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Annotation. Optimal vascularization of tissues is a key prerequisite for wound healing and proper tissue function. In this study, we 
investigated the dynamics of blood vessel density during the healing of excisional wounds in rats exposed to chronic social stress 
(CSS). The CSS model included social isolation and contact with aggressive conspecifics. Full-thickness wounds were created in 
male Wistar rats. Histological and morphometric analyses of vessels at the wound edge and periwound area were performed on 
days 1, 3, 7, 14, and 30 post-injury. The results showed that CSS significantly delayed angiogenesis by reducing vessel density 
throughout all phases of repair compared to controls. This was accompanied by alterations in mast cell activity - key regulators 
of loose connective tissue processes, particularly vascular and immune functions. In control animals, the typical progression was 
observed: initial vessel loss followed by intensive neovascular growth and remodeling. In contrast, the CSS group demonstrated 
impaired inflammatory response and a reduction in mast cell numbers; however, the increased functional activity of mast cells did 
not compensate for their reduced morphogenetic regulation of loose connective tissue and angiogenesis, resulting in persistently 
low vascularization. The findings indicate that chronic social stress negatively affects the cellular and molecular mechanisms 
of vascular network restoration during wound healing, leading to delayed regeneration and an increased risk of chronic wound 
pathology. Promising therapeutic strategies may involve correction of the hypothalamic-pituitary-adrenal axis and restoration of 
diminished local blood flow in the wound area.
Keywords: angiogenesis, blood vessels, excisional wound, chronic social stress, wound healing.
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Introduction
Optimal vascularization of tissues and organs is a fun-

damental condition for the functioning of multicellular organ-
isms, providing one of the essential prerequisites for life. 
Alongside the development of blood vessels, a supportive 
structure evolved - loose connective tissue (LCT) – which 
enables adequate vascular function. Its cellular foundation is 
the histiogenic cell lineage. The fibrous components of LCT 
bear the structural load, while the basic substance’s acidic 
and alkaline mucopolysaccharides form tubular and large-
cavity structures that utilize capillary movement to transport 
water-soluble metabolites from blood vessels to cells and 
vice versa [31, 74].

Numerous studies have shown that mast cells play a key 
role in maintaining the structural and functional homeostasis 
of LCT. These cells constitute up to 10% of the total LCT 
cell population [47]. Mast cell cytoplasmic granules contain 
a range of pre-synthesized biologically active substances 
(BAS), and upon activation, mast cells synthesize various 
mediators, cytokines, and growth factors de novo [17, 26]. 
Mast cells are closely interconnected with other cell types 
via cytoplasmic transmission channels formed by connexons, 
emphasizing their regulatory influence on various cells of 
the internal environment [15, 68]. They also form synaptic 
connections with sympathetic nerve fibers and engage in 
receptor-ligand interactions with the central neuroendocrine 
system [28, 36].

In LCT, mast cells are located along blood vessels and 
are most densely concentrated in the skin and mucous mem-

branes - systems that are functionally exposed to the external 
environment [33, 38, 51]. Various skin cells participate in 
complex interactions and, under reparative activity, can syn-
thesize non-typical substances and structures for their his-
togenetic type, maintaining the organ’s structural-functional 
homeostasis. For instance, keratinocytes can synthesize 
mediators of the neurohumoral axis (hypothalamic-pituitary-
adrenal, HPA axis) under stress conditions [35, 56, 63].

This study continues our investigation into the effects of 
chronic social stress (CSS) on the healing of incised wounds 
in rats. We previously observed that CSS significantly re-
duces the number of mast cells in the periwound area at all 
stages of the reparative process (inflammation, proliferation, 
remodeling) [21]. However, their compensatory functional 
activity increases through BAS degranulation and de novo 
synthesis, ultimately leading to natural depletion via apoptotic 
and necrotic pathways [40]. Morphometric analysis showed 
pronounced thinning of the skin’s cellular layers in experi-
mental animals, corresponding with delayed wound healing 
[41]. In this context, it was of particular interest to study the 
reparative response of blood vessels, which are responsible 
for trophic functions and the recirculation of skin cell popula-
tions during wound healing under chronic social stress.

Materials and methods
The study involved 50 sexually and socially mature male 

Wistar rats aged 12-13 months, divided into two groups. 
The control group consisted of 20 animals (4 rats per each 



healing time point), and the experimental group included 30 
animals (6 rats per time point), selected for their increased 
stress sensitivity based on open field test results.

CSS was modeled via three-week social isolation and 
continuous psycho-emotional influence – placing each sub-
ject rat in an environment surrounded by four aggressive 
conspecifics [42, 53]. Stress presence was verified via open 
field testing before and after the CSS model was applied [21].

Full-thickness wounds were created in the interscapular 
region by circular excision of skin and subcutaneous tissue 
(1.0-1.3 cm diameter), following aseptic preparation and 
under anesthesia [19].

Tissue samples were collected from the wound bed and 
adjacent intact skin (within 1 cm from the wound margin) on 
days 1, 3, 7, 14, and 30. The periwound zone (up to 5 mm 
from the wound edge) was the primary focus of analysis.

Animals were housed individually in plastic cages under 
standard vivarium conditions: temperature 20-25°C, humid-
ity up to 55%, natural light cycle, balanced diet. Bedding 
was changed weekly. No signs of bacterial infection were 
observed during the experiment.

All experimental procedures were conducted in ac-
cordance with international and national ethical guidelines, 
including Directive 2010/63/EU of the European Parliament 
and Council (22.09.2010) and the «Common Ethical Prin-
ciples for Animal Experimentation» (Ukraine, 2001).

For histological analysis, standard procedures were 
followed. Tissue sections were stained with hematoxylin 
and eosin. Photodocumentation was performed using a 
PrimoStar iLED microscope and an Axio Cam ERc5s cam-
era (ZEISS, Germany). Image analysis and quantification 
of blood vessels were conducted using QuPath software 
(v0.4.4, UK).

Statistical analysis was performed using IBM SPSS 
Statistics 26 (IBM Corp., USA). The Kolmogorov-Smirnov 
test was used to assess the normality of data distribution. 
Student’s t-test was applied to compare intergroup dif-
ferences. A p-value of <0.05 was considered statistically 
significant. Results are presented as the mean ± standard 
deviation (M ± SD).

Results. Discussion
The skin is considered the largest organ in the mam-

malian body and, according to recent research, is classified 
as a super-organ, due to its integration of the cutaneous 
immune-neuro-endocrine system (CINE) [54, 60, 67]. In 
this complex, cellular and humoral components – although 
structurally autonomous – are anatomically and function-
ally interconnected through receptor-ligand interactions 
and coordinated via multiple signaling molecules, including 
peptides, neurohormones, neurotransmitters, neurotrophins, 
cytokines, chemokines, and growth factors. Coordination is 
further facilitated by cytoplasmic connexon-based commu-
nication channels [54].

The systemic regulatory link of CINE is mediated through 
corticotropin-releasing hormone (CRH), which activates the 

hypothalamic-pituitary-adrenal (HPA) axis, resulting in the 
secretion of glucocorticoids and catecholamines. These, 
in turn, stimulate local regulatory mechanisms within CINE 
that mirror the central axis: CRH, ACTH, corticosteroids, 
and catecholamines. This integrated signaling ensures the 
maintenance of structural and functional homeostasis in both 
the skin and the organism as a whole [57, 75].

Recent findings indicate that cells derived from both 
sessile and migratory mesenchymal lineages (e.g., kerati-
nocytes, fibroblasts, endothelial cells, granulocytes, macro-
phages, dendritic cells, and lymphocytes) can, under stress 
conditions, express receptors and ligands atypical for their 
histogenetic origin [75]. This adaptive phenomenon reflects 
the plasticity of CINE, which enables functional adaptation 
under stress [3, 16, 54, 58, 59]. These findings have phy-
logenetic foundations—labile (metaplastic) differentiation 
is still seen in lower vertebrates, while higher vertebrates, 
including humans, retain limited capacity for noncanonical 
product synthesis due to genomic commonality among all 
cells. Cytokine-driven epigenetic de-reactivation of tissue-
specific gene blocks allows such non-traditional expression 
patterns [7, 80].

The core function of this labile metabolic differentiation 
is the regulation of internal homeostasis through a balanced 
interplay of activating and suppressive factors across vari-
ous stages of physiological or reparative regulation [50, 52].

In light of these insights, we examined restorative vascu-
larization during incised skin wound healing at distinct phas-
es: hemostasis/inflammation, proliferation/differentiation, and 
remodeling. Researchers indicate that neovascularization in 
skin wounds occurs through vasculogenesis - recruitment 
of mesenchymal-derived endothelial progenitors from the 
bloodstream – and angiogenesis, involving sprouting of new 
capillaries from existing vessels [32, 55, 66]. The relative 
contribution of each pathway depends significantly on the 
stress-reparative context of the wound.

Our and others’ findings suggest that mast cells (MCs) 
play a central role in coordinating both physiological and 
reparative regeneration in LCT within the skin [4, 69, 71]. In 
our control samples, the mean vessel count was 3.2±0.5 per 
mm², aligning with physiological norms reported in the litera-
ture [27, 76]. This vascular density results from a balanced 
synthesis of pro-angiogenic factors – including vascular en-
dothelial growth factor (VEGF), interleukin-8 (IL-8), and basic 
fibroblast growth factor (bFGF) – alongside anti-angiogenic 
factors such as thrombospondin, endostatin, and pigment 
epithelium-derived factor (PEDF) [18, 55, 61, 65].

In these same intact samples, MCs were abundant, 
most of them showing no signs of degranulation, indicating 
their regulatory function was maintained through selective 
transcellular secretion of bioactive mediators.

Wounding in control animals triggers an acute physi-
ological stress, which activates both central and regional 
regulatory axes (CINE), leading to the release of glucocorti-
coids, catecholamines, and other mediators [20, 24, 52, 54, 
59]. MCs and other CINE cells express receptors for these 
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mediators, leading to the initiation of a local inflammatory 
response – aimed at damage containment, isolation from 
healthy tissue, and preparation for repair. The vascular and 
molecular mechanisms underlying this response are well 
described in the literature [6, 8, 37, 43, 54, 73].

At baseline (day 0), blood vessel densities (Fig. 1) were 
similar between the control (Fig. 2A) and experimental groups 
(Fig. 2B) (3.2 ± 0.5 per mm² vs. 3.4 ± 0.4 per mm²), however 
a reduction in the diameter of superficial vascular plexus 
vessels was observed in experimental group. Both groups 
showed significant changes over time of wound healing, 
with notable differences between groups on several days.

Fig. 1. Dynamics of changes in the amount of blood vessels in 
periwound skin of rats during healing process in control and after 
exposure to chronic social stress (M±SD, n=50).
Notes: * - changes are statistically significant, compared to the 
previous period of wound healing (p≤0.05); ** - changes are statisti-
cally 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≤0.05) ### - changes 
are statistically significant, compared to control (p≤0.001)

А   В
Fig. 2. Microphotographs of a skin flap excised in in control (A) and 
experimental (B) groups of rats at the day of wounding (H&E staining).

In our study, on day 1 post-injury, the number of blood 
vessels in the wound margins of control animals dropped to 
minimal values, reflecting destructive reorganization under 
the influence of proteolytic enzymes, phagocytosis, and 
apoptosis. Conversely, the number of MCs in the same sam-
ples more than doubled, and most exhibited high functional 
activity: 55.2% were fully and 19.1% partially degranulated. 
Their granules contain pre-synthesized mediators such 
as histamine, serotonin, heparin, tryptase, chymase, and 
carboxypeptidase, all of which drive the early inflammatory 
response [5, 38, 45]. MCs also produce cytokines de novo, 
including IL-1, IL-3, IL-6, IL-8, TNF-α, and TGF-β. Other CINE 
participants - including keratinocytes, fibroblasts, endothelial 

cells, and innate lymphoid cells - contribute as well, along 
with infiltrating immune cells (neutrophils, macrophages, T 
and B lymphocytes) [48].

The inflammatory reaction in control wounds peaked 
on day 3, with a sustained high MC density, ~50% of which 
remained partially degranulated [21, 40].

Studies have shown that hypoxia and nutrient deprivation 
in wounds serve as potent stimuli for angiogenic signaling, 
especially via proteolytic enzymes stored in MC granules. 
Chymase and tryptase are particularly active, exerting de-
structive and remodeling effects on fibrillar components of 
LCT. They also activate other enzymes (e.g., collagenases, 
MMPs), modifying the extracellular matrix and facilitating en-
dothelial migration and proliferation – key events in angiogen-
esis [25, 46, 64, 79]. Furthermore, these enzymes support 
recruitment of granulocytes, macrophages, myofibroblasts, 
lymphocytes, and stem cells to the wound microenvironment 
[12, 17 25, 37]. These collective actions led to partial vascular 
restoration, as evidenced by a vessel count of 2.1±0.7 per 
mm² during this stage.

Effective wound healing also requires phase-appropriate 
cytokine and growth factor profiles. Inflammation is domi-
nated by pro-inflammatory cytokines (list to be inserted), 
while the proliferation phase sees an upregulation of anti-
inflammatory and pro-angiogenic mediators (e.g., VEGF, 
bFGF), followed by a shift toward anti-angiogenic factors in 
the remodeling phase [32, 70, 77].

The progressive thickening of the epidermis and dermis 
observed in control animals [41] further supports the notion of 
a well-coordinated inflammatory response, enabling success-
ful transitions to proliferation/differentiation and subsequent 
remodeling phases.

By days 7 and 14, blood vessel density increased more 
than fourfold, reflecting intense granulation tissue forma-
tion, LCT and dermal remodeling, and keratinocyte basal 
layer proliferation [41]. These findings align with reports 
on fibroblast-to-myofibroblast transformation that facilitates 
wound contraction – a process confirmed in our study. On 
day 14, the visible wound area had reduced by 82% [41]. 
These morphogenetic changes were largely driven by MC-
derived mediators, as our results show a fivefold increase 
in MCs during the proliferation phase [21].

Importantly, these changes occurred in parallel with a 
shift from pro-inflammatory to anti-inflammatory and pro-
regenerative signaling, largely produced by the same cell 
populations involved in earlier phases – demonstrating the 
labile differentiation capacity of CINE under systemic and 
local hormonal regulation.

Considering that MCs do not proliferate in the skin [10, 
34], their numerical increase is attributed to well-coordinated 
migration from the bone marrow and redistribution from other 
body regions. Notably, cell migration, temporary deposition, 
and recirculation are characteristic features of CINE function 
during tissue repair. Additionally, the pleiotropic effects of 
CINE mediators are a hallmark of this regulatory network.

By day 14 of wound healing, both cellular mass and 
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extracellular matrix production had increased by 4-5 times 
compared to baseline levels, contributing to the complete 
closure of the wound defect [41]. Given the intrinsic tendency 
of cellular systems toward expansive growth and ubiquitous 
distribution, these newly formed structures are subjected to 
differentiated restriction and remodeling during the subse-
quent remodeling phase, returning to the original tissue and 
organ architecture. This appears to be the primary role of the 
redundant (or local) regulatory axis within CINE, functioning 
in coordination with its systemic counterpart. 

In our present study, by day 30, the number of blood ves-
sels in the skin of control animals returned to near-baseline 
levels (3.0±1.2 vessels per mm²), indicating the physi-
ological completion of wound remodeling. At this stage, the 
synthesis of vasoactive bioactive compounds shifted from 
pro-angiogenic to anti-angiogenic factors. Restoration of 
vascular density in the wound margin was primarily achieved 
via apoptosis of endothelial cells, mediated by macrophages 
[18, 55, 65]. During this period, remodeling also affected 
LCT around vessels, the papillary dermis, and subcutaneous 
adipose tissue, mediated by interactions between MCs and 
resident skin cells (keratinocytes, endothelial cells, fibro-
blasts), primarily through vesicular secretion of mediators 
without overt degranulation [11, 46, 79].

Beyond receptor-ligand interactions, gap junction com-
munication was also detected. Through connexon channels 
(~2 nm wide), low-molecular-weight molecules, including 
steroid hormones, can diffuse between cells, influencing cell 
differentiation processes [16, 32].

These morphogenetic transformations occurred along-
side the structural restoration of the skin’s layers [41], with 
the active involvement of MC-derived BASs. The number 
and metabolic activity of MCs also returned to baseline 
values [21, 40].

A markedly different vascular response was observed 
in animals exposed to CSS. Although the initial pre-wound 
vessel density did not differ significantly from controls, pro-
nounced molecular and cellular alterations were already 
present. Our previous findings from the same experimental 
model showed a several-fold increase in MCs, with 36-37% 
of them partially degranulated [21, 40]. Additionally, there 
was a decrease in epidermal and dermal thickness [41].

These changes reflect heightened activation of the HPA 
axis and its local analog in the skin [56]. Physiologically, GCs 
regulate tissue metabolism via receptors found in nearly all 
cell types. Under stress, MC-derived mediators play a crucial 
role in maintaining CINE homeostasis [54]. Notably, sero-
tonin, preformed in MC granules, regulates smooth muscle 
tone and precise vasomotor control of precapillary vessels 
in LCT, ensuring tissue perfusion.

In stress conditions, this serotonin-mediated vasomotor 
control is disrupted, impairing microcirculation, leading to 
local hypoxia, metabolic stress, and activation of secondary 
inflammatory responses, often involving vasoconstrictors, 
stress hormones, and cytokines [9, 29 72]. The cutaneous 
vascular network enters a spastic state, redirecting blood 

flow toward vital organs (CNS, excretory system, heart, GI 
tract, lungs). To prevent overwhelming inflammation in such 
a large organ, the cytokine profile in the skin adaptively shifts 
toward anti-inflammatory cytokines such as IL-4, IL-5, IL-10, 
IL-13, etc [2, 22, 49].

Additionally, chronic stress-induced increases in GCs 
and catecholamines disrupt blood cell recirculation, promot-
ing cellular sequestration in the skin [1, 23, 30, 39]. Thus, 
the pre-wound increase in MCs we observed likely reflects 
an adaptive response to maintain multifunctional metabolic 
pathways in the skin [21].

In experimental animals, the act of skin wounding itself 
induced additional acute stress, layered atop chronic stress, 
producing accentuated hormonal shifts in CINE. Conse-
quently, the Th2-dominated cytokine profile suppressed 
pro-inflammatory cytokine production (IL-1, IL-2, IL-8, IFN-γ, 
TNF-α), delaying the onset of inflammation, impairing infil-
tration of immune cells (neutrophils, eosinophils, lympho-
cytes, monocytes/macrophages), and reducing immune 
competence in the wound zone. This delayed inflammatory 
response increased the risk of chronic wound pathology 
[13, 24, 44, 78].

Indeed, by day 1, only single vessels were detectable in 
the wound margins, and by day 3, vessel counts still lagged 
behind control levels (2.1±0.5 in control vs 1.2±0.4, p<0.01 
per mm² in experiment). MC numbers were almost halved, 
though their functional activity was heightened: the cells were 
larger, and most showed full or partial degranulation [21, 
40]. Morphometric analysis revealed nearly twofold delay in 
epidermal layer restoration, particularly in the basal layer, 
and dermal thickness was also reduced [41].

These adverse morphogenetic outcomes during the first 
3 days were due to suppression of the inflammatory phase 
under the influence of elevated GCs and catecholamines. 
Previous studies [17, 52, 62] have shown that while chronic 
stress enhances MC mobilization and degranulation, it 
impairs the recruitment and function of macrophages, par-
ticularly their phagocytic and cytokine-producing capacity. 
As a result, key clearance and preparatory mechanisms 
are compromised, affecting the proliferation and remodeling 
phases of regeneration [52, 62].
As expected, vascular density in the stressed group 
remained low during the proliferation and differentiation 
phases. On days 7 and 14, the number of vessels did not 
reach pre-injury values, in stark contrast to the several-
fold neovascularization increase seen in controls (1.6±0.3 
vs 11.6±1.4 per mm² at day 7 and 2.2±0.4 vs 13.7±1.5 
per mm²). The low angiogenic response during this time 
reflects inhibited proliferative and differentiation responses 
in skin layers. Granulation tissue formation appeared 
only as small islands by day 7 [41], and the epidermis 
remained less than half as thick as in controls. As a result, 
by day 14, only 46.7% of the wound surface was covered 
with primary matrix, compared to 82,5% in controls [41].

Notably, MC counts during this phase were more than 
two times lower than in controls. However, their functional 
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activity was elevated: they were larger, and over 65% were 
fully or partially degranulated [21, 40]. These findings suggest 
that, under the influence of stress hormones, MC recruitment 
from bone marrow persisted, and even local accumulation 
(deposition) occurred. Yet, increased metabolic demands for 
reparative homeostasis led to quantitative depletion of MCs 
during active repair [21].

The delayed regeneration observed in inflammatory and 
proliferative phases continued into remodeling. By day 30, 
tissue reorganization was still incomplete. We observed defi-
ciencies in cellular and extracellular matrix content [41], and 
vascular density remained low (2.6±0.2 per mm² compared 
to 3.4±0.4 per mm² pre-injury). Incomplete epithelialization 
was evidenced by residual defect areas covered by scabs. 
The epidermal thickness was significantly reduced, while 
dermal thickness tended to increase [41], reflecting ongoing 
remodeling and revascularization processes.

Crucially, by this point we again observed a surge in 
MC numbers, increasing by 5-fold compared to controls, 

with 53.8% partially degranulated, and larger cell size [40].
All these findings highlight that reparative processes 

were still ongoing and that their completion was significantly 
delayed by chronic social stress.

Conclusion and prospects for further 
developments

1. Chronic social stress contributes to the chronification 
of reparative responses at all stages of excisional skin wound 
healing in experimental animals. This is primarily due to an 
acute deficit in the recirculation of the full spectrum of cells 
involved in tissue regeneration within the wound area.

Therefore, a key objective for current and future phar-
macological research and therapeutic strategies should be 
focused on:
•	 Mitigating the stress impact on the central hypothalamic-

pituitary-adrenal (HPA) regulatory axis;
•	 And enhancing local blood supply within the wound and 

adjacent tissues.
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ДИНАМІКА КІЛЬКОСТІ СУДИН ПІД ЧАС ПРОЦЕСУ ЗАГОЄННЯ РІЗАНИХ РАН У ЩУРІВ ПІД ВПЛИВОМ ХРОНІЧНОГО 
СОЦІАЛЬНОГО СТРЕСУ
Макєєва Л. В., Фролов О. К., Алієва О. Г., Таврог М. Л.
Анотація. Оптимальна васкуляризація тканин є ключовою умовою процесу загоєння ран і функціонування тканин. У 
даному дослідженні вивчено динаміку кількості кровоносних судин під час загоєння ексцизійних ран у щурів, які перебували 
під впливом хронічного соціального стресу (ХСС). Модель ХСС включала соціальну ізоляцію та контакт із агресивними 
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одноплемінниками. На самцях щурів лінії Вістар були створені повнотовщинні рани. Гістологічний і морфометричний 
аналіз судин у зоні краю рани та навколо неї виконували на 1, 3, 7, 14 та 30 добу після нанесення рани. Результати 
показали, що ХСС суттєво уповільнює ангіогенез, зменшуючи щільність судин у всі фази репарації порівняно з контр-
олем. Це супроводжувалося змінами активності тучних клітин – ключового регулятора всіх процесів пухкої сполучної 
тканини, зокрема васкулярних та імунних. У контрольних тварин спостерігалось типове прогресування початкової 
втрати судин із подальшим інтенсивним неоваскулярним ростом і ремоделюванням, тоді як у групі ХСС порушувалась 
запальна відповідь, кількість тучних клітин знижувалась, однак підвищення їх функціональної активності не компенсу-
вало їх морфогенетичну регуляцію пухкої волокнистої сполучної тканини і ангіогенез, тому васкуляризація залишалась 
низькою. Отримані дані свідчать, що хронічний соціальний стрес негативно впливає на клітинні та молекулярні 
механізми відновлення судинної мережі у процесі загоєння, спричиняючи затримку регенерації та підвищений ризик 
хронічної ранової патології. Перспективними напрямками терапії є корекція гіпоталамо-гіпофізарно-надниркової осі та 
відновлення зниженого локального кровообігу у рановій зоні.
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