
Transferrin receptor 1 ablation in satellite cells
impedes skeletal muscle regeneration through
activation of ferroptosis

Hongrong Ding1,2†, Shujie Chen1,3†, Xiaohan Pan1†, Xiaoshuang Dai4†, Guihua Pan1, Ze Li1,3, Xudong Mai1,3, Ye Tian1,3,
Susu Zhang1,3, Bingdong Liu1, Guangchao Cao5, Zhicheng Yao6, Xiangping Yao1,3, Liang Gao1, Li Yang6, Xiaoyan Chen6,
Jia Sun3, Hong Chen3, Mulan Han1, Yulong Yin1,7, Guohuan Xu1, Huijun Li8, Weidong Wu8, Zheng Chen9, Jingchao Lin10,
Liping Xiang11, Jun Hu12*, Yan Lu11*, Xiao Zhu2* & Liwei Xie1,3,8*

1Guangdong Provincial Key Laboratory of Microbial Culture Collection and Application, State Key Laboratory of Applied Microbiology Southern China, Institute of
Microbiology, Guangdong Academy of Sciences, Guangzhou, China; 2Guangdong Provincial Key Laboratory of Molecular Diagnosis, The Marine Biomedical Research
Institute, Guangdong Medical University, Zhanjiang, China; 3Department of Endocrinology and Metabolism, Zhujiang Hospital, Southern Medical University, Guangzhou,
China; 4BGI Institute of Applied Agriculture, BGI-Shenzhen, Shenzhen, China; 5The Biomedical Translational Research Institute, Faculty of Medical Science, Jinan University,
Guangzhou, China; 6The Third Affiliated Hospital of Sun Yat-Sen University, Guangzhou, China; 7China Institute of Subtropical Agriculture, Chinese Academy of Sciences,
Changsha, Hunan, China; 8College of Public Health, Xinxiang Medical University, Xinxiang, China; 9HIT Center for Life Sciences, School of Life Science and Technology, Harbin
Institute of Technology, Harbin, China; 10Metabo-Profile Biotechnology (Shanghai) Co. Ltd., Shanghai, China; 11Key Laboratory of Metabolism and Molecular Medicine, The
Ministry of Education, Department of Endocrinology and Metabolism, Zhongshan Hospital, Fudan University, Shanghai, China; 12Department of Orthopedics, The First
Affiliated Hospital of Nanjing Medical University, Nanjing, Jiangsu, China

Abstract

Background Satellite cells (SCs) are critical to skeletal muscle regeneration. Inactivation of SCs is linked to skeletal
muscle loss. Transferrin receptor 1 (Tfr1) is associated with muscular dysfunction as muscle-specific deletion of Tfr1
results in growth retardation, metabolic disorder, and lethality, shedding light on the importance of Tfr1 in muscle
physiology. However, its physiological function regarding skeletal muscle ageing and regeneration remains unexplored.
Methods RNA sequencing is applied to skeletal muscles of different ages to identify Tfr1 associated to skeletal muscle
ageing. Mice with conditional SC ablation of Tfr1 were generated. Between Tfr1SC/WT and Tfr1SC/KO (n = 6–8 mice per
group), cardiotoxin was intramuscularly injected, and transverse abdominal muscle was dissected, weighted, and
cryosectioned, followed by immunostaining, haematoxylin and eosin staining, and Masson staining. These phenotypical
analyses were followed with functional analysis such as flow cytometry, tread mill, Prussian blue staining, and trans-
mission electron microscopy to identify pathological pathways that contribute to regeneration defects.
Results By comparing gene expression between young (2weeks old, n=3) and aged (80weeks old, n=3)mice among
four types of muscles, we identified that Tfr1 expression is declined in muscles of aged mice (~80% reduction,
P< 0.005), so as to its protein level in SCs of agedmice. From in vivo and ex vivo experiments, Tfr1 deletion in SCs results
in an irreversible depletion of SCs (~60% reduction, P< 0.005) and cell-autonomous defect in SC proliferation and dif-
ferentiation, leading to skeletal muscle regeneration impairment, followed by labile iron accumulation, lipogenesis, and
decreased Gpx4 and Nrf2 protein levels leading to reactive oxygen species scavenger defects. These abnormal phenom-
ena including iron accumulation, activation of unsaturated fatty acid biosynthesis, and lipid peroxidation are orches-
trated with the occurrence of ferroptosis in skeletal muscle. Ferroptosis further exacerbates SC proliferation and
skeletal muscle regeneration. Ferrostatin-1, a ferroptosis inhibitor, could not rescue ferroptosis. However, intramuscular
administration of lentivirus-expressing Tfr1 could partially reduce labile iron accumulation, decrease lipogenesis, and
promote skeletal muscle regeneration. Most importantly, declined Tfr1 but increased Slc39a14 protein level on cellular
membrane contributes to labile iron accumulation in skeletal muscle of aged rodents (~80 weeks old), leading to activa-
tion of ferroptosis in aged skeletal muscle. This is inhibited by ferrostatin-1 to improve running time (P = 0.0257) and
distance (P = 0.0248).
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Conclusions Satellite cell-specific deletion of Tfr1 impairs skeletal muscle regeneration with activation of ferroptosis.
This phenomenon is recapitulated in skeletal muscle of aged rodents and human sarcopenia. Our study provides mech-
anistic information for developing novel therapeutic strategies against muscular ageing and diseases.
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Introduction

Programmed cell death, such as apoptosis, autophagy, and
the newly discovered programmed necrosis (also named
necroptosis), is a critical process to remove dead, non-
essential, or senescent cells during organism and organ devel-
opment/regeneration.1 Skeletal muscle is a major organ not
only supporting movement but also regulating systemic
metabolism. Muscle cell death occurs in multiple forms, such
as apoptosis, necrosis, and autophagy.2 Under regenerative
conditions, cell death, clearance, and regeneration are pre-
cisely regulated, while dysregulation of these processes leads
to muscular dystrophy, sarcopenia, and pathogenesis.2

Necrosis of skeletal muscle occurs under various pathogenic
conditions, such as muscular dystrophy and ischaemia.
However, acute or physiological injuries can activate apopto-
sis, which is regulated by several crucial molecules, such as an
anti-apoptotic oncoproteins Bcl2, caspase 3, and the death
receptor Fas/Apo1/Cd95.3 This process is accompanied by
infiltration of inflammatory leucocytes, especially macro-
phages. At the initial stage of regeneration, M1 macrophages
are indispensable for cytokine secretion, fibre debris clear-
ance, and iron recycling as well as myoblasts, fibroadipogenic
precursor cells (FAPs), and immune cells balancing during
skeletal muscle regeneration.2 Upon completion of fibre de-
bris clearance, M1 macrophages are transformed into M2
macrophages contributing to secretion of anti-inflammatory
cytokines and promoting regeneration.2

Along with these findings, ferroptosis, a newly identified
distinct cell death pathway, is involved in development of a
plethora of diseases, such as cancers, ischaemia/reperfusion-
induced cardiomyopathy, degenerative diseases, and stroke.
Ferroptosis is an iron-dependent and reactive oxygen species
(ROS)-dependent oxidative damage via accumulation of lipid
peroxides.4 Cells experiencing ferroptosis are characterized
by a variety of cytological changes and abnormalities of the
mitochondria, including decreased or vanished mitochondrial
cristae, and a ruptured or condensed mitochondrial
membrane.4 A recent study suggested that during the
development of cardiomyopathy death, Nrf2-mediated

up-regulation of Hmox1 contributes to free iron release from
haem degradation, leading to lipid peroxidation on mitochon-
drial lipid bilayer as the major mechanism in ferroptosis-
induced heart damage.5 Other diseases, such as liver fibrosis
or cirrhosis, are also linked to iron-dependent cell death.
Patients with liver cirrhosis are diagnosed with higher iron
contents and lipid peroxidation but lower levels of transferrin
(Trf).6 Liver-specific Trf-deletion mice are susceptible to the
development of ferroptosis-induced liver fibrosis under a
high-iron diet.6 Moreover, the pathogenic property of
ferroptosis has not been reported in other organs, such as
skeletal muscle.

Skeletal muscle growth and regeneration rely on a subtype
of adult stem cells developed from mesodermal layer,
namely, satellite cells (SCs).7 SCs are considered as adult stem
cells because they maintain self-renewal and remarkable
postnatal regenerative potential in skeletal muscle. Quiescent
SCs are located between the basal lamina and plasma mem-
brane of myofibres. They are activated by external stimula-
tion or muscle injury, followed by entering the cell cycle,
proliferation, and differentiation to repair injured myotubes.7

This process is regulated by a group of myogenic regulatory
factors, including but not limited to MyoD and myogenin.7

Some other newly identified transcription factors are also in-
volved in regulating SC physiology and are further extended
to skeletal muscle development and regeneration, for
example, Yin Yang 1 (YY1)8 and hypoxia-inducible factor 2α
(HIF2α).9 The dysregulation results in dysfunction of SCs and
eventually the growth and regeneration impairment.

Meanwhile, skeletal muscle growth and regeneration are
accompanied by a precise regulation of various nutrients,
such as amino acids, carbohydrates, and minerals. Trace
minerals, as key nutritional components, play an important
role in skeletal muscle physiology and energy metabolism.
Iron, as an essential trace mineral, is required to maintain
the appropriate function of skeletal muscles, such as muscle
cell differentiation, skeletal muscle growth, and myoglobin
biosynthesis. Iron is released from food and absorbed by
epithelial cells of the small intestine. In the blood circulation,
transferrin-bound iron (TBI) is recognized, internalized, and
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absorbed by the action of transferrin receptor 1 (Tfr1), which
is ubiquitously expressed in peripheral tissues such as liver,
adipose tissue, and skeletal muscles. Thus, Tfr1-mediated iron
homeostasis is a rate-limiting step in regulating tissue growth
and regeneration. It has been demonstrated that skeletal
muscle-specific knockout of Tfr1 blocks iron absorption and
leads to pathological and metabolic changes in skeletal mus-
cle, liver, and adipose tissue.10,11 Other studies indicated that
iron in skeletal muscle is locally recycled with the involve-
ment of myoblasts and macrophages at different stages of
regeneration.12 Dysregulation of skeletal muscle iron
metabolism, especially labile iron accumulation, may impair
skeletal muscle regeneration.12 However, the biological func-
tion of Tfr1 in SC physiology especially during skeletal muscle
regeneration still remains unknown.

In the present study, leveraging on RNA sequencing
(RNA-Seq) screening of four different skeletal muscles
[transverse abdominal (TA), extensor digitorum longus
(EDL), soleus (Sol), and gastrocnemius (Gas)] at different
ages, we identified that Tfr1 expression is gradually declined
along with ageing in both skeletal muscle and SCs. SC-specific
deletion of Tfr1 leads to decreased regeneration potential,
with phenotype of atrophy, iron accumulation, adipocyte bio-
synthesis, infiltration of macrophages, mitochondrial stress,
reduced running ability, and metabolic dysfunction. Gene ex-
pression profiling of TA muscle from Tfr1SC/WT and Tfr1SC/KO

mice identifies a group of genes associated with biosynthesis
of unsaturated fatty acid, glutathione metabolism, and
ferroptosis, which may be associated with the irreversible de-
pletion of SCs, possibly due to up-regulation of Slc39a14, a
non-TBI (NTBI) transporter to exacerbate iron-mediated cell
death. Moreover, ferrostatin-1 (Ferro-1), a ferroptosis inhibi-
tor, could not rescue the Tfr1 deletion-induced ferroptosis,
unless Tfr1 function was restored by lentivirus. This genetic
model also recapitulated one of an unrecognized
ageing-related cell death in skeletal muscle with decreased
membrane-bound Tfr1 protein but with membrane enrich-
ment of Slc39a14 to uptake NTBI in the skeletal muscle of
aged mice. Taken together, our present investigation identi-
fied a previously unrecognized function of the Tfr1–
Slc39a14–iron axis during skeletal muscle regeneration and
ageing, which sheds light on development of novel therapeu-
tic strategies against muscular ageing and diseases.

Methods and materials

Animals

C57BL/6J mice were purchased from the Center of
Guangdong Experimental Animal Laboratory and housed in
temperature-controlled, humidity-controlled, and ventilated
specific pathogen-free cages at animal facility of Guangdong

Institute of Microbiology. All animal handling and procedures
were approved by the Animal Care and Use Committee at
Guangdong Institute of Microbiology (Permission No. GT-
IACUC201704071). All experimental mice were placed on a
12 h/12 h light/dark cycle with ad libitum access to food
and water.

Mice with Tfr1-specific deletion in SCs were generated by
crossing mice carrying Pax7-CreER and Tfr1fl/fl allele. The ge-
notype was Pax7-CreER+/�;Tfr1fl/fl designated as homozygous
(Tfr1SC/KO) and Pax7-CreER�/�;Tfr1fl/fl designated as control
littermate (Tfr1SC/WT). SC-specific Tfr1 deletion was generated
by intraperitoneal injection of tamoxifen (TMX) (T5648,
Sigma, St. Louis, MO) dissolved in corn oil for seven consecu-
tive days at dose of 15 mg/mL as described before.9 Pax7-
CreER mice were shared by Dr Dahai Zhu from Institute of
Basic Medical Sciences (Chinese Academy of Medical
Sciences), originally purchased from The Jackson Laboratory
(Stock No. 017763), and Tfr1fl/fl mice were directly purchased
from The Jackson Laboratory (Stock No. 028363).

To induce muscle injury, cardiotoxin (CTX, 0.5 nmol,
100 μL) was intramuscularly administrated. For the drug
treatment, CTX-injured mice were intraperitoneally injected
with saline or Ferro-1 (2 μmol/kg, SML0583, Sigma, St. Louis,
MO), a ferroptosis inhibitor. For lentivirus administration,
mice with CTX-injured TA muscle were intramuscularly
administrated with control or lentivirus with Tfr1 expression.

Lentivirus packaging

293T cells seeded in 10 cm plate at 95% confluency were
transiently transfected with shuttling vector (pCDH-Tfr1,
kindly shared by Dr Fudi Wang or empty vector) and packag-
ing vectors (pVSV-G and psPAX2) by TransIT X2 (MIR60000,
Mirus Bio). Twelve hours after transfection, culture medium
was replaced with fresh Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal bovine serum (FBS,
01010102, Trinity). Medium containing lentivirus was
harvested respectively at 36 and 60 h after transfection.
Lenti-X concentrator (PT4421-2, Clontech) was mixed at the
ratio of 1:3 and incubated at 4°C for at least 1 h. The mixture
was then centrifuged to obtain a high titre virus containing
pellet, which was resuspended in 500 μL ice-cold phos-
phate-buffered saline (PBS) solution and stored in �80°C
freezer for intramuscular injection.

RNA isolation and real-time PCR

Total RNA was extracted with TRIzol™ reagent (1596018,
Thermo Fisher, Waltham, MA) and reverse transcribed by uti-
lizing 5X All-In-One MasterMix (G485, AbmGood, Richmond,
Canada) according to the manufacturer’s instruction. cDNA
was used to analyse gene expression by Power SYBR Green
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Master Mix (4367659, Thermo Fisher, Waltham, MA) on a
QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher,
Waltham, MA). The primer sequences for qRT-PCR were
listed in Table 1.

RNA sequencing and bioinformatic analysis

Total RNA samples from C57BL/6J mice at different ages
(n = 3 per group) or Tfr1SC/WT and Tfr1SC/KO (n = 5 per group)
before and after CTX injury at 30 days after injection (dpi)
were sequenced using a BGI-SEQ2000 platform (Beijing
Genomics Institute). Bioinformatic analaysis was performed
as described before.13 Raw RNA-seq reads in FASTQ format
were quality checked with FASTQC algorithm, and low-quality

reads were trimmed using the FASTX-Toolkit. High-quality
reads were aligned to the mouse genome (GRCm38/mm10)
using HISAT2 and assembled against mouse mRNA
annotation using featureCounts. Differentially expressed
genes (DEGs) were analysed by using DESeq2 package in
R. Genes were considered to be significantly up-regulated
or down-regulated at padj < 0.05. Heatmaps were generated
using the pheatmap package in R based on raw count of
DEGs. Gene ontology analysis was performed using a R
package, named clusterProfiler for DEGs (either up-regulated
or down-regulated). DEGs (padj < 0.05) were further
analysed using Gene Set Enrichment Analysis (GSEA). Both
up-regulated and down-regulated genes were functionally
categorized with the gene ontology and hallmark gene sets
as described before.13

Table 1 Primer sequence for qPCR

Gene name Forward primer Reverse primer

Rps18 CGCCATGTCTCTAGTGATCC GGTCGATGTCTGCTTTCCTC
Tfr1 TCGTACAGCAGCGGAAGT TCTCCACGAGCGGAATACAG
Slc11a2 CCAGGATGTGGAGCACCTA GCTTGTGAACGTGAGGATGG
Slc40a1 TTGTGGCAGGAGAAAACAGG GCCAATGACTGGAGAACCAA
Slc39a14 GCTGCTGCTATTTGGGTCTG GACAAAGGGGACCAGAAAGC
Fth1 GTGCGCCAGAACTACCAC AGCCACATCATCTCGGTCA
Ftl CTACCTCTCTCTGGGCTTCTT ATGGCCAAGGCAGCTTC
Pax7 TGCCCTCAGTGAGTTCGATT GAGGTCGGGTTCTGATTCCA
MyoD CGCCACTCCGGGACATAG GAAGTCGTCTGCTGTCTCAAAGG
Cd86 GCCACCCACAGGATCAATTA TTCGGGTGACCTTGCTTAGA
Cd163 CTCACGGCACTCTTGGTTTG GATCATCCGCCTTTGAATCCATC
Cd206 CCTTCAGAGGGGTTCACCT TGCCAGGGTCACCTTTCA
Col5a3 GATCTCTTGGTCCTCGTGGAG CCCAGAGGTCTCTGCAACT
Col6a1 CCTGCTGTGAGTGCACATG ATCTGGTTGTGGCTGTACTGTA
Col11a2 GACTCTCTGCGGGAGGAG TCCTGCTGTGAAGTTGCAG
Col12a1 AGTGCTGGAGCCAGAGG CCTTTCTCTCCAGGCAAACC
Col23a1 ACCGGGAGACTTTGGCC ATCTTGTCCGGGCTCTCC
Adipoq GTT GGA TGG CAG GCA TCC AGG AAA GGA GAG CCT GGA G
Fasn AACCTGGCCATGGTTTTGAG GCCTGCGCTGTTCACATATA
Cd36 TTCAATGGAAAGGATAACATAAGCAAAG CTGTGCCATTAATCATGTCGCA
Pgc1a CTCTGGAACTGCAGGCCTAA TGCCTTGGGTACCAGAACA
Cox7a1 AGCTGCTGAGGACGCA GCTTCTGCTTCTCTGCCAC
Cox8b TTCCCAAAGCCCATGTCTCT GGCTAAGACCCATCCTGCT
Ucp1 ATACTGGCAGATGACGTCCC CGAGTCGCAGAAAAGAAGCC
Cidea ATACATCCAGCTCGCCCTTT ACTTACTACCCGGTGTCCAT
Gpx4 CCGGCTACAACGTCAAGTTT CACGCAGCCGTTCTTATCA
Ptgs2 CGGAGAGAGTTCATCCCTGA GCAGTTTATGTTGTCTGTCCAGA
Hmox1 GAGGTCAAGCACAGGGTGA CAGGCCTCTGACGAAGTGA
Slc3a2 CCAACTACCAGGGCCAGA CGTCCTGCAACCAAGAACTC
Elovl5 GATGACCAAAGGCCTGAAGC GGTGGTACCAGTGCAGGA
Elovl6 CTTCGCAAGAACAACCACCA AGAGGTAGGGACGCATGG
Scd1 ACACCATGGCGTTCCAGA GTTTTCCGCCCTTCTCTTTGAC
Scd2 AGCAGAATGGAGGCGAGAAG GGCCCCTCATCATCCTGATA
Fads1 CACCATGCCAAGCCTAACTG TGGTTGTATGGCATGTGCTTC
Fads2 CAAGCCCAACATCTTCCACA TCATGCTGGTGGTTGTAGG
Dclk1 TGAGCATCCCTGGGTTAATGAT GAAACTCCTGCTGCAGTGC
Cd34 CCAGGGTATCTGCCTGGAAC TCAGCCTCCTCCTTTTCACA
Cd44 TTCGATGGACCGGTTACCATAA AGCTTTCTGGGGTGCTCTT
Kit AGAGATTTGGCAGCCAGGA TCTCTGGTGCCATCCACTTC
En1 ACAGCAACCCCTAGTGTGG TAGCGGTTTGCCTGGAACT
Ly6a TCAATTACCTGCCCCTACCC CAGAGGTCTTCCTGGCAACA
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Iron assay

Skeletal muscle (TA, EDL, Sol, and Gas) non-haem iron (NHI)
levels or serum iron levels were determined following a stan-
dard protocol. In short, weight skeletal muscles were homog-
enized in H2O and equal volume of acid solution (10%
trichloroacetic acid in 3 M HCl) added. Samples were digested
for 1 h at 100°C; 75 μL digested sample or iron standard was
mixed with 75 μL ferrozine solution (1 mM ferrozine, 3 M
sodium acetate, and 1% mercaptoacetic acid), followed with
incubation at 37°C for 1 h before the colorimetric reading
was measured at 565 nm by a microplate photometer
(Thermo Fisher, Waltham, MA). The iron level of each sample
was normalized by the weight of skeletal muscles and pre-
sented as micrograms of iron per gram of wet tissue weight.

Oil Red O staining

Four percent paraformaldehyde (PFA)-fixed TA muscle
sections were stained in an Oil Red O solution following a
standard protocol. The nuclei were counterstained with
haematoxylin before mounted with glycerol-containing
mounting medium.

Perls’ Prussian blue staining

Non-haem iron staining was performed by utilizing a standard
Perl’s Prussian blue staining protocol. Images were visualized
and captured with a light microscope.

Masson’s trichrome staining

Masson’s trichrome staining was performed using Masson’s
Trichrome Stain Kit (Aniline Blue) following the manufac-
turer’s instructions (MA0123, Meilunbio). Briefly, Masson’s
trichrome staining was performed on 10 μm cryosection of
TA muscle fixed with 95% alcohol for 20 min. Sections then
were incubated with different solutions supplemented in
Masson’s Trichrome Stain Kit. At the end, the section was
dehydrated with 95% alcohol for 10 s, two rinses in anhy-
drous alcohol for 10 s, and two rinses in xylene for 1 min
each. The sections were mounted with Neutral balsam for
imaging and fibrosis quantification. TA muscle fibrosis
quantification was performed by using ImageJ. Collagen
volume fraction, which was calculated to be the ratio of the
collagen-positive blue area vs. the total tissue area.

Haematoxylin and eosin staining

Transverse abdominal sections at 10 μm were stained with
haematoxylin and eosin solution. Sections were dehydrated

and mounted with DPX Mountant (44581, Sigma, St. Louis,
MO). Histological images were visualized and captured by a
light microscope.

Protein isolation and western blot

Total protein lysates were prepared and resolved on sodium
dodecyl sulfate–polyacrylamide gel electrophoresis as de-
scribed before.9 Protein band on a polyvinylidene fluoride
membrane was probed with primary antibodies (Cav1:
D161423 and tubulin: D225847, Sangon Biotech; Tfr1:
ab84036 and mitochondrial complex: ab110413, Abcam,
Cambridge, United Kingdom; PGC1α: ab3242, Millipore,
Burlington, MA; Pparγ: sc-7273, Fth1: sc-376594, and Ftl:
sc-74513, Santa Cruz Biotechnology, Dallas, TX; Gpx4:
A1933, ABclonal, Wuhan, China; Slc39a14: PA5-21077,
Thermo Fisher, Waltham, MA; and Acc: 3676 and Nrf2:
12721, Cell Signaling Technology, Danvers, MA) overnight,
followed with secondary antibodies incubation at room
temperature (RT) for 1 h. Images were acquired using the
ChemiDocTM Imaging System (Bio-Rad, Hercules, CA).

Myofibre isolation, culture, and
immunofluorescence staining

Single myofibres were isolated from EDL muscle following
the method as described before.9,14 Briefly, EDL muscle was
isolated and incubated with digestion medium containing
0.2% collagenase for 75 min. After digestion, myofibres were
transferred to a horse serum-coated 24-well plate and gently
washed for three times with the washing medium (DMEM
supplemented with 10% FBS and 1% penicillin and
streptavidin). For non-cultured myofibre, at least 100
myofibres for each group were fixed with 4% PFA (P6148,
Sigma, St. Louis, MO), and immunostaining was performed
following a standard protocol. For myofibre culture, single
myofibre was cultured in either a horse serum-coated
24-well plate (for non-attached culture) or a collagen-coated
24-well plate (for attached culture). In each well, ~20
myofibres were washed for three times before being re-
placed with culture medium (DMEM supplemented with
20% FBS, 1% penicillin and streptavidin, and 1% chicken
embryo extract (C19041654, USBiological, Salem, MA) with
or without 4-OH TMX (1 μm, H7904, Sigma, St. Louis, MO).
For non-attached culture, after 72 h culture, single myofibres
with SC cluster were fixed with 4% PFA, and immunostaining
was performed following a standard protocol. For attached
culture, after 72 h culture, SC cluster attached the culture
plate and proliferated for 4–6 days until reaching 85%
confluency, followed by 3 days’ differentiation with 2% horse
serum. The myotubes were fixed with 4% PFA, followed by
immunostaining. Single myofibre or differentiated myotubes
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were permeabilized with 0.5% Triton X-100 for 10 min be-
fore blocking with sterilized PBS containing 3% bovine serum
albumin, 5% goat serum, and 0.5% Tween 20). Primary anti-
bodies (DSHB: Pax7: PAX7, eMyHC: F1.652, MHC:20-s,
Abcam, Cambridge, United Kingdom: Tfr1: ab84036 and Ac-
tive Motif: MyoD: 39991; Ki67: ZM-0167, ZSGB-Bio) were in-
cubated overnight at 4°C and secondary antibodies at RT for
1 h at dark. Myofibres were mounted with DAPI-containing
mounting medium (F6057, Sigma, St. Louis, MO). To quantify
the number of SCs, Pax7+ SCs on myofibres with Tfr1, MyoD,
and Ki67 expression were counted. Images were visualized
and captured with EVOS Cell Imaging Systems (EVOS FL,
Thermo Fisher, Waltham, MA) or Confocal Microscope
(Zessie 710).

Cryosection and immunofluorescence staining

Transverse abdominal muscle was dissected, mounted,
frozen, and sectioned at 10 μm as described before.9 TA
muscle section was fixed with 1% PFA, and antigen retrieval
was performed with Tris–EDTA buffer (Tris 1.21 g and EDTA
0.37 g dissolved in 1 L ddH2O, pH 9.0) for 1 h at 100°C.
Sections were permeabilized with 0.5% Triton X-100 for
10 min and blocked with blocking buffer (PBS with 3% bo-
vine serum albumin and 5% goat serum) for 1 h. Primary an-
tibodies were incubated overnight at 4°C (wheat germ
agglutinin: W32466, Thermo Fisher; LaminB2: 05-206,
Millipore; DSHB: Pax7: PAX7, type I: #BA-D5, type IIA:
SC-71, type IIB: BF-F3, and type IIX: 6H1-s, perilipin: 9349,
Cell Signaling Technology, Danvers, MA), followed by
secondary antibodies incubation at RT for 1 h in dark room.
Nuclei were counterstained with DAPI-containing mounting
medium (F6057, Sigma, St. Louis, MO). The image was visu-
alized and captured with the EVOS Cell Imaging Systems
(Thermo Fisher, Waltham, MA).

Transmission electron microscopy

Transverse abdominal muscle injury was induced by
intramuscular injection of CTX for both Tfr1SC/KO and control
littermates; 15 days after injury, TA muscle samples were
quickly dissected and immediately fixed in 4% phosphate glu-
taraldehyde. Each sample was dehydrated, permeabilized,
embedded, sectioned at 60–80 nm, and mounted. For each
sample, five fields of view were randomly selected and the
images were captured.

Treadmill exhaustion test

Treadmill exhaustion test was performed for both Tfr1SC/KO

and Tfr1SC/WT before and after CTX-induced muscle regener-
ation. The treadmill running protocol was started with an

adaptation period of 10 m/min for 20 min before an in-
crease of 2 m/min every 20 min until fatigue response ini-
tiated. The treadmill running protocol was terminated when
mice no longer responded to five consecutive fatigue stim-
uli. Upon fatigue initiation, mice were quickly removed
from treadmill running lane. Treadmill running time and
distance were recorded and calculated for all mice.

Flow cytometry

Transverse abdominal muscles were dissected, minced, and
digested in 0.2% collagenase for 45 min. Single-cell
suspensions were incubated with purified anti-CD16/CD32
Abs (clone 2.4G2, Sungene Biotech, Tianjin, China) for
15 min to block Fc receptors. After washing, cells were
stained with eFluor 450 anti-mouse CD45 (clone 30-F11,
Invitrogen, Carlsbad, CA), Percp-Cy5.5-anti-mouse/human
CD11b (clone M1/70, Biolegend, San Diego, CA), PE-Cy7-
anti-mouse F4/80 (clone BM8, Biolegend, San Diego, CA),
APC-anti-mouse CD86 (clone GL-1, Biolegend, San Diego,
CA), FITC-anti-mouse CD206 (clone C068C2, Biolegend), or
isotype controls at 4°C for 15 min and detected by flow cy-
tometry (FACSVerse, BD). Data were analysed using FlowJo
software (V10). Macrophages were identified as CD45+/
CD11b+/F4/80+, and the percentage of pro-inflammatory
(CD86+) and anti-inflammatory (CD206+) macrophages was
analysed and shown.

Skeletal muscle biopsy sample collection

The experiment was approved by the Ethics of The Third
Affiliated Hospital of Sun Yat-Sen University (Approval No.
[2018]02-165-01). Skeletal muscle biopsies were originally
collected from patients who experienced fractures followed
by clinical treatment and stored in �80°C biobank.
Individuals were divided into young (<30 years old) and
old group (older than 60 years old), and their skeletal
muscle biopsy samples were used for qRT-PCR to determine
iron metabolism-related, adipogenesis-related, and
ferroptosis-related gene expression.

Statistical analysis

Experiment results were presented as mean ± standard error
of the mean. Statistical analysis was performed by GraphPad
Prism 7 using unpaired Student’s t-test or one-way analysis
of variance. Differences with a P < 0.05 were considered sig-
nificantly different. Representation of P-values was as fol-
lows: *P < 0.05, **P < 0.01, ***P ≤ 0.001, and N.S.: not
significant (P ≥ 0.05).
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Results

Tfr1 expression negatively correlates with skeletal
muscle ageing

Skeletal muscle development, growth, and maintaining are
precisely regulated physiological processes, without which
muscle loss and sarcopenia may occur. To precisely under-
stand these processes, skeletal muscles (TA, EDL, Sol, and
Gas) were collected from C57BL/6J mice across five different
ages (Supporting Information, Figure S1A). RNA-Seq was per-
formed followed by bioinformatic analysis that identified
~5000 DEGs among four different muscles (TA: 5517 genes;
EDL: 4583 genes; Sol: 5529 genes; and Gas: 5865 genes) be-
tween the young (2 weeks old) and aged (80 weeks old)
groups. By plotting expression of these genes across five
ages, we identified a clear trend of gene expression pattern,
which was divided into two clusters, a gradually increased
(Cluster I) and decreased (Cluster II) expression of genes
(Figure S1B–S1E). Of these DEGs of four types of muscles,
2445 DEGs were identified, with 1155 up-regulated and
1290 down-regulated genes (Figure 1A). As shown by
functional analysis of the gene ontology against the
biological process gene set, stem cell proliferation and
muscle cell differentiation were down-regulated in TA mus-
cle of the aged group (Figure 1B). More specifically, iron
metabolism-related biological function was declined in the
aged group, which was also demonstrated by GSEA
(Figure 1B and 1C). We also profiled the expression of tran-
sition metal ion homeostasis-related genes such as iron, cop-
per, and zinc. Other than cellular iron homeostasis-related
genes, copper and zinc ion homeostasis-related genes
were partially or less differentially regulated across five dif-
ferent ages (Figure S2A and S2B). Among these iron
homeostasis-related genes, Tfr1 expression was gradually de-
creased with ageing (from 2 to 8, 30, 60, and even to
80 weeks old) (Figure 1D). qPCR and western blotting also
confirmed that Tfr1 mRNA and protein expression was
decreased in four different muscles of 8-week-old mice com-
pared with those for 2-week-old mice, correspondingly ac-
companied by decreased NHI (Figures 1E and 1F and S2C).
Tfr1 mRNA and protein expression was further decreased
in TA muscles of mice with advanced age (Figure S2D and
S2E). These data indicate that Tfr1-mediated iron absorption
is a rate-limiting step in skeletal muscles and may be associ-
ated with age-related muscle physiology and function.

Tfr1 is highly expressed in proliferative satellite cells

Satellite cells contribute to not only skeletal muscle develop-
ment but also postnatal myofibre formation and skeletal
muscle regeneration.7 However, biological properties of the

Tfr1–iron axis in SCs remain unexplored. Here, by performing
single myofibre isolation and immunostaining, we observed
that Tfr1 protein expression level was higher in SCs of
2-week-old mice than that of 8-week-old mice (Figure 1H).
Pax7, Ki67, and Tfr1 immunostaining was performed for single
myofibres from both 2- and 8-week-old C57BL/6J mice. Ap-
proximately 70% of SCs on the myofibres of 2-week-old mice
were Ki67+, compared with 8-week-old mice that only ~7%
of SCs turned into Ki67+. Tfr1 expression level was highly cor-
related with the level of Ki67 expression in SCs. We quantified
Tfr1 protein expression level into three categories in Pax7+

SCs, High, Intermediate (Inter), and Low. Here, both Tfr1High/
Ki67+ and Tfr1Inter/Ki67+ SCs were the dominant populations
in 2-week-old mice, while Tfr1Low/Ki67� SCs were barely de-
tected. In contrast, it was completely opposite in 8-week-old
mice, whereas Tfr1Low/Ki67+ SCs were the dominant popula-
tion. In 8-week-old mice, both the Tfr1High/Ki67+ and Tfr1-
Inter/Ki67+ populations remained at low amounts (Figure 1I
and 1J). The Tfr1 protein level was also determined in the
SCs of aged mice (~80 weeks old). Compared with 8-week-
old mice, Tfr1 expression was almost undetectable in SCs of
aged mice (Figure S3A). These results suggest that Tfr1 protein
level in SCs positively correlates with cell proliferation status
but negatively corresponds with skeletal muscle ageing.

Tfr1-mediated iron absorption is indispensable to
satellite cell proliferation and differentiation

Tfr1 protein is highly expressed in proliferative cells, while its
expression is barely detected in quiescent SCs. To further
prove this hypothesis, single myofibres were isolated and
cultured ex vivo to induce SC proliferation and differentia-
tion. In adult quiescent SCs (Pax7+/MyoD�), Tfr1 protein
was expressed at low level. However, upon exposure to
ex vivo culture, Tfr1 protein level was dramatically induced
in activated SCs (Pax7+/MyoD+, 24, 48, and 72 h after culture)
(Figure S3B and S3C). This observation could be due to met-
abolic alterations during activation and proliferation, which
require iron to support mitochondrial energy and glucose
metabolism in newly activated SCs. To support the biological
effect of iron on SC proliferation and differentiation, single
myofibres were cultured with Deferoxamine (DFO) to reduce
extracellular iron availability to SCs. Upon 72 h of culture, it
resulted in a small cluster size, suggesting that iron is an es-
sential component for SC proliferation (Figure S4A and S4B).
Iron chelation also led to poor differentiation and myotube
formation (Figure S4C and S4D). Furthermore, gradually
increasing intracellular iron also significantly inhibited SC
proliferation, cluster formation, differentiation, and fusion
to form mature myotubes (Figure S4E–S4H). All of these data
indicate that Tfr1-mediated iron homeostasis is critical to
support myoblast proliferation and differentiation.
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Figure 1 Identification of Tfr1 as a key biomarker regarding skeletal muscle ageing and satellite cell (SC) activity. (A) Venn diagraph showing overlap-
ped genes between young (2 weeks old) and aged (80 weeks old) mice among four types of muscle [transverse abdominal (TA), extensor digitorum
longus (EDL), soleus (Sol), and gastrocnemius (Gas)] (n = 3 per group). (B) Gene ontology (GO: biological process) analysis against down-regulated genes
between 2- and 80-week-old C57BL/6J mice. (C) Gene Set Enrichment Analysis (GSEA) analysis of down-regulated pathway in response to the iron ho-
meostasis. (D) Heatmap of cellular iron homeostasis-related gene expression in TA muscle across five different ages (2, 8, 30, 60, and 80 weeks old). (E)
qPCR analysis of Tfr1 expression in four types of skeletal muscles (TA, EDL, Sol, and Gas) between 2- and 8-week-old C57BL/6J mice (n = 5 per group).
(F) Representative western blot image of four types of skeletal muscles (TA, EDL, Sol, and Gas) between 2- and 8-week-old C57BL/6J mice (n = 5 per
group). (G) Representative images of myofibres isolated from 2- and 8-week-old C57BL/6J mice (n > 50 myofibres from five mice per group). Immu-
nofluorescence of Pax7 (red), Tfr1 (green), Ki67 (pink), and DAPI (blue) staining revealed that Tfr1 is highly expressed in SCs at proliferative state (Ki67+)
for 2-week-old mice but not 8-week-old adult mice. (H) Number of Ki67

+
and Ki67

�
SCs with different Tfr1 expression level (High, Inter, and Low) per

myofibre. (I) Number of Pax7+ SCs per myofibre. (J) Number of Ki67+ and Ki67� SCs per myofibre. N.S., not significant, **P < 0.01, and ***P < 0.005,
by two-sided Student’s t-test. Data represent the mean ± standard error of the mean.
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Tfr1 is required for maintaining satellite cell
homeostasis

To further understand the biological function of Tfr1 in SCs,
SC-specific Tfr1 knockout mice were generated by crossing
mice carrying Tfr1fl/fl allele with Pax7-CreER transgenic mice.
The genotype of experimental mice was Pax7-CreER;Tfr1fl/fl.
Tfr1-KO mice and control littermates were denominated as
Tfr1SC/KO and Tfr1SC/WT, respectively. The deletion was in-
duced by intraperitoneal injection of TMX for seven consecu-
tive days as described before.9 Single myofibre isolation from
EDL muscle of Tfr1SC/WT and Tfr1SC/KO mice was performed,
followed by immunostaining of Pax7, MyoD, and Tfr1. Seven
days after injection of TMX, the number of Pax7+ SCs was
decreased in Tfr1SC/KO compared with that of Tfr1SC/WT

(Figure 2A–2C). Meanwhile, SCs with ablation of Tfr1 did
not express Ki67 or MyoD, indicating that Tfr1 deletion did
not lead to SC activation (Figure 2A–2C). Furthermore, the
number of SC on a single myofibre was counted after TMX
injection (1, 4, 7, 10, 14, 21, and 30 dpi). Short term of
TMX injection (1 and 4 dpi) did not change the number of
SCs dramatically, while the number of SCs gradually de-
creased since 7 dpi of TMX (Figure 2D). Deletion of Tfr1 in
SCs blocks TBI absorption, which may cause an irreversible
and cell-autonomous defect of SCs. To test this hypothesis,
single myofibres from either Tfr1SC/WT or Tfr1SC/KO mice were
cultured in horse serum-coated plates (flowing culture) or
collagen-coated plates (attached culture) in the presence of
4-OH TMX. TMX-induced deletion of Tfr1 inhibited SC activa-
tion, proliferation, and differentiation, as demonstrated by
significantly decreased number of clusters, reduced number
of SCs in each cluster, failed myotube formation, and a lower
fusion index (Figure 2E–2H). Tfr1 deletion inhibiting myoblast
proliferation and differentiation was further tested in
myoblasts bearing floxed Tfr1 allele, whereas its deletion
was induced by adenovirus expressing Cre recombinase.
Both control and Cre-expressing adenovirus-infected myo-
blasts were incubated with EdU-containing medium
(10 μM) for 24 h. The incorporation of EdU was significantly
lower in the Tfr1 deleted group (20%) than that in the con-
trol group (60%) (Figure S5A–S5D). The biological function
of Tfr1 was also confirmed in C2C12 myoblasts via either
gRNA-mediated or siRNA-mediated Tfr1 knockdown. As
shown in C2C12 myoblasts, similar to the observation of
SCs on single myofibre, Tfr1 deletion inhibited C2C12 myo-
blast differentiation (Figure S6A–S6H).

Tfr1 deletion impairs skeletal muscle regeneration

To understand the biological function of Tfr1 in skeletal mus-
cle growth and regeneration, we utilized adult mice with con-
ditional ablation of Tfr1 in SCs. Seven days after injection
of TMX, TA muscle was injured by intramuscular injection of

CTX and harvested for further analysis upon completion of
regeneration (30 dpi, Figure 3A). We observed a poor regen-
eration with Tfr1 ablation in SCs, showing a muscular atrophy
but obviously no change on body weight (Figure 3B and 3C).
To assess the biological function of Tfr1 during TA muscle re-
generation, the number of Pax7+ SCs and eMyHC+ myotubes
(newly formed myotubes) was counted. Upon CTX-induced
injury (5 and 9 dpi), Pax7+ SCs were highly proliferated in
Tfr1SC/WT mice, while they were barely detected in Tfr1SC/KO

mice on TA muscle sections (Figure 3D and 3E). Low SC num-
bers were further confirmed by Pax7 mRNA expression indi-
cating that Tfr1 deletion led to depletion of Pax7+ SCs upon
skeletal muscle injury (Figure S7A). Tfr1 KO in SCs also
decreased eMyHC+ myotube formation at 5 dpi (Figure 3F)
while there was a slightly increase in eMyHC+ myotubes at
9 dpi (Figure 3G), which may be due to a robust induction
of myogenic transcription factor, MyoD expression
(Figure S7A). Upon the completion of regeneration, ablation
of Tfr1 resulted in nearly complete depletion of SCs, followed
by atrophy and fibrosis (Figures 3H–3J and S7B–S7E).

Tfr1 in satellite cells is essential to maintain
skeletal muscle micro-environment and
regeneration

To precisely understand how SC-specific knockout of Tfr1
affects the skeletal muscle micro-environment, RNA-Seq
was performed to assess gene expression profile in TA muscle
between Tfr1SC/WT and Tfr1SC/KO mice before or after injury.
Approximately 8478 DEGs were identified among four groups
(Figure S8A). Gene clustering and principal coordinate analy-
sis (PCoA) showed that Tfr1SC/KO mice with CTX injection ex-
hibited a distinct molecular signature from the other three
groups, which had similar molecular signatures (Figure 4B).
Thus, we focused on DEGs and functional enrichment
between Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced in-
jury. Among DEGs, 3596 genes were up-regulated, while
4882 genes were down-regulated (Figure 4C). Gene
ontology analysis (biological process) identified genes that
were majorly involved in dysregulation of immune balancing
and metabolic homeostasis. This was represented by
up-regulated genes that were associated with macrophage
activation, macrophage-derived foam cell differentiation,
lipid biosynthetic process, and collagen biosynthetic process,
while down-regulated genes were involved in mitochondrial
respiration chain complex assembly, tricarboxylic acid cycle,
muscle cell differentiation, and fatty acid β-oxidation
(Figures 4D and S8B–S8E). The enriched biological functions
were further confirmed by GSEA (Figure 4E and 4H). Here,
we found that in regenerated TA muscle, Tfr1 knockout re-
sulted in macrophage infiltration, which was assessed by
flow cytometry via detecting M1 (0.17% vs. 0.012%) and
M2 (0.88% vs. 872E�3%) macrophages by their membrane

754 H. Ding et al.

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 746–768
DOI: 10.1002/jcsm.12700



Figure 2 Genetic deletion of Tfr1 in quiescent satellite cells (SCs) abolishes the activation, proliferation, and differentiation. (A) Representative images
of myofibres isolated from Tfr1SC/WT

and Tfr1SC/KO mice (n > 50 myofibres from five mice per group). Immunofluorescence of Pax7 (red), Tfr1 (green),
Ki67 (pink), and DAPI (blue) staining. (B) Representative images of myofibres isolated from Tfr1SC/WT and Tfr1SC/KO mice (n > 50 myofibres from five
mice per group). Immunofluorescence of Pax7 (red), Tfr1 (green), MyoD (pink), and DAPI (blue) staining. (C) Number of total, Ki67+, and MyoD+ SCs per
myofibre between Tfr1SC/WT

and Tfr1SC/KO mice. (D) Both Tfr1SC/WT
and Tfr1SC/KO mice were administrated with tamoxifen (TMX) on the same day.

Number of Pax7+ SCs per myofibre was calculated at 1, 4, 7, 10, 14, 21, and 30 days after TMX-induced Tfr1 deletion (n = 5 mice per group per time
point). (E) Representative images of SC clusters on myofibre from Tfr1SC/WT and Tfr1SC/KO mice ex vivo cultured for 72 h (n > 50 myofibre). Immuno-
fluorescence of Pax7 (red), Tfr1 (green), MyoD (pink), and DAPI (blue) staining (n> 20 myofibres from seven mice per group). (F) Number of SC clusters
per myofibre and number of Pax7+ SCs per cluster (n > 50 myofibres from five mice per group). (G) Representative images of differentiated myotubes
from SCs on myofibre isolated from Tfr1SC/WT

and Tfr1SC/KO mice (n > 10 myofibres from five mice per group). (H) Summary of fusion index of SCs on
myofibre differentiated in Dulbecco’s modified Eagle’s medium supplemented with 2% horse serum (n > 10 myofibres from five mice per group). N.S.,
not significant, and ***P < 0.005, by two-sided Student’s t-test. Data represent the mean ± standard error of the mean.
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Figure 3 Tfr1 ablation in satellite cells (SCs) delays skeletal muscle regeneration. (A) Timeline characterizing skeletal muscle regeneration upon
tamoxifen-induced Tfr1 ablation in SCs. (B) Representative image of transverse abdominal (TA) muscle upon completion of regeneration between
Tfr1SC/WT and Tfr1SC/KO mice at 30 dpi. (C) Summary of body weight, TA muscle weight, and ratio of TA muscle and body weight between Tfr1SC/WT

and Tfr1SC/KO mice upon completion of regeneration at 30 dpi (n = 7 per group). (D) Representative images of TA muscle section from Tfr1SC/WT

and Tfr1SC/KO mice (n = 6 mice per group). Immunofluorescence of Pax7 revealed a decrease in the number of Pax7+ SCs (arrowheads) and
number of Pax7+ SCs per TA muscle section at 5 dpi (right of immunostaining images). (E) Representative images of TA muscle section from Tfr1SC/
WT

and Tfr1SC/KO mice (n = 6 mice per group). Immunofluorescence of Pax7 revealed a decrease in the number of Pax7
+
SCs (arrowheads) and number

of Pax7+ SCs per TA muscle section at 9 dpi (right of immunostaining images). (F) Immunofluorescence of eMyHC+ myotubes after cardiotoxin (CTX)
injury (5 dpi) and number of eMyHC

+
myotubes per TA muscle section area at 5 dpi (right of immunostaining images). (G) Immunofluorescence of

eMyHC+ myotubes after CTX injury (5 dpi) and number of eMyHC+ myotubes per TA muscle section area at 9 dpi (right of immunostaining images).
(H) Immunofluorescence of Pax7 revealed a decrease in the number of Pax7+ SCs (arrowheads) and number of Pax7+ SCs per TA muscle section at
30 dpi (right of immunostaining images, n = 6 mice per group). (I) Representative images of TA muscles from Tfr1SC/WT

and Tfr1SC/KO mice with
haematoxylin and eosin staining and Masson staining upon completion of CTX-induced regeneration (30 dpi, n = 6 mice per group). (J) Summary of
collagen volume fraction between Tfr1SC/WT and Tfr1SC/KO mice completion of CTX-induced regeneration at 30 dpi. N.S., not significant, *P < 0.05,
**P < 0.01, and ***P < 0.005, by two-sided Student’s t-test. Data represent the mean ± standard error of the mean.
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Figure 4 Satellite cell (SC) Tfr1 deletion in transverse abdominal (TA) muscle of Tfr1SC/KO mice results in skeletal muscle dysfunction. (A) Heatmap of
mRNA expression profile in TA muscle from adult Tfr1SC/WT and Tfr1SC/KO mice before or after cardiotoxin (CTX)-induced regeneration at 30 dpi (n = 5
per group). (B) Principal coordinate analysis (PCoA) of transcriptome from TA muscle in adult Tfr1SC/WT and Tfr1SC/KO mice before or after CTX-induced
regeneration (n = 5 per group). (C) Volcano plot of differentially expressed genes in TA muscle from adult Tfr1SC/WT

and Tfr1SC/KO mice after
CTX-induced regeneration. (D) Gene ontology (GO) (biological process) analysis of differentially expressed genes (DEGs) for both up-regulated and
down-regulated genes. (E) Gene Set Enrichment Analysis (GSEA) analysis of macrophage activation pathway between Tfr1SC/WT

and Tfr1SC/KO mice
upon CTX-induced regeneration at 30 dpi. (F) Flow cytometry analysis of the percentage of the CD206+/CD86+ macrophage in total cells obtained from
TA muscle of Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury at 30 dpi. (G) qPCR analysis of Cd86, Cd163, and Cd206 mRNA expression in TA
muscle from adult Tfr1SC/WT

and Tfr1SC/KO mice before or after CTX-induced injury (n = 5 per group). (H) GSEA analysis of collagen-containing extracel-
lular matrix pathway between Tfr1SC/WT and Tfr1SC/KO mice upon CTX-induced regeneration at 30 dpi. (I) Heatmap for collagen matrix related gene
expression profile between Tfr1SC/WT

and Tfr1SC/KO mice after CTX-induced injury at 30 dpi (n = 5). (J) qPCR analysis of Col5a3, Col6a1, Col6a3, Col11a2,
Col12a1, and Col23a1 mRNA expression in TA muscle from adult Tfr1SC/WT and Tfr1SC/KO mice before or after CTX-induced injury at 30 dpi (n = 5 per
group). (K, L) Tread mill running distance and running time to exhaustion for Tfr1SC/WT and Tfr1SC/KO mice before and after regeneration at 30 dpi. N.S.,
not significant, *P < 0.05, **P < 0.01, and ***P < 0.005, by two-sided Student’s t-test. Data represent the mean ± standard error of the mean.
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markers, for example, Cd86, Cd206, and Cd163 (Figure 4F).
Cd86, Cd206, and Cd163 mRNA expression was also robustly
increased only in regenerated TA muscle of Tfr1SC/KO mice
but not in other groups (Figure 4G). Defective muscle
regeneration was also accompanied by extracellular collagen
biosynthesis accumulation, with the up-regulation of
collagen biosynthesis and accumulation-related genes
(Figures 4I–4L and S8C). This may further interrupt exercise
activity through reduced running time and distance
(Figure 4K and 4L).

Tfr1 deletion in satellite cells leads to the
dysregulation of lipid and iron metabolism in
skeletal muscle

Satellite cell-specific deletion of Tfr1 results in dysregulation of
local lipid and energy metabolism (Figure 4D). GSEA analysis
further confirmed that adipogenesis indeed occurred in
the TA muscle of Tfr1SC/KO mice (Figure 5A).
Adipogenesis-related genes such as Fasn and Adipoqwere sig-
nificantly induced. However, the expression of the fatty acid
uptake gene, Cd36 expression, was not changed, indicating
that a local de novo lipogenesis instead of external fatty acid
uptake contributed to the lipid accumulation in TA muscle of
Tfr1SC/KO mice (Figure 5B). Lipid accumulation was visualized
by Oil Red O staining and immunofluorescent staining of
perilipin and laminin B2. On TA muscle cryosection, a large
amount of lipid droplets as well as perilipin+ areas were ob-
served only on TA muscle sections of Tfr1SC/KO mice but not
for Tfr1SC/WT mice at 30 dpi (Figure 5C). Other than dysregula-
tion of genes associated with lipid metabolism, most mito-
chondrial thermogenesis and iron metabolism-related genes
were dysregulated, such as Pgc1α, Cox7a1, and Cox8b for
mitochondrial thermogenesis and Tfr1, Slc11a2, Slc40a1,
and Fth1 for iron metabolism, except for a moderate
up-regulation of Ftl (Figure 5D). In contrast, atrophied skeletal
muscle of Tfr1SC/KO mice had a large amount of labile iron ac-
cumulation (Figure 5E). Furthermore, consistent with mito-
chondrial gene expression, transmission electron microscopy
revealed swollen mitochondria with irregular or absent cristae
(Figure 5E).

Tfr1 deletion activates ferroptosis in skeletal
muscle upon muscular regeneration

Regenerated skeletal muscle of Tfr1SC/KO mice presented en-
hanced adipogenesis and iron accumulation in TA muscle.
To profile new gene candidates associated with muscular
dysfunction in Tfr1SC/KO mice at 30 dpi, we discovered that
a group of ferroptopic genes was dysregulated (e.g. Gpx4,
Slc7a11, Acsl4, and Hmox1), along with the KEGG pathway
enrichment, including ferroptosis, biosynthesis of

unsaturated fatty acid, and glutathione metabolism (Figure
5F and 5G). Consistent with previous observations in
ferroptosis, Gpx4, a glutathione-dependent peroxidase was
down-regulated, and Ptgs2 (cyclooxygenase 2), an enzyme
converting arachidonic acid to prostaglandin endoperoxide
H2, was up-regulated (Figure 5H). The activation of
ferroptosis in skeletal muscle was further confirmed by mea-
suring selective biomarker expression levels. This was shown
by increased protein levels of Acc and Pparγ and the de-
creased protein levels of Tfr1, PGC1α, Nrf2, Gpx4, and Fth1,
leading to the observation of adipogenesis and dysregulated
iron metabolism, respectively, contributing to the activation
of ferroptosis. Meanwhile, along with decreased Gpx4 pro-
tein level, total GSH levels in Tfr1SC/KO mice were reduced in
the TA muscle of Tfr1SC/WT mice, which may be due to the de-
creased expression of Slc7a11 (Figures 5F and S9A–S9C). Fur-
thermore, along with decreased GSH level, regenerated TA
muscle of Tfr1SC/KO mice had higher ferroptosis end-product
malondialdehyde (MDA), suggesting increased levels of lipid
peroxidation (Figure S9D). Further analysis demonstrated
that the activation of unsaturated fatty acid biosynthesis
pathway contributed to accumulation of lipid in TA muscle
of Tfr1SC/KO mice (Figure 5J and 5K). The critical enzymes in
the unsaturated fatty acid biosynthesis pathway, for example,
Fasn, Elvol5, Scd1, Scd2, Fads1, and Fads2, were up-
regulated, followed by accumulation of saturated and
unsaturated fatty acids (Figures 5L and 5M and S9E–S9G).

Ferroptosis impairs muscular regeneration

To map the time point of ferroptosis occurrence, injured TA
muscle from Tfr1SC/WT and Tfr1SC/KO mice at different time
points (5, 9, and 15 dpi) was assessed (Figure 6A). The TA
muscle/body weight, as well as Gpx4, Slc3a2, and Ptgs2 ex-
pression, was not significantly different between Tfr1SC/WT

and Tfr1SC/KO mice at 5 dpi (Figures 6B and S10A–S10G). How-
ever, the expression of iron homeostasis-related genes, such
as Slc11a2, Slc39a14, Fth1, and Ftl, was highly up-regulated
at 5 dpi in Tfr1SC/KO mice, suggesting that increased iron ab-
sorption may occur as early as at 5 dpi (Figure S10A–S10G).
Starting at 9 dpi, TA muscle/body weight started to decrease,
followed by down-regulation of Gpx4 and up-regulation of
Ptgs2, Slc39a14, and Hmox1 expression, so as to those in
TA muscle at 15 dpi, except for decreased Fth1 expression
that is associated with oxidization of ferrous iron and iron
storage inside ferritin (Figures 6B and S10A–S10G). Iron accu-
mulation and lipid droplets could be observed in the TA mus-
cle of Tfr1SC/KO mice starting at 9 dpi (Figure 6C). During
muscle regeneration, labile iron in regenerative TA muscle
was derived from increased NHI absorption possibly via
Slc39a14 and recycled iron from myoglobin from dead muscle
cells but failed to be utilized upon muscular regeneration
defect.
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Figure 5 Dysregulation of lipid and iron metabolism activates ferroptosis in injured transverse abdominal (TA) muscle of Tfr1SC/KO mice. (A) Gene Set
Enrichment Analysis (GSEA) analysis of adipogenesis pathway between Tfr1SC/WT and Tfr1SC/KO mice upon cardiotoxin (CTX)-induced regeneration at
30 dpi. (B) qPCR analysis of Adipoq, Fasn, and Cd36mRNA expression in TA muscle from adult Tfr1SC/WT and Tfr1SC/KO mice before or after CTX-induced
injury (n = 5 per group). (C) Representative images of TA muscle sections from Tfr1SC/WT

and Tfr1SC/KO mice upon CTX-induced injury at 30 dpi (n = 5 per
group). Oil Red O (ORO) staining and perilipin (green) and laminin B2 (pink) immunofluorescent staining revealed adipogenesis and lipid accumulation
in TA muscle of Tfr1SC/KO mice. (D) qPCR analysis of Pgc1α, Cox7a1, and Cox8b (mitochondrial genes), Tfr1, Slc11a2, Slc40a1, Ftl, and Fth1 (iron
homeostasis-related genes) mRNA expression in TA muscle from adult Tfr1SC/WT and Tfr1SC/KO mice before or after CTX-induced injury (n = 5 per group).
(E) Representative images of TA muscle section with Prussian blue staining (n = 5 per group) and transmission electron microscope images for TA
muscle section from adult Tfr1SC/WT

and Tfr1SC/KO mice after CTX-induced injury at 30 dpi. (F) Heatmap of ferroptosis-related gene expression in TA
muscle from adult Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury at 30 dpi (n = 5 per group). (G) KEGG pathway enrichment analysis of up-
regulated genes in TA muscle from adult Tfr1SC/WT

and Tfr1SC/KO mice after CTX-induced injury at 30 dpi. (H) qPCR analysis of Gpx4 and Ptgs2
expression in TA muscle of adult Tfr1SC/WT and Tfr1SC/KO mice before or after CTX-induced injury (n = 5 per group). (I) Representative western blot im-
ages of TA muscle between Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury at 30 dpi. (J) Heatmap of unsaturated fatty acid biosynthesis-related
gene expression in TA muscle from adult Tfr1SC/WT

and Tfr1SC/KO mice after CTX-induced injury at 30 dpi (n = 5 per group). (K) GSEA analysis of
unsaturated fatty acid biosynthesis pathway between Tfr1SC/WT and Tfr1SC/KO mice upon CTX-induced regeneration at 30 dpi. (L) qPCR analysis of Fasn,
Elvol5, Elvol6, Scd1, Fads1, and Fads2 expression in TA muscle of adult Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury at 30 dpi (n = 5 per
group). (M) Saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), and polyunsaturated fatty acid (PUFA) levels (nmol/g) in TA muscle of adult
Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury at 30 dpi (n = 4 per group). N.S., not significant, *P < 0.05, **P < 0.01, and ***P < 0.005, by
two-sided Student’s t-test. Data represent the mean ± standard error of the mean.
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Figure 6 Ferroptosis in transverse abdominal (TA) muscle of Tfr1SC/KO mice prevents skeletal muscle regeneration. (A) Timeline characterizing the ac-
tivation of ferroptosis in TA muscle of Tfr1SC/WT and Tfr1SC/KO mice after cardiotoxin (CTX)-induced injury. (B) qPCR analysis of Gpx4 and Ptgs2 expres-
sion in TA muscle from adult Tfr1SC/WT

and Tfr1SC/KO mice after CTX-induced injury at 5, 9, and 15 dpi. (C) Representative images of TA muscle section
with Prussian blue and Oil Red O (ORO) staining from Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury at 5 and 9 dpi. (D) Timeline characterizing
the effect of ferrostatin-1 to inhibit ferroptosis in TA muscle from Tfr1SC/WT

and Tfr1SC/KO mice. (E) Representative images of TA muscle section immu-
nostaining for Pax7 (red) and laminin B2 (white). Number of Pax7+ SCs per section (right) (n = 6 per group). (F) Representative images of TA muscle
section with Prussian blue and ORO staining from adult Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury between saline and ferrostatin-1 intra-
peritoneal injection at 30 dpi. (G) Timeline characterizing the effect of lenti-Tfr1 to inhibit ferroptosis in TA muscle from Tfr1SC/WT

and Tfr1SC/KO mice.
(H) Representative images of TA muscle section immunostaining for Pax7 (red) and laminin B2 (white) between lenti-Ctrl and lenti-Tfr1 intramuscular
injection at 30 dpi. Number of Pax7

+
SCs per section (right) (n = 6 per group). (I) Representative images of TA muscle section with Prussian blue and

ORO staining from adult Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury between lenti-Ctrl and lenti-Tfr1 intramuscular injection at 15 dpi. (J)
Respiratory exchange rate (VCO2/VO2) and energy expenditure were monitored over a 48 h period for Tfr1SC/WT and Tfr1SC/KO mice after
CTX-induced injury at 15 dpi (n = 8 mice per group). (L) Representative transmission electron microscope image of TA muscle samples from adult
Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury at 30 dpi. N.S., not significant, *P < 0.05, and ***P < 0.005, by two-sided Student’s t-test. Data
represent the mean ± standard error of the mean.
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Next, we asked whether administration of a ferroptosis in-
hibitor could rescue the ferroptosis-induced muscular atro-
phy. Ferro-1, a ferroptosis inhibitor to eliminate lipid
peroxidation, was intraperitoneally injected upon intramus-
cular administration of CTX to TA muscle for 30 consecutive
days (Figure 6D). Unfortunately, Ferro-1 did not rescue
ferroptosis-induced SC/muscle cell death or reduce labile iron
accumulation and lipid droplet formation (Figure 6E and 6F),
possibly due to cell-autonomous inactivation, proliferation,
and differentiation defects upon Tfr1 ablation in SCs. Instead,
administration of lentivirus-expressing mouse Tfr1 protein
could partially reverse ferroptosis-induced SC/muscle cell
death by decreasing the labile iron accumulation and lipid
biosynthesis (Figure 6G–6I).

Metabolic adaptation of ferroptosis via
mitochondrial stress in skeletal muscle

Skeletal muscle-specific deletion of Tfr1 leads to growth re-
tardation and systemic metabolic disorder (lipid and amino
acid) in both muscle and liver.10 However, for our model, data
from mice kept in metabolic cages presented a significantly
higher energy expenditure (EE) for Tfr1SC/KO mice than that
of Tfr1SC/WT mice but no difference in the ratio of O2 con-
sumption and CO2 production, meaning that an adaptive al-
teration of systemic metabolism, especially the induction of
EE, was probably not due to the change in substrate prefer-
ence and/or whole-body fuel metabolism (Figure 6J and
6K). Through the transmission electron microscopy, we ob-
served a lysosomal structure containing dead mitochondria
(M) without any cristae structure and lipid droplets (LD) in
Tfr1SC/KO mice (Figure 6L), with higher levels of Fgf21 but
lower levels of Trp53 and mitochondrial complex protein
(Complexes I, II, III, and V) in the TA muscle of Tfr1SC/KO mice
(Figure S10H). Increased Fgf21 protein may be due to mito-
chondrial stress.15 To eliminate potential endocrinological
regulation of systemic metabolism and thermogenesis by
Fgf21, iron metabolism-related and thermogenesis-related
genes were determined in liver, iBAT, iWAT, and eWAT,
showing that no difference in their gene expression between
Tfr1SC/WT and Tfr1SC/KO mice was detected (Figure
S11A–S11H). However, Glut4 protein levels were significantly
induced in both iWAT and eWAT but not in iBAT
(Figure S11F and S11H). These results demonstrated that in-
creased EE was not due to the metabolic alteration in distal
tissues instead of the mitochondrial stress with the occur-
rence of ferroptosis in skeletal muscle.

Ferroptosis occurs in aged skeletal muscle

To analyse 2445 DEGs between aged and young mice and
1333 DEGs between Tfr1SC/WT and Tfr1SC/KO mice, 2203

common biomarkers were identified from two datasets.
Among them, 72 genes were universally up-regulated, and
132 genes were down-regulated (Figure 7A and 7B). Through
the KEGG pathway enrichment analysis for these common
genes between two groups, ferroptosis, glutathione metabo-
lism, and fatty acid biosynthesis were top candidate pathways,
suggesting that skeletal muscle ageing may be accompanied
by ferroptosis. Ferrozine assay to assess the serum and TA
muscle NHI showed that compared with the young mice, aged
mice had significantly higher iron levels (Figure 7D). Aged TA
muscle expressed lower Tfr1, Nrf2, Gpx4, and Fth1 but
higher Slc39a14, which mimics the gene expression pattern
in Tfr1SC/KO mice (TA muscle total protein, Figure 7E). Most
importantly, TA muscle membrane Tfr1 protein was decreased
to undetectable levels but with significantly higher expression
levels of Scl39a14 (Figure 7E). These observations in together
with previous observation in liver indicated that Slc39a14 may
facilitate NTBI absorption in aged skeletal muscle causing iron
accumulation in TAmuscle to activate ferroptosis. Meanwhile,
Ferro-1, as a ferroptosis inhibitor, was intraperitoneally
injected into aged mice upon intramuscular injection of CTX
to induce injury and regeneration. Thirty days after injection
indeed improved running capacity, such as running time and
distance (Figure 7F).

The last question we asked was whether labile iron
accumulation, lipid biosynthesis, and ferroptosis activation-
related gene expression pattern could be recapitulated in
human sarcopenia. To answer this question, muscle samples
of young (age <30 years old) and old (age >60 years old)
individuals were collected from patients who experienced
fracture and under clinical treatment at The Third Affiliated
Hospital of Sun Yat-Sen University. Skeletal muscle
biopsy samples were collected and stored in hospital biobank
of �80°C freezer previously. Dysregulation of iron
metabolism-related (Slc39a14), adipogenesis-related (Pparγ,
Adiponectin, Fasn, and Cd36), and ferroptosis-related genes
(Hmox1, Sat1, and Ptgs2) was also observed in sarcopenia
samples (Figure 7G–7I). All of these data demonstrated that
ferroptosis is one of unrecognized cell death forms in aged
skeletal muscle other than well-known cell death forms in-
cluding apoptosis, autophagy, and necroptosis.

Discussion

Programmed cell death, such as apoptosis, autophagy, and
necrosis, is stimulated by external factors in response to mus-
cle injury. Dysregulation of these processes results in muscu-
lar dystrophy and sarcopenia. Here, in our regeneration
defect model, we are surprised to identify a new form of cell
death, which has not been reported elsewhere in skeletal
muscle. The newly defined iron-dependent cell death, also
named ferroptosis, is activated during muscle regeneration
with Tfr1 deletion in SCs. This event is coupled with labile
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iron accumulation, unsaturated fatty acid biosynthesis, and
decreased expression of anti-ferroptosis biomarkers such as
Gpx4 and Nrf2. Most importantly, the scenario of Tfr1–
Slc39a14–iron axis is recapitulated in aged skeletal muscle
of rodents and human sarcopenia, which provides physiolog-
ical relevance of the Tfr1–Scl39a14–iron axis and ferroptosis
in skeletal muscle, other than previously reported biological
function of Slc39a14 in liver during iron overloading.16,17

Iron homeostasis is indispensable to the proper function of
skeletal muscle and postnatal regeneration, reflected from
the importance of iron in mitochondrial respiration, ATP pro-
duction, muscle contraction, and exercise capacity. This is
partially due to the activity of the mitochondrial electron
transport chain and mitochondrial clearance.18 These obser-
vations could be manipulated in murine models fed with
iron-deprived diets, but muscular iron deficiency in patients

Figure 7 Slc39a14-mediated iron absorption and labile iron accumulation induces ferroptosis in aged skeletal muscle. (A) Venn diagraph showing the
overlapping genes between aged/young and Tfr1SC/WT/Tfr1SC/KO samples. (B) Heatmap of overlapping gene expression profile for aged/young group
(n = 3) and Tfr1SC/WT/Tfr1SC/KO group (n = 5). (C) KEGG pathway enrichment analysis of up-regulated common genes identified ferroptosis-related
genes highly expressed in transverse abdominal (TA) muscle of aged mice. (D) Serum and total TA muscle non-haem iron from young (8 weeks
old) and aged (80 weeks old) C57BL/6J mice. (E) Representative western blot image of total and membrane protein of TA muscle from young (8 weeks
old) and aged (80 weeks old) C57BL/6J mice. (F) Treadmill running distance and running time to exhaustion for aged (80 weeks old) C57BL/6J mice
with cardiotoxin (CTX)-induced injury followed by intraperitoneal injection of either saline or ferrostatin-1 for 30 days (n = 14). qPCR analysis of iron
metabolism-related (G), adipogenesis-related (H), and ferroptosis-related (I) gene expression in skeletal muscle biopsy sample from young and
sarcopenia individuals. N.S., not significant, *P < 0.05, and **P < 0.01, by two-sided Student’s t-test. Data represent the mean ± standard error
of the mean.
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is usually accompanied by secondary diseases, such as con-
gestive heart failure and chronic obstructive pulmonary
disease.19 In terms of the developmental essentiality of iron,
numerous studies have demonstrated that iron deficiency
during pregnancy or the early stage of development causes
growth retardation. However, a high systemic iron level is
detrimental to the host, especially at advanced ages.
Genome-wide association studies identified the association
between healthy longevity and iron traits, for example, se-
rum iron, transferrin level, and transferrin saturation.20 Fur-
thermore, individuals at advanced ages experience iron
accumulation in multiple organs, such as brain, skeletal mus-
cle, and liver.21 In contrast to iron deficiency, iron overloading
or accumulation in tissues leads to increased oxidative stress
by producing highly toxic hydroxyl radicals through the
Fenton reaction. High iron content, especially the NHI, is as-
sociated with decreased muscle mass of both elderly human
and aged rat.22 Evidences from different studies are consis-
tent including ours that skeletal muscle of aged rodents has
a phenotype of elevated NHI content, impaired muscle func-
tion, and muscular atrophy. In the ex vivo culture system, a
high iron content decreases the myofibre survival rate, re-
duces SC cluster formation, and prohibits myoblast differenti-
ation (Figure S4). However, the mechanisms causing iron
accumulation and muscle loss remain unknown, which re-
quires further exploration.

To delve into the pathogenic effect of iron and identify po-
tential mediators, we utilized multiple approaches and
models. As reported previously,22 we also noted declined
Tfr1 mRNA and protein in both skeletal muscles and SCs of
aged mice but with higher NHI levels in skeletal muscle.21

We also found that the membrane Tfr1 protein is almost un-
detectable in aged mice (>80 weeks old) compared with
young mice (~8 weeks old) (Figure 7E). To profile the expres-
sion of other iron absorption-related genes, Slc11a2 and
Slc39a14 expression was up-regulated in TA muscle of 80-
week-old mice (Figure 1D). However, Slc11a2-mediated TBI
absorption in peripheral tissue relies on the membrane Tfr1
protein. Our work for the first-time identifies the phenome-
non of Tfr1/Slc39a14 expression switching in aged skeletal
muscle. More specifically, Slc39a14 expression is induced,
and its protein is enriched on the cellular membrane to facil-
itate NTBI absorption to replace Tfr1 in aged individuals in-
cluding rodents and human sarcopenia. This corresponds to
our data of NHI accumulation in aged TA muscle. Our work
provided evidence to interpret how labile iron is accumulated
in the skeletal muscle of aged individuals.

Under physiological conditions, ferric iron in the form of
TBI recognized by membrane Tfr1 is absorbed in peripheral
tissues, such as adipose tissue.13 Multiple studies have
shown that Tfr1 deficiency results in functional disorder and
even lethality. Mice with Tfr1 conditional knockout in
haematopoietic stem cells died within 1 week after birth.23

Our previous study demonstrated that Tfr1 regulates

adipocyte thermogenesis and cell fate determination.13 Adi-
pocytes with Tfr1 ablation exhibit reduced thermogenic ca-
pacity and beigeing potential.13 Meanwhile, an
alpha-skeletal actin (HSA)-driven Cre recombinase expression
results in embryonic dysfunction of Tfr1, disrupting iron ho-
meostasis and leading to the muscle growth retardation.10

This may be associated with dysfunction of haem-containing
myoglobin synthesis and energy metabolism in muscle and
liver.10 However, postnatal function of Tfr1 in skeletal muscle
could not be well explored by utilizing this model as postnatal
growth and regeneration of skeletal muscle rely on the
activity of SCs. Thus, to solve this discrepancy, mice with con-
ditional deletion of Tfr1 in SCs were generated. In addition to
regeneration defects, during muscle regeneration, we ob-
served that failed SC activation and muscle regeneration,
myoglobin degradation by haem oxygenase 1 (Hmox1), and
up-regulation of Slc39a14 expression may be three key fac-
tors contributing to labile iron accumulation, which may also
be followed by decreased expression of Fth1 and increased
de novo unsaturated fatty acid biosynthesis. A similar
observation was made in aged skeletal muscle of rodents
and human sarcopenia: Slc39a14 and Hmox1 are
up-regulated and the down-regulation of Tfr1 and Fth1 ex-
pression, which may contribute to the labile iron accumula-
tion in skeletal muscle. A similar observation has been
made in a model of macrophage-specific ferroportin (iron-
exporting protein) ablation. In this model, monocyte-derived
macrophages are indispensable in the damaged skeletal mus-
cle to secrete pro-inflammatory or anti-inflammatory cyto-
kines, which are necessary for the clearance of remnants
and iron recycling. Although activated macrophages have a
large portion of the intracellular labile iron pool, they have
lower iron storage capacity and have to release iron into in-
tracellular space to be utilized by newly formed myofibres.24

Macrophage-mediated iron recycling and muscular
regeneration must be well coordinated as macrophages only
provide a temporary storage site for iron to prevent oxidative
damage and then subsequently supply iron for muscle
regeneration.

Well-coordinated iron recycling and utilization between
macrophages and newly formed myofibres has been proven
to be critical to muscular regeneration.24 Thus, Tfr1 ablation
in SCs results in an excessive amount of iron released from
macrophages to the labile iron pool in skeletal muscle, but
is not to be absorbed because of the defect in functional
myofibre formation, possibly due to irreversible depletion
and cell-autonomous inactivation of SCs. Re-expression of
Tfr1 protein via lentivirus infection partially decreases labile
iron accumulation, prohibits fat biogenesis, and promotes re-
generation. The labile iron accumulation for one aspect is de-
rived from myoglobin degradation by Hmox1, and additional
NTBI absorption is facilitated by Slc39a14, as the expression
of both genes is up-regulated in Tfr1SC/KO mice at 5 dpi and
remains at higher expression levels at 9 and 15 dpi, which
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definitely exacerbates iron accumulation and oxidative dam-
age. It has been reported that in the absence of macrophage
Fpn, iron sequestered inside the macrophages not only pre-
vents muscle regeneration but also activates adipogenesis,
leading to fat accumulation.25 Tfr1SC/KO mice present de novo
lipogenesis instead of fatty acid uptake via Cd36 by up-
regulating expression of fatty acid synthase (Fasn) and activa-
tion of unsaturated fatty acid biogenesis pathway (e.g. Scd1,
Scd2, Fads1, Fads2, and Elvol5). This is possible due to the ac-
tivation of FAPs, a mesenchymal population located in the
interstitial area of the skeletal muscle. FAPs are able to spon-
taneously differentiate into adipocyte or fibroblasts in ex vivo
culture systems.26 In in vivo system, FAPs are able to differen-
tiate into adipocytes in degenerating dystrophic muscles
while ectopic adipogenesis and fatty infiltration could be
strongly inhibited by the presence of SC-derived myofibres.27

Intramuscular fatty infiltration in skeletal muscle could be
inhibited by IL-15 expression, possibly affecting FAP differen-
tiation through Hedgehog signalling and other cytokines, for
example, IL-4 and IL-13 secreted from eosinophils to remove
cellular debris to enhance regeneration.28 Skeletal muscle re-
generation also requires network interactions among various
cell types, such as endothelial cells, immune cells, and motor
neurons.29 Numerous studies have demonstrated that muscle
regeneration begins from 3 to 5 days after injury and peaks
on the second week after injury.30 Single-cell sequencing data
further demonstrate that skeletal muscle regeneration
depends on a heterogeneous cell population and regulated
by various intracellular and extracellular factors with
the involvement of paracrine communication between SCs
and non-myogenic cells at different regeneration stages.31

In Tfr1SC/WT mice, we observed the peak of new myofibre
formation at 5 dpi and almost complete of regeneration at
9 dpi as reported before,31 Tfr1 ablation impairs
cell-autonomous activation, proliferation, and differentiation,
which significantly delays skeletal muscle regeneration. In the
TA muscle of Tfr1SC/KO mice, both Pax7 and MyoD mRNAs
were expressed at lower levels corresponding to decreased
SC proliferation and less newly generated myofibres at
5 dpi. We also did not observe any changes in the expression
of ferroptosis-related genes, such as Gpx4 and Ptgst2 at 5 dpi.
However, as early as 5 dpi, some biomarkers that potentially
contribute to the accumulation of labile iron, such
as Slc39a14 and Hmox1, were up-regulated in TA muscle of
Tfr1SC/KO mice, which could interpret the phenomenon of
massive iron accumulation at later time points. Even though
MyoD expression was up-regulated at 9 dpi (compared with
MyoD expression at 5 dpi) in TA muscle of Tfr1SC/KO mice,
followed by the initiation of regeneration and a small number
of eMyHC+ myofibres at small diameters, this may not have
enough functional myofibres to utilize the iron and secrete
cytokines to prevent adipogenesis from FAPs. Skeletal muscle
regeneration is further exacerbated by down-regulation of
Gpx4, an ROS scavenger, and Fth1, an important portion of

ferritin, as well as up-regulation of Slc39a14, an NTBI trans-
porter and Ptgs2, involved in peroxidase generation at
9 dpi. The dysregulated iron homeostasis and adipogenesis
result in activation of ferroptosis. Ferritin degradation via re-
duced Fth1 expression is associated with activation of
ferroptosis, which is defined as ferritinophagy.32 We believe
that Tfr1 ablation in SCs is a critical starting point of the skel-
etal muscle regeneration defects but not the ferroptosis
marker, as reported before.33 Most importantly, this Tfr1 ge-
netic deletion model and Tfr1–Slc39a14 functional switching
recapitulate a physiology-relevant down-regulation or
dysfunction of Tfr1 in skeletal muscle and SCs during ageing
in skeletal muscle of rodents and human sarcopenia.
Ferroptosis activation is orchestrated with decreased Tfr1
membrane protein and Slc39a14 membrane enrichment to
facilitate NTBI iron absorption contributing to labile iron ac-
cumulation in aged skeletal muscle. Moreover, FAP-derived
abnormal fibrosis and adipogenesis in aged muscle contrib-
utes to abnormal lipid and collagen accumulation,34 together
with iron accumulation and Fenton reaction leading to activa-
tion of ferroptosis in skeletal muscle.

In addition to ferroptosis-mediated dysregulation of iron
and lipid metabolism in skeletal muscle, we have also
observed systemic dysregulation of energy metabolism. Our
electron transmission microscope data demonstrated that
ferroptosis is followed by swollen mitochondria with irregular
or disappeared cristae, immune cell infiltration, lysosome-
mediated mitochondrial degradation or swollen mitochon-
dria, and lipid droplets in a membrane surrounded structure
with lysosome. Along with the ferroptosis in TA muscle of
Tfr1SC/KO mice, altered systemic energy metabolism is
displayed with increased EE and expression of FGF21. FGF21
was initially discovered to be secreted from liver regulating
energy balance and glucose and lipid metabolism.35 In skele-
tal muscle under healthy and physiological conditions, its ex-
pression remains at a lower level. However, FGF21-induced
muscle atrophy/weakness during fasting or FGF21 overex-
pression in vivo in muscle is sufficient to induce autophagy
and muscle loss by 15%.36 Its deletion could protect against
muscle loss and weakness during fasting, which is accompa-
nied by a significant reduction of mitophagy flux.36 Other
than its pathological function in skeletal muscle, FGF21 is
a potent stimulator of adipocyte thermogenesis and nutri-
ent metabolism to improve insulin sensitivity and reduce
hepatic lipid accumulation.37 Studies have suggested that
autocrine and paracrine actions of FGF21 are able to induce
thermogenesis with anti-obesity effects in adipocytes to im-
prove glucose metabolism and lipid profiles.38 For Tfr1SC/KO

mice, induction of FGF21 expression was accompanied by
increased EE but not significant difference in the ratio of
VCO2/VO2. Thermogenic signalling pathway was also not ob-
served, indicating that a Ucp1-independent mechanism may
be involved. Ucp1-independent thermogenic pathways, such
as creatine metabolism, calcium cycling, and amino acid
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uncoupling, promote systemic energy metabolism.39 FGF21
or FGF21 mimetic antibody stimulates brown or white adi-
pocyte thermogenesis in a Ucp1-independent manner,
which may act via directly promoting the host metabolic
activity40 or the FGFR1/bKlotho complex,41 respectively.

Meanwhile, resident and monocyte-derived macrophages
also participate in the skeletal muscle regeneration at differ-
ent stages. The depletion of macrophage in Tg-ITGAM-DTR
mice impairs regeneration and results in the lipid
accumulation in the skeletal muscle.42 Macrophages in skele-
tal muscle play a fundamental role in muscle repair and debris
clearance. Upon initiation of muscle damage, infiltrated
monocytes/neutrophils in injured areas differentiate into
pro-inflammatory macrophage (M1 macrophage) with expo-
sure to interferon-γ and tumour necrosis factor-α to phago-
cyte necrotic muscle debris.43 M2 macrophage polarization
majorly presents at the advanced stage of tissue repair and
wound healing in concert with the secretion of IL-14 and
IL13 from Th2 cytokines. Alternatively, M2 macrophages are
also associated with the fibrosis in mdx mouse model,
indicating that M2 macrophages may have alternative
function under pathological condition.44 Despite the compel-
ling evidence of different macrophage subtypes during muscle
repair, we identified a significant accumulation of M2 macro-
phages in the TA muscle of Tfr1SC/KO mice, leading to the de-
velopment of fibrosis and unexpected macrophage-derived
foam cell differentiation. Foam cells are associated with the
development of atherosclerosis and are also implicated in
pro-inflammatory cytokine secretion, different inflammatory
cells recruitment, and fibrotic collagen accumulation, which
further exacerbates tissue function and impairs tissue
repair.45 However, the pathological function of foam cells in
skeletal muscle requires further exploration.

In summary, our current investigation reveals that Tfr1
deletion in SCs impairs skeletal muscle regeneration with
activation of ferroptosis. This process is accompanied by
functional switch of Tfr1–Slc39a14 to mediate NHI absorption
and labile iron accumulation in the skeletal muscle. This phe-
nomenon is recapitulated in the aged skeletal muscle, which
shed light on the development of therapeutic strategies
against muscular ageing and diseases.

Limitation of study

The present study has several limitations: first, the major fo-
cus of current investigation is Tfr1–iron axis during muscle
ageing and regeneration. Whether Slc39a14 is a therapeutic
target to ameliorate iron accumulation-induced muscle dys-
function requires further exploration. Second, we initially
found that Tfr1 deletion in SCs followed by skeletal muscle
regeneration results in regeneration impairment, labile iron
accumulation, de novo PUFA biosynthesis, and glutathione
metabolism disorder, leading to activation of ferroptosis.

As described in our manuscript, Tfr1 depletion in SCs is an
irreversible process, leading to a cell-autonomous defect
of SC proliferation and differentiation. Thus, Ferro-1 is un-
able to rescue Tfr1 deletion-mediated ferroptosis. More-
over, Ferro-1 effectively improves aged skeletal muscle
function, which may require further investigation to under-
stand the molecular mechanism. Third, clinical relevance
of Ferro-1 in improving muscle function in aged rodents
and sarcopenia also needs in-depth exploration to pave
road for clinical translation. Last, to understand the poten-
tial interaction between ferroptosis and other cell death
(such as apoptosis, autophagy, and necrosis) at the molecu-
lar levels may require additional investigation for skeletal
muscle of aged rodents, especially to integrate these path-
ways into the cellular evens in order to pave the road to de-
velop novel therapeutic strategies against muscular ageing
and diseases.
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Figure S1. Related to Figure 1 Gene expression profile in four
skeletal muscles (TA, EDL, Sol and Gas) across five different
age stages (2wk-, 8wk-, 30wk-, 60wk- and 80wk-old). (A)
Scheme of experimental design; (B) Heatmap of gene expres-
sion in TA from C57BL/6J mice across five different age-stage
(n = 3/group); (C) Heatmap of gene expression in EDL from
C57BL/6J mice across five different age-stage (n = 3/group);
(D) Heatmap of gene expression in Sol from C57BL/6J mice
across five different age-stage (n = 3/group); (E) Heatmap of
gene expression in Gas from C57BL/6J mice across five differ-
ent age-stage (n = 3/group).
Figure S2. Related to Figure 1 Gene expression profile in four
skeletal muscles (TA, EDL, Sol and Gas) across five different
age stages (2wk-, 8wk-, 30wk-, 60wk- and 80wk-old). (A)
Heatmap of transition metal ion homeostasis related gene ex-
pression profile in TA muscle across five different age stages
(n = 3/group); (B) Heatmap of copper and zinc ion homeostasis
related gene expression profile in TA muscle across five differ-
ent age stages (n = 3/group); (C) Total non-heme iron levels in
four skeletal muscles between 2wk- and 8wk-old C57BL/6J
mice (n = 6/group); (D) qPCR analysis of Tfr1 expression in TA
muscle from C57BL/6J mice at 2wk-, 8wk-, 60wk-, and 80wk-
old (n = 6/group); (E) Tfr1 protein expression level in TAmuscle
C57BL/6J mice at 2wk-, 8wk-, 60wk- and 80wk-old (n = 6/
group). N.S.: not significant, **P < 0.01, ***P < 0.005, by
2-sided Student’s t-test. Data represent the mean ± SEM.
Figure S3. Related to Figure 1 Tfr1 protein presents in prolifer-
ative SCs. (A) Representative images of myofibers from 8wk-
and 80wk-old C57BL/6J mice (n > 50 myofibers from 5 mice/

group). Immunofluorescence of Pax7 (red), Tfr1 (green), MyoD
(pink) and DAPI (blue) staining revealed Tfr1 protein is lowly
expressed in SCs of old C57BL/6J mice; (B) Representative im-
ages of SCs cluster on single myofiber from adult C57BL/6J
mice culture for different length of time (0, 24, 48 and 72-hr
post single myofiber isolation); (C) Number of SC clusters,
Pax7+ SCs per cluster, and Pax7+/MyoD�, Pax7+/MyoD+, and
Pax7�/MyoD+ SCs per SCs cluster (n > 50 myofibers). N.S.:
not significant, **P< 0.01, ***P< 0.005, by 2-sided Student’s
t-test. Data represent the mean ± SEM.
Figure S4. Related to Figure 1 Dysregulation of iron homeosta-
sis inhibits SCs proliferation and differentiation. (A) Represen-
tative images of myofibers from adult C57BL/6J mice treated
with DFO (an iron chelator) or vehicle (n> 50 myofibers from
5 mice/group). Immunofluorescence of Pax7 (red), Tfr1
(green), MyoD (pink) and DAPI (blue) staining revealed iron
deprivation inhibit SCs proliferation; (B) Number of SC clusters
per myofiber; (C) Representative images of SCs differentiated
into myotube with DFO treatment or vehicle. Immunofluores-
cence of Pax7 (red), MyoD (green), MHC (pink) and DAPI (blue)
staining revealed iron deprivation inhibits SCs differentiation;
(D) Summary of fusion index between control and DFO treat-
ment group; (E) Overall survival rate of ex vivo cultured
myofibers treated with different concentration of FAC (0, 5,
10, 25, 50, and 75 μm). The number of survived myofiber
was counted every 24-hr. (F) Number of SC clusters per
myofiber treated with different concentration of FAC (0, 5,
10, 25, 50, and 75 μm) and cultured for 72-hr; (G) Representa-
tive images of SCs differentiated into myotube with FAC treat-
ment (25 μm). Immunofluorescence of Pax7 (red), MyoD
(green), MHC (pink) and DAPI (blue) staining revealed FAC
treatment at higher concentration inhibits SCs differentiation;
(H) Fusion index of SCs differentiation with FAC treatment.
N.S.: not significant, ***P< 0.005, by 2-sided Student’s t-test.
Data represent the mean ± SEM.
Figure S5. Related to Figure 2 Tfr1-ablation in myoblasts pre-
vents the proliferation. Pax7+ SCs were isolated from Tfr1fl/fl

mice and culture with F10 medium. Myoblasts were treated
with Adenovirus expression Cre recombinase or GFP as con-
trol. 24-hr later, myoblasts were further treated with EdU
for 24-hr before immunostaining. (A) Representative images
of myoblasts immunostaining with EdU (green), Tfr1 (red)
and DAPI (blue) indicates that Tfr1-ablation inhibits myoblast
proliferation; (B) Number of EdU� and EdU+ myoblasts in to-
tal DAPI+ myoblast from both control and Tfr1-delted group;
(C) Representative images of myoblasts immunostaining with
EdU (red) and DAPI (blue) indicates that Tfr1-ablation inhibits
myoblast proliferation; (D) Stacking bar graph showing the ra-
tio of EdU� and EdU+ myoblasts. N.S.: not significant,
***P < 0.005, by 2-sided Student’s t-test. Data represent
the mean ± SEM.
Figure S6. Related to Figure 2 Tfr1-knockdown in C2C12
myoblasts prevents the differentiation. (A) Schematic
cartoon depicting the experimental design of C2C12 with
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Tfr1 knockdown by gRNAs; (B) Tfr1 protein level in C2C12
myoblasts with Tfr1 knockdown by gRNAs under condition
of growth medium (GM) or differentiation medium (DM);
(C) Representative images of Tfr1 (green) and MHC (purple)
immunostaining in 7 days differentiated C2C12 myoblasts
with Tfr1 knockdown by gRNAs; (D) Fusion index of differen-
tiated C2C12 myoblasts with Tfr1 knockdown by gRNAs;
(E) Scheme of experimental design of C2C12 myoblasts with
Tfr1 siRNA transient transfection; (E) qRT-PCR analysis of
Tfr1 expression in C2C12 myoblasts with transient transfec-
tion of Tfr1 siRNA; (F) Representative image of western blot
of Tfr1 protein expression in C2C12 myoblasts with transient
transfection of Tfr1 siRNAs; (G) Representative images of
Tfr1 (green) and MHC (purple) immunostaining in 3 days
differentiated C2C12 myoblasts with transient transfection
of Tfr1 siRNAs; (H) Fusion index of differentiated C2C12
myoblasts with transient transfection of Tfr1 siRNAs.
**P < 0.01, ***P < 0.005, by 2-sided Student’s t-test. Data
represent the mean ± SEM.
Figure S7. Related to Figure 3 Tfr1-ablation in SCs inhibits SCs
proliferation and skeletal muscle regeneration. (A) qPCR anal-
ysis of Tfr1, Pax7 and MyoD expression in TA muscle from
Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury at 5
and 9 dpi; (B) qPCR analysis of Tfr1, Pax7 and MyoD expres-
sion in TA muscle of Tfr1SC/WT and Tfr1SC/KO mice after
CTX-induced injury at 30 dpi; (C) Representative images of
TA section H.E. staining of Tfr1SC/WT and Tfr1SC/KO mice after
CTX-induced injury at 5 and 9 dpi; (D) Representative images
of TA section Masson staining of Tfr1SC/WT and Tfr1SC/KO mice
after CTX-induced injury at 5 and 9 dpi; (E) Summary of colla-
gen volume fraction on TA section of Tfr1SC/WT and Tfr1SC/KO

mice after CTX-induced injury at 5 and 9 dpi. N.S.: not signif-
icant, ***P < 0.005, by 2-sided Student’s t-test. Data repre-
sent the mean ± SEM.
Figure S8. Related to Figure 4 Gene expression profile in TA
muscle between Tfr1SC/WT and Tfr1SC/KO mice after
CTX-induced injury at 30 dpi. (A) Timeline for
tamoxifen-induced Tfr1 deletion and CTX-induced TA
muscle injury; (B) Heatmap of macrophage-derived foam cell
differentiation related gene expression; (C) Heatmap of colla-
gen biosynthetic process related gene expression; (D)
Heatmap of lipid biosynthetic process related gene expres-
sion; (E) Heatmap of macrophage activation related gene ex-
pression; (F) Heatmap of fatty acid β-oxidation related gene

expression; (G) Heatmap of muscle cell differentiation related
gene expression; (H) Heatmap of tricarboxylic acid cycle re-
lated gene expression; (I) Heatmap of mitochondrial respira-
tory chain complex assembly related gene expression.
Figure S9. Related to Figure 5 TA of Tfr1SC/KO mice has
different metabolic profiling. (A) GSH level in TA muscle
of Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury
(n = 5/group); (B) GSSG level in TA muscle of Tfr1SC/WT and
Tfr1SC/KO mice after CTX-induced injury (n = 5/group); (C) Ra-
tio of GSH/GSSG in TA muscle of Tfr1SC/WT and Tfr1SC/KO mice
after CTX-induced injury (n = 5/group); (D) MDA level in TA
muscle of Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced in-
jury at 30 dpi (n = 5–7/group); (E) Heatmap presenting the
amount of SFAs, MUFAs and PUFA between Tfr1SC/WT and
Tfr1SC/KO mice after CTX-induced injury; (F) PCA of lipid profil-
ing between Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced
injury; (G) Bar graph showing the predicted pathway
enrichment.
Figure S10. Related to Figure 6 Slc39a14-mediated NTBI ab-
sorption exacerbates skeletal muscle ferroptosis for Tfr1SC/
KO mice. (A) Ratio of TA/body weight between Tfr1SC/WT and
Tfr1SC/KO mice after CTX-induced injury at 5, 9 and 15 dpi;
(B-G) qPCR analysis of Slc11a2, Slc39a14, Fth1, Ftl, Hmox1,
Slc3a2 expression in TA muscle of Tfr1SC/WT and Tfr1SC/KO

mice after CTX-induced injury at 5, 9 and 15 dpi; (H) Repre-
sentative western blot images of protein level in TA between
Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury at 30
dpi; (I) Ratio of tissue (TA, iBAT and iWAT)/body weight be-
tween Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury
at 30 dpi. N.S.: not significant, *P < 0.05, **P < 0.01,
***P < 0.005, by 2-sided Student’s t-test. Data represent
the mean ± SEM.
Figure S11. Related to Figure 6 SC-specific Tfr1 deletion in-
duced TA muscle regeneration defect does not perturb sys-
temic metabolism. (A, C, E and G) qPCR analysis of iron
metabolism and thermogenesis related gene expression in
Liver (A), iBAT (C), iWAT (E) and eWAT (G) between Tfr1SC/
WT and Tfr1SC/KO mice after CTX-induced injury at 30 dpi.
(B, D, F and. H) Representative western blot images of protein
level in Liver (B), iBAT (D), iWAT (F) and eWAT (I) between
Tfr1SC/WT and Tfr1SC/KO mice after CTX-induced injury at 30
dpi. N.S.: not significant, **P < 0.01, ***P < 0.005, by
2-sided Student’s t-test. Data represent the mean ± SEM
(n = 6/group).
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