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Sympathetic activity is correlated 
with satellite cell aging and myogenesis 
via β2‑adrenoceptor
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Abstract 

Background and objective:  Sympathetic activity plays an important role in the proliferation and differentiation 
of stem cells, and it changes over time, thereby exerting differential effects on various stem cell types. Aging causes 
sympathetic hyperactivity in aged tissues and blunts sympathetic nerves regulation, and sympathetic abnormalities 
play a role in aging-related diseases. Currently, the effect of sympathetic activity on skeletal muscle stem cells, namely 
satellite cells (SCs), is unclear. This study aimed to investigate the effects of skeletal muscle sympathetic activity on SC 
aging and skeletal muscle repair.

Materials and methods:  To evaluate skeletal muscle and fibrotic areas, numbers of SCs and myonuclei per muscle 
fiber, β2-adrenoceptor (β2-ADR) expression, muscle repair, and sympathetic innervation in skeletal muscle, aged mice, 
young mice that underwent chemical sympathectomy (CS) were utilized. Mice with a tibialis anterior muscle injury 
were treated by barium chloride (BaCl2) and clenbuterol (CLB) in vivo. SCs or C2C12 cells were differentiated into myo-
tubes and treated with or without CLB. Immunofluorescence, western blot, sirius red, and hematoxylin–eosin were 
used to evaluate SCs, myogenic repair and differentiation.

Results:  The number of SCs, sympathetic activity, and reparability of muscle injury in aged mice were significantly 
decreased, compared with those in young mice. The above characteristics of young mice that underwent CS were 
similar to those of aged mice. While CLB promoted the repair of muscle injury in aged and CS mice and ameliorated 
the reduction in the SC number and sympathetic activity, the effects of CLB on the SCs and sympathetic nerves in 
young mice were not significant. CLB inhibited the myogenic differentiation of C2C12 cells in vitro. We further found 
that NF-κB and ERK1/2 signaling pathways were activated during myogenic differentiation, and this process could be 
inhibited by CLB.

Conclusion:  Normal sympathetic activity promoted the stemness of SCs to thereby maintain a steady state. It also 
could maintain total and self-renewing number of SCs and maintain a quiescent state, which was correlated with 
skeletal SCs via β2-ADR. Normal sympathetic activity was also beneficial for the myogenic repair of injured skeletal 
muscle.
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Introduction
Skeletal muscles have a good regeneration ability due to 
the existence of skeletal muscle stem cells, namely muscle 
satellite cells (SCs). Quiescent skeletal muscle stem cells 
are localized in the stem cell niche between the muscle 
membrane and the basement membrane [1]. SCs have a 
high myonuclear-to-cytoplasm ratio and a small number 
of mitochondria, which can express paired box protein 7 
(PAX7) and other gene markers [2]. The nuclear-to-cyto-
plasmic ratio is decreased in activated SCs. Myogenic 
factor 5 (Myf5) expression in activated SCs is substan-
tially increased, and MyoD expression can be detected in 
activated SCs [3]. MyoD and Myf5 can induce the expres-
sion of key transcription factors, such as myogenin, 
which can promote the differentiation of SCs/progenitor 
cells. The myogenin (MyoG) gene serves as a marker of 
early-stage differentiation [4], while myosin heavy chain 
and MRF4 are gene markers in the terminal stage of SC 
differentiation [4–6]. Myf5(−) SCs are self-renewing 
skeletal muscle stem cells, while Myf5(+) cells represent 
differentiated skeletal muscle progenitor cells [7].

SCs have a good self-renewal ability and can be acti-
vated and induced to proliferate when it’s  exposed to 
injury and exercise, which can generate new muscle cells 
or integrate into damaged muscle cells. However, the 
repair function of injured skeletal muscle in aged mice 
is decreased and ineffective [8]. Substantial many studies 
indicate that the functions of SCs change with aging, but 
the changes may be slight. In the SC microenvironment, 
changes in niche and extracellular matrix may be key fac-
tors in aging [8–10]. The niche and extracellular matrix 
play an important role in the maintenance, proliferation, 
and differentiation of stem cells.

Moreover, sympathetic activity, which plays an 
important role in the proliferation and differentia-
tion of stem cells, changes over time and exerts dif-
ferential effects on various stem cell types [11]. Aging 
causes sympathetic hyperactivity in aged mouse tissues 
and human colon adenoma tissues, which can blunt 
the sympathetic regulation of motor neuron synaptic 
vesicle release [12, 13]. Tyrosine hydroxylase (TH), an 
enzyme responsible for the rate-limiting step in cat-
echolamine production [14], is a specific marker of 
sympathetic activity [15]. Neuropeptide Y (NPY) and 
norepinephrine (NE) are co-released by sympathetic 
nerves [16]. NPY is a sympathetic neurotransmitter 
that regulates inflammatory cells [17] and is considered 

to directly affect the regulation of hematopoietic stem 
cell fate by modulating cell quiescence [18]. NE is an 
important catecholamine neurotransmitter released 
from sympathetic nerves that can regulate the prolifer-
ation and differentiation of numerous cell types. Stud-
ies have found that sympathetic nerves of aged mice 
show aging-related changes, such as decreasing num-
bers of adrenoceptors (ADR) and sympathetic nerve 
density [19–21].

A short-term increase in sympathetic activity leads 
to an increase in skeletal muscle mass. In contrast, 
chronic sympathetic hyperfunction is harmful, lead-
ing to heart failure-induced skeletal muscle myopathy 
[22]. In previous studies, we found that in myofas-
cial pain syndrome, the most common chronic skel-
etal muscle disease, the formation of myofascial trigger 
points led to local sympathetic hyperactivation, thus 
hindering the repair process [23]. However, pretreat-
ment via chemical sympathectomy (CS), which inhib-
its the growth of muscle fibers and affects the local 
inflammatory state, did not promote skeletal muscle 
repair in myofascial pain syndrome [24]. After CS, the 
increased sympathetic activity at myofascial trigger 
points was decreased, with skeletal muscle repaired and 
the number of SCs restored [25]. Sympathetic activity 
is decreased in aged mice, and the niche that maintains 
hematopoietic stem cells is affected, leading to aging-
related effects [19]. We hypothesize that sympathetic 
nerves may be a component of the SC niche and that 
normal activity helps maintain the stemness of SCs and 
promotes repair after injury.

Therefore, using a mouse model of CS-induced den-
ervation to simulate the low sympathetic innervation 
state of aged mice, we detected sympathetic innerva-
tion, the number of SCs, and the changes in repair 
levels after muscle injury in aged mice. Skeletal mus-
cle was injured by barium chloride (BaCl2) and treated 
with a sympathetic β-ADR agonist, clenbuterol (CLB), 
to observe the changes in repair levels after skeletal 
muscle injury. CLB triggers skeletal muscle hypertro-
phy by promoting protein synthesis to thereby reduce 
rodent muscle atrophy due to neuromuscular damage 
caused by factors such as denervation [26]. This study 
aimed to explore the effects of sympathetic nerves on 
SCs and skeletal muscle injury repair in young and aged 
mice.

Keywords:  Skeletal satellite cells, β-Adrenoceptor, Sympathetic nerve, Clenbuterol, Skeletal muscle aging
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Materials and methods
Mice modeling and treatment
Ten-month- or 6-week-old C57BL/6  J mice (50% male 
mice and 50% female mice) were purchased from the 
Animal Experimental Center of Guangzhou University of 
Chinese Medicine. Ten-month-old mice were routinely 
reared to 18 months of age. All animal experiments were 
approved by the Animal Ethics Committee of Southern 
Medical University. The mice were randomly divided into 
six groups: control group, injury group, CS group, CLB 
group, CS + injury group, and CS + injury + CLB group 
(n = 8/group). The mice in the injury group were injected 
intramuscularly with 50  μl of sterile 1.2% BaCl2 (Mack-
lin, 10361-37-2, China) using an insulin syringe (Kindly, 
U-40-B, 30G 0.3*8 mm needle, China) into the proximal 
end of the tibialis anterior (TA) muscle as previously 
described [27, 28]. To explore the role of sympathetic 
nerves, the mice in the CS group were subjected to CS via 
an intraperitoneal injection of 0.1 mg/g·day 6-hydroxydo-
pamine hydrochloride (6-OHDA, Yuanye Bio-Technol-
ogy, S30042-1g, China) for 5 consecutive days, followed 
by one injection every 6  days [29–31]. The mice in the 
CLB group received an intraperitoneal injection of 1 mg/
kg CLB (Solarbio, YZ-100072, China) daily until killing 
to activate β2-ADR [32, 33]. The mice in the CS + injury 
group received 6-OHDA for 5  days and then injected 
BaCl2 once in the TA muscle to induce muscle injury fol-
lowed by one dose of 6-OHDA every 6 days. The mice in 
the CS + injury + CLB group received 6-OHDA for 5 days 
and then injected BaCl2 once followed by 6-OHDA every 
6 days and CLB daily. The mice were killed on days 3, 10, 
21, and 42 after injury to detect changes in sympathetic 
nerves, SCs, and myogenic repair levels.

SCs
SCs, the stem cells of skeletal muscle, were extracted 
from the TA muscles of the mice. As previously 
described, the mouse’s TA muscles were dissected under 
sterile conditions and minced after the blood vessels, 
connective tissues, and adipogenic tissues were removed 
[34, 35], and then stirred in digestion buffer (0.7% 

collagenase II in 10% fetal  bovine  serum [FBS, Gibco, 
10099-141, USA) in Dulbecco’s modified Eagle’s medium 
(DMEM)] at 37 °C for 30 min, followed by centrifugation 
and filtration [36]. A single-cell suspension was prepared 
and purified using magnetic-activated cell sorting with 
a Satellite Cell  Isolation Kit (Miltenyi Biotec™, 130-104-
268, Germany) according to the manufacturer’s instruc-
tions [36]. Extracted SCs were cultured with myoblast 
growth medium [DMEM/F12 (Gibco, DMEM-F12, USA) 
supplemented with 10% FBS and 5  ng/mL fibroblast 
growth factor 2 (GLPBIO, GP20218, USA)] [37]. PAX7, 
MyoD, MyoG, and Myf5 were used to analyze the state of 
SCs. Pax7(+) nuclei were considered to be SCs, whereas 
MyoD(+) Pax7(+) nuclei were considered to be acti-
vated for myogenic differentiation, and Myf5(−) Pax7(+) 
nuclei were considered to be self-renewing SCs.

C2C12 cells
Myoblast C2C12 cells were purchased from the Kun-
ming Cell Bank of Chinese Academy of Sciences 
(KCB2012115YJ, China) and cultured in high-glucose 
DMEM supplemented with 10% FBS [38]. C2C12 cell 
differentiation into myotubes was conducted in high-
glucose DMEM supplemented with 2% horse serum 
upon reaching 80% confluence. Cells in the differentia-
tion + CLB group were cultured in high-glucose DMEM 
supplemented with 2% horse serum and CLB (10 μM and 
100 μM) to 80% confluence to observe the changes in the 
SC and myogenic ability markers.

Histology
Mouse TA muscles were isolated, fixed, dehydrated, 
embedded, and cut into sections with a standard 
method. Slides were stained with Sirius red (SR, 
Tiandz, 121104-100, China) and hematoxylin–eosin 
(G1120, Solarbio, China) according to the manufactur-
er’s instructions. The areas of muscle cells and fibrosis 
were quantified using ImageJ software. Additionally, 
the number of myonuclei per muscle fiber was deter-
mined and analyzed.

(See figure on next page.)
Fig. 1  The skeletal muscle fibrotic area was increased in aged mice, while the SC numbers and sympathetic nerve activity were decreased. A–C 
SR staining showed that the proportion of the fibrotic area was increased and that the proportion of the myocyte area was decreased in the aged 
mice (n = 8) (t = 4.89 and 3.77, P < 0.001 and 0.021). D, E Immunofluorescence staining showed that the number of PAX7+ nuclei (SCs, red arrow) 
was decreased significantly in aged mice (n = 8) (t = 5.97, P < 0.001). F, G Immunofluorescence staining showed that the levels of TH and NPY in the 
sympathetic nerves of the aged mice were significantly lower than those of the young mice (n = 8) (t = 1.54 and 2.07, P = 0.017 and 0.008). H–K 
Both the intensity of TH and the number of PAX7+ nuclei (SCs, white arrow) were decreased significantly in aged mice compared with young mice 
(n = 8 per group) (t = 2.28 and 2.40, P = 0.039 and 0.031), and the intensity of TH correlated with the number of PAX7+ nuclei (r = 0.789, P < 0.001). 
Independent samples t tests, *P < 0.05; **P < 0.001
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Fig. 1  (See legend on previous page.)
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Immunofluorescence
Immunofluorescence staining was conducted to detect 
markers of SCs and ADR. Slides were deparaffinized 
in xylene, rehydrated, and blocked with bovine serum 
albumin for 2 h at room temperature. Cells on confocal 
dishes were fixed with 4% paraformaldehyde, and the 
confocal dishes or slides were incubated with 0.1% Triton 
X-100 and primary antibodies at a dilution of 1:50–1:200 
for approximately 16  h at 4  °C. The primary antibod-
ies were as follows: PAX7 (sc-81648, Santa Cruz, USA; 
DF7915, Affinity, USA), MyoD (AF7733, Affinity, USA), 
Myf5 (39801, Active Motif, USA), TH (511027, Zen Bio, 
China), NPY (ab112473, Abcam, UK), β2-ADR (bs-
0947R, Bioss, China), and MYH (sc-376157, Santa Cruz, 
USA). The slides were incubated with secondary antibod-
ies (KGAB010, KGAB011, KGAB013, KGAB014, Keygen, 
China) at room temperature for 2  h at a 1:400 dilution, 
sealed with DAPI and observed by a confocal scanning 
microscope (Olympus, FV1200, Japan) or a fluorescence 
microscope (Konigsallee 9–21, Carl Zeiss Microscopy 
GmbH, Germany). The fluorescence intensity was quan-
tified using FV10-ASW 4.2 Viewer or ImageJ software.

Western blot analysis
Total proteins were extracted from SCs at 24 h after iso-
lation or from C2C12 cells at 48 h after treatment using 
SDS-PAGE, transferred onto nitrocellulose membranes 
and incubated with primary antibodies for approximately 
12 h at 4 °C. The primary antibodies were as follows: adr-
energic receptor (bs-0498P, bs-1062P, bs-1063R, Bioss, 
1:500, China), nuclear factor-κB (NF-κB) signaling path-
way proteins (9936T, CST, 1:1000, USA), ERK1/2 (4695T, 
CST, 1:1000, USA), JNK (24164-1-AP, Proteintech, 
1:1000, USA) (14064-1-AP, Proteintech, 1:1000, USA), 
and the marker of SC cells as described above (all diluted 
at 1:1000). Proteins were visualized by autoradiography 
and analyzed using GENE Sys V1.5.2.0.

Enzyme‑linked immunosorbent assay (ELISA)
Muscle NE was detected by ELISA. The tissue homogen-
ate was centrifuged at 10,000 r/min for 30 min, and the 
supernatant was centrifuged at 12,000 r/min for 60 min. 

All samples were assessed in accordance with the instruc-
tions of the ELISA kit (JM-02907M1, Yibai Technology 
Co., Ltd., China). Curve Expert 2.20 software was used 
to fit the standard curve, and the values of each index 
were calculated for statistical analysis. All samples were 
assessed in duplicate.

Statistical analysis
All data were presented as the mean ± standard error. 
SPSS (version 17.0, Inc., Chicago, USA) was used for 
statistical analyses, and a P value < 0.05 was considered 
significant. Independent samples t tests were used for 
pairwise comparisons between two groups. One-way 
ANOVA with Tukey’s test was used to assess the signifi-
cant differences among more than two data groups.

Results
Skeletal muscle fibrosis was increased, while the number 
of SCs and sympathetic activity were decreased in aged 
mice
First, we found that muscle cells of the young mice were 
more compact, with larger area of the muscle cells, and 
lower proportion of fibrous tissue, compared with the 
aged mice (Fig. 1A–C). Then, we investigated whether 
the SCs exhibited the corresponding changes. Com-
pared with that in young mice, the absolute number of 
SCs (PAX7(+) nuclei) in the skeletal muscles of aged 
mice was significantly decreased (Fig.  1D, E), which 
was consistent with previous studies [39]. However, the 
number of myonuclei per muscle fiber was not signifi-
cantly different among the NC (young mice), CS, CLB, 
and CS + CLB groups (Additional file 1: Fig. S1A, B).

The sympathetic innervation of aged mice was weakened
We further examined sympathetic innervation in 
TA muscle. We found that sympathetic activity was 
decreased significantly in aged mice, which was con-
sistent with the decreasing trends in the muscle cell 
area and SC number (Fig. 1F, G). Both the fiber density 
of sympathetic nerves and the SC (Pax7(+) nuclei) den-
sity were decreased in aged mice (Fig.  1H–J), and the 

Fig. 2  The distributions of β-ADR and β2-ADR were decreased in aged SCs. A, B WB analysis showed low expression of β1-ADR, high expression 
of β2-ADR, and almost no expression of β3-ADR (n = 5) (F = 18.95, P < 0.001). C, D The β2-ADR expression in the SCs of aged mice was significantly 
lower than that in the SCs of young mice (n = 5) (t = 6.321, P < 0.001). E, F Immunofluorescence staining showed that the expression of β2-ADR in 
the TA muscles of aged mice was lower than that in the TA muscles of young mice (n = 8) (t = 1.31, P = 0.014). G–J Immunofluorescence staining 
showed that the expression of PAX7 was not significantly decreased in the SCs of aged mice in vitro (n = 8) (t = 0.18, P = 0.25) but that the number 
of PAX7− SCs (white arrow) in the proliferative phase was decreased significantly (n = 8) (t = 2.08, P = 0.007). The expression of β2-ADR was lower 
in aged mice than that in young mice (n = 8) (t = 1.67, P = 0.011). K The tissue concentration of NE was higher in young mice than in aged mice in 
both the noninjury and injury states (t = 3.07 and 2.97, P = 0.009 and 0.012). Independent samples t tests and one-way ANOVA with Tukey’s test, ns, 
not significant, *P < 0.05; **P < 0.001

(See figure on next page.)
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Fig. 2  (See legend on previous page.)



Page 7 of 16Yuan et al. Stem Cell Res Ther          (2021) 12:505 	

fiber density of sympathetic nerves was correlated with 
the density of SCs in young and aged mice (Fig. 1H, K). 
β2-ADR was shown to be expressed in skeletal muscle 
[40, 41], and β1 and β2-ADR were expressed in C2C12 
cells (a mouse skeletal muscle stem cell line) [38]. 
Next, we determined the expression of ADR in SCs. 
SCs were extracted and purified, and the expression of 
β-ADR was measured by WB analysis. Low expression 
of β1-ADR, highest expression of β2-ADR, and barely 
expressed β3-ADR were found in SCs from young mice 
(Fig.  2A, B). Moreover, the β2-ADR expression in SCs 
from aged mice was decreased compared with that in 
SCs from young mice (Fig.  2C, D). The expression of 
β2-ADR in young mice was higher than that in aged 
mice in  vivo (Fig. 2E, F). SCs were extracted, purified, 
and cultured in vitro, and the expression of β2-ADR in 
SCs from aged mice was lower than that in SCs from 
young mice. The in vitro fluorescence intensity of PAX7 
did not significantly differ between the aged and young 
mice (Fig. 2G, H). Proliferating SCs, which were under-
going mitosis, were more abundant in young mice than 
that in aged mice (Fig. 2G, I). The expression of β2-ADR 
was decreased in the SCs of aged mice (Fig. 2G, J).

NE was less abundant in TA muscles, and myogenic repair 
was impaired in aged mice
NE from TA muscles was further detected, and its 
expression was decreased in aged mice compared 
with young mice. Moreover, the NE expression was 
increased to a lesser extent in the aged mice than in 
the young mice at 3 days after injury induced by BaCl2 
(Fig.  2K). After local injection of BaCl2 into the TA 
muscle, extensive muscle cell necrosis, numerous 
fibrosis-positive areas, and inflammatory cell infiltra-
tion were observed in aged mice. There was no sig-
nificant difference between the young mice and aged 
mice at 3  days after injury (Fig.  3A–C). The number 
of newly formed myotubes in aged mice was sig-
nificantly lower than that in young mice. The posi-
tive area of fibrosis staining was much larger in aged 
mice than in young mice at 10 days after the injection 
(Additional file 1: Fig. S1C, E). On day 21, young mice 
showed good recovery; however, the aged mice had 

significantly fewer muscle cells than the young mice 
with increased fibers (Additional file  1: Fig. S1D, G). 
On day 42, the myocytes of the young mice exhibited 
an orderly arrangement and a regular polygonal shape, 
while the aged mice showed disordered, rounded, or 
round-like myocytes. Moreover, the fibrotic tissue area 
was greater in the aged mice than in the young mice, 
but the myocyte area was smaller (Fig. 3A, D, E).

The number of SCs in aged mice was further decreased 
after injury and rescued by CLB in SCs
The number of SCs was decreased in the aged mice 
on day 10 after injury (Fig.  3F, G). Additionally, the 
number of self-renewing SCs (detected by Myf5(−) 
PAX7(+)) in aged mice was significantly lower than 
that in young mice at 10  days after BaCl2-induced 
injury (Fig. 3G, H). After 42 days, the numbers of SCs 
and self-renewing SCs were further reduced (Fig.  3G, 
I, J). After CLB supplementation, the number of SCs 
was significantly increased in TA muscles of aged mice 
(Fig. 3K, L).

Sympathetic hypoinnervation was observed in mice 
that underwent CS and was rescued by CLB
The fluorescence intensities of TH and NPY were 
decreased significantly after CS (Fig.  4A–C) and then 
increased after CLB treatment. However, the fluorescence 
intensities of TH and NPY in the young mice did not 
increase significantly after CLB treatment, indicating that 
the sympathetic nerves were significantly damaged after 
CS and CLB protected against sympathetic nerve dam-
age (Fig. 4A–C). Furthermore, the level of NE was signifi-
cantly decreased in the mice after CS, and this effect was 
rescued by CLB (CS + CLB group) (Fig. 4D). There was no 
significant increase in NE in the young mice after the CLB 
injection (CLB group) (Fig.  4D). The change in NE was 
consistent with the sympathetic activity.

The expression of β2‑ADR in SCs was reduced, and SCs 
differentiation was induced
We found that the expression of β2-ADR in CS group was 
decreased after extraction and cultured for 12  h (Fig.  4E, 

(See figure on next page.)
Fig. 3  Skeletal muscle repair and the number of SCs were reduced in aged mice. A–C The proportions of fibrotic and necrotic muscle cells were 
not significantly different between the aged and young mice on the 3rd day after TA injury (n = 8) (t = 0.931 and 0.116, P = 0.368 and 0.910). D, E 
On the 42nd day after injury, the proportion of fibrosis in the aged mice was higher than that in the young mice, and the muscle cell area in the 
aged mice was smaller than that in the young mice (n = 8) (t = 3.911 and 2.897, P = 0.002 and 0.012). F–J The numbers of PAX7+ SCs (white and red 
arrow) and self-renewing PAX7+Myf5− SCs (red arrow) were decreased substantially in aged mice compared with young mice on days 10 (n = 8) 
(t = 8.341 and 6.24, both P < 0.001) and 42 (n = 8) (t = 9.815 and 4.825, both P < 0.001) after injury. K, L The number of PAX7+ (SCs) in aged mice and 
CS-treated mice was reduced, and CLB partially reversed this decrease (F = 14.912, P < 0.001). Independent samples t tests and one-way ANOVA with 
Tukey’s test, ns, not significant, *P < 0.05; **P < 0.001
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Fig. 3  (See legend on previous page.)
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Fig. 4  CLB partly rescued sympathetic hypoinnervation and increased the expression of β2-ADR in SCs after CS. A–C The decreased expression 
of TH and NPY, which indicates sympathetic hypoinnervation, was partly reversed by CLB, but their expression levels were not changed in normal 
mice treated with only CLB (F = 39.989 and 23.328, both P < 0.001). D The tissue expression of NE was decreased after CS, and CLB increased the NE 
expression in the CS group; however, the increase was not as extensive as that in the CS + CLB + injury group (F = 44.23, P < 0.001). E–H CS reduced 
the expression of β2-ADR and the proliferation of SCs (white arrow), which was partially rescued partly by CLB (F = 16.642, 12.447, both P < 0.001). 
One-way ANOVA and Tukey’s test, ns, not significant, #all P < 0.05 compared with all other groups, *P < 0.05, **P < 0.001
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H), and the number of SCs was significantly decreased in 
the proliferative phase. However, the expression of β2-ADR 
was increased in the CS + CLB group, compared with that 
in the CS group, and the expression of PAX7 was not signifi-
cantly different among the NC, CS, and CS + CLB groups 
after extraction and cultured for 12 h in vitro (Fig. 4E–H). 
SC numbers were decreased, and the ratio of MyoD(+) 
PAX7(+)/PAX7(+) SCs was increased after CS (Fig. 5A–C). 
While the number of PAX7(+) SCs was increased in the 
CS + CLB group, the ratio of MyoD(+) PAX7(+)/PAX7(+) 
SCs was decreased significantly, compared with that in the 
CS group (Fig. 5A–C). The number of PAX7(+) SCs and the 
ratio of MyoD(+) PAX7(+)/PAX7(+) SCs did not change 
significantly after CLB injection in young mice (CLB group), 
compared with those in NC group (Fig. 5A–C).

CLB supplementation helped maintain SC self‑renewal 
and promoted myogenic repair in injured mice 
that underwent CS
Ten days after BaCl2 injury, the number of self-renewing 
SCs (Myf5(−) PAX7(+)) in the CS + injury group was 
decreased significantly. However, CLB supplementa-
tion in the CS + CLB + injury group helped maintain 
the number of self-renewing SCs on days 10 and 42 after 
injury (Fig. 5D, E). Extensive muscle cell necrosis, numer-
ous fibrosis-positive areas, and extensive inflammatory 
cell infiltration were found on day 3 after muscle injury 
(Additional file 2: Fig. S2A–C). The muscle area and fibro-
sis area were not significantly different among the injury, 
CS + injury, and CS + CLB + injury groups on day 3 after 
muscle injury (Additional file 2: Fig. S2A–C). In the injury 
group, many nuclei were found in the center of the cells 
after 10  days, which indicated cell regeneration. Corre-
spondingly, the number of newly formed myocytes in the 
CS + injury group was significantly lower than that in the 
injury group, and CLB significantly rescued this trend 
in the CS + injury + CLB group at 10  days after injury 
(Fig. 5F–H). Furthermore, the positive fibrotic area in the 
CS + injury group was the largest among the three groups 
at 10 days after injury (Fig. 5F, G, H). On day 21 after BaCl2 
injection, the percentage of muscle cells in the injury group 
was the highest among these three groups (Additional 

file  2: Fig. S2A, C). Among the three groups, while the 
repair was increased in every group, the fibrotic area was 
still the largest in the CS + injury group, and the muscle cell 
area was still the smallest in the CS + injury group on day 
42 after BaCl2 injury. The number of myonuclei per mus-
cle fiber was decreased in the CS + injury group, which was 
rescued by CLB on days 10, 21, and 42 (Fig. 5I, Additional 
file 2: Fig. S2A, B). The fibrotic and muscle cell areas were 
not significantly different between the injury group and 
CS + CLB + injury group on day 42 after injury (Fig. 5F–H).

C2C12 cell activation and myogenic differentiation were 
inhibited by CLB in vitro
Immunofluorescence staining showed that myotubes 
formed and fused at 5 days after differentiation in vitro. 
Both 10  μM and 100  μM CLB significantly inhibited 
myogenic differentiation (Fig. 6A, B). After 48 h of myo-
genic differentiation in  vitro, the expression of MyoD 
and β2-ADR was increased significantly, indicating that 
myogenic differentiation was activated. Interestingly, 
although 10 μM and 100 μM CLB further promoted the 
expression of β2-ADR, CLB inhibited the expression of 
MyoD and thus inhibited the activation of C2C12 cells 
(Fig.  6C–E). Moreover, we measured the expression 
of relevant proteins and found that PAX7 was signifi-
cantly decreased at 48  h after myogenic differentiation 
and increased after 100 μM CLB treatment (Fig. 6F, G). 
β2-ADR expression was increased after 48 h of differen-
tiation and further increased after 100  μM CLB treat-
ment (Fig.  6F, G). The MyoD, Myf5, and MyoG levels 
were significantly increased after differentiation, which 
were rescued by 100 μM CLB (Fig. 6F, G).

The NF‑κB and ERK1/2 signaling pathways were inhibited 
by CLB
After 48  h of myogenic differentiation, the expression 
levels of IKK α/β, p-IKK α/β, NF-κB p65, and NF-κB 
p-p65 of the NF-κB signaling pathway were significantly 
increased in C2C12 cells but were significantly inhibited 
by 100 μM CLB (Fig. 7A, B). Similarly, we assessed pro-
tein expressions in ERK1/2 signaling pathway and found 

(See figure on next page.)
Fig. 5  CLB promoted skeletal muscle repair by affecting MyoD and Myf5. A–C CS decreased the number of PAX7+ cells (SCs), but the ratio 
of MyoD+/MyoD+PAX7+ cells was increased significantly. That is, CS led to the activation of SCs, which hindered their ability to maintain their 
stemness. CS + CLB treatment prevented this trend. In addition, the PAX7+ cell level and the ratio of MyoD+/MyoD+ PAX7+ cells were not 
significantly changed by CLB alone in normal mice (F = 15.363 and 5.911, P < 0.001 and = 0.03). D, E On the 10th and 42nd days after injury, 
the number of Myf5− PAX7+ cells (SCs) in the CS + CLB + injury group was significantly increased compared with that in the CS + injury group 
(F = 51.219, P < 0.001). F–I On the 10th and 42nd days after injury, the CS + injury group had the lowest number of myonuclei per muscle fiber 
(transverse section), and this effect was rescued by CLB. The CS + injury group had the largest fibrotic area (F = 11.644, 16.573, both P < 0.001) 
and the smallest muscle area (F = 11.644, 16.573, both P < 0.001), and this effect was rescued by CLB on both the 10th and 42nd days after injury. 
One-way ANOVA and Tukey’s test, ns, not significant, # all P < 0.05 compared with all other groups *P < 0.05; **P < 0.001
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Fig. 5  (See legend on previous page.)
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that JNK, p38 MAPK, and ERK1/2 were significantly 
increased at 48  h after differentiation, while JNK, p38 
MAPK, and ERK1/2 expressions were significantly inhib-
ited at 48 h after 100 μM CLB treatment.

Discussion
The repair function is impaired by aging, and SCs undergo 
aging‑related changes
While skeletal muscle easily regenerates, aging is inevi-
table, and the process of aging is mainly reflected by 

the decreased proportion of skeletal muscle cells and 
the gradual increase in the degree of fibrosis [8]. Upon 
injury, the repair of injured skeletal muscle is delayed and 
weakened over time [42]. Skeletal muscle cells are closely 
related to SCs, which activate, proliferate, and differenti-
ate in response to injury and inflammatory factors and 
repair or fuse to injured muscle cells. However, aging may 
alter the SC microenvironment and niche [43]. The niche 
cannot maintain a balance, resulting in SC instability, loss 
of stemness, and ultimately a reduction in the number of 

Fig. 6  CLB-inhibited myogenic differentiation. A, B After 5 days of differentiation, numerous fused myotubes were observed, while CLB (10 μm, 
100 μm) significantly inhibited myotube formation (F = 28.9, P < 0.001). C–E After 48 h of myogenic differentiation, the levels of MyoD+ nuclei and 
β2-ADR were significantly increased, while CLB significantly decreased the expression of MyoD and further increased the expression of β2-ADR 
(F = 9.642, 8.157, both P < 0.001). F, G After 48 h of differentiation, β2-ADR expression was increased, and CLB further promoted this increase 
(F = 115.712, P < 0.001). PAX7 expression was decreased after differentiation, and CLB reversed this trend (F = 18.155, P < 0.001). MyoD, Myf5, and 
MyoG expressions were increased significantly after differentiation, and CLB significantly mitigated these increments (F = 16.324, 8.647, and 154.647, 
all P < 0.001). All differences were determined using one-way ANOVA and Tukey’s test. ns, not significant, *P < 0.01; **P < 0.001
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SCs. We found that the number of SCs was decreased in 
the aging mice and that the number of Myf5(−) PAX7(+) 
quiescent SCs was further decreased.

Sympathetic nerves play an important role in SCs 
and in skeletal muscle repair
In recent years, increasing attention has been paid to 
the effect of sympathetic nerves on stem cells. The role 
of sympathetic nerves in regulating mesenchymal stem 
cells and hematopoietic stem cells has been extensively 
explored [19, 44]. Sympathetic abnormalities participate 
in aging-related disorders [12], and sympathetic nerves 
may be considered for the future development of corre-
sponding therapeutic strategies to regulate stem cells due 
to their adaptability [45]. Local sympathetic hyperinner-
vation of myofascial trigger point hinders the repair of 
skeletal muscle [23, 46]. The repair of myofascial trigger 
points was found to be ideal, and the number of SCs was 

increased after two injections of 6-ODHA [25]. How-
ever, complete CS cannot promote the repair of skeletal 
myofascial trigger points after modeling [24]. The sym-
pathetic innervation of skeletal muscle in aging mice was 
decreased, and the repair of skeletal muscle was impaired 
after injury. Therefore, sympathetic nerves may regulate 
the stemness of SCs. We speculated that sympathetic 
nerves may be a component of the SC niche. Sympathetic 
hyperinnervation or hypoinnervation decreases the sta-
bility of SCs, and normal sympathetic nerve activity 
helps to maintain the stemness of SCs, which is condu-
cive to skeletal muscle repair after injury. This provides 
a scientific basis for clinical intervention with SCs and a 
favorable basis for the clinical diagnosis and treatment of 
disorders such as age-related myopenia and myofascial 
pain syndrome. Clearly elucidating the underlying mech-
anisms will pave the way for targeting the sympathetic 
nerves for the treatment of aging [13].

Fig. 7  CLB-inhibited NF-κB and ERK1/2 signaling pathways. A, B IKKα/β, p-IKKα/β, NF-κB p65, and p-NF-κB p65 expressions were increased 
significantly after 48 h of differentiation and decreased after CLB (100 μM) treatment (F = 45.315, 9.154, 123.457, and 13.449, all P < 0.001). C, D The 
JNK, p38 MAPK, and ERK1/2 levels were increased significantly after 48 h of differentiation and decreased after CLB (100 μM) treatment (F = 247.631, 
154.638, and 14.324, all P < 0.001)
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CLB, a β2‑ADR agonist, partially rescues the sympathetic 
hypoinnervation induced by CS and aging‑induced 
changes in muscle
β-ADR, mainly the β2 subtype, is expressed in skeletal 
muscle cells [40, 41]. Additionally, SCs were shown 
to express β-ADR [38], and we found β2 to be the 
main subtype expressed, with low expression of the 
β1 subtype and almost no expression of the β3 sub-
type. Moreover, the expression of NE was significantly 
decreased after CS. CLB promoted the expression of 
NE but did not significantly increase its expression in 
control mice. After injury, the NE expression in the 
CS-treated mice was increased significantly but not to 
the extent of that in the CS + CLB group after injury. 
After CS, the sympathetic innervation in young mice 
was substantially decreased and CLB partially res-
cued the sympathetic hypoinnervation and protected 
the normal activity of the sympathetic nerves. CLB 
enhanced the repair of skeletal muscle injury in the CS 
group and promoted the maintenance of the numbers 
of total, quiescent, and self-renewing SCs. These find-
ings can potentially be attributed to the role of sym-
pathetic nerves in maintaining the stemness of SCs 
through β2-ADR.

CLB does not promote the proliferation of SCs in vitro 
but inhibits their myogenic differentiation, potentially 
via the NF‑κB and ERK1/2 signaling pathways
CLB was found to maintain the numbers of SCs and 
quiescent SCs in vivo, while it did not promote the pro-
liferation of SCs in  vitro but inhibited their myogenic 
differentiation. These results suggest that CLB does 
not directly promote the proliferation of SCs but rather 
affects their protection, possibly by regulating the activity 
of sympathetic nerves and maintaining the stability of the 
SC microenvironment. Increased p38αβ MAPK activity 
was observed in aged SCs [47, 48], and CLB was shown 
to suppress the phosphorylation of ERK1/2 [49]. In our 
study, the expression of the main proteins in NF-κB and 
ERK1/2 signaling pathway was significantly increased in 
C2C12 cells after myogenic differentiation, which were 
significantly inhibited by CLB. Thus, CLB inhibits myo-
genic differentiation partly via the NF-κB and ERK1/2 
signaling pathways.

Conclusions
In conclusion, our study revealed potential mechanisms 
by which sympathetic nerves form the microenvironment 
or niche of SCs, which regulate the myogenic repair of SCs 
after injury and mediate the effects of SCs through β2-ADR. 

These findings could contribute to the development of novel 
strategies for promoting skeletal muscle injury repair and 
combating aging.
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Additional file 1. Figure S1. The ability to repair muscle injury is 
weakened in aged mice on days 10 and 21. (A, B) The difference in the 
number of myonuclei per muscle fiber (transverse section) was not 
significant among NC (young mice), CS, CLB, and CS+CLB groups (F = 
1.99, P = 0.139). (C) The fibrotic area in the aged mice was larger than that 
in the young mice 10 days after injury (n = 8, t = 2.517, P = 0.025). (D) 
Representative figures show impaired repair of injured skeletal muscle in 
aged mice on days 10 and 21 after injury. (E) The fibrotic area in the aged 
mice was larger than that in the young mice 21 days after injury (n = 8, t 
= 2.041, P = 0.017). (F) The muscle cell area in the aged mice was smaller 
than that in the young mice 10 days after injury (n = 8, t = 2.623, P = 
0.028). (G) The muscle cell area in the aged mice was smaller than that in 
the young mice 21 days after injury (n = 8, t = 3.019, P = 0.008). One-way 
ANOVA and Tukey’s test, ns, not significant, *P < 0.05, **P < 0.001.

Additional file 2. Figure S2. CS results in impaired repair of muscle injury, 
which can be reversed by CLB. (A) Representative SR and HE images of 
skeletal muscle injury in the injury group, CS+ injury group, and CS+ 
CLB+ injury group on days 3 and 21 after injury. (B) The number of myo-
nuclei per muscle fiber (transverse section) was decreased significantly 
after CS (P = 0.003), which was rescued by CLB on day 21 after injury (P = 
0.010). (C) Differences in the fibrotic area were nonsignificant among the 
injury, CS+ injury, and CS+ CLB+ injury on day 3 after injury (n = 8, F = 
0.174, P = 0.513), and nonsignificant between the injury group and CS+ 
CLB+ injury group but significant among these three groups on day 21 
(n = 8, F = 1.017, P = 0.207). (D) Differences in the muscle cell area were 
nonsignificant among the injury, CS+ injury, and CS+ CLB+ injury groups 
on day 3 after injury (n = 8, F = 0.459, P = 0.343), nonsignificant between 
the injury group and CS+ CLB+ injury group but significant among these 
three groups on day 21 (n = 8, F = 0.459, P = 0.343). One-way ANOVA and 
Tukey’s test, ns, not significant, *P < 0.05, **P < 0.001.
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