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ABSTRACT 

Identifying compounds that can accelerate or enhance the natural healing process of fractures, skin wounds, tendons, 
and skeletal muscle tears is a significant challenge in medical practice, as there are few pharmaceutical products 
specifically designed to promote healing. Designing and creating effective peptides for wound healing remains 
difficult because not all new peptides are bioavailable, bioactive, resistant to proteolysis, and non-toxic. To overcome 
this problem, the properties of a designed peptide are predicted prior to its synthesis. This study aimed to predict the 
toxicity and biological activity of a peptide with regenerative properties at its design stage, followed by synthesis 
and confirmation of the results in an in vitro experiment. The result of the molecular peptide transplantation process 
was the creation of a new cyclic peptide with the amino acid sequence CTKSICTKKTLRTCPPIC. The synthesized 
peptide exhibited complete consistency with the predicted characteristics. The absence of toxicity of the peptide 
was confirmed in a cell line experiment. The regenerative properties of the peptide were demonstrated in an in vitro 
experiment. However, before the developed and synthesized regenerative peptide can be used in practice, it must be 
proven effective in preclinical and clinical studies.

1. INTRODUCTION
One of the challenges in medical practice is the search for active 
substances that can accelerate or enhance the natural healing process 
of fractures, skin wounds, tendons, and skeletal muscle tears. This is 
due to the fact that there are only a few pharmaceutical products that 
are specifically designed to promote healing.

Peptides are of significant interest as biologically active substances 
(BAS) for the aforementioned application. According to the authors 
[1–3], some peptide sequences have pronounced regenerative 
properties.

The authors [4] claim that peptides can bind to collagen in the 
extracellular matrix (ECM), which is exposed during inflammation. 
According to the data [5], some peptides have proven effective in 
specific clinical cases, in the early and late stages of wound healing 
(scarring), and even in nerve regeneration after spinal cord injury. 
Some peptides target bone tissue or fractures, binding to either tartrate-

resistant acid phosphatase deposited by osteoclasts or hydroxyapatite 
deposited by osteoblasts [6].

Despite their effectiveness, peptides remain difficult to create (predict 
and design) because bioactivity is influenced by many characteristics, 
including structure, number of amino acids, sequence, molecular 
weight, total charge, hydrophobicity, lipophilicity, and so on [7]. At the 
same time, many new peptides have been developed, but only a few 
of them have regenerative properties [8]. The pharmaceutical industry 
faces a significant challenge in bringing peptides to market, as many 
of them use more environmentally friendly peptide synthesis methods 
that are more expensive than traditional approaches [9]. This presents 
a significant challenge to the study, design, and production of peptides. 
However, with the transition to large-scale production, the economic 
efficiency of peptide production can be dramatically improved.

It should be noted that biopeptides can vary in length, and it is likely 
that these small amino acid chains can interact with many non-target 
objects. Therefore, it is difficult to design peptides that can selectively 
bind to the desired target while avoiding non-target interactions [10]. 

Another obstacle to the introduction of peptides is their low biological 
stability. Like all biological materials, peptides are susceptible to 
enzymatic decomposition. Certain technologies have been developed 
to increase the stability of peptides [9]. In particular, two methods can 
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be used simultaneously to obtain proteolysis-resistant peptides: 1. 
Molecular peptide transplantation: the introduction of a biologically 
active peptide fragment into another peptide; 2. The incorporation of 
a peptide fragment into a known stable cyclic peptide framework [11]. 

Peptide toxicity is associated with low stability and bioavailability, lack 
of selectivity for target cells, and so on. Therefore, these properties of 
peptides should be evaluated as early as possible, i.e., not at the design 
stage before synthesis. 

In this regard, the study aimed to predict the toxicity and biological 
activity of a peptide with regenerative properties during the design 
stage, followed by synthesis and validation of the results in an in vitro 
experiment.

2. MATERIALS AND METHODS
2.1. Object of Research
The synthesized peptide with the amino acid sequence 
CTKSICTKKTLRTCPPIC (Pepmic Co., Ltd, China) was used as an 
object of research. The peptide was named CC-18. 

2.2. Development of a Biologically Active Peptide
The development of a peptide with regenerative properties was 
based on an analysis of the scientific literature [12–14]. Due to 
the variety of terminology used, a search query was defined that 
included the following keywords: “peptide sequence”, “peptides 
with regenerative properties”, “amino acids”, “biological activity”, 
“total charge”, “molecular weight”, and so on. An additional manual 
search was performed for publications referred to by the authors of 
the most informative articles. Sources included MEDLINE, PubMed, 
EMBASE, Library, Scopus, Web of Science, and Google Scholar. 

The base of cyclic peptides, Sybase, was also employed for the 
development of the peptide (https://www.sybase.ru) (Sybase CIS, 
USA). The Endogenous regulatory oligopeptides EROP-Moscow 
database (http://erop.inbi.ras.ru/index.html) (A.N. Bach Institute of 
Biochemistry of the Russian Academy of Sciences, Russia) was used 
for the peptide identification.

The prediction of the peptide biological activity was performed using 
the PeptideRanker server (http://distilldeep.ucd.ie/PeptideRanker), 
which is based on a novel N-to-1 neural network. The server predicts 
how likely it is that the peptide is bioactive for wound healing. 
PeptideRanker was trained with a threshold of 0.5, i.e., any peptide 
predicted above the 0.5 threshold is biologically active. Prediction 
of the biochemical and biophysical properties of the peptide that 
determine its bioactivity was performed using the APD database 
(https://aps.unmc.edu/home). Peptide properties were predicted using 
the Peptide Property Calculator (http://pepcalc.com) (Awesome Labs 
LLC, USA). 

The ADMET platform was used to predict the bioavailability, 
biological activity, and toxicity of the designed peptide (https://
admetmesh.scbdd.com/). First, the peptide sequence was converted 
into SMILES string using the PepSMI tool. 

The peptide was synthesized at Pepmic Co., Ltd (Suzhou, China). The 
solid-phase Fmoc (SPPS) method was used to synthesize the peptide, 
followed by purification by high-performance liquid chromatography 
(HPLC). The SHIMADZU Inertsil ODS-SP chromatography column 
(SHIMADZU, Japan) was used for the chromatographic purification 
of the peptide. Trifluoroacetic acid (Sigma-Aldrich, USA), 
triisopropylsilane (Sigma-Aldrich, USA), 1,3-diisopropylcarbodiimide 
(Fluka, Germany), 1-hydroxybenzotriazole (NovaBiochem-Merck, 

Germany), N,N-dimethylformamide (DMF) (Vetec, Brazil), 
diisopropyl ether (Vetec, Brazil), and acetonitrile for HPLC (JT Baker, 
USA) were used for peptide synthesis. All solvents used in the HPLC 
system were manufactured by Tedia (Brazil).

2.3. Identification and Determination of Molecular Weight 
Distribution, Study of Biochemical and Biophysical Characteristics 
of the Peptide
The molecular weight distribution of the peptide was evaluated by 
mass spectrometry [15]. The peptide was identified by MALDI-TOF 
MS Ultraflex method (Bruker, Germany) [16]. The mass spectra were 
analyzed using the Mascot program and peptide Fingerprint option 
(Matrix Science, USA). The study and prediction of peptide properties 
were performed using PeptideRanker (http://distilldeep.ucd.ie/
PeptideRanker), APD (https://aps.unmc.edu/home), and Peptide 
Property Calculator (http://pepcalc.com).

2.4. Determination of Toxicity
The acute toxicity of the peptide was predicted using the ADMET 
platform (https://admetmesh.scbdd.com/).

A primary culture of human lung fibroblasts (Fibr) was used to 
determine the cytotoxicity of the peptide. The cells were cultured 
in DMEM medium (10% fetal bovine serum, 1% L-glutamine, 
1% sodium pyruvate, and 1% penicillin/streptomycin) (Capricorn 
Scientific, Germany). Fibroblast cells were cultured in a Galaxy 
CO170R CO2 incubator (New Brunswick, Canada) for 7 days. 
Cultivation conditions: 95% relative humidity, 37°C, 5% CO2. The 
medium was changed every 3 days. Cells were examined for the 
presence of mycoplasma before each experiment.

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay [17]. Cells were 
plated at 0.5*10^6 cells per well in 100 µl medium in a 96-well plate 
(Eppendorf, Germany). After reaching 70% confluence, CC-18 extract 
was added to the cells at different concentrations (1, 5, 10, and 50 µg/
ml). The cells were incubated with the peptide for 2 days. On day 3, 
10 µl of a solution of MTT with a final concentration of 0.5 mg/ml 
was added to the cells. The cells were then incubated for 4 hours in a 
Galaxy CO170R CO2 incubator (New Brunswick, Canada).

2.5. Determination of Regenerative Properties
As a model of regeneration, the in vitro cell migration approach or 
“wound healing assay” has been used, which consists of creating a 
“wound” with a spout and observing the rate of cell migration into 
the wound to fill the empty space. The main steps include creating a 
“wound” in the cell monolayer, taking images at the beginning and 
at regular intervals during cell migration to close the wound, and 
comparing images to quantify the rate of cell migration. 

To study the effect of the peptide on fibroblast regeneration, cells were 
seeded at a density of 2 × 104 cells per well in a 24-well plate. Once the 
cells had reached 100% confluence, a 1,000 µl wound was inflicted on 
them with a spout. The cells were then washed with Hank’s Balanced 
Salt Solution (Capricor Scientific, Germany) and a medium containing 
C18 at a concentration of 10 µg/ml was added. Images of cell migration 
were obtained using an inverted Axio Observer A2 microscope (Zeiss, 
Germany). Prior to wound repair, the rate of wound closure was 
determined by monitoring the cells every 12 hours. The experiment 
was performed in triplicate, and data were obtained using Image J 1.38 
software and expressed as mean ± standard deviation (x ± s, n = 3) at 
** p < 0.01 compared with control.
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The wound closure rate (%) was calculated using the formula:

Wound closure rate (%) = (A0 − At)/A0 × 100% (1)

where A0 represents the area of the wound after, and At represents the 
same at the specified time.

2.6. Changes in the Expression of Migration Markers
The cells were plated in a 6-well plate at a density of 5 × 104 cells per 
well. On the subsequent day, the C18 peptide was introduced to the 

cells at the specified concentration. Following a 48-hour incubation 
period, the cells were harvested for RNA isolation via trypsinization. 
The RNA was extracted using the ExtractRNA reagent (Eurogene, 
Russia) in accordance with the manufacturer’s instructions. Reverse 
transcription was conducted using the SuperScript IV kit (Invitrogen, 
USA), and quantitative PCR was performed using the 50X SYBR 
Green I kit with the primers listed in Table 1.

3. RESULTS
3.1. Peptide Preparation
The object of the research was a synthesized peptide with a cyclic 
structure. The known Sybase peptide with the number [Nphe5]SFTI-
1(100) was used as a base for peptide synthesis. The protein map of the 
[Nphe5]SFTI-1(100) peptide is presented in Figure 1. The synthesized 
Sybase is known to be resistant to the action of proteases. This property 
of the peptide allows it to be used as a basis for the synthesis of new 
peptides. The advantage of this approach is the simplicity of obtaining 
biologically active low molecular weight molecules of protein nature, 
the absence of stages of protein isolation from natural material and 
stages of protein hydrolysis.

As a result of molecular peptide transplantation of the TKKTLRT 
sequence into the proteolysis-resistant cyclic peptide [Nphe5]SFTI-
1(100) and alignment according to the APD database, a new cyclic 
peptide with the amino acid sequence CTKSICTKKTLRTCPPIC was 
obtained (Fig. 2).

When searching the EROP-Moscow database for a peptide with the 
sequence CTKSICTKKTLRTCPPIC, this peptide was not found, 
indicating its distinctness (Fig. 3).

3.2. Prediction of the Peptide Biological Activity
The PeptideRanker server predicted the peptide’s biological activity 
to be 0.668782 units. Peptides containing more than 0.5 units are 
considered bioactive (Fig. 4).

The physicochemical properties of the peptide were predicted from 
the APD database, resulting in the following characteristics: the 
molecular formula is C83H150N24O24S4, the molecular weight is 1996 
Da, the total charge is +4, and the total hydrophobic ratio is 3. The 
peptide exhibits a hydrophobicity of 9%, as determined by the 
Wimley-White method, which assesses the energy required for the 
transfer of the peptide from water to a POPC surface in the absence 
of a residue. Its protein binding potential, as quantified by the Boman 

Table 1. Primers for assessing changes in the expression of migration 
markers. 

Name of the gene Sequence, 5′ -> 3′

GAPDH GTCTCCTCTGACTTCAACAGCG

ACCACCCTGTTGCTGTAGCCAA

MMP3 CACTCACAGACCTGACTCGGTT

AAGCAGGATCACAGTTGGCTGG

COL3A1 TGGTCTGCAAGGAATGCCTGGA

TCTTTCCCTGGGACACCATCAG

FGF2 AGCGGCTGTACTGCAAAAACGG

CCTTTGATAGACACAACTCCTCTC

IL1B CCACAGACCTTCCAGGAGAATG

GTGCAGTTCAGTGATCGTACAGG

COL1A1 GATTCCCTGGACCTAAAGGTGC

AGCCTCTCCATCTTTGCCAGCA

Figure 1. Protein map of the [Nphe5]SFTI-1 peptide(100).

Figure 2. A new cyclic peptide with the CTKSICTKKTLRTCPPIC sequence and cyclization by bonds: C1-C3, C2-C4; C1-C4, C2-C3.
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index, is 1.4 kcal/mol. The peptide sequence contains an equal number 
of C residues and is capable of forming a defensin-like beta structure 
stabilized by disulfide bonds.

The results obtained were confirmed using the peptide property 
calculator according to the PepCalc program (http://pepcalc.com) 
(Fig. 5).

In addition, the peptide was found to be highly soluble in water and its 
isoelectric point was determined to be 9.34. 

3.3. Determination of the Molecular Weight Distribution of 
the Peptide and Study of the Biochemical and Biophysical 
Characteristics of the Peptide
A comprehensive three-phase analysis of the CC-18 peptide was 
conducted. The resulting chromatogram of the synthesized CC-18 
peptide is presented in Figure 6. Figure 7 depicts the mass spectrum of 
the synthesized CC-18 peptide.

The obtained chromatogram and mass spectrum demonstrate that 
the synthesized peptide exhibits properties consistent with those 
predicted.

The biophysical properties of the peptide are the determining factor 
in its bioavailability and efficacy. The biophysical and biochemical 
properties of the CC-18 peptide, as predicted by the APD database, 
are presented in Table 2.

3.4. Study of the Cytotoxicity of the Peptide
The ADMET platform was used to predict the IC50 for blocking the 
human ether-a-Go-Go potassium channel (HERG K+). The HERG K+ 
channel regulates the electrical activity of the heart, and the heartbeat, 
and is considered a molecular target responsible for the cardiotoxicity 
of a large number of drugs. Therefore, compounds that block HERG 
K+ channels may be toxic. The obtained predicted IC50 values are 
important for the assessment of cardiac toxicity of new biologically 

Figure 5. The results of predicting the CC-18 peptide properties on the 
PepCalc calculator.

Figure 4. The results of predicting the CC-18 peptide bioactivity using the 
PeptideRanker server.

Figure 3. Search for the CC-18 peptide in the EROP-Moscow database.

Figure 6. Chromatogram of the CC-18 peptide.
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active compounds [18]. The in silico predicted IC50 value of the CC-18 
peptide is 0.008 units, which indicates the absence of toxic effects on 
the heart (not hERG blockers with a value of 0–0.3 units).

In a study designed to assess the acute toxicity of the CC-18 peptide 
when administered orally to rats, no evidence of acute toxicity was 
observed. Therefore, the conditional value of the aforementioned 
indicator was 0.06 units, which is greater than 500 mg/kg. A 
threshold toxic dose for humans could not be determined. The data 
obtained from the ADMET platform indicate that the CC-18 peptide 
is not neurotoxic. The obtained value for neurotoxicity is 0.183 units, 
indicating that the peptides are not neurotoxic at values from 0.0 
to 0.3 units. Similarly, the level of hematotoxicity of the peptide is 
0.003 units, which indicates its absence, as it is not hematotoxic at a 
value from 0.0 to 0.3 units. The result of the prediction of toxicity of 
the peptide against Hek293 cells is 0.001 units, which corroborates 
the absence of toxicity (it is not cytotoxic at a value from 0 to 0.3 
units).

Studies were conducted on the effect of C-18 peptide on the viability 
of fibroblast culture isolated from human lungs. The absence of a 
cytotoxic effect was found in the studied concentrations of 1–50 
µg/ml. Thus, the viability of fibroblasts at concentrations of peptide 

extract 1–10 and 50 µg/ml of medium was 100 and 97% and did not 
change significantly. 

3.5. Determination of Regenerative Properties

Studies were conducted to confirm the results of the prediction of the 
regenerative properties of the CC-18 peptide on fibroblast cell culture. 

Figure 8 shows the area of the wound after its creation in the control 
and experimental (using the CC-18 peptide in the culture medium) 
cell groups.

Figure 9 shows the wound area after 48 hours in the control and 
experimental groups.

Figure 10 shows the percentage of wound closure (%) at 12, 24, and 
48 hours after creation. 

The rate of wound closure in the presence of the peptide was found to be 
significantly higher (p < 0.01) compared to the control. Consequently, 
at the 12-, 24-, and 48-hour marks of the experiment, the wound 
closure area exhibited a 13%, 17%, and 5% increase, respectively, in 
comparison to the control.

Figure 7. Mass spectrum of the CC-18 peptide.

Figure 8. The area of the wound after its creation using the CC-18 peptide in 
a culture medium: A -control, B –experimental.

Table 2. Biophysical and biochemical characteristics of the CC-18 peptide.

Indicator Predicted value Optimal value for 
bioavailability

Molecular weight, Da 1,996 up to 6,000

NRing, number of rings 2.0 0–6

Predicted solubility of the 
compound, mol/l

−2.1 From –0.5 to −4.5

Total charge +4 0–4

logP, mol/l 1.6 From –0.5 to 3.0

logD7.4, logarithmic mol/l 0.869 From 0.5 to 3.0

pka (Acid), units 2.643 Base value (7.868)
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3.6. Studies of the Expression of Markers of Cell Migration to the 
Wound Area
The expression of genes associated with cell migration to the wound 
area, including GAPDH, MMP3, COL3A1, FGF2, IL1B, and 
COL1A1, was examined. The results are presented in Figure 11.

The levels of MMP3 and COL3A1 proteins exhibited a notable 
increase (p < 0.05) in the presence of CC-18 peptide, with a 133% and 

183% rise, respectively, compared to the control. This confirms the 
beneficial impact of CC-18 peptide on the acceleration of the wound 
healing process.

4. DISCUSSION

Zhang’s research has demonstrated that the amino acid sequence 
TKKTLRT exhibits regenerative properties and is capable of binding 
to type 1 collagen. This property serves to reduce the likelihood of 
proteolysis by collagenase and also stimulates tissue regeneration in 
the event of damage. A cyclic peptide with regenerative properties and 
resistance to proteolysis has been obtained. The peptide composition 
includes the lysylserine (KS) sequence, which is responsible for the 
peptide’s regenerative properties. Additional research has demonstrated 
that the peptide containing the SK sequence exhibits notable 
regenerative properties. Thus, the cyclic peptide CARSKNKDC 
with an active sequence of SK and/or KS with cyclization through 
C1-C2 bonds restores damaged blood vessels during angiogenesis 
in inflammatory diseases, whose receptors are heparan sulfate 
proteoglycans [12]. Hussain et al. [13] came to similar conclusions 
when they investigated the cyclic peptide CARGGLKSC. The authors 
[13] demonstrated that the composition of the peptide contains the 
KS amino acid sequence, which contributes to the recovery of tissues 
infected with Staphylococcus aureus.

Peptides with the amino acid threonine (T) contribute to the restoration 
of nerve tissue and are used to identify nerves during surgery, in 
particular the Np41 peptide with the sequence NTQTLAKAPEHT. 
This peptide consists of two threonine (T) molecules [19].

The regenerative properties of the designed and synthesized peptide 
are additionally due to the presence of a sequence such as TL. Our 
conclusion is supported by Morgan’s research. The authors showed 
that the peptide with the sequence RTLAFVRFK is used for the 
regeneration of blood vessels. The regenerative properties of this 
peptide are due to the presence of linked amino acids such as threonine 
(T) and leucine (L) [5].

According to Wang et al. [6], the TCLSYLKGLVTVG peptide 
with the threonylcysteine (TC) sequence, when interacting with the 
tartrate-resistant acid phosphatase receptor, restores bone tissue after 
fractures. A peptide with the leucylarginine (LR) sequence isolated 
from recombinant proteins is effective in treating inflammation of 
damaged tissue [4]. The developed peptide contains LR, TC, and KS 
sequences, suggesting its regenerative properties.

One of the mechanisms of action of regenerative peptides, as evidenced 
by data [20,21], maybe as follows: the peptide regulates inflammation 
by physically interacting with collagen fibers and serving as a structural 
component of collagen fibers, thereby affecting cellular functions such 
as proliferation, spreading, migration, and differentiation. 

Some regenerative peptides have anti-fibrotic properties. In particular, 
the antifibrotic function of the aspartyl-cysteine-asparagine (DCN) 
peptide is related to its capacity to act as a natural inhibitor of 
transforming growth factor-β (TGF)-β, a growth factor responsible 
for scarring and fibrosis. The scar-inducing activity of TGF-β1 is 
mediated by connective tissue growth factors (CTGF/CCN2) and 
epidermal growth factor family receptors (ERBBs). DCN also 
neutralizes CCN2, ERBBs, and myostatin, which contribute to the 
development of scarring in multiple organs. Consequently, a single 
DCN molecule is capable of simultaneously neutralizing numerous 
fibrosis-inducing growth factors, as the binding sites of these growth 
factors are distributed across different regions of the DCN molecule 

Figure 9. Images of cell migration 48 hours after the wound was created:  
A—control, B—experimental.

Figure 10. The percentage of wound closure 48 hours after its creation:  
A—control, B—experimental.

Figure 11. Expression of genes associated with cell migration to the  
wound area. Accurately at *p < −0.05.
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[21]. Consequently, peptides are capable of inhibiting scarring and 
fibrosis due to their multi-purpose orientation.

The predicted toxicity indicators of the peptide allow for the indication 
of its safety in use. The data obtained on the physicochemical 
characteristics of the CC-18 peptide demonstrate that it is bioavailable, 
which is consistent with the empirical findings of other researchers 
[22,23]. These studies have shown that peptides with an average mass 
of up to 2 kDa can reach the cytoplasm of enterocytes and can be 
detected in the bloodstream after oral administration.

The peptide contains one NRing (a predictor of intestinal absorption), 
indicating high permeability through the intestinal walls and absorption 
into the blood. 

Oral bioavailability is an important molecular descriptor in the 
development of BAS for absorption and metabolism during the first 
passage through the liver [24]. Absorption depends on the solubility 
and permeability of the compound across cell membranes, as well 
as its interaction with transporters and metabolizing enzymes in the 
gastrointestinal tract. The calculated molecular descriptor used to 
assess peptide absorption is the predicted water solubility (QPlogS). 
The predicted solubility of the CC-18 peptide was −2.1 log mol/l with 
an optimal value in the range of −4 to 0.5 log mol/l, indicating that the 
peptide is able to penetrate cell membranes and is bioavailable.

The synthesized peptide has a charge of 4, which is within the optimal 
charge range (from 0 to 4), which improves its bioavailability because 
it can attach to the cell due to the potential difference between the cell 
membrane and the peptide and then penetrate the cell.

The results of predicting the lipophilicity of the peptide are of particular 
interest since this property is the ability of the molecule to dissolve 
in lipid-like substances such as oils or non-polar solvents (toluene, 
cyclohexane, chloroform, and so on). Hydrophobic compounds prefer 
to be found in hydrophobic organelles/compartments such as lipid 
bilayers of the cell, while hydrophilic compounds prefer to dissolve 
in blood serum. The indicator logP ≤0 indicates high hydrophilicity 
and logP >0 indicates increased lipophilicity [25]. The last criterion 
is based on the distribution of molecules between the organic and 
aqueous phases, as in the n-octanol/water mixture, traditionally 
expressed as the negative logarithm of the distribution coefficient 
(logP organic water or simply logP). A study using monolayers of 
Caco-2 cells showed that optimal permeability of the compound is 
achieved at logP values of 4 to 5, while increasing the logP value 
outside this range decreases the permeability of the preparations [26].

The studied peptide has a logP of 2.9, confirming its ability to penetrate 
cell membranes. 

The l log D7.4 indicator reflects the distribution of n-octanol in a buffer 
solution at pH = 7.4 and characterizes the lipophilicity/hydrophobicity 
balance of the test substance and influences the effective penetration 
through the cell membrane, absorption, distribution, metabolism, 
excretion, and toxicity [27]. For the studied peptide, it is 0.869 with 
an optimal value for medicinal substances ranging from 0.5 to 3 [28]. 

According to the ADMET platform, the pKa indicator shows the 
acidity/basicity of the test substance. Therefore, pKa reflects solubility, 
absorption, distribution, and elimination. A pKa value below the 
baseline (7.868) for the peptide indicates high absorption. Thus, the 
pKa of the tested peptide is 2,643 units, which is 66.4% lower than 
the base.

Fibroblasts are present in all tissues and adopt specialized phenotypes 
and activation states to perform important functions in development, 

wound healing, and maintenance of tissue architecture, as well as 
pathological functions such as tissue inflammation, fibrosis, and 
cancer reactions [29]. Fibroblast migration can accelerate the process 
of wound reepithelialization and promote wound closure during the 
healing process [30]. COL3A1 genes were identified in inflammatory 
processes and their regenerative function was confirmed using Funrich 
software [31]. In addition, Korsunsky et al. [32 ] demonstrated that 
the interacting COL3A1 and MMP9 genes are also involved in the 
PI3K/AKT signaling pathway, ECM receptor interaction, and other 
inflammatory signaling pathways (IL-17 signaling pathway, cytokine-
cytokine receptor interaction, TNF signaling pathway, and chemokine 
signaling pathway). Numerous studies have shown that inflammatory 
pathways, including PI3K/AKT, IL-17, TNF, NF-kB, and MAPK 
pathways, are involved in the inflammatory process. These data 
suggest that COL3A1 and MMP9 play an important role in reducing 
the inflammatory process in tissues when damaged, which is consistent 
with the results of our studies.

A significant increase in the migration of COL3A1+ proteins 
interacting with fibroblasts was observed. The data obtained are 
consistent with studies [32] in which a decrease in the inflammatory 
process in the lungs, joints, and intestine was found in animal models 
on the background of migration of COL3A1 proteins.

In the studies of the authors [33,34], it was proved that COL3A1 
expression levels increased at the early stages of inflammatory 
processes, in particular with damage to compounds, and decreased 
at later stages. Our results suggest that COL3A1 can be used as a 
diagnostic biomarkers of inflammation in tissue damage, which 
is consistent with studies [35], in which an increase in COL3A1 
expression was found in joint injuries. 

The MMP protein plays an important role in maintaining and restoring 
tissue homeostasis after tissue damage and performs a wide range of 
functions [36]. Our studies showed an increase in MMP3 expression, 
which is consistent with data [37] showing similar results in patients 
with healing wounds. In addition, the authors [37] analyzed the 
transcriptomics of migration genes in inflammation, in which the 
predominant localization of MMP3 was established—in the direction 
of the wound bed versus the wound edge or intact skin. Our results 
allow confirming the idea of the microenvironment during wound 
healing and the genes of proteins that may be crucial for accelerating 
healing, which can serve as the basis for new therapeutic approaches 
and the creation of food products for therapeutic and preventive 
purposes based on regenerative peptides for wound treatment. 

In studies [38] on laboratory mice with excised wounds, the 
compensatory role of MMP3 expression was demonstrated with a 
decrease in MMP14 in adult skin fibroblasts (MMP14Sf-/-), leading 
to accumulation of type I collagen and increased MMP3 expression. 
MMP3 deficiency results in delayed wound closure in mice, but 
over time the wounds closed and epidermal integrity was restored. It 
should be noted that the density of myofibroblasts in MMP3-deficient 
wounds was lower than in the control on day 7 and higher on day 
14. Furthermore, in vitro fibroblasts lacking MMP3 retained their 
ability to differentiate into myofibroblasts in response to mechanical 
stress. Thus, the results of our studies of increased MMP3 expression 
indicating accelerated wound closure are consistent with in vivo 
studies in mice with excised wounds in the authors’ experiment [38].

It is possible that the data obtained on the increase of MMP3 expression 
is related to the activation of latent TGFß1. This growth factor has 
been identified as a regulator not only of myofibroblast resorption but 
also of myofibroblast formation during wound healing, among other 
processes [39,40].
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Inactively expressed in a latent complex with a latent-associated 
peptide (LAP), TGFß1 is secreted into the extracellular space and 
bound by latent TGFß-binding protein 1 (LTBP1), where it remains 
available for activation [41]. By cleaving LTBP1 or LAP, MMP3 
participates in the activation of TGFß1. MMP3 processes cell-bound 
LTBP1 [42]. Thus, TGFß1 activation and signaling occur under the 
action of MMP3, leading to accelerated wound healing. 

5. CONCLUSION
A proteolysis-resistant CC-18 peptide with regenerative properties was 
designed and synthesized as a result of research using databases. The 
obtained results of prediction of toxicity, physicochemical properties, 
and bioavailability of the CC-18 peptide indicate its safety and 
efficacy in use and its ability to penetrate through the gastrointestinal 
tract into the bloodstream and then into cells. The synthesis makes it 
possible to obtain a peptide with the desired properties. The absence 
of toxicity of the СС-18 peptide was confirmed in an experiment on 
cell lines. The regenerative properties of the CC-18 peptide were 
confirmed in an in vitro experiment. However, to apply the developed 
and synthesized regenerative peptide in practice, it is necessary to 
confirm its effectiveness in preclinical and clinical trials.
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