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OPEN A comprehensive single-cell RNA

transcriptomic analysis identifies
a unique SPP1+ macrophages
subgroup in aging skeletal muscle

Wen Bi®%, Mengyue Yang®*, Mengjia Shi®, Mirong Hou®, Changqing Jiang®?, Gang Fan®3* &
Weiming Guo2**

Senescence of skeletal muscle (SkM) has been a primary contributor to senior weakness and disability
in recent years. The gradually declining SkM function associated with senescence has recently

been connected to an imbalance between damage and repair. Macrophages (Mac) are involved

in SkM aging, and different macrophage subgroups hold different biological functions. Through
comprehensive single-cell transcriptomic analysis, we first compared the metabolic pathways and
biological functions of different types of cells in young (Y) and old (O) mice SkM. Strikingly, the

Mac population in mice SkM was also explored, and we identified a unique Mac subgroup in O SkM
characterized by highly expressed SPP1 with strong senescence and adipogenesis features. Further
work was carried out on the metabolic and biological processes for these Mac subgroups. Besides, we
verified that the proportion of the SPP1+ Mac was increased significantly in the quadriceps tissues of
O mice, and the senotherapeutic drug combination dasatinib + quercetin (D + Q) could dramatically
reduce its proportion. Our study provides novel insight into the potential role of SPP1+ Mac in SkM,
which may serve as a senotherapeutic target in SkM aging.
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The rise in the worldwide population’s age demographic promotes a concentration on senescence-related diseases
and scientific investigations. Neurological disorders associated with aging, such as mental disorders and cogni-
tion impairment, as well as cardiovascular diseases like coronary heart disease, seem to gain more focus than
skeletal muscle aging'. However, research has suggested that the elderly (> 60-year-old) have a gradual decrease
in muscle mass, approximately at a speed of 1-2% per year, which results in disturbances in nerve and muscle
coordination, thus increasing the fall risk**. Skeletal muscle (SkM) aging is characterized as a degenerative age-
related reduction in mass and function, fat infiltration, angiogenesis, and other tissue modifications, which is a
major cause of life quality decline in the elderly*.

Macrophages (Mac) are the main type of immune cells found in SkM, and they are primarily distributed
in the perimysium and endomysium regions®. The infiltration of macrophages in SkM plays a crucial role in
the processes of damage healing and regeneration®. In detail, Mac could adopt various polarizations to serve
specific roles throughout distinct phases of the healing process after injury’. Inmunometabolism of Mac has
been expounded to play a vital role in SkM regeneration. Detailedly, they can chew up debris, generate plentiful
cytokines and growth factors, and enroll other immune cells. Meanwhile, macrophages are also involved in meta-
bolic remodeling and inflammation, that is, lactate-polarized Mac exert an anti-inflammatory function and facili-
tate SkM angiogenesis and regeneration®’. Previous literatures reported a decreased inflammatory response that
macrophage involved during aged human SkM regeneration'®!!. Specifically, as an anti-inflammatory subtype in
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Mac, elevated M2a macrophages is seen in aging SkM and contribute to SkM fibrosis'?. Krasniewki et al.'* have
demonstrated Mac classification and the alteration of Mac in the process of SkM aging. However, the function of
senescence-associated Mac in SkM and the efficacy of senolytics on this Mac subpopulation remain to be resolved.
To fill this gap, we investigated and compared the distinct cell types and the metabolism of Mac in SkM
between Y and O from publicly accessed single-cell datasets using the comprehensive bioinformatics method.
An exclusive subgroup of macrophages with markedly elevated SPP1 expression was discovered in aging SkM,
and such a group of Mac demonstrates an increased adipogenesis feature and more senescent cell characteristics.
Importantly, we verified that the proportion of SPP1+ Mac was increased significantly in O mice and diminished
in the D+ Q group in vivo. Our findings indicated that drug intervention targeting cellular senescence in SkM
could relieve Mac senescence, which provides a potential senotherapeutic target for counteracting SkM aging.

Method

Data acquisition and processing

The single-cell mRNA sequence (scRNA-seq) datasets used consist of GSE143437, GSE172410, GSE162172,
GSE232106, and GSE195507, available for free download via the GEO database. GSE143437 contained 3 sam-
ples of mouse SkM tissues from young mice aged 4-7 months; GSE172410 comprised 3 Y (6 months) and 3 old
(24 months) SkM samples. GSE162172 involved 4 old (20-month-old) mice SkM samples. GSE232106 included
4 old (26 months) mice SKM samples. As for GSE195507, it contained 9,469 mouse SkM macrophages from 3
young (3 months) and 3 old (22-24 months) mice (Supplementary Table 1).

The downloaded raw data were processed with the Seurat package (version 5.0.1;) and integrated with the
“Harmony” algorithm in R software (version 4.3.0) for each sample'*!>. Regarding the integrated data and the
macrophage data, cell profiles were filtered employing the criteria of the original publications'*'®""°. The data
were then normalized using the “LogNormalize” method, and marker genes for each cluster were recognized
using the “FindMarkers” function®. Identification of cell types using the marker genes of each cluster and then
mapping to the Panglao website (https://panglaodb.se/index.html)?!. The UMAP method was utilized to visual-
ize the identified cell clusters. The “Addmodulescore” function was adopted to compute the scores of biological
processes in distinct groups.

Functional enrichment analysis

Enrichment analysis between young and old skeletal muscle cell types in mice was conducted via Metascape
(https://metascape.org/), with p <0.01 as selection criteria and then top 10 items were visualized using the ggplot2
package in R?2. We conducted 4 approaches for enrichment analysis across different clusters: ssGSEA, AUCell,
UCell, and singscore. “irGSEA” was adopted to visualize the results.

“SenMayo” gene set

The gene collection “SenMayo” was employed to access cellular senescence, which has been verified across spe-
cies in both scRNA-seq and bulk RNA sequencing®. It had higher validation efficiency than common gene sets
linked to senescence®.

Metabolism pathway analysis

For the analysis and inference of the metabolic activities of distinct cell types and macrophages in both young
and old mice SkM, following the conversion of mouse gene symbols to their human one-to-one orthologs using
the “convert_mouse_to_human_symbols” function in the “nichenetr” algorithm?, the “scMetabolism” package
was utilized to calculate the metabolic activities at the single-cell level®.

Pseudotime trajectory analysis

Trajectory analysis of SkM macrophages was implemented by the “learn graph” function in the Monocle 3
algorithm (https://cole-trapnell-lab.github.io/monocle3/)*”?. Information about grouping and clustering was
derived from “UMAP” in Seurat. To filter out the co-regulated genes as SPP1, the function “find genes modules”
was employed.

Cell-cell communication analysis

Inference and analysis of the intercellular communication network at the single-cell level were conducted via
the CellChat algorithm (version 1.1.0). SkM macrophages from young and old mice were separately analyzed
and exhibited®.

Protein—protein interaction (PPI) network

Following the PPI networKk’s construction using the genes in the same modules as SPP1, analysis, and visualization
were conducted by the STRING website (https://cn.string-db.org/)*. Meanwhile, these genes were subjected to
enrichment analysis via four selected databases: KEGG, GO, Wikipathway, and Reactome.

Cell cycle analysis

For predicting the cell cycle distributions of the SPP1+ macrophage subpopulation, the CellCycleScoring function
in the Seurat package was conducted. This function used previously defined S/G2M marker genes to confirm
the phases®..
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Samples were taken of SkM from young and old mice

C57BL/6 male mice were purchased from Dossy Experimental Animals Co., LTD (Chengdu, China). Animal
study protocols were strictly authorized by the animal care committee of Shenzhen Nanshan People’s Hospital, we
confirmed all methods were conducted in accordance with the relevant guidelines and regulations and ensured
there were no ethical concerns. All mice were thoroughly anesthetized using isoflurane followed by cervical dis-
location, and then the body composition (total body lean and fat mass) of young and old mice was obtained by
quantitative MRI (EchoMRI-100; Houston, TX, USA) as illustrated previously. Finally, the quadriceps muscle
tissues were removed. Young (4 months old) and old (22 months old) mice were maintained at the animal feed-
ing center of Shenzhen Nanshan People’s Hospital.

Senolytics treatment

18-month-old mice were gavaged with a senolytics cocktail, including dasatinib (5 mg/kg) (D) plus quercetin
(50 mg/kg) (Q), as previously described'®**. In brief, D + Q was dissolved by 10% polyethylene glycol400 (PEG
400; Sigma-Aldrich, #2532268). Finally, mice were administered with D + Q or vehicle (10% PEG 400) for three
continuous days biweekly for 4 months.

Immunofluorescence staining and macrophage quantification

Quadriceps muscles from 3 young and 3 old mice were harvested and washed with phosphate buffer saline
(PBS, Thermo Fisher, USA). Then, samples were subjected to rapid freezing using liquid nitrogen and stored
at — 80 °C until use. Samples were embedded using an optimal cutting temperature compound (OCT, Sakura,
USA) at —22 °C. After that, the quadriceps tissues were cut to a thickness of 15 um. Primary antibodies against
F4/80-rabbit (Boster, A08751, 1: 100 dilution), the canonical marker of macrophages in mice. Anti-SPP1-mouse
(Santa Cruz, sc-21742, 4 pg/ml), the special genetic marker of SPP1+macrophages. Anti-Laminin-rabbit (Boster,
BA1761-1, 1:100). The secondary antibodies against three markers were Alexa Fluor 647-labeled goat anti-rabbit
antibody (Abcam, ab150083, 1:400) for F4/80 and Laminin; Alexa Fluor 488-labeled goat anti-mouse antibody
(Beyotime, A0428, 1:400) for SPP1, respectively. An anti-fluorescence quenched sealing solution (Beyotime,
P0131, DAPI included) was added to each sample before visualizing the slides using laser confocal microscopy
(FV3000, Olympus). Finally, five photographs were taken using the 20 x lens, and the images were processed and
analyzed by Image]J for macrophage quantification.

Statistical analysis

The software R (v. 4.3.0) and GraphPad Prism (v.9.5.1) completed the statistical work. Comparisons between the
two groups were conducted with the student’s unpaired t-test or Wilcoxon test. The correlation analysis of the
two groups was carried out via Spearman correlation analysis. p value under the threshold of 0.05 was considered
statistically significant.

Ethics approval
Experiments involving mice in this study were authorized and approved by the Animal Care Committee of
Shenzhen Nanshan People’s Hospital.

Results

Data merge and quality control

Information for single-cell transcriptomes, including mouse SkM and SkM macrophages, was exhibited in Sup-
plementary Table 1. Samples in each dataset were filtered based on original studies'®~'°, then merged using the
“merge” function in the Seurat package, and the batch effect was removed using the “Harmony” method. Finally,
34,067 cells were obtained and further classified into 16 clusters (Fig. 1A,B).

Single-cell profiling of SkM from young and old mice

Canonical cell type markers (Supplementary Table 2) were implemented to identify different SkM cell types
(Figs. 1C, S1, and S2)*. The 16 cell clusters were then divided into 11 cell types, which were labeled as endothe-
lial cells (ECs), fibroadipogenic progenitors (FAPs), myonuclei, pericytes, smooth muscle cells, macrophages,
neurons, tenocytes, satellite cells, neutrophils, B cells. A small group of cells was hard to identify and labeled
as unknown (Fig. 1D). Furthermore, we calculated the proportion of these cell subpopulations between Y and
O mice. ECs and FAPs were the most prevalent cell types, and satellite cell abundance was lower in O SkM, as
previously reported'® (Fig. 1E).

Lyvel /MHCII* is the main type of macrophage in the mouse SkM

As macrophages played a vital role in SkM regeneration and aging®!®, we took the macrophage cells group to
sub-cluster analysis. Macrophages were divided into six clusters when the resolution was set as 0.3. We identified
four cell groups from the six clusters (Fig. 2A). They were: (0) 294 macrophages highly expressed Clqa, Clgb,
Clqc, H2-Aa and H2-Eb1; (1) 230 macrophages highly expressed Lyvel, Folr2 and Mrcl; (2) 213 macrophages
highly expressed Gngt2, Hp and Gsr; (3) 200 macrophages highly expressed H2-Aa, H2-Ebl, H2-DMb1, Lyz1
and Fnl (Fig. 2B-D). They were further classified into 4 cell groups based on the surface markers Lyvel and
MHC-II and 4 groups based on marker genes (Fig. 2E-F). We found that Lyvel—-/MHCII+ was the largest group
of macrophages, accounting for approximately 40% of the total macrophages (Fig. 2G). Another large single-cell
database of SkM macrophages was used for further verification and investigation. After screening and quality
control, 9,469 cells were classified into 11 clusters based on previous studies'®. Marker genes for each cell cluster
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Figure 1. Integration with Harmony method. (A) Skeletal muscle samples from 6 young, 7 old, and 4 geriatric
mice were integrated with the Harmony method. (B) 16 clusters were recognized by Seurat 5.0.1. (C) Bubble

plot showing the canonical markers of each cell type. (D) UMAP plot depicting the cell type in skeletal muscle.
(E) Relative abundance of distinct cell types at different age in mice SkM.

were exhibited in Supplementary Table 3. Finally, 11 types of SkM macrophages were identified; they were: (0)
2897 cells of highly expressed Lyvel, Folr2, and Mrcl, which is similar to cluster 1 of the former dataset; (1) 1565
cells of highly expressed Lyvel and Cd209a; (2) 1494 cells highly expressed Lyz1 and Fnl, which corresponding
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Figure 2. Subclusters of macrophages and marker genes of each cluster in mice SkM. (A) The UMAP plot

of the six identified clusters. (B) The heatmap, violin plot (C) and the dot plot (D) showing the representative
markers across six clusters. (E) The UMAP plot illustrating the macrophages subgroups based on the Lyvel/
MHCII expression levels and (F) their marker genes. (G) The relative abundance of macrophages subgroups in
young and old mice SkM based on Lyvel/MHCII classification. (H) The UMAP plot representing 11 distinct
SkM macrophages subgroups based on marker genes in GSE195507.
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to cluster 3 of the former dataset; (3) 1320 cells highly expressed Thbs1, Hp, and Gsr, which was homologous to
cluster 2 of our dataset; (4) 498 cells highly expressed Gngt2; (5) 430 cells highly expressed Cxcl2 and Tnf. (6)
416 cells highly expressed Spp1, Fabp5 and Gpnmb; (7) 294 cells highly expressed Cd209a, H2-Abl, H2-Eb1;
(8) 283 cells highly expressed S100a8 and S100a9; (9) 226 cells highly expressed Top2a and Mki67. (10) 46 cells
highly expressed Adamts1 and Sparcll (Fig. S3). Krasniewski et al. discovered that Lyvel-/MHCII+ macrophages
comprise 39.97% of all macrophages, and they also elaborated the function and polarization of these 11 mac-
rophage subclusters'?, which further confirmed our conclusion (Fig. 2G). Overall, this large single-cell data of
SkM macrophages from Krasniewki et al. identified 11 clusters of different macrophages, of which CI0, CI2,
and CI3 correspond to cluster 1, cluster 3, and cluster 2 of our dataset, respectively (Fig. 2H). We also confirmed
that Lyvel /MHCII" is the main type of macrophage in the mouse SkM. However, its function and role in SkM
aging should be further elucidated.

Functional enrichment between young and old skeletal muscle from the same subset of Mac
Differently expressed genes between various Mac subpopulations in young and old SkM were analyzed by
selecting the top 200 up-regulated genes and the top 200 down-regulated genes within the same cell group for
enrichment analysis using the Metascape platform®”. SPP1+ Mac, S100a8/9+ Mac, and Gngt2+ Mac were ruled
out because they mainly disturbed in old skeletal muscle, and Adamts1+ Mac was excluded because of its small
number'?. Most up-regulated genes in old mice SkM macrophages were enriched in terms related to lipid metabo-
lism, including phospholipid dephosphorylation, membrane lipid metabolic process, Ether lipid metabolism, etc.,
inflammation including regulation of interleukin — 6 production, positive regulation of chemokine production,
etc. Most down-regulated genes in old SkM macrophages are mainly enriched in terms such as mitochondrial
biogenesis, immune response-regulating signaling pathway, etc. Meanwhile, some signaling pathways, including
Selenium metabolism selenoproteins, were shown in almost all cell clusters; however, several pathways, like posi-
tive regulation of cholesterol efflux and white fat cell differentiation, were only found in certain Mac subgroups,
which demonstrated the homogeneity and heterogeneity of response to signals in distinct Mac subgroups of
SkM (Fig. 3).

A landscape of enrichment analysis between different subpopulations of SkM macrophage
Enrichment analysis was implemented on 11 SkM macrophage subpopulations using AUCell, UCell, singscore,
and ssgsea to further demonstrate their homogeneity and heterogeneity. Adipogenesis, which has been proven
to be increased in aged SkM?, was found to be up-regulated in SPP1+ macrophages but down-regulated in
Cxcl2+ macrophages, which suggests SPP1+ Mac might be involved in the formation of intermuscular adipo-
genesis during skeletal muscle aging. Angiogenesis, a biological process associated with aging®, was discovered
to be up-regulated in SPP1+Mac and Addmtsl+ macrophages but down-regulated in Lyvel-/Cd209a+Mac
and Thbsl+ Mac. In addition, the TNFA-SIGNALING-VIA-NFKB pathway, the INTERFERON-ALPHA-
RESPONSE pathway, and the INTERFERON-GAMMA-RESPONSE pathway were revealed to be down-regulated
in SPP1+ Mac. In Lyvel+/Cd209a+ Mac, the TNFA-SIGNALING-VIA-NFKB pathway and the IL6-JAK-STAT3-
SIGNALING pathway were shown to be markedly up-regulated (Fig. 4A). Figure 4B exhibited that the results
explored by these four methods were principally compatible. Figure 4C suggested a markedly increased activity of
adipogenesis, angiogenesis, oxidative phosphorylation, and protein secretion pathways in SPP1+Mac. Our study
found that in the subpopulations of Mac primarily distributed in aging mice SkM, angiogenesis, adipogenesis,
and senescence-associated pathways were up-regulated.

SPP1+Mac owned more senescent characteristics and stronger adipogenesis ability
Adipogenesis has been verified as a potential factor in SkM aging™”. We, therefore, attempted to calculate the
adipogenesis and senescence score of 11 SkM macrophage subpopulations in young and old mice SkM. Mac-
rophages in the skeletal muscle of old mice had a greater adipogenesis score than those in young mice, although
there was no significant difference in senescence score. Among all macrophage subgroups, SPP1+Mac scored
the highest. (Figs. 5A,B, S4A,B). Correlation analysis confirmed that adipogenesis had a strong linkage with
senescence (R=0.35, p <2.2e-16, Fig. 5C). Cell cycle analysis of the young and old skeletal muscle Mac was
then performed, respectively. Compared with Mac in young mice SkM, macrophages in old mice SkM were
prone to be in the S phase, macrophages in the G2M phase remained almost unchanged, and the G1 phase was
decreased, suggesting that cell cycle arrest might be involved in SkM aging (Fig. 5D). Further study verified
that SPP1 was up-regulated remarkedly in SPP1+Mac of old mice SkM compared with that in SKM of young
mice (Fig. 5E), and SPP1 expression was significantly increased in macrophages of old mice SkM and mainly
expressed at SPP1+ Mac (Fig. 5F). Eventually, scMetabolism was implemented to speculate the metabolism
activity of SkM macrophage subpopulations at single-cell resolution. SPP1+ Mac showed the most active meta-
bolic pathways compared to other macrophage subgroups (Fig. S5). Terms linked to lipid metabolism, includ-
ing Glycerophospholipid metabolism, Ether lipid metabolism and Sphingolipid metabolism, and carbohydrate
metabolism, including Glycolysis/Gluconeogenesis and energy metabolism like Oxidative phosphorylation, were
found to be significantly up-regulated in macrophages of old mice SkM (Figs. 5G, S6A). Correlation analysis
was then conducted between Glycerophospholipid metabolism score, Senmayo score, and adipogenesis score.
Our findings proved that Senmoyo Score significantly correlated with the Glycerophospholipid metabolism
positively (R=0.38, p<0.001, Fig. S6B). Further study uncovered that SPP1+ Mac had an increased activity in
lipid metabolism like Glycerolipid metabolism, Sphingolipid metabolism, and Steroid metabolism (Figs. 5H,
S7). Our study unveiled that SPP1+Mac holds significant senescent features and enhanced adipogenesis ability
via bioinformatic analysis. Additionally, the differences in metabolic pathways were also explored between SkM
macrophages in young and old mice.
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Figure 4. Comprehensive enrichment analysis of different subpopulations of mice SkM macrophages. (A)
Functional enrichment analysis of gene signature from GSEA. (B) The bar plot illustrating the number and
proportion of up, down and no significant genes with 4 distinct methods. (C) Density scatterplots and density
heatmaps exhibiting representative up or down-regulated pathways.

through a polarization trajectory from Lyvel+/Mrcl+ Mac to Lyvel+/Cd209a+ Mac then to Lyz1+ Mac finally
to Thbs1+ Mac (Fig. 6A,B, S8A). Top ten genes that had the most significant changes during the trajectory were
exhibited in Fig. 6C. To study further, Lyvel+/Mrcl+Mac, Lyvel+/Cd209a+ Mac, Lyz1+ Mac, and Thbs1+ Mac
were extracted to be re-analyzed. The immune response-regulating signaling pathway was shown to be activated
along with the pseudo-time trajectory. Additionally, the immune response-regulating signaling pathway-related
genes were down-regulated in aging mice SkM macrophages, which was in line with previous enrichment analy-
sis (Fig. 6D,E), proving that the immune response-regulating signaling pathway participated important role in
the polarization of SkM macrophages in Y mice. Following that, the relationship between Lyvel+/Mrcl+Mac,
Lyvel+/Cd209a+Mac, Lyz1+ Mac and Thbs1+Mac was further analyzed by the pseudo-time method. The results
show Lyz1l+ Mac served as a state between Lyvel+/Mrcl+Mac and Thbsl+Mac (Fig. 6EG).

In old SkM macrophages, Lyvel+/Mrcl+Mac distributed at the beginning of the trajectory, Lyz1+Mac fol-
lowed, SPP1+ Mac and Thbs1+ Mac were seen throughout the trajectory, and Gngt2+ Mac arrived at the end of
the trajectory. These results were in compliance with previous observations from Krasniewski et al. (Figs. 6H,
S7B)"3. Meanwhile, the top 10 genes related to the pseudo-time were identified (Fig. 6]). To explore the compli-
cated association between Lyvel+/Mrcl+ Mac, Lyz1+ Mac, SPP1+ Mac, Thbs1+ Mac, and Gngt2+ Mag, these cells
were figured out and re-analyzed. Lyvel+/Mrcl+Mac was located at the beginning of the trajectory, followed by
Lyz1+ Mac, then SPP1+ Mac and Thbs1+ Mac, and Gngt2+Mac was at the end of the trajectory (Figs. 61, S8A).
Modules of co-regulated genes were then analyzed to illustrate the role of SPP1 better. Finally, 92 modules were
identified (Supplementary Table 4). PPI network analysis was then conducted to explore co-regulated genes in
highly related modules involving SPP1 (Fig. S8B). The results indicated that SPP1-related genes are involved
in osteoclast signaling, antigen processing-cross presentation, ROS and RNS production in phagocytes, meta-
bolic pathways, etc. These results exhibited that SPP1 might participate in amino sugar and nucleotide sugar
metabolism and proteasome degradation as well as membrane protein complex (Fig. 6K). Briefly speaking,
the polarization trajectories in SkM macrophages of young mice were identified, suggesting that the immune
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Figure 5. Characterization of SPP1+ macrophages in mice SkM. (A) The violin plot and the UMAP plot
showing the distinction in Senmayo score in subgroups of mice young and old SkM macrophages. (B) The
violin plot and the UMAP plot showing the distinction in adipogenesis score in subgroups of mice Y and O
SkM macrophages. (C) The correlation plot exhibiting relation between adipogenesis and cellular senescence.
(D) The bar plot showing the proportion of cell cycle in SkM macrophages of Y and O mice. (E) Comparison of
SPP1 expression level in SPP1+ macrophages of Y and O mice SkM using scatterplot. (F) SPP1 expression level
in SkM macrophages in Y and O mice using UMAP plot. (G) The heatmap showing metabolic pathway between
Y and O macrophages of mice SkM. (H) The heatmap showing metabolic pathways in distinct macrophages
subgroups of mice SkM. Y, young. O, old. SkM, skeletal muscle.
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Figure 6. Pseudo-time analysis of SkM macrophages in mice. (A) UMAP plot exhibited SkM macrophage
subpopulations of Y mice. (B) UMAP presenting pseudo-time trajectory of macrophages from Y mice SkM
using Monocle 3. (C) Changes of canonical genes expressions in Y SkM macrophages along the pseudo-

time trajectory. (D) Scatter plot showing the expression trend of genes related to the immune response-
regulating signaling pathway. (E) Violin plot showing the expressions of Bcl2ald, maltl, Lgals3, Clec4e in

SkM macrophages of aging mice. (F) 3D Scatterplot representing Lyvel+/Mrcl+Mac, Lyvel+/Cd209a+ Mac,
Lyz1+Mac, and Thbs1+Mac. (G) 3D Scatterplot showing pseudo-time trajectory in Lyvel+/Mrcl+ Mac,
Lyvel+/Cd209a+Mac, Lyzl+Mac, and Thbs1+Mac. (H) UMAP illustrates different SkM macrophage
subpopulations in O mice with Monocle 3. (I) UMAP presents the pseudo-time trajectory of macrophages from
aging mice SkM using Monocle 3. (J) Changes of canonical genes expressions in O SkM macrophages along the
pseudo-time trajectory. (K) PPI network of SPP1 co-regulated genes. 3D, three-dimension; Y, young; O, old.
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response-regulating signaling pathway took a vital role in keeping the normal polarization of macrophages in
young mice SkM. In the meantime, the function and co-regulated association of SPP1 have also been explored.

Spp1 promoted a unique cell-cell communication in aging SkM macrophages

To unveil and compare the intercellular communications networks of different types of macrophages in young
and old mice SkM, cell-cell interaction analysis was implemented using CellChat®. In the SkM macrophages
from Y mice, most signaling patterns, which included CCL, GALECTIN, VISFATIN, etc., were sent from
Lyvel+/Cd209a+ Mac. S100a8/9+ Mac received most signaling patterns, including MIF, CXCL, ANNEXIN,
etc. (Fig. 7A,B). In aging SkM macrophages, SPP1+Mac performed a significant role in the majority of outgo-
ing signaling pathways, comprising SPP1, TNF, MIF, etc. Lyvel+/Cd209a+ Mac and S100a8/9+ Mac received
most of the signaling. Compared to young SkM macrophages, a unique SPP1-mediated signaling was unveiled
(Fig. 7C,D). Ligand receptors regulated by Lyvel+/Cd209a+ Mac were investigated as they sent most signals in
SkM of young mice, and ccl2-ccr2 was finally identified (Fig. 7E). Equally, the signaling network activated by
SPP1+ Mac was illustrated, and Spp1-Cd44 was present in nearly all SkM macrophage subpopulations (Fig. 7F).
SPP1+ Mac played a key part as the sender, mediator, and influencer in the SPP1 signaling pathway network.
Lyvel+/Cd209a+ Mac and Gngt2+ Mac mainly acted as receivers (Fig. 7G,H). In addition, Spp1-Cd44 made
the greatest contribution to the SPP1 signaling pathway network (Fig. 7I). Almost all aging SkM macrophage
subgroups held high levels of Spp1 induced receptors (Fig. 7]). Further, CD44 expression was significantly
decreased in skeletal muscle Mac of old mice (Fig. 7K). Lastly, the communication patterns were shown in aging
SkM macrophages for comprehending the synergistic effect of signaling pathways among the target cells and the
secreting cells. By this means, we discovered a synergy among the SPP1 signal network, CCL, MIF, and other
signals in the incoming communication pattern (Fig. 7L). When SPP1+ Mac served as secreting cells, the SPP1
and VEGF signaling were synergetic and mostly dominated by SPP1+Mac (Fig. 7M). Conclusively, our results
displayed that the abundance and peculiarity of SPP1 signaling network communication patterns in aging SkM
macrophages compared to macrophages of young mice SkM, and the Spp1-Cd44 receptor-ligands binding pat-
tern contributed mostly to this network.

SPP1+Mac increased in old mice SkM, and a senotherapeutic drug decreased the proportion
of SPP1+ macrophage in vivo models

Despite the fact that we have exhibited through elaborate bioinformatics analysis that SPP1+ Mac was significant
during skeletal muscle aging, confirmation through in vivo experiments is indispensable. Of note, previous stud-
ies suggested Senolytics have great potential to eliminating senescent cells in multiple diseases*”**, however, their
effect on aging macrophages is unknown. Therefore, the young, old-vehicle, and old-DQ mice SkM models were
then constructed to verify the role of SPP1+ Mac (Fig. 8A). We first evaluated body composition and quadriceps
weight in three mice groups. Old-Veh mice showed higher body weight and quadriceps weight but lower lean
mass when compared to young mice; however, there was no statistical difference in these parameters between
old-Veh and old-DQ mice (Fig. 8B-E). Furthermore, we observed an increased proportion of centrally nucle-
ated fibers in old-Veh mice compared with young mice but significantly decreased in old-DQ mice compared to
old-Veh mice (Fig. 8F). These results indicated significant senescence-associated phenotypes were exhibited in
aging mice SkM and could partially attenuate by D + Q treatment. Finally, we calculated and compared the pro-
portion of SPP1+Mac in young, old-Veh, and old-DQ mice groups. Confocal IF results revealed that SPP1+ Mac
was significantly more abundant in the Old-Veh mice group compared with that in the young mice, while the
reduced abundance of SPP1+Mac in Old-DQ was found when compared to the Old-Veh group (Fig. 8G). In
conclusion, the proportion of SPP1+ Mac is elevated in vivo aging mice model, and D + Q contributes to the
reduction of SPP1+ Mac, which might suggest that administration of D+ Q in mice could rescue SkM aging by
the clearance of senescent macrophages.

Discussion

This study comprised a comprehensive analysis and depiction of the distinct cell types, particularly macrophages
in young and old mice SkM. ECs and FAPs were the most abundant cell populations, and satellite cell abundance
was lower in old SkM. Enrichment analysis indicated lipid metabolism and inflammation-related pathways
were commonly up-regulated in aging SkM. Further macrophage classification exhibited that Lyvel /MHCII*
macrophages were most abundant in SkM. Moreover, we identified a macrophage subgroup called SPP1+Mac
with high senescent characteristics, strong adipogenesis, and angiogenesis capacity, and owned most metabolic
activities, especially in liquid metabolism. Differentiation relationships and intercellular communication between
young and aging mice SkM macrophages were also explored. We confirmed that the proportion of SPP1+Mac
was increased in aging SkM by in vivo aged mice model. Of note, D + Q treatment could partially eliminate
SPP1+ macrophages in mice SkM. Collectively, we identified strong senescence-associated macrophages and
unraveled the potential effect of D + Q treatment on SPP1+ Mac.

Prior research on SkM has largely depended on the development and popularization of scRNA-seq, leaving
unsolved queries regarding the function of individual cell subsets in SkM and the exploration of macrophage
subpopulations between young and aging and identification of senescent macrophages'**>%. To fill that gap, we
first integrated four scRNA-seq datasets containing 34,067 cells from young and old mice SkM. Our data demon-
strated that Lyvel /MHCII* Mac was the most abundant macrophage in SkM, accounting for approximately 40%
of total macrophages, and was proved to be consistent with previous reports'**. We used another scRNA-seq,
which included 9,469 SkM macrophages, to investigate further, and SPP1+ macrophages were elevated in old SkM
and identified with remarked ageing features and higher adipogenesis and angiogenesis capacities. Intermus-
cular adipose tissues were found to increase in aged SkM?, while angiogenesis in SkM, especially arterioles and
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Figure 7. Developmental relationships and communication of SkM macrophages in Y and O mice. (A) The quantity

and strength of signals for SkM macrophage subgroups in Y mice. (B) Comparison of the intensity of enriched

outgoing and incoming signals in Mac subgroups from Y mice SkM. (C) The quantity and strength of signals for SkM
macrophage subgroups in O mice. (D) Comparison of the intensity of enriched outgoing and incoming signals in Mac
subgroups from O mice SkM. (E) L-R interaction contributions in signals emitted by Lyvel+/Cd209a+ Mac. (F) L-R
interaction contributions in signals emitted by SPP1+ Mac. (G) Exhibition of SPP1 signaling pathway between distinct
macrophage subgroups of mice SkM using circle plot. (H) Investigation of the function of distinct SkM macrophage

subgroups in the SPP1 signaling pathway. (I) Exhibition of each L-R pair’s contribution in SPP1 signaling pathway

using the bar plot. (J) Illustration of SPP1 signaling pathway-associated genes expressions in SkM macrophage

subgroups via the violin plot. (K) Comparison of CD44 expression level in SPP1+ macrophages of Y and O mice SkM
using a scatterplot. (L, M) Alluvial plot of targeted cells’ incoming and outgoing communication patterns. L-R, ligand-

receptor. Y, young. O, old. Mac, macrophages.
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capillaries, was demonstrated to play significant roles in meeting properties exchange and metabolic demands®>*!.

Our results suggested SPP1+ macrophages in SkM might be involved in adipogenesis and capillary angiogenesis
during SkM aging.

Metabolism in SKM proves critical for the hold of both mechanical and metabolic activities of SkM. Thus,
an in-depth analysis of SkM metabolism throughout the aging process can be beneficial in alleviating senescent
SkM function. It has been proved that physical exercises and decreased energy intake can improve aging SkM
metabolism, mainly via facilitating fatty acid oxidation and increasing antioxidative capacity*>. Macrophages
play a crucial role in regulating activities that attempt to maintain homeostasis and significantly influence both
inflammatory and immune responses, but they also assist in keeping metabolic stability*’. Moreover, macrophages
exhibit a high degree of versatility, which means they react to environmental signals and appropriately trans-
form their phenotypes and functions***. In this study, we analyzed and compared the metabolism of all cell
types in SkM, as well as 11 distinct SkM macrophage populations. Lipid metabolism, like Glycerophospholipid
metabolism, and carbohydrate metabolism, such as Glycolysis/Gluconeogenesis and Pentose phosphate path-
way, were up-regulated in macrophages of aging SkM. Importantly, enrichment analysis suggested differences
between macrophage clusters and SPP1+ macrophages were the most active in lipid metabolism like Glycerolipid
metabolism, Glycosphingolipid metabolism, and Sphingolipid metabolism. These results agree with the previous
study, which we explored in more detail.

Osteopontin (SPP1) has been recognized as an ingredient of the inflammatory circumstances in mdx muscles,
and also been demonstrated to connect with infiltrating macrophages in mouse muscle regeneration***’. Previ-
ous study has raised the vital function of macrophage-derived osteopontin in the inflammatory stage during
muscle regeneration®. In this study, we recognized a macrophages subgroup featured by high SPP1 expression
and own appreciably senescent score during skeletal aging. With the development of single-cell sequencing,
SPP1+ macrophages have been reported to be involved in the progression of multiple diseases, like dystrophic
muscle®, colorectal cancer®®®!, idiopathic pulmonary fibrosis®?, heart failure®***, and human chronic kidney
disease®. In general, SPP1+ macrophages mainly accumulate in the pathological tissues and are usually associ-
ated with poor prognosis®®®. Notably, Zhang et al.*® suggested aging FAPs recruited macrophages via SPP1/
CCL2 and promoted polarization toward an M2 subtype. Importantly, FAPs are reported to be the main source
of colony-stimulating factor 1(CSF1) in skeletal muscle and play a vital role in self-renewing tissue-resident
macrophages®. Our study discovered that SPP1+ macrophages were increased significantly in the old quadriceps
compared with the quadriceps of young mice. Meanwhile, this subcluster of macrophages also highly expressed
Gpnmb, recognized as a transmembrane marker of senescence®. Of note, SPP1+ macrophages in SkM with high
expression of Fabp5, which are related to long-chain fatty acid transporters, binding to SPP1+ macrophages
own a higher adipogenesis score; we inferred that this subcluster of macrophages might play an important role
in the formation of intermuscular adipose tissues of aging mice. However, the exact mechanisms behind these
warrant further studies.

The Senolytic cocktail of D + Q has been extensively explored in SkM aging to improve SkM molecular profile
and function®**. Previous studies have shown that D + Q treatment affects cells in muscle, for example, increased
myogenic progenitor cell proliferation in vitro®. Of note, D + Q could markedly reduce the number of centrally
nucleated fibers but could not attenuate age-related reductions in SkM mass and myofiber cross-sectional area'®.
In this study, we observed that DQ treatment had no significant effect on body weight, lean mass, or quadriceps
weights. Further, a significant reduction in the percentage of centrally nucleated fibers in the DQ group suggested
that DQ administration partially improved aged-related phenotypes of SkM. Importantly, we first validated that
SPP1+ macrophages are mainly distributed in aging SkM, and DQ somewhat reduced its proportion in vivo.

Limitation

The current research is exposed to several limitations. Although we identified a unique macrophages subgroup
highly expressed SPP1 and play an important role during SkM aging, more experiments should be implemented
to unveil the underlying mechanisms by which SPP1+ macrophages involved in the formation of intermuscular
adipose tissue and angiogenesis. Meanwhile, SPP1+ macrophages increased during mouse SkM aging; however,
this result still needs to be validated in human specimens.

Conclusion

Our present work concluded that a macrophage subgroup mainly distributed in aging mice SkM with high
SPP1 expression was recognized. Subsequent research revealed that SPP1+ Mac exhibited more senescent fea-
ture and adipogenesis capacity. Distinct correlations in young and old SkM macrophages were illustrated. In
addition, distinctions in metabolic pathways and cell-cell communication were analyzed. Finally, we validated
that SPP1+ macrophages were significantly increased in the old SkM, and D + Q treatment could alleviate their
proportion in vivo. However, further research is required to explore the biological effect of SPP1+ macrophages in
aging mice SkM and its relationships with intermuscular adipogenesis. Overall, our study offers fresh insights into
understanding the SkM macrophage differentiation process in young mice and the significance of SPP1+ mac-
rophages in the progression of SkM aging.

Data availability

The datasets involved in this study are available from the GEO (Gene Expression Omnibus) database (https://
www.ncbi.nlm.nih.gov/geo/) under accession numbers GSE143437, GSE172410, GSE162172, GSE232106, and
GSE195507. The code for data analysis and other data are available from the corresponding author upon reason-
able request.
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