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Nitric oxide (NO) is intensively synthesized in the embryo of birds. There is evidence
that NO mediates myogenesis at the embryonic stage. In this regard, it might be
possible to control muscle development and meat productivity by modulating NO
synthesis. Using high-precision and a highly sensitive enzymatic sensor, the authors
found that it is not the rate of synthesis that correlates with meat productivity, but the
rate of NO oxidation to nitrate, which occurs in the tissues of the embryo. In broilers,
it is several orders of magnitude higher than in layers. This indicator is solely due to
the characteristics of embryonic tissues and is allelically determined. In-ovo arginine
supplementation, a source of NO, did not lead to a significant increase in its synthesis
and oxidation, but occasionally increased live weight gain, which was likely associated
with a deficiency of free arginine and was not directly related to the effect of nitric
oxide. Exogenous NO donors were oxidized with the same intensity as endogenous
donors. These compounds did not have a significant effect on growth rate. Also, a
reduction of 50% in the rate of NO synthesis under the action of a NO synthase inhibitor
did not affect this parameter. Thus, regulation of poultry meat productivity is possible
by modulating gene expression related to embryonic NO oxidation and ensuring an
optimal amino acid and energy equilibrium, rather than by promoting embryonic NO
synthesis.
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1. Introduction
Embryogenesis is accompanied by intensive synthesis of nitric oxide (NO). This is
a universal cellular mediator of many physiological functions: smooth muscle tone,
apoptosis and cell differentiation, lactation, platelet aggregation [1-3]. Being able to
regulate these processes by means of NO could provide overwhelming possibilities to
control a physiological status of the body and productivity of farm animals. However,
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this is hampered by the lack of ideas of the mechanism of NO effects. This, in turn,
is caused by insufficient methods to control composition of NO metabolites in living
tissues. Currently, NO is known to interact with physiological targets through the socalled compounds – depots or compounds – donors: dinitrosyl-iron complexes (DNIC),
as well as S-nitrosothiols (RSNO) and high-molecular-weight nitrates that can transform
into DNIC (RNO2 ) [1, 4, 5]. A synthesized NO molecule is likely to be immediately
incorporated into these compounds [1]. In this case, two indicators can be informative:
a total of NO metabolites, as an indicator of synthesis rate, and a ratio of NO donor
compounds with end products of NO oxidation, nitrate and nitrite, as an indicator of NO
metabolism rate. Nitrite is normally found in trace amounts in most tissues [6, 7].
Due to the lack of prompt determination of all NO donor compounds, NO effects
were judged by the effects of NO synthase inhibitors [8-11], the effects of arginine
supplementation, a source of NO [8, 9], as well as NO donor compounds [8, 12]. However,
to establish the role of NO in specific processes, information is needed on the features
of NO synthesis and metabolism and their relationship with the process concerned.
According to some researchers, nitric oxide mediates the process of myogenesis.
These conclusions were drawn based on the use of NO synthase inhibitors, an enzyme
that catalyzes NO synthesis from arginine [8-11], as well as the use of compounds –
NO donors [8, 12] and arginine – a source of NO [8, 9, 13]. However, cellular-level
patterns are not always reproduced at the organismic level [8, 13]. Thanks to the
use of highly sensitive and highly specific enzymatic sensor, nitric oxide was found
to accumulate in avian embryos as part of NO donor compounds. The rate of NO
synthesis is approximately the same in all embryos of birds of one species. However,
the rate of NO oxidation to nitrate is different for layers and broilers. Having explored the
embryos of over 40 breeds, lines and crosses of 5 bird species, the authors found that
the intensity of NO embryonic oxidation in broilers is many times higher than in layers
[6, 7]. Intense NO synthesis and oxidation was found to be present in the embryo. In
the body of hatched chickens, these indicators decrease and level out. It is the growth
rate of chickens, though, that correlates with the intensity of NO embryonic oxidation
[6, 7]. Moreover, oxidation mainly occurs in skeletal muscles [7]. Breeding to increase
meat productivity is always accompanied by the promotion of embryonic NO oxidation
[6, 7]. A number of questions come up as to the mechanism of this relationship and the
likelihood to control the development of the bird’s body by modulating embryonic NO
synthesis.
The paper aims to find out the possibility of modulating the growth rate of birds by
regulating the intensities of NO synthesis and oxidation in avian embryos
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TABLE 1: Concentration of NO donors and nitrate in Hisex White and Ross 308 embryos on days 7 and 14
of incubation. Effect of arginine (A) and nitro-L-arginine (L-NA) * **
No.

Object

Day 7

Day 14

NO donors,
μM

Nitrate, μM

NO donors,
μM

Nitrate, μM

1.

Hisex White (control)

133.9±7.1

<0.1

639.6±18.3

2.0±1.2

2.

+0.3 ml saline prior to incubation

131.4±7.4

<0.1

640.8±19.1

2.2±1.2

3.

+0.3 ml saline on day 11 of incubation

136.5±7.9

<0.1

651.8±19.7

2.6±1.3

4.

+100 μM DNIC/GSH prior to
incubation

212.2±8.1

<0.1

-

-

5.

+100 μM L-HA prior to incubation

39.5±3.1

<0.1

638.2±19.3

1.8±1.3

6.

+100 μM L-HA on day 11 of incubation

134.8±6.9

<0.1

375.6±12.3

2.0±1.4

7.

+100 μM L-HA + 500 μM A prior to
Incubation

135.7±7.1

<0.1

642.1±18.9

1.5±1.0

8.

+500 μM A prior to incubation

136.2±7.3

<0.1

-

-

9.

Ross 308 (control)

2.1±0.9

142.1±7.7

13.1±2.2

759.4±17.2

10.

+0.3 ml saline prior to incubation

2.9±1.0

136.9±7.8

11.4±2.1

751.4±20.0

11.

+0.3 ml saline on day 11 of incubation

3.1±1.0

143.9±8.1

12.1±2.6

761.3±20.4

12.

+100 μM DNIC/GSH prior to
incubation

30.1±3.5

201.4±8.4

-

-

13.

+100 μM HA prior to incubation

1.5±0.8

37.9±2.9

12.1±1.9

746.3±17.1

14.

+100 μM L-HA on day 11 of incubation

2.8±1.0

139.5±7.4

7.2±1.1

472.6±11.8

15.

+100 μM L-HA + 500 μM A prior to
incubation

2.7±0.9

143.3±8.1

-

-

16.

+500 μM A prior to incubation

3.0±0.9

142.9±7.9

-

-

17.

+1500 μM A on day 11 of incubation

2.8±1.1

140.3±8.1

11.5±1.9

764.7±19.9

* Calculated concentrations of L-HA, A and DNIC/GSH in eggs is given, based on egg size
and concentrations of administered solution.
** The concentration of NO2 − + RNNO in all samples was <0.1 μМ.

2. Methods and Equipment
Fertilized eggs of the two chicken crosses (Hisex White and Ross 308; Genofond) were
used. The embryos were homogenized on day 7 in a glass homogenizer (8 min at 40
frictions per min and 6 °C). The embryos were homogenized on day 14 with a tissue
grinder [6, 7].
The amino acid composition of the embryo was determined via ion-exchange chromatography with post-column derivatization with ninhydrin reagent and subsequent
detection at wavelengths of 440 and 570 nm. HPLC system Sykam (Germany).
The content of NO metabolites was determined using the enzymatic sensor based on
the ability of nitrite (NO2 − ), nitrosoamines (RNNO), nitrosothiols (RSNO), dinitrosyl-iron
complexes (DNIC) and nitro derivatives of high-molecular-weight compounds (RNO2 )
to inhibit catalase in the presence of haloid ions. The ability to inhibit is lost under
DOI 10.18502/kls.v0i0.8998
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TABLE 2: Effect of L-NA and arginine (A) on live weight gain of layer cross (Hisex White) and broiler cross
(Ross 308) *
No.

Object

Egg weight, g

Body weight, g
Day 1

Day 7

Day 14

1.

Hisex White (control)

62.1±0.3

39.9±0.5

59.3±1.2

114,1±3,2

2.

+0.3 ml saline prior to incubation

62.3±0.2

40.2±0.5

58.2±1.2

113,2±3,3

3.

+0.3 ml saline on day 11 of incubation

62.4±0.2

40.1±0.5

57.9±1.2

112.2±3.3

4.

+100 μM DNIC/GSH prior to
incubation

62.7±0.3

40.1±0.5

57.9±1.1

114.3±3.1

5.

+100 μM L-HA prior to incubation

62.3±0.3

41.0±0.5

67.5±1.1

121.9±2.8

6.

+100 μM L-HA on day 11 of incubation

62.4±0.3

41.1±0.6

59.4±1.1

102.6±2.8

7.

Ross 308

67.3±0.7

47.1±0.5

180.9±2.8

486.9±7.5

8.

+0.3 ml saline prior to incubation

67.3±0.7

47.6±0.5

182.1±2.7

490.5±7.4

9.

+0.3 ml saline on day 11 of incubation

67.1±0.6

46.8±0.5

178.6±2.7

481.8±7.7

10.

+100 μM DNIC/GSH prior to
incubation

67.2±0.6

47.7±0.5

183.7±3.0

491.8±7.2

11.

+100 μM L-HA prior to incubation

67.6±0.4

47.4±0.4

192.1±2.3

518.9±8.3
р<0.05

12.

+100 μM HA until incubation day 11

65.3±0.7

45.5±0.6

178.8±2.9

491.9±8.3

13.

+500 μM A prior to incubation

67.9±0.5

47.0±0.5

193.5±2.9

509.7±7.6
р<0.05

14.

+1500 μM A on day 11 of incubation

64.6±0.6

46.7±0.7

181.7±3.5

476.6±7.8

* Calculated concentrations of L-HA, A and DNIC/GSH in eggs is given, based on egg size and
concentrations of administered solution.

the influence of factors that are different for each group of compounds [6]. The nitrate
content in the samples was estimated after its preliminary reduction with vanadium
trichloride to nitrite with subsequent quantitative determination [6]. The method makes
it possible to estimate the content of NO derivatives without pretreatment of samples
with a sensitivity of up to 50 nM. The installation featured a Dithermanal analyzer
(Hungary) [6].
The preparation of dinitrosyl-iron complex containing two molecules of thiol ligand
glutathione (DNIC/GSH) was used as exogenous NO donor. It was prepared by the
method described by A.F. Vanin. [1, 4]. Nω - nitro-L-arginine (L-NA) was used as an
inhibitor of NO synthesis. The preparation of L- arginine (Sigma-Aldrich) was used as a
source of NO. The solutions in sterile normal saline were injected in an air pocket in
ovo prior to incubation and until incubation day 11. All solutions were injected into eggs
in a dose of 0.3 ml.
Stimul Ink-1000 incubators (Russia) were used for incubation. The temperature of
incubation was 37.6 °C and 37.2 °C until hatch. The control and experimental groups
contained 50 eggs each. Hatched chicks were kept in cells. The birds fed on feed stuff
DOI 10.18502/kls.v0i0.8998
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1.

Figure 1: Total pool of all NO metabolites (A), NO donors (B), nitrate (C) in embryos of layer Hisex White (1)
and broiler Ross 308 (2) vs time of incubation

PK5. Since the more the bird weight, the more the gutted carcass yield [14], live weight
gain was used as a criterion for muscle tissue growth.
In the tables, the data are presented as means and standard errors of means (M±m).
The significance of differences between the compared indicators was determined using
the Student’s t-test. Differences were considered statistically significant at p <0.05.

3. Results
Our data suggest that initially fertilized chicken eggs, both broiler and layer, contains
42±4 mM arginine. Of these, 680±30 μM account for the unbound pool of free amino
acids. These data agree with the literature [14]. Fertilized chicken eggs contain several
μM nitro- and nitroso-compounds. They accumulate in the first three days of development. Basically, NO donor compounds accumulate: S-nitrosothiols (RSNO), various
nitrosyl-iron complexes, high-molecular-weight nitrates (RNO2 ). They mainly accumulate
in layer embryos and are oxidized to nitrate in broiler embryos (Fig. 1b, c, Table 1 (1-3 and
9-11)). According to the data, NO donors accumulate in the amniotic fluid, and nitrate
is actively transported beyond [7]. In total, about 130-140 μM of NO metabolites are
accumulated by day 3 (Fig. 1a). This is a small amount relative to the total arginine
DOI 10.18502/kls.v0i0.8998
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content in eggs, but about a quarter of its free pool. Starting from day 11, NO derivatives
intensively accumulate in the embryo (Fig. 1a-c, Table 1 (1-3 and 9-11)), due to the
stimulation of NO synthesis in embryo tissues [7]. By the end of the embryonic period, the
concentration of NO derivatives can reach millimolar (Fig. 1a). Consequently, a significant
amount of free arginine is required for NO synthesis. The efficiency of its release from
the bound state can be of great importance, since there is barely any synthesis during
the embryonic period [14].
Injection of NO synthase inhibitor L-nitroarginine (L-HA) prior to incubation decreased
the total concentrations of NO donors and nitrate in embryos on day 7, but on day 14,
the content of NO metabolites in the control and experimental groups leveled off. That
is, after 11 days, L-HA no longer has an inhibitory effect on the accumulation of NO
derivatives (Table 1 (5 and 13)). This may be caused by two things: either the L-HA pool
runs down or it cannot penetrate to the sites of NO synthesis, which after 11 days are
concentrated in the embryonic cells [7]. However, after the administration of L-HA on
day 11, it has an inhibitory effect, as evidenced by decreased NO derivatives on day 14,
compared with the control (Table 1 (6 and 14)). Consequently, the pool of injected L-HA
in the embryo runs down over time.
Arginine (A), administered together with L-HA, prevented the inhibitory effect of the
latter (Table 1 (7 and 15)). However, administration of arginine, even at a dose equal
to that of free arginine in embryos, does not seem to stimulate NO synthesis, which
can be judged by no substantial changes in concentration of NO derivatives (Table 1
(8, 16 and 17)). L-HA injection in a dose that reduces NO synthesis by 70% at the initial
stage of incubation and by 40% after 11 days (Table 1 (5, 6, 13, 14)) did not negatively
affect postembryonic growth. Moreover, in some cases, the administration of L-NA, like
arginine, accelerated postembryonic growth (Table 2 (11, 13)).
Exogenous NO donors are oxidized with the same intensity as endogenous donors
(Tables 1 (4 and 12)). It makes sense to inject these compounds into the embryo only
prior to incubation, since they cannot pass through the amnion formed until incubation
day 3 [7]. They did not have a significant effect on the rate of postembryonic growth
(Tables 2 (4 and 10)).

4. Discussion
In the first three to four days of development, NO accumulates in the amniotic fluid
in composition of donor compounds [7]. It is not known where NO is synthesized at
this stage of embryogenesis. Perhaps in the amnion [15]. Starting from day 11, NO is
DOI 10.18502/kls.v0i0.8998
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intensively synthesized in the tissues of the embryo and accumulates in composition
of the donor compounds. These compounds accumulate most intensively in the liver.
However, oxidation to nitrate occurs mainly in muscle tissue, from which nitrate is actively
transported outside the amniotic sac [7]. Since muscle mass prevails over the mass of
other tissues, hence most of the NO deposited in tissues of the broiler embryo is
oxidized (Fig. 1b, c, Table 1 (9-11)).
After addition of exogenous DNIC/GSH preparation into the embryo, it is intensively
oxidized in Ross 308 embryo and practically not oxidized in Hisex White embryo (Table
1 (4 and 12)). Thus, the rate of NO oxidation in the avian embryo is determined by the
characteristics of the tissues. There is practically no spontaneous oxidation. According
to the data, the rate of NO oxidation in the embryo varies by no more than 10% within
the breed, line, and cross and does not depend on the sex of the embryo and the state
of a laying hen. It also does not depend on incubation conditions [7]. Apparently, it is
determined allelically.
But what is the mechanism of the relationship between myogenesis and NO oxidation? First of all, it is obvious that this oxidation is not necessary for myogenesis as such.
In layer cross, it runs on almost with no oxidation (Fig. 1b, c, Table 1 (1-3)) and at the same
rate as in broiler cross. No qualitative histological differences were found [7]. It is also
obvious that such a high concentration of NO donors, which occurs in layer embryos, is
not vital, since in broiler embryos these compounds are almost completely oxidized to
nitrate (Fig. 1b, c, Table 1 (9-11)). The reduced content of NO donors under the action of
NO synthase inhibitor L-HA either did not negatively affect the postembryonic growth
of chicks (Tables 1, 2).
Then, what is the physiological significance of NO accumulation in the embryo? It is
also found to be present in other animals [7]. It can be assumed that NO oxidation as
such somehow initiates the development of muscle tissue. The data suggest that the
amount of oxidized NO, at least its decrease and increase by several times, does not
significantly affect the growth rate (Table 1, 2).
Hence, it is not NO oxidation that initiates muscle growth, but allelically determined
features related to NO oxidation. The role of oxidation is not yet known.
Provided that the rate of embryonic NO oxidation is determined allelically, then it can
be regulated by changing the expression of the corresponding genes. This appears to
be the case while using white and green light during incubation. This is a well-known
way to stimulate the growth rate [16, 17]. According to the data, the use of light during
incubation promoted NO oxidation in the embryo, but did not stimulate its synthesis.
Thus, in layer embryos, up to 65% of NO donors are oxidized under the action of light,
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while in the control their oxidation is insignificant. This was accompanied by significant
growth rate of 3-5% after hatch [7]

5. Conclusion
Based on the findings, a several-fold change in the intensity of NO synthesis in the
embryo of chickens, as well as the exogenous administration of donor compounds did
not significantly affect the growth rate of chicks.
In ovo addition of arginine, a source of nitric oxide, at a dose equal to that of free
arginine already present in eggs, did not significantly affect the rate of NO synthesis and
the rate of its oxidation to nitrate, which is determined solely by allelically determined
features of embryonic tissues. However, NO synthesis requires arginine in an amount
comparable to its free initial amount present in eggs. Perhaps that is why in ovo
administration of arginine can have an effect on body weight gains. It is not directly
related to NO synthesis and oxidation.
The most effective way to control the development of the bird’s body, mediating
nitric oxide, is to influence the number or status of physiological targets of NO, that is,
the expression of the corresponding genes, provided that the amino acid and energy
equilibrium is ensured.
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