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Purpose: To investigate the comparative effectiveness of certain biological injectable
stimulants for the healing of skin wounds and criteria for its assessment.

Materials and Methods: A comparative study of the effectiveness of mesenchymal stem
cells (SC group), collagen (Collagen group), and deproteinized calf blood hemoderivative
(DCBH group) was carried out using an acute wound model. Control wounds were injected
with isotonic sodium chloride solution (Control group). A total of four groups (28 wounds
per group) were included in the study. Aged male Wistar rats were used as experimental
animals. A dynamic assessment of the wound areas and edges, microvasculature assessment
via laser Doppler flowmetry, histological and morphometric analyses to determine the
quantitative and qualitative fibroblasts composition, as well as the degree of newly synthe-
sized collagen maturity, was conducted on days 0, 3, 7, and 14.

Results: The administration of SCs provided a rapid but short-lasting effect, whereas the
administration of collagen resulted in a delayed but long-lasting wound-healing effect. DCBH
resulted in little to no effect. An increase in the perfusion volume of the wound edges accelerated
the regeneration process, while the level of microcirculation did not affect the number and
activity of fibroblasts. The wound healing acceleration, as well as the new collagen and stratified
epithelium formation and maturation, was associated with the presence of a sufficient pool of
mature and active fibroblasts in the wound, and not with the number of fibroblasts.
Conclusion: The present results clarify the action mechanisms of the studied drugs. In
addition, the application purposes and different effects of each drug on the different wound
healing phases were demonstrated. An assumption on the multi-component treatment advi-
sability under the wound condition objective assessment possibility was made. Findings from
this study may assist clinicians in making an informed transition to personalized wound
management and achieve better clinical outcomes.

Keywords: collagen, deproteinized calf blood hemoderivative, mesenchymal stem cell,
fibroblast, microhemocirculation, wound

Introduction

Acute and chronic wound treatment will always remain an urgent task. The
increasing number of drugs and methods for the treatment of wounds confirms
this fact and indicates the dissatisfaction of clinicians with the final results.'
Hence, fundamental study of the drug action mechanisms and the regeneration
processes stimulating wound healing, alongside the development of personalized
medicine, will contribute to the targeted and consequently more effective and safe
use of drugs.
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It is established that angiogenesis is an important
repairing mechanism.®” The new microcapillary network
growth provides nutrition for the new tissues and creates
an environment for the normal cell life that restores
damaged organ functions. Angiogenesis regulates the tran-
sition from the inflammation phase to the healing wound
extracellular framework formation, including fibroblasts
functioning.” ' The presence of fibroblasts in the
wound, as well as their multiplication and maturation to
the stage of a mature cell (which has a rich cytoplasmic
apparatus) is necessary for the intercellular proteins,
including type I collagen synthesis.'""'* In turn, the popu-
lation of dermal fibroblasts is involved in the regulation of
cell proliferation, including endothelial cell proliferation,
through direct intercellular or autocrine/paracrine
interactions.®'* Thus, for an objective assessment of the
effectiveness of the drug, it is necessary to use these two
most accurate morphological markers. These biomarkers,
which reflect wound overgrowth and nutrition of its tis-
sues, allow physicians to draw conclusions on wound
repair and predict scar formation after its closure.
However, in clinical practice, in the wound healing pro-
cess, dynamic quantitative and qualitative assessments of
newly formed vessels, fibroblast cells, and wound collage-
nization are not carried out directly (histological studies).
Therefore, experimental studies on animals continue to be
relevant.

To address these issues, a pilot study aimed at investi-
gating the comparative effectiveness of certain injectable
stimulants of biological origin for the healing of skin
wounds and criteria for its assessment. The acute cutaneous
wound model is the prototype for numerous small interven-
tions performed under local anesthesia in cosmetology and
surgery. Various injectable drugs of different action
mechanisms were chosen to be injected into the wound
during surgical treatment. All selected injectables were of
biological origin and derived from mammals; their effec-
tiveness in wound treatment has been previously proven in
clinical and experimental studies. These include collagen
(Collost™; which contains native unreconstructed collagen
obtained from the skin of cattle),'>'® deproteinized calf
blood hemoderivative (DCBH; Actovegin®),?* 2
mesenchymal stem cells (SCs).>>*® An obvious advantage

and

of the injectable drugs is the ability to accurately administer
a certain volume and dose of the drug to the same location in
all animals, providing identical wound treatment condi-
tions. Since the problem of wound healing is most acute in

adults and the elderly, the experiment was carried out using
adult aging rats.

Materials and Methods

The experiment was conducted on male Wistar rats, aged 9
months, weighing in averaged (median [Me]): 433 g (Q1/
Q3: 390/475 g). Square wounds were modeled on the
backs of the rats using a patented device that allows the
creation of cutaneous wounds of standardized size in
experimental animals (Patent RF No. 79,701/10.01.2009).
The operation was performed under general anesthesia
(intraperitoneal chloral hydrate: 300 mg/kg) under non-
sterile conditions. A total of 112 wounds were modeled.
The wound area (10 min after modeling) in all rats aver-
aged 123 mm? (Q1/Q3: 116/140 mm?), while the wound
depth reached the latissimus dorsi muscle fascia.

Prior to the experiment, the rats were maintained in
quarantine for 2 weeks under standard vivarium conditions
with a 12/12 light/dark cycle and free access to water and
food. Immediately after randomization (1 day prior to
wound modeling), the animals were isolated (one per
cage) to exclude the influence on wounds from other rats.

Study checkpoints were on day 0 (wound modeling,
measurements, drug or control solution injections) and
days 3, 7, 14 (wound healing dynamic assessment). The
animals were withdrawn from the experiment on days 3, 7,
and 14 under general anesthesia (intraperitoneally chloral
hydrate: 300 mg/kg). Rapid exsanguination was performed
by opening the right ventricle of the heart.

Study Groups and Animal Labeling

Age- and sex-matched rats (9-month-old males) were ran-
domized by weight 1 day prior to the experiment. Each rat
was assigned a group number and withdrawal day.
Therefore, initially, all groups were comparable in terms
of weight and withdrawal time. For each control day,
seven wounds were marked in each group. The group
and time labelings were performed on the tail of the
animal prior to the experiment.

The results of the four wound treatment groups (28
wounds in each group) were split according to the speci-
fics of the injected drug. The volumes and injection tech-
niques were identical for all wounds. On day 0, the same
volume of drugs (0.2 mL) was injected into the wounds of
all groups. It was of fundamental importance, because
injecting more of the drug could potentially increase com-
pression of the surrounding tissue and slow down the
healing process. Through a single puncture in the lower
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outer corner of the wound edge, drug used in clinical
practice was injected into the lateral (0.1 mL) and caudal
edges of the wound (0.1 mL). In the Control group, iso-
tonic 0.9% sodium chloride solution was injected into the
wound edges on the modeling day. In the SC group, a
culture of mesenchymal SCs isolated from the human
umbilical cord at a concentration of 0.5x10° per mL
(100,000 SCs per wound) was injected into the wound
edges on the modeling day. In the Collagen group, col-
lagen (Collost® solution containing 7% collagen gel from
cattle skin) was injected into the wound edges on the
modeling day. In the DCBH group, DCBH (Actovegin®
medicine at a concentration of 40 mg/mL) was injected
into the wound edges on the modeling day.

Stem Cell Production Technology

To obtain stem cells, a section of the human umbilical cord
was used as the primary biological material, which was
obtained after timely delivery without complications and
when assessing the newborn on the Apgar scale of at least
8 points. Prerequisite was to obtain informed consent from
the prospective mother. Some requirements were imposed
on the woman in labor: the pregnancy had to proceed
without complications, the woman in labor did not have
serious somatic diseases and was not a carrier of danger-
ous viral or bacterial infections. Before giving birth, the
donor was tested (for hepatitis viruses, human immunode-
ficiency viruses, herpes types 1, 2 and 6, Epstein-Barr,
Cytomegalovirus, Toxoplasma Gondi, syphilis).

In the first 10 minutes from the moment of bandaging
and cutting the umbilical cord, a fragment of the umbilical
cord was taken. The umbilical cord section had to be at
least 10 cm in length and contain at least 10 mL of whole
blood (for subsequent testing). It was placed in a container
filled with Hanks solution with added antibacterial agents.
Transportation of the biomaterial to the cell laboratory was
carried out in the first 4 hours after delivery in this con-
tainer filled with melting ice, so the temperature of the
material did not rise above +8°C, and did not fall below
+2°C. Direct isolation and cultivation of cell culture was
performed according to a previously developed technique
that was used in other studies.”® > This made it possible to
obtain cellular material of a standard morphological struc-
ture and further compare the results of different studies
with each other. The cells were grown in a-MEM culture
medium (Lonza), StemPro ™ MSC (Gibco, USA) to a
concentration of 500,000 cells per 1 mL. The number of
passages: 4. Cell culture typing was performed by

microscopy of unstained preparations and by detection of
specific protein markers of cytophenotypes by immunocy-
tochemistry and flow cytofluorometry. Each new cell cul-
ture was tested for the presence of histocompatibility
antigens (HLA-ABC, HLA-DR), as well as surface marker
proteins of mesenchymal stem cells: CD34, CD44
(HCAM), CD45, CD49b (a2B1-integrin), CD54 (ICAM),
CD90 (Thy-1), CD105 (endoglin), CD106, CD117 (c-kit).
Despite the fact that the mother was tested for virus and
bacterial carriage, it was considered necessary to retest the
resulting culture of umbilical cord cells (virological and
bacteriological testing) for the presence of microflora,
markers of hepatitis B and C viruses, HIV, herpes simplex
virus types 1, 2 and 6, Epstein-Barr, cytomegalovirus and
toxoplasmosis.

Research Methods

Different indices were dynamically analyzed, including the
changes in wound areas (on days 0, 1, 3, 7, and 14), level
of microhemocirculation in the wound edges (in anesthe-
tized rats on days 0, 3, 7, and 14; twice in each animal, on
the modeling and withdrawal days). Moreover, staining of
wound skin histological sections was performed using
different methods followed by light microscopy, as well
as morphometry with the resident fibroblast cells count
during animal withdrawal (on days 3, 7, and 14).

The wound size measurement technique consisted of
several stages. Firstly, visual examination, linear wound
measurement, and capture of images with EOS550D cam-
era (Canon, Japan) were performed at the same angle and
distance of 30 cm to the wound with the same ruler used at
all points of the experiment. Subsequently, the wound area
index was calculated, clearly limited by its edges, expres-
sing the final result in mm® For this, we used the
JMicroVision 1.2.7 program (Switzerland).

According to the measurements (Me and interquartile
range [IQR]), the wound area on the modeling day did not
statistically differ between the groups (Control group, Me:
128 mm? [IQR: 106-137 mm?]; SC group, Me: 134 mm?
[IQR: 122-155 mm?]; Collagen group, Me: 130 mm?
[IQR: 119-144 mm?]; and DCBH group, Me: 126 mm?
[IQR: 110-131 mm?*]; p>0.05).

Microhemocirculation was analyzed in anesthetized
rats using the MP150 hardware and software complex for
electrophysiological studies (BIOPAC Systems, Inc,
USA). The complex included an LDF100C laser Doppler
flowmetry module equipped with a TSD145 needle sensor
and AcqKnowledgeversion 4.4.1 software (Figure 1). It

Drug Design, Development and Therapy 2020:14

submit your manuscript

4871

Dove


http://www.dovepress.com
http://www.dovepress.com

Silina et al

Dove

ACQKNOWLEDGE
e BloPaC

AcaKnowledge for MP Systems

Figure | Microhemocirculation analysis of the edges of a wound in a rat under general anesthesia.

detects the presence of reflected signal frequency shifts
and, using the software signal processing algorithm, con-
verts them into perfusion units (ie, blood perfusion units
[BPU]). The needle probe was sequentially installed per-
pendicularly to the skin 2 mm outwards along all four
edges of the wound. The final result was the arithmetic
mean of the BPU obtained from all edges of the wound.

This article presents a comparative analysis of the
microhemoperfusion volume dynamics in animals with-
drawn from the experiment at the control points in com-
parison with the initial volume measured on day 0. The
microhemoperfusion values were statistically indistin-
guishable in the study groups on day 0.

For histological analysis, three consecutive dissections
of each wound were made. On each dissection were iden-
tified the wound center and edges. Sections were stained
differently: hematoxylin-eosin (for assessment of wound
epithelialization under descriptive light microscopy);
hematoxylin (processing using the Image-J program
[National Institutes of Health, Bethesda, MD, USA] for
the quantitative analysis of fibroblast cells according to
their morphological characteristics in granulation layers);
and Van Gieson (to assess the wound collagenization,
including the collagen location, volume, and degree of
maturity). Microscopy was performed at x40, x100, and
x400 magnifications using a Leica CME microscope
(Germany) and an eyepiece camera.

Ethical Considerations

The experiment was performed according to the principles
of laboratory animals handling and complied with the
of the

provisions “European Convention for the

Protection of Vertebral Animals Used for Experimental
and Other Scientific Purposes. CETS 123”. The study
was approved by the Regional Ethics Committee of the
FSBEI of HE Kursk State Medical University under the
Ministry of Health of the Russian Federation (Protocol No.
5 dated 02.11.17). Mesenchymal SCs used in the experi-
ment were isolated from a human umbilical cord after a
normal birth at 38-40 weeks of the gestation period with
the informed consent of the donors.

Statistics

Statistical analysis was performed with the SPSS version
23.0 software (IBM Corp., Armonk, NY, USA) using
standard  parametric and non-parametric  criteria.
Continuous quantitative data were descriptively presented
as the median (Me), as well as the lower 25% and upper
75% quartiles. Qualitative data were presented in the form
of a percentage. The normality of the quantitative samples
distribution was assessed using the Kolmogorov test. The
Kruskal-Wallis test was used to compare more than two
independent nonparametric samples, followed by an
appropriate post hoc analysis (Dunnett’s 7-test for compar-
ison with a control group, for other pairwise comparisons,
the Bonferroni test was used). Since a p-value between
0.05 and 0.1 can be considered a trend, we performed a
posteriori analysis after obtaining the Kruskal-Wallis test
result 0.05-0.1. This was done to eliminate the possibility
of a Type I error. The Wilcoxon test was used for the
analysis of two dependent samples. Qualitative character-
istics were compared according to the y* criterion (analysis
of contingency tables). A p<0.05 denoted statistically sig-

nificant differences.
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Results
State of the Wounds by the End of Day 3

By the end of day 3, the wound area of the Control group
was the largest (mean: 145 mm? [IQR: 128-158 mm?]),
which is on average 1.14x times more than on day 0 (10
min after wound modeling). However, a significant differ-
ence from the Control group wounds was observed only in
the SC group (on average, 1.18x times less; p=0.001). The
Me wound area of the SC group was 122 mm?® (IQR:
107-134 mm?). The SC group was the only group in
which, on day 3, the wound area decreased significantly
compared with that noted on the modeling day. The wound
areas of the Collagen and DCBH groups did not statisti-
cally differ from the Control group on day 3, although they
were smaller on average (Collagen group, Me: 137 mm?
[IQR: 124-150 mm?]; DCBH group, Me: 131 mm? [IQR:
110-146 mm?*]; p>0.05). In addition, the wound areas in
these groups did not differ from each other and their sizes
measured on the modeling day, insignificantly exceeding
the size by merely 5-10 mm?. Comparison of all groups
did not reveal statistical differences according to the
Kruskal-Wallis test (p = 0.075), post hoc tests revealed a
difference between the Control and SC groups (p=0.002;
the appropriate Dunnett’s post hoc test) (Figure 2).

On day 3, the blood perfusion volume of microvessels
in the skin around the wound did not demonstrate signifi-
cant changes compared with the volumes observed on day
0 in the Control, Collagen, and SC groups (p>0.05). At the
same time, in 43% of the wounds in the SC group, the
perfusion volume tended to increase, whereas it did not
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Figure 2 Wound areas on day 3 of the study in different groups (mm?).

Note: *Difference from the Control group at p <0.05 (the appropriate Dunnett’s
post hoc test).

Abbreviation: DCBH, deproteinized calf blood hemoderivative.

change or decreased insignificantly in the remaining 57%
of wounds. A statistically significant increase in the micro-
circulation volume by 25% was recorded only in the
wound tissues of the DCBH group (on average from 110
BPU on day 0 to 138 BPU on day 3; p<0.05). This
indicator increased in 86% of wounds (6 of 7 animals
were withdrawn from the experiment on day 3). In the
other groups, the microcirculation volume did not statisti-
cally differ and ranged 115-121 BPU (Figure 3).

It was hypothesized that the change in the microcircu-
lation level under the use of different drugs is associated
with different mechanisms of damaged tissue restoration.
This hypothesis was confirmed by morphometric data.

During histological wound sections analysis on day 3,
the leukocyte numbers in damaged tissues significantly
exceeded the concentration of fibroblasts, indicating the
exudative inflammation process. According to the number
of fibroblasts in all wound parts on day 3, the groups can
be arranged in the following sequence (in descending
order): Control > DCBH > Collagen > SC. Young fibro-
blast forms were determined morphometrically on day 3.
The reverse group sequence was observed during the
fibroblast concentration ratio analysis in the wound center
and edges. In the Control group, the numbers of fibroblasts
in the wound center and edges were similar (on average,
117 and 107 fibroblasts per mm?* of wound, respectively).
In the DCBH group, the number of fibroblasts in the
wound center was 1.5x times higher than that recorded
in the periphery (on average 111 and 76 fibroblasts per

BPU
260 (] payo
i M pay 3
2207
2007
1807
1607

1401

- : | g

80

Q

T T T T
Control Stem cells Collagen  DCBH
Figure 3 Microhemocirculation volume in the edge of wounds on days 0 and 3 in
different groups (BPU).
Note: #p<0.05, significant difference in the dynamics of the associated indicator
within a separate group relative to day 0 (Wilcoxon test).
Abbreviations: BPU, blood perfusion units; DCBH, deproteinized calf blood
hemoderivative.
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Table | The Number of Fibroblasts in the Center and Edge of the Wounds in Different Groups on Day 3 (n)
Group Center Edge
Control 117 [108-121] 107 [92-109]
Stem cells 98 [92-117] 18 [14-49] * #
Collagen 101 [95-106] 52 [39-59] *
Deproteinized calf blood hemoderivative 111 [101-118] 76 [74-97] #
p (Kruskal-Wallis test) 0.168 0.003

Notes: Data are presented as the median and interquartile range [lower 25%—upper 75% quartile]. *Difference from the Control group at p <0.05, Dunnett’s test; #p<0.05,
significant difference between SC and DCBH groups, the appropriate post hoc Bonferroni test.

mm? of wound, respectively). In the Collagen group, the
difference in fibroblast concentration averaged 1.9x (Me:
101 and 52 cells/mm?, respectively). At the bottom of the
wound areas in the SC group, the number of fibroblasts
was 5.4x times higher than that measured at the edges
(Table 1).

Histological sections stained according to Van Gieson
revealed that, on day 3 in all wounds under a formed thick
scab, fibrin filled the wound crater; the fibrin contained
few thin, young, and weakly stained collagen fibers. With
the production of a weak protein by fibroblasts on day 3,

the least amount of immature young collagen was detected
in wounds of the DCBH group. Newly formed collagen
was observed in the SC and Collagen groups. According to
wound collagenization, groups can be arranged in the
following order (from minimum to maximum): DCBH <
Control < SC < Collagen (Figure 4).

Generally, in the Collagen group, by the end of day 3,
better formation of granulation tissue and layered organi-
zation were observed compared with the other groups.
Moreover, in half of the Collagen group cases, a structured
collagen band running from the edges to the center of the

~

4:/'"" & s NN
)',’.[;».3:1;" 1Yy

Stem eIIs

Figure 4 Wound areas of different groups on day 3. Light microscopy, Van Gieson staining, magnification: x40.
Notes: “A” Indicates the wound center impregnated with fibrin and a small number of thin pale unstructured collagen fibers. “B” Indicates an intact wound edge with bright-

colored structured dense mature collagen.
Abbreviation: DCBH, deproteinized calf blood hemoderivative.
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wound was detected, probably due to the drug injected into
the wound. Although the band was brighter than those
observed in other wound sites, it differed significantly in
color and thickness from intact collagen in the same
wound edges. This may be due to the activity of amino
acids of the introduced foreign collagen for synthesis.

State of the Wounds by the End of Day 7

By the end of day 7, the wound areas diminished com-
pared with those measured on the modeling day. Visually,
wounds in the Collagen group healed better, whereas those
of the Control group exhibited worse healing (Figure 5).
Thus, the wound areas of the Collagen group decreased by
1.5% on average and averaged 85 mm? (IQR: 72-96 mm?).
On day 7, the wound areas of the Control and SC groups
were statistically significantly larger than those recorded
on the modeling day (1.35x; Me: 115 mm? [IQR:
97-125 mm?]; p=0.003). The DCBH and SC groups did
not statistically differ versus the other groups on day 7 of
the experiment. Comparison of all groups did not reveal
statistical differences according to the Kruskal-Wallis test
(p = 0.055), the appropriate post hoc tests revealed a
difference between the Control and Collagen groups
(p=0.025).

By the end of day 7, the level of microcirculation in the
SC group tissue increased relative to the modeling day by
34% on average (from 117 BPU on day 0 to 158 BPU on
day 7; p<0.05). The level of microcirculation in the
Collagen group tissue increased to the maximum extent
by 43% on average (from 124 BPU on day 0 to 178 BPU
on day 7; p<0.05). In the Control and DCBH groups, the
tissue perfusion volume of the wound edges did not differ

1707
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1007
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607
50

Wound areas on day 7

Control Stem cells  Collagen DCBH

Figure 5 Wound areas on day 7 in different groups (mm2).

Note: *Difference from the Control group at p <0.05 (the appropriate Dunnett’s
post hoc test).

Abbreviation: DCBH, deproteinized calf blood hemoderivative.

from the initial level, and averaged 133 BPU and 125
BPU, respectively (p>0.05). Notably, in the DCBH
group, the tissue microcirculation level around the wound
on day 3 was 1.11x higher than that reported on day 7, it
decreased to its initial level (Figure 6).

The increased blood perfusion in wound edge tissue on
day 7 correlated with the smallest wound area, as observed
in the SC and Collagen groups. Consequently, an increase
in the tissue blood perfusion volume of the wound edge
accelerated regeneration, and may serve as a marker of
positive outcome.

In the DCHB group, the early recorded positive perfu-
sion effect had ended by the end of day 7, and was equal to
that noted in the control animals, without differing from
the microcirculation level established on day 0.

On day 7, changes in the wound tissues were directly
associated with an increase in fibroblast density, which
was mainly expressed at the wound edges. The number
of fibroblasts at the wound edges increased in all animal
groups by 5-33%, compared with those recorded on day 3
(mean: 5.0x, 7.2x%, 9.9x, and 33x in the Control, DCBH,
p<0.01).
Therefore, on day 7 (versus day 3), fibroblasts prevailed

Collagen, and SC groups, respectively;
over the other cells, providing the resources for postopera-
tive matrix formation and wound collagenization. Thus, on
day 7, the proliferative regeneration process changed the
exudative inflammation period, which was presented on

day 3 of the wound healing.

o < (] payo
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Control Stem cells Collagen DCBH
Figure 6 The level of microhemocirculation in the tissue of wound edges on days 0
and 7 in different groups, from animals withdrawn from the experiment on day 7
(BPU).
Note: #p<0.05, significant difference in the level dynamics within a separate group
relative to day 0 (Wilcoxon test).
Abbreviations: BPU, blood perfusion units; DCBH, deproteinized calf blood
hemoderivative.
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However, in terms of the absolute number of fibro-
blasts per | mm® of wound area, significant differences
were found between the groups during the analysis of the
wound edge tissue preparations. The maximum number of
fibroblasts at different maturation stages was observed in
the SC group. On day 7, the average number of fibroblasts
was 594 cells per 1 mm? Therefore, it was 1.11x
(p=0.029), 1.16x (p=0.048), and 1.09x (p=0.45) higher
than in the Control, Collagen, and DCBH groups, respec-
tively. All other groups did not differ among themselves in
terms of this indicator (p>0.05) (Table 2).

We emphasize that the fibroblast concentration was
maximal at the wound center on day 3. On day 7, the
fibroblast concentration was maximal at the wound edges
than at the wound bottom in all groups (on average, in the
Control group: 1.25%, p<0.05; SC group: 1.32x, p<0.05;
Collagen group: 1.13x, p>0.05; and DCHB group: 1.19x%,
p<0.05). This fact made it possible to trace the initiation of
the wound epithelialization process.

On day 7, the marginal epithelialization with epithelial
creeping from the periphery to the center was observed in
all groups. According to the epidermis organization, the
number of layers, and growth bud formation, the SC group
demonstrated the best results, followed by the Collagen,
Control, and DCBH groups. Of note, the largest difference
in the number of fibroblasts between the edges and center
of the wound area was observed in the SC group, while the
smallest difference was noted in the Collagen group. Only
in the Collagen group, there were no significant differ-
ences between the number of fibroblasts in different
wound sections. An explanation may be that, during treat-
ment with collagen, the regeneration process originated
from the wound edges and wound bottom, due to the
injected protein, reduced energy, and time required for
the formation of the extracellular matrix of the granulation
tissue. This accelerated the proliferation stage of the

wound healing process.

Additionally, in the SC and Collagen groups, the level
of microcirculation in wound edges was the highest, and
the total number of fibroblasts was the largest. Moreover,
importantly, the cells were the most mature (large process
cells with rich organelles and weakly basophilic cyto-
plasm), and the loose fibrous connective tissue was the
most formed and mature. This was mainly observed at the
wound edges, promoting the synthesis, formation, and
maturation of collagen (Figure 7).

It was found that the ratio of young and mature col-
lagen was equal in 28.6% of wounds in the SC and
Collagen groups. In the remaining cases, and in 100% of
the wounds in the DCBH and Control groups, young
collagen prevailed over mature collagen. The most oxy-
philic (brightly colored) was the newly formed collagen in
the wound edges of the SC group, followed by the
Collagen group. Collagen was least organized in the
DCHB and Control groups. This once again confirms the
hypothesis that the main mechanism for accelerating
wound healing when using collagen is not the stimulation
of metabolic processes as such, but the use of the injected
collagen as the primary building protein, which is then
used by fibroblasts to synthesize their own functioning
collagen. A decrease in the wound area by day 3 in the
Collagen group occurred due to the long-term non-absorb-
able collagen injected and an increase in the volume of the
wound edges.

State of the Wounds by the End of Day
14

At 14 days after wound modeling, all wound sizes dimin-
ished significantly. Sustaining the 7-day trend, the
Collagen group healed better (the wound area decreased
11.8x in 2 weeks on average), followed by the SC group
(8.9%) and DCBH group (8.4x); the worst result was
demonstrated by the Control group (the wound area
decreased 4.4x on average) (Figure 8). Thus, the Control

Table 2 The Number of Fibroblasts in the Center and Edge of the Wounds in Different Groups on Day 7 (n)

Deproteinized calf blood hemoderivative
p (Kruskal-Wallis test)

Group Center Edge

Control 428 [383—454] 538 [488-549]
Stem cells 449 [395-458] 594 [574-638] *
Collagen 453 [429-479] 514 [489-543] #

458 [442-472]
0.425

545 [499-561] #
0.021

Notes: Data are presented as the median and interquartile range [lower 25%—upper 75% quartile]. *Difference from the Control group at p <0.05, Dunnett’s test;

#Difference from the SC group at p <0.05, the appropriate post hoc Bonferroni test.
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Figure 7 Wound edge tissue in different groups on day 7. Van Gieson staining, magnification: x40.

Abbreviation: DCBH, deproteinized calf blood hemoderivative.

group wound area averaged 26 mm?® (IQR: 18-29 mm?).
This was higher than in all other pharmacological groups:
1.7x higher than in the DCBH group (Me: 15 mm? [IQR:
11-26 mm?]) and the SC (Me: 15 mm® [IQR:
1021 mm?]), and 2.4x higher than in the Collagen
group (Me: 11 mm? [IQR: 8-17 mm?]). Comparison of

45

401

357

307

257

207

Wound areas on day 14

Control  Stemcells Collagen  DCBH

Figure 8 Wound areas on day 14 of different groups (mmz).

Note: *Difference from the Control group at p <0.05 (the appropriate Dunnett’s
post hoc test).

Abbreviation: DCBH, deproteinized calf blood hemoderivative.

all groups revealed significant differences according to the
Kruskal-Wallis test (p = 0.001). Dunnett’s post hoc test
revealed a difference from the Control group: Collagen (p
=0.0001) and SC (p = 0.004) groups, no other differences
were found in the post hoc tests.

The wound edge tissue perfusion on day 14 increased
relative to day O in all groups (p<0.05). The perfusion
volume increased to the greatest extent in the Collagen
group to 269 BPU (an average of 2.2x). This was 1.3x and
1.6x higher than in the DCBH group (Me: 208 BPU;
p<0.05) and SC group (Me: 168 BPU; p<0.05), respec-
tively. In the Collagen group, the largest increase in the
perfusion volume was revealed by day 14 relative to day O.
Comparison of all groups on day l4revealed significant
differences according to the Kruskal-Wallis test (p =
0.045). Perfusion volume changed the least in the SC
group, by only 1.30x on average relative to day 0
(Figure 9), and did not change compared with day 7.
This may be a consequence of the SC culture action
termination during this period of wound healing.

On day 14, the number of fibroblasts under different
treatment options prevailed over those of hematopoietic
cells. The fibroblast detection frequency at the wound

Drug Design, Development and Therapy 2020:14
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Figure 9 Levels of microcirculation on day 14.
Note: #p<0.05, significant difference in the dynamics of a related indicator within a
separate group relative to day 0 (Wilcoxon test).

bottom and edges in all pharmacological groups were
higher than that noted in the wound areas of the Control
group, which significantly affected the general and mor-
phological profile of the wound healing process. This
confirms the conclusion on the effectiveness of regenerat-
ing agents for the treatment of wounds in connection with
their active involvement in fibroblast secretion and stimu-
lation fibrous loose connective tissue formation, which
promotes early wound healing.

The number of fibroblasts was the highest in the wound
areas of the Collagen group (center, Me: 595 cells/mm?;
edges, Me: 503 cells/mmz), which were 1.66x and 1.37x
higher, respectively, than those counted in the Control
group (p<0.05). Of note, the DCBH group (center, Me:
663 cells/mm?; edges, Me: 490 cells/mm?) had 1.97x and
1.34x more cells, respectively, than the Control group
(p<0.05). The lowest concentration of fibroblasts was
observed in the SC and Control groups. Only in the
Control group, the number of fibroblasts at the edges of
the wound area was higher than that in the center (on
average, 1.09%). In the SC group, the number of fibroblasts
was the same in different wound sections. In the other

groups, the concentration of fibroblasts was higher in the
wound center than in the edges (on average, 1.35x and
1.18% higher in the DCBH and Collagen groups, respec-
tively) (Table 3).

The wound epithelialization was evaluated via micro-
scopy of histological sections. The analysis revealed that,
by the end of day 14, the best wound healing occurred in
the Collagen and SC groups, in which complete epitheli-
zation of the entire wound was recorded in 57.1% and
42.9% of cases, respectively. The wounds in the Control
and DCBH groups did not have complete epithelialization.
Marginal epithelialization with a gradual thinning of the
epidermis layers did not reach the wound central area. At
the same time, in most of the wounds in the Control and
DCBH groups, a scab saturated with leukocytes was
observed in the wound center. In the Collagen group, the
largest number of formed epidermal growth buds was
recorded, in which hair follicles with animal hair and
sebaceous glands were determined. Under the epidermis,
a layer of collagen fibers of varying maturity degrees was
detected in all groups. Also, the degree of collagen matur-
ity increased in all groups (compared with the previous
control point), the
(Figure 10).

In the Collagen group, the mature collagen prevailed in

especially in Collagen group

numbers over young collagen (42.9% of cases). In the
remaining 57.1% of the Collagen group wounds, the
young and mature collagen ratio was equal. In other
groups on day 14, there were no cases of mature collagen
prevalence in wounds. On day 14, wounds in the Control
group showed the least collagenization. In 71.4% of cases,
predominance of young collagen was recorded, and only
in 28.6% an equal ratio of young and mature collagen was
recorded. In the SC group, the young collagen predomi-
nated in 33.3% of cases, and an equal ratio of young and
mature collagen was observed in 66.7% of cases. In the
DCBH group, 85.7% of the cases demonstrated an equal
ratio of young and mature collagen, while the prevalence

Table 3 The Number of Fibroblasts in the Center and Edge of the Wounds in Different Groups on Day 14 (n)

Deproteinized calf blood hemoderivative
p (Kruskal-Wallis test)

Group Center Edge

Control 337 [330-376] 367 [322-376]
Stem cells 414 [399-514] 408 [327-451]
Collagen 595 [498-601] * 503 [452-638] * #

663 [579-725] * #
0.0001

490 [443-519] *
0.002

Notes: Data are presented as the median and interquartile range [lower 25%—upper 75% quartile]. *Difference from the Control group at p <0.05, Dunnett’s test;

#Difference from the SC group at p <0.05, the appropriate post hoc Bonferroni test.
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Collagen

Figure 10 Tissues in the center and edges of the wounds in different rat groups on day 14. Van Gieson staining, magnification: x40.

Abbreviation: DCBH, deproteinized calf blood hemoderivative.

of mature collagen was detected in 14.3% of cases. The
Control (p=0.014) and SC (p=0.031) groups statistically
significantly differed from the Collagen group in this
indicator.

Discussion

The aim of the present study was to comparatively evalu-
ate the effectiveness of the drugs used for wound healing
regulation, which are injected into the wound center or its
edges. A standardized skin damage model was used, which
made it possible to compare the results of the treatment in
animals classified in different pharmacological groups.

According to the wound area assessment, for 2 weeks,
the largest wound area was observed in the Control group,
which once again demonstrated the relative weakness of
the evolutionarily developed wound healing mechanisms,
and the effectiveness of modern pharmacological agents
used for wound healing.

On day 3, the lowest wound area was reported in the SC
group. The Collagen and DCBH groups wound sizes did not
differ in size on day 3, and did not differ versus other groups.
On days 7 and 14, the wound size reduction was better in the
Collagen group, and worse in the Control group. The SC and

DCBH wound size occupied an intermediate position and did
not differ statistically from each other throughout the obser-
vation period. According to the wound sizes, the groups can
be arranged in the following order: day 3, Control > Collagen
= DCBH > SC; day 7, Control > SC > DCBH > Collagen;
and day 14, Control > DCBH > SC > Collagen.

On day 3, the fibroblast concentration in the wound
tissues was the lowest in the SC group, followed by the
Collagen group, and was highest in the Control group.
However, the largest difference between the number of
fibroblasts in the wound center and edges was noted pre-
cisely in the wounds of the SC and Collagen groups. In the
wound center of the SC and Collagen groups the number
of fibroblasts per unit area was 2-5x higher (in other
groups: 1.1-1.5% higher). Furthermore, in the wound
areas of the SC and Collagen groups, the absolute number
of fibroblasts was the smallest; however, there was more
newly formed collagen than in the other groups. Probably,
collagenization and other protein-forming functions of
fibroblasts at this stage of the wound process are asso-
ciated with the presence of additional building material
that accelerates the production of its own collagen and
with the activity of fibroblasts rather than their quantity.

Drug Design, Development and Therapy 2020:14
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It was found that the concentration of fibroblasts in the
wound tissues is not reliably associated with the blood
flow. The control wounds on day 3 had the highest cell
infiltration; however, the level of microhemoperfusion did
not change compared with that detected in the first 30—40
min after the wound modeling, ie, during the hemostasis
stage. At the same time, the number of cells per unit area
was statistically indistinguishable between the DCBH and
Control groups. However, only in the DCBH group, an
increase in the perfusion volume along the wound on day 3
was recorded; the observed increase confirmed the conclu-
sions of one of our co-authors regarding the effect of
DCBH on neoangiogenesis.’' Thus, the biological effect
of serum substances in the blood of young animals, which
act primarily under ischemic conditions, was confirmed.?'

Thus, on day 3, the best wound healing observed in the
SC group may be associated with the anti-inflammatory
effect and stimulation of the protein-production processes
of a wound's own fibroblasts. This confirmed the opinion
of other researchers concerning the effectiveness of using
allogeneic invisible mesenchymal SCs isolated from the
human umbilical cord.?®2%32-3 The relatively successful
regeneration of the DCBH wounds may be related to an
increase in microvessel perfusion in the skin around the
wound. However, the increase in perfusion volume
recorded on day 3 in the DCBH group did not eventually
have a significant effect on the wound healing. The short-
term effect of improving microcirculation in the DCBH
group could occur due to the implementation of inflamma-
tion mechanisms. It is difficult to imagine the formed
first injury.
Inflammation is typical for this period. That is, an increase

neoangiogenesis in  the day after
of microcirculation indicators could be associated not with
neoangiogenesis, but with the expansion of existing capil-
laries, and the release of non-resident leukocyte cells into
the tissue of wounds of the DCBH group. Moreover, later
the effect of enhanced microcirculation disappeared. Our
next works will be devoted to testing this hypothesis.

By the end of day 7, both of the aforementioned effects
had disappeared. The best wound regeneration was noted
in the Collagen group. The histological profile showed
that, on day 7, the best wound healing was detected in
the wound edges of the SC and Collagen groups, where
the formation of the wound surface epithelial coating
began; the largest number of mature fibroblasts was
recorded under the epidermis. As a result of the fibroblast
prevalence in different wound sections, as well as the
faster maturation of fibroblasts in the SC and Collagen

groups, signs of more intensive collagen and epithelium
formation and maturity were revealed in these groups in
comparison with the DCBH and Control groups. In all
wounds of the DCBH and Control groups, young collagen
prevailed over mature collage in volume, which can be
regarded as a sign of a relative slowdown in protein
synthesis by fibroblasts.

Moreover, wound healing effectiveness is associated
with microhemoperfusion. On day 7 in the SC and
Collagen groups, an increased and a maximum perfusion
volume, as well as the flow of blood elements, were
recorded, which correlated with a decrease in the size of
the wounds.

By the end of day 14, based on the wound area
dynamics, it can be argued that wounds of the Collagen
group and, to a somewhat lesser extent, those of the SC
group healed more intensively. In terms of the wound
surface epithelialization on day 14, the best result was
also recorded in the SC and Collagen groups. In the
DCBH group, the level of epithelialization was similar to
that observed in the Control group, and complete wound
coverage with epidermis did not occur in any case. The
concentration of fibroblasts on day 14 was highest in the
center of the wound of the DCBH group, in the wound
edges the concentration of fibroblasts was highest in the
Collagen and DCBH groups. The highest and lowest
degree of collagen maturity and organization on day 14
was recorded in the Collagen and Control groups, respec-
tively. The blood flow in the wound edges increased sig-
nificantly in all groups.

Wound surface epithelialization during the morpholo-
gical assessment varied within the groups. Epithelium
stratification was noted in the SC group and in the
Collagen group, in which the skin derivatives were formed
to the highest degree. According to the collagen organiza-
tion and maturation, the groups may be arranged in the
following ascending order: Control > DCBH > SC >
Collagen.

Thus, between days 7-14, wound healing in the
Collagen group was the best in the indicators we use.
This is due to the reduction in the time for a full cycle
of collagen synthesis by fibroblasts in connection with the
use of the introduced foreign collagen amino acids. This is
also associated with the most rapid maturation of fibro-
blasts. The consistently high concentration of fibroblasts at
the wound bottom and edge tissues in the Collagen group
explains the acceleration of the wound healing process,
which was initiated in the edges and at the bottom of
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wounds, reducing their depth. The positive effect of col-
lagen that we have established experimentally confirms the
clinical effectiveness of its use even in the treatment of
chronic wounds.'>"!” This allows us to conclude about the
unity of the mechanisms of collagen influence on acute
and chronic wound regeneration.

However, the process of physiological skin restoration
is not limited to 14 days. It is possible that at a later date,
after the completion of the remodeling process, we will
receive different aesthetic and other characteristics of the
formed scar. Indeed, after the closure of the wound, the
issue of aesthetics and elasticity of the site of operation
will be of greatest concern to the patient. This important
question requires additional research.

A separate discussion is required for the treatment of
chronic-infected wounds and the development of new
highly effective injectable antibacterial agents, work on
which is already underway.>*® Success in this direction
would make it possible to abandon the long-term use of
antibiotics, and possibly to solve the problem of antibiotic
resistance. In our study, wound infection did not occur,
despite the aseptic conditions of wound modeling. This is
due to acute wounds in highly immunocompromised ani-
mal models.

Thus, this study reveals some aspects of wound healing
and confirms the need to develop new high-tech wound
care products. Future directions of research in this area are
attempts to create models of chronic wounds with and
without infection, the study of pathophysiology with an
analysis of the mechanisms and comparative efficacy of
different drugs.

Conclusion

Despite the large number of options for the treatment of
wounds, it is obvious that there cannot be a universal
remedy. In this regard, the aim of treatment should be
formulated as reasonably and clearly as possible: earliest
possible closure of the wound; decrease in the possibility
of ulcer recurrence; obtaining the maximum possible cos-
metic effect, etc. This will allow clinicians to more accu-
rately select the treatment scheme or a combined approach
for the treatment of skin defects.

The results of this study showed that the best healing
was noted on day 3 and days 7-14 in the SC and Collagen
groups, respectively. Comprehensive monitoring of the
wound condition is important both before and during treat-
ment. A diagnostic method for this purpose is the assess-
ment of microcirculation in wound edges. It was found

that an increase in the volume of wound edge perfusion
accelerates the regeneration rate, while the level of micro-
circulation is not associated with the number and activity
of fibroblasts.

An instrumental study of the state of wound edges is an
essential step towards the personalized treatment of
somatic diseases accompanied by ulcers, as well as post-
operative patient management in the presence of skin
integrity disorders.

In conclusion, the effect of injectable drugs is realized
through various biological and chemical mechanisms. In
addition, the acceleration of regeneration is associated
with the presence of a sufficient pool of mature and active
fibroblasts in the wound, rather than their total number.
Moreover, the use of SCs provided a rapid but short-
lasting effect, whereas the use of Collagen resulted in a
delayed (from day 7) but persistent and longer wound-
healing effect. Taking into account the short lifespan of
SCs, it is advisable to re-introduce them into a wound to
achieve a prolonged effect and the synthesis of biologi-
cally active substances that accelerate wound healing. Calf
blood preparation (DCBH) can have a favorable effect in
cases of tissue hypoxia. The effect of DCBH is the weak-
est on acute wound models; hence, further investigation is
warranted. Instrumental control makes it possible to actua-
lize the choice of the optimal drug or drug combination to

improve and accelerate the wound healing process.

The Main Findings of the Study

1. The injectable drugs’ effect is realized through var-
ious biological and chemical mechanisms.

2. The regeneration acceleration is associated with the
presence of a sufficient pool of mature and active
fibroblasts in the wound, and not with the total
number of fibroblast cells.

3. The use of SC provided a quick but short effect,
while the use of Collagen - a delayed (from the
7th day) but persistent and longer wound-healing
effect. Taking into account the short period of SC
lifetime, it is advisable to re-introduce them into a
wound to create a prolonged effect and the synth-
esis of biologically active substances that accel-
erate wound healing. Calf blood preparation
(DCBH) can have a good effect in cases of tissue
hypoxia. On the acute wound models, the effect
of DCBH is the weakest and requires further
research.
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4. Instrumental control makes it possible to actualize
the optimal drug or drug combination choice to
improve and accelerate the wound healing process.
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