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ABSTRACT 

One of the scientific approaches to correcting fibrotic myocardium is the development of regenerative medicine 

methods, which involve tissue therapy. The present study aimed to identify morphological and functional changes in 

the fibrous myocardium of rats after cryoinjury and the use of allogeneic biomaterial. The study included 80 Wistar 

rats divided into two groups, the control and the experimental group. All rats underwent a thoracotomy under 

general anesthesia with Xylazine and Zolazepam, and a section of the left ventricle was frozen with a cooled metal 

stylet. In the experimental group, a repeated thoracotomy was performed 45 days after cryodestruction. An 

allogeneic biomaterial suspension, dispersed from an acellular extracellular matrix with a particle size of 50 to 80 

μm, was then injected intracardially into the area of cryogenic myocardial necrosis at a dose of 3 mg per animal. 

Forty-five days after the allogenic biomaterial injection, the tolerance of rats to physical activity was assessed using 

the modified Porsolt test. After the tolerance test, the weight of the heart, the thickness of the left ventricular wall, 

the thickness of the scar, and the diameter of the damaged area were measured. Three myocardium samples were 

taken from each animal and processed for examination using a light microscope. Histological examination of the 

myocardium samples revealed an avascular scar. In the experimental group, the thickness of the muscular part was 

significantly higher than in the control group. Meanwhile, heart weight didn’t differ much between the control and 

experimental group. The exercise tolerance of rats in the experimental group was higher than that of the control 

group and did not differ significantly from the intact values. The presented results supported the allogeneic 

biomaterial's positive influence on the rats' myocardium structure that had undergone cryogenic destruction. 
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INTRODUCTION  

 

Even with advancements in diagnostic and treatment technologies such as CT scans, MRI, and ultrasound, chronic 

ischemic heart disease continues to be a major cause of cardiovascular disease and mortality globally (Fácila Rubio et al., 

2024). Ischemic myocardial pathologies, such as Ischemic cardiomyopathy, myocardial infarction, and angina pectoris in 

animals, as in humans, are associated with insufficient blood supply to the heart muscle (Algoet et al., 2023). For 

pharmaco-correction of such conditions, Nitrates (Nitroglycerin) are used to dilate blood vessels and improve blood 

flow, beta-blockers (Atenolol) reduce heart rate and reduce the load on the heart, antiplatelet agents (Aspirin) and 

anticoagulants (Warfarin) prevent blood clots, and angiotensin-converting enzyme inhibitors (Enalapril) lower blood 

pressure and reduce the load on the heart (Chen et al., 2024). Despite significant breakthroughs in cardiology, the search 

for effective methods to restore cardiac function after ischemic injury remains an urgent task. About 5 to 15% of patients 

discharged from the hospital die within the first year; the subsequent annual mortality rate ranges from 2 to 5% 

(Baryshev et al., 2022; Kuznetsov et al., 2022; Alekhin et al., 2023). The high medical and social significance of 

myocardial infarction underscores the need for further improvement and development of effective and affordable 

treatment methods in the long-term management of the disease to prevent fibrotic degeneration of the myocardium, 

which impairs heart function (Garganeeva et al., 2015). One of the scientific approaches to correcting fibrotic 

myocardium can be the development of regenerative medicine methods, such as tissue therapy (Ponamarev et al., 

2023a,b; Prusakova et al., 2023a,b). Recently, increasing attention has been paid to the use of biomaterials for 

regenerating damaged tissues. In particular, Allogeneic biomaterial (AB) represents a promising direction in cardiology 

due to its biocompatibility and potential to stimulate regenerative processes (Kruglyakov et al., 2004; Afanasiev et al., 

2009; Garganeeva et al., 2015). The AB, derived from the acellular extracellular matrix, has proven to be a stimulator of 

organ and tissue regeneration, but it has not been previously used in cardiology (Muldashev et al., 2005).  
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For different animal species, Cryoinjury is quite common. Frequent causes of such types of injuries are osmotic 

and thermal shock, cryoprotectant toxicity, and the growth of intracellular ice particles (Johnstone et al., 2023). 

Additionally, cryoinjury can serve as a model for other studies, such as those examining coronary artery stenosis 

(Maurya and Kumar, 2025). The present study aimed to identify morphological and functional changes in the fibrous 

myocardium of rats following cryoinjury and the use of AB, thereby providing a better understanding of the mechanisms 

of action of AB and their potential clinical applications in the treatment of ischemic heart disease. 

 
MATERIALS AND METHODS 

 

Ethical approval 

The Ethics Committee of the Bashkir State Medical University (Ufa, Russia) approved the study. All manipulations 

were carried out in accordance with the provisions of the Order of the Ministry of Health of the Russian Federation 

dated April 1, 2016, No. 199n (On approval of the rules of good laboratory practice). 

 

Study design 

Eighty male Wistar rats, 2-3 months old and weighing from 200.0 and 250.0 g, were selected for the present study. 

Two groups were formed, consisting of a control group and an experimental group, each comprising 40 rats. The rats 

were housed in three cages (545 × 395 × 200 mm) with free access to water and food (Delta Feeds, BioPro, Novosibirsk, 

Russia). 

Before the thoracotomy, rats were intramuscularly injected into the vastus femoris with Xylazine 2% (Interchemie, 

Netherlands) at a dose of 0.05 mg/kg, and after 10 minutes, Zoletil 50 (Virbac, France) at a dose of 0.5 mg/kg (Adamyan 

et al., 2011). The animal underwent a thoracotomy, the heart was removed, and a section of the left ventricle in the apex 

region was frozen with a six mm diameter metal stylet cooled in liquid nitrogen (Limited liability company, cryotrade 

engineering, Russia; Shutsky et al., 2019). The stylet was exposed to the heart for 10 seconds, after which the wound 

was sutured in layers (Shutsky et al., 2019). This method of cardiac cryodestruction enabled the standardization of 

myocardial damage in terms of volume and localization, making it convenient for the morphometric analysis of the 

damage zone. Pathological changes in the myocardium after cryodestruction are similar to those observed in coronary 

artery stenosis (Kruglyakov et al., 2004; Afanasiev et al., 2009).  

During repeated thoracotomy, 45 days after cryodestruction in the experimental group, an AB suspension was 

injected into the area of cryogenic myocardial necrosis. The AB was diluted with 0.9% saline to obtain a suspension 

containing 0.5 mg of AB in 10 μl for each injection (Lebedeva et al., 2023). Each animal in the experimental group 

received six intramyocardial injections of AB suspension, three mg per animal in total, with one-day intervals in 10 

days. The rats in the control group were injected with 0.9% saline solution at a dose of 10 μl per intramyocardial 

injection. The AB used in the present study was a dispersed form of acellular extracellular matrix with a particle size of 

50 to 80 μm, developed at the Federal State Budgetary Institution (All-Russian Center for Eye and Plastic Surgery) of 

the Ministry of Health of the Russian Federation, Ufa, Russia. The biomaterial was manufactured in accordance with TS 

42-2-537-87, certified, and approved for use in clinical practice by order of the government of the Russian Federation 

No. 857 dated June 13, 2020. For the present study, AB was made from rat tendons.  

Forty-five days after the injection of AB and saline, all rats from both groups were tested for their tolerance to 

physical activity using a modified Porsolt test. During this test, rats were forced to swim with a load of 10% of their 

body weight until they became immobile (Karkishchenko et al., 2011). After the Porsolt test, all animals were 

euthanized with Xylazine 2% (Interchemie, Netherlands) at a dose of 0.15 mg/kg.   

The heart weight was determined, and the thickness of the muscular part of the left ventricular wall, the thickness of 

the scar, and the diameter of the damaged area were measured on transverse sections of the rat's heart. Animal hearts 

were fixed for 36 hours in a 10% solution of neutral formaldehyde (Limited liability company formula, Russia), 

dehydrated in a series of alcohols; 70% ethanol for 3 to 5 minutes, 80% ethanol for 3 to 5 minutes, 95% ethanol for 3 to 

5 minutes, 100% ethanol for 3 to 5 minutes, Xylene 1 for 3 to 5 minutes, Xylene 2 for 3 to 5 minutes, and embedded in 

paraffin (Yanin et al., 2015). Sections were cut on a LEICA RM 2145 microtome (G-M-I, Inc., Germany) and were 

stained with hematoxylin and eosin, according to van Gieson. The study and visualization of the preparations were 

carried out using a light microscope (Leica DMD 108, Germany) with specialized software for controlling settings and 

image capture. 

 

Statistical analysis 

The two-factor analysis of variance method was used. Data analysis was conducted using non-parametric (rank) 

methods, one-way analysis of variance according to the Kruskal-Wallis test, and comparison of uncorrelated data using 

the Mann-Whitney method. Medians (Me), variation limits (Min-Max), and standard score (Z) were used. The standard 
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score (Z) indicates the number of standard deviations between the value and the median. The diagram was constructed 

using the Statistical 6.0 program. In the present study, results were considered significant at p < 0.05. 

 
RESULTS  

 

Histological examination of the hearts 45 days after cryodestruction with liquid nitrogen revealed an avascular scar in the 

myocardium in the area of the left ventricle near the heart's apex in both groups. A network of collagen fibers developed 

in place of the damaged cardiomyocytes in all samples. Dense fibrous connective tissue was present in samples from 

both groups, characterized by a low degree of vascularization and a predominant content of fibroblastic cells, including 

fibroblasts, fibrocytes, and myofibroblasts (Figure 1). 

At the stage of inclusion in the study, all rats were tested for exercise tolerance (Swimming) and demonstrated 

comparable results (p < 0.05). The duration of the exercise was 751 seconds (Minimum 589 seconds and maximum 783 

seconds). In the control group, after 45 days, exercise tolerance decreased by 1.97 times compared with the intact rats (p 

< 0.05; Can et al., 2012). The exercise tolerance of rats in the experimental group was higher than that of the control 

group and did not differ significantly from the intact values (p < 0.05; Table 1; Can et al., 2012). 

 

 
Figure 1. Fibrous degeneration of the rat’s myocardium following destruction by liquid nitrogen after 45 days. A black arrow points out 

fibrous degeneration. H&E staining, X100.  

 
Table 1. Influence of intramyocardial allogenic biomaterial injection on the swimming duration in rats following 

myocardial cryodestruction 

Group Swimming time (seconds) Heart weight (g) 

Control group 380 (min: 310, max: 403) 0.91* (min: 0.898, max: 0.916) 

Experimental group 
720* (min: 498, max: 751) 0.875 (min: 0.837, max: 0.943) 

*: Significant difference in each column (p < 0.05) 
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The increase in the tolerant load in rats of the experimental group compared to the control group proved that the use 

of AB provided a functionally significant improvement in the condition of the heart muscle (p < 0.05). Given that the 

heart weights of both the control and experimental groups of rats were comparable, it can be considered that a 

reorganization of the scar and an enhancement in the metabolic condition of the myocardium, particularly as the exercise 

tolerance of the experimental group was superior to that of the control group and closely aligned with the values of intact 

rats (p < 0.05; Can et al., 2012). The increase in the modified Porsolt test duration in the experimental group compared to 

the control group corresponded with changes in myocardial structure; consequently, the hearts were examined 

morphologically. 

Forty-five days after the administration of AB, the thickness of the muscular part of the left ventricle, the thickness 

of the scar, and the diameter of the damaged area were examined in all experimental rats. It turned out that in the 

experimental group (0.906 mm) after the administration of AB, the thickness of the muscular part of the left ventricle 

was significantly higher (p < 0.05, Z = 2.6) than in the control group (0.330 mm) due to the content of cardiac muscle 

fibers (Figure 2). Additionally, in the experimental group, accumulations of cardiomyocytes were found in the interfiber 

spaces of the previous cryogenic scar, forming clusters that could potentially create a functional syncytium. 

 

 

 
Figure 2. The thickness of the muscle wall in the experimental and control groups of rats was measured 45 days after the 

administration of saline solution. A: Experimental groups on the x-axis. The ordinate axis is the thickness of the muscular part of the myocardial 

wall (mm), B: Thickness of the myocardium of the left ventricle 45 days after the injection of allogeneic biomaterial in the experimental group, C: 

Wall of the left ventricle of the heart 45 days after the administration of saline solution in the control group. Main: The experimental group, Control: 

The control group. Van Gieson staining. Magnification X100. 
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The thickness of the rats' heart scars in the experimental group (0.382 µm) was slightly greater (p < 0.05) compared 

to that in the control group (0.355 μm). However, after statistical processing, the limits of variation in scar thickness for 

both groups almost overlap entirely, and the difference in medians proved to be insignificant (p > 0.05, Z = 0.33; Figure 

3a). The difference in the diameter of the damaged myocardial zone in the experimental and control groups turned out to 

be statistically insignificant (p > 0.05, Z = 0.73). Simultaneously, the control group exhibited significant intragroup 

variability in scar thickness, with the maximum and minimum values differing by a factor of ten (Figure 3b). 

 

 
Figure 3. Left ventricular wall structure in rats after 45 days. A: Scar thickness (mm) of the left ventricle of experimental and control groups, 

B: Diameter of damaged myocardial zone (mm) of the experimental and control groups, Main: The experimental group, Control: The control group.  

 
Analyzing the morphometric criteria of the scar at the site of cryogenic myocardial damage in the control group, 45 

days after exposure to AB, indicated that the differences in the thickness of the scar itself and the diameter of the 

damaged area were not statistically significant (p > 0.05). However, the thickness of the muscular part of the left 

ventricular wall in the experimental group was significantly (Three orders of magnitude) higher than in the control group 

(p > 0.05). 

Consequently, the use of AB in conditions of developed fibrous degeneration of the myocardium did not 

significantly affect its size. However, an increase (p > 0.05) in heart mass in the control group was indicative of cardiac 

hypertrophy. In contrast, the thickening of the muscular part of the left ventricular wall in the experimental group did not 

lead to heart mass changes. Scar reorganization and the appearance of cardiac muscle cells might be the result of a 

variety of signaling and immune responses initiated by the AB. It is known that AB promotes the transformation of 

dense fibrous tissue into loose tissue through the regulation of the ratio of metalloproteinases and their inhibitors (MMP-

9/Timp-2), which are promoters and chemoattractants of progenitor cells, stimulate neoangiogenesis, and inhibit fibrosis 

(Lebedeva et al., 2018; 2023). The modifying effects of AB on the fibrous myocardium and the state of cardiomyocytes 

in the peri-scar zone would help improve the functional viability of the heart (Lebedeva et al., 2018; 2020; 2023). In the 

present study, it was observed that the modifying effect resulted in a significant increase (p < 0.05) in exercise tolerance 

in rats in the experimental group.  

Thus, a single injection of AB into the formed myocardial scar that developed at the site of cryodestruction, after 45 

days, initiated the transformation of dense, formed fibrous connective tissue into a connective tissue-muscle regenerate. 

After using the AB, cardiac muscle fibers were examined, which significantly improved their morphological picture and 

increased the load tolerance compared to the control group (p > 0.05).  

 

DISCUSSION 

 

Recent studies by Muldashev et al. (2005) and Rana et al. (2019) indicated that the use of biomaterials can promote 

tissue regeneration and improve cardiac function. Additionally, the use of collagen-based hydrogels in rats with 

myocardial infarction results in a significant improvement in ejection fraction and a reduction in fibrosis. Comparing the 

studied AB with materials used in other studies, such as collagen-based hydrogels, it is notable that AB demonstrated 

more pronounced angiogenesis (Muldashev et al., 2005; Yu, 2023). This may be due to the presence of growth factors in 

its composition that stimulate the formation of new vessels. In the present study, the AB was used, which was assumed 

to have similar regenerative properties. The studied AB had unique structural and biochemical properties that improved 

regenerative processes in the ischemic myocardium. In particular, the biocompatibility of AB and its porous structure 
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promoted cell migration and proliferation, as evidenced by the increase in the number of cardiomyocytes and stem cells 

in the damaged area (Lebedeva et al., 2018; 2020). When comparing the current results to the findings of Gallyamov et 

al. (2014) and Zhou et al. (2022), it is essential to acknowledge studies that utilized a distinct biomaterial, such as 

decomposed cardiac matrix. The findings of Gallyamov et al. (2014) and Zhou et al. (2022) indicated an improvement in 

the contractile function of the heart and a decrease in inflammatory processes. Functional improvements such as ejection 

fraction and contractility were not investigated in the present study, but observed data indicated a more pronounced 

decrease in fibrosis compared to the results of other studies (Gallyamov et al., 2014; Zhou et al., 2022). The present and 

previous studies confirmed the potential of AB in the treatment of chronic ischemic myocardial injury and indicated the 

need for further research to optimize its use and understand the mechanisms of its action (Lebedeva et al., 2018; 2020; 

2023). Additionally, it is essential to consider the studies focused on the long-term effects of biomaterials. Although the 

findings of Muldashev et al. (2005), Zhou et al. (2022), and Lebedeva et al. (2023) demonstrated that some biomaterials 

can cause immune reactions with long-term use, in the current study, significant immune reactions weren’t observed, 

suggesting the biocompatibility of the AB used in the short-term period. 

Thus, the present study complemented the existing data on the use of biomaterials in the treatment of chronic 

ischemic myocardial injury, which suggested that AB is a promising therapeutic method to improve the morphological 

and functional characteristics of the rats’ hearts. 

 
CONCLUSION  

 

Analysis of the presented results indicated the positive influence of allogeneic biomaterial on the structure of the 

myocardium in rats that have undergone cryogenic destruction. Morphological changes in the regenerated tissue, induced 

by allogeneic biomaterial, provided better functional capacity of the heart, which was manifested in a significant increase 

in the animals’ tolerance to physical activity. This result may be due to the condition of the regenerated tissue, which was 

transformed under the influence of the allogeneic biomaterial’s biodegradation products. It can be assumed that the use 

of an injectable form of dispersed AB would be effective for restoring the heart muscle after resection of a cardiac 

aneurysm or coronary bypass surgery. Based the current results, the following directions for further research can be 

highlighted as studies of a long-term effect of the AB, research on the different modifications of the AB, such as the 

addition of specific growth factors or changes in its structural properties to improve its regenerative capabilities, in-depth 

comparative studies on different biomaterials and clinical trials of the studied AB.  
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