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INTRODUCTION
The concept of medical support of rehabilitation in 
response to ionizing radiation provoked damage of the 
human body acquires not only medical and industrial 
but also economic, social and state importance [1, 2]. 
A significant period of time which separates us from 
the terrible nuclear disaster in Chernobyl significantly 
reduced the severity of the problem, but already the 
accident at the Fukushima nuclear power plant remind-
ed us of the extremely dangerous impact of ionizing 
radiation on the biological organism [3]. The military 
aggression currently taking place against our country 
urgently raises the question of improving existing and 
developing new methods of rehabilitation after ionizing 
radiation, since the enemy is resolutely trying to destroy 
the Zaporizhzhya nuclear power plant, and depleted 
uranium ammunition is increasingly being used on the 
battlefield [2, 4].

The medical side of this problem allows us to recall 
the development of degenerative-destructive changes 
at all structural and functional levels of organization 
and systemic regulation of the activity of a biological 
organism after exposure to ionizing radiation [5, 6]. Re-
habilitation schemes that were used had the resulting 
effect on the ionizing factor harmful effects elimination 
and the body’s energy reserve direct stimulation (or 
activation) [7]. We have been conducting experimental 
trials aimed at elucidating the details of the radioprotec-
tive effect of the original hormone-vitamin complex [8, 
9]. We chose as the main concept the activation of the 
body’s protective adaptive resources with an emphasis 
on pharmacologically-induced muscle system activity 
increase during the rehabilitative effect implementa-
tion. Our attention is focused on the descendents of 
irradiated animals which allows us to follow the depth 
of damage and pathophysiological mechanisms of 
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radio-induced changes in the organism of the second 
generation of animals and to determine the necessary 
level of sanogenetic restorative effects implementation.

THE AIM
The aim of the present work was to determine the 
efficacy of the original hormone-vitamin complex in 
terms of biochemical activity enhancement and muscle 
system functional activity restoration in the irradiated 
rat’s descendents.

MATERIALS AND METHODS
This study was conducted in accordance with the 
“General Ethical Principles of Animal Experiments” ad-
opted by the Fifth National Congress on Bioethics (Kyiv, 
2013). We used the recommendations of the European 
Convention on the Protection of Vertebrate Animals for 
Experimental and Other Scientific Purposes (Strasbourg, 
1985) and the rules of humane treatment of experimen-
tal animals and conditions approved by the Bioethics 
Commission of the Odessa National Medical University 
(protocol No. 32D dated 03/17/2016).

Experimental trials were carried out on 66 Wistar rats, 
weighing 200-250 g. Rats were kept at a constant tempera-
ture of 24-26°C, 55-60% humidity, 12/12 hr light/dark cycle 
and on a standard vivarium diet. The cages were changed 
weekly, and rats’ fluids were changed every two day.

The mature rats were exposed to a single total gamma 
irradiation of 60Со in the morning on an empty stomach 
on the “Agat” telegammatherapy unit (the distance to 
the device was 75 cm, the dose rate was 0.54 Gy/min, 
the absorbed dose was 0.5 Gy and 1.0 Gy).

The rats were randomly divided into 7 groups: the 1st 
group (n=10) – 1-month-old rats born from intact ani-
mals; the 2nd and the 3rd groups (n=2x10) – 1-month-old 
rat pups born from animals once totally irradiated by 
0.5 Gy and 1.0 Gy; the 4th and the 5th groups (n=2x10) – 
1-month-old rat pups born from animals once totally 
irradiated by 0.5 Gy and by 1.0 Gy and exposed to a dose 
of 1.0 Gy; the 6th and the 7th groups (n=2x8) – 1-month-
old rat pups born from animals once totally irradiated 
by 0.5 Gy and by 1.0 Gy and exposed to a dose of 1.0 
Gy, which were administered with a hormone-vitamin 
complex (HVC).

The HVC included tocopherol acetate (i.m., 50 mg/
kg, 30 min after irradiation), retabolil (i.m., 2.5 mg/kg, 3 
hrs after irradiation), cocarboxylase (s.c., 5 mg /kg) and 
nicotinamide (s.c., 10 mg/kg), which were administered 
1 day after irradiation dissolved in 0.5 ml of saline. The 
HVC was administered during 12 days [10].

After euthanasia (i.v., propofol, 60 mg/kg) the 
animals’ blood was collected, the heart (2/3 of the 
heart`s apex) and the frontal group of thigh muscles 
(mainly quadriceps femoris and sartorius muscle) were 

Table I. Changes of NAD-dependent malatedehydrogenases activity in the tissues of 1-month-old rats born from animals irradiated with different doses 
and exposed to radiation at a dose of 1.0 Gy as s result of hormone-vitamin complex influence

N Enzymes
Myocardium Skeletal muscle

Blood
Cytoplasm Mitochondria Cytoplasm Mitochondria

Intact rat pups, n=10

1 NAD-MDH (direct reaction) 0.58±0.05 0.29±0.02 0.21±0.01 47.37±3.24 1.93±0.16

2 NAD-MDH (reverse reaction) 2.46±0.02 0.22±0.03 1.07±0.03 54.18±3.61 4.37±0.36

1-month-old rats born from animals once irradiated by 0.5 Gy and exposed to irradiation at a dose of 1.0 Gy, n=10

Before correction

1 NAD-MDH (direct reaction) 0.66±0.18 0.24±0.01 0.28±0.01 40.36±2.80 2.24±0.19

2 NAD-MDH (reverse reaction) 2.46±0.15 0.27±0.05 1.45±0.07a 68.24±2.92 4.62±0.31

After correction

1 NAD-MDH (direct reaction) 0.63±0.18 0.23±0.01 0.26±0.01 43.28±3.20 1.79±0.18

2 NAD-MDH (reverse reaction) 2.08±0.14 0.25±0.06 1.28±0.06 66.48±2.86 4.28±0.31

1-month-old rats born from animals once irradiated by 1.0 Gy and exposed to irradiation at a dose of 1.0 Gy, n=10

Before correction

1 NAD-MDH (direct reaction) 0.98±0.36 0.18±0.01a 0.31±0.01a 26.56±1.41a 1.25±0.13a

2 NAD-MDH (reverse reaction) 3.81±0.24a 0.29±0.09 1.84±0.10a 78.52±3.64a 5.72±0.39a

After correction

1 NAD-MDH (direct reaction) 0.69±0.20b 0.25±0.02 0.28±0.01 41.94±3.21b 1.92±0.19b

2 NAD-MDH (reverse reaction) 1.99±0.13b 0.28±0.07 1.29±0.07 68.42±2.92 4.55±0.34

Notes: a – p<0.05 – studied indexes significant differences compared with the same in intact rat pups; b – p<0.05 – studied indexes significant differences 
compared with the same before pharmacological correction.
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removed. We determined the activity NADP-depend-
ent malatedehydrogenase in both direct and reverse 
reactions and the content of ATP, ADP and AMP in one 
sample using combined reactions [11]. All indexes of 
energy metabolism were expressed in μmol per 1 g 
of the studied tissue.

The physical working capacity of the animals was de-
termined in the forced swimming test with a load and 
was evaluated by the swimming duration with a load 
of 10% of body weight attached with a rubber ligature 
to the root of the animal’s tail [12]. Swimming was car-
ried out in the time interval from 10.00 to 12.00 in glass 
vessels with an inner diameter of 30 cm and a height of 
50 cm. The moment of the trial finish was considered 
the animal’s fatigue in the form of an inability to rise to 
the surface of the water for 8 s or the animal’s refusal 
to swim (immersion to the bottom for more than 10 s). 

The data obtained were presented as mean (x) and 
the standard error of the mean (SE). χ2 criterion was 
used to detect the significant differences between the 
investigated groups p<0.05 was considered as statisti-
cally significant difference.

RESULTS
The activity of NAD-dependent MDH in the cytoplasm of 
cardiac and skeletal muscles of descendents born from 
irradiated animals in different doses and exposed to ra-
diation 1.0 Gy after the HVC introduction is comparable 
to the same index in the control animals (p>0.05; Table I). 
The activity of the direct NAD-dependent MDH reaction 
in the mitochondria of cardiac and skeletal muscles of 
descendents born from irradiated animals in different 
doses and exposed to radiation 1.0 Gy after the HVC in-
jection is reduced, and the lowest values are observed in 
rats born from irradiated animals by 1.0 Gy and exposed 
to irradiation at a dose of 1.0 Gy (p<0.05). The pharmaco-
logical correction, however, results in these indexes being 
identical to corresponding ones in intact rats (p>0.05).

Direct NAD-dependent MDH reaction activity in the 
blood of descendents born from irradiated animals in 
different doses and exposed to radiation 1.0 Gy after 
the HVC administration is reduced. The lowest index 
is observed in rats born from animals irradiated by 0.5 
Gy and exposed to radiation at a dose of 1.0 Gy after 
pharmacological correction.

Table II. Changes of ATP, ADP and AMP content in the tissues of 1-month-old rats born from animals irradiated with different doses and exposed to 
radiation at a dose of 1.0 Gy as s result of hormone-vitamin complex influence

N Investigated compounds Skeletal muscle Myocardium

Intact rat pups, n=10

1 ATP 2.86±0.24 4.93±0.37

2 ADP 0.39±0.04 0.24±0.02

3 AMP 0.22±0.02 0.10±0.01

1-month-old rats born from animals once irradiated by 0.5 Gy and exposed to irradiation at a dose of 1.0 Gy, n=10

Before correction

1 ATP 2.29±0.19 4.53±0.35

2 ADP 0.77±0.07a 0.44±0.04a

3 AMP 0.29±0.02a 0.16±0.02a

After correction

1 ATP 2.83±0.23 4.93±0.37

2 ADP 0.40±0.04b 0.24±0.02b

3 AMP 0.23±0.02 0.11±0.01b

1-month-old rats born from animals once irradiated by 1.0 Gy and exposed to irradiation at a dose of 1.0 Gy, n=10

Before correction

1 ATP 1.17±0.14a 2.45±0.44a

2 ADP 0.52±0.05a 0.57±0.05a

3 AMP 0.40±0.04a 0.18±0.02a

After correction

1 ATP 2.79±0.22b 4.81±0.35b

2 ADP 0.40±0.04 0.25±0.02b

3 AMP 0.23±0.02b 0.11±0.01b

Notes: a – p<0.05 – studied indexes significant differences compared with the same in intact rat pups; b – p<0.05 – studied indexes significant differences 
compared with the same before pharmacological correction.
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The activity of NAD-dependent MDH in the cytoplasm 
of myocardium of descendents born from irradiated an-
imals in different doses and exposed to radiation by 1.0 
Gy after the HVC injection is lower vs the same control 
index. The lowest index of its activity is observed in the 
cytoplasm of the myocardium in rats born from animals 
irradiated at a dose of 1.0 Gy and exposed to irradiation 
by of 1.0 Gy after the HVC administration (p>0.05). 

The activity of NAD-dependent MDH (reverse reac-
tion) in the mitochondria of cardiac and skeletal mus-
cles, as well as in the blood of descendents born from 
irradiated animals in different doses and exposed to 
radiation by 1.0 Gy after the HVC introduction is com-
parable to such control indexes. The indexes obtained 
depend on the dose exposed to parents.

The ratio direct/reverse NAD-dependent MDH 
reaction in descendents born from irradiated animals in 
different doses and exposed to radiation by 1.0 Gy after 
the HVC injection increases drastically. This becomes 
significant in rats born from animals once irradiated 
by 1.0 Gy and exposed to radiation at a dose of 1.0 
Gy, compared with such indexes in descendents born 
from irradiated animals in different doses and exposed 
to radiation by 1.0 Gy without the pharmacological 
correction (p<0.05). 

Adenylnucleotides content change was recorded 
in rat pups born from irradiated animals at a different 
doses and exposed to irradiation by 1.0 Gy (p<0.05; 
Table II).

We registered both ADP and AMP content significant 
increase due to which a stable ATP concentration is 
maintained in the muscles of 1-month-old rats born 
from animals irradiated at a dose of 0.5 Gy and exposed 
to irradiation by 1.0 Gy, and an acute ATP content 

decrease (by 2.0-2.4 times; p<0.05) within the skeletal 
and cardiac muscle, respectively, and an acute ADP 
and AMP levels increase (p<0.05) in muscle tissue of 
1-month-old rats born from parents once irradiated at 
dose 1.0 Gy and then exposed to radiation at the same 
dose. Pharmacological correction of these metabolic 
disorders resulted in ATP concentrations increase in 
both rat pups born from animals once irradiated at a 
doses of 0.5 Gy and 1.0 Gy and exposed to radiation by 
1.0 Gy (in both groups p<0.05). 

The values of ADP and AMP content in the studied 
groups of animals exceeded the same indexes in 
1-month-old rats and were comparable to them, which 
indicated the pronounced changes development as the 
result of HVC use (p<0.05).

Physical activity of the descendents born from irradiat-
ed animals and exposed to a maximal dose of radiation 
significantly differed from the same in the intact rats and, 
moreover, it was changed after the HVC administration 
(Fig. 1). Swimming time of 1-month-old rats born from 
animals once irradiated at a dose of 0.5 Gy and exposed 
to irradiation by 1.0 Gy was 23% less compared with the 
same index in intact rats and 30% less compared with 
the same index in non-irradiated rat pups born from 
animals once irradiated by 0.5 Gy (p<0.05).

We registered the muscle tissue functioning signif-
icant changes in rats born from once irradiated at a 
dose of 1.0 Gy and exposed to irradiation at the same 
dose after the HVC pharmacological correction. These 
rats demonstrated swimming time significantly less 
by more than 2 times compared with the same control 
index (p<0.05) and by 32% compared with the same 
index in non-irradiated rat pups born parents once 
irradiated at a dose of 1.0 Gy.

Fig. 1. Changes of forced swim-
ming time of 1-month-old rats 
born from animals irradiated with 
different doses and exposed to 
radiation at a dose of 1.0 Gy as s 
result of hormone-vitamin com-
plex influence.
Notes: * – p<0.05 – studied 
indexes significant differences 
compared with the same in intact 
rat pups; # – p<0.05 – studied 
indexes significant differences 
compared with the same before 
pharmacological correction.
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DISCUSSION
Thus, the obtained results testify the expressed changes 
in muscle tissue functioning in an irradiated person, 
which was expressed by the dysfunction of biochem-
ical reactions aimed at synthetic energy processes, 
and by the macroergic compounds level depletion 
together with physical performance minimization, 
which, in a systemic analysis, illuminates pathogenetic 
mechanisms intended to destructive, degenerative and 
necrotic directions, the result of which should be a regu-
latory “breakdown”, systemic-anti-systemic dysfunction 
and/or energetic exhaustion, the comorbid pathology 
burden and the death of the organism [6]. 

It has been proven that HVC introduction for the 
muscle tissue metabolic disorders correction in irra-
diated animals and their descendants improved the 
muscle energy resources due to glycolytic substrate 
phosphorylation enhancement and due to tricarbox-
ylic acids cycle oxidative potential strengthening on at 
the stage of MDG action and on the stage catalyzed by 
succinatedehydrogenase. Our results are confirmed by 
a significant array of actual data concerning the physical 
performance increase in the studied rats. 

We specially organized such a method of post-
radiation lesions complex pharmacological correction 
to prevent the development of providing tissues 
with macroergic compounds, anaerobic processes 
strengthening, metabolic acidosis, weakening of both 
substrate phosphorylation and tricarboxylic acids 
cycle as well as cellular genetic apparatus damage cells 
and strengthening the normalization of regeneration 
processes [5]. We had already optimistic results of HVC 
using in animals and their descendants, which proved 
the energy supply processes restoration in irradiated 
rats [8].

We consider important to provide the experimental 
study of muscle tissue dysfunction not only and not so 
much in irradiated animals, but in their descendants, 
which has the adequate clinical validity (the second 
generation is living after the accident at Chernobyl 
nuclear power plant) and provides an opportunity to 
investigate thoroughly the pathophysiological mecha-
nisms of radiation-induced morphological, functional, 
biochemical and regulatory violations, and also allows 
to comprehensively study the possibilities of rehabili-
tation effects and establish its efficacy.

We achieved positive results in the case of a full-
fledged pharmacological correction of the formed 
energetic disorders, which should be the background of 
a complete rehabilitation scheme for the specified con-
tingent of victims, taking into account the multimodal 
concept of health restoration of military personnel 
adopted by the medical service of the Military Forces of 

Ukraine [13]. It is important to understand and be able 
to change dynamically the composition of the complex 
pharmacological therapy of radiation-induced func-
tional disorders depending on the clinical condition 
of the patients. This is possible in case of a clear under-
standing the original scheme of pharmacocorrection 
mechanisms of action. It’s important to understand 
that under the specified pathological conditions, the 
activation of the reverse NAD-dependent MDH occurs 
in the cytoplasm and in the mitochondria of muscle 
tissue, as well as the predominance of the reverse NA-
DP-dependent MDH reaction. Reduced forms of NADH+ 
accumulate in the tissues, which induces the acidosis 
and creates conditions for competition between aero-
bic and anaerobic processes, where anaerobic reactions 
have an advantage. The formation of pronounced 
epigenetic changes induced by ionizing radiation has 
also been shown, as a result of which the ATP content 
decreases due to (a) the delay in the processes of adenyl 
system phosphorylation from its dephosphorylation, (b) 
an increase in the methylated ATP derivatives content 
and (c) this metabolite increased degradation, which 
will definitely lead to a change in physical performance 
of an organism [14].

The original treatment scheme includes drugs with 
antioxidant properties - multivitamin complexes, which 
additionally strengthen the whole organism resistance 
to the negative impact of adverse environmental fac-
tors [15]. The HVC ensures the coherence of metabolic 
processes in the body, resistance to the influence of 
extreme environmental factors, and the ability to adapt 
the regulatory systems of the body [16]. We believe 
that this is important in the processes of utilization and 
resynthesis of metabolites of a carbohydrate nature, 
which are under complex and multi-stage hormonal 
and vitamin control, in which the hormones of the 
pancreas and adrenal glands play a leading role, sup-
porting the metabolism and the functional activity of 
the bodies vital systems [6, 17].

We consider our idea, consisting in the above-men-
tioned pharmacological compounds combined use to 
test their efficacy in the irradiated animals’ descendents 
as an experimental basis for the reasonability of the 
original scheme radioprotective effects testing during 
the physiotherapeutic treatment of persons exposed 
to ionizing radiation.

CONCLUSIONS
1.	� The data obtained testify the expressed changes in 

muscle tissue functioning in an irradiated person, 
who was expressed by the dysfunction of biochem-
ical reactions aimed at synthetic energy processes, 
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ment of tissues providing with macroergic compounds, 
anaerobic processes strengthening, metabolic acidosis, 
weakening of both substrate phosphorylation and 
tricarboxylic acids cycle as well as cellular genetic 
apparatus damage cells and strengthening the nor-
malization of regeneration processes. 

4.	� The original scheme of ionizing radiation-induced 
energetic disorders pharmacological corrections in 
the irradiated animals descendents we consider as 
an experimental basis for the reasonability of these 
compound radioprotective effects testing during 
the physiotherapeutic treatment of persons exposed 
to ionizing radiation.

and by the macroergic compounds level depletion 
together with physical performance minimization.

2.	� The hormone-vitamin complex introduction in ir-
radiated animals and their descendants improved 
the muscle energy resources due to glycolytic 
substrate phosphorylation enhancement and due 
to tricarboxylic acids cycle oxidative potential 
strengthening on at the stage of MDG action and on 
the stage catalyzed by succinatedehydrogenase. We 
registered also the physical performance increase in 
the studied rats.

3.	� Original scheme of post-radiation lesions complex 
pharmacological correction prevented the develop-
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