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Background. Chronic stress is the most common systemic factor that negatively affects the body's overall re-
sistance, including wound healing. While many aspects of skin recovery after a surgical wound are well de-
fined, the involvement of cells in the periwound rarea emains unsufficiently studied. 
Objective. To determine the morphological features of the periwound skin at different stages of the healing 
process after exposure to chronic social stress. 
Methods. Chronic social stress was modeled through long-term psychoemotional exposure in Wistar labora-
tory rats of the experimental group. Animals in both control and experimental groups were wounded in the 
interscapular area by skin excision. The material of the periwounds was collected on the 1st, 3rd, 7th, 14th 
and 30th days of wound healing and processed according to standard histological methods.  
Results. Exposure to chronic social stress led to thinning of the skin layers even before wounding. Visual 
wound healing was delayed. The main reparative processes by phases (inflammation, proliferation, and re-
modulation) also occurred with significant delays.  
Conclusions. Aggressive-dominant social stress is a rather strong damaging factor for susceptible animals, 
leading to impaired physiological skin regeneration. This was evident in the thinning of skin layers observed 
in histological samples even before wound application, resulting from reduced proliferation and differentia-
tion processes. The negative consequences of chronic social stress were further manifested in the healing of a 
surgical wound: the repair processes during the main phases, in particular inflammation and proliferation, 
were delayed, which ultimately led to the chronicity of reparative regeneration. 
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Introduction 

The skin is one of the most frequently injured 

organs in the body [1, 2]. After injury, the skin 

must restore homeostasis, structural integrity, and 

functional competence [3, 4]. Wound healing is a 

complex process involving the interaction of in-

flammatory cells, resident cells, components of the 

extracellular matrix, and soluble mediators [5, 6]. 

This process is typically divided into three con-

secutive, overlapping phases: vascular response, in-

flammation, proliferation, and remodeling [5–8]. 

Various factors can impair wound healing, 

with stress being one of the most common systemic 

contributors [9–13]. Stress affects individuals re-

gardless of their position, social status, or material 

wealth. In the United States, which was among the 

first to recognize the problem of stress, statistics 

indicate that 90% of the population experiences se-

vere stress. Of these, 60% report experiencing stress 

1-2 times a week, while 30% experience it nearly 

every day. Similar data from other countries show 

that 50–60% of the population suffers from signifi-

cant stress [14]. Moreover, the long-term stress in-

duced by the COVID-19 pandemic has had a sub-

stantial impact on well-being, contributing to an 

increase in chronic illnesses, especially among in-

dividuals aged 35–44. The prevalence of chronic 

conditions in this group rose from 48% in 2019 to 

58% in 2023. This age group also experienced the 
highest increase in mental health diagnoses – from 

31% in 2019 to 45% in 2023. However, adults aged 

18–34 continue to report the highest rates of men-

tal illness, with 50% affected in 2023 [15]. In recent 

years, it has become increasingly evident that stress 

can significantly hinder healing: stressors of various 

magnitudes and durations have been shown to im-

pair healing in both humans and animals [16–19]. 

Despite extensive research, many aspects of 

organ repair in mammals following injury remain 

poorly understood. The cutaneous wound is one of 

the most studied models for investigating reparative 

regeneration in adult mammals due to its ease of 

reproduction, the ability to precisely control wound 

depth and area, and the opportunity to visually 

monitor the healing process. Most studies have fo-

cused on the rat back scar model [20]. However, 

these studies often overlook the periwound area, 
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even though skin cells actively proliferate not only 

near the wound site but also in more distant re-

gions. This proliferation is essential for restoring 

the lost mass of the organ while preserving its 

functionality [21].  

Therefore, the objective of this study was to 

investigate the morphological characteristics of the 

periwound skin at different stages of the healing 

process following chronic social stress exposure. 

Materials and Methods 

The study was conducted on 50 sexually and 

socially mature male Wistar laboratory rats aged 

12-13 months [22, 23], which were divided into two 

groups. The first group, the control group, consis-

ted of 20 rats (4 rats for each wound healing pe-

riod). Chronic social stress was induced in the 

second group, which was more susceptible to stress 

based on the results of the open field test. This 

group comprised 30 rats (6 rats for each wound 

healing period). Stress was modeled by three weeks 

of social isolation and prolonged psychoemotional 

exposure, achieved by placing four aggressive rats 

around each experimental animal [24, 25]. The pre-

sence of stress was confirmed through an open 

field test, performed before and after the chronic 

stress simulation. 

Skin tissue excision was inflicted on the ani-

mals between the shoulder blades, creating a full-

thickness wound. The full-thickness wound model 

was created as follows: after skin pretreatment under 

aseptic conditions and anesthesia, a 1–1.3 cm dia-

meter excision of skin and subcutaneous tissue was 

made in the interscapular area of the rats' shaved 

backs [20]. Samples from the structural compo-

nents of the wound bed and adjacent intact skin 

(up to 1 cm beyond the wound edge) were collec-

ted at 1, 3, 7, 14, and 30 days post-wounding. In 

this study, the periwound area (up to 5 mm beyond 

the wound edge) was also analyzed. According to 

modern wound healing periodization, days 1 and 3 

correspond to the inflammation phase, days 7–14 

to the proliferation phase, and day 30 to the re-

modeling phase. 

Experimental animals were kept under stan-

dard sanitary conditions. After creating the incisio-

nal experimental wound, the animals were housed 

in separate cages with weekly bedding changes un-

der aseptic conditions. No signs of contaminant 

bacterial infection were observed during the obser-

vation period in either group of animals. Through-

out the study, they were housed in a vivarium 

maintained at a temperature of 20–25 C, with 

humidity not exceeding 55%, on a natural light 

"day-night" cycle, individually in plastic cages, and 

fed a balanced diet.  

The experimental procedures adhered to the 

"International Recommendations for Medical and 

Biological Research Using Animals" and the nation-

al "Joint Ethical Principles of Animal Experiments" 

(Ukraine, 2001), in accordance with Council Regu-

lation 2010/63/EU of the European Parliament and 

of the Council of September 22, 2010, on the pro-

tection of animals used for scientific purposes. 

Skin samples were collected and fixed in a 

10% neutral formalin solution in a vessel with dar-

kened glass and stored at room temperature for 

3 days before histological analysis. The skin was 

then processed according to standard histological 

techniques, placed in paraffin blocks, and serial 

sections (5 m thick) were cut using a Thermo 

Scientific HM 325 microtome (Thermo Scientific, 

Massachusetts, USA). Sections were stained with 

hematoxylin and eosin. Photomicrographs were 

taken using a PrimoStar iLED microscope and an 

Axio Cam ERc5s camera (ZEISS, Germany). The 

stained images were analyzed using Quantitative 

Pathology and Bioimage Analysis (Qupath) soft-

ware (v 0.4.4, Edinburgh, UK) to calculate the 

thickness of the skin layers. 

Statistical analysis and presentation of the ex-

perimental results were performed using the IBM 

SPSS Statistics software, version 26 (IBM Corp., 

Armonk, NY, USA). 

In each group of the obtained quantitative in-

dicators, an analysis of the normality of the distri-

bution was carried out using the one-sample Kol-
mogorov–Smirnov test. The Student's t-test was 

used to obtain statistical conclusions when com-

paring samples of variables. The difference was 

considered statistically significant at p  0.05. 

Generalized data from the study of morpho-

logical features of rat skin during wound healing 

were expressed as the arithmetic mean and its stan-

dard deviation (mean  SD). 

Results 

Visual morphological features of healing of sur-

gical wounds in control and experimental groups 

are presented in the Table. 

In the control group, immediately after the 

defect was created, the wound area statistically sig-

nificantly increased by 15.2% compared to the tar-

get area, the wound surface was covered with loose 

coagulated elements of the internal environment 

tissue, forming a preliminary wound matrix.  
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Table 1: Full-thickness wound area on the back of rats at different times after surgery in the control and after expo-

sure to chronic social stress (mean  SD) 

Day of wound 
healing 

Indicator 

Control Experiment 

Absolute wound 
area, mm2 

Relative wound 
area, % 

Absolute wound 
area, mm2 

Relative wound 
area, % 

Before excision of 
the skin flap 

94.99  6.25 100.00  6.59 95.01  6.41 100.00  6.97 

Immediately after 
excision 

109.43  6.40* 115.20  6.73* 109.55  7.45* 115.30  7.88* 

Day 1 106.20  7.87 111.80  2.93 107.93  8.72 113.59  9.16 

Day 3 97.14  11.26 102.26  11.88 104.32  14.97 109.79  15.77 

Day 7 73.24  9.19** 77.10  9.68** 95.39  11.82# 100.39  12.42# 

Day 14 16.62  2.46*** 17.49  2.60*** 50.64  6.27**### 53.29  6.61***### 

Day 30 0.52  0.44*** 0.55  0.47*** 8.64  1.56***### 9.09  1.63***### 

Notes. * – differences at different times after surgery within one group (control and experiment) are statistically significant (p  0.05); 

** – differences at different times after surgery within one group (control and experiment) are statistically significant (p  0.01); 

*** – differences at different times after surgery within one group (control and experiment) are statistically significant, (p  0.001); 

# – differences between control and experiment at one time are statistically significant (p  0.05); ### – differences between con-

trol and experiment at one time are statistically significant (p  0.001). 

 

The wound healing process occurred with the 

formation of a connective tissue scar by the 30th 

day. On the 1st and 3rd day, the wound matrix 

covering the wound became denser, while the ten-

dency to decrease the area of the wound defect did 

not reach statistical differences with the initial val-

ues. On the 7th day, the wound area was 77.1% of 

the initial. By the 14th day, the wound area was 

17.5% of the initial defect. On the 30th day, there 

were no signs of a wound, and a thin connective 

tissue scar was observed in its place.  

In the group of animals that had undergone 

chronic social stress, similar to the control, imme-

diately after the wound was applied, its area statis-

tically significantly increased by 15.3% compared 

to the target area, but unlike the control, a delay in 

wound closure was observed already on the first 

and third days. Formation of a protective wound 

matrix from elements of internal tissues was infe-

rior in quantity and density. On the 7th day after 

wounding, their area averaged 100.4% of the initial 

area, which demonstrated a significant lag behind 

the control at this observation period (77.1%, 

p  0.01). Signs of scab formation were absent, the 

primary matrix was observed. By the 14th day, the 
relative wound area was significant – 53.3%, which 

was three times lower than wound closure in the 

control (17.5%, p  0.001). By the 30th day of the 

experiment, the wound area remained at an aver-

age level of 9.1%. 

The visual morphological features of the heal-

ing of surgical wounds in the control and experi-

mental groups were adequate to their histological 

dynamics of reparative regeneration (Fig. 1). 

The thickness of the epidermis was 14.82 

 1.03 m (Fig. 2), the boundaries of the epidermal 

layers were not clear (their thickness corresponded 

to the well-known ones (Fig. 3) [23, 24]), in all 

layers there were mainly 1-2 rows of keratinocytes. 

Epidermis and dermis, interacting with each other, 

formed weakly expressed epidermal cords and der-

mal papillae, blood vessels were localized mainly in 

the area of hair follicles (Fig. 1a). The dermis occu-
pied the main part (thickness on the cross section – 

439.51  49.73 m) of the skin, and its borders pass 

into the subcutaneous tissue. The thickness of the 

subcutaneous tissue was 263.37  68.13 m (Fig. 4). 

It contained a large number of adipocytes. 

On the 1st day of wound healing, the thick-

ness of the epidermis increased statistically signi-

ficantly (25.36  2.29 m (p  0.001) (Fig. 2)) due 

to the reactive proliferation of basal layer cells 

(13.40  1.48 m (p  0.001) (Fig. 3a)) and tenden-

cies to hyperplasia and hypertrophy (Fig. 1c) of the 

cells of the spinous layer (4.47  0.56 m) (Fig. 3b). 

Also, the thickness of the dermis increased statis-

tically significantly (p  0.01), which was 598.67 

 34.51 m (Fig. 4a) due to increased vascular per-

fusion. Changes in the subcutaneous tissue were 

not statistically significant (Fig. 4b). 
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Figure 1: Microphotographs of a skin flap excised in periwound and wound area (i, j) in control and experimental groups of rats at 
different periods of healing: (a) day of wounding, control group; (b) day of wounding, experimental group; (c) day 1 of wound 
healing, control group; (d) day 1 of wound healing, experimental group; (e) day 3 of wound healing, control group; (f) day 3 of 
wound healing, experimental group; (g) day 7 of wound healing, control group; (h) day 7 of wound healing, experimental group; 

(i) day 7 of wound healing, control group – granulation tissue is formed; (j) day 7 of wound healing, experimental group – no gra-

nulation tissue, inflammatory infiltration of the dermis; (k) day 14 of wound healing, control group; (l) day 14 of wound healing, ex-
perimental group; (m) day 30 of wound healing, control group; (n) day 30 of wound healing, experimental group 
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Figure 2: Dynamics of changes in the thickness of the periwound skin epidermis of rats during healing process in control and after 
exposure to chronic social stress. Mean values and their standard deviations are indicated. * – changes are statistically significant, 

compared to the previous period of wound healing (p  0.05); ** – changes are statistically significant, compared to the previous 

period of wound healing (p  0.01); *** – changes are statistically significant, compared to the previous period of wound healing 

(p  0.001); *** – changes are statistically significant, compared to the previous period of wound healing (p  0.001); ### – changes 

are statistically significant, compared to control (p  0.001) 

 

 a               b 

     

 c               d 

Figure 3: Dynamics of changes in the thickness of the periwound skin epidermal layers ((a) stratum basale, (b) stratum spinosum, 
(c) stratum granulosum, and (d) stratum corneum) of rats during healing process in control and after exposure to chronic social 
stress. Mean values and their standard deviations are indicated. * – changes are statistically significant, compared to the previous 

period of wound healing (p  0.05); ** – changes are statistically significant, compared to the previous period of wound healing 

(p  0.01); *** – changes are statistically significant, compared to the previous period of wound healing (p  0.001); ## – changes 

are statistically significant, compared to control (p  0.01); ### – changes are statistically significant, compared to control (p  0.001) 
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Figure 4: Dynamics of changes in the thickness of the periwound skin dermis (a) and subcutaneous tissue (b) of rats during healing 
process in control and after exposure to chronic social stress. Mean values and their standard deviations are indicated. * – changes are 

statistically significant, compared to the previous period of wound healing (p  0.05); ** – changes are statistically significant, compared 

to the previous period of wound healing (p  0.01); ### – changes are statistically significant, compared to control (p  0.001) 

 

On the 3rd day, the thickness of the epidermis 

in periwound was 32.97  3.38 m (Fig. 2), which 

is statistically significantly more compared to the 

previous period of wound healing (p  0.01). The 

thickness of the basal layer was 19.76  1.82 m 

(p  0.001) (Fig. 3a). The thickness of the dermis at 

this healing time also tended to increase (Fig. 4a). 

Infiltration of the dermis by leukocytes and in-

creased vascularization were observed (Fig. 1e). No 

significant changes in the subcutaneous tissue were 

found. 

On the 7th day after the application of wounds, 

the formation of granulation tissue in the area of 

the wound surface and infiltration of this area by 

immunological cells was observed (Fig. 1i). The 

thickness of the epidermis of the marginal zone of 
the wound reached the maximum values – 51.59 

 3.04 m (p  0.001) (Fig. 2), mainly due to statis-

tically significant (p  0.001) thickening of the basal 

layer and spinous layer (p  0.001) (Figs. 3a, 3b), 

which was accompanied by the phenomena of 

hyperplasia and hypertrophy of epidermal cells. 

The thickness of the dermis was in the upper limits 

of the species norm and amounted to 679.47 

 43.63 m, but did not have statistically significant 

changes compared to the previous period of obser-

vation (Fig. 4a). During the microscopic examina-

tion of samples stained with hematoxylin and eo-

sin, an increase in collagen fibrils in periwound 

was observed (Fig. 1g). No changes were detected 

in the subcutaneous tissue. 

By the 14th day, the thickness of the epithe-

lium (p  0.001) (Fig. 2), in which 4-6 layers of cells 

were distinguished (Fig. 1k), and its basal (p  0.01) 

and spinous (p  0.05) layers decreased statistically 

significantly (Figs. 3a, 3b) in the periwound. The 

thickness of the dermis remained high, within the 

limits of the species norm, but no statistically sig-

nificant changes were observed. The thickness of 

the subcutaneous tissue did not change statistically 

significantly (Fig. 4). 

On the 30th day, the reparative regeneration of 

the wound process was completed with the return 

of histological indicators to the initial levels, which 

was visually emphasized on the slides (Fig. 1m). 

The epidermis of animals that had undergone 

chronic social stress even before the wound was 

inflicted was significantly thinner (9.54  0.43 m 

(p  0.001) (Figs. 1b, 2)) compared to control, due 

to the thinning of the basal and spinous layers 

(2.74  0.48 and 2.81  0.32 m (p  0.001), respec-

tively). 3-5 layers of keratinocytes were determined. 

At the same time, the granular layer was especially 

thinned, up to its complete absence in short sec-

tions. Also, local parakeratosis was observed. In the 

dermis, there was a narrowing of the vessels of the 

superficial vascular plexus and the formation of a 

moderate leukocyte infiltration around them. 

On the 1st day, proliferation of the epithelium 

was observed due to the cells of the basal layer 

(Figs. 1d, 3a), but it was 2 times less (p  0.001), 

compared to the control (Fig. 2). At the same 

time, the thickness of the dermis increased statisti-

cally significantly (p  0.05), however, its thickness 

was statistically significantly smaller (p  0.001) com-

pared to the control. Changes in the subcutaneous 

tissue were not statistically significant (Fig. 4b). 

On the 3rd day, the thickness of the epidermis 

in the marginal zone was 18.78  1.23 m, which 

is statistically significantly less than the control 
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(p  0.001) and related to it, all layers of the epi-

dermis (spinosum, granulosum, and corneal) were 

thinned (Fig. 3). The thickness of the basal layer 

was also almost 2 times smaller compared to the 

control (10.88  1.19 m (p  0.001)) (Fig. 3a). The 

thickness of the dermis at this time of healing was 

statistically significantly (p  0.001) less compared to 

the control (Fig. 4a). It was infiltrated with leuko-

cytes and vascularized (Fig. 1f). No significant 

changes in the subcutaneous tissue were found. 

On the 7th day, when the maximum values of 

the proliferative reaction should be observed, the 

thickness of the epidermis of the periwound was 

25.12  3.49 m (p  0.001), which was 2 times less, 

compared to the control (p  0.001), due to the thin-

ning of the basal and granular layers (p  0.001). As 

compensation for the reduced proliferative activity 

of the basal layer, the proliferative activity of the 

spinous layer increased and it almost reached the 

control level (9.69  0.64 and 10.55  1.74 m, res-

pectively, p  0.05). However, further processes of 

differentiation of subsequent layers remained sup-

pressed, so their thicknesses differed from the con-

trol. Granulations are not performed (Fig. 1j), how-

ever at this period granulation tissue was formed in 

the control group. A thickening of the dermis was 

observed, compared to the previous period of the 

study (p  0.01) due to the ongoing vascular-cellu-

lar inflammatory reaction of the dermis (Fig. 1h). 

Changes in the subcutaneous tissue were not statis-

tically significant. 

On the 14th day of the wound healing, a de-

crease in the thickness of the epidermis of the skin 

periwound was observed, both in comparison with 

the seventh day and with the control at the ex-

pense (p  0.001). The spinous and granular layers 

were thinned compared to the control (p  0.001). 

No significant changes were found in the dermis 

and subcutaneous tissue. 

On the 30th day after wounding, a decrease in 

the thickness of almost all layers of the skin of the 

periwound was observed, but the return of indica-

tors to the weekend was not observed. Thus, the 

thickness of the epidermis was 12.87  0.88 m, 

which is statistically significantly less than in the 

control and on the day of wounding in the expe-

rimental group (p  0.001). The thickness of the 

granular layer remained low, compared to the con-

trol (p  0.001). The thickness of the dermis de-

creased compared to the previous observation pe-

riod (p  0.05), but was not significantly increased 

compared to the control. No changes were ob-

served in the subcutaneous tissue. 

Discussion 

Physiological and reparative processes require 

a complex multi-level and multi-component sys-

tem of regulation, the main one of which is carried 

out through the neuroimmunoendocrine system [26]. 

In this case, the adaptation of the mammalian or-

ganism in a constantly changing environment is 

carried out mainly through the activation of the 

hypothalamic-pituitary-adrenal axis and the subse-

quent secretion of glucocorticoids (GCs), minera-

locorticoids, catecholamines, the functions of which 

in some cases overlap [27]. Thus, GCs ensure con-

tinuous optimal metabolism and morphogenetic in-

tegrity of the body, carried out through the ho-

meostatic function of the immune system [28, 29]. 

Catecholamines regulate the optimal functioning of 

the cardiovascular system and the tone of the mus-

cular system [29]. Mineralocorticoids, through the 

renin-angiotensin-aldosterone system, regulate the 

water-salt balance in the internal system of the 

body by optimizing its mineral composition and 

vascular tone together with the autonomic nervous 

system [30].  

Current research has demonstrated that the 

systemic central neuroimmunoendocrine regulation 

of the body has regional representation in various 

organs. Specifically, skin cells are capable of se-

creting hormones of the central regulatory axis and 

play an active role in both physiological and repar-

ative regeneration. In addition to their structural 

function, all skin cells are also involved in innate 

and adaptive immunity, forming a hierarchy of res-

ident, recruited, and recirculating cells [31]. 

In the context of this broadly described ho-

meostasis regulation, wound healing occurred in the 

skin of both control and experimental animal groups. 

Wound healing is a complex, evolutionarily 

shaped process involving the interaction of mole-

cular and cellular regulatory mechanisms, as men-

tioned above, which are implemented at both local 

and systemic levels. This process occurs in three 

overlapping phases: hemostasis/inflammation, proli-

feration/differentiation, and remodeling [5–7, 16, 21]. 

Comparative analysis of the dynamics of struc-

tural layer restoration in the skin revealed stereo-

typical cellular and morphogenetic responses in the 

corresponding phases of repair [22, 32]. However, 

the impact of various types of stress significantly 

influenced the efficiency of reparative processes. In 

the control group, these processes aligned with 

physiological parameters, whereas in the experi-

mental group, although the direction of prolifera-

tive and differentiation responses was similar, the 
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amplitude of these changes and the temporal as-

pects of the key phases of the wound healing pro-

cess were significantly delayed. 

For animals in the control group, the exci-

sional injury itself and the accompanying pain 

served as acute stress, whereas numerous studies 

have shown that acute stress, lasting from several 

minutes to a few hours, positively mobilizes all in-

nate and adaptive defense mechanisms of restora-

tive morphogenesis [31, 33–35]. 

Primarily, glucocorticoids like prednisone and 

catecholamines from the central regulatory axis, 

within physiological adaptive limits, trigger the re-

distribution of key circulating immune cells to the 

corresponding organs, including the skin. These in-

clude dendritic cells, macrophages, granulocytes, 

and T- and B-lymphocytes. Under the influence of 

these hormones, the local resident cell system of 

the regulatory axis in the skin is also activated, in-

cluding keratinocytes, endothelial cells, fibroblasts, 

adipocytes, mast cells, and innate T- and B-lym-

phocytes. These cells synthesize analog mediators 

that help optimize the course of the wound healing 

process [31, 35–37]. 

In this context, in the control animals, a pre-

liminary wound matrix quickly formed within the 

first hours of injury development, through the for-

mation of complexes based on fibronectin, fibro-

nectin with heparin, and collagen [29]. This matrix 

isolated the wound from the external environment, 

created conditions for wound edge contraction, 

and the opsonizing properties of fibronectin facili-

tated the optimal deployment of cellular and hu-

moral components of the subsequent inflammatory 

response on the 1st and 3rd days of healing [30]. 

The optimal progression of this phase was evi-

denced by a significant increase in the proliferation 

of the basal epidermal layer and a notable thicken-

ing of the dermis as a result of the vascular-cellular 

reaction. The effective resolution of clearance is-

sues and mobilization of the cellular diversity of 

skin tissues in the wound area, mainly through 

their recruitment from the bloodstream and depo-

sition in the wound focus and periwound zone, 

contributed to the homeostatic course of the heal-

ing process and the transition to the next stage. 

This stage involved the proliferation and differen-

tiation of the main histological cell lineages [38]. 

The main outcome of the proliferative reaction was 

the formation of granulation tissue on the 7th day, 

serving as a transitional tissue and a second tempo-

rary wound matrix [39]. This matrix developed as a 

continuation of the primary wound matrix formed 

within the first day of the wound process. This pe-

riod was also characterized by high vascularization. 

As a result, by the 7th day, we observed maximal 

thickness of both the epidermis and dermis. By the 

14th day, differentiation processes of tissue lineages 

predominated, leading to the transformation of the 

granulation matrix: complete epithelialization, and 

wound closure. These rehabilitative changes by the 

30th day resulted in complete wound healing by 

secondary intention, with the formation of a thin 

connective tissue scar. 

Successful wound healing in the control ani-

mals was also demonstrated by the temporal re-

duction in the relative wound area. The wound 

area, which initially increased after incision due 

to the elasticity of the surrounding tissues, rapidly 

decreased during the proliferative phase (by 17%) 

following the inflammatory period, approaching 

intact values. This finding is consistent with other 

studies [22, 32]. 

In the experimental group of animals, acute 

post-traumatic shock was superimposed on a pro-

nounced chronic social stress (CSS), with the 

stressor factor being the dominant aggression from 

surrounding animals. This aggression was perceived 

by the sensitive animals as a life-threatening danger 

or the risk of injury, especially in the absence of 

the ability to isolate themselves from these animals. 

Chronic stress is defined as stress lasting weeks, 

months, or years [33]. As a result of three weeks of 

stress exposure, a pronounced deep stress response 

was observed, as recorded in the open field test. 

According to the literature, CSS increased hor-

monal tension in the central regulatory axis and its 

associated autonomic nervous system, as well as in 

its regional axis [10, 11, 31, 33, 40, 41]. Addition-

ally, the increased levels of hormones disrupt the 

harmonious sequence of immune cell recruitment 

from the internal environment, including the skin, 

leading to a subsequent blockage of constant recir-

culation and renewal [31, 33]. 

Therefore, the effect of chronic social stress 

was already observed in skin samples prior to wound 

infliction: all layers of the epidermis and dermis 

were reduced in comparison with the control group. 

In our previous studies within the same experiment 

on mast cell dynamics, we found a significant in-

crease in the number of mast cells and their degra-

nulation activity, also in pre-wound samples from 

animals exposed to chronic social stress [42, 43]. 

Recent findings in the study of mast cell functions 

have provided evidence that they constitute a local, 

autonomous neuroimmune-endocrine system, the 

primary function of which is morphogenetic con-

trol of cellular and humoral components of the in-
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ternal environment [16, 17, 44, 45]. Supporting this 

concept are data on the close synaptic connections 

between mast cells and nerve endings [44], as well 

as the tight receptor-ligand feedback mechanism. 

In light of this, it is reasonable to conclude that 

chronic social stress, through central regulatory 

pathways, disrupts their local tissue regulatory com-

plexes. Therefore, the multiple increases in both 

the number and functional activity of mast cells in 

intact histological samples can be explained by the 

inhibition of their migration and deposition under 

the influence of glucocorticoids from the adrenal 

cortex, aimed at resolving alterative skin issues. 

Our findings were confirmed by a recent re-

port stating that chronic stress, by enhancing cate-

cholamine synthesis activity, increases the mobili-

zation of mast cells  to skin wounds and enhances 

their degranulation activity [46]. In this context, 

high levels of IL-10 cytokines were found, which 

exert an anti-inflammatory effect and reduce ma-

crophage activity [46]. 

After the influence of CSS, wound healing 

was notably slower, with disruptions in the in-

flammatory, proliferative, and remodeling phases. 

Moreover, all layers of the epidermis and dermis 

in the periwound area were significantly reduced 

compared to the control group. These deviations in 

the reparative processes resulted from the disrup-

tion of the aforementioned regulation of the cen-

tral and regional axes. 

It is now well-established that immune cells 

play a significant role in regulating morphogenetic 

processes in histogenesis and the regeneration of 

non-lymphoid structures, including skin [27, 31, 

33, 47]. A high level of stress hormones negatively 

affects immune cell activity, leading to dysfunction 

in the synthesis of interleukins and other regulatory 

factors, which results in delayed and reduced re-

parative processes. There is evidence that CSS is 

accompanied by an increased synthesis of anti-

inflammatory cytokines (IL-4, IL-5, IL-10, IL-13, 

etc.), with IL-10 being the most prominent in this 

case. These cytokines greatly reduce the production 

of pro-inflammatory cytokines (IL-1, IL-2, IL-6, 

IL-8, gamma interferon, TNF-alpha, etc.), thereby 

delaying the development of vascular-cellular reac-

tions in the inflammation stage and infiltration of 

immune cells (neutrophils, eosinophils, macro-

phages) into the inflammatory zone, thus lowering 

their immunological activity [1, 3, 27, 31, 33, 47]. 

In turn, the delayed onset of the inflammatory 

stage leads to the chronicization of subsequent 

stages of wound healing. 

Previously, in this experiment, we established 

that wound healing at all stages in this group was 

accompanied by reduced mast cell numbers but 

with enhanced degranulation, even to the point 

of apoptosis, as a marker of functional strain in 

an attempt to resolve regenerative process disrup-

tions [42, 43]. These data support the findings of 

other researchers who suggest that reparative pro-

cesses in the wound proceed under greater meta-

bolic stress, ending with apoptotic reactions and a 

significant deficit in the recirculation of new cellu-

lar elements from the blood [16, 17, 44, 45]. 

The above findings are further corroborated 

by the primary functions of GCs, which play a key 

role in reparative processes. In addition to their 

primary metabolic function in regulating carbohy-

drate metabolism, prednisone regulates migration, 

proliferation, differentiation, and apoptosis of tis-

sue cells. Each of these functions is dose-depen-

dent on glucocorticoids, increasing in intensity in 

the order listed [16, 46, 47]. 

Thus, along with the already disrupted local 

regulatory system, the reparative processes in the 

experimental group of animals proceeded at a de-

layed rate. Visual wound healing was significantly 

delayed. By the end of the proliferative period, the 

relative area of the wound was 53.3%, compared to 

17.5% in the control group. By the end of the ex-

periment (on day 30), a defect was observed (9.1%). 

The main reparative phases also proceeded with a 

significant delay: inflammation, proliferation, and 

remodeling. In the inflammation phase, the vascu-

lar-cellular responses of this phase were delayed, 

ultimately leading to a reduction in epidermal and 

dermal thickness on days 1 and 3 of healing. The 

delayed clearance and vascular-cellular responses 

in the inflammation phase also led to delays in 

subsequent reparative stages.  

Proliferative reactions of tissue precursors lag-

ged significantly behind the control group: the 

thickness of the epidermis and dermis on day 7 was 

significantly lower than in the control group. The 

formation of the primary reparative granulation tis-

sue was delayed. On day 7 of observation, only 

small islands of this tissue were present. Differen-

tiation processes in the tissues surrounding the 

wound were also suppressed, as evidenced by the 

inhibition of the initiation of remodeling processes 

in the skin layers by day 14. By day 30 of observa-

tion, the morphometric parameters of the skin in 

the periwound had not returned to baseline (pre-

wound) values, nor had they reached the control 

level, indicating that both remodeling and com-
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pensatory processes, induced by emotional stress, 

had not been completed. 

In our previous study, within the same expe-

riment, by day 30 of observation, we identified a 

second peak in the increase of mast cells and their 

degranulation activity [42, 43]. Therefore, conside-

ring their function, we interpreted this as evidence 

of compensatory reparative responses to the chro-

nic prolongation of regenerative processes, aimed 

at restoring their migratory and proliferative acti-

vity at the deposition site for the subsequent com-

pletion of remodeling processes in the wound [43]. 

The maintenance of a high mast cell count 

was accompanied by an incomplete remodeling 

process, which may also indicate residual effects of 

chronic social stress. Indeed, there is evidence that 

blockade of glucocorticoid receptors in the skin 

wound with the Ru408 drug (mifepristone) did not 

affect the elevated levels of glucocorticoids and ca-

techolamines in the plasma of animals experiencing 

chronic stress, while the drug had a positive effect 

on wound healing [48]. 

In light of these findings, ongoing stimulation 

by hormones leads to the deposition of mast cells 

in the incompletely healed wound, promoting the 

synthesis of pathognomonic anti-inflammatory cy-

tokines during this period, including IL-10. These 

cytokines shift the immune response predominantly 

towards T-helper regulation, activating the repara-

tive reaction and fostering a predominance of cell 

differentiation processes over proliferation in gra-

nulation tissue, leading to its replacement with 

original mature skin cell lineages [45, 49–51]. 

Given these results, future studies should fo-

cus on the molecular and cellular disruptions cau-

sed by emotional stress and how they affect the 

coordination between the immune, endocrine, and 

nervous systems in regenerative processes. Investi-

gating potential pharmaceutical interventions that 

modulate stress mechanisms may offer new thera-

peutic pathways for optimizing wound healing un-

der stress conditions, particularly those aimed at 

mitigating vascular-cellular disturbances during the 

early stages of the inflammatory response to injury. 

Conclusions 

Thus, we have shown that chronic aggressive-

dominant social stress is a powerful damaging fac-

tor for susceptible animals, leading to a disruption 

of the structural homeostasis of skin tissues, ac-

companied by high levels of hormones from sys-

temic and local neuroimmune-humoral regulatory 

networks. This leads to disturbances in physiologi-

cal and reparative tissue regeneration, manifested 

in the thinning of all skin layers, the chronicity 

of wound healing, and the incompleteness of re-

parative remodeling by the end of the study. In 

cases of impaired recovery processes, cellular reac-

tions at all stages of skin wound healing are de-

layed. However, the primary factor is the suppres-

sion of the early inflammatory response, the suc-

cess of which determines the reparative processes 

during the proliferation/differentiation and remo-

deling stages. Therefore, based on the results ob-

tained, future research should focus on the mole-

cular and cellular disruptions caused by the chro-

nic effects of emotional stress. Special attention 

should be given to the inhibition of vascular-

cellular reactions at the earliest stage of inflamma-

tory response development, as this is the most vul-

nerable phase in reparative situations. 

Pharmacological stimulation of local blood 

circulation appears to be the most promising the-

rapeutic approach in this case, improving trophic, 

recirculatory, and thereby remodeling processes. 

Interests disclosure 

The authors have no conflicts of interest to 

declare. 

References  

[1] Mahdavian Delavary B, van der Veer WM, van Egmond M, Niessen FB, Beelen RHJ. Macrophages in skin injury and repair. 

Immunobiology. 2011;216(7):753-62. DOI: 10.1016/j.imbio.2011.01.001 

[2] Mostafavi Yazdi SJ, Baqersad J. Mechanical modeling and characterization of human skin: A review. J Biomech. 

2022;130:110864. DOI: 10.1016/j.jbiomech.2021.110864 

[3] Mansfield K, Naik S. Unraveling immune-epithelial interactions in skin homeostasis and injury. Yale J Biol Med. 

2020;93(1):133-43.  

[4] Jiao Q, Zhi L, You B, Wang G, Wu N, Jia Y. Skin homeostasis: Mechanism and influencing factors. J Cosmet Dermatol. 

2024;27(1):123-34. DOI: 10.1111/jocd.16155 

[5] Broughton G 2nd, Janis JE, Attinger CE. Wound healing: An overview. Plast Reconstr Surg. 2006;117(7 Suppl):1e-S-32e-S. 

DOI: 10.1097/01 



 Innov Biosyst Bioeng, 2025, vol. 9, no. 1                                                                                                                    23   

 

 

 

 

[6] Peña OA, Martin P. Cellular and molecular mechanisms of skin wound healing. Nat Rev Mol Cell Biol. 2024;25:599-616. 

DOI: 10.1038/s41580-024-00715-1 

[7] Gonzalez AC, Costa TF, Andrade ZA, Medrado AR. Wound healing - A literature review. An Bras Dermatol. 2016;91(5):614-20. 

DOI: 10.1590/abd1806-4841.20164741 

[8] Baum CL, Arpey CJ. Normal cutaneous wound healing: Clinical correlation with cellular and molecular events. Dermatol 

Surg. 2005;31(6):674-86; discussion 686. DOI: 10.1111/j.1524-4725.2005.31612 

[9] Guo S, Dipietro LA. Factors affecting wound healing. J Dent Res. 2010 Mar;89(3):219-29. DOI: 10.1177/0022034509359125 

[10] Godbout JP, Glaser R. Stress-induced immune dysregulation: implications for wound healing, infectious disease and cancer. 

J Neuroimmune Pharmacol. 2006;1(4):421-7. 

[11] Wynn M, Holloway S. The impact of psychological stress on wound healing: a theoretical and clinical perspective. Wounds 

UK. 2019;15(3):20-7. 

[12] Gouin JP. Chronic stress, immune dysregulation, and health. Am J Lifestyle Med. 2011;5(6):476-85. 

DOI: 10.1177/1559827610395467 

[13] Grigorieva SM, Starosyla DB, Rybalko SL, Motronenko VV, Lutsenko TM, Galkin OYu. Effect of recombinant human in-

terleukin-7 on Pseudomonas aeruginosa wound infection. Ukr Biochem J. 2019;91(5):7-15. DOI: 10.15407/ubj91.05.007 

[14] American Psychological Association. Stress in America 2022: Concerned for the future, beset by inflation. 2022. Available 

from: https://www.apa.org/news/press/releases/stress/2022/concerned-future-inflation.  

[15] American Psychological Association. Stress in America 2023: A nation recovering from collective trauma. 2023. Available 

from: https://www.apa.org/news/press/releases/stress/2023/collective-trauma-recovery. 

[16] Theoharides TC. The impact of psychological stress on mast cells. Ann Allergy Asthma Immunol. 2020;125:388-92. 

DOI: 10.1016/j.anai.2020.07.007 

[17] Komi DEA, Khomtchouk K, Santa Maria PL. A review of the contribution of mast cells in wound healing: Involved molecu-

lar and cellular mechanisms. Clin Rev Allergy Immunol. 2020;3:298-312. DOI: 10.1007/s12016-019-08729-w 

[18] Virtanen MI, Brinchmann MF, Patel DM, Iversen MH. Chronic stress negatively impacts wound healing, welfare, and stress 

regulation in internally tagged Atlantic salmon (Salmo salar). Front Physiol. 2023;14:1147235. DOI: 10.3389/fphys.2023.1147235 

[19] Maassen S, Coenen B, Ioannidis M, Harber K, Grijpstra P, Van den Bossche J, et al. Itaconate promotes a wound-resolving 

phenotype in pro-inflammatory macrophages. Redox Biol. 2023;59:102591. DOI: 10.1016/j.redox.2022.102591 

[20] Dorsett-Martin W. Rat models of skin wound healing: A review. Wound Repair Regen. 2004;12(6):591-9. 

[21] Rippon MG, Rogers AA, Ousey K, Atkin L, Williams K. The importance of periwound skin in wound healing: An overview 

of the evidence. J Wound Care. 2022;31(8):648. DOI: 10.12968/jowc.2022.31.8.648 

[22] Avci P, Sadasivam M, Gupta A, De Melo WC, Huang YY, Yin R, et al. Animal models of skin disease for drug discovery. 

Expert Opin Drug Discov. 2013;8(3):331-5. DOI: 10.1517/17460441.2013.761202 

[23] Ben-Ami Bartal I, Rodgers DA, Bernardez Sarria MS, Decety J, Mason P. Pro-social behavior in rats is modulated by social 

experience. eLife. 2014;3:e01385. DOI: 10.7554/eLife.01385 

[24] Rygula R, Abumaria N, Flügge G, Fuchs E, Rüther E, Havemann-Reinecke U. Anhedonia and motivational deficits in rats: 

Impact of chronic social stress. Behav Brain Res. 2005;162(1):127-34. DOI: 10.1016/j.bbr.2005.03.009 

[25] Masis-Calvo M, Schmidtner AK, de Moura Oliveira VE, Grossmann CP, de Jong TR, Neumann ID. Animal models of so-

cial stress: The dark side of social interactions. Stress. 2018;21(5):417-32. DOI: 10.1080/10253890.2018.1462327 

[26] Nakano Y. Stress-induced modulation of skin immune function: Two types of antigen-presenting cells in the epidermis are 

differentially regulated by chronic stress. Br J Dermatol. 2004;151(1):50-64. DOI: 10.1111/j.1365-2133.2004.05980.x 

[27] Webster Marketon JI, Glaser R. Stress hormones and immune function. Cell Immunol. 2008;252(1-2):16-26. 

DOI: 10.1016/j.cellimm.2007.09.006 

[28] Vileikyte L. Stress and wound healing. Clin Dermatol. 2007;25(1):49-55. DOI: 10.1016/j.clindermatol.2006.09.005 

[29] Herman JP, Figueiredo HF, Mueller NK, Ulrich-Lai YM, Ostrander MM, Choi DC, et al. Central mechanisms of stress in-

tegration: Hierarchical circuitry controlling hypothalamo-pituitary-adrenocortical responsiveness. Front Neuroendocrinol. 

2003;24(3):151-80. DOI: 10.1016/j.yfrne.2003.07.001 

[30] Sandig H, McDonald J, Gilmour J, Arno M, Lee TH, Cousins DJ. Fibronectin is a TH1-specific molecule in human sub-

jects. J Allergy Clin Immunol. 2009;124(3):528-35. DOI: 10.1016/j.jaci.2009.04.036 

[31] Shastri M, Sharma M, Sharma K, Sharma A, Minz RW, Dogra S, Chhabra S. Cutaneous-immuno-neuro-endocrine 

(CINE) system: A complex enterprise transforming skin into a super organ. Experimental Dermatology 2024;33(3):1 -19. 

DOI: 10.1111/exd.15029 

[32] Parker GA, Picut CA. Atlas of histology of the juvenile rat. Chennai: Elsevier Academic Press; 2016. 462 p. 



24                                                                                                                      Innov Biosyst Bioeng, 2025, vol. 9, no. 1    

  

 

 

[33] Dhabhar FS. Acute stress enhances while chronic stress suppresses skin immunity. The role of stress hormones and leukocyte 

trafficking. Ann N Y Acad Sci. 2000;917:876-93. DOI: 10.1111/j.1749-6632.2000.tb05454.x 

[34] Passeron T, Zouboulis CC, Tan J, Andersen ML, Katta R, Lyu X, et al. Adult skin acute stress responses to short -term 

environmental and internal aggression from exposome factors. J Eur Acad Dermatol Venereol. 2021;35(10):1963-75. 

DOI: 10.1111/jdv.17432 

[35] Raziyeva K, Kim Y, Zharkinbekov Z, Kassymbek K, Jimi S, Saparov A. Immunology of acute and chronic wound healing. 

Biomolecules. 2021;11(5):700. 

[36] Chapman CR, Tuckett RP, Song CW. Pain and stress in a systems perspective: Reciprocal neural, endocrine, and immune 

interactions. J Pain. 2008;9(2):122-45. DOI: 10.1016/j.jpain.2007.09.006 

[37] Picard K, St-Pierre MK, Vecchiarelli HA, Bordeleau M, Tremblay ME. Neuroendocrine, neuroinflammatory, and pathological 

outcomes of chronic stress: A story of microglial remodeling. Neurochem Int. 2021;145:104987. DOI: 10.1016/j.neuint.2021.104987 

[38] Sengupta P. The laboratory rat: Relating its age with human's. Int J Prev Med. 2013 Jun;4(6):624-30. 

DOI: 10.4103/2008-7802.117402 

[39] Andreollo NA, Santos EF, Araújo MR, Lopes LR. Rat's age versus human's age: What is the relationship? Arq Bras Cir Dig. 

2012;25:49–51. DOI: 10.1590/S0102-67202012000100011 

[40] Pereira VH, Campos I, Sousa N. The role of autonomic nervous system in susceptibility and resilience to stress. Curr Opin 

Behav Sci. 2017;14:102-7. DOI: 10.1016/j.cobeha.2017.01.003 

[41] Kyrou I, Tsigos C. Stress mechanisms and metabolic complications. Horm Metab Res. 2007;39(6):430-8. 

DOI: 10.1055/s-2007-981462 

[42] Frolov OK, Makyeyeva LV, Aliyeva OG. Quantitative characteristics of mast cells in the course of wound healing in rats with 

chronic social stress. Acta Biologica Ukrainica. 2021;1(1):34-41. 

[43] Makyeyeva L, Frolov O, Aliyeva O. Functional changes in skin mast cells during surgical wound healing in rats after the in-

fluence of chronic social stress. Fitоterapiia Chasopys Phytotherapy Journal. 2024;2:36-46. DOI: 10.32782/2522-9680-2024-2-36 

[44] Forsythe P. Mast cells in neuroimmune interactions. Trends Neurosci. 2019;42(1):43-55. DOI: 10.1016/j.tins.2018.09.006 

[45] Oskeritzian CA. Mast cells and wound healing. Adv Wound Care. 2012;1(1):23-8. DOI: 10.1089/wound.2011.0357 

[46] Romana-Souza B, Chen L, DiPietro LA. Repeated stress-induced crosstalk between the sympathetic nervous system and mast cells 

contributes to delayed cutaneous wound healing in mice. J Neuroimmunol. 2023;379:578104. DOI: 10.1016/j.jneuroim.2023.578104 

[47] Shimba A, Ikuta K. Control of immunity by glucocorticoids in health and disease. Semin Immunopathol. 2020. 

DOI: 10.1007/s00281-020-00827-8 

[48] de Almeida TF, de Castro Pires T, Monte-Alto-Costa A. Blockade of glucocorticoid receptors improves cutaneous wound 

healing in stressed mice. Exp Biol Med (Maywood). 2016;241(4):353-8. DOI: 10.1177/1535370215612940 

[49] Bielefeld KA, Amini-Nik S, Alman BA. Cutaneous wound healing: Recruiting developmental pathways for regeneration. Cell 

Mol Life Sci. 2013;70:2059-81. DOI: 10.1007/s00018-012-1152-9 

[50] Jiang D, Scharffetter-Kochanek K. Mesenchymal stem cells adaptively respond to environmental cues thereby improving 

granulation tissue formation and wound healing. Front Cell Dev Biol. 2020;8:697. DOI: 10.3389/fcell.2020.00697 

[51] Taves MD, Ashwell JD. Glucocorticoids in T cell development, differentiation, and function. Nat Rev Immunol. 

2021;21(4):233-43. DOI: 10.1038/s41577-020-00464-0 

 Л.В. Макєєва
1,2

, О.К. Фролов
1
, O.Г. Алієва

2 

1
Запорізький національний університет, Запоріжжя, Україна 

2
Запорізький державний медико-фармацевтичний університет, Запоріжжя, Україна 

МОРФОМЕТРИЧНІ ЗМІНИ КРАЙОВОЇ ЗОНИ РАН ШКІРИ ЩУРІВ ПІД ЧАС ЗАГОЄННЯ РІЗАНИХ РАН ПІСЛЯ ВПЛИВУ 
ХРОНІЧНОГО СОЦІАЛЬНОГО СТРЕСУ 

Проблематика. Хронічний стрес є найбільш поширеним системним фактором, який негативно впливає на загальну резистент-
ність організму, в т.ч. і на загоєння ран. Добре визначені низка аспектів відновлення шкіри після нанесення хірургічної рани, од-
нак залученість клітин крайової ділянки ран вивчена не достатньо. 
Мета. Визначити морфологічні особливості крайової ділянки ран шкіри на різних етапах процесу загоєння після впливу хроніч-
ного соціального стресу. 
Методика реалізації. Моделювали хронічний соціальний стрес шляхом тривалого пcихоемоційного впливу на лабораторних 
щурів лінії Wistar експериментальної групи. Тваринам контрольної та експериментальної груп наносили різану рану в міжлопат-
ковій ділянці. Забирали матеріал крайової ділянки ран на 1, 3, 7 ,14 та 30-й дні загоєння ран і обробляли за стандартною гісто-
логічною методикою. 
Результати. Перенесений хронічний соціальний стрес ще до нанесення рани призводить до потоншення шарів шкіри. Візуаль-
не загоєння рани йшло з великим запізненням. З достовірною затримкою відбувалися й основні репаративні процеси за фаза-
ми: запалення, проліферація, ремодуляція. 
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Висновки. Агресивно-домінантний соціальний стрес є досить сильним ушкоджуючим фактором для сприйнятливих тварин, що 
призводить до порушення фізіологічної регенерації в шкірі, яке виражалось у витонченні шарів у гістологічних зразках шкіри, ще 
до нанесення рани за рахунок зниження процесів проліферації та диференціації. Негативні наслідки хронічного соціального 
стресу далі виявлялися і в загоєнні хірургічної рани: затягувалися процеси репарації на основних фазах, зокрема запаленні та 
проліферації, що зрештою призвело до хронізації репаративної регенерації. 

Ключові слова: загоєння ран; хронічний соціальний стрес; крайова зона ран; епідерміс; дерма; підшкірна клітковина. 


