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Type 2 diabetes mellitus–related sarcopenia (T2DMRS) is a common complication in elderly and advanced diabetes patients that affects long-term prognosis and quality of life. Skeletal muscle is the main unit of glucose metabolism, and it is surrounded by extracellular matrix (ECM), which is a microenvironment that acts as an efficient highway system. The ECM is essential for cellular communication and nutrient transport and supports muscle cell growth and repair. When this “ECM highway” fails to function effectively because of damage or blockage, the development of T2DMRS can be triggered or exacerbated. In recent years, the ECM has been widely demonstrated to play a critical role in insulin resistance and skeletal muscle regeneration. However, how the remodeling of skeletal muscle ECM components specifically affects the T2DMRS mechanism of action has not been scientifically described in detail. In this review, we comprehensively summarize the T2DMRS-related mechanisms of ECM remodeling, suggesting that collagen and integrins may be potential therapeutic targets.
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1 Introduction

Diabetes is a chronic metabolic disease that affects approximately 25% of the world’s population over 65 years of age (1). Sarcopenia is a progressive, systemic skeletal muscle disease that results in accelerated loss of muscle mass and function with age (2). Sarcopenia has been described as an emerging complication of diabetes mellitus in the elderly population, with prevalence rates ranging from 10% to 27% (3). People with type 2 diabetes mellitus (T2DM) are more likely to develop sarcopenia than those with normal blood glucose (4). T2DM and sarcopenia tend to be intertwined, and this comorbidity has become an important public health issue in today’s world.

There are complex interactions between T2DM and sarcopenia. Muscle loss in patients with T2DM is primarily associated with chronic inflammation, oxidative stress, insulin resistance, formation of advanced glycosylation end products (AGEs), and hyperglycemia, which collectively affect the muscle energy supply and protein metabolism and, consequently, the development of sarcopenia (5). Sarcopenia, in turn, has been found to be associated with an increased risk of developing T2DM (6). Skeletal muscle is the largest insulin-sensitive organ in the body. Approximately 80% of glucose in the human body is absorbed by skeletal muscle and stored in the form of glycogen (7). A decrease in the amount and function of skeletal muscle, an important tissue for peripheral glucose uptake, will diminish glucose uptake and exacerbate the development of T2DM (8). T2DM and sarcopenia are deeply intertwined pathogenetically, with skeletal muscle playing a central role in their bidirectional effects.

The extracellular matrix (ECM), an important component of the skeletal muscle niche, has been shown to be affected by aging (9) and different stages of diabetes (10, 11), and it is closely linked to the phenomenon of insulin resistance in skeletal muscle (12). However, there are fewer relevant studies available to show data on specific grading changes during diabetes onset. Therefore, more studies are needed to comprehensively assess specific markers of diabetes onset and aging. During the onset of T2DM, the ECM network in skeletal muscle undergoes dynamic changes, altering the interactions between cells and the ECM (13). Abnormal ECM remodeling disrupts insulin signaling and glucose transport (14). Therefore, the ECM plays a crucial role in regulating insulin sensitivity in skeletal muscle. Additionally, the ECM has multiple roles in the process of skeletal muscle regeneration, including providing physical support, regulating cell behavior, storing growth factors, and guiding the formation of new myofibers (11). The growth and regeneration of skeletal muscle depend on the activation of muscle-specific stem cells, known as satellite cells. The activation and differentiation of satellite cells into myoblasts and their migration, proliferation, and fusion into functional multinucleated myofibers are all related to the synthesis and degradation of ECM proteins (15). The ECM also undergoes dynamic changes during the growth or repair of skeletal muscle, experiencing extensive remodeling during muscle regeneration and continuously regulating cell proliferation, migration, and differentiation (16).

T2DM may lead to sarcopenia, and conversely, sarcopenia can initiate and exacerbate the onset and progression of T2DM; however, there is currently a notable paucity of treatment strategies for type 2 diabetes mellitus–related sarcopenia (T2DMRS). Research has demonstrated that interventions such as pharmacological treatment (17) and exercise (18) can simultaneously address diabetes and sarcopenia while remodeling the ECM. Consequently, the development of targeted therapies focusing on the ECM may represent a promising avenue for addressing this comorbidity. Given that the remodeling of skeletal muscle ECM components plays a pivotal role in enhancing insulin resistance and promoting muscle regeneration, the mechanistic implications of the ECM in the context of T2DMRS remain inadequately elucidated. We systematically collated multiple changes in the ECM in T2DM and sarcopenia, evaluated the feasibility of various key ECM constituents as potential therapeutic targets, and focused on their possible mechanisms of action in influencing T2DMRS. This review provides important theoretical foundations and offers guidance for the development of targeted ECM remodeling strategies for T2DMRS treatment.




2 Overview of the ECM

The ECM consists of more than 300 proteins, including collagen, proteoglycans, laminin, and elastin, which constitute the main elements of the ECM. Each type of protein has different physical and biochemical properties (19). As shown in Figure 1, structural proteins, such as collagen and elastin, give the ECM strength and toughness, respectively (20). Proteoglycans confer compressive resistance to the ECM (21), and fibronectin and laminin facilitate cell adhesion to the ECM (22). These ECM proteins provide structural support to cells and regulate cell behavior, while ECM remodeling enzymes regulate ECM turnover. The most important enzymes involved in ECM remodeling are metalloproteinases, which include two major families. The matrix metalloproteinase (MMPs) family comprises a group of proteolytic enzymes capable of degrading components such as collagen, elastin, and proteoglycans, promoting tissue remodeling and turnover (23). A disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) is also responsible for the degradation of ECM components, particularly proteoglycans (24). The ECM surrounds the cell and builds a three-dimensional network architecture. Integrins, as the main adhesion receptors of the ECM, are mediators of cell-ECM interactions and play key roles in structural support and cell signaling. The ECM receptor integrins and related proteins collectively shape the physical environment around the cells and play a critical role in structural support and cell signaling (25). ECM components are frequently remodeled by surrounding cells through degradation, synthesis, recombination, and modification and also play key roles in regulating cell viability, growth, differentiation, and metabolism (26). In skeletal muscle, each muscle fiber and its associated muscle stem cells are surrounded by the ECM (27). The vast majority of myopathies are accompanied by excessive accumulation of ECM, such as collagen deposition, which leads to muscle fibrosis, which in turn negatively affects muscle regeneration (21).




Figure 1 | Function of key extracellular matrix (ECM) components and integrins. The figure illustrates the main functions of the key components of the extracellular matrix and their receptor integrins.






3 Collagen

Collagen is the most abundant structural component of the ECM. It not only supports tissues and participates in growth, differentiation, morphogenesis, and wound healing processes but also is necessary for cell adhesion and migration (28). The collagen family includes 28 different members, of which types I, III, IV, V, VI, XII, XIII, XIV, XV, XVIII, and XXII have been shown to be present in mature skeletal muscle (29). More than 90% of the collagen expressed in skeletal muscle consists of collagen types I, III, and IV.

One of the hallmarks of insulin resistance in the skeletal muscle of human and rodent populations with T2DM is collagen deposition, characterized by a marked increase in the abundance of collagen I (Col I), collagen III (Col III), and collagen IV (Col IV) (30–32). Collagen has been shown to actively drive insulin resistance (33), possibly through regulation of the insulin signaling pathway. Insulin receptor substrate 1 (IRS1) phosphorylation may be inhibited, leading to reduced phosphatidylinositol 3‐kinase (PI3K) activation and thereby affecting the phosphorylation of its downstream signaling molecule protein kinase B (Akt). Reduced Akt activation and glucose transporter type 4 (GLUT4) membrane translocation ultimately result in decreased glucose uptake capability (14). A study found that the deposition of Col III and Col IV proteins in rodents with skeletal muscle insulin resistance may be associated with the interaction of integrin α2β1 (32). Subsequently, the research team demonstrated that Col IV protein deposition is associated with reduced MMP-9 activity. In addition, COL1a1, a gene encoding the α1 chain in Col I, was observed to be associated with transforming growth factor beta (TGF-β) upregulation in T2DM rats. Given the central role of TGF-β in promoting collagen deposition and fibrosis, it is likely that COL1a1 overexpression is closely correlated with the state of inflammation and fibrosis in the diabetic setting (34). However, collagen transcription is downregulated in the skeletal muscle of streptozotocin-induced type 1 diabetes mellitus (T1DM) mice, which may be due to the inhibition of collagen synthesis by low levels of TGF-β and an accumulation of AGEs (35), and the concomitant increase in the levels of inflammatory cytokines and MMPs may also promote collagenolysis (36).

Increased collagen content is also a feature of age-related sarcopenia (37). Many aspects of collagen structure, including collagen arrangement, cross-linking, and stacking density, affect the regenerative capacity of skeletal muscle (38). Collagen deposition may be triggered by a fibrotic process possibly regulated by nuclear factor-kappa B (NF-κB) or the TGF-β/Smad signaling pathway (39). Collagen directly interacts with myosatellite cell surface receptors as a ligand, playing a key role in maintaining satellite cell homeostasis and activating repair after injury (40). In a zebrafish model of sarcopenia, an increase in collagen content paralleled a dramatic decrease in mitochondrial density between myofibers, with 100% mitochondrial damage (41). Collagen deposition causes an increase in ECM stiffness, and abnormal mechanical stresses affect cell shape as well as the mitochondrial network structure (42). As a result, excessive reactive oxygen species (ROS) are generated (43), enhancing forkhead box protein O (FOXO) transcriptional activity (44). This FOXO transcriptional activity then activates the expression of muscle atrophy F-box and muscle RING finger 1, which are muscle-specific E3 ubiquitin ligases involved in protein degradation processes that can impede muscle regeneration (45). Collagen deposition may also be involved in the inhibition of myogenic differentiation, leading to decreased expression of myogenic differentiation 1 (MyoD) and other regulators of myogenic differentiation (46).

Changes in collagen content in the diabetic setting may be associated with various characteristics, such as inflammation, fibrosis, accumulation of AGEs, MMPs, integrin-mediated cell-ECM interactions, and lipid accumulation. Interestingly, the collagen content of skeletal muscle is polarized in T1DM and T2DM, and the mechanism responsible for the decrease in collagen content caused by T1DM is unclear. Combined with the body’s energy metabolism homeostasis mechanism, such a decrease may be a compensatory response to muscle tissue catabolism in the high-glycemic state. The main reason for the increase in collagen content in T2DM may be lipid accumulation. Lipid accumulation is closely related to collagen content, and lipid infusion may increase the content of collagen types I and III in human skeletal muscle (47, 48). Collagen also regulates the formation and function of adipose tissue (48). Another study supports the idea that a decrease in MMP-9 content by itself does not cause insulin resistance in skeletal muscle but does cause severe muscle insulin resistance when combined with a high-fat diet, probably because MMP-9 is not sufficient to degrade the collagen deposits caused by lipid accumulation (49). This phenomenon also provides a new perspective on why an excess supply and underutilization of lipid fuels can induce insulin resistance in skeletal muscle (30). Based on this, we speculate that the underlying mechanism by which collagen affects T2DMRS may be that collagen deposition forms a mechanical barrier that lengthens the insulin and glucose diffusion pathways, thereby impeding insulin and glucose signaling and metabolic processes in muscle and thus exacerbating skeletal muscle insulin resistance (Figure 2). This process may inhibit the PI3K/Akt/mTOR pathway while stimulating protein degradation through FOXO family members and their downstream E3 ubiquitin ligases and autophagy regulators (45). The imbalance between decreased muscle protein synthesis and increased degradation is an important mechanism underlying the development of sarcopenia. In addition, collagen deposition may directly contribute to the development of sarcopenia by altering the physical properties of the ECM, affecting stem cell differentiation, interfering with mitochondrial function, and promoting muscle fibrosis. It has also been found that collagen structure, rather than collagen content, is responsible for the skeletal muscle fibrosis that occurs in sarcopenia and metabolic disorders, among others (50). In conclusion, the mechanisms by which collagen accumulation and structural changes exacerbate skeletal muscle insulin resistance and muscle loss require further exploration and validation. The development of small-molecule drugs targeting collagen remodeling for the treatment of T2DMRS holds significant research value, especially for elderly patients with obesity, who are more prone to developing T2DMRS.




Figure 2 | Collagen-mediated pathways in type 2 diabetes mellitus–related sarcopenia. In a healthy state, normal collagen levels allow for efficient delivery of insulin and glucose to the muscle, maintaining a healthy muscle state. Binding of insulin to its receptor and activation of insulin receptor substrate 1 (IRS1) phosphorylation subsequently recruit and activate phosphatidylinositol 3‐kinase (PI3K)/protein kinase B (Akt), which facilitates the translocation of GLUT4 to the cell membrane and increases the efficiency of glucose uptake by muscle. Akt then activates or inhibits multiple downstream targets. For instance, Akt activates the mammalian target of rapamycin (mTOR) to promote protein synthesis and inhibits forkhead box protein O (FOXO), which inhibits its downstream E3 ubiquitin ligases muscle atrophy F-box (MAFbx) and muscle RING finger 1 (MuRF-1), thereby inhibiting protein degradation. In addition, Akt promotes myogenic differentiation of satellite cells by activating myogenic differentiation regulators such as myogenic differentiation 1 (MyoD). In T2DM, collagen deposition increases the distance of the diffusion path for glucose and insulin, reduces the binding efficiency of insulin to receptors, inhibits the IRS1/PI3K/Akt pathway, and impedes the transport of GLUT4 to the cell membrane, which reduces muscle uptake and utilization of glucose. Akt subsequently activates or inhibits multiple downstream targets. mTOR is inhibited, inhibiting protein synthesis, and FOXO is activated, promoting MAFbx and MuRF-1 expression, which accelerates protein degradation. In addition, myogenic differentiation regulatory factors such as MyoD are inhibited, thereby inhibiting myogenic differentiation of satellite cells. Collagen deposition can also cause impaired mitochondrial function and increased ROS levels, which not only inhibit the insulin signaling pathway but also activate members of the FOXO family and their downstream E3 ubiquitin ligases, thereby accelerating protein degradation. Muscle loss can also cause continued collagen production through inflammatory and fibrotic pathways.






4 MMPs

MMPs are a class of protein hydrolases found in the ECM. The expression level of MMPs is significantly increased in the serum and other non-muscle tissues of patients with diabetes (51–53), a phenomenon that may be closely related to the chronic inflammation induced by diabetes and that may involve NF-κB signaling pathway activation (54). MMP-2 and MMP-9 are two important MMPs expressed in skeletal muscle (55). Their polymorphisms may influence the pathogenesis of T2DM, suggesting their potential value as biomarkers for predicting the risk and progression of T2DM (56). MMPs are mainly responsible for the degradation and turnover of matrix proteins in the ECM. When their expression is altered, it can result in the aberrant degradation of the ECM. This acts as the primary cause for the onset of chronic degenerative conditions linked to diabetes (57). Investigating MMP-mediated degradation activity in skeletal muscle through enzyme profiling, Illesca et al. discovered that the collagen deposition observed in the skeletal muscle of insulin-resistant rats could be attributed to diminished MMP-2 activity (58). Similarly, Kang et al. found that reduced MMP-9 activity also induces type III and IV collagen deposition in insulin-resistant skeletal muscle. They also reported that MMP-9 may regulate myocyte responses to insulin in mice by regulating muscle vasculature formation and potentially affecting perfusion-regulating mechanisms; therefore, another reason for the aggravation of muscular insulin resistance by MMP-9 deletion may be the reduction in capillary number (49).

Increased expression of MMP-2 and MMP-9 is seen in a variety of diseases associated with sarcopenia, and this increase may be associated with muscle fiber regeneration and tissue inflammation (59, 60). Targeting MMPs using specific strategies may prevent disease progression. Omega-3, a nutritional supplement containing EPA, DHA, and other ingredients, may reduce MMP-9 expression through macrophage-regulated mechanisms, improving myofibroblast engraftment, satellite cell activation, and muscle regeneration (61). Empagliflozin, a sodium-glucose co-transporter 2 inhibitor, may inhibit sarcopenia-induced skeletal muscle fibrosis and improve skeletal muscle function through the AMPKα/MMP-9/TGF-β1/Smad pathway (59). In addition, MMP-9 inhibition may promote myofiber regeneration by enhancing muscle contractility, improving muscle blood flow and metabolism, and modulating cell membrane signaling (62).

Tissue inhibitors of metalloproteinases (TIMPs), another class of proteins that regulate ECM synthesis and degradation, are endogenous inhibitors of MMPs in the ECM. The delicate coordination between the activity of MMPs and their inhibition by TIMPs ensures ECM homeostasis and is involved in myofibroblast migration, fusion, and a wide variety of physiological and pathological remodeling situations (63). In skeletal muscle, elevated TIMP expression inhibits MMP activity and causes collagen accumulation and cross-linking (64). The MMP/TIMP ratio usually determines the extent of ECM protein degradation and tissue remodeling (65). Dysregulation of the MMP-2/TIMP-2 and MMP-9/TIMP-1 balance may directly cause collagen disorders in patients with diabetes, and lowering the ratio may attenuate collagen deposition (66). A skeletal muscle MMP-1/TIMP-1 imbalance during the aging process also increases the number of collagen fibers, which in turn affects skeletal muscle mass and function and leads to sarcopenia (67).

Currently, the MMPs that have garnered extensive research attention in the realms of T2DM and sarcopenic diseases are primarily MMP-2 and MMP-9. Interestingly, their changes during disease progression exhibit opposing trends, which seemingly complicates the role of MMPs in T2DMRS. However, integrative analysis has revealed that the inflammatory responses and collagen deposition associated with T2DMRS may increase MMP expression levels. Consequently, MMP expression in T2DMRS may be elevated, and yet, the degradation activity of these MMPs in insulin-resistant skeletal muscle may be diminished. This presents a scenario where, despite increased expression, the MMPs remain insufficient to effectively degrade the deposited collagen. This suggests that MMP activity, rather than quantity, is more significant in collagen degradation. Therefore, understanding the relationship between MMP quantity and activity throughout disease progression is a crucial avenue for future research. Additionally, as TIMPs are MMP antagonists, their expression levels indirectly influence collagen alterations. Therefore, the dynamic balance between MMPs and TIMPs may be pivotal in maintaining collagen homeostasis. Clarifying the patterns of change in MMP activity and TIMP inhibitory effects could contribute to the development of therapeutic strategies for T2DMRS.




5 Hyaluronic acid

Hyaluronic acid (HA) accumulation is involved in the pathogenesis of diabetes (68). HA synthesis may be caused by the upregulation of NF-κB–controlled hyaluronan synthase 2 and is coordinated with the synthesis of chemical elicitors of HA cross-linking (69). HA increases the residual collagen content in diabetic rats (70); this implies that HA may be indirectly involved in the development of diabetes by affecting ECM remodeling. Kang et al. found for the first time that the HA content is increased in the ECM of insulin-resistant skeletal muscle and that the intravenous injection of long-acting pegylated human recombinant PH20 hyaluronidase can reverse muscle insulin resistance by decreasing HA levels in the muscle ECM (71). HA also regulates adipose tissue function and influences adipogenesis (72); therefore, HA has value as a research topic in studies of T2DMRS combined with obesity.

The expression level of cluster of differentiation 44 (CD44), a major HA receptor, is positively associated with T2DM, and it influences insulin resistance processes in skeletal muscle (73). HA-mediated insulin resistance in skeletal muscle does require the involvement of the CD44 receptor, and CD44-knockout mice show improved insulin resistance in skeletal muscle along with enhanced muscle vascularization, suggesting that HA-CD44 signaling may be involved in the pathogenesis of insulin resistance and T2DM by modulating the transport of insulin and glucose in muscle (71). As a candidate gene for the development of obesity and diabetes, CD44 may be a key mediator of the systemic inflammation response associated with obesity and diabetes, participating in the regulation of inflammatory responses. Anti-CD44 antibody therapy has been shown to possibly lower blood glucose levels while inhibiting macrophage accumulation (74). However, the influence of HA and its receptors on skeletal muscle regeneration remains unexplained. HA and its receptors may improve T2DMRS via a mechanism that addresses insulin resistance: by allowing glucose to effectively enter muscle tissue, HA and its receptors may ensure an adequate supply of nutrients to the muscle, subsequently ameliorating sarcopenia. Additionally, given its effect on adipose tissue, the HA-CD44 pathway may emerge as a novel target for treating T2DMRS in conjunction with obesity.




6 Laminin

Laminin is a heterotrimeric structural protein in the basal lamina of skeletal muscle fibers that surrounds the myofibers and forms an ecological niche for stem cells, providing an important scaffold for tissue development, maintenance, and function (75). The biological functions of laminin are largely realized through interactions with specific cell surface receptors, such as integrin family members. Specifically, satellite cells and myofibroblasts interact with laminin through integrin α7β1. This interaction plays a critical role in several key processes in satellite cells, including proliferation, adhesion, migration, and, ultimately, differentiation (76). For example, laminin-211, by binding to integrin α7β1, may promote the activation of key cell survival signaling pathways, such as PI3K/Akt (77). There are no studies revealing the expression of laminin in sarcopenia, but it has been found that treatments targeting laminin-111 may also promote the value-added activation of satellite cells by repairing the integrin microenvironment, resulting in effective muscle regeneration (78). In addition, laminin-111 may play a role in mechanical stability. It reinforces muscle segments to increase their resistance to the shear stresses generated during muscle contraction, thus stabilizing muscle segments and effectively protecting muscle tissues from damage (79). Research has also revealed that the utilization of laminin-111 in the development of biomaterial scaffolds may enhance satellite cell activity and suppress the deposition of fibrotic tissue, thereby enhancing muscle fiber regeneration (80).

The specific role of skeletal muscle laminin in improving T2DM has not been supported by evidence. However, it has now been found that laminin and its receptor may improve the survival and function of human pancreatic islets (81), and hydrogels containing laminin have also been investigated as materials for the delivery of insulin-secreting tissues (82). Therefore, laminin may also serve as a potential therapeutic target for sarcopenia associated with T2DM, operating primarily through its interactions with integrin receptors to activate key signaling pathways that support the proliferation, migration, and differentiation of muscle satellite cells. This activity facilitates muscle regeneration and enhances muscle mass, thereby improving glucose uptake and utilization, alleviating insulin resistance, and fostering a positive feedback loop that hampers disease progression.




7 Fibronectin

Fibronectin is the major non-collagenous glycoprotein in the ECM and basement membrane and plays a central role in cell adhesion by regulating cell polarity, differentiation, and growth. The effects of diabetes on fibronectin expression in skeletal muscle have not been fully explored, but it has been found that patients with T2DM exhibit fibronectin accumulation in the liver (83), kidneys (84), and other tissues. This fibronectin accumulation may involve the activation of TGF-β, MAP kinases, and connective tissue growth factors. Fibronectin released from skeletal muscle may mediate exercise-induced communication between muscle and the liver through hepatic integrin α5β1 and its downstream pathways, facilitating systemic autophagy activation and enhancing overall insulin sensitivity (83). The interactions between fibronectin and integrins may also trigger biomechanical regulatory mechanisms in which the binding state of fibronectin to integrin receptors changes according to mechanical stress, which in turn affects the behavior of tip cells and promotes or inhibits vascular growth and branching, with important implications for muscle blood supply and nutrient transport (85). Therefore, the interactions between fibronectin and integrins deserve attention. These interactions not only provide a physical connection between the cell and the surrounding ECM but also may influence cell migration, proliferation, and differentiation by converting mechanical stimuli into intracellular signals through integrin mechanical switches.

Fibronectin is the preferred adhesion substrate for muscle stem cells. In aging skeletal muscle, decreased levels of fibronectin, which regulates the p38 mitogen-activated protein kinase (p38) and extracellular signal–regulated protein kinase (ERK) senescence pathways via integrin β1 and focal adhesion kinase (FAK), impair the functioning of muscle stem cells and negatively affect the regenerative capacity of skeletal muscle (86). Therefore, targeting and elevating fibronectin levels may open new pathways for T2DMRS treatment. Additionally, research has indirectly corroborated the significance of increased fibronectin levels in muscle regeneration. The transient accumulation of fibronectin in muscle after injury is vital for the activation and proliferation of satellite cells, which are muscle stem cells. The underlying mechanism may involve the interaction between fibronectin and the frizzled-7/syndecan-4 receptor complex, which activates the Wnt7a signaling pathway, subsequently inducing the expansion of the satellite cell pool (87). However, when fibronectin accumulates excessively over time, fibrotic lesions can develop in skeletal muscle (88), hindering the function of satellite cells and adversely affecting the normal repair processes of muscle tissue. Hence, we speculate that a moderate upregulation of fibronectin expression is capable of activating the positive progression of muscle regeneration. Insufficient or excessive upregulation of fibronectin expression may have adverse effects on the regenerative capacity of muscle. Thus, the adaptive elasticity of fibronectin expression across different stages of T2DMRS is a pressing subject warranting further exploration.




8 Fibromodulin

Fibromodulin (FMOD) is a small leucine-rich proteoglycan in the skeletal muscle ECM with functions including the promotion of migration and angiogenesis. FMOD also has anti-inflammatory, antifibrotic, and repair properties. Skeletal muscle development and repair are highly regulated by FMOD (89). FMOD expression is highly upregulated during muscle generation, which may be attributed to the ability of FMOD to enhance the recruitment of MSCs to areas of muscle damage or atrophy. Further studies have confirmed that knocking down the FMOD gene in a mouse model significantly reduces the number of myotubes formed and suppresses the expression of genes related to muscle differentiation (90). In addition, FMOD can regulate collagen cross-linking, stacking, assembly, and fiber structure through multivalent interactions (89). It regulates the activity of muscle growth inhibitor (MSTN) in the collagen matrix by modulating COL1a1 expression. The affinity between FMOD and MSTN determines the binding efficiency of MSTN to the receptor activin receptor type IIB, a process that directly affects the activity of the TGF-β/Smad signaling pathway, which then regulates cell growth and differentiation (90). FMOD may also facilitate the influx of calcium ions by activating calcium channels in myoblasts, thereby stimulating their differentiation into myotubes (91). Furthermore, FMOD is effective in protecting myoblasts from the detrimental effects of excessive lipid accumulation (92), which is beneficial for muscle regeneration.

Research on FMOD and diabetes indicates that FMOD can downregulate genes related to diabetes, counteracting the effects of aging (92). FMOD can also suppress TGF-β1 levels in rat models of streptozotocin-induced diabetes (93). These findings suggest the potential role of FMOD in T2DMSR treatment approaches. However, there is currently a lack of direct and robust experimental evidence. Further validation is needed to confirm the inhibitory effect of FMOD on the TGF/Smad signaling pathway and clarify the mechanisms that reduce skeletal muscle fibrosis and promote muscle regeneration.




9 Decorin

Decorin is an important component of the ECM and belongs to a family of small leucine-rich proteoglycans. It not only provides structural support to cells, but also regulates cell behavior and function, and is involved in cell signaling and regulation. Myostatin, as a member of the TGF-β superfamily of growth factors, is an important negative regulator of skeletal muscle mass. Decorin is able to bind to and block the effects of myostatin (94). TGF-β1 stimulates muscle growth inhibitor expression, whereas decorin binds to TGF-β1 and blocks its signaling, thereby ameliorating muscle fibrosis (95–97). In addition, decorin has the potential to enhance the proliferation and differentiation of C2C12 myofibroblasts by inhibiting myostatin activity, thereby promoting muscle regeneration (98). Studies have shown that exercise may lead to elevated decorin levels and downregulate myostatin through competitive binding to promote myofiber growth (99). Thus, the interaction between decorin and myostatin may be critical. In addition, decorin secreted by skeletal muscle might protect human islets from inflammation-induced cell death in T2DM patients, thereby restoring pancreatic function and reversing T2DM-related gene expression. Thus, targeting upregulation of decorin may be potentially beneficial for T2DMSR therapy, and muscle growth inhibitors may also play an important role in this process of conversion.

To sum up, Table 1 summarizes the remodeling of these major skeletal muscle extracellular matrix components in patients and animal models of type 2 diabetes and sarcopenia.


Table 1 | Remodeling of major components of the skeletal muscle extracellular matrix in type 2 diabetes mellitus and sarcopenia.






10 Integrins

Integrins are transmembrane proteins located on the cell surface that serve as bidirectional links between the ECM and the cellular cytoskeleton. They transmit external stimuli to regulate cellular processes, mediating the conversion of mechanical forces into chemical signals and enabling biomechanical signal transduction through force-chemical coupling (100). An association between integrins (101) and the onset of diabetes has been noted, with integrins even participating in the regulation of insulin activity in muscle during the early stages of insulin resistance (102). Seven α subunits of integrins are expressed in skeletal muscle: α1, α3, α4, α5, α6, α7, and αV, all of which are associated with the β1 subunit of integrins (12). The integrin β1 receptor is associated with the actin cytoskeleton via talin, and integrin β1–deficient mouse skeletal muscle shows reduced levels of talin and F actin, reduced AktSer-473 phosphorylation, and significantly reduced integrin-linked kinase (ILK) expression, which may contribute to the impairment of insulin-stimulated glucose uptake and glycogen synthesis in skeletal muscle (103). Research has found that the aggregation of integrin β1 may facilitate the phosphorylation of the insulin receptor and IRS1, thereby enhancing PI3K activity and stimulating the activation of Akt/PKB (104). Integrins may also regulate signaling pathways for collagen synthesis, contributing to the maintenance of ECM homeostasis. Integrin α1β1 is antifibrotic and negatively regulates collagen production, whereas integrin α2β1 is pro-fibrotic, increases ROS production, and positively regulates the synthesis of collagen (e.g., collagen IV) (105). Integrin-collagen interactions affect skeletal muscle insulin and glucose metabolism. Integrins may also affect vascular density and function. The functions of integrins α1β1 and α2β1 in endothelial cells are antagonistic. The expression of α1β1 promotes vascular network formation (106), whereas α2β1 restricts vascular growth (107). It is evident that integrins may be involved in regulating the homeostasis of the vascular system under diabetic conditions.

Integrin β1 maintains skeletal muscle homeostasis and sustains the expansion and self-renewal of this stem cell pool during regeneration (108). Defective integrin signaling affects fibroblast growth factor responsiveness, which further contributes to impaired satellite cell proliferation and muscle regeneration (109). Activation of integrin β1 signaling has the potential to restore the sensitivity of fibroblast growth factor in aged skeletal muscle and enhance muscle regeneration, which may involve the activation of their common downstream effectors, ERK and Akt (108). Fibroblast growth factor receptor binding to fibroblast growth factor activates a number of intracellular signaling pathways, including p38α/β MAPK, ERK MAPK, PI3K/Akt, phospholipase C gamma/protein kinase C, and signal transducer and activator of transcription signaling, which may regulate satellite cell function to promote skeletal muscle regeneration (110). Integrin α7β1 is the major laminin receptor on adult skeletal myoblasts and adult muscle fibers that connects laminin to the cytoskeleton of the cell, and targeted deletion of the integrin α7 subunit gene results in altered expression of the laminin-α2 chain, resulting in muscle loss (111). In addition, integrin β3 has been shown to play an important role in muscle regeneration, and it may inhibit TGF-β1/Smad signaling by regulating macrophage infiltration and polarization, thereby reducing muscle fibrosis and promoting muscle regeneration (112).

Integrins, as pivotal mechanical sensors and regulators of growth induced by mechanical loading, have been shown to modulate muscle cell function in response to exercise and similar modalities (113). The expression of integrin α7 increases with exercise. Following repeated centrifugation exercise, integrin α7β1 can activate the Akt/mTOR/p70S6K signaling pathway, thereby leading to efficient muscle growth induced by exercise (114). Massage intervention after prolonged overloading exercise can enhance the expression of membrane proteins integrin β1 and basement membrane laminin 2, thus increasing muscle strength and promoting skeletal muscle repair (115). Following eccentric bicycle training, the increase in the level of the integrin β1-ILK-RICTOR-Akt complex protein in human muscle leads to a corresponding increase in muscle mass and strength (116).

ILK is an important downstream effector of integrins in skeletal muscle that connects integrins to the actin cytoskeleton and to many signaling pathways involved in integrin (117). ILK is involved in the regulation of a wide range of cellular biological functions, including cell differentiation, proliferation, migration, and apoptosis, through activation in response to integrins (118). ILK is absent in skeletal muscle. The muscle atrophy that occurs with ILK deficiency in skeletal muscle closely resembles the phenotype of integrin α7β1–deficient mice (119). Upregulation of the integrin α7-ILK-Akt signaling pathway represents an important compensatory mechanism that stabilizes and repairs myofibrillar architecture in response to muscle injury (116). mTOR is a key regulator of protein synthesis and myofiber growth and has two distinct core components of multiprotein complexes, namely mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) (120). mTORC1 is the primary regulator of protein synthesis (121), while mTORC2 is a major regulator of cytoskeletal structure and cell survival (122). Integrin α7β1 promotes myofibril growth via FAK/mTORC1, which is the classical integrin-mediated pathway emphasized in the current literature. In contrast, Boppart et al. suggested that integrins may not rely on the role of mTORC1 in muscle growth after mechanical stimulation but rather sustain the maintenance and remodeling of muscle architecture through an integrin-ILK-mTORC2-YAP–driven mechanosensing mechanism (113). During the skeletal muscle response to mechanical stress, the β1 integrin-ILK complex plays a key role by facilitating insulin-like growth factor 1 receptor and IRS signaling to the PKB/Akt signaling pathway (123).

FAK also plays a key role in integrin signaling. A decreased regenerative capacity of skeletal muscle stem cells is associated with impaired FAK signaling during aging (86). Liang et al. analyzed miRNA profiles in the skeletal muscle of aged rats after exercise intervention and found that Fak may be a hub gene associated with aging-induced muscle loss (124). Luo et al. found that phosphorylation of FAK by integrin β1 may activate downstream signaling pathways, such as ERK and PI3K/Akt, and promote muscle regeneration in differentiated muscles (125). Furthermore, in skeletal muscle cells, FAK promotes normal insulin-stimulated glucose transport and glycogen synthesis by maintaining the integrity of the actin cytoskeleton (126). Bisht et al. observed that insulin resistance led to reduced tyrosine phosphorylation of FAK in C2C12 cells. They found that FAK may stimulate GLUT4 translocation by positively regulating the IRS1/PI3K/PKC signaling pathway, thereby improving insulin sensitivity and glucose uptake (127). Subsequently, in a FAK-silenced mouse model, they found significantly reduced levels of IRS1 and Akt-Ser473 phosphorylation in muscle and the liver, which further contribute to insulin resistance (128).

Integrins and their related downstream targets may regulate skeletal muscle insulin resistance in T2DMRS in several ways. First, integrin-related proteins increase cytoskeletal stability and may stimulate glucose uptake and glycogen synthesis processes in skeletal muscle by facilitating actin remodeling. Second, integrins and their downstream proteins may enhance the effective transport of insulin and nutrients within muscle tissue by promoting muscle angiogenesis. Third, integrin proteins can sense changes in ECM mechanical properties and mediate the conversion of mechanical forces to chemical signals, which may help to maintain normal insulin signaling and muscle structure remodeling to ameliorate skeletal muscle insulin resistance. Integrins may promote skeletal muscle regeneration through mechanisms such as activation of muscle stem cells, maintenance of muscle architecture, modulation of inflammatory responses, inhibition of fibrosis, and mediation of mechanical signaling for activation of key growth pathways, which in turn improves muscle insulin resistance. There are many members of the integrin family, some of which are even antagonistic to each other. Integrin β1, especially α7β1 in skeletal muscle, has been demonstrated to play a positive regulatory role in diabetes mellitus and sarcopenia. In addition, mechanotherapy, which can activate integrin sensors and promote force-chemical signaling, is a therapeutic strategy that deserves in-depth exploration. In summary, integrins and related proteins have a compounding role in regulating insulin sensitivity and muscle regenerative capacity in skeletal muscle, as shown in Figure 3, which makes them highly promising targets when exploring therapeutic options for T2DMRS.




Figure 3 | Integrin signaling influences potential pathways in skeletal muscle insulin sensitivity and muscle regeneration. The normal activation of integrin signaling regulates macrophage polarization and infiltration and inhibits macrophage transforming growth factor beta (TGF-β)/Smad signaling, thereby improving muscle fibrosis and promoting muscle regeneration. (A) Integrin can activate skeletal muscle regeneration and repair signal pathways such as p38 mitogen-activated protein kinase (MAPK), extracellular signal–regulated kinase (ERK) MAPK, PI3K/Akt, phospholipase C gamma (PLCγ)/protein kinase C (PKC), and signal transducers and activators of transcription (STAT) through interaction with fibroblast growth factor receptor (FGFR). (B) Integrins also activate the ILK/MTORC2/Yap, FAK/ERK, and FAK/IRS1/PI3K/Akt/MTORC1 pathways to synergistically promote skeletal muscle regeneration. (C) Integrins are involved in maintaining the stability of the actin cytoskeleton, (E) promoting insulin signaling pathway activation and (D) muscle capillary neovascularization, and (F) thereby stimulating GLUT4 translocation and increasing glucose uptake and insulin sensitivity.






11 Therapeutic strategies

There is no recognized specific treatment for T2DMRS. Because of the multiple bidirectional effects between sarcopenia and T2DM, there is some commonality between the two in terms of treatment strategies. Currently, some therapies remodel the ECM while treating diabetes or sarcopenia. Therefore, targeting the ECM may be an effective strategy for treating T2DMRS. The development of targeted therapies focusing on the ECM is expected to be an important way to address this complication. As shown in Figure 4, studies have found that exercise training remodels collagen (18), and integrins (110, 114); drugs modulate collagen (129), hyaluronic acid (71), and MMPs (59); nutritional interventions also have an effect on MMPs (61); and massage may modulate integrin signaling (115). In addition, researchers have attempted to develop a variety of biomaterials and scaffolds that mimic skeletal muscle ECM components such as collagen (130) and laminin (82).




Figure 4 | Potential extracellular matrix-targeted therapies for type 2 diabetes mellitus–related sarcopenia. This figure illustrates potential ECM targeted therapies for the treatment for T2DMRS. It also distinguishes the ECM remodeling targets of different therapies.






12 Conclusions and perspectives

The ECM is critical for maintaining homeostasis in skeletal muscle. In diabetes mellitus and sarcopenia, the ECM in skeletal muscle undergoes extensive remodeling, which involves an abnormal accumulation of collagen, HA, and other components. The resulting ECM highway blockage forms a physical barrier that prevents the efficient transport of nutrients such as insulin and glucose to the muscle. This may be one of the mechanisms underlying T2DMRS development. In addition, abnormal ECM remodeling can damage the highway to the muscle, which may inhibit insulin signaling, impair the normal function of insulin, affect mechanical signaling in skeletal muscle, and affect muscle regeneration. Therefore, unclogging and repairing this hidden highway may be an effective strategy for the treatment of T2DMRS. Targeting the ECM may promote muscle regeneration by increasing skeletal muscle insulin sensitivity and improve T2DM insulin resistance by increasing muscle volume, improving glucose uptake and utilization, and subsequently producing a virtuous circle that counteracts disease development.

The key to targeting ECM remodeling as a T2DMRS treatment approach lies in restoring the dynamic balance of the ECM. After comprehensively analyzing the current literature, we have identified a striking common feature: collagen deposition is prevalent in patients with T2DM and sarcopenia. Furthermore, inhibition of collagen synthesis or promotion of its degradation ameliorates both skeletal muscle insulin resistance and sarcopenia, which makes collagen a promising target in the development of therapeutic strategies for T2DMRS. MMPs, TIMPs, and integrins associated with the dynamic homeostasis of collagen also have significant research value. Other ECM components and related proteins also have some potential as targets for disease intervention, but more research is needed.

Correcting sarcopenia is expected to be the cornerstone of improving glycemic stability and long-term prognosis in elderly patients with T2DM. The development of novel drugs or therapies targeting the ECM is expected not only to lower blood glucose levels but also to promote muscle health, thereby significantly improving clinical benefits and increasing the healthy life expectancy of elderly patients with diabetes. However, a number of potential challenges remain in this process. First, ECM components are complex and diverse and vary across tissues and disease states, which makes it difficult to develop drugs or other therapies that can specifically target skeletal muscle ECM components. Therefore, we need to strengthen basic research on ECM components in different tissues and disease states, such as using histological techniques to identify altered components specific to the T2DMRS state, or consider a multi-targeted drug development strategy. In addition, the dense structure of the ECM and its role as a physical barrier may limit the effective delivery of therapeutic drugs. This could be improved by developing novel drug delivery vehicles, such as nanotechnology carriers, optimizing topical delivery modalities, and exploring combined applications with physical therapies to enhance drug penetration. It should not be overlooked that adverse effects associated with muscle fibrosis may be triggered when modulating ECM remodeling. For example, drugs that down-regulate MMP activity by targeting it may lead to a decrease in collagen degradation capacity, thus causing muscle fibrosis. Therefore, in future studies, the issue of precise dosage needs to be explored in conjunction with the use of antifibrotic adjuvants to mitigate side effects. Despite the many challenges of targeted ECM therapy, it is expected to bring new breakthroughs in the treatment of T2DMRS through in-depth study of its structure and function, innovative technological tools, and optimization of combined treatment protocols.

As research has progressed, our understanding of the role of the ECM has evolved from the traditional perception of it being a structural scaffold to that of it serving as a key signaling molecule that regulates integrin-mediated mechanotransduction pathways. Mechanical stimulation has been shown to promote ECM remodeling and integrin signaling in skeletal muscle. The conversion from mechanical stimulation to chemical signals regulates insulin resistance and muscle regeneration in skeletal muscle. Exercise is currently the preferred strategy for sarcopenia treatment, but its mechanism of regulating the ECM and integrins needs to be further elucidated to provide a scientific basis for the continued development of evidence-based exercise programs targeting the ECM. Considering the motor impairment and related risks faced by elderly patients with T2DM, non-pharmacological therapies that are suitable for patients with limited movement, such as massage and acupuncture, have broad application prospects. In summary, the hidden highway comprising the ECM and integrins may become a risk prediction marker and potential target for T2DMRS treatment.





Author contributions

YS: Writing – original draft. ZZ: Writing – original draft. YW: Writing – review & editing, Conceptualization. XW: Writing – review & editing, Conceptualization. YHS: Writing – review & editing, Visualization. HL: Writing – review & editing, Visualization. JX: Writing – review & editing. JY: Writing – review & editing. DC: Conceptualization, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was supported by the National Natural Science Foundation of China (82274673).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Izzo, A, Massimino, E, Riccardi, G, and Della Pepa, G. A narrative review on sarcopenia in type 2 diabetes mellitus: prevalence and associated factors. Nutrients. (2021) 13:183. doi: 10.3390/nu13010183

2. Cruz-Jentoft, AJ, and Sayer, AA. Sarcopenia. Lancet. (2019) 393:2636–46. doi: 10.1016/S0140-6736(19)31138-9

3. Petermann-Rocha, F, Balntzi, V, Gray, SR, Lara, J, Ho, FK, Pell, JP, et al. Global prevalence of sarcopenia and severe sarcopenia: a systematic review and meta-analysis. J Cachexia Sarcopenia Muscle. (2022) 13:86–99. doi: 10.1002/jcsm.12783

4. Alfaro-Alvarado, FA, Rosas-Barrientos, JV, Ocharan-Hernández, ME, Díaz-Chiguer, D, and Vargas-De-León, C. Association between sarcopenia and poor glycemic control in older adults with type 2 diabetes mellitus. Diseases. (2023) 11:175. doi: 10.3390/diseases11040175

5. Hou, Y, Xiang, J, Wang, B, Duan, S, Song, R, Zhou, W, et al. Pathogenesis and comprehensive treatment strategies of sarcopenia in elderly patients with type 2 diabetes mellitus. Front Endocrinol (Lausanne). (2024) 14:1263650. doi: 10.3389/fendo.2023.1263650

6. Scott, D, de Courten, B, and Ebeling, PR. Sarcopenia: a potential cause and consequence of type 2 diabetes in Australia’s ageing population? Med J Aust. (2017) 207:89–89. doi: 10.5694/mja16.01243

7. Merz, KE, and Thurmond, DC. Role of skeletal muscle in insulin resistance and glucose uptake. Compr Physiol. (2020) 10:785–809. doi: 10.1002/cphy.c190029

8. Umegaki, H. Sarcopenia and frailty in older patients with diabetes mellitus. Geriatr Gerontol Int. (2016) 16:293–9. doi: 10.1111/ggi.12688

9. Tarum, J, Ball, G, Gustafsson, T, Altun, M, and Santos, L. Artificial neural network inference analysis identified novel genes and gene interactions associated with skeletal muscle aging. J Cachexia Sarcopenia Muscle. (2024) 15:2143–55. doi: 10.1002/jcsm.13562

10. Slusher, AL, Nouws, J, Tokoglu, F, Vash-Margita, A, Matthews, MD, Fitch, M, et al. Altered extracellular matrix dynamics is associated with insulin resistance in adolescent children with obesity. Obes (Silver Spring). (2024) 32:593–602. doi: 10.1002/oby.23974

11. Ahmad, K, Choi, I, and Lee, Y-H. Implications of skeletal muscle extracellular matrix remodeling in metabolic disorders: diabetes perspective. Int J Mol Sci. (2020) 21:3845. doi: 10.3390/ijms21113845

12. Williams, AS, Kang, L, and Wasserman, D. The extracellular matrix and insulin resistance. Trends Endocrinol Metab. (2015) 26:357–66. doi: 10.1016/j.tem.2015.05.006

13. Law, B, Fowlkes, V, Goldsmith, JG, Carver, W, and Goldsmith, EC. Diabetes-induced alterations in the extracellular matrix and their impact on myocardial function. Microsc Microanal. (2012) 18:22–34. doi: 10.1017/S1431927611012256

14. Draicchio, F, Behrends, V, Tillin, NA, Hurren, NM, Sylow, L, and Mackenzie, R. Involvement of the extracellular matrix and integrin signalling proteins in skeletal muscle glucose uptake. J Physiol. (2022) 600:4393–408. doi: 10.1113/JP283039

15. Calve, S, Odelberg, SJ, and Simon, H-G. A transitional extracellular matrix instructs cell behavior during muscle regeneration. Dev Biol. (2010) 344:259–71. doi: 10.1016/j.ydbio.2010.05.007

16. Bonnans, C, Chou, J, and Werb, Z. Remodelling the extracellular matrix in development and disease. Nat Rev Mol Cell Biol. (2014) 15:786–801. doi: 10.1038/nrm3904

17. Petrocelli, JJ, Mahmassani, ZS, Fix, DK, Montgomery, JA, Reidy, PT, McKenzie, AI, et al. Metformin and leucine increase satellite cells and collagen remodeling during disuse and recovery in aged muscle. FASEB J. (2021) 35:e21862. doi: 10.1096/fj.202100883R

18. Guzzoni, V, Selistre-de-Araújo, HS, and De Cássia Marqueti, R. Tendon remodeling in response to resistance training, anabolic androgenic steroids and aging. Cells. (2018) 7:251. doi: 10.3390/cells7120251

19. Hynes, RO, and Naba, A. Overview of the matrisome—An inventory of extracellular matrix constituents and functions. Csh Perspect Biol. (2012) 4:a004903–a004903. doi: 10.1101/cshperspect.a004903

20. Chaudhuri, O, Cooper-White, J, Janmey, PA, Mooney, DJ, and Shenoy, VB. The impact of extracellular matrix viscoelasticity on cellular behavior. Nature. (2020) 584:535–46. doi: 10.1038/s41586-020-2612-2

21. Gillies, AR, and Lieber, RL. Structure and function of the skeletal muscle extracellular matrix. Muscle Nerve. (2011) 44:318–31. doi: 10.1002/mus.22094

22. Goddi, A, Schroedl, L, Brey, EM, and Cohen, RN. Laminins in metabolic tissues. Metabolis. (2021) 120:154775. doi: 10.1016/j.metabol.2021.154775

23. Cawston, TE, and Young, DA. Proteinases involved in matrix turnover during cartilage and bone breakdown. Cell Tissue Res. (2010) 339:221–35. doi: 10.1007/s00441-009-0887-6

24. Apte, SS. A disintegrin-like and metalloprotease (Reprolysin-type) with thrombospondin type 1 motif (ADAMTS) superfamily: functions and mechanisms. J Biol Chem. (2009) 284:31493. doi: 10.1074/jbc.R109.052340

25. Clark, EA, and Brugge, JS. Integrins and signal transduction pathways: the road taken. Science. (1995) 268:233–9. doi: 10.1126/science.7716514

26. Theocharis, AD, Skandalis, SS, Gialeli, C, and Karamanos, NK. Extracellular matrix structure. Adv Drug Deliv Rev. (2016) 97:4–27. doi: 10.1016/j.addr.2015.11.001

27. Schüler, SC, Liu, Y, Dumontier, S, Grandbois, M, Le Moal, E, Cornelison, D, et al. Extracellular matrix: Brick and mortar in the skeletal muscle stem cell niche. Front Cell Dev Biol. (2022) 10:1056523. doi: 10.3389/fcell.2022.1056523

28. McKee, TJ, Perlman, G, Morris, M, and Komarova, SV. Extracellular matrix composition of connective tissues: a systematic review and meta-analysis. Sci Rep. (2019) 9:10542. doi: 10.1038/s41598-019-46896-0

29. Csapo, R, Gumpenberger, M, and Wessner, B. Skeletal muscle extracellular matrix – what do we know about its composition, regulation, and physiological roles? A narrative review. Front Physiol. (2020) 11:253. doi: 10.3389/fphys.2020.00253

30. Berria, R, Wang, L, Richardson, DK, Finlayson, J, Belfort, R, Pratipanawatr, T, et al. Increased collagen content in insulin-resistant skeletal muscle. Am J Physiol Endocrinol Metab. (2006) 290 3:E560–5. doi: 10.1152/AJPENDO.00202.2005

31. Farup, J, Just, J, de Paoli, F, Lin, L, Jensen, JB, Billeskov, T, et al. Human skeletal muscle CD90+ fibro-adipogenic progenitors are associated with muscle degeneration in type 2 diabetic patients. Cell Metab. (2021) 33:2201–2214.e11. doi: 10.1016/j.cmet.2021.10.001

32. Kang, L, Ayala, J, Lee-Young, R, Zhang, Z, James, FD, Neufer, P, et al. Diet-induced muscle insulin resistance is associated with extracellular matrix remodeling and interaction with integrin α2β1 in mice. Diabetes. (2011) 60:416–26. doi: 10.2337/db10-1116

33. Williams, L, Layton, T, Yang, N, Feldmann, M, and Nanchahal, J. Collagen VI as a driver and disease biomarker in human fibrosis. FEBS J. (2022) 289:3603–29. doi: 10.1111/febs.16039

34. Vega-Martín, E, González-Moreno, D, Sanz-Gómez, M, Guzmán-Aguayo, AK, Manzano-Lista, FJ, Schulz, A, et al. Upregulation in inflammation and collagen expression in perirenal but not in mesenteric adipose tissue from diabetic Munich Wistar Frömter rats. Int J Mol Sci. (2023) 24:17008. doi: 10.3390/ijms242317008

35. Lehti, TM, Silvennoinen, M, Kivelä, R, Kainulainen, H, and Komulainen, J. Effects of streptozotocin-induced diabetes and physical training on gene expression of extracellular matrix proteins in mouse skeletal muscle. Am J Physiol Endocrinol Metab. (2006) 290:E900–7. doi: 10.1152/ajpendo.00444.2005

36. Zoabi, H, Nemcovsky, CE, Bender, O, Moses, O, and Weinreb, M. Accelerated degradation of collagen membranes in type 1 diabetic rats is associated with increased expression and production of several inflammatory molecules. J Periodontol. (2020) 91:1348–56. doi: 10.1002/JPER.19-0503

37. Shang, G-K, Han, L, Wang, Z-H, Liu, Y-P, Yan, S-B, Sai, W-W, et al. Sarcopenia is attenuated by TRB3 knockout in aging mice via the alleviation of atrophy and fibrosis of skeletal muscles. J Cachexia Sarcopenia Muscle. (2020) 11:1104–20. doi: 10.1002/jcsm.12560

38. Wohlgemuth, RP, Brashear, SE, and Smith, LR. Alignment, cross linking, and beyond: a collagen architect’s guide to the skeletal muscle extracellular matrix. Am J Physiol Cell Physiol. (2023) 325:C1017–30. doi: 10.1152/ajpcell.00287.2023

39. Redden, JT, Deng, J, Cohen, DJ, Schwartz, Z, and McClure, MJ. Muscle fibrosis, NF-κB, and TGF-β are differentially altered in two models of paralysis (Botox vs. Neurectomy). Adv Wound Care. (2024) 14:67–82. doi: 10.1089/wound.2024.0045

40. Chrysostomou, E, and Mourikis, P. The extracellular matrix niche of muscle stem cells. Curr Top Dev Biol. (2024) 158:123–50. doi: 10.1016/bs.ctdb.2024.01.021

41. Aranda-Martínez, P, Sayed, RKA, Fernández-Martínez, J, Ramírez-Casas, Y, Yang, Y, Escames, G, et al. Zebrafish as a human muscle model for studying age-dependent sarcopenia and frailty. Int J Mol Sci. (2024) 25:6166. doi: 10.3390/ijms25116166

42. Lyra-Leite, DM, Petersen, AP, Ariyasinghe, NR, Cho, N, and McCain, ML. Mitochondrial architecture in cardiac myocytes depends on cell shape and matrix rigidity. J Mol Cell Cardiol. (2021) 150:32–43. doi: 10.1016/j.yjmcc.2020.10.004

43. Dan Dunn, J, Alvarez, LA, Zhang, X, and Soldati, T. Reactive oxygen species and mitochondria: A nexus of cellular homeostasis. Redox Biol. (2015) 6:472–85. doi: 10.1016/j.redox.2015.09.005

44. Zhao, Y, Hu, X, Liu, Y, Dong, S, Wen, Z, He, W, et al. ROS signaling under metabolic stress: cross-talk between AMPK and AKT pathway. Mol Cancer. (2017) 16:79. doi: 10.1186/s12943-017-0648-1

45. Espino-Gonzalez, E, Dalbram, E, Mounier, R, Gondin, J, Farup, J, Jessen, N, et al. Impaired skeletal muscle regeneration in diabetes: From cellular and molecular mechanisms to novel treatments. Cell Metab. (2024) 36:1204–36. doi: 10.1016/j.cmet.2024.02.014

46. Sosa, P, Alcalde-Estévez, E, Asenjo-Bueno, A, Plaza, P, Carrillo-López, N, Olmos, G, et al. Aging-related hyperphosphatemia impairs myogenic differentiation and enhances fibrosis in skeletal muscle. J Cachexia Sarcopenia Muscle. (2021) 12:1266–79. doi: 10.1002/jcsm.12750

47. Richardson, DK, Kashyap, S, Bajaj, M, Cusi, K, Mandarino, SJ, Finlayson, J, et al. Lipid infusion decreases the expression of nuclear encoded mitochondrial genes and increases the expression of extracellular matrix genes in human skeletal muscle *. J Biol Chem. (2005) 280:10290–7. doi: 10.1074/jbc.M408985200

48. Jääskeläinen, I, Petäistö, T, Mirzarazi Dahagi, E, Mahmoodi, M, Pihlajaniemi, T, Kaartinen, MT, et al. Collagens regulating adipose tissue formation and functions. Biomedicines. (2023) 11:1412. doi: 10.3390/biomedicines11051412

49. Kang, L, Mayes, WH, James, FD, Bracy, D, and Wasserman, D. Matrix metalloproteinase 9 opposes diet-induced muscle insulin resistance in mice. Diabetologia. (2014) 57:603–13. doi: 10.1007/s00125-013-3128-1

50. Brashear, SE, Wohlgemuth, RP, Gonzalez, G, and Smith, LR. Passive stiffness of fibrotic skeletal muscle in mdx mice relates to collagen architecture. J Physiol. (2021) 599:943–62. doi: 10.1113/JP280656

51. Abasheva, D, Dolcet-Negre, MM, Fernández-Seara, MA, Mora-Gutiérrez, JM, Orbe, J, Escalada, FJ, et al. Association between circulating levels of 25-hydroxyvitamin D3 and matrix metalloproteinase-10 (MMP-10) in patients with type 2 diabetes. Nutrients. (2022) 14:3484. doi: 10.3390/nu14173484

52. Hirata, T, Fan, F, Fan, L, Amin, G, White, T, Geurts, AM, et al. Knockout of matrix metalloproteinase 2 opposes hypertension- and diabetes-induced nephropathy. J Cardiovasc Pharmacol. (2023) 82:445–57. doi: 10.1097/FJC.0000000000001473

53. Luo, S, Li, W, Wu, W, and Shi, Q. Elevated expression of MMP8 and MMP9 contributes to diabetic osteoarthritis progression in a rat model. J Orthop Surg Res. (2021) 16:64. doi: 10.1186/s13018-021-02208-9

54. Mahmoud, AM, and Ali, MM. High glucose and advanced glycation end products induce CD147-mediated MMP activity in human adipocytes. Cells. (2021) 10:2098. doi: 10.3390/cells10082098

55. Kumar, L, Bisen, M, Khan, A, Kumar, P, and Patel, SKS. Role of matrix metalloproteinases in musculoskeletal diseases. Biomedicines. (2022) 10:2477. doi: 10.3390/biomedicines10102477

56. Gajewska, B, and Śliwińska-Mossoń, M. Association of MMP-2 and MMP-9 polymorphisms with diabetes and pathogenesis of diabetic complications. Int J Mol Sci. (2022) 23:10571. doi: 10.3390/ijms231810571

57. Cabral-Pacheco, GA, Garza-Veloz, I, Castruita-De la Rosa, C, Ramirez-Acuña, JM, Perez-Romero, BA, Guerrero-Rodriguez, JF, et al. The roles of matrix metalloproteinases and their inhibitors in human diseases. Int J Mol Sci. (2020) 21:9739. doi: 10.3390/ijms21249739

58. Illesca, PG, Ferreira, MDR, Benmelej, A, and D’Alessandro, ME. Salvia hispanica L. (chia) seed improves redox state and reverts extracellular matrix collagen deposition in skeletal muscle of sucrose-rich diet-fed rats. Biofactors. (2024) 51:e2087. doi: 10.1002/biof.2087

59. Huang, Q, Chen, J, Liao, S, Long, J, Fang, R, He, Y, et al. The SGLT2 inhibitor empagliflozin inhibits skeletal muscle fibrosis in naturally aging male mice through the AMPKα/MMP9/TGF-β1/Smad pathway. Biogerontology. (2024) 25:567–81. doi: 10.1007/s10522-024-10093-y

60. Kim, J, Shin, S, and Kwon, E. Luteolin protects against obese sarcopenia in mice with high-fat diet-induced obesity by ameliorating inflammation and protein degradation in muscles. Mol Nutr Food Res. (2023) 67:2200729. doi: 10.1002/mnfr.202200729

61. de Carvalho, SC, Hindi, SM, Kumar, A, and Marques, MJ. Effects of omega-3 on matrix metalloproteinase-9, myoblast transplantation and satellite cell activation in dystrophin-deficient muscle fibers. Cell Tissue Res. (2017) 369:591–602. doi: 10.1007/s00441-017-2640-x

62. Li, H, Mittal, A, Makonchuk, DY, Bhatnagar, S, and Kumar, A. Matrix metalloproteinase-9 inhibition ameliorates pathogenesis and improves skeletal muscle regeneration in muscular dystrophy. Hum Mol Genet. (2009) 18:2584–98. doi: 10.1093/hmg/ddp191

63. Alameddine, HS, and Morgan, JE. Matrix metalloproteinases and tissue inhibitor of metalloproteinases in inflammation and fibrosis of skeletal muscles. J Neuromuscul Dis. (2016) 3:455–73. doi: 10.3233/JND-160183

64. Giovarelli, M, Arnaboldi, F, Zecchini, S, Cornaghi, LB, Nava, A, Sommariva, M, et al. Characterisation of progressive skeletal muscle fibrosis in the mdx mouse model of Duchenne muscular dystrophy: an in vivo and in vitro study. Int J Mol Sci. (2022) 23:8735. doi: 10.3390/ijms23158735

65. Cui, N, Hu, M, and Khalil, RA. Biochemical and biological attributes of matrix metalloproteinases. Prog Mol Biol Transl Sci. (2017) 147:1–73. doi: 10.1016/bs.pmbts.2017.02.005

66. Zhou, P, Yang, C, Zhang, S, Ke, Z-X, Chen, D-X, Li, Y-Q, et al. The imbalance of MMP-2/TIMP-2 and MMP-9/TIMP-1 contributes to collagen deposition disorder in diabetic non-injured skin. Front Endocrinol (Lausanne). (2021) 12:734485. doi: 10.3389/fendo.2021.734485

67. Zhu, S, Lü, A, Zhao, Y, Pu, D, Liao, Z, Sun, Y, et al. Expressions of matrix metalloproteinase-1 and tissue inhibitor of metalloproteinases 1 in skeletal muscles of aged rats with sarcopenia. Nan Fang Yi Ke Da Xue Xue Bao. (2020) 40:104–9. doi: 10.12122/j.issn.1673-4254.2020.01.17

68. Nagy, N, Kaber, G, Sunkari, VG, Marshall, PL, Hargil, A, Kuipers, HF, et al. Inhibition of hyaluronan synthesis prevents β-cell loss in obesity-associated type 2 diabetes. Matrix Biol. (2023) 123:34–47. doi: 10.1016/j.matbio.2023.09.003

69. Han, CY, Subramanian, S, Chan, CK, Omer, M, Chiba, T, Wight, TN, et al. Adipocyte-derived serum amyloid A3 and hyaluronan play a role in monocyte recruitment and adhesion. Diabetes. (2007) 56:2260–73. doi: 10.2337/db07-0218

70. Eliezer, M, Sculean, A, Miron, RJ, Nemcovsky, C, Weinberg, E, Weinreb, M, et al. Hyaluronic acid slows down collagen membrane degradation in uncontrolled diabetic rats. J Periodontal Res. (2019) 54:644–52. doi: 10.1111/jre.12665

71. Kang, L, Lantier, L, Kennedy, A, Bonner, JS, Mayes, WH, Bracy, D, et al. Hyaluronan accumulates with high-fat feeding and contributes to insulin resistance. Diabetes. (2013) 62:1888–96. doi: 10.2337/db12-1502

72. Drygalski, K, Lecoutre, S, Clément, K, and Dugail, I. Hyaluronan in adipose tissue, metabolic inflammation, and diabetes: innocent bystander or guilty party? Diabetes. (2023) 72:159–69. doi: 10.2337/db22-0676

73. Weng, X, Maxwell-Warburton, S, Hasib, A, Ma, L, and Kang, L. The membrane receptor CD44: novel insights into metabolism. Trends Endocrinol Metab. (2022) 33:318–32. doi: 10.1016/j.tem.2022.02.002

74. Kodama, K, Horikoshi, M, Toda, K, Yamada, S, Hara, K, Irie, J, et al. Expression-based genome-wide association study links the receptor CD44 in adipose tissue with type 2 diabetes. Proc Natl Acad Sci U.S.A. (2012) 109:7049–54. doi: 10.1073/pnas.1114513109

75. Holmberg, J, and Durbeej, M. Laminin-211 in skeletal muscle function. Cell Adh Migr. (2013) 7:111–21. doi: 10.4161/cam.22618

76. Burkin, DJ, Kim, JE, Gu, M, and Kaufman, SJ. Laminin and alpha7beta1 integrin regulate agrin-induced clustering of acetylcholine receptors. J Cell Sci. (2000) 113:2877–86. doi: 10.1242/jcs.113.16.2877

77. Boppart, MD, Burkin, DJ, and Kaufman, SJ. Activation of AKT signaling promotes cell growth and survival in α7β1 integrin-mediated alleviation of muscular dystrophy. Biochim Biophys Acta (BBA)  Mol Basis Dis. (2011) 1812:439–46. doi: 10.1016/j.bbadis.2011.01.002

78. Van Ry, PM, Minogue, P, Hodges, BL, and Burkin, DJ. Laminin-111 improves muscle repair in a mouse model of merosin-deficient congenital muscular dystrophy. Hum Mol Genet. (2014) 23:383–96. doi: 10.1093/hmg/ddt428

79. Rooney, JE, Gurpur, PB, and Burkin, DJ. Laminin-111 protein therapy prevents muscle disease in the mdx mouse model for Duchenne muscular dystrophy. Proc Natl Acad Sci U.S.A. (2009) 106:7991–6. doi: 10.1073/pnas.0811599106

80. Marcinczyk, M, Elmashhady, H, Talovic, M, Dunn, A, Bugis, F, and Garg, K. Laminin-111 enriched fibrin hydrogels for skeletal muscle regeneration. Biomaterials. (2017) 141:233–42. doi: 10.1016/j.biomaterials.2017.07.003

81. Brandhorst, D, Brandhorst, H, Lee Layland, S, Acreman, S, Schenke-Layland, K, and Johnson, PRV. Basement membrane proteins improve human islet survival in hypoxia: Implications for islet inflammation. Acta Biomater. (2022) 137:92–102. doi: 10.1016/j.actbio.2021.10.013

82. McEwan, K, Padavan, DT, Ellis, C, McBane, JE, Vulesevic, B, Korbutt, GS, et al. Collagen-chitosan-laminin hydrogels for the delivery of insulin-producing tissue. J Tissue Eng Regener M. (2016) 10:E397–408. doi: 10.1002/term.1829

83. Kuramoto, K, Liang, H, Hong, J-H, and He, C. Exercise-activated hepatic autophagy via the FN1-α5β1 integrin pathway drives metabolic benefits of exercise. Cell Metab. (2023) 35:620–632.e5. doi: 10.1016/j.cmet.2023.01.011

84. Zheng, Z, Ma, T, Lian, X, Gao, J, Wang, W, Weng, W, et al. Clopidogrel reduces fibronectin accumulation and improves diabetes-induced renal fibrosis. Int J Biol Sci. (2019) 15:239–52. doi: 10.7150/ijbs.29063

85. Cao, L, Nicosia, J, Larouche, J, Zhang, Y, Bachman, H, Brown, AC, et al. Detection of an Integrin-Binding Mechanoswitch within Fibronectin during Tissue Formation and Fibrosis. ACS Nano. (2017) 11:7110–7. doi: 10.1021/acsnano.7b02755

86. Lukjanenko, L, Jung, MJ, Hegde, N, Perruisseau-Carrier, C, Migliavacca, E, Rozo, M, et al. Loss of fibronectin from the aged stem cell niche affects the regenerative capacity of skeletal muscle in mice. Nat Med. (2016) 22:897–905. doi: 10.1038/nm.4126

87. Bentzinger, CF, Wang, YX, von Maltzahn, J, Soleimani, VD, Yin, H, and Rudnicki, MA. Fibronectin regulates Wnt7a signaling and satellite cell expansion. Cell Stem Cell. (2013) 12:75–87. doi: 10.1016/j.stem.2012.09.015

88. Wynn, TA. Cellular and molecular mechanisms of fibrosis. J Pathol. (2008) 214:199–210. doi: 10.1002/path.2277

89. Zheng, Z, Granado, HS, and Li, C. Fibromodulin, a multifunctional matricellular modulator. J Dent Res. (2023) 102:125–34. doi: 10.1177/00220345221138525

90. Yin, H, Cui, C, Han, S, Chen, Y, Zhao, J, He, H, et al. Fibromodulin modulates chicken skeletal muscle development via the transforming growth factor-β Signaling pathway. Anim (Basel). (2020) 10:1477. doi: 10.3390/ani10091477

91. Lee, EJ, Jan, AT, Baig, MH, Ahmad, K, Malik, A, Rabbani, G, et al. Fibromodulin and regulation of the intricate balance between myoblast differentiation to myocytes or adipocyte-like cells. FASEB J. (2018) 32:768–81. doi: 10.1096/fj.201700665R

92. Lee, EJ, Ahmad, SS, Lim, JH, Ahmad, K, Shaikh, S, Lee, Y-S, et al. Interaction of fibromodulin and myostatin to regulate skeletal muscle aging: an opposite regulation in muscle aging, diabetes, and intracellular lipid accumulation. Cells. (2021) 10:2083. doi: 10.3390/cells10082083

93. Jazi, MF, Biglari, A, Mazloomzadeh, S, Kingston, P, Ramazani, A, Bazzaz, JT, et al. Recombinant fibromodulin has therapeutic effects on diabetic nephropathy by down-regulating transforming growth factor-β1 in streptozotocin-induced diabetic rat model. Iran J Basic Med Sci. (2016) 19:265–71. doi: 10.22038/IJBMS.2016.6645

94. Willoughby, DS, Cardaci, TD, Machek, SB, Wilburn, DT, and Heileson, JL. Resistance exercise-induced increases in muscle myostatin mRNA and protein expression are subsequently decreased in circulation in the presence of increased levels of the extracellular matrix stabilizing protein decorin. J Sport Sci Med. (2022) 21:616–24. doi: 10.52082/jssm.2022.616

95. Karamanos, NK, Theocharis, AD, Piperigkou, Z, Manou, D, Passi, A, Skandalis, SS, et al. A guide to the composition and functions of the extracellular matrix. FEBS J. (2021) 288:6850–912. doi: 10.1111/febs.15776

96. Miura, T, Kishioka, Y, Wakamatsu, J, Hattori, A, Hennebry, A, Berry, CJ, et al. Decorin binds myostatin and modulates its activity to muscle cells. Biochem Biophys Res Commun. (2006) 340:675–80. doi: 10.1016/j.bbrc.2005.12.060

97. Zhu, J, Li, Y, Shen, W, Qiao, C, Ambrosio, F, Lavasani, M, et al. Relationships between transforming growth factor-β1, myostatin, and decorin: IMPLICATIONS FOR SKELETAL MUSCLE FIBROSIS *. J Biol Chem. (2007) 282:25852–63. doi: 10.1074/jbc.M704146200

98. Kishioka, Y, Thomas, M, Wakamatsu, J, Hattori, A, Sharma, M, Kambadur, R, et al. Decorin enhances the proliferation and differentiation of myogenic cells through suppressing myostatin activity. J Cell Physiol. (2008) 215:856–67. doi: 10.1002/jcp.21371

99. Lightfoot, AP, and Cooper, RG. The role of myokines in muscle health and disease. Curr Opin Rheumatol. (2016) 28:661–6. doi: 10.1097/BOR.0000000000000337

100. Hynes, RO. Integrins: bidirectional, allosteric signaling machines. Cell. (2002) 110:673–87. doi: 10.1016/s0092-8674(02)00971-6

101. Magazova, A, Ashirbekov, Y, Abaildayev, A, Satken, K, Balmukhanova, A, Akanov, Z, et al. ITGA2 gene polymorphism is associated with type 2 diabetes mellitus in the Kazakhstan population. Medicina (Kaunas). (2022) 58:1416. doi: 10.3390/medicina58101416

102. Aleksandrowicz, R, Stefanowicz, M, and Strączkowski, M. Skeletal muscle integrin expression in non-obese men with varying degrees of insulin sensitivity. Endocr J. (2023) 70:909–15. doi: 10.1507/endocrj.EJ23-0151

103. Zong, H, Bastie, CC, Xu, J, Fassler, R, Campbell, KP, Kurland, IJ, et al. Insulin resistance in striated muscle-specific integrin receptor beta1-deficient mice. J Biol Chem. (2009) 284:4679–88. doi: 10.1074/jbc.M807408200

104. Guilherme, A, and Czech, MP. Stimulation of IRS-1-associated phosphatidylinositol 3-kinase and Akt/protein kinase B but not glucose transport by beta1-integrin signaling in rat adipocytes. J Biol Chem. (1998) 273:33119–22. doi: 10.1074/jbc.273.50.33119

105. Borza, CM, Su, Y, Chen, X, Yu, L, Mont, S, Chetyrkin, S, et al. Inhibition of integrin α2β1 ameliorates glomerular injury. J Am Soc Nephrol. (2012) 23:1027–38. doi: 10.1681/ASN.2011040367

106. Abair, TD, Bulus, N, Borza, C, Sundaramoorthy, M, Zent, R, and Pozzi, A. Functional analysis of the cytoplasmic domain of the integrin {alpha}1 subunit in endothelial cells. Blood. (2008) 112:3242–54. doi: 10.1182/blood-2007-12-126433

107. Zhang, Z, Ramirez, NE, Yankeelov, TE, Li, Z, Ford, LE, Qi, Y, et al. alpha2beta1 integrin expression in the tumor microenvironment enhances tumor angiogenesis in a tumor cell-specific manner. Blood. (2008) 111:1980–8. doi: 10.1182/blood-2007-06-094680

108. Rozo, M, Li, L, and Fan, C-M. Targeting β1-integrin signaling enhances regeneration in aged and dystrophic muscle in mice. Nat Med. (2016) 22:889–96. doi: 10.1038/nm.4116

109. Bae, J, Hong, M, Jeong, H, Kim, H, Lee, S, Ryu, D, et al. Satellite cell-specific ablation of Cdon impairs integrin activation, FGF signalling, and muscle regeneration. J Cachexia Sarcopenia Muscle. (2020) 11:1089–103. doi: 10.1002/jcsm.12563

110. Pawlikowski, B, Vogler, TO, Gadek, K, and Olwin, BB. Regulation of skeletal muscle stem cells by fibroblast growth factors. Dev Dyn. (2017) 246:359–67. doi: 10.1002/dvdy.24495

111. Rooney, JE, Welser, JV, Dechert, MA, Flintoff-Dye, NL, Kaufman, SJ, and Burkin, DJ. Severe muscular dystrophy in mice that lack dystrophin and alpha7 integrin. J Cell Sci. (2006) 119:2185–95. doi: 10.1242/jcs.02952

112. Zhang, L, Dong, Y, Dong, Y, Cheng, J, and Du, J. Role of integrin-β3 protein in macrophage polarization and regeneration of injured muscle. J Biol Chem. (2012) 287:6177–86. doi: 10.1074/jbc.M111.292649

113. Boppart, MD, and Mahmassani, ZS. Integrin signaling: linking mechanical stimulation to skeletal muscle hypertrophy. Am J Physiol Cell Physiol. (2019) 317:C629–C641. doi: 10.1152/ajpcell.00009.2019

114. Zou, K, Meador, BM, Johnson, B, Huntsman, HD, Mahmassani, Z, Valero, MC, et al. The α7β1-integrin increases muscle hypertrophy following multiple bouts of eccentric exercise. J Appl Physiol. (1985) 2011) 111:1134–41. doi: 10.1152/japplphysiol.00081.2011

115. Liu, Q, Jin, S, Li, L, Ayi, L, and Ding, H. Massage protects skeletal muscle from injury during long-term heavy-duty exercise via integrin β1 and laminin 2 channels of basement membrane. BMC Complement Med Ther. (2023) 23:266. doi: 10.1186/s12906-023-04094-6

116. Mavropalias, G, Wu, Y-F, Boppart, MD, Blazevich, AJ, and Nosaka, K. Increases in integrin-ILK-RICTOR-Akt proteins, muscle mass, and strength after eccentric cycling training. Med Sci Sports Exerc. (2022) 54:89–97. doi: 10.1249/MSS.0000000000002778

117. Legate, KR, Montañez, E, Kudlacek, O, and Füssler, RILK. PINCH and parvin: the tIPP of integrin signalling. Nat Rev Mol Cell Biol. (2006) 7:20–31. doi: 10.1038/nrm1789

118. Górska, A, and Mazur, AJ. Integrin-linked kinase (ILK): the known vs. the unknown and perspectives. Cell Mol Life Sci. (2022) 79:100. doi: 10.1007/s00018-021-04104-1

119. Gheyara, AL, Vallejo-Illarramendi, A, Zang, K, Mei, L, St-Arnaud, R, Dedhar, S, et al. Deletion of integrin-linked kinase from skeletal muscles of mice resembles muscular dystrophy due to alpha 7 beta 1-integrin deficiency. Am J Pathol. (2007) 171:1966–77. doi: 10.2353/ajpath.2007.070555

120. Yoon, M-S. mTOR as a key regulator in maintaining skeletal muscle mass. Front Physiol. (2017) 8:788. doi: 10.3389/fphys.2017.00788

121. Ma, XM, and Blenis, J. Molecular mechanisms of mTOR-mediated translational control. Nat Rev Mol Cell Biol. (2009) 10:307–18. doi: 10.1038/nrm2672

122. Oh, WJ, and Jacinto, E. mTOR complex 2 signaling and functions. Cell Cycle. (2011) 10:2305–16. doi: 10.4161/cc.10.14.16586

123. Wang, H-V, Chang, L-W, Brixius, K, Wickström, SA, Montanez, E, Thievessen, I, et al. Integrin-linked kinase stabilizes myotendinous junctions and protects muscle from stress-induced damage. J Cell Biol. (2008) 180:1037–49. doi: 10.1083/jcb.200707175

124. Liang, J, Zhang, H, Zeng, Z, Lv, J, Huang, J, Wu, X, et al. MicroRNA profiling of different exercise interventions for alleviating skeletal muscle atrophy in naturally aging rats. J Cachexia Sarcopenia Muscle. (2023) 14:356. doi: 10.1002/jcsm.13137

125. Luo, W, Lin, Z, Chen, J, Chen, G, Zhang, S, Liu, M, et al. TMEM182 interacts with integrin beta 1 and regulates myoblast differentiation and muscle regeneration. J Cachexia Sarcopenia Muscle. (2021) 12:1704–23. doi: 10.1002/jcsm.12767

126. Huang, D, Khoe, M, Ilic, D, and Bryer-Ash, M. Reduced expression of focal adhesion kinase disrupts insulin action in skeletal muscle cells. Endocrinology. (2006) 147:3333–43. doi: 10.1210/en.2005-0382

127. Bisht, B, Goel, HL, and Dey, CS. Focal adhesion kinase regulates insulin resistance in skeletal muscle. Diabetologia. (2007) 50:1058–69. doi: 10.1007/s00125-007-0591-6

128. Bisht, B, Srinivasan, K, and Dey, CS. In vivo inhibition of focal adhesion kinase causes insulin resistance. J Physiol. (2008) 586:3825–37. doi: 10.1113/jphysiol.2008.157107

129. Hasan, MM, Shalaby, SM, El-Gendy, J, and Abdelghany, EMA. Beneficial effects of metformin on muscle atrophy induced by obesity in rats. J Cell Biochem. (2019) 120:5677–86. doi: 10.1002/jcb.27852

130. Susana, V, Rodriguez-Vargas, RG, Quintanilla, F, and Rodriguez, R. Piezoelectric signals of HAp and collagen with different glucose concentrations: A method for diabetes detection. Sci Prog. (2023) 106:368504231169714. doi: 10.1177/00368504231169714




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Sun, Zhang, Wang, Wu, Sun, Lou, Xu, Yao and Cong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-16-1560396-g004.jpg
Resistance exercise Collagen

Pharmacotherapy Integrin

Biological scaffold
Hyaluronic acid

Massage Laminin

Nutritional intervention |





OEBPS/Images/fendo-16-1560396-g001.jpg
SES2CISESCISES2SeS

Collagen
Flastin == " a Fibronectin
Supporting organizational oin Adhe . ..-3("" Laminin
structure;endowing Q‘O‘ S/O’) — i
the ECM strength @\ Qﬁ 4h edia 'ngnc,ze.nu.r?
and toughness S < a ﬁsllop’rrr?arl hall Ing
respectively. & o, cellular morphology.
= 3,
73 ®.
>
ECM
O
-0
% N -
Proteoglycan 0N ) MMPS
Hyaluronic acid 006 Q«° ' ADAMTS
e/»i \\0
Endowing the \ Yes \\j\e’ca MMPs Sdegrades collagen,
ECM tensile and elastin,proteoglycans,

laminin and fibronectin;

compressive strength.
ADAMTS degrades proteoglycans.

ECM Receptor

Integrin

Providing structural support;
promoting cellular signal transduction.





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Hidden pathway: the role of extracellular matrix in type 2 diabetes mellitus–related sarcopenia

      

        		

          1 Introduction

        



        		

          2 Overview of the ECM

        



        		

          3 Collagen

        



        		

          4 MMPs

        



        		

          5 Hyaluronic acid

        



        		

          6 Laminin

        



        		

          7 Fibronectin

        



        		

          8 Fibromodulin

        



        		

          9 Decorin

        



        		

          10 Integrins

        



        		

          11 Therapeutic strategies

        



        		

          12 Conclusions and perspectives

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-16-1560396-g003.jpg
T2 e

Activation

Signal Integrin

@ Glucose

R (A)
i \/ji

Macrophage
polarization

P38 MAPK )( ERK MAPK

|

-

Muscle regeneration

B e ;
GLUT4 translacation

Insulin sensitivity





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2025.1560396_cover.jpg
a frontiers ‘ Frontiers in Endocrinology

Hidden pathway: the role of
extracellular matrix in type 2 diabetes
mellitus—related sarcopenia





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-16-1560396-g002.jpg
Health Type 2 Diabetes Mellitus

e
Blood vessel 0 ® Glucose @ Insulin O O @ 9 ® 0

: 7Di7ffusion
distance

®ee.

L2 Yy
Hyaluronlc acid e 2 VN

Collagen deposition @

0000000000000 COOCD : OO oG OO0 0eD COODO S©OO¢
Plasma membrane |
OO0 LCOORODCTOOD SCOHOECOOTOOTBOD SO DY, Gl ST TR T I @ I T ] OO0V SOCTOOCC00 COOCO SeB2

Insulin receptor

ROS production

l

@ @ MAFbX MuRF 1

Muscle Proteln Proteln
differentiation synthesis degradation

am0— 0
Increased mitochondrial
® PisK

Intracellular Signal
Transduction

i

FOXO

Muscle Protein Protein
differentiation synthesis degradation

& . l'.’"..
Fan ¢ Cre

19’ 090, 29% 0" ¢
9 @VAN" ¢
AT O’a
Yy
regiess  D(TGFR)-»(smad






OEBPS/Images/table1.jpg
Skeletal muscle
Extracellular matrix

Type 2 diabetes
mellitus

Sarcopenia

Collagen T

Collagen III

1[human (30, 31)]

1[human (30, 31)]

1[C57BL/6] mice (37)

1[C57BL/6] mice (37)

Collagen IV

1[C57BL/6] mice (32)]

Matrix metalloproteinase-2

1[C57BL/6] mice (58)]

1[C57BL/6] mice (60)

Matrix metalloproteinase-9
Hyaluronic acid

Fibronectin

1[C57BL/6] mice (49)]

1[C57BL/6] mice (71)]

1[C57BL/6] mice (59)

1[C57BL/6] mice (88)






