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Abstract

Background Oxidative stress is implicated in the insidious loss of muscle mass and strength that occurs with age. However,
few studies have investigated the role of iron, which is elevated during ageing, in age-related muscle wasting and blunted re-
pair after injury. We hypothesized that iron accumulation leads to membrane lipid peroxidation, muscle wasting, increased
susceptibility to injury, and impaired muscle regeneration.
Methods To examine the role of iron in age-related muscle atrophy, we compared the skeletal muscles of 3-month-old with
22- to 24-month-old 129SvEv FVBM mice. We assessed iron distribution and total elemental iron using laser ablation induc-
tively coupled plasma mass spectrometry and Perls’ stain on skeletal muscle cross-sections. In addition, old mice underwent
ischaemia–reperfusion (IR) injury (90 min ischaemia), and muscle regeneration was assessed 14 days after injury. Immunoblot-
ting was used to determine lipid peroxidation (4HNE) and iron-related proteins. To determine whether muscle iron content
can be altered, old mice were treated with deferiprone (DFP) in the drinking water, and we assessed its effects on muscle
regeneration after injury.
Results We observed a significant increase in total elemental iron (+43%, P < 0.05) and lipid peroxidation (4HNE: +76%,
P < 0.05) in tibialis anterior muscles of old mice. Iron was further increased after injury (adult: +81%, old: +135%,
P< 0.05) and associated with increased lipid peroxidation (+41%, P< 0.05). Administration of DFP did not impact iron or mea-
sures of lipid peroxidation in skeletal muscle or modulate muscle mass. Increased muscle iron concentration and lipid perox-
idation were associated with less efficient regeneration, evident from the smaller fibres in cross-sections of tibialis anterior
muscles (�24%, P < 0.05) and an increased percentage of fibres with centralized nuclei (+4124%, P < 0.05) in muscles of
old compared with adult mice. Administration of DFP lowered iron after IR injury (PRE: �32%, P < 0.05 and POST: �41%,
P < 0.05), but did not translate to structural improvements.
Conclusions Muscles from old mice have increased iron levels, which are associated with increased lipid peroxidation,
increased susceptibility to IR injury, and impaired muscle regeneration. Our results suggest that iron is involved in effective
muscle regeneration, highlighting the importance of iron homeostasis in muscle atrophy and muscle repair.
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Introduction

Ageing is associated with a slow but progressive loss of muscle
mass and strength. Although the degree and onset of muscle
atrophy varies between individuals, there is a ~1% loss of mus-
cle mass each year that commences midlife1 and up to 50% to-
tal loss by the eighth or ninth decade in severe cases.
Depending on the criteria used to define sarcopenia, preva-
lence in 60- to 70-year-olds is 5–13%, increasing to 11–50%
in people older than 80 years.2 Sarcopenia is linked with an in-
creased risk of hospitalization and mortality and increased
healthcare costs.1 It is often associated with co-morbidities in-
cluding metabolic diseases (including diabetes and obesity)
and neurodegenerative diseases (such as Alzheimer’s disease
and dementia), with additional impact on the quality of life
and health care.3,4 The incidence of sarcopenia is predicted
to increase from 50 million people today to >200 million
worldwide over the next 40 years,5 highlighting the critical
need to develop effective interventions.

Accumulation of oxidative stress is implicated in tissue im-
pairment with age.6 To date, only a few studies have investi-
gated whether iron, an abundant pro-oxidant that elevates in
muscle with age, is linked with age-related muscle atrophy.7,8

These have focused primarily on free Fe2+ and its ability to
produce reactive oxygen species (ROS) via the Fenton
reaction (reviewed in Atamna9). Limited information exists
regarding the location and modulation of muscle iron, the
interaction of iron-containing proteins, and downstream
implications beyond Fenton chemistry, such as lipid
peroxidation.10 The study of iron homeostasis in skeletal
muscle has been complicated by technical constraints.
Studies reporting iron overload in old muscle have employed
a variety of methods on homogenates of whole muscle,7,11–13

but quantification of iron in these preparations cannot distin-
guish muscle fibres from fibrosis, infiltrating inflammatory
cells, adipocytes, fibro/adipogenic progenitors, and muscle
stem cells. This is important because macrophages can take
up and recycle iron. Thus, an iron overload in muscle may
result from increased presence of macrophages rather than
iron accumulation in the muscle fibres per se.14 More sophis-
ticated methods are needed to assess iron concentrations in
skeletal muscle, the tissue containing approximately
10–15% of total body iron.15

Ferritin, the primary storage protein, is often used as a
hallmark of iron overload. Iron is found stored either in ferri-
tin or in haem proteins, including haemoglobin, myoglobin,
cytochromes, haem thiolates, and non-haem iron and en-
zyme co-factors.16 Iron is essential for cell respiration and
other enzymatic processes that are abundant in highly meta-
bolic tissue such as skeletal muscle, and so investigations of
iron overload must consider multiple iron-containing proteins
because their implications could differ. Regardless of the pre-
cise location of iron, excess iron in skeletal muscle may also
impact the susceptibility of this tissue to injury and its ability

to regenerate. For example, mice with iron overload (via
intraperitoneal injection) had decreased expression of satel-
lite cell markers and delayed muscle regeneration after injury,
as evident from the decrease in the size of regenerating
myofibres, reduced expression of myoblast differentiation
markers, and signalling pathways involved in cell growth
(MAPK).13 Furthermore, iron overload suppressed the differ-
entiation of C2C12 myoblasts. Because a role for iron in injury
and repair has only been investigated through systemic ad-
ministration of iron,13 a more detailed investigation on the
critical role of iron in the regulation of skeletal muscle mass,
metabolism, and repair is needed, particularly in a clinically
relevant model of muscle injury in old mice.

As an accumulation of iron in tissues is associated with
increased oxidative stress,17 we hypothesized that iron accu-
mulation in muscles of old mice would increase membrane
lipid peroxidation leading to muscle wasting, increased sus-
ceptibility to injury, and impaired muscle regeneration. The
aims were to determine (i) the changes in iron homeostasis
in skeletal muscle during ageing and (2) whether treatment
with an iron chelator (DFP) could redistribute iron from
muscle with beneficial effects on skeletal muscle mass and
recovery after injury.

Methods

Animals

All experiments were approved by the Animal Ethics Commit-
tee of The University of Melbourne and conducted in accor-
dance with the Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes as stipulated by the
National Health and Medical Research Council (Australia).
Male and female mice were used for all experiments. During
the intervention, all mice were housed under a 12:12 h
light–dark cycle with temperature control in the Biological
Research Facility (The University of Melbourne) and moni-
tored weekly. Wild-type 129SvEv FVBM (3- and 22- to
24-month-old) mice were sourced from Taconic Biosciences
(Rensselaer, NY, USA). C57BL/6 mice (4 months old) were
sourced from Animal Resources Centre (Canning Vale, WA,
Australia).

Experimental outline

Deferiprone administration
Deferiprone (3-hydroxy-1,2-dimethyl-4(1H)-pyridine; Sigma-
Aldrich, Castle Hill, NSW, Australia) was dissolved in the
drinking water. For long-term (12 week) DFP treatment,
129SvEv FVBM mice were treated with 100 mg/kg DFP (Ayton
et al.18). For short-term DFP treatment, mice were assigned
to be treated with (i) 150 mg/kg DFP for 1 week prior to
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ischaemia–reperfusion injury (IRI) or (ii) 150 mg/kg DFP for
2 weeks after IRI. Long-term (12 week) DFP treatment was
conducted in old 129SvEv FVBM mice (starting at 19 months).

Ischaemia–reperfusion injury
The IRI model has clinical relevance to the ageing popula-
tion as some surgeries in older patients (including joint
replacements and limb revascularization) require temporary
occlusion of blood flow, which induces ischaemia and com-
promises the muscle’s local milieu. In addition, it is also well
established that limb ischaemia and reperfusion can result
in severe damage via the generation of ROS.19–21 The initial
ischaemia–reperfusion (IR) time course was conducted in
C57BL/6 mice (4 months old). Mice were anaesthetized
via intraperitoneal injection (100 mg/kg ketamine and
10 mg/kg xylazine, Clifford Hallam Healthcare, Eastern
Creek, NSW, Australia) with further maintenance of anaes-
thesia via oxygen–isoflurane (Isoflurane SomnoSuite, Kent
Scientific, Torrington, CT, USA) in an anaesthetic chamber,
2–3% at 0.5 L/min. Once anaesthetized and non-responsive
to tactile stimuli (tail/toe pinch), orthodontic rubber bands
(Dentaurum Australia, Mortlake, NSW, Australia) were posi-
tioned high on the right hindlimb (Crawford et al.22). The
occlusion of blood vessels and reduction in blood flow were
assessed via laser Doppler imaging (Moor Instruments,
Axminster, UK) before, during, and after ischaemia (immedi-
ately after reperfusion commenced). After 90 min of
ischaemia, the bands were removed using small scissors,
blood flow restored to the hindlimb, and animals recovered
on a heat pad until fully conscious. Mice were killed via
cervical dislocation at 4 h, 1 day, 3 days, 7 days, and 14 days
after IR injury, and selected tissues were collected and
stored at �80°C for later analysis.

For age comparison experiments, 3-month-old (adult) and
22- to 24-month-old 129SvEv FVBM mice (old) were used. IRI
was performed as described earlier. Endpoint measurements
and samples were collected 14 days after IRI. Mice were
killed as stated earlier.

Whole-body functional assessments

Grip strength
Forelimb strength was assessed using a grip strength metre
(Columbus Instruments, Columbus, OH, USA).23 Briefly, mice
grasped a triangular metal ring connected to a force trans-
ducer while the tail was held and pulled gently until the grip
was broken. Peak force was measured in kilograms. Each
mouse performed the test five times within 2 min, with
adequate rest time (30 s) between attempts.

Body composition
Before and after recovery from IRI, whole-body composition
was analysed using magnetic resonance relaxation analysis

of live body composition of fat tissue, lean tissue, free water,
and total water (LF50, Bruker, Billerica, MA, USA).

Metabolic measurements
Mice were housed individually for 1.5 days in airtight calorime-
try chambers connected to a multiplexed gas sensor unit to
assessVO2andVCO2 (Promethion; SableSystems International,
North Las Vegas, NV, USA). The respiratory exchange ratio was
calculated as VCO2/VO2. Energy expenditure was calculated
from VO2 and respiratory exchange ratio using Weir constants
and normalized to leanmass.24 Food andwater intake were re-
corded every 15 min. Physical activity was recorded via beam
breaks (BXYZ Beambreak Activity Monitor; Sable Systems
International), and mice had access to a running wheel.

Endpoint measurements

Tissue collection
At the end of the treatment period, mice were anaesthetized
with 0.2 mL of sodium pentobarbitone (Nembutal; 60 mg/kg;
Sigma-Aldrich, intraperitoneal injection) and killed via cervical
dislocation followed by cardiac excision. Skeletal muscles of
the hindlimb [tibialis anterior (TA), gastrocnemius, extensor
digitorum longus, and soleus], heart, kidney, spleen, and liver
were excised, weighed, snap frozen in liquid nitrogen, and
stored at �80°C for later analysis. Half of the TA muscles
were mounted in optimal cutting temperature embedding
compound (Tissue-Tek, Sakura Finetek, Torrance, CA, USA),
frozen in liquid nitrogen-cooled isopentane, and stored at
�80°C for later analysis. The tibia bone was dissected, and
length was measured using digital callipers.

Blood serum collection
Blood was collected from the intact heart. Whole blood drop-
lets were used to measure resting blood glucose using a
blood glucose meter (Accu-Chek, North Ryde, NSW, Australia)
and resting haematocrit levels (HemoCue® Hb 201+ System,
Mt Waverley, VIC, Australia).

Biochemical analysis

Protein extraction and immunoblotting
Tibialis anterior muscles (10–30mg) were homogenized in ice-
cold buffer (TBS; 50 mM Tris–Cl, pH 7.6; 150 mM NaCl; Sigma-
Aldrich; in Milli-Q H2O) containing 2% (v/v) cOmplete™

EDTA-free protease inhibitor (Roche, Hawthorn, VIC,
Australia) in tubes containing a 1.0 mm zirconia/silica beads
(Daintree Scientific, St Helens, TAS, Australia) using a cooled
Precellys 24® tissue homogenizer (1 cycle of 20 s at 5500 r.p.
m.; Sapphire Bioscience, Redfern, NSW, Australia). After brief
centrifugation, whole homogenates were transferred to a
new set of tubes and then rotated at 4°C for 10 min. Lysates
were centrifuged for 15 min at 15 000 g., and the supernatant
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was collected. Total protein concentration of the supernatant
was determined using the Bio-Rad DC protein assay kit per the
manufacturer’s instructions (Bio-Rad Laboratories,
Gladesville, NSW, Australia).

Homogenates (0.5–1 μg/μL) were denatured at 95°C in 4×
Laemmli sample buffer containing dithiothreitol (Sigma-
Aldrich) for 5 min. Protein (5–10 μg) was separated by
4–20% SDS-PAGE (Criterion TGX Stain-Free Precast Gels;
Bio-Rad Laboratories) for 1.5 h at 150 V. Proteins were trans-
ferred onto 0.2 μM nitrocellulose membranes using the
Transblot Turbo system (Bio-Rad Laboratories), with a con-
stant output of 25 V for 7 min. Proteins were visualized prior
to and following transfer using the ChemiDoc™ MP Imaging
System (Bio-Rad Laboratories). Membranes were blocked
using 5% BSA in TBST at room temperature for 2 h and then
incubated in primary antibodies in 5% BSA in TBST overnight
at 4°C [4HNE, ALAS-1, cytochrome c, FTH, PGC-1a, COX IV,
myoglobin (Abcam, Cambridge, UK), ACSL4 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and TFR1 (Alpha
Diagnostic, San Antonio, TX, USA)]. Membranes were washed
five times with TBST (5 min each) prior to incubation with an
appropriate horseradish peroxidase-conjugated secondary
antibody. Membranes were washed five times with TBST,
and proteins were visualized with SuperSignal® West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific,
Scoresby, VIC, Australia) using the ChemiDoc™ MP Imaging
system (Bio-Rad Laboratories). The density of bands was
quantified using Image Lab software (Bio-Rad Laboratories)
and normalized to total protein. Images of stain-free gels
were used to quantify total protein loading for each lane.

Citrate synthase enzyme activity

Gastrocnemius muscles were homogenized using a cooled
Precellys 24 tissue homogenizer (1 cycle of 20 s at 5500 r.p.
m.; Sapphire Bioscience) in homogenizing buffer [10 mM Tris
HCl (pH 7.4), 100 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1%
Triton X-100, 10% glycerol, 0.1% SDS, 20 mM Na4P2O7,
2 mM Na3VO4, 1 mM NaF, 0.5% sodium deoxycholate, and
1 mM PMSF]. The homogenates were frozen under liquid
nitrogen and thawed four times to disrupt the mitochondria
to expose citrate synthase. Total muscle protein was
determined in triplicate by the method of Bradford, and the
protein concentration of all samples was equalized. Citrate
synthase activity was determined, normalized to total protein
content, and expressed in nanomole per milligram protein
per minute, as described previously.25,26

RNA extraction and quantitative PCR

Total RNA was extracted from 10–20 mg of TA muscle using a
commercially available kit, according to the manufacturer’s

instructions (RNeasy Mini Kit, Qiagen, Chadstone, VIC,
Australia). RNA quality and concentration were determined
using the Nanodrop 1000 (Thermo Fisher Scientific).
First-strand cDNA was generated using the iScript™ Reverse
Transcription Supermix according to manufacturer’s instruc-
tions (Bio-Rad Laboratories). Quantitative PCR was per-
formed in duplicate using the Bio-Rad CFX384 PCR system
(Bio-Rad Laboratories) with reaction volumes of 10 μL,
containing SsoAdvanced™ Universal SYBR® Green Supermix
(Bio-Rad Laboratories), forward and reverse primers, and
cDNA template (2 ng/μL). Data were analysed using a com-
parative quantification cycle (Cq) method where the amount
of target was normalized to cDNA content (ng/mL × 10–12).
CDNA content was determined using Quant-iT™ OliGreen™

ssDNA Assay Kit, as per the manufacturer’s instructions.
Primers were designed using NCBI primer Basic Local Align-
ment Search Tool (BLAST), and specificity was confirmed
using BLAST. A melting point dissociation curve was gener-
ated by the PCR instrument for all PCR products to confirm
the presence of a single amplified product. Primer sequences
are listed in Table 1 or described elsewhere.23,27–29

Histology

Serial sections (10 and 30 μm) were cut transversely
through the TA muscle using a refrigerated (�2°C) cryostat
(CTI Cryostat; IEC, Needham Heights, MA, USA). Sections
were stained with haematoxylin and eosin (H&E) to deter-
mine general muscle architecture30; CD68/F480 for deter-
mination of macrophage infiltration31; modified Perls’
stain for iron deposition32; and Van Gieson’s stain for
collagen deposition.23

Digital images of H&E and CD68/F480/DAPI in Figures 1
and 2 and Supporting Information, Figure S1 were obtained
using an upright microscope with camera (Axio Imager D1;
Carl Zeiss, Wrek, Göttingen, Germany), controlled by
AxioVision AC software (AxioVision AC Rel. 4.8.2; Carl Zeiss
Imaging Solutions, Wrek, Göttingen, Germany). Images were
quantified with AxioVision 4.8.2 software. Digitally captured
images (×120 magnification) with a minimum of three fields
of view per muscle cross-section were processed and
analysed.

For all other imaging, slides were submitted for digitaliza-
tion at the Australian Phenomics Network Histopathology
and Organ Pathology slide scanning service (Melbourne, VIC,
Australia; manufacturer: 3DHISTEC; model: PANNORAMIC
SCAN II; objective: Carl Zeiss Plan-Apochromat 20×/NA 0.8,
using a Point Grey Grasshopper 3CCD monochrome camera
with LED-based RGB illumination unit). Scans were viewed,
and images were taken using CaseViewer software.
Subsequent analysis was performed using Fiji software.33
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Laser ablation inductively coupled plasma mass
spectrometry

Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) experiments were carried out as described
previously for tissue imaging34,35 and μ-droplet analysis.36 A
NewWave Research NWR213 laser ablation system (Kenelec
Scientific, Mitcham, VIC, Australia) with a standard 2 V cell
was used for all analyses. Argon was used as the carrier gas
(1.2 L/min). All measurements were performed using an
Agilent 8800 triple quadrupole ICP-(QQQ)-MS system with
‘cs’ lenses. The ICP-QQQ-MS system used was previously
optimized to ‘no gas’ tuning parameters to maximize ion
focusing and transmission via the Q2 ion-guide and collision/
reaction cell.37

For tissue imaging, silica glass microscope slides
(Menzel-Gläser Superfrost® Plus; Thermo Fisher Scientific)
with 30-μm-thick muscle sections were placed in a
10 × 10 cm ablation cell together with matrix-matched ele-
mental standards for quantitative analysis. Muscle sections
were ablated with a 60 μm square beam laser using a series
of rasters and a scanning speed of 240 μm/s and elemental
data collected for carbon (13C), phosphorus (31P), and iron
(56Fe). For high-resolution images for Perls’ stain matching, se-
lected sections were ablated with a 15 μm square beam laser
using a series of rasters and a scanning speed of 30 μm/s.

For μ-droplet analysis,35,36 up to 150 droplets (0.5 μL) of
samples and standards were deposited onto microscope
slides manually in triplicates. Standards and samples were de-
posited in rows within the 5 × 2.5 cm working area of a single
slide and then air dried in a particle-free environment over-
night. A square beam 100 μm wide scanned at 200 μm/s
and 0.3–0.5 J/cm2 fluence laser power was used to remove
all deposited material while not ablating the supporting glass
(minimum fluence threshold for ablation of silicate glass
2.4 J/cm238), resulting in a total analysis time of approxi-
mately 8–14 h per slide. The ICP-QQQ-MS system was
configured to measure the mass-to-charge (m/z) ratios for
elements carbon (13C), phosphorus (31P), magnesium
(24Mg), calcium (44C), and iron (56Fe).

Single-line scans from LA-ICP-MS analysis (as.csv files)
were collated into hyperspectral images using iolite (v.3;
The University of Melbourne, Parkville, VIC, Australia) with
the Biolite add-on for image analysis30 (Figure 1E; see Hare

et al.35 for a visual tutorial). Modifications to the image anal-
ysis code were made using Igor Pro (v7; WaveMetrics, Inc.,
Portland, OR, USA). Region of interest tool was used to
extract mean (x¯) counts per second for each m/z from the
desired area. For μ-droplet analysis, external calibration was
performed via linear regression analysis using a 4-point
(including matrix blank) calibration curve in Prism (v7,
GraphPad Software Inc., La Jolla, CA, USA). All μ-droplet dilu-
tion series were analysed in triplicate or as otherwise stated.

Statistical analysis

Data were analysed with GraphPad Prism software Version 7
(GraphPad Software Inc.). Unpaired t-tests were used for
comparisons between two groups. For comparisons between
more than two groups, a one-way or two-way analysis of
variance was used, as appropriate, with Tukey’s post hoc
multiple comparisons test when significance was detected.
The level of significance was set at P < 0.05 for all compari-
sons. All values are presented as mean ± standard error of
the mean.

Results

Old 129SvEv FVBM mice exhibit sarcopenia

Old 129SvEv FVBM mice (22–24 months; n = 12) showed
structural and functional muscle impairments compared with
younger adult FVBM mice (3 months; n = 12). Old mice had a
significantly higher body mass (+53%, P < 0.05; Figure 1A)
and altered body composition compared with adult mice;
more body fat (+207%, P < 0.05; Figure 1B) and free water
(+28%, P < 0.05; Figure 1B); and reduced lean tissue mass
(�29%, P < 0.05; Figure 1B). Hindlimb muscle masses were
lower relative to body mass, including the TA (�41%,
P < 0.05; Figure 1C), gastrocnemius (GAST: �33%,
P < 0.05; Figure 1C), and extensor digitorum longus (EDL:
�45%. P < 0.05, Figure 1C). In addition to old mice having
smaller muscles, individual muscle fibre diameter (in TA mus-
cles, Figure 1E) was reduced (�14%, P< 0.05; Figure 1F) with
signs of regeneration, demonstrated by the increased num-
ber of fibres with centralized nuclei (+2275 %, P < 0.05;

Table 1 Primer sequences for RNA extraction and quantitative PCR of tibialis anterior muscles

Gene name GenBank accession no. Forward sequence (5′–3′) Reverse sequence (5′–3′) Amplicon length

Alas-1 NM_001291835.1 CATTCGACATTTGACAGGCGG GCCAGACAACGCAAAGAGTC 120
Cpt-1 NM_009948 GTCGCTTCTTCAAGGTCTGG AAGAAAGCAGCACGTTCGAT 232
Cox IV NM_009941 ACTACCCCTTGCCTGATGTG GCCCACAACTGTCTTCCATT 188
F4/80 NM_010130.4 CATCAGCCATGTGGGTACAG CATCACTGCCTCCACTAGCA 251
CD163 NM_001170395.1 CCTCTGCTGTCACTAACGCT TTCATTCATGCTCCAGCCGT 143
CD80 NM_001359898.1 ACAACAGCCTTACCTTCGGG TTTGCAGAGCCAGGGTAGTG 179
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Figure 1 Old mice (22–24 months, n = 12) showed structural and functional muscle decline compared with adult mice (12 weeks, n = 12). (A) Old mice
had a significantly higher body mass and (B) more body fat and free water and lower overall lean body mass. (C) Old mice had smaller hindlimb mus-
cles relative to body mass, tibialis anterior (TA), gastrocnemius (GAST), and extensor digitorum longus (EDL), (D) but unchanged when normalized to
tibia length. (E) Haematoxylin and eosin-stained and Van Gieson-stained TA muscle cross-sections revealed (F) reduced fibre diameter, (G) a higher
percentage of centralized myonuclei, (H) increased fibrosis, and (I) Col1a1 and Col3a1 mRNA normalized to cDNA content. Old mice showed functional
decline evident from (J) reduced raw grip strength and (K) reduced maximum running distance over a 24 h period. When mice were placed in meta-
bolic cages for a 24 h period (6 a.m. to 6 p.m. light and 6 p.m. to 6 a.m. dark), analysis of metabolic parameters revealed age-related reductions in (L)
metabolic rate (kcal/h), (M) VO2 (mL/min), (N) VCO2 (mL/min), and (O) respiratory quotient (RQ). Data presented as mean ± standard error of the
mean. Data were analysed using Student’s t-test (A–G) and two-way analysis of variance with Sidak’s post hoc test (I–L). *P ≤ 0.05 and #P ≤ 0.1.
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Figure 2 Old mice (22–24 months, n = 6) show iron (Fe) dysregulation across multiple organs compared with adult mice (12 weeks, n = 6). Analysis of
several key organs showed consistent iron elevation in old mice (A). Iron levels were unchanged in whole blood but significantly lower in serum of old
mice (B). Total elemental iron elevation in tibialis anterior (TA) was present in laser ablation inductively coupled plasma mass spectrometry images
highlighting all oxidative states of Fe normalized to phosphorus (P) (C, D) and modified Perls’ stain (brown = ferric Fe

3+
deposits) (E, F). Western blots

of homogenized TA muscles showed significant increases in ferritin (FTH), decreases in 5′-aminolevulinate synthase 1 (ALAS-1) and cytochrome c (CYT-
C), and no change in transferrin receptor 1 (TFR 1), glutathione peroxidase-4, (GPX-4), acyl-CoA synthetase long-chain family member 4 (ACSL4), and
myoglobin (MB) (G). Lipid peroxidation was determined using an antibody against 4HNE (H) and inflammation by CD68 area as a percentage of total
muscle area (I). Data presented as mean ± standard error of the mean. Data were analysed using Student’s t-test. *P ≤ 0.05.
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Figure 1G) and increased deposition of fibrosis (TA: +117%,
P < 0.05, Figure 1H) associated with increased Col1a1 and
Col3a1 mRNA expression (Figure 1I).

In old mice, forelimb strength and whole-body function
were reduced, as evidenced by reduced grip strength
(�15%, P < 0.05; Figure 1J) and running distance over a
24 h period (light: �87% and dark: �71%, P < 0.05; Figure
1K). Metabolic assessments in old mice over a 24 h period
(6 a.m. to 6 p.m. light and 6 p.m. to 6 a.m. dark) using
Promethion metabolic cages revealed reductions in energy
expenditure (light: �30% and dark: �43%, P < 0.05; Figure
1L), oxygen consumption (VO2 in mL/min; light: �29% and
dark: �43%, P < 0.05; Figure 1M), carbon dioxide production
(VCO2 in mL/min; light: �32 and dark: �44%, P < 0.05;
Figure 1N), and respiratory quotient (light: �4% and dark:
�3.5%, P < 0.1; Figure 1O).

Muscles from old mice have increased intracellular
iron and lipid peroxidation

Iron dysregulation was present systemically in old mice. Mul-
tiple tissues from old mice exhibited increased iron levels in
tissue homogenate from multiple organs: liver (+116%,
P < 0.05), fat (+313%, P < 0.05), and kidney (+75%,
P < 0.05) (Figure 2A). Total elemental iron concentration
was lower in the serum of old compared with adult mice
(P < 0.05; Figure 2B). To determine spatial distribution of
iron, iron was measured via LA-ICP-MS in the TA muscle,
which showed significantly higher iron abundance in old mice
(+43%, P < 0.05; Figure 2C and 2D). Similarly, when iron was
assessed via modified Perls’ stain that measures only ferric
iron (Fe3+), we observed a significant increase (+60%,
P < 0.05; Figure 1E and 1F) in muscles of old mice.

Importantly, iron was observed to be increased in muscle,
and infiltration of macrophages could not account for the
bulk iron changes. While the iron storage protein ferritin
(FTH) was increased (+50%, P < 0.05; Figure 2G), the rate-
limiting enzyme for haem synthesis, ALAS-1, was decreased
(�36%, P < 0.05) along with CYT-C, a haem-containing mito-
chondrial protein important for respiration (�35%, P < 0.05)
(Figure 2G). No changes were observed in mRNA (Figure S1A)
and protein expression (Figure S1B) of other selected mito-
chondrial markers and citrate synthase activity (Figure 1C).
Iron is well known to generate oxidative stress via the Fenton
reaction. To determine whether the iron overload in skeletal
muscle was associated with increased lipid peroxidation, we
performed immunoblot analysis of 4HNE, a validated marker
for lipid peroxidation. Muscles of old mice showed a concom-
itant increase of iron and lipid peroxidation (+76%, P < 0.05;
Figure 2H). GPX4 is the checkpoint for membrane phospho-
lipid peroxidation, and this was not significantly decreased
in the muscle of old mice. ACSL4 is a protein required for
the esterification of polyunsaturated fatty acids, which is a

necessary requirement for iron-induced peroxidation of
lipids, but this protein was not changed in muscle either.
Although we observed an increase in Cd68 (+513,
P < 0.05), Cd206 (+275, P < 0.1), Cd80 (+395, P < 0.1), and
Ccl2 (+447, P < 0.05) mRNA expression in old mice
(Figure S1D), iron overload was not associated with an in-
creased infiltration of inflammatory cells (Table 2), and the
amount of CD68-positive cells in muscle cross-sections from
adult and old mice was not different (Figure 2I). Total iron
was positively correlated (Pearson’s r) with FTH (r: 0.687
and P = 0.0006), lipid peroxidation (4HNE; r: 0.9300
and P < 0.0001), and fibrosis (r: 0.7181 and P = 0.0001)
(Table 2).

Chronic deferiprone treatment counteracts iron
overload in the liver but not muscle in old mice

We tested the hypothesis that iron chelation would reduce
skeletal muscle iron concentration and subsequently attenu-
ate lipid peroxidation. We treated old mice with a commonly
used iron chelator DFP (100 mg/kg/day) for 12 weeks
(Figure 3A). DFP treatment did not affect resting blood
glucose (Figure 3B) or blood haematocrit (Figure 3C). DFP
treatment did not result in changes in TA muscle mass
(Figure 3D), body composition (Figure 3E), maximum grip
strength (Figure 3F), or running distance (Figure 3G). In
addition, chronic DFP treatment did not lower iron in two
different muscles with varying fibre type distributions, that
is, the TA (predominantly fast) and SOL (predominantly slow)
muscles (Figure 3H). Similarly, iron-related proteins (FTH and
MB) and lipid peroxidation (4HNE) were not different
between groups (Figure 3I).

To determine the effect of systemic DFP treatment,
multiple organs were subsequently assessed for changes in
iron. DFP lowered iron only in the liver (�55%, P < 0.05;

Table 2 Correlation analyses in muscles from young and old mice

Fe vs. r P

FTH 0.6873 0.0006****
4HNE 0.9300 <0.0001****
Fibrosis 0.7181 0.0001***
CYT-C �0.7080 0.0003***
CS �0.2241 0.3041, ns
CD68 0.3543 0.1152, ns
Modified Perls’ 0.9569 <0.0001****

Uninjured and injured hindlimbs of adult and old mice were pooled
together (n = 24). Total iron (Fe measured by laser ablation induc-
tively coupled plasma mass spectrometry) was positively correlated
(Pearson’s r) with iron storage protein ferritin (FTH), lipid peroxida-
tion (4HNE), fibrosis (Van Gieson’s), haem protein cytochrome c
(CYT-C), and ferric iron determined by modified Perls’ stain. No cor-
relation was found in a marker of mitochondria content, citrate
synthase activity (CS), and immunohistochemistry of inflammatory
mediator cluster of differentiation 68 (CD68). CS was measured in
the gastrocnemius muscles. All other measurements were taken
from the tibialis anterior muscles.
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Figure 3 Old mice (18 months) were treated with deferiprone (DFP: 100 mg/kg/day; n = 13) or control administered via drinking water (n = 8) for
12 weeks (A). There was no change in resting blood glucose (B) and haematocrit (C) levels from whole blood or tibialis anterior muscle mass (TA)
(D) and body composition (E). Functional analysis performed during Week 12 also showed no change in maximum grip strength (F) or running distance
(G). Iron levels were analysed via laser ablation inductively coupled plasma mass spectrometry in two muscles with different muscle fibre type distri-
butions, TA (predominantly fast) and soleus (SOL; predominantly slow), but no changes were evident (H). Key iron-related proteins in the TA muscle
were also unchanged (I). Iron levels for the liver, spleen, kidney, fat, and heart were analysed via laser ablation inductively coupled plasma mass
spectrometry, but only the liver showed a significant reduction with treatment (J). Western blots showed that ferritin was reduced in the liver but
not kidney (K); however, lipid peroxidation (4HNE) was unchanged in both liver and kidney (L). Data presented as mean ± standard error of the mean.
Data were analysed using Student’s t-test. *P ≤ 0.05.
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Figure 3J). Ferritin protein expression but not lipid peroxida-
tion was decreased in the liver (�55%, P < 0.05; Figure 3K
and 3L).

Iron is increased during the later stages of muscle
repair after ischaemia–reperfusion injury in adult
C57BL/6 mice

We conducted a time course study to assess the biochemical
events and severity of insult after IRI. Early time points
showed an increase in TA mass (4 h: +24%, P < 0.05 and
1 day: +24%, P < 0.05; Figure S2B), which coincided with
an increase in [Ca2+] (4 h: +660%, P < 0.05 and 1 day:
+645%, P < 0.05; Figure S2E), indicative of increased oedema
and swelling after ischaemia. By Day 7, TA mass showed a
trend to decrease (�11%, P < 0.1; Figure S2B), but muscle
mass was restored by Day 14. Infiltration of inflammatory
cells occurred after oedema and swelling at Day 3 (CD68:
+178%, P < 0.05 and F480: +567%, P < 0.05) and Day 7
(CD68: +1520%, P < 0.05 and F480: +3286%, P < 0.05)
(Figure S2C and S2F). Iron concentrations were increased at
Day 7 (+75%, P < 0.05) and remained elevated at Day 14
(70%, P < 0.05) (Figure S2D), when regenerated fibres have
prominent centralized nuclei (Figure S2A). Fibrosis elevation
preceded and overlapped with both inflammation and iron
occurring at Day 1 (+530%, P < 0.05) to Day 14 (+1358%,
P < 0.05, Figure 2G).

Elevated iron in muscles of old mice is associated
with impaired or delayed regeneration after
ischaemia–reperfusion injury

Based on our time course experiments in young C57BL/6
mice, we assessed changes in iron at Day 14 after IR injury
in adult and old 129SvEv FVBM mice. Iron concentration
was increased 14 days after injury in adult 129SvEv FVBM
mice (+81%, P < 0.05) but increased to a greater extent in
old mice despite the higher basal iron (+135%, P < 0.05;
Figure 4A). The iron elevation in muscles of old mice was as-
sociated with an increased elevation in lipid peroxidation
(4HNE: +41%, P < 0.05; Figure 4B), increased ferritin (adult:
+75%, P < 0.05 and old: +131%, P < 0.05; Figure 4C), and in-
creased fibrosis (adult: +579%, P < 0.05 and old: +527%,
P < 0.05; Figures 4G and S3A). The mRNA expression of col-
lagen mediators Col1a1 and Col3a1 was significantly in-
creased after injury in the muscles of old mice (Col1a1:
+4264%, P < 0.1 and Col3a1: +3254%, P < 0.05;
Figure S3B). Injured muscles in adult and old mice had in-
creased myoglobin (adult: +153%, P < 0.05 and old: +143%,
P < 0.05; Figure 4D). Cytochrome c protein expression
(Figure 4E) and citrate synthase activity (Figure 4F) were

not significantly affected by IR injury but were significantly re-
duced in the muscles of old mice.

The increased muscle iron concentration and lipid peroxi-
dation were associated with less efficient regeneration,
evident from the smaller fibres in cross-sections of TA
muscles (�24%, P < 0.05; Figure 4H) and an increased per-
centage of fibres with centralized nuclei (+4124%, P < 0.05;
Figure 4I) in muscles of old compared with adult mice.

The total amount of elemental iron (LA-ICP-MS; Figure 4K)
corresponded to increased ferric iron, as shown in represen-
tative images with the modified Perls’ stain where iron accu-
mulation occurred within muscle fibres (adult: +57%,
P< 0.05 and old: +110%, P< 0.05; Figure 4O and 4P). Inflam-
mation, assessed as CD68 infiltration (Figure 4L and 4M) and
mRNA expression (Figure S3C) and the percentage of
non-muscle tissue (Figure 4N), was not different between
groups but highly variable.

Deferiprone treatment before or after ischaemia–
reperfusion injury does not improve muscle
regeneration in old mice

Treatment with DFP 7 days before IR injury (150 mg/kg/day)
or during recovery (14 days DFP: 150 mg/kg/day) reduced to-
tal elemental iron (PRE: �32%, P < 0.05 and POST: �41%,
P < 0.05; Figure 5A and 5I) and ferric iron (POST: �31%,
P < 0.05; Figure 5B and 5J). Despite the reduction in skeletal
muscle iron, there was no change in fibre diameter
(Figure 5C), level of inflammatory cell infiltration (Figure 5D
and 5E), or percentage of fibres with centralized nuclei
(Figure 5F). Haematoxylin and eosin staining of muscle
cross-sections showed increased non-muscle tissue (adipo-
cytes) within muscles treated with DFP (PRE: +155%,
P < 0.05 and POST: +127%, P < 0.05; Figure 5G and 5H), in-
dicating that chelating iron within the setting of injury repair
may be detrimental to muscle regeneration. The Van
Gieson’s staining revealed that the non-muscle tissue was
not associated with fibrosis as fibrotic infiltration was not dif-
ferent between groups (Figure S4A and S4B). Iron was nega-
tively correlated with non-muscle tissue (Table 3). Citrate
synthase activity was significantly reduced by DFP-PRE treat-
ment (�27%, P < 0.05, Figure S4E), whereas protein expres-
sion of PGC-1a and COX IV was not altered significantly. We
did not observe overt changes in mRNA expression of
inflammatory markers following DFP treatment (Figure S4D
and S4F).

Discussion

Excessive oxidative stress is a well-known contributor to mus-
cle atrophy as observed in mammalian ageing.6 To date, few

Iron accumulation in skeletal muscles of old mice 485

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 476–492
DOI: 10.1002/jcsm.12685



Figure 4 Adult and old mice (n = 6 per group) were subject to ischaemia–reperfusion injury (IRI) and 14 days of recovery. This involved application of
an orthodontic rubber band above the knee to the right leg (I = injured) for a 90 min period of ischaemia and subsequent reperfusion. Injured legs
were compared with contralateral left uninjured legs (C = control). Grey = adult and red = old. Total elemental iron elevation in tibialis anterior
(TA) muscles was increased (A) along with lipid peroxidation (4HNE) (B) and ferritin (FTH) (C). Myoglobin (MB) was increased in both injured legs
(D), and cytochrome c (CYT-C) (E) and citrate synthase activity were decreased with age (F). Injured legs from old mice had increased fibrosis
(Van Gieson’s) (G) and a smaller fibre diameter (H) determined from haematoxylin and eosin-stained sections of TA muscles (I) and an increased per-
centage of centralized nuclei (J). The total amount of elemental iron (laser ablation inductively coupled plasma mass spectrometry; K) corresponded to
increased ferric iron, as shown in representative images of the modified Perls’ stain (O) (brown = ferric Fe3+ deposits) and quantified (P). Inflammation
based on F4/80 and CD68 infiltration (L, M) and percentage of non-muscle tissue (N) was not significant between adult and old mice, although the data
were highly variable. Data presented as mean ± standard error of the mean and analysed using two-way analyses of variance with Sidak’s post hoc test.
*P ≤ 0.05 and #P ≤ 0.1. ‘$’ indicates a magnitude effect between adult and old mice.
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Figure 5 Control old mice (n = 6) were subject to ischaemia–reperfusion injury (IRI) prior to 14 days of recovery. DFP-PRE old mice (n = 4) were treated
with DFP (150 mg/kg/day) for 7 days prior to IRI, and DFP-POST old mice (n = 5) were treated with DFP (150 mg/kg/day) for 14 days after IRI. This
involved application of an orthodontic rubber band above the knee of the right leg for 90 min of ischaemia with subsequent reperfusion. Injured legs
were compared between treatment groups. Both treatment approaches reduced total elemental iron (A, I) and iron, as shown in representative images
of the modified Perls’ stain (J) (brown = ferric Fe3+ deposits) and quantified (B). Fibre diameter (C), percentage of centralized myonuclei (F), and level of
inflammatory cell infiltration (D, E) were unchanged. Observations of haematoxylin and eosin staining showed an increase in non-muscle tissue
(adipocytes) within muscles treated with DFP (G, H). Data presented as mean ± standard error of the mean. Data were analysed using one-way anal-
yses of variance with Tukey’s (A) post hoc test. *P ≤ 0.05.

Iron accumulation in skeletal muscles of old mice 487

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 476–492
DOI: 10.1002/jcsm.12685



studies have investigated links between iron, oxidative stress,
lipid peroxidation, and skeletal muscle size, but the consen-
sus is that muscle iron accumulation is associated with re-
duced muscle mass.7,11–13 Here, we demonstrated that
tissue iron is elevated in a murine model of sarcopenia, which
was associated with increased lipid peroxidation and skeletal
muscle atrophy. Treatment with a common iron chelator
(DFP) did not reduce skeletal muscle iron in muscles of old
mice, indicating that other therapeutic approaches are
needed to address muscle iron overload and its downstream
complications. The muscles of old mice with elevated iron ex-
hibited impaired muscle regeneration after lower-limb IR
damage. The injury exacerbated iron dysregulation in old
mice, and rather than accelerating the repair of muscle, iron
chelation with DFP administration before and after IR injury
further impaired muscle regeneration. These findings provide
new insights into iron changes that occur with age and injury,
and the importance of this element in muscle maintenance
and repair.

Increased intracellular iron and lipid peroxidation is
associated with age-related muscle atrophy

Old (~24-month-old) 129SvEv FVBM mice exhibited skeletal
muscle atrophy and weakness similar to that reported previ-
ously in the commonly used C57BL/6J mouse model of
sarcopenia.39,40 Old 129SvEv FVBM mice were heavier than
similar old C57BL/6J mice, but key parameters of an ageing
phenotype (compared with that of young adult mice) were
consistent, including an increased body mass due predomi-
nantly to an increased fat mass, decreased voluntary running
distance, decreased metabolic rate (normalized to body
mass), proportional substrate preference towards fat, and de-
creased grip strength.39,40 Like in old C57BL/6J mice, assess-
ments of muscle cross-sections revealed that old 129SvEv

FVBM mice had smaller muscle fibres and an increased num-
ber of fibres with central nuclei.41 The similarity in attributes
confirmed the suitability of the old 129SvEv FVBM mouse as
a model for studying sarcopenia.

To our knowledge, these findings are the first to demon-
strate iron overload in a mouse model of sarcopenia using
mass spectrometry imaging (LA-ICP-MS) to visualize the dis-
tribution of total elemental iron in muscle cross-sections.
Combining LA-ICP-MS with H&E staining of the same cross-
sections allowed assessment of the localization of intramus-
cular iron. Furthermore, we assessed ferric iron using
modified Perls’ stain and the presence of inflammatory cells
in muscle cross-sections. Based on our observations of un-
changed inflammatory cell numbers within muscle sections
between adult and old mice and Perls’ staining revealing
brown staining predominantly within fibres, we provide evi-
dence that the iron overload occurs within muscle cells with
ageing. Our observations are in accordance with reports of in-
creased total iron and ferritin in muscles of 30-month-old
male F344xBN FI rats12 and support our hypothesis that iron
overload represents a potential therapeutic target for
sarcopenia.

Mitochondrial and metabolic dysfunctions are well-known
phenomena in sarcopenia.42 We found that muscles from old
mice had smaller fibres and increased oxidative stress, evi-
denced by increased lipid peroxidation (4HNE), increased
iron-containing proteins (ferritin, FTH), and changes in mito-
chondrial markers (including decreased ALAS-1 and CYT-C).
Combined with iron overload, these observations suggest
that during ageing, muscles experience oxidative stress that
contributes to muscle atrophy and impaired regeneration.
The correlation of increased iron and lipid peroxidation is also
characteristic of a newly identified cell death pathway known
as ferroptosis. Ferroptosis is phenotypically different from
apoptosis, unregulated necrosis, and necroptosis43 and has
distinguishing morphological features involving increased
lipid peroxidation leading to disruptions to mitochondrial
membrane and dysfunction.44 Our observations are also in
line with studies where direct iron administration (via intra-
peritoneal injection) to healthy adult mice induced muscle at-
rophy due to elevated oxidative stress.13,17,45 In addition, iron
administration suppressed differentiation of C2C12 myo-
blasts in vitro and reduced myotube diameter,13,45 implicating
iron-induced oxidative stress for the impaired Akt/FOXO and
MAPK signalling and increased E3 ubiquitin ligase activity.13

We observed more 4HNE abundance in muscles of old
mice, confirming previous reports of an age-related increase
in malondialdehyde content in skeletal muscle,46 thus
highlighting lipid peroxidation as a feature of sarcopenia. In
myotubes, lipid peroxidation via administration of
malondialdehyde impaired proliferation and differentiation
of skeletal muscle myoblasts.47 No studies have directly
administered lipid peroxides to muscle to assess a direct rela-
tionship with muscle wasting, but administration of a potent

Table 3 Correlation analyses in old mice after injury with or without
deferiprone treatment

Fe vs. r P

NMI �0.7837 0.01**
Fibrosis �0.3370 0.2388
PGC-1a 0.1875 0.5208
COX IV �0.2401 0.4083
CS �0.2241 0.3041
CD68 �0.0132 0.9660

Injured legs from control, DFP-PRE, and DFP-POST old mice were
pooled together (n= 15). Total iron (Fe measured by laser ablation
inductively coupled plasma mass spectrometry) was positively cor-
related (Pearson’s r) with non-muscle infiltration (NMI). No correla-
tion (Pearson’s r) was found in a marker of mitochondria content,
protein expression of peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a), cytochrome c oxidase (COX
IV), citrate synthase activity (CS), and immunohistochemistry of in-
flammatory mediator cluster of differentiation 68 (CD68). CS and
COX IV were measured in the gastrocnemius muscles. All other
measurements were taken from the tibialis anterior muscles.
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lipid peroxidation inhibitor (IRFI-042: a vitamin E-like antioxi-
dant) increased forelimb strength and decreased fatigue in
mdx dystrophic mice, where muscle wasting is characterized
by increased lipid peroxidation.48 IRFI-042 blunted NF-κB
DNA-binding activity and tumour necrosis factor-α expres-
sion, resulting in decreased necrosis and increased muscle
fibre regeneration.48 Based on the observed dysregulation
in iron homeostasis, we proposed that iron chelation could
counteract sarcopenia.

Oral administration of an iron chelator
(deferiprone) does not modulate iron in muscles of
old mice

To counteract iron overload, we directly targeted iron via DFP.
In vitro experiments had shown that DFP induced iron defi-
ciency in C2C12 myotubes leading to mitochondrial
impairments,49 highlighting theneed for iron in cellular respira-
tion and thepotential forDFP tomanage ironoverload. Surpris-
ingly, we found that chronic (12 week) DFP treatment in old
mice reduced iron in the liver but not in skeletal muscle. Al-
though these results seemingly contradictDFP’s ability to redis-
tribute iron from skeletal muscles, the results are consistent
with observations that administration of the iron chelator, pyr-
idoxal isonicotinoyl hydrasone, did not alter non-haem iron or
muscle size in 30-month-old rats.12 Combined, these data
may suggest that iron chelator treatment is not effective in
modulating iron in old muscle cells that have increased ferritin
expression. Interestingly, DFP treatmentwas also ineffective in
chelating iron in senescent (due to iron overload) mouse em-
bryonic fibroblast model.50 Iron stored in ferritin is considered
to be disabled and ‘safe’ from generating ROS, but it is also un-
able to be incorporated into key proteins required for cellular
respiration as evidenced by our observation of reduced protein
levels of CYT-C and ALAS-1 creating a perceived deficiency.50

Therefore, treatments that enhance the breakdown of ferritin,
which is dependent on autophagy,51–53 may be beneficial. As
autophagy is clearly disrupted in old muscles,54 we propose
that interventions that stimulate autophagy such as rapamycin
treatment55 and calorie restriction56 could improve skeletal
muscle iron homeostasis via facilitating ferritinophagy.

Elevated iron: good or bad during regeneration
after injury?

Some surgeries on older patients (including joint replace-
ments and limb revascularization) require temporary
occlusion of blood flow, which induces ischaemia and
compromises the muscle’s local milieu. Reperfusion, while
necessary to avert hypoxic muscle damage, paradoxically in-
troduces a new oxygen chemical lesion that exacerbates local
tissue injury.57 Generally, hypoxia during ischaemia facilitates

iron import into tissues (i.e. kidney) and increases ROS
generation.58 In our model of IR, iron was not elevated in
damaged muscles at 4 h, 1 day, or 3 days after injury but
elevated at 7 and 14 days, suggesting that hypoxia did not
acutely increase muscle iron content and that other regula-
tory processes are involved. While iron elevation has not
yet been investigated in response to muscle ischaemia and
reperfusion, models of hindlimb suspension have shown
increases of iron in muscles after 7 and 14 days immo-
bilization.10 Our time course investigation suggests that iron
content coincides with regeneration rather than during the
ischaemic insult.

The higher basal amount of iron in muscles with ageing
provides a stimulus for ROS generation during the reperfu-
sion after ischaemia. Indeed, muscles from old mice had al-
tered mitochondrial enzyme activity and higher levels of
iron, lipid peroxidation, and delayed regeneration and more
profound deposition of fibrosis, indicating aggravated muscle
damage in old mice. These observations are consistent with
studies in the liver and brain, where iron overload is a risk
factor for IRI, and lipid peroxidation is a cause of ferroptotic
cell death.59,60 While ferroptosis has not been explored in
muscle, mice injected with iron before a cardiotoxin injury ex-
hibit increased oxidative stress and decreased satellite cell
markers associated with signs of delayed regeneration.13 In
addition, lipid peroxidation generated by microtrauma to
muscle after exercise is also increased in iron supplemented
adults and children.61

Based on these observations, we investigated whether low-
ering iron in skeletal muscles of old mice would affect the re-
sponse to IR injury. In contrast to our long-term treatment
with DFP in uninjured old mice, we demonstrated that treat-
ment with DFP before or after IRI injury reduced iron inmuscle
but also impaired regeneration 14 days after injury. These
observations highlight the inherent differences in the local
muscle environment between injured and uninjured muscle
tissues and the ability of DFP to chelate iron under these con-
ditions. Necrosis of muscle fibres enables the release of iron
from myoglobin and other haem proteins. However, the ROS
generating potential of iron is mitigated by infiltrating macro-
phages that engulf and detoxify haem.62 At later stages in
regeneration, macrophages increase expression of ferroportin
(FPN) and switch from iron scavengers to recyclers.14

Regenerating muscle concomitantly expresses high levels of
TfR1 to import iron for essential metabolic regeneration.14 It
is likely that DFP interferes with this dynamic process that only
occurs during injury and regeneration, explaining the discrep-
ancy of DFP’s efficacy. These findings highlight an important
role of iron in facilitating effective muscle repair. We have
shown in adult BL6 mice that inflammatory cell infiltration (i.
e. macrophages, Day 3 and Day 7) precede and overlap with
the increase of iron (Day 7 and Day 14) after IR injury. Recent
studies using macrophages from FPN KO mice demonstrated
that iron recycling by macrophages is essential for muscle
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regeneration. Macrophages that lack FPN were unable to re-
distribute iron back into muscles after injury, ultimately
resulting in iron accumulation within muscle-infiltrating mac-
rophages and impairing regeneration that promoted fat
accumulation.14 We propose that the DFP treatment before
and after IRI treatments chelated the excess iron that would
normally support muscle regeneration, leading to the signifi-
cantly increased deposition of fat and metabolic dysfunction.

These observations suggest that alternative interventions
such as drugs that inhibit the deleterious oxidative chemistry
of iron (including novel lipid antioxidants such as ferrostatin-
1), yet do not remove iron that is necessary for muscle
growth, should be explored.

Conclusions

We have shown that muscles from old mice have increased
iron levels, which are associated with increased lipid peroxida-
tion, increased susceptibility to IR injury, and impaired muscle
regeneration. Chronic treatment with an iron chelator did not
redistribute iron in muscles of old mice, highlighting the com-
plexity of restricting iron in the context of muscle ageing and
regeneration. Our results suggest that iron is involved in
effective muscle regeneration and highlight the importance
of iron homeostasis in muscle atrophy and regeneration.
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Figure S1. Analysis of several inflammatory and energetic
genes and proteins in old mice (22–24 months, n = 4–6) com-
pared to adult mice (12 weeks, n = 6) there was change in en-
ergetic mRNA expression (A) Delta-aminolevulinate synthase
1, Alas-1; Carnitine palmitoyltransferase I, Cpt 1; cytochrome

c oxidase, Cox IV; Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha, Ppargc1a; (B) protein expression
of Peroxisome proliferator-activated receptor gamma coacti-
vator 1-alpha, PGC-1a; or COX IV, and (C) Citrate Synthase ac-
tivity. (D) mRNA expression of inflammatory mediators
Cluster of Differentiation 68, Cd68; EGF-like module-contain-
ing mucin-like hormone receptor-like 1, F4/80; mannose re-
ceptor, Cd206; Scavenger receptor cysteine-rich type 1
protein; Cd163, T-lymphocyte activation antigen; Cd80, inter-
leukin-6, Il-6; suppressor of cytokine signaling 3, Socs3 and
chemokine ligand 2, Ccl2. Data presented as mean ± SEM.
Data were analysed using Student’s t-test. *P ≤ 0.05 and #
P ≤ 0.1 compared to Adult.
Figure S2. A time course study was conducted in 12-week-
old BL6 mice. Ischemia–reperfusion injury involved applica-
tion of an orthodontic rubber band above the knee for
90-minutes of ischemia and subsequent reperfusion. N = 5
mice were then culled at several timepoints after reperfu-
sion: 4 hours, 1 day, 3 days, 7 days and 14 days. Represen-
tative images for muscle structure (haematoxylin and
eosin), inflammatory cells (CD68/F480/DAPI) and fibrosis
(Van Gieson’s) of the tibialis anterior (TA) muscle (A). TA
muscle mass (B) and inflammatory cells (C, F) varied over
the time course along with iron (D), calcium (E) levels de-
termined via IC-PMS and fibrosis (G). Data presented as
mean ± SEM and analysed using two-way ANOVA with
Sidek multiple comparisons test *P ≤ 0.05 compared to in-
jured leg.
Figure S3. Adult and old mice (n = 6/group) were subject to
ischemia reperfusion injury (IRI) and 14 days of recovery. This
involved application of an orthodontic rubber band above the
knee to the right leg (I = injured) for a 90-minute period of is-
chemia and subsequent reperfusion. Injured legs were com-
pared to contralateral left uninjured legs (C = control).
Grey = Adult and Red = old. Representative images of fibrosis
(Van Gieson’s) (A) show increased fibrosis which associated
with mRNA of collagen type I and III, Col1a1 andCol3a1
(B) mRNA expression of inflammatory mediators Cluster of
Differentiation 68, Cd68; EGF-like module-containing mucin-
like hormone receptor-like 1, F4/80; mannose receptor,
Cd206; Scavenger receptor cysteine-rich type 1 protein;
Cd163, T-lymphocyte activation antigen; Cd80, interleukin-6,
and Il-6; suppressor of cytokine signaling 3, Socs3 were vari-
able and showed no differences. Data presented as mean ±
SEM and analysed using two-way ANOVAs with Sidak’s post
hoc test. *P ≤ 0.05 and # P ≤ 0.1
Figure S4. Control old mice (n = 4) were subject to ischemia
reperfusion injury (IRI) followed by 14 days of recovery.
DFP-PRE old mice (n = 4) were treated with DFP (150 mg/
kg/day) for 7 days prior to IRI and DFP-POST old mice
(n = 4) were treated with DFP (150 mg/kg/day) for 14 days
post IRI. Injured legs were compared between treatment
groups. Representative images of fibrosis (A) showed no dif-
ference between treatments (B) or mRNA of collagen type I

490 F.M. Alves et al.

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 476–492
DOI: 10.1002/jcsm.12685



and III, Col1a1 andCol3a1 (C). Western blots of homogenised
gastrocnemius muscles showed no change in the expression
of (D) Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha, PGC-1a; or COX IV, but Citrate Synthase
activity was reduced with pre treatment of DFP (E). Analysis
mRNA expression of inflammatory mediators Cluster of Dif-
ferentiation 68, CD68; EGF-like module-containing mucin-like
hormone receptor-like 1, F4/80; mannose receptor, Cd206;
Scavenger receptor cysteine-rich type 1 protein; CD163,
T-lymphocyte activation antigen; CD80, interleukin-6, and
Il-6; suppressor of cytokine signaling 3, Socs3 were variable
and showed no differences. Data presented as mean ± SEM.

Data were analysed using one-way ANOVAs with Tukey’s
(A) post hoc test. *P ≤ 0.05 compared to Old injured leg.
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