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A B S T R A C T

Skeletal muscle has a unique ability to remodel in response to stimuli such as contraction and aerobic exercise
training. Phenotypic changes in muscle that occur with training such as a switch to a more oxidative fiber type,
and increased capillary density contribute to the well-known health benefits of aerobic exercise. The muscle
matrisome likely plays an important role in muscle remodeling with exercise. However, due to technical limi-
tations in studying muscle ECM proteins, which are highly insoluble, little is known about the muscle matrisome
and how it contributes to muscle remodeling. Here, we utilized two-fraction methodology to extract muscle
proteins, combined with multiplexed tandem mass tag proteomic technology to identify 161 unique ECM pro-
teins in mouse skeletal muscle. In addition, we demonstrate that aerobic exercise training induces remodeling of
a significant proportion of the muscle matrisome. We performed follow-up experiments to validate exercise-
regulated ECM targets in a separate cohort of mice using Western blotting and immunofluorescence imaging.
Our data demonstrate that changes in several key ECM targets are strongly associated with muscle remodeling
processes such as increased capillary density in mice. We also identify LOXL1 as a novel muscle ECM target
associated with aerobic capacity in humans. In addition, publically available data and databases were used for in
silico modeling to determine the likely cellular sources of exercise-induced ECM remodeling targets and identify
ECM interaction networks. This work greatly enhances our understanding of ECM content and function in
skeletal muscle and demonstrates an important role for ECM remodeling in the adaptive response to exercise. The
raw MS data have been deposited to the ProteomeXchange with identifier PXD053003.

Introduction

Skeletal muscle is the largest organ by mass in healthy individuals,
and contributes to essential processes including locomotion, whole-body
metabolism, and endocrine signaling [1]. Moreover, muscle health and
function is tightly associated with overall health, quality of life, and
longevity [2]. Muscle also has a unique ability to remodel within a
relatively short timeframe (weeks to months) in response to stimuli such
as contraction or exercise [3]. Remodeling processes that typically occur
in muscle with aerobic exercise training include changes in fiber-type
composition [4] and increases in capillary density via exercise-
induced angiogenesis [5]. The phenotypic changes that occur in mus-
cle with training contribute significantly to the well-reported health

benefits of exercise [6].
The skeletal muscle extracellular matrix (ECM) is essential for many

important muscle functions including muscle contraction, cellular
signaling, and energy metabolism [7–10]. This complex compartment is
host to a variety of cell types (e.g. muscle progenitor cells, endothelial
cells, fibroblasts) that are involved in muscle remodeling processes
[11,12]. Remodeling of muscle ECM is associated with disease states
such as muscular dystrophy and metabolic disease [13,14], as well as
positive muscle adaptations that occur with exercise training [15]. As in
other tissues, muscle ECM proteins can be categorized into core com-
ponents (e.g. collagens, proteoglycans, glycoproteins), as well as asso-
ciated proteins (e.g. ECM regulators) [16].

There is abundant evidence that exercise training regulates
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transcription of skeletal muscle ECM components [17]. However,
altered transcript levels may not accurately reflect actual remodeling
events of muscle ECM proteins in response to exercise. This is because
the content of ECM proteins can also be modulated by protein synthesis
rates, post-translational modification, and breakdown by proteolytic
enzymes [18–20]. In addition, the physiological environment of the host
can alter the rates of these processes, changing the half-life of ECM
proteins through processes like cross-linking and glycation [21].

There is also data demonstrating that exercise can alter components
of the muscle proteome, including some ECM proteins [22]. However,
analysis of the precise protein make-up of ECM components, or
“matrisome”, of muscle and other tissues has been challenging due to the
large size, extensive post-translational modification, and insoluble na-
ture of the proteins [23]. Consequently, traditional methodologies to
extract and quantify muscle proteins may not provide comprehensive
coverage of the muscle proteome. Fortunately, recent advances in pro-
teomic methodology have led to an enhanced understanding of ECM
composition of skeletal muscle and other tissues [24,25]. To date, much
of the work done to examine the muscle matrisome using ECM-specific
extraction techniques has been performed in sedentary rodents. Deter-
mining how exercise, which is a critical regulator of muscle health and
function, can regulate the muscle matrisome, is a key unanswered
question.

The aim of our investigation was to utilize ECM-specific proteomic
techniques to determine how aerobic exercise training regulates
remodeling of the skeletal muscle matrisome. In addition, we aimed to
determine how ECM remodeling with exercise relates to functional
changes in muscle phenotype that impact health, such as exercise-
induced increases in muscle capillary density. Our results demonstrate
that a substantial proportion of the muscle matrisome is altered by ex-
ercise training. We demonstrate that matrisome remodeling is tightly
associated with exercise-induced changes in muscle phenotype- identi-
fying potentially novel regulators of the adaptive response to exercise. In
addition, we identify muscle ECM proteins in mouse and human skeletal
muscle that have not previously been investigated.

Results

Utilizing an ECM enrichment method developed for ovarian tissue
and optimized for skeletal muscle, we identified 225 ECM proteins from
mouse gastrocnemius muscle which represent 4% and 7% of all proteins
quantified from the soluble and insoluble fractions of our skeletal muscle
samples (Fig. 2A). After combining proteins that were found in both
fractions or had duplicate Uniprot protein IDs, a total of 161 ECM pro-
teins were identified in muscle (Fig. 2B). Of these, 76 proteins were core-
matrisome and 85 proteins were ECM-associated proteins (Table 1). A
greater extent of ECM-associated proteins were found in the soluble
fraction (80 soluble vs 29 insoluble), whereas a similar proportion of
core matrisome proteins were found in both fractions (52 soluble vs 64
insoluble). The most abundant core matrisome component quantified
were glycoproteins (64%), followed by collagens (20%) and pro-
teoglycans (16%). In the matrisome-associated category, more than 50%
were categorized as ECM regulators and others were identified as
ECM–affiliated (28%) and secreted factors (18%). Some of our identified
ECM proteins have been previously recognized as major muscle ECM
components (COL1A1, FBN1, FN1) or muscle ECM regulators (MMP2,
GPC1, MSTN). However, some of our identified ECM proteins have not
been previously reported in muscle (e.g. COL9A3, GPC4, S100A16).

To determine how exercise training impacts muscle ECM remodel-
ing, a cohort of mice underwent 6-weeks of voluntary wheel running,
while controls remained sedentary. Exercise-trained mice ran 552±33
km over the training period, and had lower body weight compared to
sedentary controls (Supplementary Fig. 1A–B). Exercise-trained mice
significantly improved their aerobic exercise capacity, expressed as time
to exhaustion, compared to controls, indicating that training produced
the anticipated physiological adaptations (Supplementary Fig. 1C).

Using our newly optimized ECM enrichment and quantification
methods, we found that exercise altered more than 34% of identified
core matrisome proteins, with the majority being increased by training
(Fig. 3A–B). A complete list of quantified ECM proteins from the soluble
and insoluble fractions, and how they were altered by exercise training
appears in Supplementary File 1. For example, MFAP5 and FBN1 were
increased by 2.0- and 1.9-fold, respectively, in response to exercise
training. On the other hand, matrisome-associated proteins were more
likely to decrease with exercise training (Fig. 3A–B). Overall, our find-
ings demonstrate a profound remodeling of core and matrisome-
associated proteins in muscle induced by aerobic exercise training.

Spearman correlation analysis identified 34 muscle ECM proteins
that are associated (rho≥ 0.5, P≤0.1) with improvements in exercise
capacity (ΔTTE) with exercise training (Table 2). Some targets were
negatively correlated (e.g. HSPG2, COL9A1) and others were positively
correlated (e.g. FBLN5, FN1) with ΔTTE. These data suggest that muscle
ECM composition may play an important role in the physiological ad-
aptations to exercise. This is likely because changes in muscle phenotype
make important contributions to the overall health benefits of exercise,
including improved exercise capacity [26,27].

To determine whether ECM targets we identified to be exercise-
regulated via proteomics are associated with key changes in muscle
phenotype, we performed a second exercise-training study in a larger
(N=12 sedentary and N=12 exercise-trained) cohort of mice. Exercise-
trained mice were housed in voluntary wheel-running cages and ran
~429±41 km over the course of 6-weeks (Supplementary Fig. 2A). Ex-
ercise produced expected physiological adaptations such as reduction in
body weight (Supplementary Fig. 2B) and improved aerobic exercise

Table 1
Annotated matrisome proteins identified in mice gastrocnemius muscle using
two-fraction MS-compatible methodology. Identified proteins were found in all
samples (N=11), regardless of experimental group. Annotations are taken from
the Naba matrisome database.

Categories Divisions Matrisome protein name

Core Matrisome
Proteins

Collagens COL15A1, COL5A3, COL18A1, COL14A1,
COL3A1, COL6A2, COL4A1, COL6A1,
COL6A6,COL4A2, COL12A1, COL9A3,
COL1A1, COL6A3, COL6A5

ECM
Glycoproteins

VWF, MFAP5, FBN1, LAMA4, FBLN5, DPT,
MFAP1A, FN1, TNXB, POSTN, NID1,
TINAGL1, LAMB2, MFAP2, LAMC1, TGFBI,
MFAP4, LAMB1, LAMA2, FBLN1, LAMA5,
VTN, FGG, PXDN, CILP2, CILP, THBS4,
FGB, ADIPOQ, LAMA1, PCOLCE, NID2,
FGA, MFGE8, TNC, THBS1, AEBP1,
EFEMP1, SMOC2, CRELD2, CRELD1,
COMP, VIT, ECM1, ABI3BP, LRG1,
VWA5A, FNDC1, THBS3

Proteoglycans HSPG2, DCN, LUM, PRELP, ASPN, PRG4,
OGN, BGN, FMOD, CHAD, KERA, VCAN

ECM-Associated
Proteins

ECM regulators PLG, SERPINA3K, LOXL1, TRY4,
SERPINA1A, SERPINH1, CTSD, AMBP,
PZP, TGM2, ITIH3, MMP2, AGT,
SERPING1, ITIH1, CTSB, SERPINB1A,
SERPINE2, CTSA, TRY10, SERPIND1,
CTSL, F13A1, SERPINA1C, SERPINC1,
FAM20B, SERPINA6, CTSC, ITIH2,
SERPINF1, MUG2, HRG, ITIH4, CTSZ,
SERPINB9, OGFOD1, P4HA1, PLOD1, F2,
SERPINA1D, SERPINA1B, SERPINF2,
CST3, SERPINA3N, CPN2, KNG1

ECM-affiliated
Proteins

ANXA4, ANXA11, CSPG4, ANXA5, ANXA2,
MBL2, ANXA1, LGALS1, HPX, ANXA3,
ANXA7, ANXA6, GPC4, SEMA3C, GPC6,
GPC1, LGALSL, CLEC2D, CLEC10A,
CLEC3B, EMCN, LMAN1, C1QA, SEMA7A

Secreted factors HBEGF, ANGPTL7, S100A6, S100A10,
S100A4, CCBE1, S100A13, CTF1, S100A9,
FGF1, MSTN, HCFC1, S100A11, FGF13,
S100A16
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capacity (Supplementary Fig. 2C), demonstrating a robust exercise
training stimulus. Improved aerobic capacity with training is frequently
associated with increases in skeletal muscle capillary density and a shift
toward a more oxidative (type 2A) fiber-type [4,5]. These adaptations
can contribute to improved aerobic capacity by enhancing oxygen de-
livery and utilization by working muscles [26]. Accordingly, we also
found that skeletal muscle phenotype was altered by exercise, with
trained mice displaying a more oxidative fiber type (Supplementary
Fig. 2D) and increased capillary density (Supplementary Fig. 2E) in
gastrocnemius muscle compared to sedentary controls.

Next, we validated a subset of core matrisome and matrisome-
associated proteins identified to be exercise-regulated by MS analysis
in this independent cohort of mice. We selected ECM proteins from both
core-matrisome and matrisome-associated divisions. Availability of a
validated antibody against mouse proteins was also a criterion for se-
lection. Some selected proteins have been shown to be key ECM
remodeling regulators [e.g. Lysyl oxidase like1 (LOXL1) and Plasmin-
ogen (PLG)], or main ECM structural components [e.g. Fibronectin1
(FN1, muscle ECM) and Fibrillin1 (FBN1, Elastin)]. Other selected
proteins have a currently unknown role in muscle [e.g. Laminin subunit
alpha4 (LAMA4), Semaphorin 3C (SEMA3C) and Tubulointerstitial
nephritis antigen-like 1 (TINAGL1)]. Consistent with MS analysis,
immunoblot analysis revealed that exercise training regulates the mus-
cle levels of several core matrisome proteins (e.g. FBN1, TINAGL1,

LAMA4; Fig. 4A and C) and matrisome-associated proteins (e.g. PLG,
SEMA3C, LOXL1; Fig. 4B and D). Western blotting of muscle LOXL1
demonstrated several bands upregulated by exercise. LOXL1 is produced
as a pre-proenzyme and undergoes post-translational modification and
cleavage to produce a 32 kDa active enzyme [28], which is the band that
we quantified for our analysis. These data demonstrate that a subset of
ECM targets we discovered to be regulated by exercise in muscle may be
detected by MS-based or blot-based methodologies, and that our results
are reproducible in independent cohorts of mice.

For two additional targets, we performed immunofluorescence
staining to verify their altered expression with exercise and tissue
localization. FN1 is a major component of skeletal muscle ECM. It plays
an important role in cell communication by binding with cell surface
ligands [29]. Consistent with our MS analysis, immunofluorescence
staining demonstrated increased FN1 content in trained-mice muscle in
the extracellular space surrounding muscle fibers (Fig. 5A). We next
analyzed LAMA4 content and localization. MS and immunoblot analysis
showed that LAMA4 was increased by exercise training. However, the
major laminin isoform in muscle cell basement membrane is LAMA211
[30], which does not include LAMA4. As LAMA4 is a major basement
membrane component of endothelial cells [31], we hypothesized that
higher LAMA4 expression in trained-mice would be associated with
increased muscle capillary density. In support of this, exercise training
increased ECM LAMA4 staining, and LAMA4 was co-localized with

Fig. 1. Experimental workflow for the quantification of the skeletal muscle matrisome. 10 mg of pulverized gastrocnemius muscle was lysed with NaCl and Rapigest
with mechanical disruption. The lysate was centrifuged to separate the supernatant (soluble fraction) from the pellet (insoluble fraction). The insoluble fraction was
further digested and solubilized, and both fractions underwent reduction, alkylation and digestion for mass spectrometry. Peptides were labeled by tandem mass tags
(TMT), fractionated, and analyzed by LC-MS3. Figure created with Biorender.com.

P. Pattamaprapanont et al.

http://Biorender.com


Matrix Biology Plus 23 (2024) 100159

4

endothelial cells stained by griffonia lectin (Fig. 5B). Indeed, the number
of endothelial cells in each section was significantly correlated with the
number of LAMA4 positive cells (Fig. 5C). Interestingly, muscle capillary
density and LAMA4 staining were also significantly correlated to the
proportion of oxidative muscle fibers, indicating that increases in
capillary density and other aspects of muscle remodeling are co-
regulated with ECM alterations (Fig. 5D).

To determine whether other ECM components regulated by exercise
may be involved in exercise-induced angiogenesis, we performed addi-
tional correlation analysis. FBN1, PLG, TINAGL1, LOXL1, SEMA3C and
FN1 levels were all significantly and positively correlated with muscle
capillary density (Fig. 6A–G). In contrast, none of these targets (aside
from LAMA4; Fig. 5) were associated with muscle oxidative fiber
composition. Overall, these data identify several specific targets of
exercise-induced muscle remodeling that may regulate the critical pro-
cess of exercise-induced increases in capillary density. We selected a
smaller subset of MS-identified exercise-regulated ECM proteins for
follow-up analysis. Therefore, it is possible that other, unselected pro-
teins are involved in muscle fiber-type remodeling, as well as other
muscle remodeling events, in response to exercise training.

In addition to mature muscle fibers, other cell populations may
contribute to skeletal muscle ECM composition. To determine which cell
types may be responsible for exercise-induced muscle ECM remodeling,
we analyzed the expression of exercise-regulated ECM target genes from
three published single-nuclei RNA sequencing datasets [32–34]. The

expression pattern of ECM genes in skeletal muscle among various cell
types was similar in all three datasets (Fig. 7). Surprisingly, muscle
myonuclei were not found to be the primary source of any exercise-
regulated ECM targets. Two of the seven genes analyzed, Sema3c and
Plg, were expressed in myonuclei, albeit to a lower extent than other,
non-muscle nuclei. Among non-muscle nuclei, our subset of exercise-
regulated ECM genes are predominantly expressed in fibro-adipogenic
progenitor cells (FAPS; Fig. 7).

Consistent with our immunofluorescence analysis demonstrating co-
localization of LAMA4 protein and capillaries, endothelial cells were
found to be a source of Lama4 gene expression. However, single nucleus
RNA-sequencing analysis demonstrated that adipocytes and FAPS may
also be significant sources of LAMA4. Whether these cell types, like
endothelial cells, are a significant source of LAMA4 protein is unknown,
as RNA levels do not always accurately reflect protein content of a tissue.
Our data suggest endothelial cells are the primary source of LAMA4
protein in muscle, which is in line with observations in tumors [35].
Another protein target we found to be tightly associated with muscle
capillary density, TINAGL1, was expressed at the RNA level primarily in
endothelial cells and pericytes, which are both known regulators of
vascular remodeling. Taken together, these data demonstrate the critical
role of non-muscle cells in exercise-regulated ECM remodeling and
changes in muscle phenotype.

Our results demonstrate that several of our exercise-regulated ECM
target proteins are associated with muscle capillary density. To

Fig. 2. Skeletal muscle matrisome quantification. (A) Matrisome proteins were annotated from the soluble (left) and insoluble (right) fractions of N=11 mouse
gastrocnemius muscles. (B) ECM proteins from the core matrisome (collagens, glycoproteins, proteoglycans) and ECM associated (ECM regulators, ECM-affiliated,
secreted factors) categories were identified in muscle by our ECM fractionation protocol.
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determine whether these targets may interact to mediate exercise-
associated muscle remodeling, we utilized the Extracellular Matrix
Interaction Database, MatrixDB, to analyze interactions between our
exercise-regulated ECM targets. Networks involving 72 ECM proteins
were found to have at least one member regulated by exercise in skeletal
muscle (Fig. 8). Notably, LOXL1, FBN and FN1, three exercise-induced
ECM target proteins that we found to be associated with muscle capil-
lary density, are in the same network (Fig. 8; Top left). LAMA4, which
was also found to be linked to muscle capillary density, was part of a
larger, independent network along with 7 other MS-identified exercise-
regulated targets (NID1, THBS1, COL15A1, COL6A1, COL6A2, LAMC1).
Notably, the two largest exercise-regulated networks contain both up-
and down-regulated proteins, indicating a coordinated and complex
response to training. These results identify key ECM-ECM interactions
involved in muscle remodeling with exercise training.

We next analyzed human skeletal muscle lysates to determine if ECM
targets identified in mice may also be associated with functional phe-
notypes in humans. We used Western blotting to measure the levels of
two proteins, Plasminogen (PLG) and LOXL1, which were shown to be
regulated by exercise in mice. These targets were chosen because they
were demonstrated in mice to be associated with muscle remodeling
with exercise (Fig. 6), and because the antibodies were targeted against
a common peptide sequence between mice and humans. PLG and LOXL1
were both detected in muscle lysates from human participants (Fig. 9A).

To determine whether PLG and LOXL1 are associated with functional
phenotypes in humans, their muscle protein levels were correlated with
several metabolic health markers: BMI, glucose tolerance, insulin
sensitivity; VO2peak. Muscle PLG was not significantly associated with
any of the analyzed health markers in human participants. In contrast,
the mature (32 kDa) form of LOXL1 demonstrated significant positive
associations with VO2peak (mL/kg/ min; Fig. 9B) and siOGTT (Fig. 9C),
which is a measure of insulin sensitivity derived from an oral glucose
tolerance test [36]. Active LOXL1 was negatively associated with BMI
(Fig. 9D), and the area under the glucose curve assessed during a glucose
tolerance test (Fig. 9E). To our knowledge, LOXL1 protein has not pre-
viously been quantified in human skeletal muscle. Our data identify
LOXL1 as a component of the human muscle matrisome that is associ-
ated with several key health and exercise markers.

Discussion

We utilized a recently-developed methodology for ECM protein
extraction [37], combined with multiplexed proteomics technology to
identify 161 ECM proteins in mouse skeletal muscle. Moreover, we
demonstrate that a significant proportion (~27%) of these ECM proteins
are regulated by exercise training. From a functional perspective,
exercise-regulated ECM proteins were significantly associated with
critical adaptations to exercise including enhanced aerobic capacity,

Fig. 3. Regulation of the muscle matrisome by exercise training. (A) Exercise training induced significant remodeling of mouse gastrocnemius ECM in both the core
matrisome (30/76; 40%) and ECM-associated proteins (13/85; 15%). (B) Heat map demonstrates log2 fold change of ECM proteins that are altered by exercise from
soluble (left) and insoluble (right) fractions in Control (C1-C6) and Exercise-trained (E1-E5) mice. Only proteins with >1.2 fold-change and P-value <0.1 by
moderated t-tests (sedentary vs. exercise-trained) are shown in the heat map.
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increased muscle capillary density, and a more oxidative muscle fiber
type.

Other investigations of the skeletal muscle proteome have detected
ECM proteins in mice [38] and humans [22]. However, exploration of
the skeletal muscle ECM proteome has been restricted by technical
limitations in isolating insoluble and heavily cross-linked ECM proteins,
which are not readily extracted and quantified by standard proteomic
techniques. As an alternative, some of the literature investigating ECM
remodeling in muscle has used RNA expression data [15,17]. However,
RNA levels do not always reflect protein content and function, especially
for proteins with long half-lives and significant post-translational
modification, such as ECM proteins. Methodology to better extract,
quantify and categorize the ECM proteome of various tissues was
developed by Naba and colleagues [16,25,39]. Since then, other in-
vestigators have made progress in developing these methods to specif-
ically quantify the matrisomes of skeletal muscle and other tissues
[24,30,37,40].

To our knowledge, our identification of 161 unique ECM proteins in
skeletal muscle represents a significant increase in proteome coverage
compared to other recent investigations [24,40]. Jacobson et al (2020)
quantified 75 and 69 proteins using guanidine hydrochloride or
sequential fractionation [24], respectively. Using three sequential ex-
tractions, Lofaro et al. (2021) identified 124 ECM proteins in mouse
muscle. Deep proteomics of mouse skeletal muscle tissue by Deshmukh
et al. (2015) also identified 124 ECM proteins- although this method-
ology was not specifically designed to isolate the ECM. Thus, the two-
fraction methodology has expanded muscle matrisome coverage by
~30% compared to existing methods. Our methodology for skeletal
muscle ECM proteomics was adapted from that of Ouni et al., (2020)

who developed a two-fraction technique using MS-compatible reagents
to analyze the ECM proteome of ovarian tissue [37]. To optimize this
protocol for skeletal muscle, we used trial-and-error to determine the
tissue processing and reagent conditions that would allow us to gain the
largest coverage of the muscle matrisome.

The quantification of two fractions (soluble/insoluble) allowed us to
keep many of the soluble ECM-associated proteins that may be lost with
traditional ECM enrichment techniques, while also gaining access to
highly insoluble core ECM components. Jacobson et al. [24] quantified
some collagen isoforms that did not appear in our analysis (e.g. COL2A1,
COL5A1, COL22A1), suggesting better coverage of this ECM category
using sequential fractionation. However, our analysis had greater
coverage of ECM regulators (46 vs. 9), glycoproteins (49 vs. 27), ECM-
affiliated proteins (24 vs. 8), and secreted factors (15 vs. 2). Thus, se-
lection of the best methodology for matrisome analysis may depend on
the specific ECM category of interest. In addition to analyzing two
fractions based on solubility, we employed reversed-phase offline frac-
tionation combined with cutting-edge mass spectrometry equipment to
increase our depth of coverage. Thus, it is possible a combination of
these factors led to enhanced matrisome coverage in the present study.

In addition to expanding overall matrisome coverage, another
benefit of the 2-fraction methodology used in our investigation is that it
allows for insight into potential changes in solubility of ECM compo-
nents. A recent investigation of the muscle ECM proteome utilized a
sequential enrichment process (1. NaCl, 2. SDS, and 3. urea/thiourea) to
examine changes in the ECM-enriched urea/thiourea fraction with age
and exercise [41]. The authors found an enrichment of 25 muscle ECM
proteins older (~2 year old) male mice, compared to middle-aged (~1
year-old) mice [41]. However, they noted that overall extraction of
proteins in the urea/thiourea fraction was lower in older mice, making
interpretation of the results difficult. It was suggested that a change in
ECM protein solubility due to glycation or cross-linking may have
influenced the extraction of ECM protein from aged mice. In addition,
the paper demonstrated no influence of unweighted or weighted wheel
running on ECM composition [41], although low training volume in
older mice may explain the absence of exercise effects. Using two-
fraction methodology, whereby soluble and insoluble components are
kept and analyzed separately, we demonstrated that exercise training
led to an overall decrease in soluble ECM components, and an increase in
the insoluble compartment. Thus, in the context of previous studies,
studying both soluble and insoluble fractions, rather than discarding
fractions that are less enriched in ECM components may provide valu-
able information on ECM regulation with age and exercise.

Our investigation demonstrates that significant regulation of the
muscle ECM proteome occurs with aerobic exercise training. Follow-up
analysis in a separate cohort of sedentary and exercise-trained mice
confirmed MS findings, and demonstrated that alternative methodolo-
gies such as Western blotting and immunostaining can be used to detect
exercise-mediated ECM remodeling. Moreover, our results demonstrate
significant associations between muscle ECM remodeling and critical
exercise-regulated remodeling events such as increased muscle capillary
density. Importantly, using publically available single-nucleus RNA
sequencing data, we demonstrate that non-muscle cell types such as
endothelial cells and FAPS likely make important contributions to
muscle ECM remodeling with exercise. Using in silico data, we also
identify ECM-ECM interaction networks that are regulated by exercise
training. This work contributes significantly to our understanding of
how the matrisome contributes to key remodeling events in skeletal
muscle.

Exercise training, and the muscle adaptations that occur with
training, are key to maintaining good metabolic health and longevity. In
contrast, poor adaptive response to exercise training is associated with
increased morbidity and mortality [42–46], and occurs more often in
those with metabolic disease [36,47–49]. We and others have discov-
ered links between poor exercise response and ECM remodeling in
muscle [15,50,51]. Circulating ECM proteins can also predict adaptive

Table 2
Spearman correlation between ΔTTE and exercise-regulated ECM proteins
identified byMS. Proteins with the strongest relationship (Rho>0.5) and highest
significance (P≤0.1) are shown. These results indicate that muscle ECM
remodeling with exercise can predict a key physiological adaptation to exercise
training. N=11 pairs analyzed.

Gene symbol ρ P-value

Vwf 0.855 0.00165
Fbln5 0.855 0.00165
Hspg2 − 0.809 0.00443
Fn1 0.718 0.0168
Col9a3 − 0.709 0.0187
Mfap5 0.682 0.0255
Gpc4 − 0.673 0.0281
Itih3 − 0.664 0.0309
Ctsa − 0.664 0.0309
Plg 0.655 0.0338
Ctf1 − 0.655 0.0338
Lama4 0.627 0.044
Prelp − 0.627 0.044
S100a4 0.609 0.0519
Hbegf 0.609 0.0519
Anxa6 0.609 0.0519
Postn 0.6 0.0562
Sema3c 0.591 0.0607
Dpt 0.591 0.0607
Fbln5 0.582 0.0655
Hspg2 0.582 0.0655
Fbn1 0.573 0.0706
Col15a1 0.573 0.0706
Anxa6 0.573 0.0706
Col6a2 0.564 0.0759
Col18a1 − 0.564 0.0759
Ctsb − 0.564 0.0759
Lgalsl − 0.564 0.0759
Gpc6 − 0.555 0.0816
Cspg4 0.555 0.0816
Col14a1 − 0.545 0.0875
Col15a1 − 0.545 0.0875
Thbs1 − 0.536 0.0936
Nid1 0.527 0.1
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response to aerobic training [52]. Our previous data indicate that
aberrant ECM remodeling in low responders to exercise may contribute
to blunted exercise-induced angiogenesis [50,51]. However, work to
date has used mRNA content or non-specific ECM staining techniques (e.
g. wheat germ agglutinin) to quantify ECM changes in muscle associated
with low training response. Thus, our data, which identify specific ECM
proteins that are regulated by exercise and associated with exercise
adaptive responses may have important clinical significance. We antic-
ipate these data will open several new lines of investigation into the
mechanisms underlying heterogeneity in the health benefits of exercise.

Many of our validated exercise-regulated proteins were significantly
correlated with muscle capillary density (Fig. 6). Some of these targets
have been previously associated with angiogenesis in other contexts,
including tumor angiogenesis (LOXL1 [53], PLG [54], FN1 [55]), retinal
endothelial sprouting (FBN1 [56]), and in vitro tube formation in
HUVECs (TINAGL1 [57]). Whole body deletion of TINAGL1 in mice
reduced hindlimb muscle size and tended (P=0.07) to decrease soleus
muscle capillary to fiber ratio [57]. SEMA3C is a secreted class 3 sem-
aphorin- a class of proteins with known roles in promoting the formation
of normal vs. pathological vasculature in disease states such as cancer

and retinopathy [58]. We now identify SEMA3C, TINAGL1, and several
other angiogenic regulators as being upregulated by aerobic training in
mouse skeletal muscle. Some known regulators of exercise-induced
angiogenesis such as VEGF have been identified [59]. However, angio-
genesis in muscle, as in other tissues, is a complex, multifactorial process
regulated by a balance of pro- and anti-angiogenic factors [60]. Our
results identify several targets which can be tested as regulators of
exercise-induced angiogenesis and muscle remodeling in future studies.

In human skeletal muscle, Hostrup et al. (2022) identified 15 ECM
proteins (P<0.1; Baseline vs. Post-Training) regulated by exercise in
response to 5 weeks (3 sessions/week) of high-intensity interval training
[22]. That study was aimed at investigating changes in the whole pro-
teome and acetylome of skeletal muscle with exercise, and did not utilize
methodology to facilitate enrichment or isolation of ECM proteins. The
use of ECM-specific methodology may account for identification of a
larger number (N=43; P<0.1, fold-change≥ 1.2; Sedentary vs. Exercise-
Trained) of exercise-regulated and total (161 vs. 78) ECM proteins in the
present study. Of note, some proteins identified to be regulated in
human skeletal muscle by exercise by Hostrup et al. (LAMA4, NID1,
TINAGL1, LAMC1) were also found to be regulated by endurance

Fig. 4. Western blot analysis of exercise-regulated ECM protein targets identified by MS. (A) A subset of core matrisome, and (B) matrisome-associated proteins were
analyzed by Western blotting in the gastrocnemius muscle from sedentary (CON; N=12) and exercise-trained (ET; N=12) mice. These results validated exercise
training-induced ECM remodeling of (C) FBN1, TINAGL1, LAMA4, and (D) SEMA3C, PLG, LOXL1. Mean, SD and individuals values are shown. P-value <0.05 by
Mann-Whitney U Test was considered statistically significant.
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training in our analysis of mouse muscle. Thus, there appears to be good
agreement between species for exercise-regulation of muscle ECM pro-
teins. In addition, our follow-up analysis of human skeletal muscle
identified LOXL1, which to our knowledge, is a novel target that has not
been reported in previous proteomic screens of human or mouse skeletal
muscle. We demonstrate significant correlations between higher muscle
levels of mature LOXL1 and positive metabolic markers in humans,
including VO2peak, glucose tolerance, and insulin sensitivity.

In summary, our data demonstrate that expanded coverage of the
skeletal muscle matrisome can be achieved with a two-fraction MS-
compatible multiplexed proteomic approach. Our results establish sig-
nificant regulation of core matrisome and matrisome-associated ECM
components by exercise training. Our data also indicate that these ECM
remodeling events with exercise are linked to positive muscle and
physiological adaptations resulting from exercise training. Moreover,
we identify LOXL1 as an ECM component in human skeletal muscle that
is associated with key metabolic health markers and aerobic exercise

capacity (VO2peak). This work represents a significant advance in our
knowledge of skeletal muscle matrisome composition and demonstrates
an important role for ECM remodeling in the adaptive response to
exercise.

Experimental procecures

Animal experiments

All mouse experiments were approved by the Institutional Animal
Care and Use Committee of the Joslin Diabetes Center. Male, 8-week-
old, CD-1 mice were purchased from Charles River Laboratories (IGS;
#022). Mice were group-housed in a pathogen-free facility and main-
tained on a 12 h normal light/dark cycle with water and food ad libitum.
All mice consumed a standard diet (Research Diets, D14020502) con-
sisting of 17% kcal from protein, 73% carbohydrate, and 10% fat. Body
weight was measured weekly. Outbred CD-1 mice were used rather than

Fig. 5. Validation and localization of exercise-regulated ECM proteins identified by MS. (A) Immunostaining for FN1 confirmed increased protein in the extracellular
space of skeletal muscle with exercise training. (B) Training also increased LAMA4 staining in skeletal muscle, and co-localized with endothelial cells stained using
griffonia lectin. (C) LAMA4 staining was significantly correlated with muscle capillary density and (D) oxidative fiber-type, suggesting a role in exercise-induced
changes in muscle phenotype. Scale bar = 100µm for panel A, 50µm for panel B. P-value < 0.05 by Mann-Whitney U Test was considered statistically signifi-
cant. Bar graphs demonstrate mean, SD, and individual values. Panels C and D show Spearman correlations and dotted lines represent 95% confidence intervals.
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inbred strains (e.g. C57BL/6) to increase genetic variance and the like-
lihood that our results may be translated to humans.

Wheel running

At 16-wks of age, mice were randomly assigned into sedentary and
exercise-trained groups. Sedentary mice were group housed in a stan-
dard cage with environmental enrichment and were allowed to maintain
normal daily activities. Exercise-trained mice were single-housed in a
cage with a 4-inch voluntary running wheel for 6 weeks. Voluntary
running behavior was recorded in 10 min intervals using a Hall Effect
Sensor (0297–0501), Wheel Counter 8 Channel Interface (0297–0050)
and a Quad CI-Bus to interface with CI Multi Device Software (v.1.5.5)
from Columbus Instruments.

Exercise capacity test

Exercise capacity was measured before and after 6 weeks of volun-
tary wheel running in exercise-trained mice. Age-matched sedentary
control mice were tested alongside exercise-trained mice to control for
the effects of age, repeated testing, and experimental conditions on ex-
ercise capacity. Before testing, mice were acclimated to a modular

treadmill for 2 consecutive days before undergoing aerobic exercise
capacity testing to exhaustion using the graded mouse maximal exercise
test (GXTm) protocol [61]. Mice were motivated to run with an elec-
trical grid operating at 0.1 mA. Exhaustion was defined as failure to
return to the treadmill from the rest platform after three consecutive
attempts within the last minute of running. Exercise capacity was
expressed as time to exhaustion (TTE). In exercise-trained mice, access
to running wheels was restricted for ~24 h before testing.

Identification of exercise-induced muscle ECM remodeling proteins

Sample ECM enrichment and fractionation
To quantify ECM proteins in skeletal muscle, we modified an ECM

enrichment method from a previous study to optimize conditions for our
samples and available equipment [37]. Skeletal muscle from N=6
sedentary, and N=5 exercise-trained male CD-1 mice was analyzed.
Whole gastrocnemius muscle was pulverized in liquid nitrogen.
Approximately 10 mg aliquots of pulverized muscle were homogenized
(Tissuelyzer, Qiagen) in 30-fold volume per muscle weight (w/v; mg/µL)
of a high salt buffer: 25 mM HEPES (pH 7.6), 300 mM NaCl, 0.2 %
Rapigest (Waters Corporation) and 1X Halt™ Protease and Phosphatase
Inhibitor Cocktail (Thermo Scientific). The homogenates were then

Fig. 6. Correlation between exercise-regulated ECM proteins and capillary density. Expression of (A) FBN1, (B) PLG, (C) TINAGL1, (D) LOXL1 (Mature; 32 kDa), (E)
SEMA3C, and (F) FN1 are positively correlated with capillary density- a hallmark of exercise training-induced muscle remodeling. P-value < 0.05 for Spearman
correlation was considered statistically significant. 95 % confidence intervals are shown with dotted lines.
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centrifuged at 16,000 g for 30 min at 4◦C to separate samples into sol-
uble and insoluble fractions, which were derived from the supernatant
and pellet, respectively.

For the insoluble fraction, the pellet was incubated in 30-fold volume
(w/v; mg original muscle weight/µL) of pre-digestion enzyme: 1.35 mg/
mL Liberase DH, 5 mM CaCl2, 1 M TEAB. The pellets were incubated at
37 ◦C for 2 h under agitation, and were vortexed for 30 s every 30 min.
The reaction was inactivated by adding EDTA to a final concentration of
20 mM. Protein concentrations were measured using a Pierce™ BCA
Protein Assay Kit. 100 µg of insoluble protein from each sample was
solubilized in 6 M urea in 100 mM TEAB by vortexing and 1-min

sonication. Proteins were reduced in 5 mM DTT for 1 h at 37 ◦C, fol-
lowed by alkylation in 25 mM chloroacetamide for 30 min at room
temperature in dark. Proteins were then digested by 1 mg/mL Lys-C/
trypsin (1:50) for 2 h at 37◦C under agitation. Urea was reduced to a
final concentration of 1 M by adding 100 mM TEAB. Proteins were
further digested by 1 mg/mL Lys-C/trypsin (1:100) overnight at 37◦C,
under agitation. The reaction was inactivated by adding 50 % Tri-
fluoroacetic acid (TFA) in water for a final pH≤2.

For the soluble fraction, Protein contents were measured by Pierce™
BCA Protein Assay Kit. 100 µg of proteins were reduced in 10 mM DTT
for 30min at 56◦C, followed by alkylating in 60mM chloroacetamide for

Fig. 7. ECM genes expressed in diverse cell types in skeletal muscle. ECM gene expression in each cell type was analyzed from 3 published single-nuclei RNA
sequencing datasets. Each color represents percentage of gene expression in corresponding cell types from Dos et al. (blue), Wen et al. (red) and Petrany et al. (green).
Myh7, Type 1 myofibers; Myh4, Type 2B myofibers; Myh1 + 2, Type 2A/X/D myofibers, FAPS, fibroadipogenic progenitor cells. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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30 min at room temperature in the dark. To precipitate proteins, 9x
volume of cold-ethanol was added and incubated overnight at 4◦C,
followed by centrifugation at 13,750g for 30 min at 4◦C. Pellets were
washed with 2 mL of ice-cold ethanol for 4 h at 4◦C with constant
rocking, followed by centrifugation at 13,750g for 30 min at 4◦C. Pellets
were then resuspended in 100 mM TEAB (pH 8) and digested by 1 mg/
ml Lys-C/trypsin (1:25) overnight at 37◦C, under agitation. The reaction
was inactivated by adding 50% TFA in water for a final pH≤2.

Tandem mass tags for multiplexed proteomics
Peptides were processed for multiplexed proteomic analysis using a

Tandem Mass Tag method [62].Digested peptides were desalted and
quantified. Then, ~75 µg of peptides from each sample were labelled
with Tandem Mass Tags (TMT). The ratio was verified by mixing ~ 5 µl
of each TMT-labelled sample and analyzed by MS. After ratio verifica-
tion, all TMT-labelled samples were combined, desalted and fraction-
ated into 12 fractions by basic pH reversed-phase HPLC. All fractions
were then analyzed by LC-MS3 [63]. The mouse Uniprot database was
downloaded in May 2021. Peptide charge states used were 2–5. A flow
chart summarizing our methodology is shown in Fig. 1.

Off-line basic pH reversed-phase (BPRP) fractionation. We fractionated
the pooled, labeled peptide sample using BPRP HPLC [64] and an Agi-
lent 1260 pump equipped with a degasser and a UV detector (set at 220
and 280 nm wavelength). Peptides were subjected to a 50-min linear
gradient from 5% to 35% acetonitrile in 10 mM ammonium bicarbonate
pH 8 at a flow rate of 0.6 mL/min over an Agilent 300Extend-C18 col-
umn (3.5 μm particles, 4.6 mm ID and 250 mm in length). The peptide

mixture was fractionated into a total of 96 fractions, which were
consolidated into 24 super-fractions [65], all of which were analyzed.
Samples were subsequently acidified with 1% formic acid and vacuum
centrifuged to near dryness. Each super-fraction was desalted via
StageTip, dried again via vacuum centrifugation, and reconstituted in
5% acetonitrile, 5% formic acid for LC-MS/MS processing.

Liquid chromatography and tandem mass spectrometry. Mass spectro-
metric data were collected on Orbitrap Fusion Lumos instruments
coupled to a Proxeon NanoLC-1200 UHPLC. The 100 µm capillary col-
umn was packed with 35 cm of Accucore 150 resin (2.6 μm, 150 Å;
ThermoFisher Scientific) at a flow rate of ~ 400 nL/min. The scan
sequence began with an MS1 spectrum (Orbitrap analysis, resolution
120,000, 400− 1500 Th, automatic gain control (AGC) target 100%,
maximum injection time “auto”). Data were acquired 180 min per
fraction. MS2 analysis consisted of collision-induced dissociation (CID),
quadrupole ion trap analysis, automatic gain control (AGC) 1x106; NCE
(normalized collision energy) 35, q-value 0.25, maximum injection time
35 ms), and isolation window at 0.7 Th. RTS was enabled and quanti-
tative SPS-MS3 scans (resolution of 50,000; AGC target 2.5x105; colli-
sion energy HCD at 50%, max injection time of 250 ms) were processed
through Orbiter with a real-time false discovery rate filter implementing
a modified linear discriminant analysis.

Data analysis. RAW files were searched using an in-house Comet-based
platform. Searches were performed using a 50-ppm precursor ion
tolerance for total protein level profiling. The product ion tolerance was
set to 0.9 Da. Trypsin specificity was used. These wide mass tolerance

Fig. 8. Exercise regulation of ECM interaction networks. Interactome analysis demonstrates the complexity of ECM remodeling by exercise training. ECM proteins
that were upregulated (red) or downregulated (blue) by exercise, may in-turn regulate large or small networks of both ECM and non-ECM proteins. Exercise-regulated
proteins from our dataset are colored according to the z-score from exercise vs. control; others are colored gray. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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windows were chosen to maximize sensitivity in conjunction with
Comet searches and linear discriminant analysis [66,67]. TMTpro labels
on lysine residues and peptide N-termini + 304.207 Da), as well as
carbamidomethylation of cysteine residues (+57.021 Da) were set as
static modifications, while oxidation of methionine residues (+15.995
Da) was set as a variable modification. Peptide-spectrum matches
(PSMs) were adjusted to a 1% false discovery rate (FDR) [68,69]. PSM
filtering was performed using a linear discriminant analysis, as
described previously [67] and then assembled further to a final protein-
level FDR of 1% [69]. Proteins were quantified by summing reporter ion
counts across all matching PSMs, also as described previously [70].
Reporter ion intensities were adjusted to correct for the isotopic impu-
rities of the different TMTpro reagents according to manufacturer
specifications. The signal-to-noise (S/N) measurements of peptides
(extracted from the RAW file) assigned to each protein were summed
and these values were normalized so that the sum of the signal for all
proteins in each channel was equivalent to account for equal protein

loading. Finally, each protein abundance measurement was scaled, such
that the summed signal-to-noise for that protein across all channels
equals 100, thereby generating a relative abundance (RA) measurement.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE [71] partner repository
with the dataset identifier PXD053003.

Matrisome annotation and quantification
Only proteins with more than 50% non-missing values were kept.

The remaining missing values were imputed using a random forest al-
gorithm in the R package missForest [72]. The imputed values were
normalized to have the same total intensity of all proteins and subse-
quently log2-transformed. Matrisome proteins were annotated by
Matrisome annotator [16].

Proteins were tested for differential expression between exercise and
control using moderated t-tests from the R package Limma [73]. Pro-
teins with a p value <0.1 and fold change >1.2 were considered

Fig. 9. Identification of LOXL1 in human skeletal muscle. (A) Muscle lysates from N=22 human participants were analyzed by Western blotting using antibodies
against LOXL1 and plasminogen (PLG). Stain-free gel images (BioRad) are shown as a loading control. All samples were run and analyzed on the same gel/membrane.
Mature LOXL1 protein was positively correlated with (B) aerobic exercise capacity (VO2peak), and (C) insulin sensitivity determined during an oral glucose tolerance
test (SiOGTT). Mature LOXL1 was negatively correlated with (D) body mass index, and (E) glucose area under the curve during an oral glucose tolerance test, with
higher values indicating lower glucose tolerance. P-value <0.05 for Spearman correlation was considered statistically significant.
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differentially expressed. Due to the difficulty of cleaving ECM proteins,
which have extensive post-translational modifications and cross-linking,
we accepted targets with only 1 unique peptide detected. We tested
association of protein abundance with exercise performance using
Spearman rank correlation in R software.

Verification of exercise-induced muscle ECM remodeling protein targets

Western blotting
Using an independent cohort of N=12 sedentary and exercise-trained

male mice, we sought to determine whether a subset of targets that were
identified as differentially regulated by exercise using fractionation/MS
could be detected and quantified using Western blotting methodology.
Gastrocnemius muscle was pulverized in liquid nitrogen and homoge-
nized in modified RIPA buffer (50 mM Tris-HCl (pH7.5), 10% (v/v)
glycerol, 1% (v/v) Triton-X, 0.5% Sodium deoxycholate, 0.1% SDS, 1
mM EDTA, Halt™ Protease and Phosphatase Inhibitor Cocktail) by
Tissuelyzer (Qiagen). Protein content was measured by Bradford assay
(Bio-Rad). Equal concentrations of proteins from each sample were de-
natured in Laemmli buffer at 95 ◦C for 5 min and ~11.25 µg of protein
was loaded into 4–20% Criterion™ TGX Stain-Free™ Protein Gel. Equal
loading was verified by a stain-free image system (Bio-Rad). Proteins
were transferred to nitrocellulose membrane by wet transfer with 10%
methanol for FBN1 and LAMA4 and 20% methanol for other antibodies.
Membranes were blocked for 1 h at room temperature with 3% BSA in
TBST for FBN1 and LAMA4 and 5% non-fat dry milk in TBST for other
antibodies. Membranes were then incubated in primary antibody
against TINAGL1 (1:1000; 12077-1-AP, Proteintech), PLG (1:1000;
ab154560, Abcam), LOXL1 (1:1000; PA5-87701, Invitrogen), SEMA3C
(1:1000; PA5-90429, Invitrogen), FBN1 (1:1000; PA5-99225, Invi-
trogen) LAMA4 (1:1000; PA5-38938, Invitrogen) overnight at 4◦C, fol-
lowed by Anti-rabbit IgG (#7074, CST) secondary antibody incubation
and visualization by chemiluminescence using a ChemiDoc Touch im-
aging system (Bio-rad). The band densities were quantified by Image Lab
software (Bio-rad).

Muscle histology
Gastrocnemius muscle was dissected, immediately frozen in iso-

pentane cooled by liquid nitrogen and stored at − 80◦C. Transverse
sections of muscle were then cut at 7 µm thickness in a cryostat set at
− 20 ◦C. For fiber-typing, slides were incubated with primary antibodies
against myosin heavy chain I (1:25; A4.840, DSHB) and myosin heavy
chain IIa, (1:25; SC-71, DSHB) in TBS+1% BSA+1% NGS overnight at
4◦C. After rinsing, mouse IgG1 fluorescent conjugate (A21124; red) and
mouse IgM (A21042; green) secondary antibodies were added at 1:1000
in 1% BSA in TBS+1% NGS for 1 h. Wheat germ agglutinin (1:250;
W6748, Invitrogen) was added with secondary antibodies for visuali-
zation of unstained fibers. For fibronectin, LAMA4, and griffonia lectin
(capillary density), slides were fixed for 10 min with 10% Neutral
Buffered Formalin (NBF) before staining. Antibodies against fibronectin
(1:100; MA5-11981, Invitrogen) and LAMA4 (1:100; PA5-38938, Invi-
trogen) were applied overnight at 4 ◦C. Griffonia lectin (1:100; FL12015,
Vectorlabs) was applied for 1 h at room temperature. Slides were imaged
using EVOS M7000 imaging system and quantified using ImageJ/FIJI
software.

Statistical analysis

All data presented as mean± SDwith individual values shownwhere
appropriate. Mann-Whitney U Test was used to analyze differences be-
tween control (CON) and exercise training (ET) groups. Spearman’s rank
correlation coefficient was used to determine the relationship between
ECM proteins and muscle remodeling phenotype.

ECM gene expression from single nucleus RNA-sequencing
analysis

Single nucleus RNA-sequencing in mouse skeletal muscle from three
datasets on NCBI GEO/SRA (GSE162307, GSE150065, GSE147127)
were analyzed [32–34]. For all datasets, we downloaded the fastq files
from SRA, generated gene UMI counts in droplets by aligning reads to
the mouse genome (mm10) using the count function of 10x Genomics
software Cell Ranger with the –include-introns option. Cell-containing
droplets were distinguished using Monte Carlo simulations [74] and
counts were normalized using SCTransform [75]. Cells were clustered
using the Louvain algorithm, ambient RNA contamination was removed
with DropletUtils [74], and doublets were removed with scDblFinder
[76]. Samples were integrated with Seurat while keeping genes that are
detected in at least 1 cell and cells where at least 1 gene is detected. We
removed low quality cells that had too few UMI, too few features, or too
high a percent of mitochondrial UMI (dying cells) from the integrated
data. The integrated data were normalized with SCTransform [75] and
clustered based on its 3000 most variable genes with the Louvain al-
gorithm. To annotate cell types, we used SCSA [77] with the -
CellMarker reference database [78] or mouse muscle cell types as
reported in Wen et al. 2021 [34] and Dos Santos et al. 2020 [32].

Matrisome interaction network analysis

The Extracellular Matrix Interaction Database (MatrixDB) [79] was
searched for interactions involving the top ECM protein hits (those with
p <0.1) using their UniProt IDs. We removed self-loops and plotted the
network using the R package ggraph which is based on the R package
ggplot2.

Human participants

Characteristics of human participants were originally published in
MacDonald et al., 2020 [51]. Additional analysis was performed using
muscle lysates from these participants for Western blotting of ECM
protein targets. Participants (11 male/13 female) were 24.5 ± 6.57
years old, did not have diagnosed metabolic disease (mean HbA1c 5.35
±0.06 %), and had a body mass index of 29.55 ± 2.83 kg/m2. Partici-
pants were considered sedentary and self-reported performing less than
150 min/week of moderate physical activity. Sufficient sample was
available to perform ECM analysis on 22 of the 24 original study par-
ticipants. Plasminogen and LOXL1 were quantified as described above
for mouse Western blotting. Participants did not undergo an exercise
training intervention prior to sample collection, and self-reported as
performing less than 150 min per week of moderate to intense exercise.
BMI, VO2peak, glucose area under the curve (AUC), and the oral glucose
tolerance test (OGTT)–derived insulin sensitivity (siOGTT) index were
calculated as previously described and used for new correlation analysis
with ECM markers in the present investigation. Written informed con-
sent was obtained for all participants enrolled. The Joslin Diabetes
Center Committee on Human Studies approved the study and its
procedures.
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