017/S0043933918000661).

Tarpey M., Wink D., Grisham M. Methods for detection of reactive metabolites of oxygen and
nitrogen: in vitro and in vivo considerations. American Journal of Physiology-Regulatory Integrative
and Comparative Physiology, 2004, 286(3): R431-R444 (doi: 10.1152/ajpregu.00361.2003).
Hickok J., Sahni S., Shen H., Arvind A., Antoniou C., Fung L., Thomas D. Dinitrosyliron
complexes are the most abundant nitric oxide-derived cellular adduct. Biological parameters of
assembly and disappearance. Free Radic. Biol. Med., 2011, 51(8): 1558-1566 (doi: 10.1016/j.fre-
eradbiomed.2011.06.030).

Severina 1., Bussygina O., Pyatakova N., Malenkova 1., Vanin A. Activation of soluble guanylate
cyclase by NO donors—S-nitrosothiols, and dinitrosyl-iron complexes with thiol-containing lig-
ands. Nitric Oxide, 2003, 8(3): 155-163 (doi: 10.1016/s1089-8603(03)00002-8).

Vanin A. Dinitrosyl iron complexes with thiolate ligands: physico-chemistry, biochemistry and
physiology. Nitric Oxide, 2009, 21(1): 1-13 (doi: 10.1016/j.ni0x.2009.03.005).

Borkhunova E.N., Kondratov G.V., Titov V.Yu. Rossiiskii veterinarnyi zhurnal. Sel'skokho-
gyaistvennye zhivotnye, 2014, 3: 22-30 (in Russ.).

Vinnikova E.Z., Titov V.Yu. Ptitsevodstvo, 2008, 12: 33-34 (in Russ.).



