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Relevance. Macrophages exist in the wound in several phenotypic states, and the effect of these cells on intercellular co-operation
at each stage of tissue repair depends on their specific phenotype. Depending on the microenvironment, they can quickly change their
functional phenotype from proinflammatory M1 to anti-inflammatory M2, and vice versa. However, the effect of the functional
phenotype of macrophages on cellular metabolism is not unilateral, the change in the features of metabolism, especially energy, also
significantly affects the phenotype of cells.

Objective. The aim of this work is to analyze the oxidoreductases activity of neutrophils, macrophages and fibroblasts in the
connective tissue of the white rats skin under conditions of local thermal damage when there is a carbohydrate metabolism violation
to predict the efficiency of the tissue regeneration during the repair process.

Material and methods. There were carried out the histochemical and pathomorphological  researches of the skin burn wound
healing dynamic (3, 7, 14, 21 days) of the white mature male rats (Wistar line) with the weight of 180-210g without somatic
pathology (control group, n=28) and with stable uncorrected hyperglycemia modeled by streptozotocin (n=28). It has been carried out
the histochemical study of oxidoreductase enzymes activity on the cryostat sections (10 ìm thickness): succinate dehydrogenase
(SDH), lactate dehydrogenase (LDH), NADH- dehydrogenase (NADH-DH). The histochemical index of the oxidoreductase enzymes
activity was being calculated by the semi-quantitative method.

Results. The study of the cells’ quantitative changes in the connective tissue regenerate and the reactions of energy metabolism
against the background of hyperglycemia has some features. The consistency of the connective tissue infiltration by the leukocytes
of different types during reparative regeneration after burn injury was being happened in a classical scenario with a quantitative
predominance of cells in a group of animals without somatic pathology that points to the reduction of blood reactivity under
conditions of glycemia. In the dynamics of the healing process the change of the LDH and NADH-DH activity in the macrophages
and fibroblasts had a tendency to increase on the 7th and 14th days of the experiment and differed significantly during observation
from the parameters in the 3d day (p<0,05). The most exemplary for study of the dynamics of the oxidation-reduction enzymes
activity in the cells of the regenerate was the ratio of SDH/LDH. Comparing the data of the control group of animals and under
conditions of hyperglycemia the most expressed and multidirectional changes of the oxidation-reduction enzymes’ activity occurred
in macrophages in the different phases of the reparative process.

Conclusions. We believe that such differences can indirectly indicate the untimely change of the macrophages’ functional
phenotype during restorative processes in the tissues. So as the macrophages are the “main conductor” of intercellular relationships
it is suggested that this mechanism may be one of the reasons for the ineffective wound healing under diabetes mellitus.

Key words: cells reactions of connective tissue, burn injury, stable uncorrected hyperglycemia, phenotype of macrophages,
enzymes of tissue oxidation.
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Relevance. Normally the wound process occurs in
three phases: inflammation, proliferation-epithelization
(formation of the granulation tissue), contraction
(remodeling) [17]. The first polymorphonuclear
leukocytes appear in the wound in a few minutes after
injury peaking in 24-48 hours and then their number is
gradually decreased but even in the later stages of the
healing they are found in the inflammatory infiltrate
(Fig. 1). The both leukocytes and inflammatory
mediators activate the complement system, interact
with kallikrein-kinin system, blood coagulation and
fibrinolysis systems [1, 5, 8]. A partial lysis of the
blood clot, foreign bodies, bacterial microflora occurs

with the participation of neutrophils and proteolytic
enzymes of macrophages. The monocytes/macrophages
interact with the intercellular matrix and other cell
populations by the mediators [8, 17, 21]. Through the
integrin receptors the macrophages bind to extracellular
matrix components activating phagocytosis [1, 9]. In 2
days after the injury under the growth factors influence
the epithelial cells located at the wound edges begin to
actively proliferate, migrate, fix on the newly formed
basal membrane forming normal structural bonds with
it and the dermis. At the same time the process of
degradation and remodeling of the extracellular matrix
takes place that facilitates re-epithelialization and plays



4 ISSN 2664-472Õ. å ISSN 2664-4738.  Medical science of Ukraine / Ìåäè÷íà íàóêà Óêðà¿íè, 2018, Vol. 14, ¹ 1–2

a key role in the transition process from the granulation
tissue into a scar [13]. The complex interaction of
different cells, mediators and extracellular matrix
components leads to wound contraction. The
fibroblasts acquire a phenotype of myofibroblasts from
the 7th to the 14th day of the wound process that
indicates the formation of the full connective tissue [3].

Many studies showed that tissue-resident
macrophages play a key role in the tissue repair [1, 4,
21]. In the wound the macrophages are present in the
different functional phenotypes that determine their
participation in the intercellular cooperation of each
stage of the tissue repair. Among cells of the immune
system the macrophages are the most plastic [18].
Depending on the microenvironment they can quickly
change their functional phenotype from the
proinflammatory (M1) to the anti-inflammatory (M2)
and vice versa that is the macrophages reprogramming
[9, 20, 21]. The phenomenon of the macrophages
reprogramming determines the efficiency of the
regeneration process of the damaged tissues. For
example the anti-inflammatory phenotype of the
macrophages promotes a complete restoration of the
structure and function of the damaged tissue. On the
contrary the macrophages with the proinflammatory
phenotypes through the production of TGF repress the
realization of a full regeneration effect in the tissues
resulting in a scarring and fibrosis (Figure 2) [21].
Hyperglycemia leads to proteins glycation including
hemoglobin, collagen that stimulates fibrogenesis [6, 7,
12]. The reprogramming of macrophages leads to both
a change of the functional properties and metabolism of
these cells. On the other hand a change of the
macrophages metabolism, first of all energy, signifi-
cantly affects the phenotype of these cells too [6].

The aim of this work is to analyze the
oxidoreductases activity of neutrophils, macrophages
and fibroblasts in the connective tissue of the white rats
skin under conditions of local thermal damage when
there is a carbohydrate metabolism violation to predict
the efficiency of the tissue regeneration during the
repair process.

MATERIAL AND METHODS

There were carried out the histochemical and
pathomorphological researches of the skin burn wound
healing dynamics of the white mature male rats (Wistar
line) with the weight of 180-210g without somatic
pathology (control group, n=28) and with stable
uncorrected hyperglycemia (n=28).

The model of the stable uncorrected hyperglycemia
was reproduced by the intraperitoneal injection of
streptozotocin into rats once (50 mg/kg) that was
previously dissolved in 0,1 M citrate buffer (pH 4.5).
An experiment duration was 1 month. As a control of
the hyperglycemia development there was the blood

 
Fig.1. The pattern of leukocyte infiltration into wound

(Koh and DiPietro, 2013 [9]).

Fig. 2. Interaction of the different macrophages
phenotypes with the lymphocytes through the cytokines
and macrophages mediators in the implementation of the

fibrosis mechanism (Wynn and Vannella, 2016, [21]).

glucose level - 24,24 ± 0,79 mmol/l, in the control
group 8,03 ± 0,4 mmol/l.

For experimental modeling of the burn on the eve
the rectangular area of the rats trunk skin was exposed
to simulate a burn under the ketamine anesthesia (75
mg/kg) [10]. Two copper plates with the ellipse form
were held at 100°C for 10 min and placed
simultaneously symmetrically on the both exposed
parts of the rats body with an exposure time of 10 s.
The total area of skin burn was 18-20% of the body
surface that is quite sufficient for the formation of the
second-degree burns (according to the old classification
there is the third A degree). On the 3d, 7th, 14th, 21st
days the rats were intraperitoneal administered once a
lethal dose of thiopental sodium and removed from the
experiment by the decapitation.

For the pathomorphological and histochemical
studies the skin flaps were taken from the lateral parts
of the body. The conventional methods of the
pathomorphological analysis were used. The material
was fixed in 10% neutral formalin, conducted through a
battery of alcohols with an ascending concentration
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(70, 80, 96I, 96II, 96II, 100°), alcohol-chloroform,
chloroform, chloroform-paraffin (at 37°C), paraffin (at
57°C) and poured in paraffin wax. The serial paraffin
sections (7 ìm thickness) were stained with hematoxylin
and eosin, and van Gieson staining. The content of
fibroblasts, macrophages and neutrophils (arbitrary
units) was calculated on an area of 130x130 ìm of the
histological section where each cell type was counted in
20 fields of the vision followed by dividing the number
of each cell type by the number of vision fields.

The histochemical studies of the oxidoreductases
activity were carried out by the cryostat sections (10 ìm),
namely, succinate dehydrogenase, SDH (by the method of
Nachlas et al., 1957), lactate dehydrogenase, LDH (by the
method of Hess, Scarpelli and Pierce, 1960), NADH-
dehydrogenases, NADH-DÍ (by the method of Farber et
al., 1956) - based on registration of the diformasan
granules that are formed during the reduction of
tetrazolium salts. The histochemical index of
oxidoreductases activity was calculated by the semi-
quantitative method according to the principle of Astaldi
(Astaldi et al., 1965) based on detection of the specific
staining of the different intensity of the final product of
reaction (diformasan) in the 100 cells cytoplasm of a
certain type. The staining intensity was assessed as: weakly
positive reaction (+), positive reaction (++), sharply positive
reaction (+++). The average histochemical index (AHI) of
enzyme activity (arbitrary units) was calculated by the
Kaplow formula (1979) modified by Astaldi and Verga:
AHI=(1à+2b+3c)/100, where the numbers (1, 2, 3) are
staining intensity; letters (à, b, c) are amount of counted
cells with a certain staining intensity.

The data analysis was performed by the variational
statistics methods using the t Student’s test. If the p-
value was less than 0,05 the results were considered
statistically significant.

RESULTS AND DISCUSSIONS

The results of our previous studies [10] showed that
animals of all groups in the first 3 days after burn had

necrotic changes in the epidermis, hair follicles, dermis
edema. The stasis and thrombosis were developed in
the vessels of hemomicrocyrculatory channel. In the
control group of the animals the burn wound infliction
has led to the development of a young granulation
tissue rich in neutrophilic granulocytes at the bottom of
the wound during the first 3 days of the observation. In
3 days of the experiment a large number of the cellular
elements has accumulated in the edges and bottom of
the wound that form a full granulation tissue by the 7th
day. On the 14th day of observation there was a
significant amount of collagen fibers the density of
which has increased from the surface to the deep layers.
The regeneration of the epidermis occured
simultaneously with the connective tissue regeneration.
The assessment of migratory processes into connective
tissue of the skin (Fig. 3, a) revealed the maximum
content of the neutrophils on the 3d day (68,8 ± 3,0)
with a gradual decrease to 55,4 ± 3,6 (p<0,05) by the
7th day, to 30,0 ± 2,5 (p<0,05) by the 14th day and on
the 21st day 12,8 ± 0,3 (p<0,05). The migration of the
macrophages into wound tissue had a different
dynamics (Fig. 3, b). On the 3d day of observation the
content of the cells was 66,5 ± 2,5 then it has reached
the maximum value in the tissue (68,5 ± 2,8) by the 7th
day decreasing to 51,2 ± 1,7 by the 14th day and to
16,9 ± 0,3 by the 21st day (p<0,05). There was
maximal content of fibroblasts (60,2 ± 2,8) in the
connective tissue of control group animals on the 7th
day of wound process current (Fig. 3, c) that is greater
3,6 times than at the beginning of regeneration on the
3d day of experiment. On the 14th and 21st days of the
observation the content of fibroblasts in the regenerate
connective tissue has decreased to 53,5 ± 1,7 and to
34,7 ± 1,4 (p<0,05) respectively.

Thus during the entire period of wound healing the
content of the neutrophils has gradually decreased in
the newly formed connective tissue but content of the
macrophages and fibroblasts has increased by the 7th
day decreasing in the following days of observation in
the control group of animals.

Fig. 3. Content of neutrophilic granulocytes (a), macrophages (b) and fibroblasts (c) (arbitrary units) in the connective
tissue regenerate of the derma during the dynamics of the burn wound skin in the rats without somatic pathology – control

group (solid line) and with a model of the stable uncorrected hyperglycemia (dotted line), (Ì±m; p). * - p<0,05 in the
dynamics of observation in the control group of rats,  @ - p <0,05 in the dynamics of the observation in the group of rats

with hyperglycemia, ** - p <0,05 in comparison between groups of rats.

THE DYNAMIC OF THE ENERGY METABOLISM OF THE CELLS OF WHITE RATS SKIN CONNECTIVE
TISSUE UNDER CONDITIONS OF THE BURN INJURY AND HYPERGLYCEMIA
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The comparative analysis of the healing dynamics
of the burn wound of the rats skin with a model of the
stable uncorrected hyperglycemia in comparison with
the control studies showed some features of the
restoration of injured tissue. In the regenerate there are
thin collagen fibers in a smaller amount than in the
control group. The granulation tissue that was formed
in the wound up to 7th day of the experiment was
thinner than in the control group of the animals, it
contains less blood vessels (with a smaller diameter),
fibroblasts, macrophages and neutrophils. The number
of the neutrophils in the wound (Fig. 3, a) was less than
in the control group on the 3d day of the observation
(60,8+3,2) and gradually decreased to the 21st day (the
7th day - 46,7±2,4; the 14th day – 26,8±1,6; the 21st
day – 20,8±0,1, p<0,05)) but it remained 1,6 times
more compared to the control group (p<0,05) by the
end of the experiment. Similar changes were observed
in the dynamics of the macrophages content in the
regenerate of the rats with the hyperglycaemia (the 7th
day – 56,6 ± 2,3; the 14th day – 45,3 ± 2,5; and the 21st
day – 26,0 ± 0,3, p<0,05, Fig. 3, b) but their number
was more 1,4 times than in the control group by the end
of the study. The dynamics of the fibroblasts content in
the regenerate of the rats with the hyperglycemia (Fig.
3, c) was similar to the control group. The differences
between groups were significant (p<0,05) on the 7th
and 14th days of the observation when the fibroblasts
content reached a maximum value, namely, 50,4 ± 2,2
and 46,7 ± 1,8 respectively compared with 15,0±0,5 on
the 3d day. On the 21st day of observation the
fibroblasts content decreased to a level of 33,0 ± 1,5.

The preliminary histochemical study of the enzymes
activity in the cellular elements (fibroblasts,
macrophages, neutrophil granulocytes) of the
granulation tissue [10] of the control group animals
showed that AHI of SDH and NADH-DH activity had a
tendency to reduce in all cellular elements but AHI of
LDH and NADH-DH activity in macrophages and
fibroblasts has increased on the 7th and 14th days of
the experiment and significantly differed from those in
the 3d day of the observation (p<0,05). When there was
both burn wound of the skin and stable uncorrected
hyperglycemia a number of diformasan granules in the
cytoplasm of fibroblasts, neutrophils, macrophages has
increased upon detection of activity of all
oxidoreductases except of LDH whose AHI of enzyme
activity had a tendency to decrease in neutrophils. In
the dynamics of changes of AHI of enzyme activity the
statistically significant differences (p<0,05) were
registered only for LDH and NADH-DH in the
macrophages and fibroblasts of rats skin regenerate
with the stable uncorrected hyperglycemia.

Thus the results of oxidoreductases activity in the
cells of regenerate of both experimental groups animals
showed mainly a slight variation of these parameters
and taking into account the method of enzymatic

activity evaluation we can interpret the absolute data as
a tendency to increase or decrease of enzyme activity in
the dynamics of observation. Therefore we analyzed
the ratio of AHI of SDH and LDH activity (SDH/LDH)
in the cells of connective tissue regenerate in dynamics
(Fig. 4).

Almost all values of SDH/LDH ratio were<1 that
can indicate the predominance of glycolytic pathway
energy synthesis. According to the literature the
transition to a fast way of energy obtaining - anaerobic
oxidation with accumulation of lactate - is inherent in
actively proliferating cells and it takes place during the
reparative regeneration [2, 15, 19]. The oxygen
deficiency in the tissues causes the accumulation of
pyruvate and nicotinamide coenzymes in the cells that
are converted into lactate and NAD under the action of
the LDH [19].

The comparative analysis (Fig. 4, a) showed that in
the group of the animals with hyperglycaemia the value
of SDH/LDH ratio in the neutrophils was lower the
same parameter in the group of the animals without
somatic pathology during all periods of the
observation. In the macrophages of connective tissue
regenerate of the animals group without somatic
pathology (Fig. 4, b) the value of SDH/LDH had a
relatively constant level during the period of 3-7 days
of the observation. On the14th day the value of this
parameter has changed due to an increase of SDH
activity followed by reduction of SDH/LDH value by
the 21st day of the experiment. Considering the fact
that the macrophages are present in the tissue for 20-21
days and this time we have found the decrease of the
macrophages content in the regenerate, it is likely, such
an oscillation of oxidoreductases activity there is a
feature of repair processes optimization. On the
background of hyperglycemia there was other
dynamics of the changes of SDH/LDH value in the
macrophages. Unlike the control group of the study the
SDH/LDH ratio had a minimal value on the 14th day
(p<0,05) with a subsequent increase to 1 by the 21st
day that indicates the same activity of enzymes in the
regenerate of this observation period. In the fibroblasts
of the skin regenerate of the animals without somatic
pathology the value of SDH/LDH was maximally
reduced by the 7th day and then it has gradually
increased to 21st day. Against the background of
hyperglycemia these processes were delayed in time,
exactly, the minimal value of SDH/LDH was fixed on
the 14th day.

Considering the fact that, firstly, we used the semi-
quantitative visual evaluation of enzyme activity and,
secondly, LDH is only one of the enzymes that is
activated during the substrate level phosphorylation in
the cytoplasm of the cells in the first stage of the
glucose oxidation [11]. Therefore we can only assume
or lactate will be accumulated in the cell under
conditions of the hypoxia deepening either cell will
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Fig.4. The value of SDH/LDH ratio in the neutrophilic
granulocytes (a), macrophages (b), fibroblasts (c) of the
connective tissue regenerate during the wound healing
in the rats without somatic pathology (solid line) and
with a model of the stable uncorrected hyperglycemia

(dotted line) (Ì±m; p). Notation as Fig. 3.

and the animals with the stable uncorrected
hyperglycemia in the dynamics of wound healing
allows us to think about the features of the functional
transformation of cells in the wound especially the
change in the macrophages phenotype.

Based on the literature data we believe that the
results of the study of the macrophage enzymes activity
can reflect the changes of their energy metabolism
associated with a change in the phenotype of these cells
during the wound healing. Nowdays the functional
plasticity of macrophages is actively discussed
depending on the changes in the environment they are
located. In the activated proinflammatory macrophages
(M1 phenotype) the expression of the NO synthase is
increased in the response to hypoxia. This enzyme
catalyzes the formation of the nitric oxide (NO) from
L-arginine [12, 13]. We assume that M1 macrophages
prevail in the wound for 3-7 days so as the formation of
the M1 phenotype is accompanied by the increase in
NO production that enhances the contribution of
glycolysis to ATP production [12].

On the 14th day of the wound process the value of
SDH/LDH varied due to an increase of SDH activity,
compared to the 7th day, that can indicate the
activation of aerobic process. According to our point of
view this period is characterized by the cells
differentiation and the conversion of the macrophages
phenotype from the M1 to the M2. This is known that
the creation of  the anti-inflammatory macrophages
pool (M2 phenotype), that takes part in the formation of
myofibroblasts and effective tissue regeneration, is
accompanied by the shift in the arginine metabolism
towards to activation of arginase-1 and the increase of
ATP synthesis due to mitochondrial oxidation [12, 13,
16]. On the 21st day of the wound process monitoring
the both content of macrophages in the regenerate and
oxidoreductases activity have decreased that probably
testifies to reparation process optimization.

The dynamics of enzymes activity against the
background of the stable uncorrected hyperglycemia
had other scenario. There was significant prevalence of
LDH activity in the macrophages on the 14th day that
can indicate the predominance of anaerobic process of
ATP synthesis over aerobic oxidation. We believe this
can characterize the presence of active proliferation of
M1 macrophages and their functional activation in the
wound that can be considered as one of the cell’s
mechanisms of the wound healing inhibition.

On the 21st day of the wound process against the
background of prolonged hyperglycemia there was an
increase of SDH activity in the macrophages to the
level of LDH that reflects the activation of
mitochondrial oxidation that is the change in the
metabolic conditions of the tissue regenerate [14]. So
as the change of the metabolism affects the
reprogramming of the macrophages functional
phenotype (conversion from the M1 to the M2

continue the way of ATP synthesis in the cycle of
tricarboxylic acids under conditions of intake of
sufficient oxygen that will be reflected by the increase
of SDH activity - mitochondrial oxidation enzyme.
However we believe that such an oscillation of SDH/
LDH ratio in the regenerate cells of the control group
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TISSUE UNDER CONDITIONS OF THE BURN INJURY AND HYPERGLYCEMIA
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phenotype) [12, 13] likely there will be predominance
of M2 macrophages in the wound this time. It is known
that the function of M2 macrophages is to remove the
toxic products from the environment due to the action
of their lytic enzymes. However the extra activity of
metalloproteinases and other lytic enzymes of the
macrophages on the products of the extracellular matrix
is inexpedient in this stage that leads to chronic
inflammation [9, 16, 21].

Thus the results of the study of the oxidoreductases
activity in the cells of the burn wound regenerate allows
to assume that the change of the macrophages functional
phenotype occurs not in time against the background of
the hyperglycemia. So as macrophages play an important
role in the intercellular interactions this mechanism can
be one of the causes of the impaired wound healing in
the diabetes mellitus. These assumptions require the
detailed studies of the specific cells’ markers and tissues
cytokines as mediators of the interaction between cells
that allows to get the confirmation of the hypothesis
about possible cellular mechanism of the wound healing
inhibition in the hyperglycemia.

CONCLUSIONS

The study of the quantitative changes of the cells in
the connective tissue regenerate and also the enzymes
activity of the energy metabolism in these cells against
the background of hyperglycemia had certain features.
The consistency of infiltration of the burn wound by
the different types of leukocytes during the reparative
regeneration occurred according to the classical
scenario with a quantitative predominance of the cells
in the group of animals without somatic pathology that
indicates the decrease of the blood reactivity in the
glycemia. In the dynamics of the enzymatic activity
changes there was an increase of the both LDH and
NADH-DH AHI in the macrophages and fibroblasts on
the 7th and 14th days that significantly differed from
those on the 3d day of experiment (p<0,05).

The most significant parameter for study of the
dynamics of the oxidoreductases activity in the cells of
the regenerate there was the SDH/LDH ratio. The
multidirectional changes of the SDH/LDH ratio took
place in the macrophages of the regenerate of the both
rats groups in the different phases of the repair process.
We believe that such differences can indirectly indicate
the changes in the functional phenotype of
macrophages during the wound healing.

Further we believe it will be expedient to study the
cell differentiation markers of the macrophages for a
clear understanding of the intercellular interactions in
the damage area against the background of the
hyperglycemia as a mediator of the fibrogenic signaling
pathways activation to clarify the pathogenesis of
disturbed remodeling of the tissues and the ways of its
elimination in the diabetes mellitus.

Êîíôë³êò ³íòåðåñ³â. Àâòîðè çàÿâëÿþòü, ùî íå
ìàþòü êîíôë³êòó ³íòåðåñ³â, ÿêèé ìîæå ñïðèéìàòèñÿ
òàêèì, ùî ìîæå çàâäàòè øêîäè íåóïåðåäæåíîñò³
ñòàòò³.

Äæåðåëà ô³íàíñóâàííÿ. Öÿ ñòàòòÿ íå îòðèìàëà
ô³íàíñîâî¿ ï³äòðèìêè â³ä äåðæàâíî¿, ãðîìàäñüêî¿
àáî êîìåðö³éíî¿ îðãàí³çàö³é.
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1Íàòðóñ Ë.Â., 1Âºðêî Í.Ï., 1Ðèæêî ².Ì., 2Ïàíîâà Ò.²., 2Îñàä÷óê Þ.Ñ.
1Íàóêîâî-äîñë³äíèé ³íñòèòóò åêñïåðèìåíòàëüíî¿ òà êë³í³÷íî¿ ìåäèöèíè ÍÌÓ ³ìåí³ Î.Î.Áîãîìîëüöÿ, Êè¿â,
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Àêòóàëüí³ñòü. Ìàêðîôàãè ³ñíóþòü ó ðàí³ â äåê³ëüêîõ ôåíîòèï³÷íèõ ñòàíàõ, ³ âïëèâ öèõ êë³òèí íà ì³æêë³òèííó êîîïåðà-
ö³þ êîæíîãî åòàïó òêàíèííî¿ ðåïàðàö³¿ çàëåæèòü â³ä ¿õ êîíêðåòíîãî ôåíîòèïó. Çàëåæíî â³ä ì³êðîîòî÷åííÿ, âîíè ìîæóòü
øâèäêî çì³íþâàòè ñâ³é ôóíêö³îíàëüíèé ôåíîòèï ç ïðîçàïàëüíîãî Ì1 íà ïðîòèçàïàëüíèé Ì2, ³ íàâïàêè. Îäíàê âïëèâ ôóíê-
ö³îíàëüíîãî ôåíîòèïó ìàêðîôàã³â íà êë³òèííèé ìåòàáîë³çì íå º îäíîñòîðîíí³ì, çì³íà îñîáëèâîñòåé ìåòàáîë³çìó, ïåðø çà âñå
åíåðãåòè÷íîãî, òàêîæ ³ñòîòíî âïëèâàº íà ôåíîòèï êë³òèí.

Ìåòîþ ðîáîòè áóëî ïðîàíàë³çóâàòè àêòèâí³ñòü îêèñíî-â³äíîâíèõ ôåðìåíò³â íåéòðîô³ë³â, ìàêðîôàã³â ³ ô³áðîáëàñò³â ñïî-
ëó÷íî¿ òêàíèíè øê³ðè á³ëèõ ùóð³â, ÿê³ ïðèéìàþòü ó÷àñòü â ïðîöåñàõ òêàíèííîãî äèõàííÿ çà ëîêàëüíîãî òåðì³÷íîãî óøêîä-
æåííÿ ïðè ïîðóøåíí³ âóãëåâîäíîãî îáì³íó â åêñïåðèìåíò³ äëÿ ïðîãíîçóâàííÿ åôåêòèâíîñò³ òêàíèííî¿ ðåãåíåðàö³¿ â õîä³
ðåïàðàö³éíîãî ïðîöåñó.

Ìàòåð³àëè òà ìåòîäè. Ïðîâåäåí³ ïàòîìîðôîëîã³÷í³ òà ã³ñòîõ³ì³÷í³ äîñë³äæåííÿ äèíàì³êè (3, 7, 14, 21 äîáà) ãîºííÿ îï³-
êîâî¿ ðàíè øê³ðè á³ëèõ ñòàòåâîçð³ëèõ ùóð³â-ñàìö³â ë³í³¿ Â³ñòàð ìàñîþ 180-210 ã áåç ñîìàòè÷íî¿ ïàòîëîã³¿ (êîíòðîëü) (n=28)
òà çà ñò³éêî¿ íå êîðåãîâàíî¿ ñòðåïòîçîòîöèí-³íäóêîâàíî¿ ã³ïåðãë³êåì³¿ (n=28). Íà êð³îñòàòíèõ çð³çàõ (10 ìêì) ïðîâîäèëè
ã³ñòîõ³ì³÷íå âèâ÷åííÿ àêòèâíîñò³ îêñèäîðåäóêòàç: ñóêöèíàòäåã³äðîãåíàçè (ÑÄÃ), ëàêòàòäåã³äðîãåíàçè (ËÄÃ), ÍÀÄÍ-äåã³äðî-
ãåíàçè (ÍÀÄÍ-ÄÃ). Ã³ñòîõ³ì³÷íèé ïîêàçíèê àêòèâíîñò³ ôåðìåíò³â îá÷èñëþâàëè íàï³âê³ëüê³ñíèì ìåòîäîì.

Ðåçóëüòàòè. Äîñë³äæåííÿ ê³ëüê³ñíèõ çì³í êë³òèí ó ñïîëó÷íîòêàíèííîìó ðåãåíåðàò³ òà ðåàêö³é åíåðãåòè÷íîãî ìåòàáîë³ç-
ìó íà òë³ ã³ïåðãë³êåì³¿ ìàº ðÿä îñîáëèâîñòåé. Ïîñë³äîâí³ñòü ³íô³ëüòðàö³¿ ñïîëó÷íî¿ òêàíèíè ð³çíèìè âèäàìè ëåéêîöèò³â ï³ä
÷àñ ðåïàðàòèâíî¿ ðåãåíåðàö³¿ ï³ñëÿ òåðì³÷íî¿ òðàâìè â³äáóâàëàñÿ çà êëàñè÷íèì ñöåíàð³ºì ç ê³ëüê³ñíèì ïåðåâàæàííÿì êë³òèí
ó ãðóï³ òâàðèí áåç ñîìàòè÷íî¿ ïàòîëîã³¿, ùî âêàçóº íà çìåíøåííÿ ðåàêòèâíîñò³ êðîâ³ çà óìîâ ãë³êåì³¿.

Ó äèíàì³ö³ ïåðåá³ãó çàãîºííÿ çì³íà àêòèâíîñò³ ËÄÃ ³ ÍÀÄÍ-ÄÃ â ìàêðîôàãàõ òà ô³áðîáëàñòàõ ìàëà òåíäåíö³þ äî ïîñè-
ëåííÿ íà 7 òà 14 äîáó åêñïåðèìåíòó ³  äîñòîâ³ðíî â³äð³çíÿëàñü ó õîä³ ñïîñòåðåæåííÿ â³ä ïîêàçíèê³â íà 3 äîáó (ð <0,05).

Íàéá³ëüø ïîêàçîâèì äëÿ âèâ÷åííÿ äèíàì³êè àêòèâíîñò³ îêèñíî-â³äíîâíèõ ôåðìåíò³â â êë³òèíàõ ðåãåíåðàòó âèÿâèëîñÿ
ñï³ââ³äíîøåííÿ ÑÄÃ/ËÄÃ. Ó ïîð³âíÿíí³ äàíèõ êîíòðîëüíî¿ ãðóïè òâàðèí òà çà óìîâ ã³ïåðãë³êåì³¿ íàéá³ëüø âèðàæåí³ ³ ð³çíîñ-
ïðÿìîâàí³ çì³íè àêòèâíîñò³ îêèñíî-â³äíîâíèõ ôåðìåíò³â â³äáóâàëèñÿ ó ìàêðîôàãàõ â ð³çí³ ôàçè ðåïàðàö³éíîãî ïðîöåñó.

Âèñíîâêè. Ìè ââàæàºìî, ùî òàê³ â³äì³ííîñò³ ìîæóòü îïîñåðåäêîâàíî âêàçóâàòè íà íåñâîº÷àñíó çì³íó ôóíêö³îíàëüíîãî
ôåíîòèïó ìàêðîôàã³â â õîä³ â³äíîâíèõ ïðîöåñ³â ó òêàíèíàõ. Îñê³ëüêè, ìàêðîôàãè º «ãîëîâíèì äèðèãåíòîì» ì³æêë³òèííèõ
âçàºìîâ³äíîñèí, ïðèïóñêàºòüñÿ, ùî öåé ìåõàí³çì ìîæå áóòè îäí³ºþ ç ïðè÷èí íååôåêòèâíîãî çàãîºííÿ ðàí ïðè öóêðîâîìó
ä³àáåò³.

Êëþ÷îâ³ ñëîâà: êë³òèíí³ ðåàêö³¿ ñïîëó÷íî¿ òêàíèíè, îï³êîâà òðàâìà, ñò³éêà íåêîðåãîâàíà ã³ïåðãë³êåì³ÿ, ôåíîòèï ìàêðî-
ôàã³â, ôåðìåíòè òêàíèííîãî îêèñíåííÿ.
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1Íàóêîâî-èññëåäîâàòåëüñêèé èíñòèòóò ýêñïåðèìåíòàëüíîé è êëèíè÷åñêîé ìåäèöèíû ÍÌÓ èìåíè Áîãîìîëüöà,
Êèåâ, Óêðàèíà

2Íàöèîíàëüíèé ìåäè÷èé óíèâåðñèòåò èìåíè Áîãîìîëüöà, Êèåâ, Óêðàèíà

Àêòóàëüíîñòü. Ìàêðîôàãè ñóùåñòâóþò â ðàíå â íåñêîëüêèõ ôåíîòèïè÷åñêèõ ñîñòîÿíèÿõ, è âëèÿíèå ýòèõ êëåòîê íà ìåæ-
êëåòî÷íóþ êîîïåðàöèþ êàæäîãî ýòàïà òêàíåâîé ðåïàðàöèè çàâèñèò îò èõ êîíêðåòíîãî ôåíîòèïà. Â çàâèñèìîñòè îò ìèêðîîê-
ðóæåíèÿ, îíè ìîãóò áûñòðî ìåíÿòü ñâîé ôóíêöèîíàëüíûé ôåíîòèï ñ ïðîâîñïàëèòåëüíîãî Ì1 íà ïðîòèâîâîñïàëèòåëüíûé Ì2,
è íàîáîðîò. Îäíàêî âëèÿíèå ôóíêöèîíàëüíîãî ôåíîòèïà ìàêðîôàãîâ íà êëåòî÷íûé ìåòàáîëèçì íå ÿâëÿåòñÿ îäíîñòîðîííèì,
èçìåíåíèå îñîáåííîñòåé ìåòàáîëèçìà, ïðåæäå âñåãî ýíåðãåòè÷åñêîãî, òàêæå ñóùåñòâåííî âëèÿåò íà ôåíîòèï êëåòîê.

Öåëüþ ðàáîòû áûëî ïðîàíàëèçèðîâàòü àêòèâíîñòü îêèñëèòåëüíî-âîññòàíîâèòåëüíûõ ôåðìåíòîâ íåéòðîôèëîâ, ìàêðîôà-
ãîâ è ôèáðîáëàñòîâ ñîåäèíèòåëüíîé òêàíè êîæè áåëûõ êðûñ, ó÷àñòâóþùèõ â ïðîöåññàõ òêàíåâîãî äûõàíèÿ ñ ëîêàëüíîãî òåð-
ìè÷åñêîãî ïîâðåæäåíèÿ ïðè íàðóøåíèè óãëåâîäíîãî îáìåíà â ýêñïåðèìåíòå äëÿ ïðîãíîçèðîâàíèÿ ýôôåêòèâíîñòè òêàíåâîé
ðåãåíåðàöèè â õîäå ðåïàðàöèîííîãî ïðîöåññà.

Ìàòåðèàëû è ìåòîäû. Ïðîâåäåííûå ïàòîìîðôîëîãè÷åñêèå è ãèñòîõèìè÷åñêèå èññëåäîâàíèÿ äèíàìèêè (3, 7, 14, 21 ñóò-
êè) çàæèâëåíèÿ îæîãîâîé ðàíû êîæè áåëûõ ïîëîâîçðåëûõ êðûñ-ñàìöîâ ëèíèè Âèñòàð ìàññîé 180-210 ã áåç ñîìàòè÷åñêîé
ïàòîëîãèè (êîíòðîëü) (n=28) è ïðè ñòîéêîé íå êîððåêòèðîâàííîé ñòðåïòîçîòîöèí- èíäóöèðîâàííîé ãèïåðãëèêåìèè (n=28). Íà
êðèîñòàòíûõ ñðåçàõ (10 ìêì) ïðîâîäèëè ãèñòîõèìè÷åñêîå èçó÷åíèå àêòèâíîñòè îêñèäîðåäóêòàç: ñóêöèíàòäåãèäðîãåíàçû
(ÑÄÃ), ëàêòàòäåãèäðîãåíàçû (ËÄÃ), ÍÀÄÍ-äåãèäðîãåíàçû (ÍÀÄÍ-ÄÃ). Ãèñòîõèìè÷åñêèé ïîêàçàòåëü àêòèâíîñòè ôåðìåíòîâ
âû÷èñëÿëè ïîëóêîëè÷åñòâåííûì ìåòîäîì.

Ðåçóëüòàòû. Èññëåäîâàíèå êîëè÷åñòâåííûõ èçìåíåíèé êëåòîê â ñîåäèíèòåëüíîòêàííîì ðåãåíåðàòå è ðåàêöèé ýíåðãåòè-
÷åñêîãî ìåòàáîëèçìà íà ôîíå ãèïåðãëèêåìèè èìååò ðÿä îñîáåííîñòåé. Ïîñëåäîâàòåëüíîñòü èíôèëüòðàöèè ñîåäèíèòåëüíîé
òêàíè ðàçëè÷íûìè âèäàìè ëåéêîöèòîâ ïðè ðåïàðàòèâíîé ðåãåíåðàöèè ïîñëå òåðìè÷åñêîé òðàâìû ïðîõîäèëà ïî êëàññè÷åñêî-
ìó ñöåíàðèþ ñ êîëè÷åñòâåííûì ïðåîáëàäàíèåì êëåòîê â ãðóïïå æèâîòíûõ áåç ñîìàòè÷åñêîé ïàòîëîãèè, óêàçûâàåò íà óìåíü-
øåíèå ðåàêòèâíîñòè êðîâè â óñëîâèÿõ ãëèêåìèè.

Â äèíàìèêå òå÷åíèÿ çàæèâëåíèÿ èçìåíåíèå àêòèâíîñòè ËÄÃ è ÍÀÄÍ-ÄÃ â ìàêðîôàãàõ è ôèáðîáëàñòàõ èìåëî òåíäåíöèþ
ê óñèëåíèþ íà 7 è 14 ñóòêè ýêñïåðèìåíòà è äîñòîâåðíî îòëè÷àëîñü â õîäå íàáëþäåíèÿ ïîêàçàòåëåé íà 3 ñóòêè (ð <0,05).

Íàèáîëåå ïîêàçàòåëüíûì äëÿ èçó÷åíèÿ äèíàìèêè àêòèâíîñòè îêèñëèòåëüíî-âîññòàíîâèòåëüíûõ ôåðìåíòîâ â êëåòêàõ ðå-
ãåíåðàòà îêàçàëîñü ñîîòíîøåíèå ÑÄÃ / ËÄÃ. Â ñðàâíåíèè äàííûõ êîíòðîëüíîé ãðóïïû æèâîòíûõ è â óñëîâèÿõ ãèïåðãëèêå-
ìèè íàèáîëåå âûðàæåíû è ðàçíîíàïðàâëåííûå èçìåíåíèÿ àêòèâíîñòè îêèñëèòåëüíî-âîññòàíîâèòåëüíûõ ôåðìåíòîâ ïðîèñõî-
äèëè â ìàêðîôàãàõ â ðàçëè÷íûå ôàçû ðåïàðàöèîííîãî ïðîöåññà.

Âûâîäû. Ìû ñ÷èòàåì, ÷òî òàêèå ðàçëè÷èÿ ìîãóò êîñâåííî óêàçûâàòü íà íåñâîåâðåìåííîå èçìåíåíèå ôóíêöèîíàëüíîãî
ôåíîòèïà ìàêðîôàãîâ â õîäå âîññòàíîâèòåëüíûõ ïðîöåññîâ â òêàíÿõ. Ïîñêîëüêó ìàêðîôàãè ÿâëÿþòñÿ «ãëàâíûì äèðèæåðîì»
ìåæêëåòî÷íûõ âçàèìîîòíîøåíèé, ïðåäïîëàãàåòñÿ, ÷òî ýòîò ìåõàíèçì ìîæåò áûòü îäíîé èç ïðè÷èí íåýôôåêòèâíîãî çàæèâ-
ëåíèÿ ðàí ïðè ñàõàðíîì äèàáåòå.

Êëþ÷åâûå ñëîâà: êëåòî÷íûå ðåàêöèè ñîåäèíèòåëüíîé òêàíè, îæîãîâàÿ òðàâìà, ñòîéêàÿ íåêîððåãèðîâàííàÿ ãèïåðãëèêå-
ìèÿ, ôåíîòèï ìàêðîôàãîâ, ôåðìåíòû òêàíåâîãî îêèñëåíèÿ.
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