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Abstract: Unlike minor muscle injuries, which can heal through the activation of resident satellite cells, VML injuries involve the 

removal of large tissue volumes and disruption of the extracellular matrix architecture required for effective regeneration. Conse-

quently, the healing process is often dominated by fibrosis, chronic inflammation, and incomplete muscle regeneration. To overcome 

these limitations, considerable attention has been directed toward the development of biomimetic scaffolds and regenerative thera-

pies designed to restore both the structural organization and functional properties of skeletal muscle. Understanding the histopatho-

logical lesions associated with VML is therefore crucial for assessing tissue repair and for developing effective treatment strategies 

capable of improving muscle recovery and functional outcomes. 
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1. Introduction 

Severe skeletal muscle loss can occur in a variety of clinical contexts, including trau-

matic injuries, congenital conditions, surgical resections, and degenerative myopathies. 

Volumetric muscle loss (VML) is defined as the loss of skeletal muscle tissue that exceeds 

the endogenous regenerative capacity of the tissue, leading to incomplete structural and 

functional recovery [1,2]. Although skeletal muscle has a strong intrinsic ability to regen-

erate following minor injuries through satellite cell activation and coordinated repair 

mechanisms [3,4], extensive defects such as VML often result in persistent deficits in mus-

cle architecture and function.  

Current therapeutic approaches for VML primarily involve surgical reconstruction 

techniques, such as muscle flap transfers or autologous grafting procedures. However, 

these strategies are limited by donor-site morbidity, restricted availability of suitable tis-

sue, and incomplete restoration of full muscle function. As a result, there has been increas-

ing interest in the development of regenerative and tissue-engineering-based alternatives 

aimed at improving functional recovery [5-7]. 

Recent advances have focused on the design of biomimetic and tissue-engineered 

constructs, including scaffold-free, multi-phasic skeletal muscle units intended to restore 

both structural organization and contractile capacity. These engineered constructs often 

integrate muscle tissue with supportive anchoring structures to better replicate native 

musculoskeletal architecture. Preclinical evaluation of such therapies is commonly per-

formed using rat models of VML, particularly involving injuries to the tibialis anterior 

(TA) muscle [8,9]. 
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Despite widespread use of animal models, there remains significant variability in experimental design, 

including differences in species, injury geometry, and percentage of muscle removed. Common approaches 

include longitudinal excisions, transverse resections, and biopsy punch injuries, all of which typically exceed 

the regenerative threshold of skeletal muscle [10]. However, the degree of long-term functional impairment 

varies across studies, and recent findings suggest that some injury sizes previously considered representa-

tive of VML may still allow substantial recovery over extended time periods [11,12]. 

Consequently, there is a need to refine and standardize VML models to better reflect clinically relevant, 

long-lasting functional deficits. This includes systematic evaluation of different defect sizes and their long-

term outcomes in order to identify injury thresholds that result in irreversible loss of muscle function. Such 

standardized models are essential for improving the comparability of studies and for the reliable assessment 

of emerging regenerative therapies [13]. 

The aim of this study was to evaluate the histological response of volumetric muscle loss defects treated 

with two bioactive glass-based biomaterials, bioactive glass-alginate-agarose (BG-Alg-Agar) and bioactive 

glass-agarose (BG-Agar), in a rat tibialis anterior model. A standardized full-thickness muscle defect corre-

sponding to approximately 20% of muscle mass was surgically induced and subsequently treated with the 

biomaterials or left untreated as a control. Animals were euthanized at 4-, 6-, 8-, and 12-weeks post-implan-

tation for histological and immunohistochemical evaluation. 

Histological examination revealed progressive muscle regeneration in the treated groups, characterized 

by the appearance of centrally nucleated regenerating fibers, neovascularization, and active mesenchymal 

proliferation. Immunohistochemical analysis demonstrated sustained myogenic activity, particularly in the 

BG-Alg-Agar group, where muscle maturation and tissue organization improved over time. In contrast, BG-

Agar-treated defects showed a less favorable regenerative outcome, with gradual replacement of the defect 

area by fibrous connective tissue and limited muscle fiber formation at later time points. Peri-implant calci-

fications were observed at 8 weeks in both biomaterial groups but regressed by 12 weeks, suggesting a tem-

porary tissue response associated with remodeling rather than progressive pathological mineralization. Un-

treated defects exhibited persistent fibro-adipose tissue deposition and minimal evidence of muscle regen-

eration throughout the study period. 

2. Materials and Methods 

 Twenty medium weighted males, Wistar rats, weighing 360 ± 50 g, were used for this experiment. 

Following the clinical examination, animals underwent a brief assessment of their general condition, includ-

ing hydration status, appetite, and skin integrity. Both hindlimb surgical sites were aseptically prepared by 

shaving and disinfection, applied in concentric circular motions from the center outward. The limbs were 

draped under sterile conditions, with the right limb serving as an internal control. A longitudinal incision 

was made distal to the knee to expose the tibialis anterior (TA). Volumetric muscle loss was induced using 

a 6 mm biopsy punch, generating a full-thickness defect (~20% muscle mass) (Figure 1). Defects were filled 

with biomaterials (BG-Alg-Agar, n=10; BG-Agar, n=10) or left untreated as controls. Fascia and skin were 

continuously closed. This work was conducted in compliance with the European guidelines and rules 337, 

as established by the EU Directive 2010/63/EU and the Romanian law 43/2014. . As a biomaterial it was used 

sol-gel derived bioactive glass (BG; 60SiO2∙32CaO∙8P2O5 mol%) [14]. The BG was added in agarose (BG-

Agar), and in alginate-agarose (BG-Alg-Agar) polymeric solutions in a ratio of 12 wt%. The weight ratio of 

alginate–agarose composite was 3:1 (Alg-Agar). All procedures were approved by the Research Ethics Com-

mittee of the University of Agricultural Sciences and Veterinary Medicine (USAMV) Cluj-Napoca, Romania, 

and they were authorised by the State Veterinary Authority (ethical approval number 369 /13.06.2023).  

For microscopic analysis, tibialis anterior (TA) muscle samples were collected from both control and 

treated groups (BG-Alg-Agar and BG-Agar) at 4-, 6-, 8-, and 12- post-intervention. Specimens were fixed in 

10% formalin for 24 h and processed using standard histological procedures. Paraffin-embedded tissues 

were sectioned at 3 μm using a Thermo Scientific™ Citadel 2000 rotary microtome and stained with hema-

toxylin and eosin (H&E).  

For immunohistochemical analysis, heat-induced epitope retrieval was performed at pH = 9.0. using 

Novocastra™ Epitope Retrieval solution (1:10 dilution) for 30 minutes. Immunostaining was carried out 

using the Dako EnVision Flex+ (Mouse, high pH) system according to the manufacturer’s instructions. Pri-

mary antibodies included anti-MyoD1 (ab203383, Abcam; 1:1000 dilution) and anti-α-smooth muscle actin 

(α-SMA, ab5694, Abcam; 1:100 dilution). 
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Slides were evaluated by two anatomical pathologists, and images were acquired using an Olympus 

SP-350 digital camera with Stream Basic imaging software (v1.5.1, Olympus Corporation, Tokyo, Japan). 

 

Figure 1. Schematic overview of VML surgery with BG-Alg-Agar and BG-Agar: (a) After shaving, 

skin and fascia were incised to expose the tibialis anterior muscle; (b, c) A 6 mm biopsy punch cre-

ated a VML defect; (d) followed by hydrogel implantation or left untreated.  

3. Results 

Animals were euthanized by prolonged isoflurane anesthesia followed by cervical dislocation, and tib-

ialis anterior (TA) muscles were harvested for analysis at 4-, 6-, 8-, and 12-weeks post-intervention. 

3.1. Histologic features of fibrosis following VML injury 

• BG-Alg-Agar group 

At 4 weeks post-implantation, centrally nucleated muscle fibers indicate active regeneration. The tissue 

shows ongoing repair characterized by mesenchymal proliferation and inflammatory infiltration, predomi-

nantly macrophages involved in phagocytosis, without evidence of necrosis. However, tissue organization 

remains immature, with incomplete structural restoration and persistent but expected inflammatory activity 

(Figure 2a, b). 

At 6 weeks, muscle fibers display staining patterns consistent with myoblastic activity, indicating con-

tinued but more advanced regeneration. The process is in an intermediate stage, with overlap between pro-

liferation and differentiation. Inflammation is still present but shows signs of regression. The biomaterial is 

integrating into the tissue; however, focal dystrophic mineralization suggests a low-grade chronic inflam-

matory response. Mesenchymal activity persists, contributing to tissue remodeling, but regeneration re-

mains incomplete and not fully physiological (Figure 2c, d). 

At 8 weeks postoperatively, the defect region shows muscle fibers at an advanced stage of maturation, 

with increased diameter, peripheral nuclei, and improved cytoplasmic organization. These fibers are sepa-

rated by thin connective tissue septa. Muscle regeneration is accompanied by ongoing but reduced neovas-

cularization and partial integration of the biomaterial within the host tissue, which supports cellular migra-

tion and mesenchymal activity. However, remodeling remains incomplete, as evidenced by focal peri-im-

plant calcifications and residual connective tissue deposition. These calcifications appear as dense basophilic 

deposits located between muscle fibers and within interstitial spaces, likely reflecting ongoing tissue remod-

eling and low-grade inflammatory activity (Figure 3a, b). 

At 12 weeks, regenerated muscle fibers are uniformly aligned with peripheral nuclei and well-developed 

perimysial and endomysial organization. Tissue architecture shows marked improvement compared with 

earlier time points, although complete restoration of native skeletal muscle structure is not achieved. Low-

grade inflammatory infiltrates and sparse calcifications persist, along with thin connective tissue septa be-

tween fibers, indicating residual remodeling activity. Mesenchymal proliferation is markedly reduced, re-

flecting transition toward tissue stabilization and maturation. The previously observed calcifications are 

now only sporadically present, suggesting a transient process. The biomaterial shows progressive resorp-

tion, contributing to consolidation of the regenerated tissue architecture (Figure 3c, d). 
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Figure 2. Histological evaluation of the tissue response in muscle defects at (a, b) 4 and (c, d) 6 weeks 

postoperatively in rats from the treated group. The defect is occupied by fragments of implanted 

material (black asterisk), surrounded by mesenchymal cells, blood vessels (blue arrow), collagen 

fibers, and mononuclear inflammatory cells; (c; arrowheads) Multinucleated myotubes are present 

at the periphery of the implant (red and white arrows), indicating ongoing myogenic activity; (a, b) 
Heterotopic bone formation with osteoblast rimming is also observed, H&E staining; (b, d; arrow-

heads) Immunohistochemistry shows vascular structures consistent with active angiogenesis and 

(b, d; black arrow) identifies positively stained myofibroblasts. Scale bars: (a,c) 100 μm and (b,d) 50 

μm. 

 

Figure 3. Histological evaluation of the tissue response in muscle defects at (a, b) 8 and (c, d) 12 

weeks postoperatively in rats from the treated group. The defect area shows progressive tissue mat-

uration characterized by reduced cellularity and predominance of remodeled connective tissue. Ad-
ipose infiltration and stabilized blood vessels are present, indicating ongoing tissue remodeling; (a, 
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c; black arrows) The inflammatory response is reduced compared with earlier stages; (a; arrow-

heads) Focal peri-implant hypertrophic calcifications are observed; (a, c) H&E staining. Immuno-
histochemistry shows organized extracellular matrix with reduced vascular density, consistent with 

late-stage tissue remodeling (asterisk). (a-d) Scale bar: 50 μm. 

• BG-Agar group 

At 4 weeks post-implantation, the muscle tissue consists of small fibers with centrally located nuclei, 

consistent with immature myotubes and early-stage regeneration. The defect area shows active and well-

regulated repair, characterized by a predominant macrophage population involved in phagocytic clearance 

of cellular debris. Mesenchymal proliferation is evident, contributing to initial tissue restoration. The bio-

material remains present and may influence local diffusion and cellular activity. Overall, the histological 

pattern indicates an immature repair process without evidence of robust muscle reconstruction (Figure 4a, 

b). 

At 6 weeks, muscle fibers show increased organization, although focal disruption and interstitial colla-

gen deposition indicate early fibrotic remodeling. This suggests a transition toward a fibrotic repair trajec-

tory that may limit further muscle regeneration despite ongoing mesenchymal activity. No active myofibro-

blasts are observed, and tissue remodeling appears limited, consistent with a transitional stabilization phase. 

Macrophages remain the dominant inflammatory cell population, reflecting low-grade chronic inflamma-

tion. The biomaterial demonstrates progressive integration into the host tissue, potentially accompanied by 

mild dystrophic mineralization, while mesenchymal proliferation persists at a reduced level, supporting 

residual reparative activity (Figure 4c, d). 

 

Figure 4. Histological evaluation of tissue response in muscle defects at (a, b) 4 and (c, d) 6 weeks 
postoperatively in the treated group. The muscle defect is occupied by fragments of the implanted 

material (black asterisk); (a, blue arrow) Immature myotubes are present; (a, c; black arrow) Pres-

ence of macrophages; (c; arrowhead) Mineralization; (a, c) H&E staining; (b, d; arrowheads) Im-
munohistochemical staining highlights vascular structures and confirms active angiogenesis in the 

tissue. (a, b, c, and d) Scale bar: 50 μm. 

At 8 weeks, histological examination demonstrated incomplete muscle regeneration characterized by 

disorganized fibers, irregular alignment, increased connective tissue deposition, and expanded interstitial 

spaces. These features suggest a progressive shift toward fibrotic remodeling rather than functional muscle 

restoration. Immunohistochemical analysis (Figure 5a, b) revealed marker expression within the regenerated 
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tissue; however, staining was heterogeneous, with variable intensity and areas of reduced immunoreactiv-

ity, indicating uneven tissue maturation. 

At 12 weeks, muscle fibers exhibited improved organization and a more compact architecture compared 

with earlier time points. Nevertheless, focal connective tissue persistence and irregular fiber arrangement 

remained, indicating incomplete remodeling. Immunohistochemical staining (Figure 5c, d) showed contin-

ued marker expression within regenerated tissue, but with non-uniform intensity across regions. These find-

ings indicate progressive regeneration without full structural or functional maturation. Despite partial im-

provement in tissue organization, residual fibrotic areas and heterogeneous immunoreactivity suggest that 

skeletal muscle regeneration remained incomplete, with fibrotic remodeling still contributing to the overall 

tissue architecture. 

 

 

Figure 5. Histological evaluation of tissue response in muscle defects at (a, b) 8 and (c, d) 12 weeks 

postoperatively in the treated group. At 8 weeks, reduced and localized muscle fibers with occa-
sional MyoD-positive cells are observed, indicating ongoing but limited regeneration. Inflammation 

is reduced, and partial biomaterial resorption is evident (black asterisk). At 12 weeks, muscle fibers 

are scarce and the defect is largely replaced by fibrous tissue, with complete biomaterial resorption 
and absence of active regeneration; (a, c) H&E staining; (b, d) Immunohistochemistry shows heter-

ogeneous positive staining with variable intensity across regions (arrowheads). Scale bar: 50 μm. 

• Control group  

At 4 weeks postoperatively, the defect area showed neovascularization and active mesenchymal prolif-

eration, indicating an early reparative response. The muscle defect was partially filled with fibro-adipose 

tissue composed of sparse fibroblasts, thick collagen fibers, and differentiated adipocytes, with limited neo-

vascularization. At the interface with residual skeletal muscle, occasional myotubes were observed, indicat-

ing minimal regenerative activity (Figure 6a). From 6 to 12 weeks, the histological appearance of the defect 

remained largely unchanged. The lesion was consistently occupied by fibro-adipose tissue with vascular 

structures, without evidence of meaningful skeletal muscle regeneration. Occasional inflammatory lesions 

persisted, while new muscle fiber formation was absent or minimal throughout the observation period (Fig-

ure 6b).  

Overall, untreated defects failed to regenerate functional skeletal muscle, with fibro-adipose tissue re-

placement representing the predominant healing response throughout the study period. 
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Figure 6. Histological evaluation of the tissue response in muscle defects at (a) 4 weeks and (b) 6, 8, 

and 12 weeks postoperatively in rats from the control group. M indicates skeletal muscle. (a, black 
arrows). Blood vessel formation can be observed. (b, black arrow) The presence of adipose tissue 

and blood vessels (blue arrows - b) is also noted. (a,b) H&E staining. The scale bar represents 100 

μm. 

3.2 Comparative histological outcomes of the investigated biomaterials 

 The histopathological evaluation demonstrated that both biomaterials were capable of supporting an 

initial regenerative response following volumetric muscle loss. However, neither scaffold achieved complete 

restoration of normal skeletal muscle architecture during the experimental period. The regenerative process 

remained heterogeneous and was accompanied by varying degrees of connective tissue deposition, indicat-

ing that the biological response was only partially successful. 

Among the two investigated biomaterials, BG-Alg-Agar exhibited the most favorable regenerative pro-

file. Histological examination revealed active myogenesis, angiogenesis, and mesenchymal cell proliferation 

during the early stages of healing, followed by progressive tissue organization and biomaterial integration. 

Nevertheless, complete muscle regeneration was not achieved, as residual connective tissue, persistent low-

grade inflammation, and transient peri-implant calcifications were still evident at later time points. These 

findings suggest that although BG-Alg-Agar provided a supportive microenvironment for muscle repair, 

additional optimization of its composition or biological activity may be necessary to obtain complete struc-

tural recovery. 

In contrast, the BG-Agar biomaterial demonstrated a less favorable histological outcome. While early 

regenerative activity was observed after implantation, the repair process progressively shifted toward fi-

brotic tissue formation, with irregular muscle fiber organization and persistent connective tissue deposition. 

The heterogeneous immunohistochemical staining pattern and incomplete maturation of regenerating fibers 

indicated limited myogenic potential, suggesting that this biomaterial alone was insufficient to sustain ef-

fective long-term skeletal muscle regeneration. 

Despite these limitations, both biomaterials promoted a more organized reparative response than the 

untreated defects, in which fibro-adipose tissue predominated and muscle regeneration remained minimal 

throughout the observation period. The overall histological findings indicate that the regenerative capacity 

of the investigated scaffolds remains incomplete, emphasizing the need for further improvements in bio-

material design, degradation kinetics, and biological functionalization to enhance muscle regeneration and 

reduce fibrosis.  

4. Discussion 

Pathological fibrosis negatively affects skeletal muscle function by increasing tissue stiffness and reduc-

ing contractile capacity. In the context of volumetric muscle loss, early post-injury healing is characterized 

by transient extracellular matrix remodeling, including elevated collagen type III deposition and a loosely 

organized matrix within the defect area, reflecting an initial reparative phase [15]. 

A key finding of this study is the occurrence of transient heterotopic calcification within the implant 

region. Although ectopic mineralization is generally considered an undesirable outcome in regenerative 

therapies, the temporal pattern observed (presence at 8 weeks followed by regression at 12 weeks) suggests 

that these deposits are associated with active tissue remodeling rather than progressive pathological ossifi-

cation [17-19]. Similar transient mineralization phenomena have been reported in biomaterial implantation 

studies and are frequently linked to local ionic fluctuations, macrophage-mediated inflammatory responses, 
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and extracellular matrix remodeling [20]. However, the mechanisms underlying this phenomenon in the 

present model were not investigated in detail and require further analysis using dedicated imaging modal-

ities and mineral-specific histological techniques. 

Immunohistochemical analysis using MyoD and α-SMA provided additional insight into the regener-

ative process. Sustained MyoD expression and the presence of regenerating fibers indicate prolonged myo-

genic activity, particularly in the BG-Alg-Agar group. MyoD is a key regulator of satellite cell activation and 

myogenic differentiation, and its expression is generally associated with active muscle repair [21]. The per-

sistence of MyoD-positive cells at intermediate stages suggests that the regenerative process remains active 

beyond the acute injury phase, consistent with previous studies reporting prolonged myogenic responses in 

successfully regenerating VML defects treated with biomaterials [22]. 

Despite these regenerative signals, the histopathological assessment was primarily qualitative and 

lacked extensive histomorphometric quantification of fibrosis, vascularization, and muscle regeneration. In 

addition, a broader panel of molecular markers was not employed to fully characterize inflammatory and 

fibrotic pathways, limiting mechanistic interpretation. 

Future studies should focus on a multifaceted optimization strategy. From a biomaterials perspective, 

tuning composition, degradation kinetics, surface chemistry, porosity, and ion exchange properties may re-

duce local conditions favoring ectopic mineralization and excessive inflammatory signaling. From a biolog-

ical standpoint, modulation of macrophage polarization and inhibition of osteogenic signaling pathways 

may further improve regenerative outcomes and limit calcification [24,25]. 

More clinically relevant preclinical models, such as rabbits, pigs, or sheep, may provide improved trans-

lational relevance due to their closer approximation of human muscle architecture, vascularization, and me-

chanical loading conditions [23]. These models may better capture tissue remodeling dynamics and suscep-

tibility to heterotopic ossification. 

Clinically, heterotopic ossification remains a relevant complication in muscle injuries, particularly those 

adjacent to bone. It has been reported in up to 20% of patients following muscle contusion injuries and in up 

to 65% of cases of traumatic volumetric muscle loss [27-29]. 

5. Conclusions 

Overall, the findings indicate that BG-Alg-Agar provides a more favorable regenerative microenviron-

ment than BG-Agar, supporting early myogenic activity, angiogenesis, and biomaterial integration, while 

partially limiting fibrotic progression. However, neither scaffold achieved complete restoration of native 

skeletal muscle architecture within the 12-week period. Persistent connective tissue deposition and transient 

peri-implant calcifications indicate that tissue remodeling remained incomplete at the study endpoint. Alt-

hough bioactive glass-based composite scaffolds show promise for volumetric muscle loss repair, further 

optimization of their physicochemical and biological properties is required to enhance functional muscle 

regeneration and reduce fibrotic healing outcomes. Future studies should incorporate quantitative histo-

morphometric and functional assessments, as well as larger animal models, to improve translational rele-

vance. Local anatomical conditions may also influence regenerative outcomes, particularly in muscle defects 

adjacent to bone, where altered mechanical and biochemical microenvironments may shift the balance be-

tween muscle regeneration, fibrosis, and ectopic mineralization. 
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