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Abstract
Background: The development and pathogenetic substantiation of the new agents used for local therapy of thermal trauma 

(TT) is an urgent problem in medicine. Melatonin (MT) is an endogenous factor of homeostasis regulation with pleiotropic 
potential. The aim of our study was to assess the morphology, expression of matrix metalloproteinase-9 (MMP-9) and vascular 
endothelial growth factor (VEGF), indicators of repair, oxidative destruction of lipids in the skin lesion focus in the dynamics of 
experimental TT under the conditions of using the original dermal film (DF) with MT.

Methods and Results: The experiment was performed on 104 male Wistar rats weighing 200-240 g. For modeling TT II 
degree according to ICD-10 a relative area of 3.5% of the body surface, an interscapular region isolated from the surrounding 
tissues, was immersed in distilled water at 98-99 °C for 12 sec. DF based on sodium carboxymethylcellulose with an area of 12 cm2 
with MT at a concentration of 5 mg/g was applied daily for five days. The wound area and epithelialization rate were calculated. 
The content of MMP-9 and VEGF in the burn wound was assessed by an immunohistochemical method.  In the homogenate of 
the burn wound, the content of LPO products was assessed. Morphological and biochemical studies were performed on Days 5, 
10 and 20 after TT induction.

With experimental TT from Day 5 to Day 20, the absolute area of   the burn wound decreases by 35%, the rate of 
epithelialization increases, the number of neutrophils in the focus of thermal damage decreases, while the representation of 
lymphocytes, histiocytes, and fibroblasts increases; the expression of MMP-9 and VEGF increases; predominantly secondary and 
final LPO products in the heptane phase accumulate, the final products of LPO in the isopropanol phase of the lipid extract. The 
use of MT in the composition of DF daily for 5 days with experimental TT leads to a decrease in the area of   the wound defect (by 
46% of the original area on Day 20), an increase in the rate of its epithelialization, an increase in the content of lymphocytes and 
fibroblasts in the burn wound on Days 5, 10 and 20 of TT, a decrease in the representation of neutrophils and macrophages on Days 
5 and 10, as well as an increase in VEGF expression on Days 5 and 10, MMP-9 - on Day 5 and a decrease in MMP-9 expression 
on Days 10 and 20 of TT. In addition, the use of MT in the composition of DF leads to a decrease in the content of predominantly 
secondary and end products of LPO in the heptane and isopropanol phases of the burn wound on Days 10 and 20 of TT. Correlation 
analysis revealed that a decrease in the burn surface area under a local application of MT occurs with an increase in the content of 
VEGF in the wound area and a decrease in the content of MMP-9 and secondary and final LPO products in the heptane phase and 
the isopropanol phase. On Day 20, there were direct moderate correlations between the absolute burn surface area, on one hand, 
and secondary and final LPO products, on the other, in the heptane phase (R=0.51, R=0,68; P<0.05) and the isopropanol phase 
(R=0.44, R=0.46; P<0.05), respectively.

Conclusion: The results obtained expand the existing understanding of the role of changes in the expression of MMP-9 and 
VEGF in the pathogenesis of TT. We believe that the repair-stimulating effect of MT in the DF, which we established during TT at 
the preclinical stage, is associated with the LPO-limiting effect of MT and a change in the expression of MMP-9 and VEGF in the 
burn wound and is a prerequisite for further study of the mechanism of action and the effectiveness of MT application in clinical 
conditions in TT. (International Journal of Biomedicine. 2021;11(4):581-589.)
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Abbreviations 
BSA, burn surface area; CD, conjugated dienes; CT, conjugated 
trienes; DF, dermal films; FRO, free-radical oxidation; 
GPO, glutathione peroxidase; HPh, heptane phase; IPh, 
isopropanol phase; KD, ketodienes; LPO, lipid peroxidation; 
MT, melatonin; MMP, matrix metalloproteinase; MDA, 
malondialdehyde; SOD, superoxide dismutase; SB, Schiff 
bases; TT, thermal trauma; VEGF, vascular endothelial 
growth factor.

Introduction
A wide range of therapeutic approaches is used for local 

therapy of small-area thermal trauma (TT). In particular, early 
surgical necrectomy, which restrains excessive inflammation 
and infections in the burn wound, and enzymatic debridement 
of the burn wound.(1) Modern wound dressings are woven 
or non-woven materials, including hydrogel, gel dressings 
on a textile basis, hydrocolloid dressings, polyurethane 
sponge dressings, and calcium alginate dressings, There are 
wound dressings, on absorbent fabric and non-woven bases, 
impregnated with solutions of drugs: hemostatic agents, 
antiseptics, wound healing agents, antioxidants, regenerants of 
various natures, anti-inflammatory drugs, hemostatic agents, 
etc. Despite the variety of dressings, the issue of developing 
drugs for TT local therapy remains topical. To close the burn 
wound, nylon dressings with collagen, hydrolyzed collagen, 
or carbon nanotubes can be used, as well as dermal films 
(DF) based on carboxymethyl cellulose containing various 
biologically active substances.(2) 

Adrenaline, thrombin, fibrin, recombinant tissue factor, 
etc. are used as active components of wound dressings.(3) 

Hydrogels based on polyvinyl alcohol, chitosan, alginate or 
polyethylene glycol are widely used when conjugated with 
zinc oxide, phlorotannins, hyaluronic acid polymyxin B, 
VEGF, which form a barrier against pathogens and a hydrated 
environment for wound healing.(4) Fibrin gel is used in patients 
with TT as a hemostatic and graft fixator and skin substitute.(5) 

Hydrogels based on hyaluronic acid improve skin regeneration 
and reduce the area of scar tissue by increasing VEGF 
secretion, reducing the expression of TGF-β1.(6) The skin is the 
largest organ with intensive FRO processes; oxidative stress 
during TT is recorded not only in the lesion focus, but also in 
distant tissues, and therefore antioxidants in TT have shown 
effectiveness in the coagulation zone (necrosis), limiting cell 
death in the ischemic zone.(7) In this regard, it is of interest 
to study the LPO products in the TT focus as markers of the 
effectiveness of FRO and antioxidant use.

When searching for new therapeutic approaches to 
TT, special attention is paid to homeostasis regulators of 
endogenous origin.(8-10) A potential, but theoretically justified, 
interest in the discussion of promising therapeutic agents 
for TT is associated with melatonin (MT). MT is one of the 
most ancient molecules in the evolutionary sense, having 
been present in living organisms for about 2-3 billion years. 
It is found in animals, plants, fungi, and prokaryotes, where 
it originally served as an antioxidant. MT biosynthesis occurs 

from tryptophan, mainly in the pineal gland.(11) MT is also 
synthesized by retinal cells, enterochromaffin cells of the 
gastrointestinal tract, monocytes, lymphocytes, dendritic and 
mast cells.(12) Currently, MT is considered as an endogenous 
factor with multitrophic effects in various cells, including 
antioxidant, pro- and anti-inflammatory, immunomodulatory, 
antiapoptogenic, regulating cell proliferation and 
differentiation, and anti-aging.(13) Mammalian skin has its own 
melatoninergic system involved in maintaining homeostasis 
and integrity due to MT synthesis and the presence of specific 
receptors. Skin cells synthesize MT; its metabolites are found 
in keratinocytes, melanocytes, and dermal fibroblasts, as 
well as in melanoma cells.(14) The MT1 receptor is found in 
keratinocytes and fibroblasts of the skin and hair follicle cells; 
the MT2 receptor is found mainly in the eccrine glands, blood 
vessels of the skin, and melanocytes.(15) The RORα receptor 
has been identified in epidermal keratinocytes, fibroblasts, 
and melanocytes. When the skin is damaged, MT accumulates 
in the epidermis, protecting mitochondria and ensuring 
the synthesis of ATP.(15) MT regulates the proliferation 
and differentiation of epidermal cells, the development of 
hair follicles, the expression of keratin, and involutin in the 
epidermis. Information was obtained on the radioprotective 
effect of MT after exposure to X-ray and gamma radiation on 
the skin in vivo and in cell culture.(16) Considering the above, it 
is of interest to study the effectiveness of MT local application 
in the skin TT. 

The aim of our study was to assess the morphology, 
expression of MMP-9 and VEGF, indicators of repair, 
oxidative destruction of lipids in the skin lesion focus in the 
dynamics of experimental TT under the conditions of using 
the original DF with MT.

Methods
The experiment was performed on 104 male Wistar rats 

weighing 200-240 g. The animals were randomly divided into 
4 groups: Group 1 (n=14) included intact control, Group 2 
(n=30)  – animals with TT and an aseptic dressing applied 
to the BSA (TT+ASP); Group 3 (n=30) – animals with TT 
and the DF-matrix and aseptic dressing imposition on the BSA 
(TT+ASP+DF), and Group 4 (n=30) – animals with TT in 
conditions of DF/MT and aseptic dressing application on the 
BSA (TT+ASP+DF/MT). The aseptic dressing was changed 
daily up to 20 days after TT. Since the most common causes 
of TT are hot liquid and flame, and in two-thirds of patients 
the area of   the burn is less than 10% of the body surface,(17) for 
modeling TT II degree according to ICD-10 a relative area of   
3.5% of the body surface, an interscapular region isolated from 
the surrounding tissues, was immersed in distilled water at 98-
99 °C for 12 sec. From the area of   the skin in the interscapular 
region intended for the burn, the hair was clipped and shaved, 
washed with warm saline and wiped dry. To create TT, a device 
made of heat-resistant plastic with a hole diameter of 38 mm 
was used, into which the animal was placed (Fig.1). The 
prepared area of   the skin interscapular region was aligned with 
the hole of the device, the animal was fixed. The depth of the 
burn was verified by morphological methods. For anesthesia, 
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the drug Zoletil-100 (tiletamine, zolazepam) (Virbac Sante 
Animale; France) was used at a dose of 20 mg/kg. DF with 
an area of   12 cm2 in Groups 3 and 4 was applied immediately 
after TT, fixing with an aseptic bandage; The TT was dressed 
daily for 5 days. In preliminary studies, a DF composition was 
developed based on sodium carboxymethylcellulose (poly-1,4-
β-O-carboxymethyl-D-pyranosyl-D-sodium glycopyranose), 
MT was included at a concentration of 5 mg/g, and it was 
evaluated by pharmacological and technological parameters: 
organoleptic indicators (appearance, color, transparency, 
elasticity, presence of impurities and microcracks), adhesive 
ability, mechanical tensile strength, and thickness.(18) Group 3 
used DF, similar in area and properties, but not containing MT.

A Nikon Coolpix S2800 camera (China) and a Microsoft 
Office Visio software package were used to calculate the wound 
area on 24h, Days 5 and 10 after TT by digital planimetry. The 
epithelialization rate (VS) was calculated by the formula: VS 
= S - Sn/t, where S is the initial area of   the wound before 
treatment (hereinafter, the area at the previous measurement); 
Sn is the area in the subsequent measurement; t is the number 
of days between measurements.

The area of   the wound (BSA) in subsequent measurements 
was determined in percent, taking as 100% the area before 
treatment, the result was expressed in percent/day. A skin flap 
was excised along the border of the wound with the capture of an 
area of   intact skin for morphological and immunohistochemical 
studies. The morphology of the lesion focus was examined on a 
DMRXA microscope (Leika, Germany) using the ImageScope 
M computer program (Germany) at ×50, ×200, and ×400 
magnifications. From paraffin blocks, histological sections with 
a thickness of 5-7 microns were prepared, which were stained 
with H&E (Biovitrum, Russia). The depth of skin damage, the 
reaction of the vascular bed, the presence and composition of 
the cellular infiltrate, the timing of the appearance of granulation 
tissue in the wound, and the timing of wound epithelialization 
were assessed. The following morphometric parameters per 
mm2 were determined: the number of fibroblasts, neutrophils, 
histiocytes, and lymphocytes. The content of MMP-9 and VEGF 
in the burn wound was assessed by an immunohistochemical 
method using specific polyclonal antibodies to rat MMP-9 
(host - rabbit, cat. No. PAA553Ra01 “Cloud-Clone Corp.”, 
China) and polyclonal antibodies to rat VEGF (host - rabbit, 
cat. No. PAA143Ra01 “Cloud-Clone Corp.”, China) and a 
polymer detection system Rabbit HRP/DAB Detection IHC 
Detection Kit (“Abcam,” Latvia) for detecting antigen-bound 
rabbit immunoglobulins in tissue sections. Diaminobenzidine 
was used as a substrate/chromogen for visualization of the 
polymer complex in the system. We determined the relative 

area of   MMP-9 - positively and VEGF - positively stained 
structures and determined the integral index of the content of 
MMP-9 and VEGF as the product of the relative area of   the 
stained structures on the intensity of the color in points. The 
result was expressed in arbitrary units per mm2 (unit/mm2). In 
the homogenate of the burn wound, the content of LPO products 
was assessed. To prepare a 10% homogenate, the burn wound 
was excised, 40mg was washed in chilled buffer, dried, ground 
and homogenized at 2-4 °C in 0.4 ml (1:10) of chilled 0.1M 
phosphate buffer (pH=7.4). LPO products were determined 
on a spectrophotometer SF-56 (“LOMO – Spectrum,” St. 
Petersburg).(19) The optical density of heptane and isopropanol 
extracts was measured at 220nm (isolated double bonds), 232 
nm (CD), 278 nm (KD and CT), 400 nm (SB). The relative 
content of LPO products was expressed in units of oxidation 
indices (u.o.i.): E232 / E220 (CD), E278 / E220 (KD and CT), and 
E400 / E220 (SB). Morphological and biochemical studies were 
performed on Days 5, 10 and 20 after TT induction. 

Statistical analysis was performed using statistical 
software package SPSS version 19.0 (Armonk, NY: IBM Corp.). 
The results are presented as median (Me) and and interquartile 
range (IQR [Q1;Q3]). A non-parametric Kruskal-Wallis test was 
used for comparisons of median values among groups,  followed 
by post-hoc testing using un-paired Mann-Whitney U tests. 
Differences were considered statistically significant at P<0.01, 
taking into account the Bonferroni correction. Spearman’s rank 
correlation coefficient was calculated to measure the strength 
and direction of the relationship between two variables.

The experiments were performed in accordance with 
the norms for the humane treatment of animals and approved 
by the Ethics Committee of the South Ural State Medical 
University. 

Results and Discussion
When evaluating the parameters of burn wound 

repair, it was found that in the dynamics of TT on Day 10 of 
observation, compared with Day 5, the absolute area of the 
wound defect   decreased, which led to an increase in the rate 
of wound epithelialization and the proportion of decrease in its 
area (Table 1). On Day 20 of TT, the absolute area of   the burn 
decreased, in comparison with Days 5 and 10; the relative area 
of   the burn decreased compared with Day 5 of observation, 
which was accompanied by an increase in the rate of wound 
epithelialization and the proportion of a decrease in its area, 
compared to Days 5 and 10. The area of   the wound defect from 
Day 5 to Day 20 of experimental TT decreased by 35% along 
the median.

On Days 5 and 10, histological examination of the skin 
determined typical signs of the skin TT: necrosis of the epidermis 
and dermis layers to the papillary layer, thickening of the 
connective tissue fibers of the dermis, hyperchromia of the nuclei 
of the cells of the interstitial tissue (Fig. 2A, 3A). On Day 5, in the 
perifocal zones in all layers of the skin, we found paretic venous 
and capillary plethora, small diapedetic hemorrhages, erythro- 
and leukostasis, sludge of erythrocytes; by Day 10, edema of 
the interstitial tissue led to the accumulation of exudate and the 
formation of blood clots in the large vessels lumen (Fig. 2A, 3A). 

Fig.1. Device for simulation of rat’s TT.
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Cellular infiltration consisted of neutrophils, 
lymphocytes, and to a lesser extent, macrophages and 
plasma cells. By Day 10, multiple, diffusely scattered foci 
of macrophage infiltration were visible. In the middle layers 
of the dermis there were areas where fibroblasts proliferated, 
forming bundles and strands, and epithelization was weak, 
with hyperplasia of cells of the basal layer of the preserved 
epidermis and proliferation under the scab (Fig. 3A). On Day 
20 of TT, an immature scar was determined under the burn 
scab in the form of compactly packed, dense, little-wrinkled 
fibers with multiple foci of neutrophilic-lymphocytic and 
macrophage infiltration (Fig. 4A). Proliferating fibroblasts 
formed cords and bundles parallel to the skin surface. Newly 
formed vessels were few in number with endothelial lining 
and differentiated walls.

A morphometric assessment of the cellular composition 
of the infiltrate in the TT focus was carried out (Table 2). In 
the dynamics of TT, the number of neutrophils on Day 10 
did not differ from the values on Day 5; on Day 20, it was 
significantly lower than on Days 5 and 10. The number of 
lymphocytes on Day 10 was significantly lower than on Day 5 
of TT, and on Day 20, it was significantly higher than on Days 
5 and 10. The number of histiocytes and fibroblasts on Day 
10 was significantly higher than on Day 5 of TT, and on Day 
20 – significantly higher than on Days 5 and 10. On Days 5, 
10, and 20 of TT, VEGF expression significantly increased in 
the burn wound; on Days 10 and 20 of TT, the expression of 

MMP-9 significantly increased also (Table 3). In the dynamics 
of the experiment, the expression of VEGF on Day 10 was 
higher than on Day 5, on Day 20 – lower than on Day 10; the 
expression of MMP-9 on Days 10 and 20 was higher than on 
Day 5 of TT.

In the wound, the content of KD/CT and SB in the HPh 
and IPh of the extract increased on Day 5 of TT (Table 4). On 
Days 10 and 20, in the HPh of the burn wound, the content 
of KD/CT and SB increased, in the IPh – only SB. In the 
dynamics of TT, the SB content in the HPh and IPhs was less 
on Day 10 than on Day 5, and more on Day 20 (P<0.01) than 
on Day10.

Table 1.
 Influence of MTin the composition of DF on the indicators of wound repair in TT (Me [Q25; Q75])

Parameters

Group 2 
ТT + ASP

Group 3
 ТT+ASP+DF 

Group 4 
ТT+ASP+МТ/DF

Day 5
(n=16)

Day 10
(n=20)

Day 20
(n=20)

Day 5
(n=16)

Day 10
(n=20)

Day 20
(n=20)

Day 5
(n=16)

Day 10
(n=16)

Day 20 
(n=12)

Burn square,
cm2

11.66
(11.50;11.94)

9.48
(9.28;9.93)*

7.59
(7.23;7.84)* **

11.59
(11.00;11.99)

9.40
(9.22;9.81)

7.29
(7.01;7.52)

10.33
(10.17;10.56)# 

8.34
(8.19;8.51)#

5.54
(5.24;5.88)#

Percent area, 
%

3.34
(3.25;3.39)

3.17
(3.10;3.29)

2.99
(2.94;3.12)*

3.31
(3.22;3.42)

3.16
(3.10;3.28)

2.81
(2.74;3.09)

3.36
(3.23;3.42)

3.02
(2.91;3.13)#

1.98
(1.87;2.23)#

Epithelization 
speed, %/day

0.89
(0.86;0.89)

1.90
(1.88;1.95)*

2.26
(2.14;2.55)* **

0.91
(0.85;0.92)

2.01
(1.93;2.05)

3.06
(2.73;3.15)

1.33
(1.29;1.35) #

6.57
(5.92;6.93)#

14.30
(13.38;15.17)#

Wound square 
decreasing, %

2.61
(2.59;2.64)

3.68
(3.53;4.23)*

11.49
(11.43;11.64)* **

2.60
(2.58;2.64)

3.71
(3.63;4.31)

13.58
(12.93;14.01)

9.80
(9.64;10.08) #

16.10
(14.62;17.73)#

19.98
(19.30;20.38)#

* - significant (P<0.01) differences with Group 2 on Day 5, ** - with Group 2 on Day 10; # with Group 3.

Fig. 2. Morphological changes in the dermis of the perifocal 
zone on Day 5 of TT. H&E, magnification × 400. A - Group 2 
(TT+ASP): stretching and reorientation of hair follicle cell 
nuclei; B - Group 4 (TT+ASP+DF/MT): proliferation of cells of 
the sebaceous glands and hair follicles, the initial phenomena of 
neoangiogenesis.

                       A                                                  B

                             A                                              B
Fig. 3. Morphological changes in the perifocal zone in the 
hypodermis on Day 10 of TT. H&E, magnification × 200. A - Group 
2 (TT+ASP). Focal neutrophilic-lymphocytic infiltration and 
accumulations of macrophages; B - Group 4 (TT+ASP+DF/MT). 
Perifocal zone: in the hypodermis, the proliferation of immature 
granulation tissue with a large number of cellular elements and the 
initial phenomena of fibrillogenesis.

                             A                                              B
Fig. 4. Morphological changes in scar tissue on Day 20 of TT. 
H&E, magnification × 200. A - Group 2 (TT+ASP). Densely 
packed connective tissue fibers of immature scar tissue; B - Group 4 
(TT+ASP+DF/MT).  Full-blooded newly formed vessels and small 
foci of macrophage and round-cell infiltration.
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The use of MT in the composition of DF during TT led to 
a statistically significant decrease in the area of the burn wound 
in absolute values on Days 5, 10, and 20, in relative values 
on Days 10 and 20 of TT (Table 1). On Days 5, 10, and 20 of 
observation, the rate of wound epithelialization and the relative 
decrease in the area of the wound increased. On Day 5 of TT, 
the absolute area of the BSA decreased by 12.2%; the maximum 
changes were recorded on Day 20, when the absolute area of the 
wound defect decreased by 31.6%, and the epithelialization rate 
increased 4.7 times relative to Group 3. Thus in Group 4, from 
Day 5 to Day 20 of TT, the absolute area of the BSA decreased 
by 46%. Morphological examination of the burn wound on Day 
5 revealed that along with signs of necrosis of the epidermis and 
dermis to the papillary layer (changes in the connective tissue 
characteristic of TT) there was a decrease in the infiltration of 
the focus by neutrophils and macrophages, the predominance of 
lymphocytes, young spindle-shaped fibroblasts, a large number 
of immature newly formed vessels in the form of acellular gaps, 
and cells of the preserved hair follicles and sebaceous glands 
participated in epithelialization (Fig.2B). On Day 10, immature 
granulation tissue with fibroblasts forming bundles and cords, 
vessels with differentiated walls and endothelial lining were 
determined in the hypodermis (Fig.3B). In the epidermal layer, at 

the border of the necrosis focus and intact skin, the proliferation 
of cells of the basal layer was visible. On Day 20, a completely 
epithelized young connective tissue scar with fibroblasts, small 
foci of macrophage, round cell infiltration, and newly formed 
vessels with differentiated walls were determined (Fig.4B). 
Young scar tissue was completely epithelialized, with distinct 
stratification and proliferating cells of the sebaceous glands and 
hair follicles. Compared to animals of Group 3, in Group 4 the 
number of neutrophils and histiocytes significantly decreased 
in the focus of the BSA on Days 5 and 10 of TT, the number 
of lymphocytes and fibroblasts increased; on Day 20 of TT, the 
content of histiocytes in the focus of damage decreased, and the 
number of fibroblasts increased (Table 2).

When evaluating the expression of VEGF and MMP-9 in 
a burn wound under the conditions of local application of MT, it 
was found that on Day 5 of the experiment, the expression in the 
BSA of MMP-9 and VEGF significantly increased; on Day 10, 
the expression of MMP-9 decreased, VEGF increased; on Day 
20 of TT, the expression of MMP-9 decreased, VEGF did not 
change significantly (Table 3). The expression of VEGF on Days 
5, 10, and 20, and MMP-9 on Day 5 was significantly higher than 
in intact animals; the expression of MMP-9 on Days 10 and 20 
did not differ from the values in the group of intact animals.

Table 2.
Influence of MT in the composition of DF on morphometric parameters in the focus of skin damage during TT (Me [Q25; Q75])

Parameters

Group 2
 ТT + ASP

Group 3
 ТT+ ASP+DF

Group 4
 ТT+ ASP+МТ/DF

Day 5 (n=43) Day 10 
(n=26) Day 20 (n=26) Day 5 

(n=43)
Day 10
(n=26)

Day 20 
(n=26)

Day 5 
(n=25)

Day 10 
(n=25)

Day 20 
(n=25)

Neutrophil, 
unit/mm2

1184.7
(1080.0;1320.0)

1117.7
(1020.0;1240.0)

120.0
(100.0-160.0)* **

1132.6
(1055.0;1302.0)

1069.7
(1001.0;1126.0)

117.0
(104.0;128.0)

384.0
(340.0;420.0)#

373.9
(220.0; 20.0)#

110.5
(60.0;160.0)

Lympho-
cytes, 
unit/mm2

282.3
(220.0;340.0)

131.5
(100.0;160.0)*

326.9
(260.0;380.0)* **

277.3
(226.0;324.0)

135.1
(103.0;157.0)

321.4
(257.0;371.0)

1187.8
(1040.0;1360.0)#

312.8
(240.0;360.0)#

336.8
(240.0;380.0)

Fibro-
blasts, 
unit/mm2

140.9
(100.0;160.0)

113.1
(80.0;140.0)

840.8
(700.0;940.0)* **

144.2
(109.0;162.0)

119.4
(85.0;146.0)

849.7
(752.0;931.0)

175.2
(140.0;220.0)#

335.2
(300.0;380.0)#

973.6
(840.0;1140.0)#

Macro-
phages, 
unit/mm2

366.9
(320.0;420.0)

569.2
(440.0;640.0)*

667.7
(600.0;740.0)* **

341.8
(310.0;405.0)

572.9
(467.0;630.0) 612.7

(545.0;668.0)
164.8

(120.0;200.0)#
290.4

(220.0;360.0)#
420.8

(340.0;480.0)#

* - significant (P <0.01) differences with Group 2 on Day 5; ** - with Group 2 on Day 10; # with Group 3.

Table 3.
Influence of MT in the composition of DF on immunohistochemical parameters in the burn wound (Me [Q25; Q75])

Pa
ra

m
et

er
s

Group 1
(control)
(n=14)

Group 2
 ТT + ASP

Group 3
 ТT+ASP+DF

Group 4 
ТT+ASP+МТ/DF

Day 5 
(n=7)

Day 10
(n=7)

Day 20
(n=7)

Day 5
(n=7)

Day 10
(n=7)

Day 20
(n=7)

Day 5 
(n=7)

Day 10 
(n=7)

Day 20 
(n=7)

V
EG

F,
 

un
it/

m
m

2

3.30
(2.90;3.50)

25.05
(23.35;28.30)*

35.50
(33.40;38.10)* #

25.80
(22.30;27.90)* ##

25.40
(22.20;29.30)*

32.50
(31.50;34.20)*

26.90
(25.80;28.30)*

33.00
(30.20;34.90)* &

45.60
(41.70;49.20)* &

27.10
(22.50;29.10)*

M
M

P-
9,

 
un

it/
m

m
2

2.50
(2.10;2.90)

2.85
(2.45;3.05)

11.90
(10.80;14.10)* #

12.40
(12.20;12.90)* #

3.30
(2.20;4.40)

12.10
(10.30;12.90)*

12.90
(12.70;13.50)*

14.20
(11.30;18.10)* &

3.40
(1.10;4.20)&

3.30
(1.40;4.80)&

* - significant (P<0.01) differences with Group 1, # - with Group 2 on Day 5, ## - with Group 2 on Day 10, & – with Group 3.
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In Group 4, on Day 5 of TT, in the IPh of the lipid extract 
of the burn wound, the amount of KD/CT and SB decreased 
(Table 4). On Day 10 of TT, in the HPh, the amount of KD/
CT decreased, in the IPh - SB decreased also. On Day 20, a 
decrease in the content of KD/CT, as well as SB, was recorded 
in the HPh and IPh of the lipid extract of the burn wound. The 
LPO product content in a burn wound in animals of Group 3 
significantly differed from that of intact animals on Days 5, 
10, and 20 in relation to KD/CT in the HPh of the lipid extract, 
in relation to SB in the HPh and IPh of the lipid extract.

In Group 4, an inverse, significant, weak relationship 
was found between the absolute BSA and VEGF expression 
on Days 5 and 10 of the experiment, and a direct moderate 
relationship with the expression of MMP-9 on Days 10 and 20 
of TT (Table 5). The absolute BSA had a direct weak correlation 
with the content of KD/CT in the HPh, and direct moderate 
correlations with the content of KD/CT and SB in the IPh 
on Day 5. On Day 10, we found direct moderate correlations 
between the absolute BSA and the KD/CT content in HPh 
and SB in the IPh. On Day 20, there were direct moderate 
correlations between the absolute BSA, on one hand, and KD/
CT and SB, on the other, in the HPs and IPh.

So, with TT, well-known morphological patterns and 
dynamics of the change in the cellular composition during the 
inflammatory process were recorded: neutrophilic infiltration 
was most pronounced on Days 5 and 10 and it decreased 
on Day 20.(20) The maximum representation of lymphocytes 
and histiocytes, which create the necessary conditions for 
switching vascular-exudative reactions to proliferative ones, 
was observed on Day 20 of TT. At the same time, the maximum 
representation of fibroblasts participating in the synthesis of 
the extracellular matrix of the connective tissue was recorded. 

It is necessary to note the uniformity of the depth of skin 
damage when using this experimental model of TT with hot 
water. An increase in the expression of VEGF and MMP-9 in 
a burn wound is important in TT repair. MMP-9 is involved 
in the destruction of the extracellular matrix (especially type 
IV and V collagens), an increase in vascular permeability, 
chemotaxis of neutrophils, and activation and inactivation 
of autocoids. It also prepares a springboard for reparative 
reactions and successful epithelialization, and is inhibited by 
a tissue inhibitor of proteinases, α-1-antichymotrypsin. MMP-
9 reflects the representation and activity of predominantly 
neutrophils and macrophages in the TT focus.(21) VEGF is 
involved not only in the regulation of angiogenesis, but also in 
the synthesis of collagen and other components of connective 
tissue, scar formation due to direct and/or indirect activation 
of fibroblasts, endotheliocytes, neutrophils, macrophages, and 
mast cells.(22)

The reparation in the TT focus is influenced by the redox 
status of the burn wound.(23) According to other researchers, 
after TT, the content of LPO products in the plasma, such as 
MDA, increases and persists for up to 30 days, CD increases 
slightly on the first day, and then decreases; the levels of 
reduced glutathione, the activity of SOD, catalase, and total 
antioxidant capacity of serum decreased.(24) 

When simulating TT in mice, rats, and pigs, in serum and 
in a burn wound, the activity of SOD, catalase, GPO, and the 
total antioxidant activity of serum decrease; the levels of MDA 
and carbonyl derivatives of proteins increase.(25) An increase in 
the LPO product content in the skin TT focus is a result of the 
activation of FRO under conditions of excessive generation 
of free radicals and/or a decrease in the activity of antioxidant 
defense system. Inducers of FRO in TT are NADFH oxidase 

Table 4.
Influence of MT in the composition of DF on the content of LPO products in the burn wound homogenate (Me [Q25; Q75])

Pa
ra

m
et

er
s

(u
.o

.i.
) Group 1

(control)
(n=20)

Group 2
 ТT + ASP

Group 3
 ТT+ASP+DF

Group 4 
ТT+ASP+МТ/DF

Day 5 
(n=21)

Day 10
(n=32)

Day 20 
(n=25)

Day 5
(n=21)

Day 10
(n=32)

Day 20
(n=25) Day 5 (n=25) Day 10 (n=28) Day 20 (n=17)

C
D

 
(H

Ph
)

0.920
(0.863;0.975)

0.889
(0.834;0.966)

0.891
(0.836;0.944)

0.927
(0.873;0.951)

0.914
(0.844;0.969)

0.911
(0.852;0.947)

0.921
(0.869;0.948)

0.866
(0.808;0.908)

0.889
(0.834;0.942)

0.909
(0.861;0.921)

K
D

 и
 C

T 
(H

Ph
)

0.049
(0.013;0.088)

0.123
(0.112;0.141)*

0.115
(0.101;0.141)*

0.126
(0.092;0.155)*

0.119
(0.110;0.138)*

0.117
(0.098;0.142)*

0.116
(0.093;0.145)*

0.109
(0.103;0.161)*

0.095
(0.058;0.131)*&

0.086
(0.085;0.094)*&

SB
 

(H
Ph

)

0
(0;0.011)

0.018
(0.013;0.031)*

0.009
(0.003;0.018)*#

0.025
(0.015;0.056)*##

0.016
(0.011;0.029)*

0.008
(0.003;0.016)*

0.022
(0.012;0.041)*

0.019
(0.012;0.028)*

0.004
(0.003;0.017)*

0.005
(0.004;0.006)*&

C
D

(I
Ph

) 0.601
(0.596;0.622)

0.594
(0.570;0.732)

0.580
(0.568;0.614)

0.613
(0.590;0.647)

0.589
(0.562;0.729)

0.582
(0.564;0.620)

0.608
(0.585;0.631)

0.587
(0.579; 0.613)

0.600
(0.584;0.625)

0.609
(0.556;0.617)

K
D

 и
 C

T
(I

Ph
) 0.217

(0.209;0.228)
0.259

(0.200;0.313)*
0.210

(0.169;0.264)
0.224

(0.211;0.263)
0.248

(0.200;0.311)*
0.208

(0.175;0.244)
0.218

(0.207;0.244)
0.214

(0.183;0.219)&
0.195

(0.165;0.239)
0.185

(0.171;0.191)&

SB
 

(I
Ph

) 0
(0; 0.011)

0.030
(0.015;0.04)*

0.007
(0.004;0.026)*#

0.034
(0.016;0.039)*##

0.028
(0.012;0.041)*

0.008
(0.004;0.021)*

0.031
(0.024;0.032)*

0.019
(0.016;0.025)*&

0.004
(0.002;0.009)*&

0.006
(0.005;0.008)*&

* - significant (P<0.01) differences with Group 1, # - with Group 2 on Day 5, ## - with Group 2 on Day 10, & - with Group 3.
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and myeloperoxidase of neutrophils, monocytes/macrophages, 
endotheliocyte xanthine oxidase, monocyte/macrophage NO 
synthase, and mitochondrial complex I.(26,27) A decrease in the 
activity of antioxidant defense components during TT is due to 
their consumption to inactivate excess free radicals, a decrease 
in the level of zinc and copper in the body (SOD components), 
and selenium deficiency (GPO component).(28)

The MT effect in the original DF that accelerates the 
healing of a burn wound, which we discovered, is due to its 
pleiotropic action. First of all, we believe that the LPO-limiting 
effect of MT reduces the area of secondary damage during TT, 
the activation and attraction of neutrophils, monocytes, and 
lymphocytes to the damage focus. Local application of MT in 
the composition of DF reduces the infiltration of the lesion focus 
by neutrophils and histiocytes, and increases the content of 
lymphocytes and fibroblasts, which helps to reduce the severity 
of alterative and vascular-exudative reactions in the TT focus 
with the participation of neutrophils and histiocytes, as well as 
the early onset of repair with the participation of fibroblasts. The 
use of MT during TT leads to a decrease in the content of LPO 
end products in the HPh, and in the primary, secondary, and end 
products in the IPh of the wound extract. The LPO-limiting effect 
of MT in a burn wound is associated with a reduction in its area, 
according to correlation analysis. The pronounced decrease in 
the level of primary LPO products in the IPh reflects the MT-
dependent limitation of the early stages of LPO and shielding of 
phospholipids due to the predominant oxidation of proteins. The 
antioxidant effect of MT coming from DF into the burn wound 
through passive diffusion, as well as with the use of glucose 
and oligopeptide transporters, may be due, first, to the direct 
absorption of reactive oxygen species (ROS); and, second, to 
an increase in the synthesis of glutathione; the activity of SOD, 
catalase, GPO, and hemoxidase-1; and a decrease in the activity 
of NOS.(14) Finally, the antioxidant effect of MT is realized by 
maintaining the potential of the mitochondrial membrane and 
increasing oxidative phosphorylation, production of ATP, not 
ROS.(29)

Modulation of the inflammatory process reactions under 
the influence of MT may be associated with a decrease in the 

severity of alteration and vascular-exudative reactions, the 
production of cytokines, and other autocoids, which will lead 
to changes not only in the TT focus, but also in the acute phase 
response in general. Previously, we found that the use of MT in 
the composition of DF during experimental TT limits the death 
of lymphocytes in the bloodstream.(30) The direct influence of 
MT on the production and activity of the factors involved in 
repair cannot be ruled out. Using correlation analysis, we have 
demonstrated an association between the VEGF and MMP-9 
expression in a burn wound and the BSA under conditions of 
using DF with MT in TT. 

MT in vitro on a culture of brain microvessel 
endothelial cells reduces the permeability of activated IL-1β 
cells by inhibiting MMP-9.(31) MT binds MMP-9 excess in 
COVID-19 - mediated immune response and oral squamous 
cell carcinoma.(32)

MT reduces the MMP-9 overexpression and activity by 
regulating the signaling pathways NOTCH3/NF-κB, TLR4/
NF-κB.(33) Information on the effect of MT on VEGF synthesis 
and expression is ambiguous: MT inhibits VEGF synthesis in 
human neuroblastoma cells and prostate cancer by blocking 
stabilization of the STAT3 and HIF-1α complex.(34) Recent 
data indicate that MT has a regulatory effect on angiogenesis, 
depending on the dose (concentration in tissues) and the initial 
state of the tissue. During bone repair, skin healing, ulcerative 
defects of the gastric mucosa, and myocardial ischemia, the 
use of MT enhances the angiogenic potential of mesenchymal 
stem cells due to the synthesis of VEGF along the Erk1/2 
pathway and stimulation of the synthesis of platelet growth 
factor.(34,35)

Conclusion
With experimental TT from Day 5 to Day 20, the 

absolute area of   the burn wound decreases by 35%, the rate 
of epithelialization increases, the number of neutrophils in the 
focus of thermal damage decreases, while the representation 
of lymphocytes, histiocytes, and fibroblasts increases; the 
expression of MMP-9 and VEGF increases; predominantly 
secondary and final LPO products in the heptane phase 
accumulate, the final products of LPO in the IPh of the lipid 
extract. The use of MT in the composition of DF daily for 5 
days with experimental TT leads to a decrease in the area of   
the wound defect (by 46% of the original area on Day 20), an 
increase in the rate of its epithelialization, an increase in the 
content of lymphocytes and fibroblasts in the burn wound on 
Days 5, 10 and 20 of TT, a decrease in the representation of 
neutrophils and macrophages on Days 5 and 10, as well as an 
increase in VEGF expression on Days 5 and 10, MMP-9 - on 
Day 5 and a decrease in MMP-9 expression on Days 10 and 
20 of TT. In addition, the use of MT in the composition of DF 
leads to a decrease in the content of predominantly secondary 
and end products of LPO in the HPh and IPh of the burn wound 
on Days 10 and 20 of TT. Correlation analysis revealed that a 
decrease in the BSA under a local application of MT occurs 
with an increase in the content of VEGF in the wound area and a 
decrease in the content of MMP-9 and secondary and final LPO 
products in the HPh and IPh. The results obtained expand the 

Table 5.
Correlation coefficient ® between the absolute BSA and the 
expression of VEGF and MMP-9 and content of LPO products in 
the lesion focus during TT in conditions of using DF with MT

Parameters Day 5 
(n=7)

Day 10 
(n=7)

Day 20
 (n=7)

VEGF, unit/mm2 – 0.47* – 0.44* 0.17
MMP-9, unit/mm2 – 0.26 0.51*  0.57*

CD (HPh), u.o.i. 0.21 0.18 0.19
KD and CT (HPh), u.o.i. 0.34* 0.52* 0.51*

SB (HPh), u.o.i. 0.17 0.27 0.68*

CD (IPh), u.o.i. 0.17 0.15 0.24
KD and СТ (IPh), u.o.i. 0.68* 0.21 0.44*

SB (IPh), u.o.i. 0.53* 0.51* 0.46*

*-P<0.05
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existing understanding of the role of changes in the expression 
of MMP-9 and VEGF in the pathogenesis of TT, and serve as 
a prerequisite for further research studies. We believe that the 
repair-stimulating effect of MT in the DF, which we established 
during TT at the preclinical stage, is associated with LPO-
limiting effect of MT and a change in the expression of MMP-9 
and VEGF in the burn wound and is a prerequisite for further 
study of the mechanism of action and the effectiveness of MT 
application in clinical conditions in TT.
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