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Abstract

Background Sarcopenia is defined as an age-related progressive loss of muscle mass and/or strength. Although differ-
ent factors can contribute to this disease, the underlying mechanisms remain unclear. We assessed transcriptional
heterogeneity in skeletal muscles from sarcopenic and control mice at single-cell resolution.
Methods A mouse model was established to study sarcopenic skeletal muscles. Single-cell RNA-seq was performed on
tibialis anterior (TA) muscle cells collected from sarcopenic and control mice. A series of bioinformatic analyses were
carried out to identify and compare different cell types under different conditions. Immunofluorescence staining and
western blotting were used to validate the findings from single-cell experiments. Tube formation assays were conducted
to further evaluate the effects of Gbp2 on endothelial cells during angiogenesis.
Results Amurine sarcopenia model was successfully established using a senescence-accelerated mouse strain (SAMP6,
n = 5). Sarcopenia phenotype was induced by administration of dexamethasone (20 mg/kg) and reduced physical
activity. Senescence-resistant mice strain (SAMR1) and SAMP6 strain with similar activity but injected with PBS were re-
cruited as two control groups. As signs of sarcopenia, body weight, muscle cell counts and cross-sectional fibre area were
all significantly decreased in sarcopenicmice (P value=0.004, 0.03 and 0.035, respectively). After quality control,13 612
TA muscle single-cell transcriptomes were retained for analysis. Fourteen cell clusters were identified from the profiled
cells. Among them, two distinct endothelial subtypes were found to be dominant in the sarcopenia group (42.2% cells)
and in the two control groups (59.1% and 47.9% cells), respectively. 191 differentially expressed genes were detected
between the two endothelial subtypes. Sarcopenia-specific endothelial cell subtype exhibited a dramatic increase in
the interferon family genes and the interferon-inducible guanylate-binding protein (GBP) family gene expressions. For
example, Igtp and Gbp2 in sarcopenic endothelial cells were 5.4 and 13.3 times higher than those in the control groups,
respectively.We further validated our findings inmuscle specimens of sarcopenia patients and observed that GBP2 levels
were increased in endothelial cells of a subset of patients (11 of 40 patients, 27.5%), andwe identified significantly higher
CD31 and GBP2 co-localization (P value = 0.001128). Finally, we overexpressed Gbp2 in human umbilical vein endothe-
lial cells in vitro. The endothelial cells with elevated Gbp2 expression displayed compromised tube formation.
Conclusions Our single-cell-based results suggested that endothelial cells may play critical roles in sarcopenia devel-
opment through interferon-GBP signalling pathways, highlighting new therapeutic directions to slow down or even
reverse age-related sarcopenia.
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Introduction

Sarcopenia is a condition described by progressive decline
in skeletal muscle mass and/or muscle strength. The clinical
consequences of sarcopenia include falls, fractures,
decreased mobility, or even death.1 As age is one of the
key risk factors for this syndrome, sarcopenia is increasingly
considered to be a critical public health challenge in the
ageing population.2 The estimated direct healthcare cost
for sarcopenia was $18.5 billion in the USA in 20003 and in-
creased to $40.4 billion in a 2019 estimate,4 amounting to
a considerable economic burden for the healthcare system.
Therefore, there is an urgent need to understand this dis-
ease and develop novel preventive and therapeutic
approaches.

Many efforts have been devoted to understand the mech-
anisms driving sarcopenia. Age-related changes have been
observed to be involved in sarcopenia pathogenesis, such as
impaired muscle cell regeneration, chronic inflammatory mi-
croenvironment in skeletal muscles, altered cell–cell commu-
nication and mitochondrial dysfunction.5,6 Transcriptome
studies have been performed to elucidate the molecular
mechanisms underlying sarcopenia. For example, Giresi
et al. identified the increasing of genes which were involved
in mediating cellular responses to inflammation and apopto-
sis in skeletal muscles of sarcopenia patients.7 Borsch et al.
found that a rodent sarcopenia model recapitulated mito-
chondrial changes and inflammatory responses observed in
human sarcopenia.8 However, most of these studies used mi-
croarray or bulk RNA-seq, which can only reflect the average
gene expression of a mixture of various cell types.

Single-cell RNA-seq (scRNA-seq) technology makes it possi-
ble to quantify gene expression at single-cell resolution,
allowing us to study transcriptome changes in different cell
types from a single sample without experimentally sorting
the cell types. Several pioneering studies have been con-
ducted to use single-cell technology in sarcopenia-related
research. Zhang et al. identified that expression of genes
related to interferon-gamma responses is decreased during
muscle regeneration after tissue injury in aged mice. Follow-
ing scRNA-seq, these authors discovered that a novel macro-
phage subset might be responsible for such changes.5 In
another study, researchers used single-nuclei sequencing
to investigate age-related alterations in muscle cell
composition.9 However, a direct comparison between
sarcopenic and normal skeletal muscle at single-cell resolu-
tion is still lacking.

In this study, we established a mouse model of sarcopenia
and studied the molecular profiling differences between
sarcopenic skeletal muscle and control samples using
scRNA-seq. We revealed extensive cellular heterogeneity in
skeletal muscles and found that endothelial cells exhibited
the greatest difference between sarcopenic and control biop-
sies. Expression of interferon signalling pathway genes and

interferon-inducible guanylate-binding protein (GBP) family
genes was drastically increased in sarcopenic-specific endo-
thelial cells. We then validated these findings using muscle
specimens from human sarcopenia patients. The Gbp2 gene
was further investigated for its function in endothelial cell
tube formation. Our work provided the first reference
single-cell transcriptomic atlas for murine skeletal muscle
under sarcopenia as well as steady conditions and suggested
potential new therapeutic targets for age-related muscle loss
and sarcopenia.

Methods

Animal model and clinical samples

The mice were handled according to European Community
guidelines. The senescence accelerated mouse prone 6
(SAMP6) and senescence mouse resistant 1 (SAMR1) were
purchased from the Department of Experimental Animal
Science, Peking University Medical Center. All experimental
animal protocols were approved by the Kunming Medical
University Ethics Committee for Animal Experimentation. In
this study, 5-month-old SAMP6 and SAMR1 mice were used.
Animals were exposed to a standard 12:12-h light/dark cycle
with reduced activity space and normal chow. Ten SAMP6
mice were divided into a sham control group (P6Sham) and
an experimental group (P6DX), with five mice in each group.
Five SAMR1 mice were used as a control group (control). To
induce sarcopenia phenotypes, all mice were housed in
limited space to reduce their physical activities. Dexametha-
sone (20 mg/kg) was injected intraperitoneally into the
P6DX group, whereas PBS was injected into the P6Sham
and control groups. All mice were injected for 7 consecutive
days and weighed at the same time each day.

All clinical specimens were collected at the Sixth Affiliated
Hospital of Kunming Medical University and were approved
by the Ethics Committee of the Sixth Affiliated Hospital of
Kunming Medical University. All patients signed an informed
consent form. All samples were obtained from discarded
muscle tissue that had been removed during joint replace-
ment or lumbar surgery.

HE staining, muscle cell counting and
cross-sectional area quantification

Muscle tissues were immersed in 4% paraformaldehyde for
7 days, dehydrated using a sucrose gradient solution (20%,
30% and 40% sucrose/4% paraformaldehyde) and then im-
mersed in optimal cutting temperature (OCT) medium for
12 h for embedding. After embedding, the transverse sections

2986 Z. Peng et al.

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 2985–2998
DOI: 10.1002/jcsm.13091



(8–12 μm thick) were cut and used for haematoxylin and eosin
(H&E) staining.

Acquired images were analysed using Image-Pro Plus v.6.0
(Media Cybernetics, USA). The numbers of myofibres in each
field of view were counted separately using microns as the
standard unit. The total area of myofibres in each field of
view was measured, and the cross-sectional area of was cal-
culated as the total area of myofibres/number of myofibres.

Western blotting

Nuclear and cytoplasmic fractions were extracted from tis-
sues and cells using the Nuclear and Cytoplasmic Protein Ex-
traction Kit (Solarbio, R0010), subjected to 12% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene fluoride (PVDF) mem-
branes. After blocking, membranes were incubated overnight
with antibodies against GBP2 (Proteintech, SA00001-2) (di-
luted 1:2000) and GAPDH (Cell Signaling, 97166) (diluted
1:2000). The membranes were then incubated with
HPR-conjugated goat anti-rabbit IgG (Proteintech, SA00001-
2) (diluted 1:2000) for 2 h at room temperature. The blots
were developed using an enhanced chemiluminescence kit
(Millipore, Billerica, MA, USA), and bands were quantified
using a Bio-Rad imaging system (Hercules, CA, USA).

Immunofluorescent staining

Similar to H&E staining, muscle tissues of mice and humans
were immersed in paraformaldehyde for 7 days with sucrose
gradient dehydration and then embedded in OCT medium.
The tissues were cut into 10-μm sections using a frozen mi-
crotome, and immunofluorescent staining was performed af-
ter preparation. Briefly, the samples were washed three times
with 0.1% Triton X-100 in PBS (0.1% PBST) for 10 min each.
The samples were permeabilized using 500 μL of 0.3% Triton
X-100 in PBS for 20 min at room temperature. The samples
were again washed three times with 0.1% PBST for 30 min
each. Next, 10% goat serum in 0.1% PBST was added to the
samples for 2 h at room temperature, followed by 200 μL pri-
mary antibody cocktail, which was incubated overnight at
room temperature. The following primary antibody cocktails
in 10% goat serum in 0.1% PBST were used: Gbp2
(Proteintech, 11854-1-AP) (diluted 1:500) and CD31 (Abcam,
ab24590). The samples were washed three times with 0.1%
PBST for 10 min each. The samples were then incubated with
the secondary antibodies for 2 h at room temperature. The
secondary antibodies, each used at 1:1000 dilution, were as
follows: goat anti-mouse IgG AF555 (Abcam, ab150118) and
goat anti-rabbit IgG AF488 (Abcam, ab150081). After incuba-
tion for 2 h, the samples were washed four times with 0.1%
PBST for 10 min each. Finally, a drop of mounting medium

with DAPI (Abcam, ab104139) was added to seal the samples.
The samples were stored at 4°C away from light until imag-
ing. Samples were imaged using a confocal microscope
(LSM880, ZEISS) and SP5 (LEICA).

GBP2 over-expression in human endothelial cells
and tube formation assay

Human umbilical vein endothelial cells (HUVECs) were
donated by the Science and Technology Achievements Incu-
bation Center of Kunming Medical University. HUVECs were
cultured up to passage 4 (P4) in basal medium: high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
11995073) supplemented with 10% fetal bovine serum
(FBS; VWR, 142D19) and 1% penicillin/streptomycin (Sigma-
Aldrich, P4458) at 37°C in humidified air with 5% CO2. A
plasmid over-expression system (GenePharma, China) was
used for Gbp2 over-expression (Figure S1). HUVECs were
transfected with GP-transfected Mate (GenePharma). Expres-
sion of GBP2 protein was verified via western blotting.

In tube formation assays, endothelial cells were cultured in
a gel of membrane extract, and their ability to form tube-like
structures was assessed. The growth factor-reduced base-
ment membrane extract Matrigel matrix (Corning, 356234)
was used as a culture substratum. Briefly, a thin layer of
Matrigel (50 μL) was placed over pre-chilled 96-well culture
plates until completely solidified. Trypsinized HUVECs resus-
pended in DMEM medium with only PBS were added to the
preconditioned culture plates at a density of 2 2*10^4cells/
well. At 8 h, randomly chosen visual fields per well were
photographed, and the length and area of the network of
connected cells (tube formation) were measured using
ImageJ 2.0 software. Tube (capillary-like) formation was
defined as a ring-like structure with a length/width ratio of 4.

Single-cell RNA-seq and analysis

Tibialis anterior (TA) muscles were dissected from each
mouse; single-cell suspensions were obtained by enzymatic
digestion. Briefly, muscle biopsies were minced and digested
with Collagenase II, Dispase II, DNAnase I solution at 37°C;
dissociated cells were filtered and resuspended in PBS. Red
Blood Cell Lysis Solution (Miltenyi Biotec, Germany) was
applied to further remove erythrocytes. After removal, cells
were washed and resuspended in PBS. The cell suspension
was loaded onto the Chromium single-cell controller (10X Ge-
nomics) to generate single-cell gel beads in the emulsion ac-
cording to the manufacturer’s protocol. Single-cell 3′ libraries
were prepared for captured cells using Gel Bead Kit V3. The
libraries were finally sequenced using an Illumina Novaseq
6000 sequencer with a sequencing depth of at least 100 000
reads per cell with pair-end 150-bp reading strategy.
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Raw sequencing data were processed by Cell Ranger ver-
sion 4.0 (10X Genomics). Alignment (to mouse mm10 refer-
ence genome), filtering, barcode counting and UMI counting
were performed with cellranger count module to generate
gene expression matrix. scRNA-seq data analysis was per-
formed using Seurat R package (Version 3.2.0).10 In quality
control step, cells were filter by the following criteria: (1) mi-
tochondrial abundance <15%, (2) minimum gene detected
>800 and (3) maximum gene detected <99 percentile
among all cells (18 730 genes). Principal component analysis
was applied on the highly variable genes and cells were
projected and visualized on 2D dimensions using uniform
manifold approximation and projection (UMAP) on the first
20 PCs. Cells were clustered by Louvain algorithm imple-
mented in Seurat. Gene set enrichment analysis (GSEA) were
performed using fgsea R package.11 Cell–cell interaction was
inferred using CellChat R package.12

Results

Successful establishment of a murine sarcopenia
model

We first established a mouse sarcopenia model according to
previous reports13–15 (Figure 1A, left). Briefly, the SAMP6
mice with accelerated ageing phenotypes were induced sar-
copenia by reduced physical activity and dexamethasone in-
jection (P6DX group). SAMR1 and SAMP6 mice with similar
physical activity strength and PBS injection were used as
two control groups (R1 control and P6Sham, respectively).
The body weights of P6DX sarcopenia mice were significantly
reduced after induction (Figure 1B; P value = 0.004, one-way
ANOVA). The muscle cell counts and cross-sectional fibre area
were also both decreased in P6DX group (Figure 1C and 1D; P
value = 0.03 and 0.035, respectively, one-way ANOVA). H&E
staining on skeletal muscle presented clearly loosed muscle
cell structure in P6DX group (Figure 1E). By immunofluores-
cence staining, we confirmed that type1 slow muscle fibres
were enriched in P6DX (Figure 1F), indirectly indicating the
loss of type 2 fibres, which was a signature of aged skeletal
muscle. Taking these phenotype evaluations together, we
successfully established a mice model that recapitulates
sarcopenia.

Single-cell transcriptome analysis revealed diverse
cellular composition in murine skeletal muscle

We performed scRNA-seq on mice skeletal muscle biopsies
collected from three experiment groups: (1) R1 control group
(control): SAMR1 + PBS, (2) sham group (P6Sham):
SAMP6 + PBS and (3) sarcopenia group (P6DX):

SAMP6 + dexamethasone. Each group contained five mice.
We first established a cell type atlas for mouse skeletal mus-
cles (Figure 2A and 2B). After quality control and data pre-
processing, 13,612 cells (4,762 control, 4,250 P6Sham, 4,600
P6DX) were retained for downstream analysis. In total, 14
clusters were identified from the cell population; each
corresponded to a unique cell type or cell subtype. Cell type
identities were assigned to each cluster by canonical markers
from previous publications (Figure 2C and Table S1).

Four distinct endothelial cell subtypes were revealed from
the profiled cells. Endothelial1 expressed pan-endothelial cell
markers Pecam1, Cldn5 and Cd3416,17 (Figure S2A). Endothe-
lial2, in addition to pan-endothelial markers, expressed high
levels of GBP family genes, such as Gbp2, Gbp4 and Gbp7,
and interferon signalling pathway genes, such as Ifit3, Ifi47
and Ifit1 (Figure S2B), suggesting an active interplay between
GBP and interferons in Endothelial2. Endothelial3 expressed
Clu and Stmn2 (Figure S2C), hinting their arterial origins.18,19

Endothelial4 cells were marked by Plvap, Selp and Vwf ex-
pressions (Figure S2D), indicating that they were from
Weibel–Palade bodies (WPBs), the storage granules of endo-
thelial cells.18

Two pericyte and two fibroblast subtypes were also identi-
fied, respectively. Pericyte1 and Pericyte2 both expressed
canonical pericyte markers Pdgfrb, Rgs5 and Vtn.20 Pericyte1
also had high expression level of Pecam1 (Cd31), which
was largely absent in Pericyte2, whereas Pericyte2 had
slightly higher expression of Cspg4 (Ng2) (Figure S2E).
Pan-fibroblast markers such as collagen genes (Col1a1,
Col1a2, Col3a1) and Serpinf1, Fbln1 and DcnP were highly
expressed in Fibroblast1 and Fibroblast2.21 Fibroblast1 can
be further characterized by expression of Cxcl14 and Smoc2.
Autocrine CXCL14 can stimulate fibroblasts migration and
ERK-dependent proliferation.22 Fibroblast2 was likely to be
skeletal muscle perimysial cells, marked by expression of
Fmod, Thbs4 and Comp (Figure S2F).

A cluster of muscle cells (Myocyte) was identified by
myosin gene Myh11 and alpha smooth muscle actin Acta2
gene (Figure S2G). Glial cell and Neural cell were annotated
by Mpz, Gatm, Mbp and Ptn, Gpm6b, Dbi, respectively
(Figure S2H and S2I). Two macrophage groups were also ob-
served in the cell population. Resident Macrophage
(Res_Mac) expressed Cd74 and histocompatibility complex
HLA genes (H2-Aa), and inflammatory macrophage (Inf_Mac)
expressed pro-inflammatory molecules S100a8 and S100a9
(Figure S2J). Finally, we recognized a small cluster of muscle
stem cells (MUSC), with unique expression of Myod1 and
Myf5 (Figure S2K).

Among the 14 cell clusters, Endothelial1 and Endothelial2
were the most abundant cell types, Endothelial1 constituted
59.1% and 47.9% of control and P6Sham group cells, respec-
tively, and Endothelial2 constituted 42.2% of P6DX group
cells. Endothelial1 and Endothelial2 showed high sample ori-
gin bias, 96.1% Endothelial1 cells were from control and
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Figure 1 Establishment and evaluation of a murine sarcopenia model. (A) A scheme to illustrate the workflow of this study. A mouse model for sar-
copenia is established and evaluated by different criteria. TA biopsies from sarcopenia mice (n = 5) as well as from mice in two other control groups
(n = 5 each group) are subject to single-cell transcriptome analysis. Findings from scRNA-seq are validated by in vivo and in vitro experiments. (B–D)
Criteria to evaluate sarcopenia mice model. The body weights, muscle cell counts and cross-sectional fibre area are significantly decreased in P6DX
sarcopenia mice group during the sarcopenia establishment procedure. (E) HE-stained TA muscle of R1 control, P6Sham and P6DX groups; the muscle
cell structures are loose in P6DX sarcopenia sample. Scale bar represents 100 μm. (F) Immunofluorescence staining of the three experimental groups.
Myosin heavy chain I (MCH I) is increased in P6DX sarcopenia sample. Scale bar represents 20 μm.
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P6Sham groups, and 96.5% Endothelial2 cells were from
P6DX group (Figure 2B and 2D). Both Endothelial1 and Endo-
thelial2 expressed canonical endothelial markers but formed
clearly separated cell clusters, suggesting that endothelial
cells from sarcopenia samples had distinct transcriptome
profiles from homoeostatic status. More systemic compari-
son of these two endothelial groups will be conducted in

the next section. Except Endothelial1 and Endothelial2, cells
from the different experiment groups were largely over-
lapped in each of the cell clusters (Figure 2B). We compared
the cell type composition among the three experiment
groups (Figure 2D). The % of myocyte in P6DX group
(11.3%) was ~2-fold of that in control (5.6%) and P6Sham
(6.1%) group. But the % of muscle stem cells was much lower

Figure 2 Cell types identified from skeletal muscle biopsies by scRNA-seq. (A) Cell atlas of skeletal muscle from sarcopenia and control mice presented
by UMAP. Fourteen cell types are revealed from single-cell transcriptome data. (B) Transcriptomic atlas coloured by experiment groups. Except endo-
thelial1 and endothethlial2, different experiment groups largely overlap in different cell clusters. (C) Marker genes used to annotate cell types. Dot size
represents % of cells of that cluster expressing the given gene, whereas colour indicates the expression level of that cluster. (D) Bar plot depicting the %
of each cell type in each group; endothelial1 is enriched control and P6Sham groups, whereas endothelial2 is enriched in P6DX group.
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in P6Sham (0.3%) and P6DX (0.2%) groups compared with
control group (1.0%). Moreover, inflammatory macrophages
were mostly from P6DX group.

Distinct endothelial cell subtypes were observed
from different experiment groups

In the previous section, we observed that the major Endothe-
lial cell cluster of P6DX group (Endothelial2) was distinct from
that in control and P6Sham groups (Endothelial1), suggesting
that endothelial cells may play an important role in sarcope-
nia. To further compare the difference between Endothelial1
and Endothelial2, we assessed the differentially expressed
(DE) genes (|Fold Change|> 1.5 and adjusted P value< 0.05)
between Endothelial1 and Endothelial2 (Figure 3A). Totally,
191 DE genes were identified; compared with Endothelial1,
141 genes were increased in Endothelial2; and 50 genes were
decreased (Table S2). The top10 increased and decreased
genes were visualized in Figure 3B. Among the top 20 in-
creased genes in Endothelial2, six were GBPs (Gbp2, Gbp4,
Gbp7, Gbp6, Gbp3 and Gbp5), and six were interferon signal-
ling pathway related genes (Igtp, Ifit3, Ifi47, Ifit1, Iigp1,
Ifitm3). For example, the expression level of Gbp2 in Endo-
thelial2 was 13.3-fold of that in Endothelial1; 89% cells in En-
dothelial2 were detected to express Gbp2 versus only 30% in
Endothelial1. GBPs are an interferon inducible subfamily of
guanosine triphosphatases (GTPases); previously, they were
recognized to serve as major protective hubs both inside
and outside of the immune system.23 Our result suggested
that interferon-induced GBPs may have a novel role in sarco-
penia pathogenesis.

We next performed GSEA to investigate pathways that
positively or negatively enriched in Endothelial2 compared
with Endothelial1. In Reactome24 pathway collections, inter-
feron signalling-related pathways were among the top posi-
tive enriched pathways by normalized enrichment scores
(NES). Cytokine-related pathways were also positively
enriched in Endothelial2 (Figure 3C, left). In gene ontology
(GO) terms, ‘Cytokine mediated signaling pathway’, ‘Cellular
response to cytokine stimulus’ and ‘Cellular response to
cytokine stimulus’ were the top 3 positively enrich terms
(Figure 3C, right). ‘Response to interferon gamma’ was also
among the top positively enriched terms. We further sur-
veyed the expression of the leading genes in interferon sig-
nalling pathway in Endothelial1 and Endothelial2, which
showed significant elevation in Enodothelial2 (Figure 3D).

Decreased cell–cell interactions in sarcopenia
skeletal muscle cells

Cell–cell communications through ligand–receptor pairs is
critical for the crosstalk between different cell types and co-

ordinating various biological processes. To investigate if the
cell–cell communications were disturbed in sarcopenia sam-
ples, we inferred cell–cell interactions using CellChat12 and
compared the interaction network among the three experi-
ment conditions. Because Endothelial1 was the major endo-
thelial cell cluster for control and P6Sham group and Endo-
thelial2 was the major one for P6DX, we used
Endothelial_major to refer to Endothelial1 in control and
P6Sham and to Endothelial2 in P6DX, respectively. To make
reliable inference, we also excluded cell types with small cell
numbers (<50 cells in one condition). Overall, there are more
cell–cell interactions inferred from control and P6Sham cells
(Figure 4A and 4B); the total interaction counts decreased
by 22.0% in P6DX cells compared with control cells. More-
over, the interaction strength was also lowest in P6DX cells
(Figure 4B). We next compared the differential number of in-
teractions and interaction strength between P6DX cells and
control cells in different cell type pairs (Figure 4C). In most
cell type pairs, P6DX had less interactions and lower interac-
tion strength. For example, in Pericyte2 (sender)–Myocyte
(receiver) pair, there was 46 interactions in control cells, but
only 23 in P6DX cells. These results together suggested that
the cell–cell communications were compromised in P6DX
cells and may attribute to the sarcopenia process.

We also investigated the signalling pathways that were
changed between P6DX cells and control cells by comparing
the information flow (interaction strength). The signalling
pathways with increased interaction strength in control were
coloured as red, and that in P6DX were coloured as blue
(Figure 4D). For example, TENASCIN signalling pathway had
much weaker interaction strength in P6DX. We further eval-
uated the expressions of ligand receptors involving in this
signalling pathway, showing that Tnc, Tnxb and Sdc4 had
lower expression Fibroblast2 in P6DX compared with control
(Figure 4E).

Validation of Gbp2 expression in mice and human
sarcopenia muscle biopsies

From scRNA-seq data, we observed unusual high Gbp2 ex-
pression in endothelial cells in P6DX group, and we next val-
idated this result using experimental approaches. We first
assessed the Gbp2 expression by western blot (Figure 5A
and 5B). We showed that the protein expression of Gbp2
was significantly higher in P6DX samples compared with the
other two groups (P value = 0.01699 in P6DX vs. control
and 0.02943 in P6DX vs. P6Sham, Student’s t-test). We fur-
ther inspected Gbp2 expression using immunofluorescence
staining. Muscle sections from the three groups were stained
with Gbp2 and Cd31 to identify Gbp2-expressing endothelial
cells. Whereas Gpb2 was detected broadly in endothelial
cells in P6DX group, Gbp2 was mostly absent in R1 control
and P6Sham groups (Figure 5C, left panel). The Cd31 and
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Figure 3 Distinct endothelial cell clusters between experiment groups. (A) Volcano plot showing differentially expressed genes between endothelial1
and endothelial2 cell clusters. Differentially expressed (DE) genes (|fold change| > 1.5 and adjusted P value < 0.05) are coloured blue. Top 10 DE
genes by adjusted P value are labelled. (B) Violin plot to compare expression level of top 10 DE genes between endothelial1 and endothelial2. Upper
panel is the top 10 genes enriched in endothelial1, and the bottom panel is the top 10 genes enriched in endothelial2. (C) Bar plot to present Reactome
pathways (left) and GO terms (right) positively enriched in endothelial2 compared with endothelial1. (D) Heatmap to show the leading genes in inter-
feron signalling pathway in endothelial1 and endothelial2.
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Figure 4 Cell–cell interactions inferred from scRNA-seq data. (A) Cell–cell interaction network among the major cell types in each experiment group.
Edge width represents number of interactions between the two connecting cell types. P6DX group has a less dense network comparing to control and
P6Sham groups. (B) Bar plot to compare number of interactions and interaction strength among the three groups. P6DX has fewest interactions and
lowest interaction strength. (C) Heatmap to compare differential number of interactions and interaction strength between P6DX and control group.
P6DX has fewer interactions and lower interaction strength in most cell type pairs. (D) Bar plot to compare the overall information flow of each sig-
nalling pathway. The signalling pathways coloured red are enriched in control, and these coloured blue are enriched in the P6DX. (E) Expression of
signalling genes related to TENASCIN signalling pathway in control and P6DX groups.
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Figure 5 Gbp2 increased in mice and human sarcopenia muscle biopsies. (A) Western blot image to show that Gbp2 expression is increased in P6DX
group. (B) Quantification of western blot results. Gbp2 expression is significantly higher than the other two groups (* indicates P value< 0.05). (C) Left:
Immunofluorescence of mouse TA; expression of Gbp2 is identified in endothelial cells in the P6DX group (white arrows). Blue: DAPI, green: Gbp2, red:
Cd31. Scale bar represents 20 μm. Right: Co-localization rate of Cd31 and Gbp2 (**** indicates P value < 0.0001) (D) Left: Expression of GBP2 in hu-
man muscle tissue; expression of GBP2 in endothelial cells is observed in sarcopenia patients (white arrows). Blue: DAPI, green: GBP2, red: CD31. Scale
bar represents 20 μm. Right: Co-localization rate of CD31 and GBP2, (** indicates P value < 0.01).
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Gbp2 co-localization rate was significantly higher in P6DX
group than the other two groups (Figure 5C, right panel; P
value = 1.57e-05 in P6DX vs. control and 1.592e-05 in P6DX
vs. P6Sham, Student’s t-test).

We next investigated whether GBP2 was also present in
human sarcopenia patients. We recruited 40 sarcopenia
patients diagnosed by recommendations of the European
Working Group on Sarcopenia in Older People.25 Among the
40 patients, 22 were women, aged from 60 to 87 years, and
none of them had used any glucocorticoids in the recent past.
During joint replacement or lumbar fusion surgery, we col-
lected muscle tissues associated with the surgical unavoid-
ably removal. We then made frozen muscle specimen sec-
tions for immunofluorescence according to the instructions.
We identified GBP2 expression in endothelial cells from a
subset of sarcopenia patients (Figure 5D, left panel). Overall,
27.5% (11 out of 40) patients were found to exhibit signifi-
cant GBP2 expression in the collected specimens. In those pa-
tients, we identified significantly higher CD31 and GBP2
co-localization rate than non-sarcopenia controls (Figure 5D,
right panel; P value = 0.001128, Student’s t-test).

Over-expression of GBP2 led to compromised
endothelial cell tube formation

Skeletal muscle is highly vascularized; many studies have re-
ported the importance of vascularization in skeletal muscle
function for the physiological demand such as restoring oxy-
gen and nutrient supply.26 The endothelial tube formation as-
say provides a tool for the assessment of angiogenesis in vitro.
In this study, we successfully constructed HUVEC-GBP2 over-
expression cells by plasmid over-expression system
(‘Methods’). The GBP2 over-expression was validated by
Western blot (Figure 6A and 6B); the GBP2 over-expression
cells had significantly higher GBP2 (P value = 0.006532 in
GBP2 Over-expression vs. Empty Plasmid and P
value = 0.008091 in GBP2 Over-expression vs. Control). In en-
dothelial cell tube formation assay, we found that the tubule
formation ability was significantly decreased in the GBP2
over-expression group by microscopy inspection. No clear cell
aggregation was observed to form tubules in over-expression
cells, whereas obvious tubule formation was identified in the
control group (Figure 6C).

Figure 6 Over-expression of Gbp2 in endothelial cells inhibited the tube formation. (A and B) Western blot to verify GBP2 over-expression in HUVEC
(** indicates P value < 0.01). (C) Endothelial cell tube formation assay result. Left: Control group; robust tubule formation is observed; right: HUVEC
has reduced tube formation ability in GBP2 over-expression environment. Images were taken at 8 h.
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Discussion

Single-cell technologies are becoming increasingly important
in biological researches; however, a single-cell transcriptomic
reference for sarcopenia is still lacking. In this study, we
constructed a mouse model for sarcopenia and applied
scRNA-seq to provide a comprehensive cell type landscape
for skeletal muscle under sarcopenic as well as steady condi-
tions. We revealed 14 cell types/subtypes from our single-cell
datasets. To our surprise, we found that endothelial cells
made the largest proportion among the cell population. In
addition, distinct endothelial cell subtypes have been identi-
fied between sarcopenic and control samples. Drastically
high expression of interferon genes and the resulting
interferon-induced GBP genes were identified in the
sarcopenia-specific endothelial cells. Elevated Gbp2 gene ex-
pression was also observed in endothelial cells from human
sarcopenia patients’ skeletal muscle biopsies, suggesting that
our findings may indicate new therapeutic directions for
sarcopenia.

Supported by several previous studies, endothelial cells
have recently been acknowledged to involve in mechanistic
pathways of skeletal muscle dysfunctions. A recent in vitro
study demonstrated that the high glucose-treated endothelial
cells secreted higher levels of inflammatory cytokines and the
damaging free radical superoxide, which consequently affects
skeletal muscle satellite cell growth and differentiation.27 An-
other study reported that apoptosis of capillary endothelial
cells accounts for more than 75% of apoptosis in the old
mouse muscle. Dysfunction in endothelial cell could disturb
the integrity of the endothelial monolayer and the delivery
of nutrients and oxygen as well as the removal of toxic
metabolic products, which finally affect muscular
homoeostasis.28 In our study, we found the major endothelial
cells from sarcopenia samples were clearly separated from
control samples in the UMAP two-dimensional representa-
tions, suggesting they had distinct transcriptional profiles.
From our gene-level and pathway-level analysis, we created
a gene signature list for sarcopenia endothelial cells. Inter-
feron signalling pathway genes were among the top of the
gene list, indicating that endothelial cells may contribute to
sarcopenia progression through an interferon-dependent
pathway. This result is consistent with the enhanced gamma
interferon signalling during ageing.29 It has been proposed
that chronic inflammation makes substantial contribution
to ageing and ageing-related muscle dysfunction.6 Our study
provided new evidence to support this hypothesis. In a recent
study, it has been reported that responses to interferon-
gamma were significantly down-regulated during muscle
regeneration in aged mice, which differed from our increased
interferon observations. The authors further applied
single-cell sequencing and discovered that a novel population
of interferon-responsive macrophages attributed to the
down-regulation. These controversial results highlighted the

importance to discuss the molecular changes under specified
cell type context, which can be achieved by single-cell
technologies.

GBP family genes were another cluster of genes highly
increased in sarcopenic endothelial cells in our study, which
is a gene family that can be highly upregulated by interferon
signalling. GBP genes were originally identified by their
unusual ability to bind guanosine monophosphate (GMP) nu-
cleotide agarose and were later emerging as central orches-
trators of innate immunity to infection and inflammation.23

Although this interferon-induced gene family assembles func-
tions to protection against invading pathogens, a growing
number of evidences suggest their new functions that are
not directly related to defending invaders.30–32 A recent study
uncovered that GBP2 and GBP5 can both negatively regulate
osteoclast differentiation in vitro. Moreover, GBP5 knockout
mice showed greater age-associated bone loss, which was
mediated by inflammation.32 In this study, we presented that
GBP genes may also be positively associated with senescence
of skeletal muscle, the neighbours of bones with close ties,
playing a multifarious role in the musculoskeletal system. In
another study, after inducing by interferon, GBP1 was shown
to restrain cellular proliferation in endothelial cells through
an undefined mechanism.31 Increased expression of GBP1
also correlated with reduced blood vessel density formed
by endothelial cells.33 In our study, after overexpressing
GBP2 in human umbilical vein endothelial cells, the tube for-
mation was significantly inhibited, suggesting that increased
GBP genes could lead to compromised angiogenesis in skele-
tal muscles. The blood vessels not only provides oxygen and
nutrients supplies to skeletal muscles but also plays a key role
in muscle development regeneration.26 Future studies can be
conducted to further elucidate how GBP genes can disturb
vascular function in skeletal muscle remodelling and senes-
cence to establish promising therapeutic strategies.

A limitation of our study is that we recruited mice with
accelerated ageing rather than natural ageing mice, which
may not reflect the exact ageing procedure. However,
senescence-accelerated mouse prone (SAMP) mice strains
have been successfully be used in several osteoporosis and
sarcopenia studies.34–36 Our study can build basis for future
studies recruiting natural ageing mice. In our human clinical
samples, we observed that a subset of sarcopenia patients
also showing pronounced GBP2 expression in endothelial
cells, which was consistent with our animal model, although
we did not detect high GBP2 expression by immunofluores-
cence in other patients. This result indicated that the disease
heterogeneity for sarcopenia. Future clinical studies will be
needed to stratify the patient population, and personalized
therapeutic approaches based on diagnostics at molecular
level can be beneficial for patients.

In summary, our study provided the first single-cell RNA-
seq reference dataset for sarcopenia mouse model. We dem-
onstrated that endothelial cell may play an overlooked role in
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sarcopenia, potentially through an interferon-induced GBP
signalling pathway. Interferon–GBP interplay may be a new
promising therapeutic target for age-related sarcopenia.
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