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INTRODUCTION
Ionising radiation sources which fail to comply with safety 
rules in various industrial sectors, and those applied in 
medicine for irradiating patients with the purpose of di-
agnosis or therapy as well, can cause systemic functional 
disorders or local radiation injuries in the human body [1]. 
The severity of radiation injuries depends on the absorbed 
dose of ionizing radiation and grows with its increase [2].

Local radiation damage means complex morphological 
and functional changes in tissues that result from the ionizing 
radiation exposure to a relatively small area of the body [3]. 
Common local radiation injuries include lesions of the skin and 
underlying tissues, which, as a rule, appear as an undesirable 
effect or complication resulting from radiation therapy. The 
medical community has been focusing on these radiation-in-
duced injuries for many years [3] searching for optimal, effective 
preventive, therapeutic and diagnostic strategies [4]. Radiation 
injuries of the skin and underlying soft tissues are known to 
develop in 95 % of patients receiving radiation therapy [5].

Radiation-induced skin injures are often assessed as acute 
and chronic and classified on a scale of 1-4 on the basis 
of the Common Terminology Criteria for Adverse Events 
v3.0. Grade 1 changes include dry desquamation with gen-
eralized erythema. Grade 2 changes include brisk erythema 
or patchy moist desquamation. When the cumulative ra-
diation dose reaches 40 Gy or higher, moist desquamation 
occurs at the folds of the skin. Grade 3 changes include 
extensive moist desquamation outside of the skin folds. 
Grade 4 changes include ulcers, bleeding and skin necrosis. 
The chronic radiation-induced reactions include chronic 
ulcerations and wounds, fibrosis, telangiectasias, secondary 
skin cancers and radiation-induced keratoses [4]. Among 
the local radiation injuries to the skin and underlying soft 
tissues, as reported by many authors, non-healing radiation 
ulcers are the most frequent [6].

Recently, much attention is being focused on the study of 
the contribution of nitric oxide (NO), which is one of the 
important regulators of the human body activity, consid-
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ABSTRACT
The aim: To follow-up nitric oxide content values in rat serum at the development of Staphylococcus aureus infected radiation skin injuries and their photodynamic therapy. 
Materials and methods: Eighty WAG male rats were studied in an experiment. Four groups were identified for evaluation. Group 1 included unaffected intact rats (n=20). 
Group 2 involved rats (n=20) with a modeled radiation-induced ulcer of the skin. The rats (n=20) with a modeled radiation-induced skin ulcer followed by infecting with 
Staphylococcus aureus were referred to group 3. Group 4 included rats (n=20) with Staphylococcus aureus infected radiation skin ulcer exposed to photodynamic therapy. Rats 
of groups 1-4 were sampled for biochemical blood examination on days 7, 14, 21, 30 and 45. Total nitric oxide metabolites (nitrites and nitrates) were measured according to 
V.A. Metelskaya et al. method.
Results: Infectious agent (Staphylococcus aureus) present in skin ulcer impairs nitric oxide metabolism in rat blood serum that manifested in decreased total nitric oxide metabolites 
content on day 7, followed by its increase within days 14 to 45. While photodynamic therapy exposed on the Staphylococcus aureus infected radiation skin ulcer, total nitric oxide 
metabolites in blood serum had increased by day 7, but days 14 to 45 level was compliant with physiological norm.
Conclusions: Infecting radiation skin ulcers with Staphylococcus aureus causes impaired nitric oxide metabolism, while photodynamic therapy helps to normalize the metabolism 
of the above-mentioned chemical compound that can improve healing of radiation skin ulcers.
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ering its wide range of diverse functions [7, 8]. NO plays 
a critical role in all phases of wound healing [9].

Endothelial NO provides adequate vasodilation, an-
ti-aggregatory activity, stimulates angiogenesis, modulates 
the cytokine cascade, and activates cell proliferation. NO 
acts as a chemotactic factor for fibroblasts, that results 
in collagenogenesis activation. Besides, NO exhibits an 
antimicrobial effect, activating phagocytosis, inhibits the 
development of radical oxidative reactions, and accelerates 
wound epithelization [10, 11].

Large amounts of NO formed in the wound under the 
influence of inducible NO-synthase can bind to free oxygen 
radicals and yield cytotoxic peroxynitrite. The latter, in its 
turn, suppresses the activity of mitochondrial enzymes, 
causes energy destabilization, alteration and mutation of 
cellular elements and the development of hemodynamic 
disturbances, which, as a result, worsen wound healing 
[10].

Our previous experimental studies have demonstrated 
that radiation skin ulcers are accompanied by an increased 
content of stable NO metabolites in serum [12].

Exposure to ionizing radiation is known to result in the 
altered microbial landscape of integument and its coloni-
zation by various infectious agents, including Staphylo-
coccus aureus [13]. In the available national and foreign 
literature, we identified no studies aimed at investigation 
of NO metabolism features revealed in the development 
of either radiation-induced skin ulcers infected with 
Staphylococcus aureus or skin radiation ulcers infected 
with Staphylococcus aureus under the influence of photody-
namic therapy, which, as it has been shown by our previous 
studies, is effective in wound healing [14].

THE AIM
The aim of the study was to follow-up the values of NO 
content in rat serum with the development of the Staphy-
lococcus aureus infected radiation-induced skin ulcers and 
their photodynamic therapy.

MATERIALS AND METHODS
The study was approved by the Ethics Commission of State 
Organization «Grygoriev Institute for Medical Radiology 
and Oncology of the National Academy of Medical Scienc-
es of Ukraine». Eighty WAG male rats weighing 180-200 
gram were studied in an experiment. For evaluation, we 
divided the animals into four groups. Group 1 included 
intact rats (n=20), unaffected by any exposure. Group 2 
involved rats (n=20) with a modeled radiation-induced 
ulcer of the skin. The rats (n=20) with a modeled radi-
ation-induced skin ulcer followed by its infection with 
Staphylococcus aureus were referred to group 3. Group 4 
included rats (n=20) with Staphylococcus aureus infected 
radiation skin ulcer exposed to photodynamic therapy. 

In groups 2-4, a radiation ulcer was obtained by local 
irradiation of a skin site on the external surface of the 
rat thigh at a dose of 85.0 Gy using the TUR-60 X-ray 

apparatus (Germany). The X-rays were generated under 
the voltage of 50 kV, anode current of 10 mA, aluminium 
filter with a thickness of 0.6 mm, effective energy of 18 keV.

In groups 3 and 4, on day 7 after local irradiation of 
the outer area of the rat thigh, with the appearance of 
the first signs of radiation ulcer, it was infected with a 
Staphylococcus aureus (ATCC 25923) bacterial strain.

Photodynamic therapy in group 4 was performed 24 
hours after infection, with red light emitted using Bar-
va-LED/630 (Ukraine). The photon radiation power was 
of 25 mW, the wavelength of 630-650 nm, the exposure 
time of 30 min, and the energy dose per session was 45 J/
cm2. Methylene blue 1.0% aqueous solution was used as a 
photosensitizer.

Blood sampling in rats of all groups for biochemical 
studies was performed on days 7, 14, 21, 30 and 45. The 
content of total NO metabolites (nitrites and nitrates) was 
determined using V. A. Metelskaya et al. method [15]. 

Statistical analysis of the numerical values obtained in 
groups was performed using the software package STATIS-
TICA 10.0. The average values of the parameters in groups 
were compared using parametric and nonparametric 
methods. The significance of the differences between the 
average values of the parameters in the groups was taken 
at a significance level of p<0.05. 

RESULTS AND DISCUSSION
NO is known to be an unstable and short-living compound; 
therefore, many scientists suggest to assess its level in tis-
sues by the content of stable nitrogen metabolites, such as 
nitrates and nitrites [15].

When analyzing the data obtained (table 1, fig. 1), we 
observed that in group 2, compared to group 1, no changes 
(p>0.05) in the level of NO metabolites were registered on day 
7, but this value increased (p<0.05) dramatically (on average 
by 49.2%) from day 14 to day 45, and the maximum value of 
this parameter was seen on day 45. In our previous studies 
[12] we also revealed an increase of NO content in blood 
serum during the development of radiation ulcers of the skin. 

In group 3, compared to group 1, the level of NO me-
tabolites on day 7 decreased significantly (p<0.05) by 
20.8%, and from day 14 to 45 it increased dramatically 
(p<0.05), on average by 58.3% (table 1, fig. 1). In group 4, 
versus group 1, the value of NO metabolites on day 7 was 
significantly (p<0.05) higher (by 39.7%), and from day 14 
to day 45 no significant changes (p>0.05) were registered 
(table 1, fig. 1).

The revealed excessive production of NO metabolites in 
groups 2 and 3 from day 14 to day 45, in group 4 on day 7 
may be due to an increase in the number of NO-producing 
cells (leukocytes, macrophages etc.) in the pathological 
site and activation of their morphofunctional conditions, 
which is a response to alteration due to the exposure to 
radiation (in groups 2-4) and an infectious agent present (in 
groups 3 and 4) with the subsequent death of these cellular 
elements and the release of a great amount of biologically 
active substances including NO.
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An infectious agent present in the skin radiation ulcer sig-
nificantly changes the features of NO production, as evidenced 
by a comparative analysis of the NO metabolite level in group 3 
compared with group 2 (table 1). Thus, Staphylococcus aureus 
present in radiation-induced ulcer of the skin caused the death 
of NO-producing cells on day 7, manifested by a decreased 
(p<0.05) NO metabolite level, and from day 14 to day 30 
it resulted in an increased number of these cell elements, 
which was manifested by an increased (p<0.05) level of NO 
metabolites focused on the rapid, complete elimination of the 
infectious agent from the affected site. On day 45, in group 3, 
compared with group 2, the level of NO metabolites in animal 
blood serum was significantly (p<0.05) lower.

Excessive production of NO metabolites in groups 2 and 
3 can be formed under the influence of both endothelial 
NO-synthase and inducible NO-synthase, having either 
positive or negative values. It is known that prolonged 
increase of NO level results in a significant deterioration 
in the overall free radical status in the body, contributes 

to the formation of peroxynitrite, which is an extremely 
aggressive radical that can damage the cellular DNA, cause 
mutations and death of microbes, and the cellular elements 
of radiation ulcers as well, that in its turn complicates and 
inhibits regenerative processes in the affected site [16].

While the photodynamic therapy, the level of NO metab-
olites on day 7 in group 4 increased compared to group 3 
value (p<0.05), that indicated a pronounced antimicrobial 
effect, and decreased for the period from day 7 to day 
45 (p<0.05) (table 1). Thus, photodynamic therapy aids 
normalizing of NO metabolism, which, combined with 
its other positive effects described earlier in our studies 
and the works of other scientists [12], will stimulate and 
activate the healing processes of radiation ulcers.

CONCLUSIONS
1.  The presence of an infectious agent (Staphylococcus aureus) 

in the skin ulcer causes disordered nitric oxide metabolism 

Table 1. The content of NO metabolites (µmol/L) in groups 1-4

Group
Observation period, day

7 14 21 30 45

1 44.8±2.1

2 45.9±2.4
p1>0.05

61.9±3.7
p1<0.05

61.8±2.6
p1<0.05

65.3±4.9
p1<0.05

78.4±1.5
p1<0.05

3
35.5±2.0
p1<0.05
p2<0.05

80.4±1.2
p1<0.05
p2<0.05

74.5±1.0
p1<0.05
p2<0.05

71.8±4.5
p1<0.05
p2<0.05

56.8±5.2
p1<0.05
p2<0.05

4

62.6±3.5
p1<0.05
p2<0.05
p3<0.05

41.8±1.7
p1>0.05
p2<0.05
p3<0.05

45.7±0.7
p1>0.05
p2<0.05
p3<0.05

46.8±3.1
p1>0.05
p2<0.05
p3<0.05

42.7±2.2
p1>0.05
p2<0.05
p3<0.05

Note: р1 – the significance of the differences compared to the value of group 1; р2 – the significance of the differences compared to the value of group 2; 
р3 – the significance of the differences compared to the value of group 3.

Fig.1. The per cent change 
in the blood serum content 
of NO metabolites in rats of 
groups 2-4 compared to the 
physiological norm (group 1 
value).
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in blood serum of rats that is manifested on day 7 by a 
decreased content of nitric oxide total metabolites with 
its subsequent increase for the period from day 14 to 45.

2.  During the photodynamic therapy exposed to a 
Staphylococcus aureus infected skin radiation ulcer, the con-
tent of total nitric oxide metabolites in blood serum increased 
by day 7, and from day 14 to day 45 it corresponded to the 
physiological norm.

3.  Normalizing of nitric oxide metabolism registered while 
the photodynamic therapy can contribute to the improve-
ment of the healing processes of skin radiation ulcers.

Promising further research is a morphological study aiming to 
describe the features of the morphological and functional state 
of radiation-induced skin ulcers infected with Staphylococcus 
aureus under exposure to photodynamic therapy.
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