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Abstract
The ability of skeletal muscle to regenerate declines significantly with aging. The ex-
pression of aryl hydrocarbon receptor nuclear translocator (ARNT), a critical compo-
nent of the hypoxia signaling pathway, was less abundant in skeletal muscle of old 
(23-25 months old) mice. This loss of ARNT was associated with decreased levels of 
Notch1 intracellular domain (N1ICD) and impaired regenerative response to injury in 
comparison to young (2-3 months old) mice. Knockdown of ARNT in a primary mus-
cle cell line impaired differentiation in vitro. Skeletal muscle-specific ARNT deletion 
in young mice resulted in decreased levels of whole muscle N1ICD and limited muscle 
regeneration. Administration of a systemic hypoxia pathway activator (ML228), which 
simulates the actions of ARNT, rescued skeletal muscle regeneration in both old and 
ARNT-deleted mice. These results suggest that the loss of ARNT in skeletal muscle 
is partially responsible for diminished myogenic potential in aging and activation of 
hypoxia signaling holds promise for rescuing regenerative activity in old muscle.

[Correction added on September 16, 2020, after first Onlinepublication: Ronald Neppl and Debalina Bagchi affiliation 7 has been updated and Fig 9B 
missing p-value has been updated]. 
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1  |   INTRODUCTION

Skeletal muscle precursors (SMPs), a subpopulation of mus-
cle satellite cells, are stem cells which are responsible for 
muscle regeneration following injury.1 Although skeletal 
muscle is one of the few tissues that maintain a lifelong ca-
pacity to regenerate, its myogenic potential and regenerative 
response following injury dramatically decline with aging.2 
Hypoxia inducible factor (HIF)-1α is a master transcriptional 
regulator of the hypoxia signaling pathway and is known to 
promote satellite cell self-renewal,3 particularly in aging.4 
Separately, previous studies have shown that HIF-1α pro-
motes Notch activity,5 which is required for robust muscle re-
generation and diminishes with aging.6 Furthermore, deletion 
of Notch ligands in the skeletal muscle stem cell niche results 
in decreased number of stem cells and impaired myogene-
sis.7,8 Indeed, combined loss of HIF-1α and HIF-2α within 
muscle stem cells limits the skeletal muscle Notch signaling 
and myogenic potential.9 However, the regulation of the hy-
poxia pathway itself in response to injury and during the re-
generative period has not been previously examined.

To evaluate the complex role of hypoxia signaling in myo-
genesis, particularly with regards to its age-related impair-
ment, we assessed the regulation of HIFs within young and 
old skeletal muscle in mice. We discovered an aging-asso-
ciated loss of skeletal muscle aryl hydrocarbon receptor nu-
clear translocator (ARNT, also known as HIF-1β). ARNT is 
a central factor in hypoxia signaling and its binding to both 
HIF-1α and HIF-2α in the cytoplasm is required for the nu-
clear translocation of these proteins. Within the nucleus, the 
heterodimer of ARNT and HIF-1α, or ARNT and HIF-2α, 
binds to the hypoxia response element and induces transcrip-
tional activity.10,11 Initially, ARNT was thought to be con-
stitutively expressed,12 but more recent studies have shown 
in multiple tissue types that ARNT is dynamically regulated 
and responds to stimuli.13 Despite its critical role in hypoxia 
signaling, ARNT regulation during aging or muscle regener-
ation has not been previously characterized.

We found that skeletal muscle's regenerative response 
to injury was significantly impaired in old mice, with much 
lower levels of ARNT and nuclear HIF-1α following injury, 
in the context of similar HIF-1α cytosolic levels within the 
whole muscle. In addition, substantially less Notch1 intracel-
lular domain (N1ICD) was found in old muscle, consistent 
with what others have previously shown.14 siRNA knock-
down of ARNT limited hypertrophy in a primary muscle 
cell line. Similarly, skeletal muscle-specific knockout of 
ARNT in young, adult mice resulted in diminished muscle 

regeneration with a corollary decrease in N1ICD levels. 
Importantly, SMPs harvested from these mice demonstrated 
normal rates of differentiation and frequency. Restoration of 
HIF-1α nuclear translocation by a pharmacological activator 
of hypoxia signaling, ML228, enhanced N1ICD levels in the 
whole muscle and accelerated muscle regeneration follow-
ing injury in old mice. This study revealed a dynamic role of 
ARNT in regulating the hypoxia signaling pathway during 
muscle regeneration, highlighting its critical role in myogen-
esis. Supplementation of ARNT activity may, therefore, re-
store the capacity of resident muscle stem cells, enhancing 
muscle repair in aged muscle.

2  |   MATERIALS AND METHODS

2.1  |  Animals

All animal procedures were approved by the Institutional 
Animal Care and Use Committee of Brigham and Women's 
Hospital, and were conducted within the guidelines of the 
US National Institutes of Health. Young C57BL/6 mice (10-
12 weeks of age) were obtained from Jackson Laboratories. 
Old C57BL/6 mice were obtained from the National Institute 
of Aging. ARNTfl/fl mice (a kind gift from F. Gonzalez) 
and human α-skeletal actin (HSA)-Cre ER mice (a kind gift 
from W. Kaelin) were bred in house. To investigate the role 
of ARNT in muscle regeneration, we utilized an inducible 
Cre-lox murine model. We generated a genetically modified 
mouse line by crossing ARNTfl/fl mice with the temporally 
regulatable, skeletal muscle-expressed human skeletal actin 
(HSA)-Cre ER transgene. We generated (a) ARNTfl/fl mice 
without the Cre ER recombinase, which were utilized as a 
control, and (b) experimental HSA-Cre ER ARNTfl/fl mice. 
For the activation of these mice, Tamoxifen (0.1 mg/g body 
weight, Sigma Aldrich, St. Louis, MO, USA) or corn oil ve-
hicle (10 uL/g body weight) was injected for five consecutive 
days. Experimentation began 7 days following the last injec-
tion. For ML228 treatment, ML228 (TOCRIS #1357171-62-
0, Cayman Chemical, Ann Arbor, MI, USA) was dissolved in 
DMSO (0.03 mg ML228 in 1 mL DMSO) and was injected 
intraperitoneally (0.1 mL) once daily for a total of 5 days. For 
N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine  t-
butyl ester (DAPT) treatment, DAPT (#26-345-0, Fisher 
Scientific, Waltham, MA) was dissolved in DMSO and was 
injected at a dose of 125 mg/kg body weight once daily,15 for 
a total of 5 days, similar to ML228. DMSO (vehicle only) 
was used as a negative control. Cryoinjury was induced on 
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the left legs of the animals immediately following the second 
injection of DMSO, ML228, DAPT, or DAPT and ML228 
approximately 24  hours following the first injection. The 
animals were housed at the Brigham and Women's Hospital 
Animal Care Facility and were given ad libitum access to 
food and water.

2.2  |  Muscle cryoinjury and 
quantification of regenerating myofibers

All mice were anesthetized using isoflurane and the skin an-
terior to the tibialis anterior (TA) muscle was prepped with 
sterile alcohol. A skin incision was made and the TA was 
exposed. A metal probe cooled in dry ice was placed on the 
skin for 10 seconds, creating a cryoinjury. The skin incision 
was closed immediately after injury. This procedure gener-
ates a reproducible injury in the muscle with a discrete border 
between uninjured and injured muscle. Injured muscles were 
allowed to recover for 5 or 10 days before harvest. To quan-
tify the area of regeneration, 10 photos per sample were taken 
spanning the entire regenerating area in cross section, and the 
area of 12 to 15 regenerating myofibers (identified by their 
centrally located nuclei) were measured in each image using 
ImageJ. This collectively resulted in a total of approximately 
150 myofiber areas for each sample.

2.3  |  Histology and immunostaining

Muscles were fixed in 4% of paraformaldehyde, washed in 
PBS and stored in 70% of ethanol for paraffin embedding. 
Hematoxylin and eosin (H&E) staining was used to visual-
ize regenerating myofibers. Newly formed myofibers were 
identified by their centrally located nuclei. For immunostain-
ing, skeletal muscle sections were blocked with Blocker BSA 
(#37520, ThermoFisher, Waltham, MA, USA), and stained 
with antibodies against CD31 (1:100, #ab7388, Abcam) 
and Laminin (1:100, #ab11571, Abcam, Cambridge, UK). 
Separately, C2C12 cells and satellite cells were stained with 
antibodies against myosin heavy chain 4 (MF20) (1:100, 
#14-6503-82, ThermoFisher). Secondary antibodies used 
were (1:400, #A21470, ThermoFisher) and (1:400, #A11037, 
ThermoFisher), respectively. Bright field and fluorescent im-
ages were acquired using an Olympus BX53 microscope.

2.4  |  Satellite cell isolation

Myofiber-associated cells were prepared from two-step 
collagenase/dispase digestion of intact limb muscles 
(Abdominals, extensor digitorum longus, gastrocnemius, 
quadriceps, soleus, TA, and triceps brachii), as previously 

described.15 All cells were incubated in Hank's Buffered Salt 
Solution (Gibco) containing 2% of Fetal bovine calf serum on 
ice for 20 minutes using the following antibodies: anti-mouse 
CD45 (1:200, clone 30-F11, BioLegend, San Diego, CA, 
USA, #103106 for PE conjugate); anti-mouse/human CD11b 
(1:200, clone M1/70, BioLegend #101208 for PE conjugate); 
anti-mouse Ter119 (1:200, BioLegend Cat#116208 for PE 
conjugate); APC conjugate anti-Ly-6A/E (Sca-1) (1:200, 
clone D7, BioLegend #108112); anti-mouse Integrin alpha 
7 Antibody, Novus Biologicals #3C12); biotinylated anti-
mouse CD184 (CXCR4) (1:100, BD Pharmingen #551968); 
and PE/Cy7 conjugate anti-streptavidin (1:100, eBiosci-
ence, San Diego, CA, USA, #25431782). Muscle satellite 
cells were identified as the CD45-Sca-1-  CD11b-  Ter119-
CXCR4+ β1-Integrin+ cell population. Cells were sorted by 
Fluorescence-Activated Cell Sorting (FACS) using Aria II 
(BD Biosciences, Woburn, MA, USA), and live cells were 
identified as calcein blue-positive (1:1000, Invitrogen) and 
propidium iodide-negative (PI, 1 mg/mL, eBioscience).

2.5  |  Myogenic differentiation assays

Sorted cells were plated at 1  ×  104  cells/well in 96 well 
plates, which were pre-coated with 1 µg/mL rat-tail collagen 
(Sigma) and 10 µg/mL natural mouse laminin (Invitrogen). 
Cells were expanded for 5 days in growth medium (GM) com-
posed of Ham's F10 (Invitrogen)+20% horse serum (Atlanta 
Biologicals, Flowery Branch, GA, USA) with 1% penicillin/
streptomycin. A 5 ng/ml basic fibroblast growth factor (FGF) 
(Sigma Aldrich) was replaced daily. After 5 days, cells were 
re-plated onto chamber slides coated with collagen (Sigma) 
and laminin (Gibco) for 2  days in growth media. Medium 
was then switched to differentiation medium (DM) consist-
ing of Ham's F10 + 2% horse serum + 1% penicillin/strep-
tomycin. Cells were kept in DM for 6 days, then, medium 
was aspirated and cells were fixed with 4% of paraformal-
dehyde and processed for immunofluorescence. Nuclei per 
field counts were performed by counting DAPI stained nuclei 
in five distinct 10X fields. Fusion index was calculated as the 
ratio of the number of nuclei inside myotubes expressing my-
osin heavy chain to the total number of nuclei in a given field.

2.6  |  Quantitative RT-PCR

To isolate whole muscle mRNA, muscle was homoge-
nized using a Gentle MACS Dissociator (Miltenyi Biotech, 
Bergisch Gladbach, Germany) and RNeasy kit (Qiagen, 
Hilden, Germany), following the manufacturer's instruc-
tions. cDNA was prepared from mRNA using Superscript III 
Reverse Transcriptase Supermix Kit (Invitrogen, Carlsbad, 
CA). Real-time quantitative PCR reactions were carried out 
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in an ABI StepOnePlus machine, using SYBR Green PCR 
mix (Applied Biosystems, Foster City, CA). β-actin was used 
as a housekeeping gene, and gene expression levels were nor-
malized to β-actin expression.

Total RNA from TA muscle and C2C12 cells was extracted 
using RNeasy Mini Kit (Qiagen) according to the manufac-
turer's instructions. cDNA was prepared from mRNA using 
SuperScript III First-Strand kit (Invitrogen). Real-time quan-
titative PCR reactions were carried out in ABI StepOnePlus 
machine, using SYBR Green PCR mix (ThermoFisher). The 
temperature profile used was 95 degrees for 0 minutes, then, 
40 cycles of 95 degrees C, 60 degrees C, 72 degrees C each for 
30 seconds. All the gene expression levels were normalized 
to β-actin. Primers sequences are provided below. Primers 
used are: ARNT: F: (5′ CGAGAATGGCTGTGGATGAG 3′)  
and R: (5′ GGATGGTGTTGGACAGTGTAG 3′), HIF-1α:  
F: (5′ AGCCCTAGATGGCTTTGTGA 3′) and R: (5′ TATCG 
AGGCTGTGTCGACTG 3′), HIF-2α: F: (5′ AATGACAGCT 
GACAAGGAGAAAAA 3′) and R: (5′ GAGTGAGTCAAAG 
ATGCTGTGTC 3′), mMyf5: F: (5′ TGAGGGAACAGGTG 
GAGAAC 3′) and R: (5′ AGCTGGACACGGAGCTTTTA 3′),  
MyoD: F: (5′ ACTTTCTGGAGCCCTCCTGGCA 3′) and 
R: (5′ TTTGTTGCACTACACAGCATG 3′), Myogenin: F:  
(5′ CTAAAGTGGAGATCCTGCGCAGC 3′) and R: (5′ GCA 
ACAGACATATCCTCCACCGTG 3′), and β-actin: F: (5′ 
CCTAAGGCCAACCGTGAAAA 3′) and R: (5′ AGCCATA 
CAGGGACAGCACA 3′).

2.7  |  Protein quantification with 
immunoblotting and ELISA

Whole muscle lysates were isolated from TA muscles and 
subjected to subcellular fractionation (NE-PER Nuclear and 
Cytoplasmic Extraction Reagent Kit, Pierce, Franklin, MA, 
USA). Overall protein levels were quantified utilizing a BCA 
Protein Assay Kit (Pierce). Following subcellular fractionation, 
HIF-1α and ARNT were assessed in cytoplasmic and nuclear 
fractions through the use of ELISA (LS F4226 and LS-F10885).

For immunoblotting, proteins were separated on a 4%-
12% of SDS-polyacrylamide gel with MOPS SDS Running 
Buffer (ThermoFisher) at 150  V. The gel was transferred 
onto an Immuno-Blot PVDF Membrane using the iBlot2 
Dry Blotting System (ThermoFisher) for 7  minutes. The 
membranes were then blocked in blocking solution (Life 
Technologies, Carlsbad, CA) for 1 hour at room temperature 
then incubated with an antibody overnight at 4°C with con-
stant shaking. The antibodies utilized were anti-cleaved Notch 
(Cell Signaling, Danvers, MA, USA, #4147) and anti-GA-
PHD (Cell Signaling #2118). To determine quality of frac-
tionation, nuclear and cytoplasmic samples were additionally 
assessed for α-tubulin (Cell Signaling #2144) and histone H3 
(Cell Signaling #4499). Following three 5-minutes washes in 

TBS-T buffer, the membranes were incubated with anti-rab-
bit IgG HRP-linked (Cell Signaling) secondary antibody. All 
the antibodies were diluted in blocking buffer. For immu-
nodetection, the membranes were washed three times with 
TBS-T buffer, incubated with ECL solutions per manufactur-
er's specifications (Amersham Biosciences, Little Chalfont, 
UK) and exposed to Hyperfilm ECL. The membranes were 
stripped and re-probed with an antibody recognizing GAPDH 
for normalization. Band intensities were determined using 
ImageJ software.

2.8  |  C2C12 culture

C2C12 cells were grown in Dulbecco's modified Eagle's me-
dium (DMEM) supplemented with 10% heat-inactivated fetal 
bovine serum (FBS) and maintained at 37°C with 5% CO2 
supply in a humidified incubator. At 75% confluency, cells 
were differentiated by adding DMEM supplemented with 2% 
horse serum for 5 days. Media was replaced every 24 hours 
during differentiation.

2.9  |  siRNA transfection

For siRNA transfections, C2C12 cells were seeded in 6-well 
plates with or without coverslips and differentiated when 75% 
confluent. Cells were transfected every 24 hours from the day of 
adding the differentiation media referred to as Day 0 till Day 4 
of differentiation. For each well, 150 uL of OPTI-MEM media 
(Life Technologies) was mixed with 3  µL of 10 uM siRNA 
(siControl or siArnt from Santa Cruz Biotechnology, Dallas, 
TX, ISA) and 9  µL of transfection reagent Lipofectamine 
RNAiMAX (Life Technologies) in separate tubes and incu-
bated for 5 minutes. After 5 minutes, 150 µL of the constitu-
ent solutions from each tube were combined and incubated for 
another 30 minutes at room temperature to generate 300 µL of 
transfection mix. A 250 µL of the transfection mix were added 
per well to have a final siRNA concentration of 11 nM per well. 
Cells were collected from Day 0 (undifferentiated and nontrans-
fected control) to Day 5. Cells were harvested every 24 hours 
after transfection in 1 mL TRIzol for RNA extraction or fixed 
on coverslips with 4% PFA for immunofluorescence staining.

2.10  |  Laser Doppler

Laser Doppler perfusion imaging (LDPI) was per-
formed using an LDPI analyzer (Moor Instruments, Devon, 
UK). Briefly, mice were kept under isoflurane anesthesia and 
mean LDPI flux intensity of the left hindlimb was measured 
at a rate of 4 ms/pixel. Data are presented as mean flux inten-
sity across the hindlimb area.
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2.11  |  Statistical analysis

Data are presented as the mean and standard error. Statistical 
comparisons for normally distributed data were assessed for 

statistical significance using Student's  t-test. Results com-
paring more than two groups were assessed by one-way 
ANOVA with Tukey's multiple comparison test (GraphPad 
Prism, GraphPad Software Inc, San Diego, CA, USA, RRID: 

(A)

(C) (D)

(E) (F)

(G)

(B)
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SCR_002798). The investigators were blinded to the experi-
mental group assignments for outcome assessment. Statistical 
significance was accepted at P < .05.

3  |   RESULTS

3.1  |  Old mice display reduced skeletal 
muscle regeneration

Skeletal muscle regeneration in young (10-12  weeks) 
and old (23-25  months) mice was assessed by inducing 
cryoinjury in the tibialis anterior (TA) muscle, as previ-
ously described.16 This injury modality causes necrosis 
and, subsequently, a localized regenerative response that 
can be reliably evaluated to assess and quantify new my-
ofiber formation.16,17 In young mice, cryoinjury induced 
an extensive regenerative response resulting in the for-
mation of large, well-organized regenerating myofibers 
(Figure  1A-C). In contrast, the regenerative response in 
aged muscle was much less substantial, resulting in smaller 
and poorly organized regenerating myofibers (Figure 1A-
C), with the average myofiber cross-sectional area (CSA) 
being 59% of that of young mice on day postinjury (DPI) 
5 (618.0 ± 25.0 µm in young versus 366.0 ± 11.2 µm in 
old, P  <  .001) and 56% on DPI 10 (999.3  ±  58.5  µm in 
young versus 562.8  ±  33.1  µm in old, P  <  .001). In ad-
dition, the proportion of SMPs isolated by fluorescence-
activated cell sorting within the pool of mononuclear cells 
was 60% lower in skeletal muscle harvested from old mice 
in comparison to young (P < .001), (Figure 1D). However, 
SMPs harvested from young mice and old mice both simi-
larly underwent myogenic differentiation in culture, as evi-
denced by myosin heavy chain staining and fusion index 
(Figure 1E-G).

3.2  |  ARNT levels are suppressed in old 
mice following injury

Recent studies have suggested that hypoxia signaling is re-
quired for the maintenance of SMPs’ myogenic potential 
and thus muscle regeneration.9 We therefore hypothesized 
that aging-associated dysregulation of hypoxia signaling 

might be one of the causes of limited skeletal muscle repair 
observed in aging. A focused hypoxia pathway PCR array 
demonstrated a global downregulation of hypoxia signal-
ing factors and response genes in uninjured skeletal muscle 
of old mice compared to young (Supporting Figure S1). We 
next investigated whether HIFs, the transcriptional regula-
tors of the hypoxia pathway, may be differentially regulated 
in aging to account for the observed decrease in the hypoxia 
response element gene expression. Skeletal muscle of old 
mice had significantly lower levels of cytoplasmic HIF-1α 
at baseline prior to injury (Figure 2A). Following injury, 
while cytoplasmic HIF-1α levels were similar in muscle of 
both young and old mice, lower levels of nuclear HIF-1α 
were found in muscle from old mice on DPI 5 compared to 
young (Figure 2A,B). These finding prompted us to inves-
tigate age-related changes in ARNT, as ARNT is necessary 
for the nuclear translocation of HIF-1α and HIF-2α.10,11 
We found that the ARNT levels in the cytoplasm were 
threefold lower in skeletal muscle of old mice in compari-
son to young mice at baseline (P = .01), as well as on DPI 
5 (P =  .02) and 10 (P =  .01) (Figure 2C). No difference 
between young and old muscles was observed in the nu-
clear ARNT levels (Figure 2D). Nuclear and cytosolic frac-
tionation was confirmed by immunoblotting for histone H3 
and α-tubulin, respectively (Supporting Figure S1). Whole 
muscle ARNT gene expression was substantially decreased 
with aging (Figure 2E). Immunofluorescence demonstrated 
the presence of ARNT and HIF-1α within muscle fibers 
at baseline in old mice, which was a substantially less in 
comparison to young mice (Figure 2F).

HIF activity is thought to potentiate the Notch signaling 
pathway.5 The activation of Notch1 results in the production 
of N1ICD, which translocates to the nucleus and regulates 
gene expression. Since ARNT is responsible for enabling the 
downstream signaling effects of both HIF-1α and HIF-2α, 
we hypothesized that ARNT regulates the skeletal muscle 
Notch activity. Indeed, N1ICD levels were found to be two-
fold lower in skeletal muscle from old mice in comparison to 
young in immunoblotting (P = .001) (Figure 2G,H).

The decrease in hypoxia signaling factors further 
prompted us to investigate if there were corollary changes 
in blood supply, which could account for the age-associated 
decline in skeletal muscle regeneration.18 We measured 
capillary density in uninjured tibialis anterior muscle via 

F I G U R E  1   Regenerating muscle fiber size of old mice is smaller postinjury in association with a decline of ARNT levels. TA muscles of 
young (n = 5-8; 10-12 weeks old) and old (n = 5-8; 23-25 months old) mice were subjected to cryoinjury and the TA muscles were harvested for 
histological evaluation on DPI 5 and 10. (A) On average, young mice displayed larger regenerating fiber cross-sectional area compared to old mice 
on both DPI 5 and 10 (A,B). The distribution of regenerating muscle fiber size demonstrated a shift toward smaller cross-sectional areas in old 
mice, indicating a poorer regenerative response to injury on DPI 10 (n = 6 mice per group) (C). The frequency of SMPs, as a percentage of live 
cells with uninjured muscle, is less in old mice as compared to young mice (n = 6 per group) (D). Myosin heavy chain (MF20) expression was 
similar between the two groups following differentiation in a low-serum media for 5 days (E,F). Fusion index is similar between the two groups 
(G). Scale Bar: 200 μm
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F I G U R E  2   The hypoxia pathway is perturbed with aging. TA muscle of young (10-12 weeks old) and old (23-25 months old) mice underwent 
cryoinjury and were harvested on days 5 and 10 postinjury for histological analysis, enzyme-linked immunosorbent assay (ELISA), and PCR. 
Cytosolic HIF-1α levels were lower in old mice only prior to injury, whereas nuclear HIF-1α levels were found to be lower in old mice on DPI 5 
(n = 6-9 per group, A,B). The levels of cytoplasmic ARNT protein were higher in young mice pre- and postinjury compared to old (C). Nuclear 
ARNT levels were similar in both groups (D) (n = 4-6 per group). ARNT gene expression was decreased in whole muscle with aging (n = 5 per 
group) (E). ARNT and HIF-1α immunofluorescence at baseline visualized a loss of ARNT and HIF-1α in old skeletal muscle, whereas the proteins 
were abundant in the muscle fibers of young muscle (F). Whole muscle N1ICD levels in skeletal muscle declined significantly with aging (G,H) 
(n = 4-6 per group). Scale Bar: 100 µm

(A) (B)

(C)

(E) (F)

(G)

(H)

(D)
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CD31 immunofluorescence staining and observed no obvi-
ous differences between young and old mice (Figure 3A,B). 
However, blood flow rate at mid-thigh, measured by dop-
pler ultrasound, was 30% lower in old mice as compared 

to young (P = .04) (Figure 3C,D). The baseline, uninjured 
skeletal muscle fiber CSA was similar between the two 
groups at the ages tested (Figure 3E,F). Given these data, we 
next sought to clarify how loss of ARNT in skeletal muscle 

F I G U R E  3   Blood flow, but not capillary density, is decreased in old mice. Immunofluorescent staining for CD31 (green) to identify 
capillaries and laminin (red) to outline the muscle fiber plasma membrane, demonstrated a similar capillary-to-fiber ratio in young and old mice 
(A,B, Scale Bar = 100 µm) (n = 8 per group), while blood flow at the hindlimb, as measured by doppler ultrasound, was significantly higher in 
young compared to old mice (C,D) (n = 5 per group). Baseline myofiber sizes are similar between young and old mice (E,F, Scale Bar: 200 µm) 
(n = 6 per group)

(A)

(C)

(E)
(F)

(D)

(B)
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F I G U R E  4   Knockdown of ARNT limits C2C12 differentiation. C2C12 primary muscle cells were treated with either scrambled siRNA, 
as a control, or siARNT (n = 4 per group). Treatment with siARNT resulted in a 98% decline of ARNT expression in comparison to the control 
group (A). Following 5 days of differentiation in a low-serum media and utilizing myosin heavy chain (MF20) to visualize muscle fibers, the mean 
diameter of the formed muscle fibers was 50% smaller in the siARNT-treated group compared to the scrambled siRNA-treated control group (B,C). 
Number of nuclei per high powered field (D) and fusion index (E) were similar between both groups. The gene expression of myogenic regulatory 
factors Myf5 (F) and MyoD (G) were significantly lower following ARNT siRNA treatment versus scrambled. No changes were observed in 
Myogenin gene expression following siARNT treatment (H). Scale Bar: 200 μm

(A)
(B)

(D)

(F) (G) (H)

(E)

(C)



      |  16095ENDO et al.

impairs myogenesis, whether directly through its effect on 
Notch signaling or secondary to decreased blood flow.

3.3  |  ARNT inhibition impairs myotube 
hypertrophy in a primary muscle cell line

To analyze the role of ARNT in myogenic differentiation in 
vitro, siRNA was utilized to knock down ARNT gene ex-
pression in differentiating C2C12 cells. Gene expression of 
ARNT was 98% lower in the siARNT-treated cells compared 
to the scrambled siRNA-treated control group (P  =  .02) 
(Figure  4A). The loss of ARNT impaired differentiation of 
C2C12 cells after 5 days in a low serum media under nor-
moxia (Figure  4B,C). Specifically, ARNT knockdown re-
sulted in abnormal fibers with a 50% decrease in myotube 
diameter (P  <  .001). There were no corollary changes in 
either the total cell number (Figure  4D) or fusion index 
(Figure 4E) following siARNT treatment. The gene expres-
sion of myogenic regulatory factors Myf5 (P  =  .02) and 
MyoD (P  =  .03) were significantly decreased following 
siARNT treatment (Figure  4F,G). No significant changes 
were detected in the myogenin gene expression (Figure 4H). 
This result is consistent with previous studies, which showed 
conversely that HIF-1α activation promotes the formation of 
hypertrophic myotubes.19 Our findings further suggest that 
ARNT inhibition can directly impair myotube growth, even 
under normoxic conditions without the impairment of cellu-
lar number or fusion index.

3.4  |  Muscle-specific ARNT knockout limits 
skeletal muscle regeneration in vivo

To determine whether ARNT is necessary for muscle re-
generation in vivo, we utilized an inducible Cre-lox mouse 
model. ARNTfl/fl mice have previously demonstrated ef-
ficient knockout of ARNT in tissue-specific patterns.20 
We generated a compound, genetically modified mouse 
line by crossing ARNTfl/fl mice with the temporally regu-
latable, skeletal muscle-expressed human skeletal α-actin 
(HSA)-Cre ER transgene. This genetic system allows skel-
etal muscle-specific deletion of ARNT in its myotube and 
myofibers, but not in SMPs, upon injection of tamoxifen 
(Supporting Figure S2). Herein, the mice with the loss of 
ARNT expression in skeletal muscle will be referred to as 
muscle ARNT knockout (ARNT mKO), and the tamox-
ifen-treated littermate controls referred to as ARNT wild 
type (ARNT WT). Following activation, there were no dif-
ferences noted in mouse weight or hind limb muscle mass 
between the ARNT mKO mice and littermate controls 
(Supporting Figure S2). The ARNT mKO mice exhibited 
90% reduction in the skeletal muscle ARNT expression 

(Supporting Figure  S2), similar to previous reports.13 
ARNT deletion in young mice hindered skeletal muscle 
regeneration in comparison to similarly treated littermate 
controls, as indicated by smaller regenerating muscle fibers 
on DPI 5 (P < .001) and DPI 10 (P < .001) in ARNT mKO 
mice (Figure 5A-C). Importantly, muscle-specific deletion 
of ARNT did not result in any decline in the proportion of 
SMPs within the muscle, or myogenic differentiation po-
tential or fusion index following culture, thereby demon-
strating the absence of intrinsic SMP defects in the ANRT 
mKO model (Figure 5D-H). This further suggests that the 
observed impairment in muscle regeneration in the ARNT 
mKO mice is due to the loss of ARNT signaling in the 
surrounding myofibers, and that the myogenic potential of 
SMPs is negatively affected by a niche effect resulting in 
delaying regenerative myogenesis.

3.5  |  Skeletal muscle loss of ARNT 
decreases nuclear HIF-1α and N1ICD levels 
following injury

ARNT mKO mice exhibited no changes in skeletal mus-
cle cytoplasmic HIF-1α levels but demonstrated a two-fold 
reduction in nuclear localization of HIF-1α at baseline 
(P = .05), DPI 5 (P = .01), and DPI 10 (P = .03) in compari-
son to ARNT WT mice (Figure 6A,B). Cytoplasmic ARNT 
protein levels in skeletal muscle harvested from ARNT 
mKO mice were similarly decreased at baseline (P = .03) 
and following injury (P  <  .001 on both DPI 5 and 10) 
(Figure 6C), as compared to ARNT WT mice. No changes 
were detected in nuclear ARNT levels between ARNT WT 
and mKO mice (Figure 6D). Immunofluorescence staining 
for ARNT further demonstrated decreased ARNT in the 
muscle fibers of the ARNT mKO mice in comparison to 
the littermate controls, without apparent changes in HIF-1α 
levels within muscle fibers (Figure  6E). Skeletal muscle 
harvested from ARNT mKO mice exhibited a twofold re-
duction in the N1ICD levels in the whole muscle as com-
pared to ARNT WT (P  =  .001), similarly to the case of 
old vs young mice (Figure 6F,G). This loss of N1ICD in 
skeletal muscle suggests a potential mechanism by which 
the loss of ARNT limits muscle regeneration. Separately, 
ARNT WT and mKO mice without injury demonstrated no 
significant difference in the skeletal muscle capillary den-
sity (Figure 7A,B) or mid-thigh blood flow assessed by du-
plex ultrasound on day 10 following tamoxifen activation 
(Figure  7C,D). These findings suggest that the impaired 
muscle regeneration seen in the ARNT mKO mice was not 
likely dependent on vascular or perfusion changes within 
the muscle. Others have similarly demonstrated that consti-
tutive skeletal muscle-specific knockout of ARNT inhibits 
hypoxia signaling without limiting vasculogenesis.13
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F I G U R E  5   ARNT deletion impairs skeletal muscle regeneration following cryoinjury but not ex vivo SMP differentiation. Following 
cryoinjury to the TA, larger regenerating muscle fibers were observed on DPI 5 and 10 in ARNT WT as compared to ARNT mKO mice (A,B) 
(n = 4-6 per group). Frequency distribution of the cross-sectional area (CSA) of regenerating fibers demonstrates smaller regenerating fibers on 
DPI 10 (C) postinjury in the ARNT mKO mice. Flow cytometry was performed to isolate SMPs from the hind limb musculature of ARNT WT and 
ARNT mKO mice. Both groups exhibited similar frequency of SMP (n = 4) (D). In addition, the expression of myosin heavy chain (MF20) after 
5 days in low-serum, differentiation media, was similar between the two groups (n = 6 per group) (E,F). Nuclei per field (G) and fusion index (H) 
were also similar between the two groups following 5 days in culture. Scale Bar: 200 μm

(A)

(C)

(E)

(H)

(F) (G)

(D)

(B)
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F I G U R E  6   Nuclear levels of HIF-1α is decreased in in the ARNT mKO group. Cytoplasmic levels of HIF-1α were similar between ARNT 
WT and ARNT mKO mice, both at baseline and following injury (n = 4-6 per group) (A). In contrast, nuclear HIF-1α levels are consistently 
decreased in ARNT mKO mice as compared to littermate controls (n = 4-6 per group) (B). Cytoplasmic levels of ARNT were decreased in the 
muscle of ARNT mKO as compared to ARNT WT mice (C), whereas there were no differences in nuclear ARNT levels between the two groups 
(D) (n = 4-6 per group). Immunofluorescence staining demonstrates decreased ARNT in the mKO mice as compared to the littermate controls in 
uninjured, baseline fibers without apparent changes in muscle fiber HIF-1α (E). N1ICD levels were decreased in ARNT mKO mice compared to 
ARNT WT in uninjured muscle (F,G) (n = 6-8 per group). Scale Bar: 100 µm

(A)

(C)

(E)

(F) (G)

(D)

(B)
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3.6  |  Administration of a hypoxia pathway 
activator improves muscle regeneration and 
augments HIF-1α translocation in old mice

ML228 is a small molecule inducer of the HIF-pathway, 
which does not inhibit prolyl hydroxylase domain (PHD) en-
zymes but instead promotes HIF1-α nuclear translocation and 
DNA binding.21 Thus, it simulates the actions of ARNT. It has 
been previously shown that ML228 augments hypoxia sign-
aling and HRE gene expression in vivo in a rodent model.22 
To assess the effects of the hypoxia pathway activation on 

skeletal muscle regeneration in aging, old mice were treated 
with either ML228 or a vehicle control (DMSO). ML228 
was administered through intra-peritoneal injections once 
daily for 5 days (Figure 8A). The first injection was given 
on the day prior to the planned injury. Skeletal muscle was 
harvested on either 5 or 10 DPI. Separately, in order to assess 
the effects of ML228 treatment in uninjured muscle (base-
line), ML228 or DMSO was injected once daily for 5 days 
and uninjured skeletal muscle was harvested after 10 days. 
Marginally lower levels of cytoplastic HIF-1α were observed 
on DPI 10 in the ML228-treated group (Figure 8B). ML228 
administration resulted in 75% increase in the nuclear HIF-1α 
at baseline (P = .05) and nearly 100% increase on both DPI 
5 (P = .04) and 10 (P = .02) as compared to the mice treated 
with vehicle control (Figure 8C). This was accompanied by 
a fivefold increase in the whole muscle N1ICD levels in the 
ML228-treated old mice compared to the vehicle-treated old 
mice (Figure 8D,E).

The old mice treated with ML228 exhibited 40% increase 
in CSA of regenerating fibers on DPI 5 and 100% increase 
by DPI 10 (P <  .001) (Figure 9A-C) in comparison to the 
old mice treated with vehicle control. No differences were 
found in the mid-thigh blood flow, capillary density, or base-
line, uninjured muscle fiber CSA between the two groups 
(Supporting Figure  S3). In order to determine whether 
ML228 improved skeletal muscle regeneration via induction 
of hypoxia signaling, ARNT WT and mKO mice were sim-
ilarly treated with either ML228 or DMSO. One week fol-
lowing the tamoxifen administration, the mice were treated 
with either ML228 or control once daily for 5 days. These 
mice underwent cryoinjury on the second day of ML228 in-
jection, similarly to the old mice as described above. ML228 
administration improved regenerating muscle fiber CSA by 
25% on DPI 10 in the ARNT mKO mice (P <  .001) com-
pared to the ARNT mKO mice treated with vehicle control. 
Muscle regeneration in ARNT WT mice was unaffected by 
the ML228 treatment (Figure 9D,E). No differences in either 
skeletal muscle regeneration or HIF levels were observed fol-
lowing the ML228 supplementation in young mice compared 
to their vehicle-treated littermate controls, suggesting that the 
response to ML228 is age-specific (Supporting Figure S4).

To evaluate whether N1ICD was necessary for ML228-
induced improvement in skeletal muscle regeneration in 
aging, old mice were treated with either vehicle control, 
ML228, DAPT, or ML228 and DAPT concurrently. DAPT, 
a γ-secretase inhibitor, limits Notch signaling by preventing 
the conversion of Notch1 to N1ICD.23 In old mice, treatment 
with DAPT alone resulted in similar N1ICD levels as com-
pared to DMSO treatment. ML228 treatment resulted in a 
threefold increase in whole muscle N1ICD levels (P = .003), 
similarly to the previous experiment. In old mice, concurrent 
treatment with ML228 and DAPT reduced N1ICD levels 
by approximately 30% compared to ML228 treatment alone 

F I G U R E  7   Blood flow and capillary density unaffected in 
ARNT mKO mice. Immunofluorescent staining of CD31 (green) to 
identify capillaries and laminin (red) to outline the muscle fiber plasma 
membrane, demonstrated a similar capillary-to-fiber ratio (A,B) 
(n = 8-10 per group) and doppler flow studies reported similar mid-
thigh blood flow (C,D) between the ARNT WT and ARNT mKO mice 
(n = 8 per group). Scale Bar = 100 µm
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(P = .04, Figure 10A,B). Treatment with DAPT given with 
ML228 also abrogated the increase in regenerating fiber CSA 
in seen with the treatment with ML228 alone in old mice 
(Figure 10C,D).

4  |   DISCUSSION

SMPs are required for postnatal skeletal muscle growth 
and recovery following injury.24,25 Several factors have 
been implicated as a cause of decline in muscle regenera-
tion with aging, including the changes in the muscle stem 
cell niche.6 Here, we report that cytoplasmic ARNT lev-
els and hypoxia signaling are diminished in old skeletal 
muscle, and restoring them improves myogenesis, possibly 
through their effects on the whole skeletal muscle levels 
of N1ICD. Interestingly, although hypoxia signaling is as-
sociated with changes in angiogenesis and blood flow, our 
data suggest that there are, in addition, some direct effects 
of ARNT-mediated hypoxia-signaling on muscle regen-
eration. Mice with a skeletal muscle-specific deletion of 

ARNT exhibited decreased levels of N1ICD and impair-
ment in skeletal muscle regeneration. Similarly, ML228 
supplementation in old mice restored N1ICD levels and 
skeletal muscle regeneration without changes in capillary 
density or blood flow at the time points tested. The addition 
of DAPT, an inhibitor of Notch signaling, decreased the 
benefit on muscle regeneration conferred by ML228 treat-
ment in old mice, suggesting that N1ICD may be partially 
responsible for the hypoxia signaling-mediated improve-
ments in muscle regeneration.

The regulation of ARNT levels and why it changes with 
aging are unclear, although the ARNT gene expression was 
noted to be significantly decreased with aging. Notably, such 
changes in ARNT levels and hypoxia signaling in general 
may be due to genomic instability, epigenetic changes, or 
loss of protein homeostasis.26 Further investigation into the 
differential regulation of ARNT with aging is necessary to 
understand why ARNT gene expression and protein levels 
decreases with aging. Of note, with regards to ARNT de-
letion within skeletal muscle fibers, the loss of hypoxic re-
sponse in injured myocytes may limit muscle regeneration 

F I G U R E  8   ML228 supplementation improves hypoxia signaling. Old mice (23-25 months) were given injections of a pharmacological 
hypoxia pathway activator, ML228, or a vehicle control, DMSO, for five consecutive days (schematic represented in A). In the mice with no 
injury, skeletal muscle was harvested 5 or 10 days following the last ML228 injection (n = 5-6 per group). Cytoplasmic HIF-1α levels were similar 
following ML228 versus vehicle administration in skeletal muscle from old mice (n = 5-6 per group) (B). The nuclear levels of HIF-1α (C) and 
whole muscle N1ICD (D,E) were significantly higher in the ML228 versus vehicle-treated old mice (n = 5-6 per group)

(A)

(B)
(C)

(D)
(E)
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secondary to decreased levels of N1ICD and activation of 
SMPs. However, this does not preclude the possibility that 
skeletal muscle stem cells may also be limited in their ability 
to differentiate. As skeletal muscle stem cells form nascent, 
mature fibers, they will express α-skeletal actin and, thereby, 

lose ARNT gene expression in our mouse model. As such, 
differentiation may be limited within these myofibers and 
thus decrease regenerating fiber size following injury.

The role of hypoxia signaling and HIF activity in re-
sponse to muscle injury remains unclear. Skeletal muscle 

F I G U R E  9   Administration of ML228 improves muscle regeneration in aging. Old mice underwent treatment with five daily doses of ML228 
IP injection, starting on the day prior to cryoinjury. The TA muscle of old mice treated with ML228 demonstrated increased regenerating fiber CSA 
versus similarly old, vehicle-treated mice on DPI 5 and 10 (A-C) (n = 4 per group). ML228 treatment of ARNT mKO but not ARNT WT mice 
improved regenerating fiber CSA on DPI 10 (D,E) (n = 5 per group). Scale Bar: 200 µm

(A)
(B)

(C)

(D)
(E)
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stem cells exist in a hypoxic niche and are themselves in-
tracellularly hypoxic.27 The regulation of hypoxia signaling 
factors are important determinant of myogenesis by skele-
tal muscle stem cells, although their roles are complex.28 
Majumdar and colleagues previously demonstrated that 
while loss of HIF-1α in Pax3-expressing muscle precursors 

does not alter muscle development, loss of HIF-1α ex-
pression in Pax7-expressing precursors in adulthood ac-
celerates skeletal muscle regeneration following injury.29 
Similarly, transient, systemic inhibition of HIF-2α pro-
motes skeletal muscle regeneration following cardiotoxin 
injury.27 However, others have demonstrated the benefits 

F I G U R E  1 0   Concurrent administration of DAPT limits ML228 induced improvement in muscle regeneration in aging. Old mice underwent 
treatment with five daily doses of vehicle control (DMSO), ML228, DAPT, or ML228 and DAPT IP injection, starting on the day before 
cryoinjury. N1ICD levels were highest in the ML228-treated group, but decrease with administration of DAPT in combination with ML228 (n = 4 
per group) (Figure 10A,B). The TA muscle of old mice treated with ML228 demonstrated increased regenerating fiber CSA versus similarly 
old, vehicle-treated mice on DPI 10 (C, D). Treatment with DAPT combined with ML228 limited improved regenerating fiber CSA seen in the 
treatment with ML228 alone (n = 4 per group). Scale Bar: 200 µm

(A)

(C)

(D)

(B)
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of hypoxia signaling on myogenesis. Cirillo and colleagues 
reported that activation of HIF-1α promotes myogenesis 
and fiber hypertrophy through a noncanonical Wnt path-
way in a primary cell line.19 Separately, combined dele-
tion of HIF-1α and HIF-2α expression in muscle stem cells 
restrained skeletal muscle regeneration following injury.9 
PHD2 inhibition resulting in augmented hypoxia signaling 
similarly improves muscle regeneration in a murine model 
of obesity.30 Regulation of particular HIFs may indeed have 
differential effects and may account for some of the differ-
ences demonstrated in these previous studies.31

Our study focused on the niche effect of hypoxia signal-
ing and ARNT on myogenesis. Aging alters the microen-
vironmental niche, which has been associated with limited 
stem cell proliferation and activity.32,33 Age-related muscle 
wasting, in particular, is linked to decline of SMP num-
ber and myogenic potential, as a result of changes within 
the niche.34,35 Our study suggests that age-related loss of 
ARNT expression in myofibers readily limits regenera-
tive potential as a niche effect, as supported by the results 
that SMPs isolated from ARNT mKO muscle differenti-
ated similarly to SMPs harvested from wild-type mice 
ex vivo, although cell intrinsic changes in SMPs cannot 
be entirely excluded. Loss of Notch within the stem cell 
niche underlies aging-associated decline in myogenesis,14 
and limits regeneration following injury when specifically 
deleted from myofibers.7 Our study is in agreement with 
previous reports suggesting that hypoxia signaling regu-
lates Notch levels.5,36 In our study, loss of ARNT in the 
cytoplasm of skeletal muscle fibers reduced N1ICD lev-
els, while ML228 administration increased the whole mus-
cle N1ICD in the context of similar levels of cytoplasmic 
HIF-1α. Dysregulation in ARNT-mediated regulation of 
Notch signaling within the niche is, therefore, a potential 
mechanism explaining the loss of myogenic potential in 
aging. It is also important to note that supplementation of 
hypoxia signaling improved myogenesis and Notch activ-
ity in the absence of increased capillary density or blood 
flow, which may otherwise increase regenerative capacity 
and stem cell number.37 The role of nuclear ARNT, which 
was unchanged between skeletal muscle from young and 
old mice, is unclear from our study and further research is 
necessary to determine if it may have a role in regulating 
muscle regeneration. In addition, although ARNT staining 
was evident within muscle fibers, we cannot exclude that 
other cell types may express ARNT and thereby modulate 
muscle regeneration.

Taken together, our data suggest that hypoxia signaling in 
skeletal muscle declines with aging in part due to the loss of 
ARNT. Pharmacological activation of hypoxia signaling with 
ML228 supplementation does not further enhance skeletal 
muscle regeneration in young, wild-type mice, suggesting 
that rescuing the hypoxia signaling pathway restores muscle 

regeneration only in the context of pathologically low levels 
of ARNT. The varied response to injury vis-à-vis ARNT lev-
els in young and old mice sheds a new insight into its role in 
the maintenance of nuclear HIF levels, and thus, hypoxia sig-
naling during regenerative responses. The loss of such ARNT 
responses to injury in old muscle may, as such, contribute to 
the age-related decline in muscle regeneration.
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