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Purpose: To study the effects of inflammation on the healing process of rats’ acute skin 
wounds during treatment with different injections.
Methods: The study was carried out on Wistar rats, on which square wounds were simulated 
in the back region. Four groups of wounds were studied. On the day of the simulation (day 
0), solutions of the drugs were injected into the wounds: an isotonic sodium chloride solution 
(Control group), mesenchymal stem cells (SC group), collagen (Collagen group), and a 
deproteinized hemoderivative of calf blood (DHB group). Within 2 weeks, the wound 
healing process was assessed by observing and calculating changes in the wound areas, 
temperatures, and epithelialization levels. On days 3, 7, and 14, wound tissue samples were 
taken for histological examination, morphological analysis of the healing process, and 
quantitative assessment of granulation layers’ leukocyte infiltration.
Results: A correlation between the process of inflammation and epithelization during the healing 
of skin wounds was established. The anti-inflammatory effect of SC injection on the wound edge 
tissues was determined, as well as the pro-inflammatory effect of DHB, and the absence of effects 
on the inflammation course under the collagen treatment. Compared to the control group, the 
transition from the exudative phase of inflammation to the proliferative phase was faster, as well 
was wound epithelialization in the SC and Collagen groups. A negative correlation between the 
level of tissue temperature in the center of wounds and their area were recorded, which intensified 
over time.
Conclusion: The severity and duration of the inflammation process during wound healing 
were ambiguous with the use of different injection treatments. This should compel clinicians 
to use different markers of drug therapy effectiveness during wound healing. Excessive 
leukocyte infiltration with a low temperature of wounds and a large scab were markers of 
delayed wound healing.
Keywords: skin wound, inflammation, leukocytes, epithelialization, collagen, stem cells, 
deproteinized hemoderivative of calf blood

Introduction
The acute skin wound healing process goes through several successive stages.1–5 

The first stage is hemostasis. The duration of this stage does not exceed several 
hours after injury. The second stage of the healing process is inflammation, whose 
duration varies between 3 and 7 days. In this case, the short alteration phase during 
inflammation is replaced by the exudation phase and then by the proliferation 
phase. The proliferation phase usually lasts up to 3–4 weeks after injury and ends 
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(normally) with complete epithelization of the wound sur
face. The last stage is wound remodeling; this process lasts 
up to one year and relates not to wound healing but the 
formation and transformation of cicatricial deformities. 
Thus, one of the key stages of wound healing is the 
inflammation phase, which is a transition process between 
wound hemostasis and proliferation—that is, the period 
from the moment of skin damage to the restoration of 
the barrier and other functions of the skin.1,3–5

Inflammation is an evolutionarily developed process 
that facilitates an organism’s defense against damage to 
its tissues and organs. The process of wound inflammation 
is crucial for the optimal completion of hemostasis, as well 
as the detection and elimination of pathogenic microorgan
isms, the removal of damaged tissues, and wound 
cleaning.2,5–7 These steps progress via the participation 
of leukocytes, which migrate from the bloodstream to the 
lesion site. The migration is followed by the formation and 
release of cytokines, reactive oxygen species, and 
phagocytosis.6–10 As the elements of innate immunity, 
leukocytes are the first tools of organism defense and 
perform the functions of the epidermis and dermis that 
have not yet formed. In addition, leukocytes (mainly 
macrophages) are responsible for the timely and adequate 
preparation of wound tissues for proliferation.11–15 It is 
known that during an optimal process of wound healing 
and the absence of infection, neutrophils, which prevail in 
the wound for 2–5 days after injury and actively migrate 
into the wound along the chemokine gradient up to 3 days 
after injury, are eliminated from the wound after the com
pletion of the phagocytosis cycle. To replace active neu
trophil infiltration of the wound 3–5 days after injury, 
monocytes (mononuclear cells) are recruited into the 
wound, which then differentiate into macrophages, which 
are important participants in the transition from the inflam
mation phase to the proliferative phase during the healing 
process.13–17

However, if the acute inflammation is inadequate and 
prolonged (lasting 7 or more days), the inflammation 
becomes pathogenic and is associated with impaired inter
actions between different types of cells (including fibro
blasts and keratinocytes, which ensure the formation of 
new layers of skin).1,4,18 This can lead to a chronic non- 
healing wound with bacterial colonization, repeated epi
sodes of ischemia-reperfusion injury, and the development 
of cellular and systemic distress reactions.12,18,19 

Inadequate hyper inflammation leads to the formation of 
excessive and pathological scar tissue at the end of the 

wound remodeling process.20–22 This has functional, cos
metic, psychological, and economic implications. The 
annual market for chronic wound dressings exceeds $25 
billion and $12 billion for cicatricial deformities.23 Thus, 
the most important stage of the wound healing process is 
the inflammation’s intensity and duration, as well as the 
transition of its exudative phase to the proliferative one.

Currently, numerous pharmacological agents can inhi
bit the inflammation process. Classic examples are the 
anti-inflammatory drugs used for rheumatic or autoinflam
matory disease treatment. There are also drugs for wound 
treatment that can affect and inhibit the transition from the 
exudative to the proliferation phase, either directly or 
indirectly. In this regard, it is important to evaluate the 
benefits and drawbacks of various drugs that can change 
the inflammatory response and possibly accelerate the 
transition from exudation to proliferation.

To resolve this issue, we organized an experimental 
study to identify the effect of inflammation on the healing 
process of an acute skin wound under the direct injection 
of agents that stimulate healing.

To achieve this goal, acute skin wounds were modeled 
via small prototype operations performed under local 
anesthesia in surgery and cosmetology, which outnumber 
all other types of surgical interventions. As pharmacologi
cal agents, injectable forms with different mechanisms of 
action were chosen. It is known that mesenchymal stem 
cells have an anti-inflammatory effect.24–28 Deproteinized 
Calf Blood Medicine (Actovegin® preparation) is used in 
everyday clinical practice as it significantly affects regio
nal blood flow and the intensity of local inflammation.29–33 

Collagen I type (Collost®) does not significantly affect 
inflammation but is effective as a wound healing 
stimulator.34–39

Materials and Methods
The experimental study was performed on Wistar rats of 
the same sex (males) and age (9 months) weighing 436.7 ± 
5.5 grams.

Ethical Considerations
The experiment was performed under the principles of 
laboratory animal handling and complies with the provi
sion of the “European Convention for the Protection of 
Vertebral Animals Used for Experimental and Other 
Scientific Purposes”. The study was approved at the meet
ing of the Regional Ethics Committee of the Kursk State 
Medical University under the Ministry of Health of the 
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Russian Federation (Protocol No. 5 dated 02.11.17). The 
SCs used in the experiment were isolated from a human 
umbilical cord after a normal birth after 38–40 weeks of 
gestation with the informed consent of the donors.

Research Design and Groups
Before the experiment, the rats were kept in quarantine for 
2 weeks under standard vivarium conditions. 
Subsequently, the animals were randomized by weight 
and labeled. Next, the skin wounds were modeled (day 
0) on the backs. Following this, the dynamics of wound 
healing were studied for 14 days. During the entire period 
of the experiment, the animals were kept in individual 
cages with free access to food and water and a 12/12 
light regime.

Wounds were modeled under non-sterile conditions 
using general anesthesia (chloral hydrate 300 mg/kg intra
peritoneally). On the shaved skin of the back, at the same 
distance on both sides of the spine, square wounds of the 
same size (the length of each side was 11 mm, with the 
depth of wounds extending to the fascia) were formed 
using a special device for creating standardized wounds 
(Patent Rus No. 79701/10.01.2009). Ten minutes after 
modelling, the wound area averaged 127.7 ± 2.0 mm2.

Before the experiment, the animals were divided into 
four groups with different treatments in each. Initially, 
there were 28 animals in each group, but before modeling, 
the animals were marked so that 7 wounds were elimi
nated at each control point.

On day 0, 0.2 mL of various solutions were injected 
into the inferolateral angles of all wounds in all animal 
groups (isotonic saline solution of 0.9% sodium chloride 
(Control group); culture of mesenchymal stem cells iso
lated from a human umbilical cord, 100,000 cells per 
wound (stem cell group, SC); collagen in the form of 
Collost 7% (Collagen group); deproteinized hemoderiva
tive of the calf blood in the form of the Actovegin drug, 40 
mg/mL (DHB group)).

Research Control Points
On day 0 of the study, the wounds were modeled, the 
baseline parameters (wound size and wounds center tem
perature) were recorded, and the drugs or saline solution 
were injected depending on the randomization group.

The dynamic assessment of the indicators; the exam
ination, measurement, and photographing of the wounds; 
and temperature measurements were carried out on days 1, 
3, 7, and 14. On days 3, 7, and 14, the animals were 

removed from the experiment for labeling. Euthanasia 
was performed under general anesthesia (chloral hydrate 
300 mg/kg intraperitoneally) by rapid exsanguination of 
the rat (dissecting the right ventricle of the heart). After 
euthanasia, histological probes of the wound edge tissues 
were prepared.

Research Methods
To assess the dynamics of the wound healing process, the 
surface sizes of the wounds and the temperatures of the 
wound bottoms and edges were studied. Light microscopy 
of histological probes from the wound bottoms and edges 
was also performed to count the number of leukocytes in 
the wounds per unit area.

This paper presents an analysis of the rate of change on 
the wound surface area, which was calculated by the for
mula (Sх - S0)/S0 x 100%, where S0 is the wound area on 
the modeling day, and Sx is the wound area at the control 
points on days 1, 3, 7, and 14. The final result is expressed 
as a percentage of the original size. The wound area, 
limited by its edges, was calculated using the 
JMicroVision 1.2.7 software (Switzerland) based on 
photographs of the wounds taken at checkpoints via a 
unified technique (Canon EOS550D camera, Japan, Jpeg 
format). The wound tissue temperature was measured in 
the center from the same distance using a Fluke VT02 
infrared thermometer (Fluke, USA).

Wound tissues were sliced sequentially for histological 
analysis. The slices were stained with Hematoxylin–eosin 
(for descriptive light microscopy) or only hematoxylin (for 
processing in the Image-J program, National Institute of 
Health, USA, with a quantitative count of the leukocyte 
number per mm2). During the analysis, the slices were 
divided into three sectors (the central tissues and two 
opposite edge tissues). Each area equaled 33.3% of the 
total transverse size of the wound. Descriptive microscopy 
at x40, x100, and x400 magnification was performed using 
Levenhuk D740 (USA) and the Leica CME (Germany) 
microscopes.

Research data were statistically analyzed using the 
SPSS 23.0 software (IBM Company, USA) according to 
standard parametric and nonparametric criteria. 
Descriptive statistics of the continuous quantitative data 
are presented as the mean and standard error of the mean, 
as well as the median (Me) and the values of the lower 
(25%) and upper (75%) quartiles. The Mann–Whitney U- 
test was used to compare two independent nonparametric 
samples, and the Wilcoxon test was used for two 
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dependent samples. Differences were considered to be 
significant at p <0.05. The correlation analysis was per
formed using the Pearson and Spearman methods.

Results
Changes in the Wound Area
Analysis of the proportional change in the wound area on 
the 1st day (24 hours after modeling the wounds) demon
strated an increase of the wound area in 100% of the 
Control and DHB group animals. On average, in these 
groups, the area increased by 31% and 25%, respectively, 
compared to the initial areas of the same wounds on the 
day of modeling (p <0.05). In the SC and Collagen groups, 
no statistically significant dynamics of wound area 
increase were observed. At the same time, the SC group 
wounds decreased in size by 5%, on average, in 24 hours 
(in 57% of the animals, the areas of the wounds increased, 
while the wounds decreased in 43%; p> 0.05). The wound 
areas in the Collagen group rats did not change on day 1 
compared to day 0 (the area decreased in half of the cases 
and increased in the other half; the median was 0.7%; p> 
0.05). There were also statistically significant differences: 
After 24 hours, in the SC and Collagen groups, the wound 
areas were less than those in the Control and DHB groups.

By the end of the 3rd day of the study, the Control 
group’s wound areas were, on average, 26% larger than 
those on day 0 (p <0.05), and the DHB group was 11% 
larger (p <0.05). An increase in the wound area was 
recorded in 89% of cases in the Control group and in 
82% of cases in the DHB group. The wound area did not 
statistically change compared to day 0 in the Collagen 
group (Me= 0.9%; p> 0.05). A statistically significant 
reduction in the wound area was recorded only in the SC 
group: On day 3, the reduction was, on average, 9% (p 
<0.05), and a reduction in size was noted in 89% of the 
cases. The wound areas of the Control and DHB groups 
were significantly larger than those in the SC and Collagen 
groups. A statistically significant decrease in wound area 
compared to the Control by the end of the 3rd day was 
observed in the SC group, with a smaller decrease in the 
Collagen group. The wound areas of the DHB and Control 
groups were similar and decreased less than those in the 
Collagen and SC groups.

By the end of the 7th day, the wound surface area 
decreased in all groups, but the degree of wound healing 
varied. The wound areas in the Collagen group decreased 
to the greatest extent (Me = −39%), while the control 

wounds demonstrated the smallest decrease (Me = −2%). 
The wound areas of the SC and DHB groups, on average, 
decreased by 26% and 28%, respectively. However, sev
eral cases of a wound area increase were recorded. These 
cases were registered only in the Control (38%) and DHB 
(24%) groups. All SC and Collagen group wounds 
decreased by the end of the 7th day. Thus, the SC and 
Collagen groups were better than the Control group, while 
DHB had the least effect on wound healing. Once injected 
into the wound tissue, the stem cells gradually lost their 
effectiveness by the end of the week. This was due to both 
the limited lifespan of stem cells in the wound and the 
presence of histone incompatibility markers on the sur
faces of the cells injected. As a result, the proportional 
changes in the wound areas of the SC and DHB groups 
were the same by this time. Collagen injected into the 
wound tissue still potentiated healing at the end of the 
7th day. Despite the absence of statistically significant 
differences between the SC and Collagen rats in terms of 
the wound area change dynamics, in the Collagen group, 
the changes were 19.5 times more intense than those in the 
control wounds (p < 0.05) and 1.4 times more intense than 
those in the DHB group (p <0.05).

At the end of the 14th day, all wound areas decreased: 
the areas in the Control group decreased by 80% on 
average, those in the DHB group by 86%, those in the 
SC group by 88%, and those in the Collagen group by 
91%. Thus, the various injectable drugs (DHB, SC, and 
Collagen) that were used to treat the wounds accelerated 
the wound healing process by day 14 compared to control 
(p <0.05). At the same time, the introduction of SC or 
Collagen solutions into the wound edges on the day of 
modeling ultimately provided prominent results that were 
statistically significantly different from the use of DHB 
(Table 1).

Wound Center Temperature
The wound center tissue temperatures of the Control group 
averaged 35.3 °C by the end of the 1st day and did not 
statistically differ from the Collagen and DHB groups (p> 
0.05), even though the wound temperature was highest in 
the Collagen group (median = 35.45 °C). The lowest 
temperature of the wound center on day 1 was observed 
in the SC group (33.6 °C, which was 1.4–1.9 °C less than 
that in the other groups, p <0.05).

Thus, 24 hours after the wound modeling, an increase 
in size was recorded in the Control and DHB groups, 
which directly correlated with an increase in the wound 
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center temperature and indicated a higher intensity of the 
inflammatory process. The lowest wound center tempera
ture and the best dynamics of wound area reduction were 
recorded in the SC group, whose wounds decreased by 5% 
on average.

The maximum wound center temperature by the end of the 
3rd day was the highest in the SC group (Me = 35.6 °C), where 
it was significantly higher than that in the Control, DHB, and 
Collagen groups by 1.2 °C (p <0.05), 0.8 °C (p < 0.05), and 0.6 
°C (p <0.05), on average, respectively. There were also statis
tically significant differences in the wound tissue temperature 
in the SC and Collagen (0.6 °C more in the SC group, p 
<0.05), SC and DHB (1.1 °C more in the SC group, p <0, 
05), and Collagen and DHB groups (0.5 °C higher in the 
Collagen group (p <0.05).

The wound tissue temperature on the 7th day of the study 
was lower than that on the 3rd day by an average of 0.6 °C in 
all groups. This may be due to the transition from the 
exudative inflammation phase to the proliferation phase. A 
comparative analysis showed that the highest wound center 
temperatures were located in the SC (Me = 35.0 °C) and 
Collagen (Me = 34.7 °C) groups, which also demonstrated 

the highest rates of wound healing. The wound center tem
perature was lower in the DHB group (Me = 34.1 °C), with 
the lowest in the Control (Me = 33.8 °C) group. The groups 
with high (SC and Collagen) and low wound center tem
peratures (Control and DHB) statistically significantly dif
fered in this indicator on the 7th day.

The wound center temperature on the 14th day after 
modeling decreased compared to the 7th day in the Control 
and Collagen groups but increased in the DHB and SC 
groups. The temperature of the wound tissue on day 14 
was, on average, the lowest in the Control (Me = 33.2 °C) 
and DHB (Me = 34.3 °C) groups. Due to the high variability 
of the results, there were no significant differences among 
the indicators in these groups (p> 0.05). The maximum 
tissue temperature in the wound center was recorded in the 
SC group (Me = 35.9 °C), which was, on average, 1.6 °C 
higher than that in the DHB group (p <0.05), 1.8 °C higher 
than that in the Collagen group (p <0.05), and 2.7 °C higher 
than that in the Control group (p <0.05)). The wound tem
perature in the Collagen group averaged 34.1 °C, which did 
not differ from the DHB group but was, on average, 0.9 °C 
higher than that in the Control group (p <0.05) (Table 2). The 

Table 1 Changes in the Wound Area Compared to Their Initial Size on Day 0 (%) in the Different Treatment Groups

Groups Day 1 Day 3 Day 7 Day 14

Control 31.0 [17.1: 41.0] 25.6 [5.3: 35.8] -1.9 [-15.2: 11.5] -79.9 [-83.6: -71.3]
Stem cells -5.0 [-14.1: 10.5]* -9.0 [-24.9: -4.4]* # -26.3 [-37.4: -12.6]* # -88.4 [-92.9: -86.1]* #

Collagen 0.7 [-8.8: 10.9]* -0.9 [-8.1: -13.6]* -39.1 [-45.7: -25.0]* # -91.5 [-95.2: -88.2]* #

Deproteinized hemoderivative of calf blood 25.2 [-18.1: 45.3] 11.2 [1.8: 24.5] -28.4 [-37.2: -5.3] -85.7 [-89.7: -83.0]* #
P SC/DHG 

Collagen/DHG

SC/Collagen 

SC/DHG 

Collagen/DHG

Collagen/DHG SC/DHG 

Collagen/DHG

Notes: Median [lower 25% quartile: upper 75% quartile]. # - the difference in the associated indicator dynamics within the same group compared to day 0 (Wilcoxon test, p <0.05). 
*– statistically significant difference from the control group (Mann–Whitney test, p <0.05). P– significant difference between two unrelated treatment groups (Mann–Whitney test, 
p<0.05): Collagen/DHG, Collagen and Deproteinized hemoderivative of calf blood; SC/Collagen, Stem cells and Collagen; SC/DHG, Stem cells and Deproteinized hemoderivative 
of calf blood.

Table 2 Wound Center Temperature (°С) in the Different Treatment Groups

Groups Day 1 Day 3 Day 7 Day 14

Control 35.3 [34.4: 35.6] 34.4 [33.8: 34.9] 33.8 [33.0: 34.7] 33.2 [32.0: 34.4]

Stem cells 33.6 [32.4: 34.7]* 35.6 [35.1: 36.1]* 35.0 [34.5: 35.6]* 35.9 [35.4: 36.3]*

Collagen 35.5 [34.9: 35.9] 35.0 [34.7: 35.4]* 34.7 [34.4: 35.4]* 34.1 [33.4: 35.0]*
Deproteinized hemoderivative of calf blood 35.0 [34.5: 35.6] 34.5 [34.3: 35.0] 34.1 [33.5: 34.5] 34.3 [31.9: 34.7]

P SC/Collagen 

SC/DHG

SC/Collagen 

SC/DHG 
Collagen/DHG

SC/DHG 

Collagen/DHG

SC/Collagen 

SC/DHG

Notes: Median [lower 25% quartile: upper 75% quartile]. *– statistically significant difference from the control group (Mann–Whitney test, p <0.05). P– significant difference 
between two unrelated treatment groups (Mann–Whitney test, p<0.05): Collagen/DHG, Collagen and Deproteinized hemoderivative of calf blood; SC/Collagen, Stem cells 
and Collagen; SC/DHG, Stem cells and Deproteinized hemoderivative of calf blood.
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high variability in tissue temperatures might be explained by 
significant differences in the structures and thicknesses of the 
scabs (clearly visible upon histological examination).

The latter argument may be confirmed by the persistent 
negative correlation of the increasing dynamics between 
the tissue temperature levels in the wound centers and 
their areas. Thus, the wound temperatures determined on 
the 1st day of the study were negatively correlated with the 
wounds on day 7 (r = −0.175; p <0.01) and 14 (r = −0.147; 
p <0.01). The wound tissue temperature on day 3 was 
negatively correlated with the wound areas on day 3 (r = 
−0.108; p <0.05), day 7 (r = −0.204; p <0.01), and day 14 
(r = −0.298; p <0.01). The wound tissue temperature on 
day 7 was negatively correlated with the wound areas on 
day 7 (r = −0.201; p <0.01) and day 14 (r = −0.199; p 
<0.01). Thus, in terms of dynamics, the steadily decreasing 
wound temperature during the first week of the healing 
process was associated with a slowdown in healing and the 
large wound areas on days 3, 7, and 14 of the study.

Morphometric and Histological 
Parameters
Wound State by the End of the 3rd Day of the Study
Morphometrically, all wound tissues by the end of the 3rd 
day showed signs of exudative inflammation, including dila
tion and a plethora of blood vessels, swelling of the tissues 
up to the subcutaneous fat, the emigration of leukocytes from 
the bloodstream, and granulation infiltration by leukocytes.

The exudative inflammation phase proceeded differ
ently in the various groups, as demonstrated by the 
wound center and edge leukocyte data analysis in the 
different groups by the end of day 3 of the study (Table 3).

An increase in wound size on day 3 was morphologically 
combined with an increase in the leukocyte numbers in the 
wound centers and edges. By the end of the 3rd day, the 
maximum number of leukocytes in the center and edge was 
recorded in the Control group ((Me = 210 cells per 1 mm2) and 
(Me = 176 leukocytes/mm2), respectively). The leukocyte 
numbers in the wound edges of the control group were, on 
average, 1.35 times higher than those in the SC group (p 
<0.05), 1.54 times higher than those in the DHB group (p 
<0.05), and 1.45 times higher than those in the Collagen group 
(p <0.05). In the SC group, the wound area was the smallest on 
day 3. The number of leukocytes in the bottom tissue was also 
the smallest (Me = 180 leukocytes/mm2) and significantly 
lower than that in all other groups (p <0.05).

Direct weak significant correlations were established 
between the wound area and the total number of leuko
cytes on day 3 in both the wound centers (r = 0.321; p 
<0.05) and their edges (r = 0.286; p <0.05). Consequently, 
the maximum levels of leukocyte infiltration of the wound 
edges and bottom tissues by day 3 can serve as a marker of 
persistent acute inflammation and might be the cause of a 
possible slowdown in the process of wound repair, as well 
as the formation of a coarser postoperative scar in subse
quent time periods. The preservation of a larger area of 
wounds in the DHB and Control groups, where there were 
also more leukocytes, confirms this assumption.

The histological wound biopsy analysis on the 3rd day 
showed a scab in the center of all wounds located on a thin 
layer of granulation tissue covering the bottom of the wound. 
At the same time, deep sections of the scab were infiltrated 
with polymorphonuclear leukocytes. In all wound tissues, 
signs of the venous plethora of the hypodermis, the fascial 
vascular plexus, and the phenomenon of the “marginal pool of 
leukocytes” (accumulation of leukocytes in the parietal blood 
layer of the postcapillary and collecting venules) were found. 
The number of leukocytes in the parietal layer of blood vessels 
indicated their ongoing migration into the paravasal tissue, 
which is typical for the exudative inflammation phase.

All wound surfaces of the Control group were covered by 
scabs, which were the thickest and densest among the other 
groups. Leukocytes then infiltrated and spread widely into the 
granulation tissue and the deeper layers of the dermis 
(Figure 1).

The largest scab infiltration by polymorphonuclear leuko
cytes was observed In the DHB group alongside significant 
wound tissue swelling up to the subcutaneous fatty tissue, in 
which dilated and full-blooded vessels were found everywhere 
(Figure 2).

Table 3 The Number of Leukocytes in the Center and Edges of 
Wounds On Day 3

Groups Center Edges

Control 210 [206: 217] 176 [163: 181]

Stem cells 180 [167: 182] * 130 [102: 139] *
Collagen 201 [191: 217] 121 [107: 137] *

Deproteinized 

hemoderivative of calf blood

203 [195: 226] 114 [108: 145] *

P SC/Collagen 

SC/GDB

-

Notes: Median [lower 25% quartile: upper 75% quartile].*– statistically significant 
difference from the control group (Mann–Whitney test, p <0.05). P– significant 
difference between two unrelated treatment groups (Mann–Whitney test, p<0.05): 
SC/Collagen, Stem cells and Collagen; SC/DHG, Stem cells and Deproteinized 
hemoderivative of calf blood.
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In the Collagen group, by the end of the 3rd day, the scabs 
were also located on the underlying granulation tissue. 
However, in contrast to the control group of animals, leuko
cyte infiltration was less severe here, despite the significant 
thickness of the scabs. As in the control group, the underlying 
tissue was edematous, with signs of venous congestion. In 
some wounds the Collagen group, a formed layer of horizon
tally located fibroblasts moderately infiltrated by mononuc
lear cells was visualized in the granulation tissue 
immediately adjacent to the wound bottom (Figure 3).

In the SC group wounds, the scab severity (in terms of 
width and density), as well as the degree of leukocyte 
infiltration, was the smallest compared to the other group 
wounds. At the same time, tissue edema and granulation in 
the wound bottoms were strongly marked. Compared to 
the other wound groups, macrophages (monocytes) and 
lymphocytes predominated over neutrophils in the wound 
infiltration of the SC group (Figure 4).

Rarely, in rats of the SC (n = 1) and Collagen (n = 2) 
groups, a newly formed thin epidermis was visualized in the 

Figure 1 The wound center by the end of the 3rd day after wound modeling, Control group. Hematoxylin–eosin staining. Magnification: X100 (bottom left) and x400 (right). 
Large scab (A), dense leukocyte infiltrate at the granulation tissue borders and in the scab ((B), magnification x400), leukocytes in scab deep layers, where the congested 
vessels are dilated ((C), magnification x400).

Figure 2 The wound crater center by the end of the 3rd day, DHB group. Abundant scab infiltration, tissue edema, and vessel plethora. Hematoxylin–eosin staining 
(Magnification: X40 and X100).
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wound edge tissue on day 3, represented by 1–2 layers of 
epithelial cells covering less than 10% of the wound surface.

The Wound State by the End of the 7th Day of the 
Study
The increase in the wound center temperature does not 
appear to be associated with an inflammatory process but 
instead with highly active regenerative processes.

Thus, the number of leukocytes in different granulation 
layers by the 7th day was minimal in the SC group, 
especially in the wound edges. In the wound edges, the 
SC group rats had the smallest absolute number of leuko
cytes (Me = 186 cells per mm2). This number was statis
tically significantly less than that in the Control, Collagen, 

and DHB groups, which had approximately the same 
values for this indicator (Table 4).

It is important to highlight the differences in the leukocyte 
infiltration degrees of the wound edges and centers. In the 
wound centers of the SC group, the leukocyte numbers were 
1.5 times higher than those in the periphery (p <0.05), which 
confirms the anti-inflammatory effect of the SC culture. In the 
Collagen group, the leukocyte numbers in the wound center 
and edges were the same (on average, 308 and 302 cells/mm3, 
respectively, p> 0.05). Conversely, in the DHB and Control 
groups, the leukocyte numbers were 1.1–1.2 times higher in 
the wound edges than in the center (p <0.05).

In the wound tissue, the leukocyte numbers on the 7th 
day increased in all groups. At the same time, the 

Figure 3 The wound crater center by the end of the 3rd day after wound modeling, Collagen group. Moderately present tissue edema and plethora, as well as moderate 
infiltration by leukocytes of all granulation layers. Hematoxylin–eosin staining. Magnification: X40 and X100.

Figure 4 The wound crater center by the end of the 3rd day after wound modeling, SC group. The granulation tissue edema extends to deeper tissues. Hematoxylin–eosin 
staining. Magnification: X40, x400.
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morphology of leukocytes changed, and neutrophilic infil
tration was replaced by mononuclear cells and macro
phages. The greatest increase (in comparison with the 
3rd day) was observed in the concentration of the wound 
center leukocytes in animals with a high temperature level. 
The leukocyte numbers increased by 1.6 times in the SC 
group rats, 1.5 times in the Collagen group, 1.4 times in 
the Control group, and 1.3 times in the DHB group.

Thus, the influence of the drugs on wound center and 
edge leukocyte infiltration was observed only in animals of 
the SC group. In other groups (DHB and Collagen), there 
was no significant effect on the leukocyte response on day 
7. Nevertheless, the animals treated with the pharmaceu
ticals demonstrated positive dynamics compared to the 
controls.

Microscopy of the wound center on the 7th day 
revealed tissue swelling, lymphatic vessel dilation, and 
full-blooded capillaries and venules. The severity of 
these processes within the groups decreased in the follow
ing order: SC, Collagen, DHB, and Control. Leukocyte 
infiltration was densest and most prevalent in the DHB 
group. In addition, on the 7th day after wound modeling, 
epidermal regeneration signs were observed in all wounds 
starting from the wound edges to the center. The least 
organized marginal shaft of the epidermis (according to 
the number of its layers) was found in the DHB group. In 
the SC group, the largest number of sites of future epider
mal growth buds, from which hair, sebaceous glands, and 
other skin derivatives subsequently develop (Figure 5), 
were recorded.

By the 7th day the epidermis was not differentiated 
into layers in 57% of cases in the Control group, 43% of 
cases in the DHB and SC groups, and in 29% of cases in 

the Collagen group. Two layers of the epidermis were 
identified in 43% of cases in the Control group, 57% in 
the DHB and SC groups, and in 71% of cases in the 
Collagen group. Three layers of the epidermis on day 7 
were not clearly visualized in all groups. The growth buds 
were identified in 14% of cases in the Control group, 43% 
of cases in the SK group and in 29% of cases in the 
Collagen group. In the DHB group growth buds were not 
detected.

The Wound State by the End of the 14th Day of the 
Study
The leukocyte numbers on the 14th day decreased com
pared to those on the 7th day by 1.2–1.9 times. By the 
end of the 2nd week, the leukocyte numbers were the 
lowest in the SC group, but the wound temperature in 
this group was the highest. In the wound center tissue on 
the 14th day, the number of leukocytes averaged 146 
cells per 1 mm2 in the SC group (1.90 times less than 
that on the 7th day, p <0.01); in the Control group, the 
leukocyte numbers decreased by 1.73 times compared to 
the numbers on the 7th day and averaged 172 non-resi
dent cells per mm2 of wound bottom area on the 14th 
day, which was 1.18 times greater than that in the SC 
group (p <0.05). In the Collagen group, the leukocyte 
numbers did not differ from the Control group on day 
14. At the same time, they fell 1.64 times relative to day 
7 and were 1.29 times higher than those in the SC group 
on the 14th day (p <0.05). Wound center leukocyte 
infiltration was the most marked in the DHB group on 
the 14th day. This was the only group in which the 
leukocyte numbers did not change statistically compared 
to day 7. On average, the number of leukocytes in the 
DHB group was 224 per mm2 on the 14th day, which 
was 1.30 times greater than the amount in the Control 
group (p <0.05), 1.53 times more than that in the SC 
group (p <0.01), and 1.19 times more than that in the 
Collagen group (p <0.05). In the wound edge tissue, the 
number of leukocytes was the smallest in the SC group 
(Me = 120 leukocytes/mm2). SC was the only group in 
which the number of leukocytes on the 14th day in the 
wound edge tissue was significantly lower than that in 
the wound center tissue (1.21 times on average). In other 
groups, the number of leukocytes in the wound edges 
was comparable to those at the bottom of the wound 
(Table 5).

Thus, the injection of the stem cell culture into the wound 
tissue was accompanied by a decrease in leukocyte 

Table 4 The Number of Leukocytes in the Center and Edges of 
Wounds On Day 7

Groups Center Edges

Control 303 [275: 307] 349 [325: 383]

Stem cells 279 [255: 292] 186 [176: 219] *

Collagen 308 [279: 350] 302 [266: 319] *
Deproteinized hemoderivative 

of calf blood

266 [233: 354] 295 [264: 359]

P - SC/Collagen 
SC/GDB

Notes: Median [lower 25% quartile: upper 75% quartile].*– statistically significant 
difference from the control group (Mann–Whitney test, p <0.05). P– significant 
difference between two unrelated treatment groups (Mann–Whitney test, p<0.05): 
SC/Collagen, Stem cells and Collagen; SC/DHG, Stem cells and Deproteinized 
hemoderivative of calf blood.
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infiltration for a long period of time (up to 14 days). The use 
of Collagen did not significantly affect the number of leuko
cytes in the wound bottom and edge tissue. DHB administra
tion was characterized by an increase in leukocyte infiltration 
of the wound on the 14th day relative to the Control group.

An important morphological criterion for wound healing 
was the assessment of the epithelialization process by the end 
of the 2nd week. On the 14th day, epithelialization was 
marginal in all wounds of the Control and DHB groups. 
Complete wound coverage with epithelium was detected in 
57% of cases in the SC group and in 43% cases in the 
Collagen group, which significantly distinguished those 
groups from the Control and DHB groups (p <0.05). In 
addition to weak wound epithelialization, the Control and 
DHB groups had pronounced scabs with leukocyte (mainly 
neutrophilic) infiltration. Under the newly formed multi
layered epidermis, where the basement membrane is formed, 
the formation of growth buds of the sebaceous glands and 
hair follicles was observed. This is an important indicator of 
an optimal wound healing process. The most numerous and 

mature growth buds were observed in the SC and Collagen 
groups (Figure 6).

In all wounds, areas of the 3-layer epidermis were 
determined. But the smaller length of it was in the 

Figure 5 The wound edges in different groups on the 7th day of the study. Hematoxylin–eosin staining, magnification x100. The arrows indicate the newly formed 
epithelium, which was wider and contained more layers in the SC and Collagen groups than that in the Control and DHB groups. In the SC and Collagen groups, the 
epithelium was multilayered, creeping from the edge to the center, and gradually becoming thinner. In the DHB and Control groups, there were signs of initial marginal 
epithelialization (a short section of a 1-2 layered epithelium, which starts creeping from the wound edge).

Table 5 The Number of Leukocytes in the Center and Edges of 
Wounds on Day 14

Groups Center Edges

Control 172 [168: 195] 188 [142: 206]

Stem cells 146 [127: 164] * 120 [99: 142] *

Collagen 188 [166: 208] 238 [197: 242] *
Deproteinized 

hemoderivative of calf blood

224 [207: 239] * 196 [162: 238]

P SC/Collagen 

SC/GDB 

Collagen/GDB

SC/Collagen 

SC/GDB

Notes: Median [lower 25% quartile: upper 75% quartile]. # - the difference in the 
associated indicator dynamics within the same group compared to day 0 (Wilcoxon 
test, p <0.05). *– statistically significant difference from the control group (Mann– 
Whitney test, p <0.05). P– significant difference between two unrelated treatment 
groups (Mann–Whitney test, p<0.05): Collagen/DHG, Collagen and Deproteinized 
hemoderivative of calf blood; SC/Collagen, Stem cells and Collagen; SC/DHG, Stem 
cells and Deproteinized hemoderivative of calf blood.
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Control and DHB groups. The growth buds and skin 
derivatives were identified in 100% of cases in the SC 
and Collagen groups, in 71% in the DHB group, and 57% 
in the Control group.

Discussion
The goal of this research was to determine the effect of 
inflammation on the acute skin wound healing process 
under the direct injection of stimulating agents via an 
experiment on rats.

It was necessary to determine whether a decrease in 
inflammation severity or an increase in inflammation duration 
(according to the degree of wound edge leukocyte infiltration, 
the time of onset and scab formation degree, and the wound 
surface epithelialization criteria) would accelerate the wound 
healing process when administering the agents via a solution 
containing stem cells, collagen, or DHB into the wound 
edges. To control additional trauma to the wound edges, 
isotonic 0.9% sodium chloride solution was introduced.

The observations show that at the end of the 3rd day 
after the same-size square skin wound modeling, the 
wound areas decreased only in the SC group. This 
decrease can be explained by the early transition from 
the exudation to the proliferation phase, which was 

confirmed by a decrease in wound tissue leukocyte infil
tration. In the Collagen group, the wound area on the 3rd 
day remained the same as that on day 0. However, leuko
cyte infiltration in the wound edge tissue was weaker than 
that in the Control group. By the end of the 3rd day, in the 
DHB and Control groups, the wound area was larger than 
that at the time of modeling. At the same time, in the 
control animals, leukocyte infiltration of the wound gran
ulation tissue was the highest.

By the end of the 7th day, the wound areas decreased in 
all groups, except for the Control. The most prominent 
decrease was in the Collagen and SC groups, which his
tologically showed signs of a confident transition from the 
exudative inflammation phase to the proliferative one. This 
was accompanied by the lowest degree of wound tissue 
leukocyte infiltration, especially in the edges. The wound 
sizes in the Control group did not change compared to 
those on day 0, and the histological signs of inflammation 
were the most pronounced in that group, as evidenced by 
the highest observable degree of leukocyte infiltration. At 
the same time, in the wound center, the leukocyte infiltra
tion on the 7th day of the study was more marked than that 
on the 3rd day. However, morphologically, neutrophils 
were replaced by mononuclear cells and macrophages. 

Figure 6 The wound edge view in different groups on the 14th day of the study. Arrows indicate the growth buds of the hair follicles. Hematoxylin–eosin staining, 
magnification x100.
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The highest level of leukocyte infiltration with neutrophil 
predominance and the least pronounced wound epithelia
lization were recorded in the DHB group.

By the end of the 14th day of the study, the greatest 
signs of wound healing were observed in the Collagen and 
SC group rats. It was in these groups that the wound areas 
were the smallest and epithelialization was the most evi
dent: The epithelium covered the entire surface of the 
former wounds in half of the animals. Simultaneously, 
we recorded the presence of a multilayer epithelium 
located on the formed basement membrane and the stratum 
corneum on the surface of the wounds, as well as the 
largest number of formed skin derivatives in the SC groups 
and in the Collagen group. In the DHB group, this effect 
was the same as that observed in the Control group. 
Complete wound epithelialization was not observed in 
any case. By the 14th day, scab discharge was observed 
two times more frequently in the SC and Collagen groups.

Another important fact is the consistently decreasing 
wound temperature during the first week of dynamic heal
ing. This phenomenon has been linked to deceleration of 
the wound healing process. The wound center temperature 
continued to decrease by the 14th day in all groups, except 
for the SC. However, the weakest leukocyte infiltration 
was observed in the SC group, while at the edges of the 
wounds of the DHB group, the leukocyte numbers 
exceeded those in the Control group.

Thus, of all the drugs we used, an anti-inflammatory effect 
was only observed via the usage of mesenchymal stem cells, 
which agrees with the results of other authors.24–28 The use of 
the SC culture solution was accompanied by a decrease in the 
leukocyte infiltration degree up to 14 days, as well as a 
decrease in scabs and an acceleration in the transition from 
the exudation to proliferation phases. The above data suggest 
that the potentiation of the wound healing process (including 
inflammation as a component) in general and skin wounds in 
particular is largely the result of the factors synthesized by the 
injected mesenchymal stem cells, stimulating the proliferation 
and differentiation of a wide variety of cells (growth factors 
and other cytokines), including the area of inflammation. In 
the SC group, the leukocyte number was lower than that in the 
other groups, likely because of the high quantity of cytokines 
produced and stimulated by SC. Therefore, the need for leu
kocyte recruitment was reduced. Moreover, SCs and their 
metabolites are capable of inhibiting the excessive generation 
of reactive oxygen species and lipid peroxide reactions during 
inflammation. This ultimately had a positive effect on epithe
lialization and accelerated the wound healing rate.

The DHB solution usage in the acute skin wound 
modeling was characterized by a higher density of leuko
cyte infiltration into the wound center tissues on the 7th 
day, as well as an increase in the leukocyte numbers in the 
wound center tissues on the 14th day in comparison to all 
other experimental groups. This correlated with a 
decreased severity of wound epithelialization compared 
to the Collagen and SC groups. The relatively low-effi
ciency and pro-inflammatory effect of DHB could be a 
consequence of the introduction of the foreign proteins 
into the wound edges, subsequently spreading throughout 
the intercellular spaces, as well as inadequate changes in 
microcirculation. This possibly means that the absence of 
hypoxia led to a decreased effect of DHB.29,32

The use of collagen did not significantly affect the inflam
mation course or the wound tissue leukocyte infiltration 
levels. The acceleration of wound healing and epithelization 
may be associated with the stimulation of the proliferation 
phase and fibroblast functions (which would require a special 
study). The wound healing stimulated under collagen solu
tion injections might result from the formation acceleration 
of the loose fibrous connective tissue matrix in the inflam
mation center. The introduction of exogenous collagen can 
improve wound healing via the application of a ready-made 
intercellular protein, albeit unstructured, which was effec
tively used by fibroblasts. Therefore, the effectiveness of 
collagen mechanisms will continue to be studied, especially 
since there is evidence of their positive effects under clinical 
use in surgery, cosmetology, and dentistry.34–39

Conclusion
Based on the results of this experimental study, the causal 
relationship between the inflammation and epithelializa
tion processes during acute skin wound healing in rats 
was established.

The anti-inflammatory effect of SC injection into the 
wound edge tissue was determined, as well as the pro- 
inflammatory effect of DHB, with no effect on inflamma
tion was observed under collagen treatment.

In comparison with the control group, a faster transi
tion from the exudative to the proliferative phase of 
inflammation, as well as more intense wound epithelializa
tion, were recorded in the SC and Collagen animal groups. 
Wounds of the DHB group healed worse.

Abbreviations
SC, stem cells; DHB, deproteinized hemoderivative of calf 
blood; Ме, median.
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