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ABSTRACT: Aging of skeletal muscles is accompanied by a progressive deposition of adipose and fibrotic tissue 

within the interstitial compartment. This process profoundly disrupts the structural integrity and contractile 

function of the muscle. Such maladaptive remodeling not only compromises muscle performance but also 

impairs its regenerative capacity, predisposing old individuals to frailty and sarcopenia. Fibro-adipogenic 

progenitors (FAPs) have been identified as the principal cellular source of the pathological adipogenic and 

fibrogenic remodeling. These stromal cells integrate mechanical, biochemical, and immune signals within the 

muscle niche, ultimately determining whether muscle repair leads to effective regeneration or maladaptive 

remodeling. In young muscle, transient FAP activation supports satellite cell-mediated myogenesis through 

extracellular matrix remodeling and pro-regenerative signaling. However, in aging muscle, this precise 

regulation is disrupted. The aged niche is characterized by chronic inflammatory stress, altered matrix 

composition, and impaired immune-stromal communication. These changes drive FAPs toward maladaptive 

phenotypes that promote fibrosis, intramuscular fat accumulation, and regenerative failure. FAP dysfunction is 

increasingly recognized as a central mechanism contributing to age-related sarcopenia, increased susceptibility 

to injury, and delayed recovery. Given their dual ability to promote both regeneration and degeneration, 

understanding how aging reprograms FAP fate and function offers a promising avenue to rejuvenating the aged 

muscle niche. Here, we summarize current insights into the roles and dynamics of FAPs in aged muscle and 

discusses their potential as therapeutic targets to restore regenerative capacity and mitigating muscle aging. 
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1. Introduction 

 

Fibro-adipogenic progenitors (FAPs) are muscle-resident 

mesenchymal progenitors that were first characterized in 

2010 as PDGFRα⁺Sca1⁺ interstitial cells [1, 2]. They 

represent a highly abundant stromal population 

indispensable for sustaining homeostatic maintenance and 

enabling efficient skeletal muscle regeneration [3]. Upon 

muscle injury, infiltrating immune cells rapidly secrete 

cytokines such as IL-4 and IL-13, which activate FAPs 

and trigger their robust proliferation [4]. This expansion 

typically peaking around day 3-4 post-injury [5-7]. 

During this critical window, FAPs engage in extensive 

intercellular communication, particularly with muscle 

stem cells (MuSCs) and immune cells. Through these 

interactions, they support myogenic differentiation, 

modulate inflammation, and remodel extracellular matrix 

(ECM) to facilitate efficient muscle repair. Subsequently, 
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infiltrating inflammatory macrophages secrete tumor 

necrosis factor (TNF) to induce FAP apoptosis, thereby 

preventing their excessive accumulation and limiting 

tissue fibrosis [7]. The biological behavior of FAP is also 

tightly regulated by a variety of molecular factors and 

signaling pathways that govern their adipogenic and 

fibrogenic differentiation, including TGF-β, PDGF, 

WNT/β-catenin pathway, ciliary Hedgehog signaling, and 

Notch signaling. Since these mechanisms under non-

aging conditions have already been well described in 

earlier reviews [8, 9], they will not be repeated here. 

Cellular senescence represents a distinct fate that 

contributes to a wide range of aging-associated 

pathologies. With advancing age, the intrinsic properties 

of FAPs undergo profound alterations. Single-cell 

sequencing has revealed that FAPs are the predominant 

population showing elevated p16 expression in aged 

skeletal muscle. These cells also exhibit increased 

expression of senescence-associated genes, as well as 

genes involved in chemokine and cytokine receptor 

signaling [10]. In parallel, they display classical hallmarks 

of genomic instability, including DNA damage and 

chromatin remodeling, which highlight their central role 

in age-related tissue dysfunction [10]. Consistently, 

immunofluorescence analyses have demonstrated that 

FAPs constitute the major cell populations positive for 

p21 expression, reinforcing their key role in the senescent 

landscape of aging muscle [11]. The impact of the aging 

niche on FAPs, and the reciprocal influence of senescent 

FAPs on other niche constituents, will be addressed in the 

subsequent sections. 

 

2. Quantitative Alterations of FAPs 

 

The estimated abundance of FAPs in muscle varies 

substantially depending on the detection method used. 

Single-cell RNA sequencing (scRNA-seq) analyses have 

reported that FAPs comprise roughly 30-50% of non-

myofiber cells in skeletal muscle [10, 12]. In contrast, 

mass cytometry using PDGFRα or SCA1 antibodies 

reports a much lower proportion of about 5-10% [13, 14]. 

This discrepancy likely reflects methodological 

differences. scRNA-seq identities cell types based on 

transcriptional profiles, which may include populations 

that transiently or nonspecifically express PDGFRα or 

SCA1. Its estimates can also be affected by cell capture 

efficiency and tissue dissociation bias. In contrast, 

antibody-based approaches such as fluorescence-

activated cell sorting (FACS) quantify cells that truly 

express surface or intracellular protein markers within 

intact tissue, providing a more physiologically 

representative estimate. Moreover, FAPs identified by 

scRNA-seq analyses are often defined more broadly, 

while FACS-based analyses further exclude non-FAP 

populations using additional negative markers. Table 1 

shows the proportions of FAPs in different studies. 

 

Table 1. FAP proportions measured by various techniques in different studies. 

 
Authors Species Age FAPs (%) Technique Method 

Zhang et al. 2022 [10] Mouse 
3-5 months ~35a 

scRNA-seq Clustering and annotation 
20 months ~42a 

Liu et al. 2025 [12] Mouse 
3 months ~35-50a 

scRNA-seq Clustering and annotation 
24 months ~50a 

Kedlian et al. 2024 [15] 

Mouse 3 months 7.7 sc/snRNA-seq Clustering and annotation 

Mouse 19 months 10.7 sc/snRNA-seq Clustering and annotation 

Human 15-40 years 27.2 sc/snRNA-seq Clustering and annotation 

Human 50-75 years 34.4 sc/snRNA-seq Clustering and annotation 

Lai et al. 2024 [16] 
Human 15-46 years 12.9 sc/snRNA-seq Clustering and annotation 

Human 74-99 years 32.34 sc/snRNA-seq Clustering and annotation 

Giuliani et al. 2021 [13] Mouse 6-8 weeks 2.6 FACS CD45-CD31-ITGA7-SCA1+ 

Riparini et al. 2022 [14] Mouse 3-6 months 8 FACS CD45-CD31-ITGA7-VCAM-SCA1+ 

Uezumi et al. 2021 [17] Mouse 10-12 weeks 14.5 FACS CD45-CD31-PDGFRα+ 

Lee et al. 2019 [18] Mouse 3 months 3.5-17.5 FACS CD45-CD31-ITGA7-

SCA1+PDGFRα+ 

Liu et al. 2022 [19] Mouse 5 months 7.9 FACS PDGFRα+PDGFRβ- 

Farup et al. 2021 [20] Human 58-79 years 40 FACS CD45-CD31-CD56-PI-CD34+ 

Goloviznina et al. 2020 [21] Human 17-64 2.2-6.4 FACS CD45-CD31-CD73+ 
 

The proportions of FAPs shown in the table represent their percentage relative to non-myofiber mononuclear cells. 
a For studies where FAP proportions were not directly reported, the values presented here were estimated from the available data and graphical 
representations. 

Although FAPs are recognized as key regulators of 

the muscle regenerative niche, changes in their abundance 

during aging remain a subject of considerable debate. In a 

comparative analysis of tibialis anterior muscle sections 

from young (9-13 weeks) and aged (20-25 months) mice, 

researchers observed a significant reduction in the number 
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of PDGFRα⁺ FAPs in aged muscle [22]. Consistent with 

these findings, FAPs isolated from young and aged mice 

via FACS and cultured in vitro showed that those from 

aged mice had significantly lower proliferative capacity 

[22]. Another study utilizing FACS analysis also 

demonstrated a significant decline in the proportion of 

PDGFRα⁺ cells among total mononucleated cells in the 

skeletal muscle of aged mice (24-28 months) compared to 

that of young mice (8-12 weeks) [17]. Under pathological 

conditions, studies have reported that PDGFRα⁺ FAPs are 

less abundant in aged dystrophic muscles compared to 

their younger counterparts [13]. 

However, contradictory findings have been reported. 

For instance, immunofluorescence staining of flexor 

hallucis longus muscle sections from 18‐ and 24‐month‐

old mice revealed a higher abundance of PDGFRα⁺ cells 

in the 24‐month‐old group compared with the 18-month-

old group [11]. This finding is consistent with the 

increased FAP population observed in progeria‐aged 

muscle [19]. In another study, FACS quantification of 

CD45⁻CD31⁻SCA1⁺ FAPs showed a significant increase 

in FAP abundance in aged muscle (15-18 months) 

compared with young muscle (2-2.5 months) [23]. 

Furthermore, although total cell number was not 

quantified, a FACS-based study revealed that the 

proportion of senescent FAPs, identified by the 

p21+GAPDH+Ki67- markers, was significantly elevated 

in aged muscle [24]. 

High-throughput sequencing technologies facilitate a 

global understanding of FAP changes in aging muscle. In 

a single-cell multi-omics study comparing lower limb 

muscles from young (15-46 years) and older (74-99 years) 

individuals, a generalized linear mixed model was applied 

to adjust for clinically relevant variables and technical 

confounders. This analysis revealed significant age-

associated increases in adipocytes, fibroblast-like cells, 

and immune cells [16]. Fibroblast-like cells represent a 

more differentiated subset originating from FAPs, 

displaying augmented fibroblast activation traits. Using 

immunofluorescence staining with anti-PDGFRα to label 

both FAPs and fibroblast-like cells, Lai et al. observed a 

strong age-associated increase in the number of PDGFRα-

positive cells, which was positively correlated with age 

[16]. Another human snRNA-seq study similarly reported 

an age-associated increase in the abundance of FAPs, 

along with a higher proportion of senescent FAPs in aged 

muscle [25]. 

Both insufficient and excessive numbers of FAPs 

disrupt the composition of muscle interstitium and impair 

its regenerative capacity. This highlights the critical need 

for maintaining a finely tuned balance of FAP abundance 

during muscle homeostasis and repair. Depletion of FAPs 

has been shown to markedly compromise muscle 

regeneration [3]. Conversely, pathological conditions 

such as denervation and diabetes, which induce abnormal 

expansion of the FAP population, also hinder the repair 

process [5, 20]. The controversy in the literature regarding 

the proportion of FAPs in aged muscle may be attributed 

to several factors. Some studies have reported a decline in 

FAP numbers during aging, which may result from a fate 

shift toward more differentiated progeny and a reduced 

capacity for self-renewal within the aged niche. This 

diminishes maintenance of the progenitor pool. In 

contrast, other studies have documented an accumulation 

of FAPs in aged muscles, likely driven by chronic 

inflammation, impaired macrophage-mediated clearance, 

and the persistence of senescent FAPs that resist 

apoptosis. These context-dependent mechanisms may 

together explain the divergent observations of FAP 

abundance reported across different studies and muscle 

types. Therapeutic interventions that restore the balance 

of FAP numbers in aged muscle represent a highly 

promising strategy for mitigating age-associated muscle 

dysfunction. Specific therapeutic strategies are detailed in 

Chapter 7. 

 

3. Interstitial Alterations in Aged Muscle 

 

The interstitial compartment of skeletal muscle, long 

regarded as a passive structural scaffold, is now 

recognized as a dynamic regulatory hub regulating tissue 

homeostasis and regeneration. With aging, muscle 

undergoes profound pathological remodeling. Apart from 

the well-documented atrophy of myofibers, one of the 

most striking alterations is the aberrant accumulation of 

adipocytes and fibrotic matrix [26-28]. FAPs serve as the 

principal cellular source of these adipose and fibrotic 

deposits [1, 2, 29, 30], due to their capacity to differentiate 

into both adipocytes and fibroblasts [29, 31]. While this 

lineage plasticity is essential for supporting tissue repair 

under homeostatic conditions, its dysregulation during 

aging drives pathological remodeling, thereby 

exacerbating functional decline of muscle. 

Quantitative analyses demonstrated that 

intermuscular adipose tissue (IMAT) expands markedly 

with age. In a five-year study of 1,678 adults aged 70-79, 

mid-thigh IMAT increased substantially with age, 

regardless of weight changes, ranging 16.8-50.0% in 

women and 35.5-74.6% in men [32]. These findings 

suggest that the expansion of IMAT is primarily driven by 

intrinsic, age-related alterations within the muscle, rather 

than by systemic energy balance alone [32]. A cross-

sectional study of men aged 20-70 reported an annual 

IMAT increase of 1.9%, rising to 2.9% when normalized 

to muscle volume [33]. IMAT deposition strongly affects 

function and survival in older adults. In the Framingham 

Heart Study, each standard deviation increase in muscle 

fat was associated with a 29% higher likelihood of 



 Zhang FM., et al.                                                                      FAP-Niche Interactions in Aged Muscle   

Aging and Disease • Volume 18, Number 1, February 2027                                                                         4 

 

walking speed ≤1 m/s [34]. Higher IMAT also correlates 

with elevated BMI, metabolic dysregulation, and systemic 

inflammation [35]. Longitudinally, lower muscle density 

independently predicts increased all-cause and 

cardiovascular mortality over 7.2 years, even after 

adjusting for confounders and total body adiposity [36]. 

Fibrosis exhibits a similar trend, although humans 

evidence remains limited. Biopsies of the vastus lateralis 

show that nonenzymatic cross-links, or advanced 

glycation end products, increase ~200% in aged muscle 

[37]. Results from mice studies have consistently shown 

that aging induces profound alterations in muscle 

mechanics and composition [16, 38, 39]. Histological 

validation using Sirius Red staining confirms a marked 

increase in interstitial fibrosis in aged compared with 

adult muscle [16].  

Beyond structural alterations, recent findings 

highlight a molecular reprogramming of aged FAPs. Their 

secretome shifts from a pro-regenerative to a pro-fibrotic 

and inflammatory profile. This shift is marked by reduced 

expression of WNT1-inducible-signaling pathway protein 

1 (WISP1) [22] and bone morphogenetic protein 3b 

(BMP3B) [17], alongside increased secretion of TGF-β 

[16] and senescence-associated secretory phenotype 

(SASP)-associated cytokines [40]. These changes impair 

MuSC activation and perpetuate chronic inflammation. 

Concurrently, the matrisome composition of aged FAPs 

becomes pathologically remodeled, with excessive 

collagen and laminin deposition. Quantification of ECM 

topology further revealed decreased collagen tortuosity 

and increased muscle stiffening with advancing age [38]. 

This fibrotic stiffening, in turn, promotes FAP activation 

of FAPs into myofibroblasts through YAP-dependent 

signaling [39]. The roles of these secreted molecules and 

their effects on niche-resident cells will be further 

discussed in the following sections. 

 

4. Extrinsic Niche Alterations and Intrinsic 

Functional Changes of FAPs 

 

In addition to histological alterations, the abundance of 

effector molecules within the aged muscle niche 

undergoes profound changes. These changes disrupt the 

functional equilibrium of FAPs and exacerbating 

interstitial degeneration. Figure 1 illustrates how factors 

altered during aging influence adipogenesis and 

fibrogenesis. The relative contributions of these factors 

may vary throughout the aging process, resulting in 

differential tendencies toward fat accumulation and 

fibrosis. A brief overview of how these factors change 

during aging and their effects on FAPs are provided 

below. 

 
Figure 1. Balance of adipogenic and ffibrogenic differentiation capacities in aged FAPs. During aging, multiple intrinsic and 

extrinsic factors converge to disrupt the balance between adipogenic and fibrogenic differentiation in FAPs. Increased ECM stiffness, 

elevated levels of IL-6, myostatin, and TGF-β, reduced PDGFRα-In expression, and denervation collectively enhance the fibrogenic 

potential of FAPs. In contrast, elevated insulin, glucocorticoids, and FGF2, together with decreased estrogen, promote their 

adipogenic differentiation. The combined influence of these factors drives an imbalance in FAP fate determination, ultimately 

contributing to intermuscular fat infiltration, frailty, sarcopenia, impaired muscle regeneration, and progressive fibrosis. 

TGF-β is widely recognized as the master regulator 

of fibrosis [41, 42]. In aged skeletal muscle, TGF-β levels 

are elevated both in the systemic circulation [43] and local 

sources, including senescent MuSCs [44], myofibers [44], 

and FAPs themselves [45]. Binding to its receptors 

activates SMAD signaling, driving the transcription of 
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collagen, fibronectin, and other ECM genes in FAPs [41]. 

Myostatin, a secreted member of the TGF-β superfamily 

predominantly produced by glycolytic fibers [46], is 

upregulated in aged muscle [47]. It enhances FAP-

mediated fibrosis by synergizing with TGF-β to activate 

SMAD2/3 and promote ECM deposition [48]. Aging also 

augments WNT signaling in serum and muscle [27, 49]. 

In FAPs, WNT/β-catenin activation suppresses 

adipogenic genes and favors fibrotic remodeling [50, 51]. 

A study integrating high-throughput analyses within silico 

network modeling demonstrated that WNT5a 

significantly enhances the phosphorylation of the 

inhibitory residue on GSK3. This prevents β-catenin 

downregulation and consequently limiting PPARγ 

expression in FAPs [52]. What’s more, muscle 

denervation is another major contributor to the frailty and 

inactivity observed with aging [53]. Denervation activates 

FAPs, promoting fibrosis through several signaling 

pathways, including STAT3/IL-6 [5], CTGF/CCN2 [54], 

and YAP/TAZ [55]. 

A growing body of experimental evidence supports 

the notion that aged FAPs exhibit a pronounced trend 

toward fibrogenic differentiation, whereas their 

adipogenic potential is either diminished or not enhanced. 

Early studies isolating mesenchymal cells from the 

hindlimb muscles of aged rabbits reported a downward 

trend in adipogenic potential in cells from aged (4-5 years) 

compared with young (4-6 months) animals [56]. 

Recently, Lukjanenko et al. demonstrated that 

intramuscular fat accumulation was significantly lower in 

aged mice compared with young controls at day 14 

following glycerol-induced injury. This finding suggests 

an age-related decline in FAP-mediated adipogenesis 

[22]. Moreover, aging reduces the expression of an 

intronic PDGFRα variant (PDGFRα-In), which normally 

functions as a decoy receptor to suppress PDGF signaling 

and inhibit the fibrogenic differentiation of FAPs [22, 57]. 

As a result, aged FAPs show an increased tendency to 

differentiate into α-smooth muscle actin (α-SMA)- and 

collagen type I alpha 1 (Col1a1)-positive cells, indicating 

a shift toward a pro-fibrotic lineage commitment [22]. 

Consistent with this, two single-nucleus sequencing 

studies revealed that FAPs exhibited upregulated 

expression of multiple fibrosis-associated genes, 

including Fbn1 and procollagens, whereas the expression 

of adipogenesis-related genes remained largely unaltered 

[12, 16]. Furthermore, fibroblasts isolated from aged 

muscle show elevated levels of TGF-β, collagen 4α1, 

collagen 4α2, laminin 2 [45], and tissue inhibitors of 

metalloproteinases (TIMP-1 and TIMP-2). These changes 

collectively promote ECM accumulation by reducing 

protease-mediated matrix degradation [38]. Nevertheless, 

aging muscle also appears to engage compensatory 

mechanisms that counteract excessive fibrosis. For 

instance, the expression of follistatin is upregulated in 

aged FAPs, which may function to antagonize the 

profibrotic actions of TGF-β, myostatin, and activins [16]. 

 

Table 2. Adipose and fibrotic tissue deposition and the differentiation potential of FAPs in aged muscle. 

 
Authors Species Adipose depositiona Fibrotic depositiona Differentiation potential of FAPs 

Beane et al. [56] Rabbit N/A N/A Adipogenesis↓ 

Lukjanenko et al. [22] Mouse No difference Increase 
Adipogenesis↓ 

Fibrogenesis↑ 

Liu et al.  [12] Mouse Increase Increase 
Adipogenesis – 

Fibrogenesis↑ 

Zhu et al. [64] Mouse Increase N/A N/A 

Shang et al. [65] Mouse N/A Increase N/A 

Mizunoe et al. [66] Rat N/A Increase N/A 

Lai et al. [16] Human N/A Increase Fibrogenesis↑ 

Engelke et al.  [33] Human Increase N/A N/A 

Fede et al. [67] Human Increase Increase N/A 
 

a Muscles assessed were uninjured, and all comparisons were made between aged and young subjects. 

Some evidence also indicates that FAPs in aged 

muscle preserve a certain degree of adipogenic potential. 

For instance, in the mdx mouse model, aged muscle 

exhibits increased FAP adipogenic commitment, as 

indicated by elevated PPAR-γ expression and perilipin 

staining [13]. Nevertheless, whether this reflects an 

intrinsic property of aged FAPs remains unclear, as direct 

in vitro comparisons with young FAPs have not been 

performed. With aging, metabolic dysregulation often 

emerges, including elevated glucocorticoid levels and 

insulin resistance. Increased glucocorticoids promote the 

adipogenic differentiation of FAPs, partly through IL-4 

signaling [58]. Meanwhile, individuals with insulin 

resistance often exhibit hyperinsulinemia or require 

exogenous insulin to control blood glucose [59]. Insulin 

itself is a potent inducer and maintainer of adipogenic 

differentiation in FAPs, highlighting its critical role in 

modulating intramuscular fat accumulation [60]. Sex 
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hormones also appear to influence the adipogenic 

potential of FAPs during aging. Fearing et al. examined 

sex differences in fat accumulation after muscle injury 

during aging [61]. In males, adipocyte area peaked at day 

7 and then rapidly declined across all age groups [61]. In 

females, young mice showed a delayed but transient 

increase between days 7 and 14, whereas middle-aged and 

old mice maintained persistently elevated levels [61]. 

These findings suggest a potential role of sex hormones in 

modulating FAP behavior with age and align with 

observations that intramuscular fat infiltration becomes 

more pronounced after menopause [62] (Table 2). 

Beyond the factors discussed above, additional 

pathways such as Notch signaling, Hedgehog signaling, 

and PDGF-AA have also been implicated in regulating the 

adipogenic and fibrogenic potential of FAPs [8, 63]. 

However, their specific relevance to aging remains 

insufficiently defined in the current literature and is 

therefore not further elaborated here. 

 

5. Interaction Between Aged FAPs and Niche Cells 

 

FAPs reside within the interstitial compartment of skeletal 

muscle and serve as pivotal regulators of tissue 

homeostasis and regeneration. Their behavior is 

profoundly shaped by interactions with neighboring niche 

cells, including myofibers, MuSCs, immune cells, and 

ECM. Figure 2 illustrates how aged FAPs influence other 

cells within this niche. Revealing the aberrant intercellular 

communication of these cells during aging could open 

new avenues for intervening in degenerative muscle 

disorders and developing targeted regenerative therapies. 

Deciphering and modulating this biological dialogue may 

represent a pivotal strategy for combating age-related 

sarcopenia and promoting functional muscle regeneration. 

 

 
Figure 2. Regulation of niche cells by FAPs in aged muscle. In aged muscle, FAPs profoundly influence the behavior of surrounding 

niche cells. In MuSCs, FAPs increase ECM stiffness, thereby suppressing FAK-p38 MAPK signaling; diminish the secretion of WISP1 

and TnC, leading to reduced AKT and ANXA2 signaling; and enhance SMOC2 release, which activates ITGB-MAPK signaling. 

Collectively, these changes impair MuSC adhesion, migration, proliferation, self-renewal, and differentiation. In immune cells, FAPs 

diminish IL-33 release, thereby weakening ST2 signaling and limiting Treg recruitment; decreased Periostin and increased CCL2 

secretion further alter macrophage FAK-AKT signaling and polarization. In myofibers, reduced BMP3B derived from FAPs 

downregulates Smad and Akt signaling, promoting muscle atrophy; additionally, diminished BMP3B together with lower BDNF 

secretion impairs remyelination and compromises NMJ integrity. 

5.1 Interaction Between Aged FAPs and MuSCs 

 

Impaired muscle regeneration is a hallmark of aged 

muscle. MuSCs play a central role in muscle repair, 

remaining quiescent under homeostasis but rapidly 

activating in response to injury. With aging, MuSCs 

progressively acquire intrinsic defects that impair their 

ability to properly regulate FAP behavior. In vitro 

experiments using human samples have shown that 

conditioned medium from young MuSCs promotes FAP 

proliferation by activating the PI3K/AKT signaling 

pathway. This proliferative support is absent in aged 
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MuSCs [68]. Subsequent co-culture experiments 

demonstrated that young MuSCs inhibit FAP 

adipogenesis, whereas this suppressive capacity is lost in 

aged MuSCs [68]. When aged FAPs were co-cultured 

with young MuSCs, their adipogenic capacity was 

partially reduced, suggesting that MuSCs exert a 

regulatory influence on FAP differentiation [68]. 

Conversely, FAPs reciprocally affect MuSCs, 

impairing their function and contributing to the 

compromised muscle regeneration in aged muscle. FAPs 

transiently proliferate and secrete supportive factors, 

which stimulate MuSC activation, asymmetric division, 

and differentiation. Given their central role in regulating 

MuSC behavior, impairments in FAPs profoundly 

undermine the efficiency of muscle regeneration in aged 

muscle. FAPs are the principal source of ECM, which 

constitutes a highly organized and dynamic network 

within the stem cell niche [69]. Beyond maintaining the 

structural integrity of skeletal muscle, the ECM provides 

a biophysical environment with appropriate stiffness, 

mechanical cues and biochemical signals to support 

MuSC maintenance and activity. In aged fibroblasts, 

exposure to a stiffened microenvironment drives the 

activation and subsequent increased nuclear translocation 

of the mechano-transductive transcriptional regulators 

YAP/TAZ [38]. This shift contributes to pathogenic ECM 

remodeling and an overall increase in muscle stiffness 

observed with aging [38]. Consequently, these age-related 

ECM alterations directly impair MuSC function, leading 

to diminished myogenic potential and compromised 

muscle regeneration [38, 70]. Lukjanenko et al. 

demonstrated that fibronectin, a preferred adhesion 

substrate for MuSCs, is markedly reduced in the aged 

skeletal muscle niche. Impaired MuSC adhesion in aged 

mice leads to dysregulated integrin signaling, mediated 

through focal adhesion kinase (FAK) and p38 MAPK 

pathways [70]. Moreover, in young muscle, FAPs secrete 

WISP1, a secreted matricellular protein that activates 

AKT signaling in MuSCs and is essential for their 

asymmetric division and efficient muscle repair. With 

aging, FAPs undergo a shift in their secretory profile 

characterized by reduced WISP1 expression. This loss of 

WISP1-mediated paracrine support is directly associated 

with diminished MuSC function and impaired 

regenerative capacity [22]. FAPs are also the principal 

cellular source of the ECM glycoprotein Tenascin-C 

(TnC) during muscle repair. MuSCs perceive TnC signals 

via the surface receptor Annexin A2. Mice lacking TnC 

exhibit defective regeneration, providing a mechanistic 

link between age-related decline in TnC expression and 

impaired regenerative capacity of aging muscle [71]. 

Additionally, studies showed that SPARC-related 

modular calcium-binding protein 2 (SMOC2) is one of the 

most significantly altered proteins in aging muscle. 

SMOC2 progressively accumulates within the muscle 

niche [72]. It is mainly expressed and secreted by FAPs, 

and its elevated levels aberrantly activate MAPK/ERK1/2 

signaling in MuSCs via integrin β1 (Itgb1), resulting in 

impaired MuSC function [72].  

 

5.2 Interaction Between Aged FAPs and Immune 

Cells 

 

Early activation of the immune system is essential for the 

timely clearance of necrotic cellular debris and for 

establishing a permissive microenvironment that supports 

muscle repair. During regeneration, immune cells and 

FAPs engage in tightly coordinated bidirectional 

communication, in which immune-derived cytokines 

regulate FAP proliferation and differentiation. In a study 

using the mdx mouse model, Giuliani et al. demonstrated 

that the adipogenic differentiation of FAPs can be 

suppressed by leukocytes from young mice. As age 

progresses, however, this inhibitory effect becomes less 

effective, leading to the enhanced differentiation of a 

highly adipogenic SCA1high-FAP subpopulation [13]. In 

aged mice, Metrnl levels decline sharply following 

muscle injury [73]. Metrnl, which is predominantly 

secreted by bone marrow-derived immune cells, 

particularly macrophages [73], reprograms aged 

macrophages to secrete increased levels of TNFα. This 

TNFα then directly delivers pro-apoptotic signals to 

FAPs, thereby mitigating muscle fibrosis [73]. Different 

macrophage subsets regulate FAPs through distinct 

mechanisms. The proportion of SPP1⁺ macrophages is 

markedly increased in the muscles of aged mice compared 

with young counterparts [74, 75]. These macrophages 

secrete SPP1, which binds to the receptor CD44 on FAPs 

and subsequently promotes FAP-mediated muscle 

fibrosis [76, 77]. In addition, studies have shown that in 

young mice, CD206⁺ M2 macrophages account for 

approximately 79% of total macrophages in muscle, 

whereas this proportion rises to about 94% in aged muscle 

[78]. Excessive accumulation of CD206⁺ macrophages, 

however, may be detrimental to muscle regeneration, as 

they inhibit follistatin secretion from FAPs via TGF-β 

signaling, thereby disrupting the pro-regenerative muscle 

niche [79]. 

Meanwhile, FAP-secreted factors modulate immune 

cell recruitment, polarization, and resolution of 

inflammation [4, 80, 81]. At the very early stage (6-12 

hours) following injury, FAPs secrete substantial amounts 

of IL-33, which supports the recruitment, proliferation, 

and retention of regulatory T (Treg) cells. However, IL-

33 expression in FAPs is markedly decreased in aged 

mice, resulting in reduced recruitment and impaired 

function of Treg cells in injured aged muscle [82]. Further 

studies have shown that following muscle injury, FAPs 
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secrete exosomes containing miR-125b-5p, which 

enhance the ability of macrophages to support MuSC 

activation [83]. Nevertheless, the level of miR-125b-5p is 

significantly reduced in aged muscle [84], although it 

remains unclear whether this decline is directly 

attributable to FAPs. Another study employing 

intercellular communication analysis of scRNA-seq data 

from aged muscle demonstrated that senescent FAPs 

constitute the primary source of CCL signaling, with 

macrophages serving as the main recipients [40]. 

Senescent FAPs were markedly enriched in CCL2, which 

strongly promoted macrophage migration and drove their 

polarization toward an M2 phenotype [40]. Besides, FAPs 

influence macrophages through the secretion of ECM 

proteins. The FAP-secreted protein Periostin (POSTN) 

has been identified as a critical niche factor that decreases 

in both aged muscle and in the circulation of older 

individuals with low physical activity [23]. Its reduction 

impairs the activation of FAK and AKT signaling in 

macrophages via integrins, thereby delaying the transition 

from pro- to anti-inflammatory macrophages during 

regeneration [23]. As a result, the FAP-mediated 

immunomodulation required for establishing a pro-

regenerative environment is attenuated [23]. 

Despite the detrimental effects typically associated 

with aging, muscle from healthy elderly individuals has 

been reported to retain FAP-immune cell interactions 

similar to those observed in young muscle. A study 

employing single-cell and spatial transcriptomics on 

human muscle biopsies demonstrated that FAPs secrete 

the complement component C3, which promoting the 

recruitment of pro-inflammatory monocytes and 

macrophages to injury sites and supports local phagocytic 

activity [80]. 

 

5.3 Interaction Between Aged FAPs and Other Cells 

 

Myofibers are the primary source of fibroblast growth 

factor 2 (FGF2), and its secretion is markedly elevated 

during muscle aging [85]. In aged muscle, FAPs respond 

to elevated FGF2 signaling, which activates the 

MAPK/ERK pathway and increases phosphorylated 

FRA-1 levels [86]. This cascade upregulates miR-29a 

expression, which in turn suppresses SPARC and 

promotes the adipogenic differentiation of FAPs, 

ultimately leading to intramuscular adipose tissue (IMAT) 

accumulation [86]. 

FAPs also influence the function of myofibers and 

neural cells. BMP3B is specifically expressed in 

mesenchymal progenitor cells, and its expression declines 

markedly during aging or adipogenic differentiation [17]. 

Functionally, BMP3B acts directly on differentiated 

myofibers to activate the SMAD1/5/8 and AKT signaling 

pathways, thereby sustaining muscle hypertrophy [17]. In 

addition, BMP3B secreted by FAPs stabilizes 

neuromuscular junctions (NMJs) and supports Schwann 

cell function by promoting their myelination program, 

thus contributing to the preservation of neural 

components within skeletal muscle [17]. Yoo et al. 

identified a subset of FAPs expressing the GDNF 

receptors RET and GFRA1, which enables them to sense 

glial cell line-derived neurotrophic factor (GDNF) 

secreted by Schwann cells in response to peripheral nerve 

injury [87]. Upon GDNF sensing, these FAPs become 

activated and upregulate brain-derived neurotrophic 

factor (BDNF), which facilitates Schwann cell 

remyelination during nerve regeneration. In aged mice, 

GDNF levels in muscle decrease [88], and BDNF 

induction in FAPs after nerve injury is markedly 

attenuated [87]. 

 

6. Roles of FAPs in Acute Muscle Injury During 

Aging 

 

Acute insults resulting from falls, contusions, fractures, or 

surgical interventions are common in the elderly 

population. Following injury, some studies reported that 

FAPs in aged muscle exhibit greater proliferative activity 

than those in young muscle [23]. At the same time, the 

clearance of FAPs after injury is markedly impaired in 

aged muscle [73, 89]. These factors may collectively 

contribute to sustained FAP activation, making them key 

drivers of fibrosis and adipose accumulation in the aged 

muscle environment. Clinically, common examples 

include muscle injury, fatty infiltration and fibrosis 

following reconstructive surgeries, such as total hip 

arthroplasties [90-92]. Compared with other muscle 

groups, FAPs in rotator cuff muscles have been reported 

to exhibit a significantly higher proliferative and 

adipogenic capacity  [18]. Single-nucleus RNA 

sequencing of muscle biopsies from patients undergoing 

total hip arthroplasty revealed a substantial population of 

MME⁺ FAPs [93], a subpopulation characterized by 

strong adipogenic potential. The number of MME⁺ FAPs 

decreases as they differentiate into adipocytes [93]. In 

aged muscle, a reduction in MME⁺ FAPs has been 

observed [16], suggesting that the aging environment may 

facilitate the adipogenic differentiation of this cell 

population. Similar findings have been observed in mice 

studies, where ex vivo analyses show that MME⁺ FAPs 

retain a higher adipogenic potential than MME⁻ FAPs  

[93]. Rotator cuff injuries are prevalent among individuals 

over 60 years of age. Analyses of human rotator cuff tear 

samples indicate that advancing age is independently 

associated with increased FAP abundance, accompanied 

by enhanced adipogenic and fibrogenic differentiation 

[94]. In a mouse model of chronic rotator cuff injury, aged 

mice exhibit increased FAP accumulation, elevated 
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collagen I/III synthesis, and increased adipose deposition 

[89]. FAPs in skeletal muscle also play an active role in 

bone fracture repair. Distinct FAP subpopulations, 

including PRX1⁺ FAPs and PRG4⁺ FAPs, have been 

identified as crucial players in this process [95, 96]. 

Following fracture, these FAPs migrate from adjacent 

skeletal muscle to the fracture site, where they 

differentiate into chondrocytes, osteoblasts, and 

osteocytes. However, under polytrauma conditions, Prx1⁺ 

mesenchymal progenitors undergo fibrogenic 

transcriptional reprogramming, resulting in callus-

associated fibrosis [95]. Currently, the influence of FAPs 

on bone fracture repair in the context of aging remains 

poorly understood. Given that the elderly population is 

particularly susceptible to falls and fractures, elucidating 

the mechanisms by which FAPs contribute to bone repair 

or impaired healing may offer novel therapeutic insights. 

 

7. Therapeutic Targeting of FAPs in Skeletal Muscle 

Aging and Associated Disorders 

 

FAPs represent a central cellular hub in the aged skeletal 

muscle niche, integrating mechanical, biochemical, and 

immunological cues that determine the outcome of repair 

processes. Their dysregulation is a key driver of muscle 

degeneration in aging, making FAPs an attractive 

therapeutic target for mitigating muscle aging and related 

disorders. Research in this field remains at an early stage, 

with current efforts primarily focused on regulating FAP 

adipogenesis and fibrogenesis. Few studies have directly 

examined these mechanisms in the context of aging. In 

this review, we summarize existing therapeutic 

approaches and pharmacological agents known to 

modulate FAPs, with several key interventions 

highlighted in Figure 3. 

 
Figure 3. Therapeutic approaches for alleviating the adverse roles of FAPs. Exercise stimulates myofibers to secrete 

Musclin, which modulates FILIP1L expression via AKT-FOXsO3a signaling. FILIP1L, in turn, restricts FAP expansion by 

suppressing proliferation and inducing apoptosis, while also facilitating β-catenin degradation and enhancing the clearance of 

apoptotic FAPs. Metformin attenuates the adipogenic and fibrogenic differentiation, as well as the proliferative capacity of 

FAPs under pathological conditions, potentially by elevating cellular AMPK levels through inhibition of mitochondrial 

complex I. Vitamin A derivative retinoic acid and vitamin D can inhibit FAP adipogenesis by suppressing the master regulators 

of adipogenic differentiation, PPARγ and C/EBPα. Recombinant METRNL (rMetrnl) induces macrophages to secrete TNFα, 

which counteracts the pro-fibrotic gene program by promoting TNFα-mediated apoptosis of FAPs. Nilotinib and TGF-β 

inhibitors (e.g. SB431542) block TGF-β signaling, thereby inhibiting downstream p38 kinase and NF-κB activation, which 

functions to suppress TNF-induced apoptosis. 
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Exercise therapy is one of the most practical and 

accessible interventions for improving muscle mass and 

function. In a rat model using a climbing apparatus, 

resistance training markedly reduced the number of 

senescent cells (predominantly FAPs) in the muscle of 

aged rats, which was concomitant with an attenuation of 

muscle atrophy [11]. A recent study partially elucidated 

how exercise alleviates interstitial deposition. Exercise 

markedly increases Musclin levels in skeletal muscle, 

which is secreted into the extracellular space and acts on 

FAPs [97]. This process regulates the AKT/FOXO3a 

pathway in FAPs, leading to upregulation of FILIP1L 

[97]. FILIP1L suppresses FAP proliferation and induces 

apoptosis, while simultaneously promoting the 

degradation of β-catenin by activating phosphorylation 

and downregulating its downstream target CD47. These 

effects facilitate macrophage-mediated clearance of 

apoptotic FAPs [97]. However, short-term exercise 

appears to be insufficient to reduce intramuscular fat [98]. 

Progressive loss of motor function in the elderly often 

results in disuse-induced muscle atrophy. Even as little as 

three days of severe physical inactivity has been shown to 

be associated with increased intermuscular fat 

accumulation and heightened FAP signaling [99]. 

Consequently, the development of targeted 

pharmacological interventions is warranted. In an 

immobilization model, the number of FAPs progressively 

increased with the development of muscle atrophy across 

all age groups [100]. During this process, both IL-33 and 

its receptor ST2 were induced in FAPs, but this induction 

was markedly attenuated in aged mice [100]. 

Administration of recombinant IL-33 in aged mice 

attenuated immobilization-induced muscle atrophy, 

which was accompanied by nuclear translocation of NF-

κB in FAPs. In contract, no such improvement in muscle 

atrophy was observed in younger mice [100].  

Several pharmacological agents are currently under 

development and evaluation for their effects on FAPs. 

Metformin is a well-recognized geroprotective agent, 

with skeletal muscle emerging as one of the tissues most 

responsive to its beneficial effects [101]. In older adults, 

metformin treatment significantly reduced the number of 

senescence FAPs after both bed rest and recovery, 

accompanied by a decrease in α-SMA-positive cells  

[102]. Mechanistically, metformin inhibits mitochondrial 

complex I, thereby altering the AMP/ATP ratio and 

activating AMPK. This activation promotes fatty acid 

oxidation, improves insulin sensitivity, and suppresses 

inflammatory responses. In studies on obesity, a three-

month metformin regimen not only abrogated the 

adipogenic potential of CD90⁺ FAPs, but also reduced 

their abundance and alleviated muscle fibrosis [20]. 

Additional evidence suggests that metformin enhances 

mTOR/ULK1-mediated autophagy in FAPs, thereby 

attenuating intramuscular fat infiltration [103]. GIP 

promotes the adipogenic differentiation of FAPs, whereas 

aged GIP-knockout mice maintain healthier muscle with 

reduced intermuscular fat infiltration [104]. Antagonism 

of the GIP receptor suppresses intramuscular adipose 

tissue accumulation and enhances muscle regeneration in 

young mice, although its efficacy in aged mice remains to 

be evaluated [104].  

Considering the limited studies specifically 

addressing therapeutic strategies for age-related fibro-

adipogenic degeneration, findings derived from non-

aging disease models remain valuable insights. TGF-β 

and TNF play pivotal roles in maintaining the balance 

between fibrogenic activation and apoptosis of FAPs. In a 

mouse model of massive rotator cuff tear, blockade of 

TGF-β signaling with inhibitors such as SB431542 

promote apoptosis of FAPs and markedly attenuate 

maladaptive deposition following muscle damage [105]. 

In a mdx mouse model, Nilotinib, a kinase inhibitor with 

proposed anti-fibrotic activity, reduces muscle fibrosis 

following chronic injury by inhibiting TGF-β signaling 

and promoting TNF-mediated apoptosis of FAPs [7]. 

Notably, this mechanism appears to be effective in aged 

muscle, as studies have shown that intramuscular 

administration of recombinant METRNL peptide 

suppress fibrosis and enhance muscle regeneration during 

aging by inducing TNFα-mediated apoptosis of FAPs 

[73]. Moreover, ex vivo experiments using FAPs isolated 

from the mdx mouse model demonstrated that the GSK3 

inhibitor LY2090314 stabilizes β-catenin and represses 

PPARγ expression, thereby abrogating the adipogenic 

differentiation of FAPs [52]. The obese mouse model is 

another useful system for studying FAP-related 

adipogenesis. In a high-fat diet-induced obesity model, 

the vitamin A derivative retinoic acid has been shown to 

suppress both adipogenic and fibrogenic differentiation of 

FAPs through nuclear receptor-dependent and -

independent mechanisms, respectively [106]. Vitamin D 

also influences FAP behavior, and its decline with age 

may contribute to the increased intermuscular adipose 

tissue deposition observed in the elderly. In wild-type 

models, vitamin D nearly completely inhibited 

adipogenesis of FAPs via Runx1-mediated repression of 

adipogenic regulators [107]. By contrast, FAPs from 

vitamin D receptor (VDR)-deficient mouse model 

retained adipogenic potential despite vitamin D exposure, 

indicating that the anti-adipogenic effect of vitamin D is 

VDR-dependent [107]. 

However, under aging conditions, pharmacological 

agents that effectively modulate FAPs in young muscle 

often lose their efficacy. For instance, in DMD mouse 

models, FAPs at late disease stages display heightened 

HDAC activity, which constrains the effectiveness of 

HDAC inhibitors (HDACi) in regulating cell cycle genes 
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and glycolytic pathways [108]. This observation aligns 

with findings that HDACi markedly enhance muscle 

regeneration in young mdx mice but provide minimal 

benefit in older animals [109]. Amibegron, a β3-

adrenergic receptor agonist that induces UCP-1 

expression in FAPs, exerts therapeutic effects in chronic 

rotator cuff tears. Yet, in vitro and in vivo studies indicate 

that aged FAPs exhibit reduced responsiveness to 

amibegron, and delayed treatment fails to improve muscle 

atrophy or functional outcomes [110]. Collectively, these 

findings highlight an urgent need to develop new 

therapeutic strategies capable of overcoming the age-

associated resistance of FAPs to pharmacological 

modulation. 

 

8. Conclusion and Future Directions 

 

Getting older is inevitable, but mitigating the progressive 

decline in muscle degeneration is critical for extending 

healthy lifespan. FAPs occupy a dual role as both 

facilitators of muscle regeneration and drivers of 

pathological remodeling. Elucidating the mechanisms 

underlying age-related alterations in FAP behavior is 

therefore essential for identifying therapeutic targets. In 

this review, we have summarized age-associated changes 

in the muscle stromal environment, the quantitative and 

functional alterations in FAPs, and their contribution to 

fibrotic and adipogenic remodeling. We also discussed 

emerging therapeutic approaches aimed at ameliorating 

muscle fibrosis and fat infiltration by modulating FAP 

activity. 

Despite these advances, our understanding of age-

related FAP biology remains incomplete. Most 

mechanistic insights are still derived from non-aged 

pathological models. Several critical questions require 

further investigation. The cues from other cell types that 

shape FAP behavior in aged muscle remain to be clarified. 

While changes in myofiber-derived FGF2 [86] and 

macrophage-secreted Metrnl [73] have been implicated, 

the principal regulators are yet to be defined. Besides, 

although aged FAPs display a trend toward fibrogenic 

differentiation, the origin of adipose infiltration in aging 

muscle is poorly understood. It is currently unclear 

whether this accumulation is a progressive feature of the 

aging trajectory or if it is triggered by acute events, such 

as injury. Aging is frequently accompanied by metabolic 

dysregulation, yet the metabolic alterations within FAPs 

in aged muscle remain largely unexplored. Moreover, the 

effects of FAP-derived metabolites on the surrounding 

microenvironment remain poorly understood. While some 

studies have examined FAP heterogeneity, it is still 

unclear whether the adipose and fibrotic deposition 

observed during aging arises from the entire FAP 

population or is driven by specific subpopulations. 

Additionally, conflicting findings from several high-

quality studies [16, 22, 25] make it uncertain whether FAP 

abundance in aged muscle increases, decreases, or varies 

depending on yet-to-be-identified factors. Importantly, 

whether these quantitative differences translate into 

distinct outcomes in muscle regeneration and repair 

warrants further investigation. 

In the future perspective, elucidating the molecular 

and cellular determinants of FAP dysfunction in aging 

muscle will not only refine our biological understanding 

but also pave the way for targeted therapeutic strategies. 

Interventions capable of restoring regenerative potential 

while limiting fat and fibrosis infiltration hold 

considerable promise for combating sarcopenia and other 

muscle degenerative disorders. 
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