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Integrative cross-species analysis 
reveals conserved and unique 
signatures in fatty skeletal muscles
Liyi Wang  1,2,3, Yanbing Zhou  1,2,3, Yizhen Wang1,2,3 & Tizhong Shan  1,2,3 ✉

Fat infiltration in skeletal muscle is now recognized as a standard feature of aging and is directly 
related to the decline in muscle function. However, there is still a limited systematic integration and 
exploration of the mechanisms underlying the occurrence of myosteatosis in aging across species. Here, 
we re-analyzed bulk RNA-seq datasets to investigate the association between fat infiltration in skeletal 
muscle and aging. Our integrated analysis of single-nucleus transcriptomics in aged humans and 
Laiwu pigs with high intramuscular fat content, identified species-preference subclusters and revealed 
core gene programs associated with myosteatosis. Furthermore, we found that fibro/adipogenic 
progenitors (FAPs) had potential capacity of differentiating into PDE4D+/PDE7B+ preadipocytes 
across species. Additionally, cell-cell communication analysis revealed that FAPs may be associated 
with other adipogenic potential clusters via the COL4A2 and COL6A3 pathways. Our study elucidates 
the correlation mechanism between aging and fat infiltration in skeletal muscle, and these consensus 
signatures in both humans and pigs may contribute to increasing reproducibility and reliability in future 
studies involving in the field of muscle research.

Introduction
Skeletal muscle is one of the largest organs in the human body, accounting for approximately 40% of total body 
mass and playing an important role in locomotion, glucose and lipid homeostasis. Myogenesis in skeletal muscle 
involves several biological processes including activation of resident myogenic precursor satellite cells (SCs), 
proliferation and differentiation of the myoblast, fusion of myocytes, and finally maturation of myofibers1. This 
process is regulated by many myogenic transcription factors such as paired box 7 (Pax7), myogenic differen-
tiation (MyoD), myogenic factor 5 (Myf5), and myogenin (MyoG)2. The homeostatic maintenance of skeletal 
muscle is also regulated by the niche compartment, comprising various cell types, such as SCs, endothelial cells 
(ECs), smooth muscle cells, fibro/adipogenic progenitors (FAPs), tenocytes, and immune cells3–5. Fat infiltra-
tion in skeletal muscle (intramuscular fat (IMF) deposition, also known as myosteatosis) is the pathologic fat 
accumulation in skeletal muscle with poor metabolic and musculoskeletal health, which is now considered a 
distinct disease from sarcopenia6,7. However, in animal production, IMF deposition is positively associated with 
meat quality, including meat color, tenderness, and juiciness. The increasing risk of muscular dysfunction and 
metabolic disorders consistently accompanies myosteatosis, encompassing conditions such as aging, sarcopenia, 
diabetes, and obesity8,9. Hence, an in-depth understanding of the occurrence mechanism underlying fat infiltra-
tion in skeletal muscle is of scientific and clinical importance.

Fat infiltration in skeletal muscle is regulated by many triggering factors, including aging, diseases, mus-
cle injury, disuse and inactivity, which is modulated by many regulators, genes and signaling pathways10,11. 
Age-related decline, also known as “sarcopenia”, entails reduced mass and strength of skeletal muscle, signifi-
cantly contributing to age-related metabolic dysfunction, comorbidities, and premature death12. Myosteatosis 
is also recognized as a standard feature of aging that is associated with diminished muscle strength, altered 
muscle architecture, impaired muscle contraction, and reduced muscle capacity13,14. It has been observed that fat 
infiltration occurs in the skeletal muscles of elderly individuals and aged animals15–17. However, the functional 
changes of multinucleated muscle cells during skeletal muscle aging and the transcriptomic programs of fat 
infiltration in skeletal muscle remain largely unknown.
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In skeletal muscle, mesenchymal stem cells (MSCs) play a role in IMF formation and PDGFRα+ mesenchy-
mal progenitors, distinct from SCs, have been identified as capable of forming ectopic fat cells18. FAPs, which 
mainly express platelet-derived growth factor receptor α (PDGFRα)+ cells, can proliferate and differentiate 
into adipose and/or fibrous tissue after damage in skeletal muscle19,20. Historically, FAPs are the main source of 
IMF21,22 and recent studies have found that MME+ FAPs are highly adipogenic and are reduced in fatty infil-
trated human muscle23. However, there are other skeletal muscle resident cells that contribute to IMF formation 
in pathological conditions. Fibroblasts, side population cells (SPs, also called myoendothelial cells), pericytes 
and mesoangioblasts, and PW1+/Pax7− interstitial cells (PICs) also contribute to the fat deposition and accumu-
lation in the damaged and inflamed skeletal muscle24. Moreover, several factors have been reported to activate 
the transdifferentiation potential of SCs into adipocytes in skeletal muscle, such as genes, nutrients, age, regen-
eration and oxidative stress25. Specially, a recent study found that a subpopulation of myeloid-derived cells may 
induce fat infiltration in skeletal muscle26. With the rapid development of high-throughput sequencing technol-
ogy, single-nucleus RNA-seq (snRNA-seq) can now be used for profiling the transcriptomes of mature muscle 
cells such as myotubes or myofiber at the whole cell or nucleus level. Recently, Perez et al. found many cell types 
including MSCs, FAPs, and ECs were identified in vastus lateralis of old people by using snRNA-seq27. Similarly, 
in animals, Jing et al. identified adipocyte clusters and MSCs, FAPs, ECs, and pericytes in the aged muscle of 
monkeys28. In mice, adipocyte clusters can also be found in 24-month tibialis anterior5. The pig has become an 
increasingly utilized animal model for biomedical research involving humans and human diseases due to its 
physiological structure, which is similar to that of humans29,30. Laiwu pig is an excellent Chinese local pig spe-
cies known for its high IMF content. Our previous study has demonstrated the heterogeneity of fat deposition 
in multinucleated skeletal myofibers in pigs31. Hence, Laiwu pigs can be used as an alternative animal model to 
study the transcriptomic dynamics of the association between fat deposition in muscle and aging. However, the 
differences between aged and high IMF content muscle have rarely been investigated.

In this study, we performed a comprehensive integrated analysis of publicly available expression profiles 
of aged human and Laiwu pigs with high IMF content. Our investigation aimed to elucidate the relationship 
between myosteatosis and aging using public RNA-seq datasets. We compared the myonuclear heterogeneity 
and transcriptomic profiles in skeletal muscle across species and identified core gene programs. Moreover, we 
unveiled conserved and differential genes associated with myosteatosis between different species. Our findings 
will provide novel insights into understanding the cytological and molecular mechanism of fat infiltration in 
skeletal muscle. This understanding may prove crucial for the treatment of muscle-related diseases and for bol-
stering the utilization of pigs as animal models in biomedical research, particularly in studies of human diseases.

Results
Aging is accompanied by fat infiltration in skeletal muscle. To explore the associations between 
aging and fat infiltration in skeletal muscle across species, we first re-analyzed published RNA-seq and proteomics 
datasets about aged human muscle32. These results showed the aging marker genes (VIM and AGT as reported 
previously33) were significantly increased in old human muscle, while adipogenic genes (ADIPOQ, FABP4, 
PPARG, CPT1A and SCD) also significantly upregulated (Fig. 1a). Correlation analysis identified that the pro-
tein expression of ADIPOQ, PLIN1, and FABP4 and the gene expression of ADIPOQ, PPARG, and FABP4 were 
positively related to age34 (Fig. 1b). Similarly, another RNA-seq datasets focusing on aged male muscles also 
showed the significant regulation of aging marker genes (VIM, CX3CL1, and GPNMB) and adipogenic genes 
(ADIPOQ, FABP4, and SCD) (Fig. 1c). In GLY-injected mouse model that recapitulates fat infiltration in skeletal 
muscle26, the increased expression of adipogenic genes (ADIPOQ, FABP4, PPARG, CPT1A and SCD) consistently 
accompanied the elevation of aging marker genes (VIM, CX3CL1, GPNMB, ACHY, PLAU, FOXO3, and ADNY) 
(Fig. 1d). Interestingly, based on previous study31, we also observed an increased tendency in the expression of 
aging marker genes in high IMF content pigs (Fig. 1e). These results indicate greater similarities in associations 
between aging and fat infiltration in skeletal muscle among larger mammals.

snRNA-seq identified distinct cell populations in aged human and high iMF content pig mus-
cles. To investigate the cell dynamics of aged muscle and further explore the specific association between 
aging and fat infiltration in skeletal muscle at the cytological level, we re-analyzed published snRNA-seq datasets 
about aged human and high IMF content pig muscles27,31 (Fig. 2a). Cell Ranger analyses showed the estimated 
number of cells, fraction of reads in cells, mean reads per cell, median genes per cell, and median UMI counts 
per cell in this study (Supplementary Fig. 1b). Using the Seurat package (v3.1.1), aggregated and normalized 
snRNA-seq data were then subjected to clustering to identify the cell types, as shown in Uniform Manifold 
Approximation and Projection (UMAP) plots (Fig. 2b). Based on the expression of lineage specific markers as 
previously reported4,5, we identified 6 different clusters of nuclei, including myofibers (TTN), FAPs/fibroblasts 
(PDGFRA), ECs (PECAM1), immune cells (PTPRC), muscle satellite cells (MuSCs) (PAX7), and pericytes 
(PDGFRB) in human muscles (Fig. 2c). In pigs, we found other 2 specific clusters of nuclei, including adipocytes 
(ADIPOQ) and myeloid derived cells (MRC1) (Fig. 2c). Next, we analyzed the difference in cell populations in 
different species. Compared with the aged human, the high IMF content pig muscles had two specific clusters: 
adipocytes nuclei (2.39%) and myeloid derived cells (1.42%) (Fig. 2d). The heatmap showed the top 10 most vari-
ably expressed genes and the top three KEGG enrichment for marker genes between the 9 cell clusters in different 
species (Fig. 2e). These results suggested that cell populations had significant differences between aged human 
and high IMF content pig muscles.

inter-species comparison identified core gene program in skeletal muscle. To determine the dif-
ference in fat infiltration in skeletal muscle of different species, we examined the expression of adipogenesis- and 
lipid metabolism-related genes. As shown in Fig. 3a, pre-adipocytes related genes (PDGFRA35 and CD3436) were 
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expressed in FAPs/Fibroblasts and ECs cell types. The expression of mature adipocyte marker genes (ADIPOQ, 
PLIN1, and LIPE) and adipogenic master genes (PPARG, and CEBPA) was enriched in ECs cell types, and lipid 
metabolism-related genes (FASN, LPL, and SCD) were expressed in ECs and pericytes cell types in aged human 
muscles. In pigs, we found that the expression of pre-adipocytes related genes (PDGFRA and CD34) was also 
enriched in FAPs/Fibroblasts and ECs cell types, while mature adipocyte marker genes (ADIPOQ, PLIN1, and LIPE)  
and adipogenic master genes (PPARG, and CEBPA) were expressed in adipocytes cell types, and lipid 
metabolism-related genes (FASN, LPL, and SCD) were expressed in ECs and myeloid derived cells (Fig. 3b). 

Fig. 1 The association between fat infiltration and aging across different species. (a) Heatmap of select aging 
marker genes and adipogenic genes in young and aged human muscles. *P < 0.05, **P < 0.01, ***P < 0.001, 
two-tailed Student’s t-test. n = 10 for each group. (b) Log2 protein abundance of select adipogenic proteins 
(ADPIOQ, PLIN1, and FABP4) and TPM value of select adipogenic genes (ADPIOQ, PPARG, and FABP4) 
in young and aged human muscles. Simple linear regression was shown for age (x axis) and protein or genes 
(y axis) correlation, unadjusted p-values by two-tailed test and r squared were shown. n = 58 for protein 
abundance and n = 20 for mRNA expression. (c) Heatmap of select aging marker genes and adipogenic genes 
in young and aged human muscles. *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed Student’s t-test. n = 4 for 
each group. (d) Heatmap of select aging marker genes and adipogenic genes in control and GLY-injected 
mouse muscles. *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed Student’s t-test. n = 4 for each group. (e) 
Heatmap of select aging marker genes and adipogenic genes in low IMF content and high IMF content pig 
muscles. *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed Student’s t-test. n = 4 for each group. Reprinted from34 
Copyright 2024, Elsevier; under the Creative Commons CC BY License.
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Additionally, we summarized the representative genes conserved in different species, with species-specificity for 
myofibers, FAPs/Fibroblasts, MuSCs, and pericytes in the top 15 expressed genes (Fig. 3c). There were 4, 2, 3 and 
3 conserved genes existed in all species in myofibers (MYBPC1, TRDN, ACTN2, and NRAP), FAPs/Fibroblasts 
(NOVA1 and COL6A3), MuSCs (PAX7, CLCN5, and HMCN2) and pericytes (DLC1, CALD1, and MYO1B), 
respectively (Fig. 3c). The network plot showed the interaction among these conserved genes in aged human and 
high IMF content pig muscles (Fig. 3d,e). Together, these data revealed the conserved cell populations and genes 
of fat infiltration in skeletal muscle across species.

Fig. 2 SnRNA-seq identifies distinct cell populations of aged human and high IMF content pig muscles. (a) Scheme 
of the experimental design for snRNA-seq on different muscle nuclei. (b) UMAP visualization of all of the isolated 
single nuclei from aged human and high IMF content pig muscles colored by cluster identity. (c) UMAP and violin 
plot displaying the expression of selected marker genes for each cluster in different species. (d) Nuclear proportion 
in each cluster in aged human and high IMF content pig muscles. Each cluster is color-coded. (e) Left, heatmap 
showing the top 10 most DEGs by bimod difference analysis algorithm (P-Value < 0.01, Log2FC ≥ 0.26) between 
cell types identified. Right, KEGG enrichment for marker genes of each cell type in different species. Each lane 
represents a subcluster.
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Clustering analysis identified subpopulations and transcriptional dynamics of myofibers. To 
identify the heterogeneity of myofiber cell type, we performed a subcluster analysis and explored the heterogene-
ity of myofiber nuclei. UMAP plots showed the distribution in different subclusters of myofiber nuclei (Fig. 4a). 

Fig. 3 Inter-species comparison identifies core gene program of fat infiltration in skeletal muscle. (a) Dotplot 
showing the expression of preadipocyte-related genes, mature adipocyte marker genes, adipogenic master 
genes, and lipid metabolism-related genes in aged human muscles. (b) Dotplot showing the expression of 
preadipocyte-related genes, mature adipocyte marker genes, adipogenic master genes, and lipid metabolism-
related genes in high IMF content pig muscles. (c) Conserved and species-specific genes of top 15 expressed 
genes in different cell clusters. The conserved genes among all species were marked in the left center of circles 
with different colors showing each cell types. Species-specific genes were located at the right rectangles with 
different colors showing each species. (d) The association between conserved genes in aged human muscles.  
(e) The association between conserved genes in high IMF content pig muscles.
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We characterized 5 and 6 subclusters in myofiber nuclei of humans and pigs according to common signature 
genes combined with the distribution in UMAP plot, respectively, including type I myonuclei (MYH7), type IIa 
myonuclei (MYH2), type IIx myonuclei (MYH1), type IIb myonuclei (MYH4), neuromuscular junction (NMJ, 
ABLIM2)37 and myotendinous junctions (MTJ, ANKRD1)5 (Fig. 4b and Supplementary Fig. 2a,b). In the propor-
tion of these subclusters, we found that in aged human muscles, the percentage of type I myonuclei was higher 
than high IMF content pig muscles (42.82% vs. 19.14%) while the percentage of type IIb myonuclei was lower 
(0.75% vs. 17.14%) (Fig. 4c). As shown in Fig. 4d, the volcano plot showed the top 10 most differently expressed 

Fig. 4 Clustering and transcriptional dynamics of myofibers nuclei in different species. (a) UMAP plot showing 
six subclusters of the isolated single nuclei from aged human and high IMF content pig muscles. (b) UMAP and 
violin plot displaying the expression of selected marker genes for each subcluster of myofibers nuclei. (c) Nuclei 
proportion in each subcluster in different species. Each cluster is color-coded. (d) Volcano plot representing 
the top 10 most DEGs by bimod difference analysis algorithm (P-Value < 0.01, Log2FC ≥ 0.26) between cell 
subclusters identified and KEGG enrichment for marker genes of each cell type in different species. I, type I 
myonuclei; IIA, type IIa myonuclei; IIX, type IIx myonuclei; Type IIB, type IIb myonuclei; MTJ, myotendinous 
junction nuclei; NMJ, neuromuscular junction nuclei.
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genes (DEGs) between the cell subclusters. We found that MYH7, MYH2, and MYH1 were significantly expressed 
in type I myonuclei, type IIa myonuclei, and type IIx myonuclei in aged human muscles, while MYH2, MYH4, 
and ANKRD1 were significantly expressed in type IIa myonuclei, type IIX myonuclei, and MTJ myonuclei in 
high IMF content pig muscles (Fig. 4d). Besides, functional enrichment analyses using KEGG pathways revealed 
a significant enrichment of the signalling pathways in different species (Fig. 4d). These data demonstrated the 
significant heterogeneity in myofiber nuclei in aged human and high IMF content pig muscles.

Characterization of FAPs across species through clustering and pseudotime analysis. To inves-
tigate the cellular origin of fat infiltration in skeletal muscle, we then analysed pre-adipocyte nuclei. Our previous 
studies have shown that FAPs have the capacity to differentiate into IMF cells31. Therefore, we applied subcluster 
and pseudotime analysis on FAPs/fibroblasts. Similar to our previous study, we also identified 3 subclusters in 
FAPs/fibroblasts of aged human and high IMF content pig muscles (Fig. 5a) according to the expression of spe-
cific markers, including PDGFRA+ FAPs (PDGFRA), fibroblasts (COL1A1), and PDE4D+/PDE7B+ subclusters 
(NEB and PDE4D) (Fig. 5b and Supplementary Fig. 3a,b). In aged human muscles, we found the proportion of 
nuclei in PDE4D+/PDE7B+ (45.92% vs. 13.96%) was higher than high IMF content pig muscles and the pro-
portion of nuclei in PDGFRA+ FAPs (42.43% vs. 69.85%) was lower (Fig. 5c). As shown in Fig. 5d, the heatmap 
expressed the top 10 DEGs between the three cell subclusters and KEGG enrichment analyses revealed a signif-
icant enrichment of the signalling pathways in human and pigs. Interestingly, we found that focal adhesion was 
enriched in PDGFRA+ FAPs subclusters and the metabolic pathway was enriched in PDE4D+/PDE7B+ subclus-
ters in aged human and high IMF content pig muscles (Fig. 5d). To further explore the differentiated trajectory 
of FAPs, we performed a trajectory analysis and RNA velocity analysis of FAPs/fibroblasts using Monocle 3 and 
scVelo (Supplementary Fig. 3c). As shown in Fig. 5e,f, PDGFRA+ FAPs could differentiate into PDE4D+/PDE7B+ 
subclusters in both aged human and high IMF content pig muscles. The pseudotemporal heatmap showed gene 
expression dynamics at Point 2 (Supplementary Fig. 3d). These data indicated that aged muscle and high IMF 
content muscle had some similar characteristics and FAPs might have the capacity of differentiating to PDE4D+/
PDE7B+ preadipocytes in different species (Fig. 5g and Supplementary Fig. 3e,f).

Cell-cell communication analysis revealed the networks of cell types in muscles of different 
species. To further explore the networks of cell types in fatty filtration muscles, we performed cell-cell com-
munication analysis on 6 and 8 clusters in muscle nuclei, respectively. Interestingly, as shown in Fig. 6a, FAPs/
fibroblasts predominantly interacted with ECs and pericytes in aged human muscles. In high IMF content pig 
muscles, FAPs/fibroblasts predominantly interacted with FAPs/fibroblasts, MuSCs, and ECs (Fig. 6b). Dotplot 
represented more robust communication from FAPs/fibroblasts to other cell types through EGF, COL4A2, and 
COL6A3 pathways in aged human muscles (Fig. 6c). In high IMF content pig muscles, we found more robust 
communication from adipocytes and FAPs/fibroblasts to other cell types through COL6A3, COL4A2, and FGF 
pathways (Fig. 6d). These data indicated that those cell types with adipogenic potential such as FAPs/fibroblasts, 
ECs, and pericytes interact with each other and these tight association may through COL4A2 and COL6A3 path-
ways across species. However, the detailed regulation of these cell populations and species-specific profiling on 
fat infiltration in skeletal muscle needs to be further explored.

Discussion
Aging is associated with physiological, metabolic, and functional dysfunction, partly due to age-related changes 
in body composition. In particular, aging is accompanied by fat infiltration in skeletal muscle, which may serve 
as a significant contributor to muscular dysfunction.

Previous studies have indicated that fat infiltration and IMF deposition often occur in the skeletal muscles 
of elderly individuals as well as aged animals. In older African American women, a prior study revealed an 
age-related remodeling of body composition with a reduction in skeletal muscle and an increase intramuscular 
adipose tissue (IMAT) content, which suggested that aging-induced fat infiltration in skeletal muscle is always 
correlated with sarcopenia8. In our study, we discovered the levels of adipogenesis-related genes and protein 
(ADIPOQ, FABP4, and PLIN1) were positively with age based on the bulk RNA-seq and quantitative proteomic 
analysis in skeletal muscle of human32,38,39. Similarly, aging is also related to IMAT and IMF deposition in skele-
tal muscle of animal models. In aged male Sprague-Dawley rats, high-fat diet-induced muscle loss is associated 
with greater deposition of long-chain fatty acid esters16. For growing pigs, IMF content also increases linearly 
with age17. Many studies have demonstrated the existence of biomarkers including genes, proteins, and pathways 
that can regulate aging and age-related diseases32,40. In this study, we also found that in high IMF content animal 
models (mouse and pigs), the expression of aging marker genes (AHCY, GPNMB, VIM) was increased. Overall, 
our results indicate a close association between fat infiltration in skeletal muscle and the aging process.

High-throughput single-cell and subcellular resolution transcriptomics have revolutionised the under-
standing of human organs and are increasingly utilized in the field of muscle research. Skeletal muscle function 
is governed by the niche compartment, and the collective action of individual cells within this compartment 
determines the biological function of skeletal muscle. However, it should be noted that some cell types in skel-
etal muscle are multinucleated (myofibers) while others (SCs, immune cells, fibroblasts, and adipocytes) are 
mononuclear. Hence, it has been technically challenging to explore potential functional distinctions and tran-
scriptional heterogeneity in skeletal muscle. SnRNA-seq is a new high-resolution transcriptome method that 
is able to assay both mononuclear and multinucleated cells together41. Profiling the transcriptomes of mature 
muscle cells such as myotubes or myofibers can be performed at the whole cell or nucleus level by snRNA-seq. 
Recently, transcriptional heterogeneity in mammalian skeletal myofibers was identified by snRNA-seq4,5. Many 
cell types including SCs, FAPs, endothelial cells, tenocytes, smooth muscle cells, pericytes, immune cells, B/T 
cells, and adipocytes were identified in murine skeletal muscle. In the present study, we found that in aged 
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Fig. 5 Clustering and pseudotemporal trajectories of FAPs nuclei in aged human and high IMF content pig 
muscles. (a) UMAP plot showing three subclusters of the isolated single nuclei from HLW and LLW muscle. 
(b) UMAP and violin plot displaying the expression of selected marker genes for each subcluster of nuclei. 
(c) Nuclear proportion in each subcluster in different species. Each cluster is color-coded. (d) Left, heatmap 
showing the top 10 most DEGs by bimod difference analysis algorithm (P-Value < 0.01, Log2FC ≥ 0.26) 
between cell types identified. Right, KEGG enrichment for marker genes of each cell type in different species. 
Each lane represents a subcluster. (e) Pseudotime ordering of all of the FAP/fibroblast nuclei of subcluster 
PDGFRA+ FAPs, fibroblasts, and PDE4D+/PDE7B+. The horizontal and vertical coordinates are two principal 
components respectively in two dimensions. Each dot represents one nucleus (color-coded by its identity),  
and each branch represents one cell state. Pseudotime is shown colored in a gradient from dark to light blue, 
and the start of pseudotime is indicated. Activation of the PDGFRA+ FAPs cluster can lead to PDE4D+/
PDE7B+ fate. (f) Unsupervised pseudotime trajectory of the three subtypes of FAPs by RNA velocity analysis. 
Trajectory is colored by cell subtypes. The arrow indicates the direction of cell pseudo-temporal differentiation. 
(g) Distribution of marker genes of the three subtypes on the UMAPs based on RNA velocity analysis calculated 
differences by t-test.
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Fig. 6 Dynamics of cell-cell communication networks. (a) Heatmap showing the number of protein 
interactions between pairs of different cell types (P-Value ≤ 0.05) counted by CellPhoneDB in aged human 
muscles. (b) Heatmap showing the number of protein interactions between pairs of different cell types  
(P-Value ≤ 0.05) counted by CellPhoneDB in high IMF content pig muscles. (c) Dotplot representing the  
gene expression and significance of the receptor-ligand relationship in different cell populations in aged human 
muscles. The top 20 receptor pairs after the sum of mean values and the top 30 cell pairs drawn. The depth of 
the color in the picture represents the strength of the corresponding interaction. Dot size indicates P-value 
generated by permutation test, colored by mean (mean = (ligand gene expression in ligand cells + receptor 
gene expression in recipient cells)/2). The larger the circle, the smaller the P value of the relationship in the 
corresponding cell population, the more significant it is. (d) Dotplot representing the gene expression and 
significance of the receptor-ligand relationship in different cell populations in high IMF content pig muscles. 
The top 20 receptor pairs after the sum of mean values and the top 30 cell pairs drawn. The depth of the color 
in the picture represents the strength of the corresponding interaction. Dot size indicates P-value generated by 
permutation test, colored by mean (mean = (ligand gene expression in ligand cells + receptor gene expression 
in recipient cells)/2). The larger the circle, the smaller the P value of the relationship in the corresponding cell 
population, the more significant it is.
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human muscle, the niche compartment is composed of six different clusters, including myofibers, FAPs/fibro-
blasts, ECs, immune cells, MuSCs, and pericytes. Additionally, we also identified two specific clusters in the 
muscles of pigs: adipocytes and myeloid-derived cells. Previous studies also found that apart from slow myonu-
clei (type I myonuclei) and fast myonuclei (type IIa, IIx, and IIb myonuclei), myonuclei that clustered outside of 
fiber type included myotendinous junction (MTJ) and neuromuscular junction (NMJ) in adult mouse skeletal 
muscle4,41. However, we found MTJ is a conserved cluster only in pigs not in humans. NMJ is a small cluster of 
myonuclei responsible for the formation and maintenance of the synaptic apparatus42. In MTJ, there are many 
cell adhesion and cytoskeletal proteins and genes such as Col22a1 and Ankrd143,44. In aged humans, we found the 
NMJ marker gene ABLIM2 was not specific which is different from high IMF content pigs. Although the violin 
plot and dot plot indicated the expression of MYH1 and MYH2 was also not specific in myofiber nuclei, we 
discovered MYH2 and MYH1 were significantly expressed in type IIa myonuclei and type IIx myonuclei in aged 
human muscles. Importantly, Petrany et al. found there were adipocyte clusters in the 24-month tibialis anterior 
of mouse5. Jing et al. also identified adipocyte clusters in the aged muscle of monkeys through snRNA-seq28. 
Similarly, our previous study also identified adipocyte clusters in pig muscles31. However, in this study, we did 
not detect adipocyte clusters in aged human muscles. This discrepancy may be attributed to individual and spe-
cies differences. These results suggest that the skeletal muscle has great heterogeneity and many cell types can be 
found in aged skeletal muscle but there is still a large difference across species.

Animal models are critical in medical research on human disease and nutrition. Pigs have recently emerged 
as a biomedical model for multiple complex human diseases due to their closer anatomical and physiological 
characteristics to humans than small rodents such as mice45. Hence, pigs could serve as an alternative animal 
model to study the association between fat infiltration in skeletal muscle and aging. Our study compared the 
core gene program of myosteatosis in the aging across human and pigs. We found MYBPC1, TRDN, ACTN2, 
and NRAP are conserved genes in myofibers and strongly associatied with pericytes and MuSCs. These consen-
sus signatures of humans and pigs may thus help increase reproducibility and reliability between future studies 
involving snRNA-seq in the muscle field.

The cellular origin of fat infiltration is manifold and recent studies have discovered several cell types leading 
to the formation of ectopic IMF24,26. IMF is mainly distributed in the endomysium, perimysium and epimy-
sium of skeletal muscle, which are composed of phospholipids and triglycerides. For myogenic cells, MSCs are 
the main source of IMF and platelet-derived growth factor receptor α (PDGFRα)+ mesenchymal progenitors, 
which are distinct from SCs, have been considered contributing to ectopic fat cell formation35. We previously 
summarized that SCs have the potential capacity of transdifferentiating into adipocytes in skeletal muscle and 
this process is regulated by several factors including genes, nutrients, aging, regeneration stage and oxidative 
stress25. Besides, the existence of BAT derived from Myf5+ MSCs in skeletal muscle, and Pax7-CreER linage 
tracing studies have demonstrated that PRDM16 can drive the formation of brown fat precursor-type cells from 
myoblasts or white fat precursors46,47. For non-myogenic cells, Uezumi et al.35,48 verified a subpopulation of 
non-myogenic MSCs constitutes the main source of intramuscular adipocytes during muscle regeneration in 
mice and humans, which is different from muscle SCs. This subpopulation of progenitor cells is PDGFRα+ or 
CD140α+ and has the biological potential of differentiating into lipid-rich adipocytes and expressing collagen 
I fibroblasts, which are defined as FAPs35. In our previous study, we found FAPs could differentiate into adi-
pocytes in 2D and 3D cultured conditions31. In this study, we discovered the existence of FAPs in the muscles 
of aged humans and high IMF content pigs. These findings indicate FAPs are the main source of fat infiltra-
tion in skeletal muscle in mammalians. However, we found adipocyte population are not separate from the 
FAPs population in high IMF content pig muscles. Our previous study has found FAPs could directionally 
differentiate into PDE4D+/PDE7B+ adipocytes which is a subcluster in adipocytes cluster31. Interestingly, we 
also observed PDE4D+/PDE7B+ subclusters in aged human muscles and trajectory analysis showed PDGFRA+ 
FAPs could also differentiate into PDE4D+/PDE7B+ subclusters. Hence, that may be the reason why these cell 
populations cannot separate in high IMF content pig muscles. Based on these results, we speculate PDE4D+/
PDE7B+ subclusters may be the preadipocytes which between FAPs and mature adipocytes, and play a vital role 
in IMF deposition. Besides, fibroblasts, pericytes and mesoangioblasts, SPs (also called myoendothelial cells), 
and PW1-expressing cells (PICs) also form IMF in the injured and inflamed skeletal muscle24. Specifically, our 
previous study revealed that IMF was mainly derived from FAPs and partly from CD68+ mononucleosus mon-
onuclear myeloid cells in muscle26. In our study, we found ECs, fibroblasts, and pericytes are conserved clusters 
and SPs, myeloid-derived cells are specific clusters in aged human muscles and high IMF content pig muscles 
and these cell types interact with each other. Taken together, numerous kinds of cell types exist in human and 
pig muscles, and may have the potential capacity to contribute to fat infiltration in skeletal muscle tissues, but 
the sources of IMF deposition have species-specific characteristics.

In summary, this study revealed an association between fat infiltration in skeletal muscle and aging across 
species by performing an integrated analysis of bulk RNA-seq datasets. We also compared the myonuclear heter-
ogeneity, different cell type populations, core genes program, and the transcriptomic differences of myosteatosis 
with human cell types with the help of data from the snRNA-seq of muscles in different species. The approach 
allowed us to identify core genes program and revealed conserved and differential genes between different spe-
cies along fat infiltration in skeletal muscle. Our analysis reveals the potential cell biological rules of myostea-
tosis in aging across species, which may provide new targets for treating muscle-related diseases. Besides, the 
integration of resources on fat infiltration in skeletal muscle across species may promote the use of pigs as model 
organisms for human biological and biomedical studies.
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Methods
Data acquisition. SnRNA-seq and RNA seq datasets generated from aged human muscle samples were 
downloaded from the Gene Expression Omnibus database (GEO Accession ID: GSE16718649, GSE12964350 and 
GSE13634451; https://www.ncbi.nlm.nih.gov/geo/) as count matrices27,32,39. The mass spectrometry proteomics 
datasets generated from aged human muscle samples were downloaded from the ProteomeXchange Consortium 
(ID: PXD011967)32,52. The collection consists of 4 snRNA-seq samples (sample ID: GSM5098740, GSM5098742, 
GSM5098750, GSM5098753). SnRNA-seq and RNA seq datasets generated from muscle of high IMF content 
pig samples were downloaded from the Genome Sequence Archive (Genomics, Proteomics & Bioinformatics 
2021) in National Genomics Data Center (Nucleic Acids Res 2022), China National Center for Bioinformation/
Beijing Institute of Genomics, Chinese Academy of Sciences (GSA: CRA011059 and CRA011069; https://ngdc.
cncb.ac.cn/gsa)31. The collection consists of 2 snRNA-seq samples (sample ID: CRX704329, CRX704330). Sample 
information was carefully and manually checked by confirming in the original paper and details were shown in 
(Supplementary Fig. 1a and Table 1).

RNA-seq analysis. We performed the re-analysis of the public RNA-seq datasets generated from aged 
human muscles, GLY-injected mouse muscles, and muscles of high IMF content pig samples26,31,32,39. FastQC 
(version 0.11.2) was used to evaluate the quality of the sequenced data. Raw reads were filtered by Trimmomatic 
(version 0.36) and clean reads were mapped to the reference genome used by HISAT2 (version2.0). Gene expres-
sion values of the transcripts were computed by StringTie (version 1.3.3b). Using the TPM to eliminate the effect 
of gene lengths and sequencing discrepancies to enable direct comparison of gene expression between samples. 
Comparisons were made by unpaired two-tailed Student’s t tests. Differences were considered significant at 
P < 0.05.

Bioinformatics analysis. The SnRNA-seq results were demultiplexed and converted to FASTQ format 
using Illumina bcl2fastq software (version 2.20). Sample demultiplexing, barcode processing and single-cell 
3′ gene counting were performed using the Cell Ranger pipeline (https://support.10xgenomics.com/
single-cell-gene-expression/software/

overview/welcome, version 6.1.2). A total of 75434 single nuclei captured from 4 aged human and a total 
of 34443 single nuclei captured from 2 HLW pigs were processed using 10X Genomics Chromium Single Cell 
3′ Solution. The Cell Ranger output was loaded into Seurat (version 4.1.0) for dimensional reduction, clus-
tering, and analysis of snRNA-seq data. Overall, 47273 cells passed the quality control threshold: the num-
ber of genes expressed per cell > 500 and the percent of mitochondrial DNA-derived gene expression < 25%.  
The DoubletFinder package (version 2.0.3) was used to remove doublets. We also performed batch correction 
using Harmony for data integration between samples.

To visualize the data, we further reduced the dimensionality using Seurat and used UMAP to project the cells 
into 2D space. The steps include the following: 1. The LogNormalize method of the “Normalization” function 
of Seurat software was used to calculate the expression value of genes. 2. Principal component analysis (PCA) 
was performed using the normalized expression value. Among the PCs, the top 10 PCs were used to perform 
clustering and UMAP analysis. 3. To find clusters, the weighted shared nearest neighbour (SNN) graph-based 
clustering method was selected. Marker genes for each cluster were identified with the Wilcoxon rank-sum test 
with default parameters via the FindAllMarkers function in Seurat. This selects marker genes that are expressed 
in more than 10% of the cells in a cluster, P value ≤ 0.01, and average log2(fold change) ≥ 0.26. SnRNA data 
analysis was performed using the OmicStudio tools created by LC-BIO Co., Ltd (HangZhou, China) at https://
www.omicstudio.cn/cell.

Pseudotime analysis. To model differentiation trajectories, we performed trajectory analysis using 
Monocle 2 (http://cole-trapnell-lab.github.io/monocle-release/docs, version 2.22.0) as previously published53. 
Cell lineage trajectories of FAPs were inferred and characterized at the single-nucleus level. A UMI counts matrix 
was used as the input. The “newCellDataSet” function was used to create a CellDataSet object with parame-
ter “expressionFamily = negbinomial.size()” following the Monocle2 tutorial. Based on significant differentially 
expressed genes (DEGs), the ‘Tobit’ expression family and ‘DDRTree’ reduction method were used with the 
default parameters. The cell lineage trajectory based on cell cluster and pseudotime was then inferred with the 
default parameters of Monocle2 after dimensionality reduction and cell ordering, then visualized with the “plot_
cell_trajectory” function. Following cell trajectory, DEGs along pseudotime (named “pseudotime-dependent 
genes”) were found using the “differentialGeneTest” (fullModelFormulaStr = ~Pseudotime) function. Then 
“plot_genes_in_pseudotime” and “plot_pseudotime_heatmap” functions were used to visualize dynamic changes 
of pseudotime-dependent gene expression along pseudotime, and significant pseudotime-dependent genes were 
also visualized with a heatmap. Similarly, the BEAM test of Monocle 2 was applied to identify branch-dependent 
gene expression dynamically expressed along each branch, and significant branch-dependent genes were visual-
ized with a heatmap.

RNA velocity analysis. RNA velocity analysis was performed according to the previous study54. The gener-
ated bam files by Cell Ranger were sorted by SAMTools. The sorted bam files were then used to run the ‘run10x’ 
command from Velocyto to generate a loom file55. RNA velocity analysis was independently performed in FAPs.

Cell‒cell communication analysis. For cell communication analysis, we used CellPhoneDB (https://www.
cellphonedb.org, version 3.1.0) to further speculate on the underlying cellular interaction mechanisms. For each 
gene in a cell population, the expressed percentage and the average gene expression are calculated. Only when the 
proportion of cells which expressing receptor and ligand exceeds 10% will the ligand-receptor pair be included in 
the analysis. For the aggregates, the expressed value of the subunit with the lower expression average was selected 
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to represent the expression of the receptor for subsequent statistical analysis. Pairwise comparisons were made 
for all cell types in the screened data set. First, all cells are randomly arranged to form a new cell population (the 
default number of random arrangements is 1000 times), the average expression level of ligands in the cell popu-
lation after random arrangement and the average expression level of receptors in the cell types interacting with 
them are calculated, and then an average mean is obtained. This process is repeated many times and then gets a 
zero distribution of mean. After the zero distribution is generated, the actual mean value of the ligand-receptor 
pair between the two cell types is calculated according to the proto-cell population, and the possible signifi-
cance P-value of the receptor-ligand pair in the two cell types is estimated based on the proportion of the cal-
culated mean equal to or higher than the actual mean. Finally, highly specific interactions between cell types 
were sequenced based on the number of significant ligand-receptor pairs enriched in both cell types in order to 
manually screen for biologically relevant interactions.

Pathway enrichment analysis. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analyses were used to identify which DEGs were significantly enriched in GO terms or 
metabolic pathways. GO terms and KEGG pathway analyses using the hypergeometric test were performed to 
identify significantly enriched metabolic pathways or signal transduction pathways enriched in DEGs. GO terms 
and KEGG pathways with false discovery rates P < 0.05 were considered significantly different.

Statistical analysis. GraphPad (Prism 8.3.0) and R software (version 4.3.1) were used for data analyses and 
data visualization. Comparisons were made by unpaired two-tailed Student’s t tests. Differences were considered 
significant at P < 0.05.

Data availability
All sequencing data reported in this paper have been deposited in the Gene Expression Omnibus database (GEO 
Accession ID: GSE167186, GSE129643 and GSE136344; https://www.ncbi.nlm.nih.gov/geo/) and the Genome 
Sequence Archive (Genomics, Proteomics & Bioinformatics 2021) in National Genomics Data Center (Nucleic 
Acids Res 2022), China National Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy 
of Sciences (GSA: CRA011059 and CRA011069) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa. The 
single-cell and single-nucleus datasets generated in the study have been deposited on Figshare56. The Figshare 
repository also contains supplementary Table 1 and supplementary Figs. 1, 257,58.

Code availability
The software required for data processing and analysis and image generation in this study are accessible, the 
software versions as follows:
1. Cell Ranger (version 6.1.2, https://support.10xgenomics.com/single-cell-gene-expression/software/overview/
welcome).
2. OmicStudio (https://www.omicstudio.cn/cell).
3. Monocle 2 (version 2.22.0, http://cole-trapnell-lab.github.io/monocle-release/docs).
4. CellPhoneDB (version 3.1.0, https://www.cellphonedb.org).
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