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Abstract

Anabolic resistance to a mechanical stimulus may contribute to the loss of skeletal muscle mass observed with age. In this study, young and 
aged mice were injected with saline or human LM-111 (1 mg/kg). One week later, the myotendinous junction of the gastrocnemius muscle 
was removed via myotenectomy (MTE), thus placing a chronic mechanical stimulus on the remaining plantaris muscle for 2 weeks. LM-111 
increased α7B integrin protein expression and clustering of the α7B integrin near DAPI+ nuclei in aged muscle in response to MTE. LM-111 
reduced CD11b+ immune cells, enhanced repair, and improved the growth response to loading in aged plantaris muscle. These results suggest 
that LM-111 may represent a novel therapeutic approach to prevent and/or treat sarcopenia.
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Today, it is estimated that up to 30% of community-dwelling older 
adults are diagnosed with sarcopenia, defined as the age-related 
loss of muscle mass and function (1). The primary mechanisms 
that underlie sarcopenia are complex and not well understood but 
may include stem cell dysfunction and anabolic resistance to a 
growth stimulus (2–6). Due to insufficient information regarding 
mechanism, effective therapeutic strategies to combat the age-
associated decline in sensitivity to mechanical loading have not 
been established.

At the costamere, the α7β1 integrin specifically links laminin 
in the surrounding basal lamina to the actin cytoskeleton, there-
fore transmitting force to the ultrastructure and relevant signaling 
pathways activated by contraction (7). Muscle-specific transgenic 
expression of the α7β1 integrin can protect against sarcolemmal 

disruption, reduce inflammation, increase satellite cell accumulation, 
and accelerate myofiber growth in young mice in response to acute 
or repeated bouts of eccentric exercise (8–11). Strikingly, no infor-
mation exists regarding α7β1 integrin expression, localization, and 
function in the context of natural aging.

The laminin isoform LM-111 (α1β1γ1) is one of the first extra-
cellular matrix (ECM) proteins expressed during embryogenesis and 
is absent in adult tissues (12). LM-111 can coordinate a variety of 
biological activities, including stem cell migration, nerve growth, 
angiogenesis, and matrix remodeling (13–15). Exogenous adminis-
tration of LM-111 can offer protection against pathology in dys-
trophic mice (16) and enhance muscle repair following eccentric 
exercise (17) or cardiotoxin injury (18). These benefits may occur 
in part due to the ability for LM-111 to concomitantly bind and 
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activate the α7β1 integrin within myofibers, as well as muscle stem/
stromal cells outside the fiber (16).

In this study, we investigated the ability for LM-111 adminis-
tration to recover the hypertrophic response to chronic mechanical 
loading in aged muscles.

Method

Animals
Mice overexpressing the rat α7 integrin subunit (MCK:α7BX2; SJ6/
C57BL/6 strain) and littermate controls were bred and aged to 6 
(adult), 16 (middle aged), and 24 (aged) months (n = 7–14) (11). The 
MHCK7:α7BX2 integrin transgenic mice were developed based on 
Salva et al. (19), bred and aged to 6–12 (adult) or 24 months (aged) 
(n  =  3–5). Each age group included at least 1 male and 1 female 
based on availability from litters born.

For the laminin study, young adult (3  months old) and aged 
(22 months old) WT C57BL/6 mice were acquired from the National 
Institute of Aging (NIA) colonies at Jackson Laboratory (n  =  4–8). 
Each group included 40%–50% females. These animals received 
a single intraperitoneal (i.p.) injection of saline or human LM-111 
(1  mg/kg) (Sigma-Aldrich, St. Louis, MO). One week postinjection, 
the myotendinous junction and the base of the gastrocnemius muscle 
from each limb were removed (myotenectomy, or MTE), to overload 
soleus and plantaris muscles, as previously described (20). Two weeks 
postsurgery, mice were euthanized, and plantaris muscles were preserved.

Western Blotting
Western blotting was performed using 25 µg of muscle lysate and an 
α7B integrin-specific antibody (in-house antibody CDB 347, 1:1000) 
that detects both endogenous and transgenic α7B integrin.

Immunohistochemistry
Transverse muscle cryosections (10  µm) were immunostained 
using anti-myosin heavy chain 1, 2X, 2A, and 2B antibodies 
(Developmental Studies Hybridoma Bank) and dystrophin (Abcam) 
antibodies. Cryosections were also stained with anti-collagen 
(ab21286, Abcam, 1:100), anti-CD11b (BD Biosciences, 1:100), 
anti-LAMA1 primary antibody (HPA032110, Sigma-Aldrich), and 
α7B integrin subunit antibody.

In Vitro Assessment of Myotube Growth
Untreated Silicon 6-well BioFlex culture dishes (Flexcell International, 
Burlington, NC) were cross-linked with mouse LM-111 (12.5 μg/mL), 
or LM-111/Collagen 1 (12.5/50 μg/mL) using EDC (Sigma-Aldrich, 
0.002  g/mL). C2C12 myoblasts were subjected to low-magnitude 
uniaxial strain (10%, 1 Hz) (FX-4000 Tension System, Flexcell 
International) for 2 days to promote alignment on LM-111 alone or 
LM-111/Collagen 1 (21). Following 3 days of rest, myotubes under-
went 20 min of high-magnitude uniaxial strain in the perpendicular 
direction (18%, 1 Hz). Myotube number and diameter were quantified.

Statistical Analysis
All data are presented as means ± SEM. Two-way ANOVA was per-
formed to detect significant interactions or main effects. For fiber 
or myotube size distribution and fiber type-specific data, statistical 
analysis was confined to each respective category. Post hoc compari-
sons were conducted when appropriate. Differences were considered 
significant at p ≤.05. GraphPad Prism 8 was used to complete all 
statistical analyses.

Results

Overexpression of the α7B integrin subunit in 
aged skeletal muscle does not recover the growth 
response to chronic loading

MCK:α7BX2 integrin transgenic mice were aged to 24 months 
to determine the extent to which overexpression of the integrin 
could enhance mechanosensing and the anabolic response to chronic 
loading. α7B integrin protein expression was unexpectedly reduced 
with age and significant overexpression was no longer observed at 
24 months in MCK:α7BX2 mice (~3.5-fold at 6 months vs 1.5-fold 
at 24 months; Genotype × Age interaction, p < .001) (Supplementary 
Figure S1A). To overcome this limitation, a new transgenic mouse 
model was created (MHCK7:α7BX2) to sustain overexpression 
~3.5-fold compared to WT (Supplementary Figure S1D). Whereas 
significant increases in plantaris weight were detected in adult 
WT and MHCK7:α7BX2 mice with chronic loading as expected 
(Supplementary Figure S1C and E), no increase in plantaris muscle 
weight was observed in aged WT mice and overexpression of α7BX2 
integrin subunit did not rescue this effect (MTE × Age interaction, 
p < .001) (Supplementary Figure S1E).

LM-111 Administration Increases α7B Integrin 
Protein Expression in Aged WT Muscle
This finding prompted us to consider factors outside the muscle 
that might influence integrin activation with age. Specifically, we 
hypothesized that collagen accumulation, a hallmark of aging, pre-
vented the physical interaction between laminin and the α7β integrin 
(Figure 1B). Thus, a study was conducted to examine the potential 
for LM-111 to improve the anabolic response to loading in aged mice 

Figure 1.  LM-111 treatment increases α7B integrin subunit protein expression 
in aged plantaris muscle of wild-type mice following chronic mechanical 
loading. Laminin-111 (LM-111) or saline was administered by intraperitoneal 
(i.p.) injection to 3- or 22-mo-old wild-type mice 1  wk prior to initiation of 
chronic mechanical loading induced by myotenectomy (MTE) and muscle 
was evaluated 2 wk post-MTE (A). LM-111 is present in skeletal muscle 3 d 
following i.p. injection (top panel). α7B integrin protein demonstrated a 
punctate pattern of expression in close proximity to DAPI+ nuclei (bottom 
panel, arrows indicate colocalization of integrin expression with DAPI-stained 
nuclei around in inside the fiber) (B). Total α7B integrin subunit protein 
expression in aged plantaris was increased with LM-111 treatment compared 
to age-matched sham and saline-treated controls (C). The percentage of fibers 
with >50% integrin localization at the sarcolemma was increased in young 
muscle post-MTE, but not aged muscle. (D) Graphical depiction of integrin 
enrichment near DAPI+ nuclei outside and inside muscle fibers with LM-111 
treatment and speculative changes in mechanosensing. n = 4–7/group. ‡ vs 
age-matched sham and saline-treated groups. All values are mean ± SEM. * 
vs age-matched sham group. Data are expressed relative to young sham for 
each muscle. Full color version is available within the online issue.
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(Figure 1A). The presence of human laminin-α1 protein in WT mouse 
skeletal muscle 3 days following i.p. injection was confirmed and a 
punctate pattern was observed around fibers (Figure 1B, top panel). 
MTE increased α7B integrin subunit protein expression and the re-
sponse differed by age (Treatment × Age interaction, p = .039), with 
a significant increase observed in aged muscle in response to MTE 
compared to age-matched controls (Figure 1C). MTE induced trans-
location of the α7B integrin localization to the sarcolemma in young 
muscle post-MTE, yet this event was not observed in aged muscle in 
the absence or presence of LM-111 (Figure 1D). In contrast, LM-111 
evoked enrichment of α7B integrin in a punctate pattern in close 
proximity to DAPI+ nuclei (outside and inside fibers) in aged muscle 
post-MTE (Figure 1B, bottom panel). These observations suggest that 
LM-111 may restore anchoring of the sarcolemma or stem/stromal 
cells to the microenvironment via integrin clustering (Figure 1E).

LM-111 Administration Improves the Growth Response 
to a Mechanical Stimulus in Aged WT Muscle
An increase in plantaris muscle wet weight was observed in young, 
but not aged, WT mice with saline treatment post-MTE (Treatment × 
Age interaction, p =  .0327) (Figure 2A). LM-111 treatment signifi-
cantly improved the growth response to MTE in aged WT mice com-
pared to age-matched sham and saline-treated groups (Figure 2A). 
The mean fiber cross-sectional area (CSA) was significantly higher 
in young and aged muscle post-MTE (treatment effect, p =  .0164) 
(Figure 2B). LM-111 treatment increased myofiber CSA in young and 
aged muscle post-MTE compared to age-matched shams (Figure 2B).

LM-111 Administration Alters Macrophage Content 
and Myofiber Repair in Aged WT Muscle
The percentage area occupied by collagen type 1 increased post-MTE 
(treatment effect, p  =  .0037), and was significantly elevated in aged 
muscle post-MTE compared to the age-matched sham group (Figure 2C 
and D). CD11b+ cell quantity significantly increased post-MTE (treat-
ment effect, p = .0481), and was significantly enhanced in aged muscle 
post-MTE with saline treatment compared to both age-matched sham 
and LM-111-treated groups (Figure 2C and E). Finally, the percentage 
of fibers exhibiting centrally located nuclei (CLN) was increased post-
MTE (treatment effect, p = .0053), and was significantly improved in 
aged muscle with LM-111 treatment compared to saline (Figure 2F).

Impact of Mechanical Loading and LM-111 Treatment 
on Fiber Type-Specific CSA and Frequency
Fiber type CSA and distribution data are reported in Supplementary 
Figure S2. Type 2A fiber CSA trended towards an increase in 
young muscle post-MTE with LM-111 treatment compared to age-
matched sham (p = .0547) and significantly increased in aged muscle 
post-MTE with both saline and LM-111 treatment compared to 
age-matched sham groups (treatment effect, p  =  .0109). Type 2X 
fiber CSA was variable in aged muscle post-load with LM-111 treat-
ment (treatment effect, p =  .1247), which mirrored the results for 
the percentage of large caliber fibers in this group (mean fiber CSA > 
2000 µm2; p = .0827) (Supplementary Figure S2D).

Collagen Is Inhibitory to Myotube Formation and 
Mechanical Strain-Induced Growth In Vitro
An in vitro experiment was conducted to test the hypothesis that 
collagen accumulation may directly interfere with mechanical strain-
induced muscle growth (Figure  3A). LM-111 alone or LM-111 
with the addition of collagen was attached as substrate to silicone 

membranes prior to addition of C2C12 myoblasts and initiation of 
strain. Incorporation of collagen in the substrate reduced myotube for-
mation (substrate effect, p < .0001) (Figure 3C) and decreased myotube 
growth in response to strain (Substrate × Strain interaction, p = .0078) 
(Figure 3D). A shift in myotube diameter was observed with the add-
ition of collagen (<10 µm: substrate effect, p = .0169; 10–20 µm: strain 
effect, p = .0387; 20–30 µm: Substrate × Strain interaction, p = .048; 
30–40 µm: substrate effect, p = .004) (Figure 3E).

Discussion

In this study, we report that a single i.p. injection of LM-111 
effectively decreased CD11b+ cell quantity, enhanced the cap-
acity for repair, and improved the growth response to chronic 
load in aged mouse skeletal muscle. The precise mechanism of 
LM-111 action remains unknown, but our in vitro experiment 
suggests that the composition of the ECM can significantly im-
pact mechanosensing. We speculate that laminin, the preferen-
tial ligand for the α7β1 integrin, is an important component to 

Figure 2.  LM-111 treatment improves the muscle growth response to chronic 
mechanical loading in aged wild-type mice. Muscle wet weight (A) and mean 
fiber CSA (B) were assessed in plantaris muscle by immunofluorescence 
analyses following saline or LM-111 treatment prior to 2  wk of chronic 
mechanical loading induced by myotenectomy (MTE). Laminin treatment 
positively impacted the muscle growth response to MTE in aged muscle 
compared to age-matched shams and/or saline-treated controls. n  =  4–7/
group. Representative images of collagen type 1 and CD11b+ immune cells 
as detected by immunofluorescence analysis (C). Collagen type 1 content (D), 
CD11b+ immune cell content (E), and % of CLN+ myofibers (F) were assessed in 
plantaris muscle by immunofluorescence analyses following saline or LM-111 
treatment prior to 2 weeks of chronic mechanical loading induced by MTE. 
Laminin treatment positively impacted indices of inflammation and repair 
in aged muscle post-MTE compared to age-matched saline-treated controls. 
n = 4–6/group. * vs age-matched sham group. ‡ vs age-matched sham and saline-
treated groups. All values are mean ± SEM. Data are expressed relative to young 
sham for each muscle. Full color version is available within the online issue.
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load-induced growth and that collagen accumulation contributes 
to anabolic resistance with age.

The α7β1 integrin is highly expressed in skeletal muscle and can 
positively impact the growth response to mechanical loading (8,9). 
In the current study, we did not observe any difference in the baseline 
level of integrin expression with age (Supplementary Figure S1A), 
yet anabolic resistance to chronic loading was present in aged WT 
mice as expected. Transgenic mice were created to determine the ex-
tent to which an abundance of α7 integrin in aged muscle could 
overcome this. Despite confirmation of elevated protein expression 
in 24-month-old transgenic mice compared to WT (~3.5-fold), we 
did not observe any increase in muscle wet weight with loading 
(Supplementary Figure S1C), suggesting that simply overexpressing 
the integrin subunit protein was not sufficient to overcome anabolic 
resistance. These results were unexpected and prompted us to con-
sider factors in the microenvironment that might disrupt integrin 
activation.

Collagen does not possess the capacity to bind the α7β1 in-
tegrin heterodimer, and its excessive deposition has the potential to 
interfere with laminin-α7B integrin interaction at the sarcolemma. 
Therefore, we hypothesized that exogenously administered laminin, 
specifically LM-111, might compete with collagen and restore the 
capacity for the integrin to serve as a mechanosensor. In the current 
study, LM-111 stimulated punctate patterning of α7B integrin ex-
pression around the fiber that mirrored LM-111 localization and 
suggested evidence for clustering and anchoring. These results align 
with the findings by Rooney et  al. (16), which reported increased 
interstitial and extrajunctional localization of α7B integrin expres-
sion with LM-111 treatment in mdx mice.

Exogenous LM-111 did not impact any phenotype associated 
with chronic loading in young mice, yet significantly impacted aged 
muscle (Figure 2). Importantly, muscle wet weight was significantly 
improved in aged mice 2 weeks following the onset of chronic loading 
(Figure  2A). The mean CSA of large caliber fibers (>2000  µm2), 
including Type 2X fibers, visually appear to be recovered with 
LM-111 treatment, yet we did not detect a significant difference 
(Supplementary Figure S2B and D). LM-111 also significantly de-
creased CD11b+ cell quantity and enhanced the percentage of fibers 
with a CLN in aged muscle post-MTE. These changes likely reflect 
the capacity for LM-111 to interact with the α7B integrin present 
within the sarcolemma, as well as stem and stromal cells (22). Our in 
vitro experiment provides evidence that LM-111 can promote strain-
induced muscle growth in the absence of stem cells, and also suggests 
that LM-111 and collagen differentially impact mechanosensing. 
Additional in vitro experiments will elucidate niche regulation of 
mechanosensing and muscle growth via the α7β1 integrin.

This study has limitations. First, only one time-point was 
selected for investigation. Future studies will explore if LM-111 
administration can support long-term adaptations in aged muscle. 
Second, muscle weight can be impacted by swelling, inflamma-
tion, fat, or fibrosis and provides a nonspecific measure of muscle 
mass. Finally, the study was underpowered to detect significant 
differences in some measurements due to low sample sizes for 
some groups.

In conclusion, we provide the first demonstration that a single 
systemic injection of LM-111 can successfully improve repair and 
growth following chronic mechanical loading in aged WT mouse 
muscle. Thus, LM-111 represents a potential therapeutic solution 
for sarcopenia.

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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