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SUMMARY
Objective. Skeletal muscle Ischemia-Reperfusion Injury (IRI) is a commonly seen orthope-
dic injury. However, the role of The Brown/Beige Adipose Tissue (BAT) in muscle regen-
eration after IRI remains unknown. In this study, we assessed the role of BAT in muscle 
regeneration using UCP-1 reporter and Knockout (KO) mice. We hypothesize that UCP-1 
expression increases in BAT after muscle injury and UCP-1 KO mice have reduced muscle 
regeneration after IRI.  
Methods. Unilateral hindlimb IRI was performed on mice by applying a rubber band on 
the thigh for three hours. Amibegron and antagonist, which activates/deactivates BAT, 
were also given to mice after IRI. DigiGait analysis was performed at 2 or 4 weeks after IR 
injury. White (epidydimal) fat, brown (interscapular) fat, beige (inguinal) fat and gastroc-
nemius muscles on both injury and contralateral uninjured sides were harvested. Muscle 
regeneration index, RT-PCR were performed on brown, beige and white fat to evaluate 
promyogenic growth factor gene expression. 
Results. After hindlimb IRI, UCP-1 expression increased in brown, beige and white fat, 
which was accompanied by increase of gene expression promyogenic growth factors of 
IGF1 and follistatin. IRI also induced UCP-1 expression in both injured and contralat-
eral uninjured muscle. DigiGait analysis demonstrated significantly decreased (p < 0.05) 
hindlimb function at 2 weeks post-injury in UCP-1 KO mice compared to wildtype mice. 
Muscle histology showed significantly reduced muscle regeneration in UCP-1 KO mice 
compared to WT mice. Amibegron activates BAT and improves muscle regeneration, 
while SR-59230A deactivates BAT and reduced muscle regeneration after IRI. 
Conclusions. BAT plays an important role in muscle regeneration of IRI. Pro-myogenic 
batokines from BAT may be the mediator for muscle regeneration after IRI. β3 adrenergic 
receptor agonists may be novel treatment for muscle IRI in the future. 
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INTRODUCTION
Skeletal muscle Ischemia-Reperfusion Injury (IRI) is a 
common and frequently serious complication of limb crush 
injuries, compartment syndrome, and vascular injuries (1). 
Deficient blood flow causes muscle lesions of structure disor-
ganization and myocytes degeneration. Although prompt 
reperfusion restores the delivery of oxygen and substrates 
required for aerobic ATP generation and normalizes extra-
cellular pH, reperfusion itself appears to have detrimental 

consequences. Reperfusion accelerates the development 
of necrosis of muscle. Reactive Oxygen Species (ROS), 
cytokines, and chemokines from re-perfused muscle, as 
well as macrophages and mast cells, neutrophils migrated 
to muscle are thought to be the underlying mechanism of 
muscle IRI (2).
Humans and many other mammals have two distinct types 
of fat: white and brown fat. Recent studies revealed a third 
interchangeable form of fat named beige fat. Though 



580 Muscles, Ligaments and Tendons Journal 2020;10 (4)

BAT Muscle IRI

morphologically similar to white fat, beige fat can differ-
entiate into brown fat by expressing the hallmark molecu-
lar signature of brown fat, Uncoupling Protein 1 (UCP-1), 
under certain conditions (3). Beyond their metabolic role, 
Beige/Brown Adipose Tissue (BAT) has been identified as 
an endocrine organ, which secretes various growth factors, 
known as batokines, including myogenic trophic factors, 
that have a role in promoting muscle growth and SC popu-
lation expansion (4). Both adipose tissue and skeletal muscle 
are the largest organs in the body. Fat-muscle interaction 
has been gaining increasing attention recently. Adipose 
tissue and skeletal muscle secrete a large range of bioactive 
proteins, namely adipokines and myokines. Adipokines and 
myokines are involved in autocrine/paracrine interactions 
within adipose tissue and muscle, as well as in an endocrine 
cross-talk to other tissues (5).  
β3 adrenergic receptors are mainly found in brown adipose 
tissue, beige adipose tissue, white adipose tissue, myocardi-
um, skeletal muscle and liver (6). β3 adrenoceptor agonists, 
Amibegron (SR 58611A) have been used as antidepressants 
in clinical trials. Amibegron can have effects on BAT mito-
chondrial multiplication along with energy expenditure. 
More interestingly, Amibegron can cause the fast changes 
occurring in Uncoupling Protein 1 (UCP-1) intrinsic action 
that is secondary to sympathetic stimulation and restore the 
brown adipocytes (7).
However, the role of BAT in muscle regeneration after 
IRI remains unknown. In this study, we assessed the role 
of brown, beige and white adipose tissue in muscle regen-
eration after IRI using UCP-1 reporter and Knockout 
(KO) mice. Moreover, Amibegron was also given to the 
mice to assess the role of UCP-1 in skeletal muscle recov-
ery. We hypothesize that beige fat undergoes the “brown-
ing” process after IRI, and UCP-1 KO mice have impaired 
muscle regeneration after IRI compared to wildtype mice 
due to a lack of functional BAT. 

MATERIAL AND METHODS

Unilateral hindlimb ischemia-reperfusion 
injury (IRI)
Unilateral hindlimb IRI was performed on 15 four months 
old male UCP-1luc2-tdTomato reporter mice (Jackson Laboratory 
Inc. Cat# 026690) using a calibrated 1/8 inch orthodontic 
latex elastic rubber band (6 ounces, Masel Orthodontics, 
Inc., Carlsbad, CA) as described previously (8). In brief, 
after general anesthesia by 1-5% isoflurane, a rubber band 
was applied and removed 3 hours later to allow reperfusion 
to the hindlimb. Mice were sacrificed at time points of 1, 2 
and 4 weeks after injury. The number of animals required 

for this study was determined based upon power analy-
sis using our approximation of true effect and anticipated 
sample variability using the assumption: α=0.05, ß=0.80 
with the outcome of a 20% difference in gait and histolo-
gy. With these calculations, we determined that 5 mice per 
group would be sufficient to demonstrate significant differ-
ences between the control and treatment groups (n=5 per 
time point per group). Five un-injured UCP-1 reporter mice 
were used as the controls. The same IRI procedure was also 
applied to UCP-1 WT (n=5) and UCP-1 KO (Jackson Labo-
ratory Inc. Cat# 003124) mice (n=5). Mice were harvested 
at 2 weeks after IRI after gait analysis. For Amibegron test, 
β3 adrenergic receptor agonist (Amibegron), which acti-
vates BAT, was given at 10 mg/kg I.P. daily to wildtype mice 
(n=5) after IRI for 4 weeks. All animal care protocols were 
in compliance with our Institutional Animal Care and Use 
Committee (IACUC) (IACUC approved protocol# KIM17-
017). Our study meets the ethical standards of the journal 
of MLTJ (9).

Gait Analysis
DigiGaitTM (Mouse Specifics Inc., Quincy, Massachusetts) 
analysis was performed to measure hindlimb function at 2 
weeks and 4 weeks after IRI as described previously (10). 
All mice walked at 10 cm/s for 10 s on the DigiGait system. 
Swing Stride, Stance Stride, Brake Stride and Stance/Swing 
ratio were recorded to assess hindlimb function.

Muscular and adipose tissue harvesting and wet 
muscle weight
After animals were sacrificed, white (epidydimal) fat, brown 
(interscapular) fat, beige (inguinal) fat and Tibialis Ante-
rior (TA) muscles on both injury and contralateral side 
were harvested. Wet weight of TA muscles was measured 
immediately after harvesting. Fat samples were fixed with 
4% Paraformaldehyde (PFA), dehydrated with 30% 
sucrose and embedded in Paraffin (Leica Biosystems, IL). 
Muscle samples were flash-frozen in liquid nitrogen cooled 
isopentane. Both fat and muscles were cyrosectioned with 
a cyrotome.

Histology
TA muscles from the injury and contralateral sides were 
sectioned at 7 μm with Microm HM550 cyrosection (Ther-
mo Fisher,) at the muscle belly. Sections were fixed with 
4% PFA (Sigma, St. Louis, MO) for 20 minutes at room 
temperature and blocked with 5% BSA (Jackson Immuno 
Research Laboratories) in PBS. Sections were permeated 
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with 100% methanol (Lot # B0533756, ACROS Organic) 
at -20 °C for 6 min, rinsed with PBS and incubated with 
primary antibody laminin (L9393, Lot# 028M-4890V, 
Sigma, MO, USA) diluted 1:500 in 5% BSA at 4 °C over-
night. After rinsing in PBS three times, sections were incu-
bated at room temperature for 1 h with secondary antibody 
(donkey anti-rabbit conjugated to Alexa Fluor®-647 1/500, 
ab150075, Lot# GR3191436-2, Abcam) diluted in 5% BSA. 
After rinsing in PBS three times, coverslip was laid on and 
slides were sealed with Vectshield (H-1000, Vector Labora-
tories). Slides were then observed on an optical microscope 
(Zeiss,  Oberkochen, Germany). Pictures were taken and 
analyzed using Bioquant (Nashville, TN, USA). All pictures 
were assessed by two blinded researchers. Muscle regener-
ation was evaluated by regeneration index (% of regener-
ating fibers with central nuclei among total fibers). Cross 
sections area was measured by for muscle fibers in five 
randomly selected areas on sections from mid-bellies of TA 
muscle. 600 to 2000 fibers in each sample were calculated 
using Bioquant (Nashville, TN, USA). 
PFA fixed adipose tissue sections were processed with Bench-
top Tissue Processor (Leica TP1020) and embedded in paraf-
fin according to routine histologic techniques (Medite TES 
99). Sections, 5-µm thick, were stained with DAPI and sealed 
with 10% glycerin till they were being ready to image.

Luciferase assay
UCP-1 gene expression level was also measured by Luc2 
reporter gene with luciferase in fat tissue from UCP-1 
reporter mice. Briefly, adipose tissue was fast frozen in liquid 
nitrogen and homogenized with 0.5 ml/100 mg lysis buffer 
using tissue grinder. The mixture was frozen and thawed in 
the -80 °C and 37 °C for 3 cycles. The solution was centri-
fuged at 4000 RPM for 5 minutes. Finally, the supernatant 
was collected and stored in -80° C until ready to analyze. 
Luciferase in fat lysate was measured with Luciferase assay 
System (E1501, Promega, Italy) as described previous-
ly (11). 100 μl of fat lysate supernatant were placed in 96 
well plate and 200 μl of substrate and buffer were added 

into each well. Each sample was measured in triplicate. The 
plates were read by Bio-rad plate reader with luminometer 
for 10 seconds.  

Reverse-Transcript Polymerase Chain 
Reaction (RT-PCR)
Total RNA for both brown (n=5 per group), beige (n=5 
per group) and white (n=5 per group) was extracted using 
Trizol reagent (Fisher Scientific, CA, USA) according to the 
manufacture’s instruction. Transcription First Strand cDNA 
Synthesis Kit (Roche Applied Bioscience Inc., Indianapo-
lis, IN, USA) was applied to synthesize cDNA. RT-PCR 
was performed to quantify gene expression of using SYBR 
Green Detection and an Applied Biosystems Prism 7900HT 
detection system (Applied Biosystems, Inc., Foster City, 
CA). Brown fat markers UCP-1 and PRDM-16, promyo-
genic batokines of follistatin and IGF1 gene expression 
were analyzed via RT-PCR. Sequences of the primers for 
target genes were showed in table I. The expression level of 
each gene was normalized to that of the house-keeping gene 
of R26. Folds changes relative to naive control group were 
calculated by ΔΔCT.

Statistical analysis 
A Student t-Test was performed to determine a significant 
difference between UCP-1 KO and wildtype mice (cross 
section area, regenerated fiber index) as well as between 
Amibegron and Dimethyl Sulfoxide (DMSO) treated group 
(cross section area, regenerated fiber index). Statistical 
significance was considered when p < 0.05.

RESULTS

UCP-1 were activated in adipose tissue and 
muscle after IRI  
UCP-1 signal was detected in all adipose tissue after IRI.  
The UCP-1 signal of brown, beige and white adipose tissue 

Table I. Primers used for qRT-PCR.

Gene Forward (5’→3’) Reverse (5’→3’)
Rps26 ACGGGAAACCCATCACCATC CCCTTCCACGATGCCAAAGT

Fst-288 CTCTCTCTGCGATGAGCTGTGT GGCTCAGGTTTTACAGGCAGAT

Fst-315 CTCTCTCTGCGATGAGCTGTGT TCTTCCTCCTCCTCCTCTTCCT

IGF-1 AAAGCAGCCCCGCTCTATCC CTTCTGAGTCTTGGGCATGTCA

UCP1 ACTGCCACACCTCCAGTCATT CTTTGCCTCACTCAGGATTGG

PRDM16 CCCAGTTTAACCTGTTTGTAGGCA ATCCGCCATTGTTAAGACC
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were increased at both 1 week, 2 weeks and 4 weeks after 
IRI compared to control (figure 1 a). The signal intensity 
peaked at 2 weeks in adipose tissue and decreased at 4 weeks 
compared to the 2 weeks time point. Moreover, the UCP-1 
signal was also detected in both contralateral and injured TA. 
The UCP-1 signal intensity peaked at 2 weeks and decreased 
at 4 weeks after IRI (figure 1 a). Interestingly, contralateral 
injured TA muscle had a higher percentage of UCP-1 express-
ing cells compared to the injured TA muscle (figure 1 a).  
Luciferase assay confirmed findings from histology. UCP-1 
driven Luc2 reporter gene expression significantly increased 

in brown, beige and white fat, with a peak at 2 weeks after 
IRI (figure 1 b).
RT-PCR showed that, UCP-1 and PRDM-16 expression 
significantly increased in Brown, Beige and white adipose 
tissue after IRI (table II, figure 2). 

Promyogenic batokine gene expression 
increased in adipose tissue after IRI
RT-PCR showed that tissue-binding isoform follistatin 
(Follistatin 288), circulating isoform follistatin (Follistatin 

Figure 1. (a) Activation of BAT after IRI. Brown, beige, white fat, as well as TA muscle after IRI from UCP-1 reporter mice before 
(baseline) and at 1, 2, 4 weeks after IRI. Red signal-UCP-1 reporter gene UCP-1 expression increased at 1 and 2 weeks in all 
types of fat. It decreased to baseline level in brown and beige fat, but remain elevated in white fat at 4 weeks after IRI. (* p < 
0.05).
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Figure 2. UCP-, PRDM-16, IGF1 and follistatin were significantly increased after 1 week, 2 weeks, and 4 weeks IR injury. 

315) and IGF1 gene expression level increased in brown, 
beige and white adipose tissue after IRI (table II, figure 2).

UCP-1 (-/-) mice had reduced muscle 
regeneration compared to UCP-1 (+/+) WT mice 
after IRI 
DigiGait analysis showed that the swing stride of hind limb 
increased by 18% (p < 0.05), the brake stride decreased 

by 28% (p < 0.05), the stance stride decreased by 26% (p 
< 0.05) and the stance/swing ratio decreased by 3 folds (p 
< 0.05) in the UCP-1 (-/-) mice compared to UCP-1 (+/+) 
wildtype mice at two weeks after IRI (figure 3).
Muscle histology analysis showed that the regenerating 
index of TA in UCP-1 (-/-) mice was significantly lower 
than UCP-1 (+/+) wildtype mice at two weeks after IRI 
(figure 4). The mean of cross section area of myofiber of 
TA on the injured side in UCP-1 (-/-) mice at two weeks 

Table II. RT-PCR results of mRNA expression in Brown, Beige and White adipose tissue at 1, 2 and 4 weeks after IR injury. 
(Mean ± SD, * indicates p < 0.05 compared to baseline control). 

1 week UCP-1 PRDM16 Follistatin 288 Follistatin 315 IGF-1

Brown 4.23 ± 1.95* 7.87 ± 1.15* 2.43 ± 0.31* 5.95 ± 1.22* 2.19 ± 0.35*

Beige 3.19 ± 1.81* 13.18 ± 2.86* 1.75 ± 0.19* 3.43 ± 0.57* 1.71 ± 0.46*

White 1.11 ± 0.48 7.95 ± 1.79* 1.05 ± 0.94* 2.32 ± 1.91 1.36 ± 0.27*

2 weeks UCP-1 PRDM16 Follistatin 288 Follistatin 315 IGF-1

Brown 9.15 ± 2.26* 3.87 ± 0.46* 3.35 ± 0.37* 7.98 ± 1.27* 3.19 ± 0.53*

Beige 5.19 ± 1.10* 3.18 ± 0.86* 3.41 ± 0.17* 3.55 ± 0.68* 2.71 ± 0.24*

White 2.21 ± 0.32* 2.95 ± 1.97 2.06 ± 1.44 8.36 ± 2.03* 3.36 ± 0.38*

4 weeks UCP-1 PRDM16 Follistatin 288 Follistatin 315 IGF-1

Brown 2.15 ± 1.29 1.87 ± 1.13 59.12 ± 7.14* 39.48 ± 1.38* 22.75 ± 3.13*

Beige 2.32 ± 0.28* 1.18 ± 0.56 74.38 ± 5.31* 10.47 ± 2.47* 5.96 ± 1.69*

White 1.16 ± 0.13 0.95 ± 0.48 59.68 ± 4.95* 49.29 ± 3.14* 18.65 ± 2.87*



584 Muscles, Ligaments and Tendons Journal 2020;10 (4)

BAT Muscle IRI

Figure 3. UCP-1 (-/-) mice have significantly increased swing stride and reduced stance stride, brake stride and stance/swing 
ratio compared to Wildtype (WT) mice at 2 weeks after IRI. 

Figure 4. (a) UCP-1 (-/-) mice have significantly reduced regenerating fibers ratio (% of central nuclei regenerating fiber number/
total fiber number) and average muscle fiber cross section area at 2 weeks after IRI compared to UCP-1 (+/+) wildtype mice. 
(Scale bar stands for 50 μm). (* p < 0.05 compared to WT mice). (b) Histogram of muscle fiber cross-section area of TA muscles 
at contralateral and IRI sides of UCP-1 (-/-) and UCP-1 (+/+) mice at 2 weeks after IRI.  
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(513.15 μm2) was significantly smaller than that in UCP-1 
(+/+) mice (720.625 μm2), though no significant difference 
was found at the contralateral uninjured TA (1324.5 μm2  
in UCP-1 (+/+) mice vs. 1222.75 μm2 in UCP1 (-/-) mice 
(figure 4). 

Amibegron improved hindlimb muscle 
regeneration after IRI
DigiGait analysis showed that, compared to DMSO vehi-
cle-treated mice, mice treated with Amibegron had signifi-
cantly increased stance width (p=0.03) and stride length 
(p=0.03) at 4 weeks after IRI (figure 5). 
Muscle histology showed that the average regeneration 
index in TA of Amibegron treated mice was significantly 
higher than that in DMSO treated mice (p=0.04) (figure 
6 a). Four weeks treatment of Amibegron also significant-
ly increased mean cross section area of myofiber of TA 
after IRI (1113.15 μm2 in Amibegron group compared to 
892.20 μm2 in DMSO group, p=0.01) (figure 6 a, c). Final-
ly, the brown fat markers were increased in Amibegron 
treated group compared to DMSO in brown, beige, white 
adipose tissue. The batokines were increased significantly 
as well (figure 6 b).

Figure 5. DigiGait analysis at 2 weeks (a) and 4 weeks (b) after IRI showed that Amibegron improves injured hindlimb limb 
function at 4 weeks after IRI. 

DISCUSSION
Skeletal muscle and adipose tissue are made up large portion 
of human body. An average adult male has 42% as the skele-
tal muscle and an average adult female has 36% (a percent-
age of body mass) (12). The mean percentage of body fat 
ranges from 22.9% to 30.9% in adult males and from 
32.0% to 42.4% in adult females. Despite increasing knowl-
edge of cross-talk between muscle and fat, our understand-
ing of interactions between these two biggest organs in our 
body remains limited. In this study, we have observed signif-
icant morphology and gene expression change in adipose 
tissue, including brown/beige fat activation and white fat 
“browning” after muscle Ischemia-Reperfusion Injury (IRI). 
Mice with non-functional BAT by knocking out UCP-1 have 
significantly reduced muscle regeneration. These new find-
ing suggests a novel interaction between fat and muscle, that 
BAT promotes muscle regeneration after IRI. 
Brown/Beige Adipose Tissue (BAT) is the main site of adap-
tive thermogenesis (13). Reduction of blood flow after IRI 
can lead to reduced temperature in the injured limb. Thus, 
activation of BAT after IRI may be a natural reaction to 
muscle IRI in response to increased need of thermogenesis, 
especially at early stage after injury. However, BAT possess-
es more functions other than thermogenesis. Recent studies 
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Figure 6. (a) Mice receiving Amibegron treatment for 4 weeks have significantly higher regenerating fiber % and average 
muscle fiber cross-section area after IRI compared those received DMSO (vehicle for Amibegron) (scale bar stands for 50 μm). 
(b) UCP1, PRDM-16, follistatin and IGF-1 expression significant increased compared to DMSO group. (c) Histogram of muscle 
fiber cross-section area of TA muscles at contralateral and IRI sides on mice with Amibegron and DMSO treatment at 4 weeks 
after IRI.
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have been shown that BAT also has a secretory role, which 
could contribute to the systemic consequences of BAT activ-
ity. An increasing body of BAT-derived cytokines (namely 
batokine) have been identified as paracrine or endocrine 
factors (5, 14). In this study, we found significantly increased 
expression of IGF1 and follistatin, two important promyo-
genic batokines from BAT after muscle IRI, suggesting BAT 
may facilitate muscle regeneration after IRI through para-
crine/endocrine function of promyogenic batokines. 
It is interesting that we found thermogenesis regulated 
genes, including UCP-1 and PRDM-16 increased in BAT 
at relative early stage (1-2 weeks) after muscle IRI while 
promyogenic batokine (including follistatin and IGF1) gene 
expression were highly up-regulated at later stage (4 weeks) 
after IRI. This data suggests that BAT may facilitate mice 
recovery after IRI at two phases: thermogenesis in early 
stage and paracrine/endocrine of promyogenic batokines in 
late stage after IRI. 
Epidydimal fat pad in adult mice is considered a typical 
source of white fat. However, in this study, we saw remark-
able UCP-1 reporter signal in epidydimal fat pad after IRI. 
Though significantly lower than that in brown and beige fat, 
UCP-1 signal in epidydimal fat remained increased even 
at 4 weeks after IRI. Expression of BAT markers, includ-
ing UCP-1 in white fat is known as “white fat browning”. 
Browning of white fat is accompanied with metabolism 
changes and energy consumption. Thus, white fat browning 
has been considered as new hope to treat obesity and type II 
diabetics. White fat browning is induced with drugs, exer-
cise and cold inducement (15). In this study, we observed 
spontaneous white fat brown after muscle IRI. This suggests 
a dramatic change in metabolism after muscle IRI. Expres-
sion of promyogenic factors of follistatin and IGF1 also 
increased in the “browning” white fat, suggesting a possible 
endocrine role of browning white fat after muscle IRI (16).
Besides adipose tissue, we also found UCP-1 signaling in 
muscle after IRI. Interestingly, UCP-1 (+) BAT cells are not 
only found in injured muscle, but also within non-injured 
muscle at the contralateral side. The origin and function of 
intramuscular BAT after muscle IRI remains unknown at 
this time. Among all muscle progenitor cells, Fibro-Adipo-
genic Progenitors (FAPs) are most likely to be the cellular 
origin of the intramuscular BAT after muscle IRI, due to 
their adipogenic potential. A recent study showed that FAPs 
can express UCP-1 in vitro and in vivo (15, 17). Future work 
is needed to define the cellular source and function of intra-
muscular BAT after muscle IRI. 
Follistatin (Fst) is a secreted glycoprotein that has a high 
affinity binding and neutralizing other proteins such as 
several members of the TGF-β superfamily including Activ-
ins and Myostatin (Mst). Follistatin has reported isoforms 

FST288, FST315, and FST300 (or FST303). FST288 and 
FST315 are known to be created by alternative splicing of 
the FST gene transcript, while FST300 is thought to be the 
product of  posttranslational modification  of C-terminal 
domain truncation. FST315 is primarily found in circula-
tion, whereas FST288 displays greater cell surface affinity. 
Thus, FST288 is considered to function through an auto-
crine fashion while FST315 is more like to play an endo-
crine role. 
Follistatin proteins were found to antagonize Myostatin 
mediated inhibition of myogenesis (18, 19). FST-transgen-
ic mice produced a robust skeletal muscle hypertrophy 
phenotype, which proved its promyogenic role in vivo (20). 
Recent work suggests that Fst also promotes BAT differen-
tiation and energy metabolism. Thus, Fst may play a dual 
role in both promoting muscle growth and inducing BAT 
activation after muscle IRI. In this study, we have observed 
significantly increased gene expression of both Fst288 
(tissue binding isoform) and Fst315 (circulating isoform) 
from brown, beige and white fat. Considering their distin-
guished difference, Fst315 may be responsible for promot-
ing muscle regeneration, while Fst288 may be responsible 
for BAT activation and white fat “browning”. Future work 
is needed to define the exact function of Fst288 and Fst315 
after muscle IRI.  
BAT activity is highly regulated by sympathetic nerves 
system, mainly through β3 adrenergic receptor pathway. β3 
adrenergic receptors are selectively expressed in adipose 
tissue and β3 adrenergic receptor agonists can effectively 
stimulate BAT activity in both animals and human (16). In 
this study, we found that Amibegron, a selective β3 adren-
ergic receptor agonist significantly improved muscle regen-
eration and limb function after IRI. This data suggests that 
selective β3 adrenergic receptor agonists may serve as a new 
treatment for muscle IRI. Mirabegron, a selective β3 adren-
ergic receptor agonist with a similar structure to Amibe-
gron, has been approved by the FDA for treating over-re-
active bladders (21). Mirabegron could be considered as a 
potential novel treatment to improve muscle regeneration 
after IRI.
Some limitations of this study should be noted. First of all, 
the effect of species differences on quantity of BAT between 
mouse and human is significant. Adult mice contain a signif-
icant amount of BAT, while the amount of BAT in adult 
humans is relatively small. Most BAT tissues in adult human 
remain inactive without appropriate physical or chemical 
stimulations. Second, we only used RT-PCR to investigate 
promyogenic batokine expression in adipose tissue in this 
study. To quantify the protein of batokines in both adipose 
tissue and circulation is needed in future works. Third, 
due to limited supply of knockout mice, we only employed 



588 Muscles, Ligaments and Tendons Journal 2020;10 (4)

BAT Muscle IRI

UCP-1 knockout mice at one time point (2 weeks) after 
IRI. Though the results are convincing, we will consider 
employing other time points when more knockout mice 
become available in the future. Last but not least, because 
the UCP-1 luc2-dtTomato reporter gene was inserted on to the 
Y chromosome in UCP-1 reporter mice, we predominantly 
used male mice in this study. Finding in this study needs to 
be verified on female mice in the future.

CONCLUSIONS 
Results from this study suggest that BAT plays an important 
role in muscle regeneration of IRI. Pro-myogenic batokines 
from BAT may be the mediator for muscle regeneration after 
IRI. β3 adrenergic receptor agonists may be novel treatment 
for muscle IRI in the future. 
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