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BASIC SCIENCES

Circadian Dysfunction in the Skeletal Muscle 
Impairs Limb Perfusion and Muscle Regeneration 
in Peripheral Artery Disease
Pei Zhu (朱培) , Calvin L. Chao, Adam W.T. Steffeck , Caitlyn Dang , Noah X. Hamlish , Eric M. Pfrender, Bin Jiang , 
Clara B. Peek

BACKGROUND: Peripheral artery disease (PAD), caused by atherosclerosis, leads to limb ischemia, muscle damage, and impaired 
mobility in the lower extremities. Recent studies suggest that circadian rhythm disruptions can hinder vascular repair during 
ischemia, but the specific tissues involved and the impact on muscle health remain unclear. This study investigates the role of 
the skeletal muscle circadian clock in muscle adaptation to ischemic stress using a surgical mouse model of hindlimb ischemia.

METHODS: We performed secondary analysis of publicly available RNA-sequencing data sets derived from patients with PAD 
to identify the differential expression of circadian-related genes in endothelial cells and ischemic limb skeletal muscles. 
We used mice with specific genetic loss of the circadian clock activator, BMAL1 (brain and muscle ARNT-like 1), in adult 
skeletal muscle tissues (Bmal1muscle). Bmal1muscle mice and controls underwent femoral artery ligation surgery to induce 
hindlimb ischemia. Laser Doppler imaging was used to assess limb perfusion at various time points after the surgery. Muscle 
tissues were analyzed with RNA sequencing and histological examination to investigate PAD-related muscle pathologies. 
Additionally, we studied the role of BMAL1 in muscle fiber adaptation to hypoxia using RNA and assay for transposase-
accessible chromatin with sequencing analyses in primary myotube culture model.

RESULTS: Disrupted expression of circadian rhythm–related genes was observed in existing RNA-sequencing data sets from 
endothelial cells and ischemic limb skeletal muscles derived from patients with PAD. Genetic loss of Bmal1 specifically in 
adult mouse skeletal muscle tissues delayed reperfusion recovery following induction of hindlimb ischemia. Histological 
examination of muscle tissues showed reduced regenerated myofiber number and a decreased proportion of type IIB 
fast-twitch myofibers in Bmal1muscle mouse muscles in the ischemic limbs but not in their contralateral nonischemic limbs. 
Transcriptomic analysis revealed abrogated metabolic, angiogenic, and myogenic pathways relevant to hypoxia adaptation in 
Bmal1muscle mouse muscles. These changes were corroborated in Bmal1-deficient cultured primary myotubes cultured under 
hypoxic conditions.

CONCLUSIONS: Circadian clock in skeletal muscle is crucial for the muscle’s response to hypoxia during hindlimb ischemia. 
Targeting the muscle circadian clock may have therapeutic potential for enhancing muscle response to reduced blood flow 
and promoting recovery in conditions such as PAD.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Peripheral artery disease (PAD) represents a sig-
nificant health burden globally, characterized by the 
narrowing or blockage of arteries supplying blood to 

the lower extremities.1 One of the prominent manifesta-
tions of PAD is lower extremity skeletal muscle pathol-
ogy, including reduced muscle area, increased fatty 
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infiltration, fibrosis, and metabolic abnormalities, leading 
to impaired walking performance and loss of mobility.2 
Despite advances in diagnostic techniques and therapeu-
tic interventions, such as revascularization procedures, 
many patients with PAD continue to experience limited 
efficacy and adverse outcomes. The interplay between 
vascular insufficiency and skeletal muscle dysfunction 
underscores the need for a deeper understanding of the 
underlying mechanisms driving pathological changes in 
PAD. Furthermore, the identification of novel therapeutic 
targets is imperative to address the unmet clinical need 
for effective interventions that can improve limb perfu-
sion, muscle health, and overall functional outcomes in 
individuals with PAD.

Many traditional risk factors of PAD, including advanced 
age, diabetes, and cigarette smoking, are associated with 
disrupted circadian clock function.3 Additionally, patients 
with chronic limb-threatening ischemia, the most severe 
form of PAD, are often plagued by nocturnal ischemic 
rest pain and other clock-disrupting comorbidities, such 
as obstructive sleep apnea.4,5 Mammalian circadian clocks 
are cell-autonomous networks that coordinate behavior 
and metabolism with the rotation of the Earth.3 The mas-
ter pacemaker neurons in the brain are entrained, or reset, 
primarily by light, while peripheral clocks are entrained by 
both signals from the master pacemaker and by nutrient 

availability.6 Peripheral clocks are present throughout the 
body, including vascular and skeletal muscle tissues. At 
the cellular level, the clock network controls expression 
of thousands of genes to align cell-specific processes 
and metabolism with the changing demands across 
the 24-hour day. The molecular clock network consists 
of an autoregulatory transcription-translation feedback 
loop in which the basic helix-loop-helix/Per-ARNT-SIM 
(bHLH-PAS) domain–containing transcription factor 
activators (CLOCK [circadian locomotor output cycles 
kaput]/BMAL1 [brain and muscle ARNT-like 1]) induce 
the expression of repressors (PER [period]/CRY [crypto-
chrome]) that feed back to inhibit the activators in a cycle 
that repeats itself every ≈24 hours.7 Individuals exposed 
to shiftwork, sleep loss, or jet lag experience both con-
flicts between environmental and internal rhythms and 
desynchrony among brain and peripheral clocks, which 
leads to increased susceptibility to metabolic diseases. 
Disruptions to circadian rhythms have been implicated 
in exacerbating vascular endothelial dysfunction, impair-
ing skeletal muscle metabolism, and compromising the 
regenerative capacity of tissues.8–13 Despite this emerg-
ing understanding, the precise mechanisms linking circa-
dian disruption to PAD-associated vascular and muscle 
pathology remain incompletely understood.

We previously discovered a novel bidirectional con-
nection between the circadian activator BMAL1 and the 
related factor HIF (hypoxia-inducible factor) 1A.14 We 
observed that this interaction allows the circadian clock to 
regulate HIF responses throughout the day, influencing 
how muscle responds to low oxygen levels during exer-
cise14 and acute myotoxin injury.13 Given the presence of 
hypoxia and HIF pathway15,16 activation in ischemic mus-
cle tissues, we posited that the adaptation to low oxygen 
levels in ischemic limbs during PAD may be influenced 
by the circadian clock. In this study, we hypothesized 
that circadian disruption in the skeletal muscle underlies 
the progression and severity of ischemia in patients with 

Nonstandard Abbreviations and Acronyms

ATAC-seq	� assay for transposase-accessible  
chromatin with sequencing

BMAL1	 brain and muscle ARNT-like 1
CL	 control limb
CLI	 critical limb ischemia
DAPI	 4ʹ,6-diamidino-2-phenylindole
DEG	 differentially expressed gene
EC	 endothelial cell
HIF	 hypoxia-inducible factor
HLI	 hindlimb ischemia
HRP	 horseradish peroxidase
iPSC	 induced pluripotent stem cell
LDI	 laser Doppler imaging
MEF2	 myocyte enhancer factor 2
MSTN	 myostatin
PAD	 peripheral artery disease
PCR	 polymerase chain reaction
PDGF	 platelet-derived growth factor
PER2	 Period 2
RNA-seq	 RNA sequencing
TA	 tibialis anterior
TGF-β	 transforming growth factor-β
VEGFA	 vascular endothelial growth factor-α

Highlights

•	 Endothelial cells and ischemic limb skeletal muscles 
derived from a patient with PAD exhibit disrupted 
expression of circadian rhythm–related genes.

•	 The skeletal muscle molecular clock is required 
for normal reperfusion and myofiber regeneration 
in ischemic mouse limbs following femoral artery 
ligation.

•	 The muscle molecular clock directs hypoxia- 
adaptive gene networks involved in HIF-dependent 
metabolism and angiogenesis.

•	 Muscle loss of the clock activator Bmal1 results in 
larger regenerated myofibers with reduced propor-
tion of type 2b fibers, possibly due to altered MEF2a 
and MyoD activity.
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PAD. In support of this, using previously published human 
clinical study data sets, we observed dysregulation of cir-
cadian networks in patients with PAD. Furthermore, we 
found that genetic circadian clock disruption specifically 
in adult mouse skeletal muscle tissues leads to delayed 
reperfusion repair and reduced myofiber size following 
surgical induction of hindlimb ischemia (HLI). Molecular 
characterization of clock-deficient muscles following sur-
gery revealed abrogated metabolic, angiogenic, and myo-
genic pathways relevant to hypoxia adaptation. Together, 
this study implicates the muscle autonomous circadian 
clock in the adaptation and recovery from HLI, raising 
the potential for future targeting of circadian networks to 
combat PAD-related muscle pathologies.

MATERIALS AND METHODS
To follow the Transparency and Openness Promotion guide-
lines, all data supporting the findings of this study are available 
from the corresponding author upon reasonable request. RNA-
sequencing (RNA-seq) data from the skeletal muscle tissue in 
vivo and cultured myotubes are available in the Gene Expression 
Omnibus under accession codes GSE275811 and GSE275812. 
Assay for transposase-accessible chromatin with sequencing 
(ATAC-seq) data from cultured myotubes are available in the 
Gene Expression Omnibus under accession code GSE275893.

PAD Patient Data Set Extraction and Analysis
Previously published human transcriptomics data sets 
GSE23643017 and GSE12064218 were obtained from the 
Gene Expression Omnibus repository. These data sets were 
used to compare clock-controlled gene expression pattern 
between patients with PAD and healthy subjects. In data set 
GSE236430, peripheral blood mononuclear cells from patients 
and healthy individuals were reprogrammed into induced plurip-
otent stem cells (iPSCs), followed by directed differentiation into 
endothelial cells (ECs) under xeno-free conditions. RNA-seq 
was performed on these iPSC-derived ECs. Detailed information 
on the human subjects used for generating the iPSC-derived 
ECs is provided in Table S2, adapted from the original study.17 
For data analysis, raw fastq files were downloaded and pro-
cessed as described in RNA-seq and Analysis. The normalized 
count table generated using DESeq2 was subjected to gene set 
enrichment analysis with the GSEA software (v4.2.2)19,20 from 
the Broad Institute. Gene sets from the Molecular Signatures 
Database, including the Hallmark, Gene Ontology Biological 
Processes, and WikiPathways collections, were used as refer-
ences. Enrichment scores were calculated using 1000 permu-
tations of the gene sets, and a false discovery rate q value of 
<0.25 was considered significant.20,21 In data set GSE120642, 
RNA-seq was performed on gastrocnemius muscle biopsies 
obtained from 15 healthy older adults and 16 patients with criti-
cal limb ischemia (CLI) undergoing limb amputation. Information 
on the healthy individuals and those with CLI is provided in 
Table S2, adapted from the original study.18 For data analysis, 
the trimmed mean of M values normalized read counts table 
was downloaded from the Gene Expression Omnibus repository 
and analyzed using the GSEA software for pathway enrichment, 
following the same protocol described above.

Mice
Bmal1fx/fx mice,22 provided by Dr Joseph Bass at the 
Northwestern University, were crossed with ACTA-rtTA-TRE-
Cre transgenic mice, provided by Dr Grant Barish at the 
Northwestern University to produce Bmal1fx/fx;ACTA-rtTA-
TRE-Cre (Bmal1muscle) mice and Bmal1+/+;ACTA-rtTA-TRE-
Cre littermate controls. To achieve Cre-mediated excision of 
the flox-flanked sequence, mice received 3 consecutive oral 
gavages of 200 μL doxycycline (10 mg/mL; No. D9891; 
Sigma) followed by doxycycline-containing drinking water (2 
g/L) throughout the experimental duration. The mice were 
all on a 57BL/6J background and housed under a 12:12 
light:dark cycle. All procedures were conducted using male 
mice aged 3 to 6 months, in strict accordance with the guide-
lines of the Institutional Animal Care and Use Committee at 
the Northwestern University. The number of experimental mice 
specified for each experiment represents the number of bio-
logical replicates.

Induction of HLI
Mice were anesthetized with a continuous flow of 2.0% iso-
flurane. The skin overlying the right femoral artery was shaved 
and sharply incised, followed by electrocautery of the underly-
ing inguinal fat pad. The femoral artery was carefully dissected 
free from the femoral vein and nerve. To induce HLI, a double-
knot approach was utilized to ligate the femoral artery proxi-
mally with 7-0 silk suture (Teleflex, Wayne, PA). The femoral 
artery was then ligated at its distal extent with 7-0 silk suture. 
Hemostasis was ensured and the overlying skin was closed 
with 9-mm wound clips (Stoelting, Wood Dale, IL). Reduction 
in limb perfusion (>90%) was immediately confirmed via laser 
Doppler imaging (LDI). Postoperatively, meloxicam (10 mg/
kg) and buprenorphine ER-Lab (0.6 mg/kg) were adminis-
tered for analgesia. Mice were continuously monitored post-
operatively until they were ambulatory, with respiratory rate 
and activity visually assessed. They were kept on a warming 
blanket to maintain body temperature. Once recovered, they 
were returned to their cages and monitored daily for activity, 
appearance, food/water intake, signs of distress, infection, and 
blood flow perfusion. In case of hemorrhage, moderate pres-
sure was applied until bleeding stopped. Any infections were 
treated after consultation with a veterinarian. Early euthanasia 
was performed if there was over 20% weight loss, lack of food 
consumption, significant gangrene, extreme dermatitis, or self-
injurious behaviors. If surgical staples were forcibly removed, 
euthanasia would be conducted via CO2 asphyxiation and cervi-
cal dislocation. Throughout the entire experiment, 1 mouse in 
the control group died. This was likely secondary to a large right 
inguinal hernia noted after dissection of the inguinal fat pad, 
just superior to the site of femoral artery ligation. Due to some 
unexpected technical issues with our staining for type IIb/IIa 
fibers, which led to loss of several samples, additional pairs of 
animals (n=4 control and n=5 Bmal1muscle mice) that underwent 
the same experimental procedure as described in Figure 2A 
were included in the analyses of Figure 3D and Figure S5C.

Laser Doppler Imaging
Both ischemic and nonischemic limbs were noninvasively eval-
uated via LDI, utilizing the MoorLDI2 system (Moor Instruments, 
Wilmington, DE) on postoperative days 0, 1, 8, 15, 22, and 29. 
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Mice were anesthetized with a continuous flow of 2.0% isoflu-
rane. Mice were placed prone on a warmed surface to maintain 
a core temperature of 37 °C for 5 minutes before initiation of 
LDI. Mice were scanned from the mid-abdomen to the distal 
extent of bilateral hind limbs. To evaluate limb perfusion, the 
ischemic right limb and nonischemic left limb were circum-
scribed utilizing the Moor Laser Doppler Imager, version 5.3 
(Moor Instruments), to collect mean tissue perfusion units on 
a scale from 0 to 1000. In animals with significant tissue loss, 
the initial intact limb area from postoperative day 0 was utilized 
to normalize subsequent time points. Limb perfusion was then 
expressed as a ratio of perfusion units in the ischemic right 
limb versus the nonischemic left limb for each mouse at each 
time point.

Histology
To evaluate muscle regeneration, tibialis anterior (TA) muscles 
from both ischemia-injured limb (HLI) and the contralateral 
control limb (CL) were harvested at day 36 after the sur-
gery, when myofiber remodeling and maturation are generally 
completed, and embedded in a thin layer of Tissue-Tek O.C.T. 
Compound (No. NC9806257; Fisher Scientific). The samples 
were snap-frozen in liquid nitrogen–chilled isopentane and 
stored at −80 °C for later processing. Continuous 10-μm-thick 
cross-sections of the frozen TAs were prepared using a Leica 
CM1860 cryostat. For hematoxylin and eosin staining, sec-
tions were air-dried, rehydrated, and fixed in 10% formalin. 
The nuclei were stained with hematoxylin, and the cytoplasm 
and connective tissues were stained with eosin sequentially. 
The dehydrated sections were mounted with Permount mount-
ing medium (No. 100496-552; VWR). For Masson trichrome 
staining, tissues were brought to room temperature before fixa-
tion in 4% paraformaldehyde for 1 hour. Tissues subsequently 
underwent standard staining procedure for flash-frozen tissue. 
For oil red O staining, tissues were fixed for 10 minutes and 
rehydrated before staining with oil red O working solution and 
counterstaining with hematoxylin. The prepared slides were 
examined using the Keyence BZ-X800 or Olympus CKX53 
microscope. The cross-sectional area of myofibers was quanti-
fied using the FIJI software with the LabelsToROIs23 plugin. 
Fibrosis and fat infiltration were quantified in FIJI using color 
deconvolution vectors.24

Immunohistochemistry
Tissue sections were first air-dried for 30 minutes at room 
temperature. After drying, they were fixed with 4% parafor-
maldehyde and permeabilized using 0.25% Triton X-100 for 
15 minutes. Blocking for nonspecific binding was performed 
by treating with PBS containing 5% goat serum, 2% BSA, 
and 1% Tween 20 for 1 hour. Subsequently, the sections 
were incubated at 4 °C with primary antibodies, including anti-
laminin (No. L9393; Sigma; 1:100), anti-MYH2 (No. SC71; 
Developmental Studies Hybridoma Bank [DSHB]; 1:200), and 
anti-MYH4 (No. BF-F3; DSHB; 1:200) antibodies in a diluent 
buffer of PBS with 0.5% goat serum, 2% BSA, and 1% Tween 
20. The sections were then washed 3× with PBS and incu-
bated with Alexa Fluor–conjugated secondary antibodies at 
a 1:1000 dilution for 1 hour at room temperature. Finally, the 
sections were mounted using VectaShield HardSet antifade 
mounting medium with DAPI (4ʹ,6-diamidino-2-phenylindole; 

No. H-1500-10; Vector Laboratories) and visualized under the 
Keyence BZ-X800 microscope.

Western Blotting
To prepare total protein lysates from gastrocnemius muscles, 
each snap-frozen muscle specimen was placed in 500 μL of 
CelLytic Mammalian Tissue Lysis Reagent (No. C3228; Sigma) 
supplemented with protease inhibitors (No. P8340; Sigma) and 
mechanically homogenized to ensure uniform cell disruption. 
After homogenization, protein concentrations were determined 
using the DC Protein Assay Kit (No. 5000111; Bio-Rad), facili-
tating accurate loading for SDS-PAGE gel electrophoresis. The 
proteins separated by electrophoresis were then transferred onto 
0.45-μm nitrocellulose membranes for immunoblotting. Specific 
proteins were detected by incubating the membranes overnight 
at 4 °C with primary antibodies, including anti-BMAL1 (No. 
14020; Cell Signaling Technology [CST]), MSTN (myostatin; No. 
ab203076; Abcam), and α-tubulin (No. 2144; CST). Following 
primary antibody incubation, the membranes were washed and 
incubated with appropriate HRP (horseradish peroxidase)-
conjugated secondary antibodies. Protein bands were visual-
ized using an enhanced chemiluminescence detection system, 
enabling quantitative analysis of protein expression levels.

RNA Extraction and Real-Time Quantitative 
Polymerase Chain Reaction
RNA was extracted from gastrocnemius muscles and myotubes 
derived from primary myoblasts using the TRIzol reagent. The 
quality and integrity of the RNA were assessed with NanoDrop 
2000 spectrophotometers, and only RNA samples with an OD 
260/280 ratio >1.80 were used for further analysis. First-
strand cDNA synthesis was performed using the Applied 
Biosystems High-Capacity cDNA Reverse Transcription  
Kit. Real-time quantitative polymerase chain reaction (PCR) 
was conducted with iTaq Universal SYBR Green Supermix 
(Bio-Rad) on the CFX Opus 384 Real-Time PCR System. 
Quantitative PCR data were analyzed using the ΔΔCt method 
for comparisons of mRNA abundance, with gene expression 
normalized to β-actin. Primer sequences are provided as fol-
lows: β-actin, forward: 5ʹ-TTGTCCCCCCAACTTGATGT-3ʹ; 
β-actin, reverse: 5ʹ-CCTGGCTGCCTCAACACCT-3ʹ. Mef2a, for-
ward: 5ʹ-ACTCGTGTCACCGTCTTTGGCA-3ʹ; Mef2a, reverse:  
5ʹ-GAGGTCTGTAGTGCTCAACATCC-3ʹ. Mef2c, forward: 5ʹ-GT 
GGTTTCCGTAGCAACTCCTAC-3ʹ; Mef2c, reverse: 5ʹ-GGC 
AGTGTTGAAGCCAGACAGA-3ʹ. Mef2d, forward: 5ʹ-GGTTT 
CCGTGGCAACACCAAGT-3ʹ; Mef2d, reverse: 5ʹ-GCAGG 
TGAACTGAAGGCTGGTA-3 .́ Vegfa, forward: 5ʹ-CTGCTGTAACGA 
TGAAGCCCTG-3ʹ; Vegfa, reverse: 5ʹ-GCTGTAGGAAGCTCAT 
CTCTCC-3ʹ. Mstn, forward: 5- AACCTTCCCAGGACCAGGA 
GAA-3ʹ; Mstn, reverse: 5ʹ- GGCTTCAAAATCGACCGTGAGG-3ʹ; 
Bmal1, forward: 5'-AGGCCCACAGTCAGATTGAA-3'; Bmal1, 
reverse: 5'-TGGTACCAAAGAAGCCAATTCAT-3'.

RNA-seq and Analysis
Total RNA from primary myoblast-derived myotubes and snap-
frozen mouse TA muscles were isolated using the Direct-zol 
RNA MicroPrep Kit (Zymo Research). For muscle tissue sam-
ples, half of the TA muscle specimen was initially placed in 
500 μL of Ambion TRIzol Reagent (No. 15596018; Thermo 
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Scientific) and homogenized using the TissueLyser II appara-
tus (Qiagen). Total RNA was quantified using the Qubit RNA 
Broad-Range Assay Kit (No. Q10210; Thermo Fisher), and 
the quality was evaluated using the Agilent 2100 Bioanalyzer. 
cDNA libraries were constructed from 1 μg of total RNA using 
the TruSeq stranded total RNA library preparation kit (Illumina 
20020596). DNA fragments in the library were amplified, size-
selected using AMPure XP beads (Beckman Coulter A63880) 
to enrich fragments between 200 and 500 bp. The pooled 
libraries were sequenced using NovaSeq 6000 SP Reagent 
Kit v1.5 (100 cycles) on the NovaSeq 6000 system, executing 
a paired-end run (51 bp, repeated twice) to achieve a sequenc-
ing depth of ≈50 million reads per sample.

Demultiplexing of raw BCL files into paired-end read FastQ 
files was performed using the bcl2fastq software (v2.19.1). 
After removing the adaptor sequences using the Trimmomatic 
(v0.33) tool,25 the trimmed reads were mapped to the mm10 
Mus musculus reference genome using STAR aligner (v2.5.2).26 
The number of alignments mapped to each gene was counted 
using RSEM (v1.3.3),27 followed by passing to DESeq228 using 
the tximport package.29 Differentially expressed genes (DEGs) 
were identified through the results function in DESeq2 and 
corrected for multiple testing (an adjusted P value was gener-
ated using the Benjamini-Hochberg correction). Gene counts 
for DEGs were visualized using the pheatmap (v1.0.12) and 
EnhancedVolcano (version 1.2.0) packages in R. The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment and gene ontology analyses were performed using 
EnrichR30 or ClusterProfiler.31 De novo motif discovery was 
performed on DEGs using the HOMER (v4.10)32 findMotifs.
pl program by searching for motifs of lengths 6, 8, and 10 bp 
from −1000 to +500 bp relative to the transcriptional start site.

ATAC-seq and Analysis
Sample for ATAC-seq was prepared in a protocol as previ-
ously reported.12 In brief, myotubes grown in 6-well plates were 
washed with 1× PBS, then scraped and collected into 1.5-mL 
Eppendorf LoBind tubes via centrifugation at 500g for 5 min-
utes at 4 °C. The cells were then permeabilized in 50 μL of 
a detergent-enhanced assay for transposase-accessible chro-
matin buffer (10 mmol/L Tris-HCl pH 7.4, 10 mmol/L NaCl, 
3 mmol/L MgCl2, 0.1% IGEPAL (octylphenoxypolyethoxyetha-
nol), 0.1% Tween 20, and 0.01% digitonin) and incubated on 
ice for 3 minutes. Subsequently, 1 mL of ice-cold resuspension 
buffer with Tween 20 (10 mmol/L Tris-HCl, 10 mmol/L NaCl, 
3 mmol/L MgCl2, and 0.1% Tween 20) was added, and the 
tubes were inverted to mix. The cell suspension was passed 
through a BD insulin needle once to ensure complete lysis and 
nuclear release. The nuclear suspension was then counted 
using a hemocytometer, and ≈50 000 nuclei were transferred 
to a new LoBind tube and pelleted by centrifugation at 500g 
for 10 minutes at 4 °C. The supernatant was carefully removed, 
and the nuclear pellet was resuspended in 50 μL of transposi-
tion mix (Illumina Tagment DNA Enzyme and Buffer small kit 
20034197) containing 0.01% digitonin and 0.1% Tween 20. 
The mixture was incubated at 37 °C for 30 minutes in a ther-
momixer with shaking at 1000 rpm. Tagmented DNA was puri-
fied using the MinElute Qiagen Cleanup Kit (Qiagen 28206) 
and amplified via PCR using NEBNext high-fidelity 2× PCR 
master mix (NEB M0541). The libraries were size-selected 

with Pippin Prep (2% gel cassette for 100- to 600-bp frag-
ments) and purified with AMPure XP beads (Beckman Coulter 
A63880). Each library was quantified using the NEBNext 
Library Quant Kit (NEB E7630), then pooled and sequenced 
on Illumina NextSeq 500 using paired-end runs (51 bp each) 
to achieve a depth of ≈30 million reads per sample.

For data analysis, the paired-end FastQ files were concat-
enated and the trimmed reads were aligned to the mm10 Mus 
musculus reference genome using Bowtie2 (v2.4.1)33 with 
the default settings, except for the –very-sensitive option. The 
aligned reads were then sequentially filtered to remove mito-
chondrial DNA using SAMtools (v1.10.1), PCR duplicates with 
Picard MarkDuplicates program, and nonunique alignments 
with a mapping quality score <30 using SAMtools (v1.10.1). 
Peak calling was performed using MACS2 with the param-
eters -f BAMPE -g mm –keep-dup all. The ENCODE black-
list regions were excluded from the called peaks using the 
BEDtools (v2.29.2) intersect function. Differential accessibility 
analysis followed the workflow provided in a previous study.34 
The identified sites of differential chromatin accessibility were 
annotated using the HOMER (v4.10) annotatePeaks.pl pro-
gram. The ATAC-seq signal heatmap was generated based on 
the global peak-centered regions across all conditions. For sig-
nal coverage calculation, the Binary Alignment Map (BAM) files, 
containing aligned ATAC-seq reads, were converted to bigWig 
files using bamCoverage from the deepTools suite,35 ensuring 
normalization across samples. The signal coverage around the 
peak centers was then calculated using the computeMatrix tool, 
with the reference point set to the peak center and extending 
2 kb upstream and downstream. The computed matrix of signal 
intensities was visualized as a heatmap using plotHeatmap. The 
heatmap was centered on the peak summits and overlaid with 
an average signal profile to highlight treads in the chromatin 
accessibility pattern between wild-type and Bmal1-deficient 
myotubes under normoxia and hypoxia conditions.

ELISA
The concentration of VEGFA (vascular endothelial growth 
factor-α) released by myotubes into the culture medium was 
quantified using the Mouse VEGF ELISA Kit (No. MMV00-
1; R&D Systems) following the instructions provided by the 
manufacturer.

Gene Knockdown
The validated pLKO.1 plasmids containing predesigned shR-
NAs of Mef2a (TRCN0000095961 and TRCN0000095959), 
Mef2c (TRCN0000012072 and TRCN0000012069), and 
Mef2d (TRCN0000315949 and TRCN0000085268) were 
purchased from Millipore Sigma. The pLKO.1 control shRNA 
plasmid (containing nontarget scramble shRNA, Addgene plas-
mid No. 186436) was purchased from Addgene. To generate 
lentiviruses, the packaging plasmids cocktail containing pCMV-
VSVG and psPAX2 was cotransfected with individual pLKO.1-
shRNA into 293T cells. The viral supernatant was collected 
from 48 to 96 hours post-transfection and incubated with pri-
mary myoblast-derived myotubes in the presence of 8 µg/mL 
polybrene (Sigma). Successful infection of the myotubes was 
confirmed by detecting GFP (green fluorescent protein) fluo-
rescence under a microscope.
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Statistical Analysis
Statistical analysis was performed using GraphPad Prims 10 
(GraphPad Software, Inc). Data were expressed as mean±SEM. 
Normality and homogeneity of variances were tested using the 
Shapiro-Wilk test and F test, respectively, in GraphPad Prism. 
When both assumptions (normality and equal variances) were 
met, parametric tests such as ANOVA (for groups >2) or the 
standard t test (for groups =2) were applied. If the F test indi-
cated a significant difference in variances (P<0.05), Welch t 
test, which does not assume equal variances, was used. When 
the assumption of normality was violated, appropriate nonpara-
metric tests were applied, such as the Mann-Whitney U test 
for unpaired data or the Wilcoxon signed-rank test for paired 
data. For multiple t test, corrections for multiple comparisons 
were applied using the Holm-Sidak method. Reperfusion dif-
ferences between the control and Bmal1muscle groups before 
and after surgery were compared using a generalized linear 
mixed-effects model, with the Geisser-Greenhouse correction 
applied to account for the reported death of 1 control mouse 
after surgery. Post hoc comparisons were performed using the 
Tukey test. Differences were considered statistically significant 
at P<0.05.

RESULTS
Disruption of Peripheral Circadian Clock in ECs 
and Skeletal Muscles of Patients With PAD
While earlier studies explored the roles of circadian clock 
in PAD pathogenesis using whole-body Bmal1 knock-
out37 and jet-leg38 mouse models, a gap remains in distin-
guishing the contributions of the central clock from those 
in the peripheral tissue and cells. Interestingly, both stud-
ies found that the loss of core clock genes in ECs impairs 
functions such as proliferation, migration, and tube for-
mation.37,38 However, it is unknown whether the circadian 
clock is disrupted in ECs in patients with PAD. In our 
recent study,17 we used the iPSC technology to gener-
ate ECs from patients with PAD (n=3) and age-matched 
healthy individuals (n=3; Figure 1A). Transcriptomic 
analysis revealed a significant reduction in the expres-
sion of genes associated with angiogenesis (Figure 1B), 
consistent with the endothelial dysfunction observed in 
patient iPSC-ECs. Furthermore, we identified a negative 
correlation in the expression of genes related to circa-
dian rhythms when comparing iPSC-ECs derived from 
patients with PAD to those from healthy individuals, with 
a marked decrease in expression in iPSC-ECs derived 
from patients with PAD (Figure 1B). These included 
genes encoding core molecular clock regulators, such as 
RORB, NFIL3, PER3, NR1D1, NR1D2, and NPAS2, as 
well as genes known to be regulated by the circadian 
clock (Figure 1C).

Additionally, we analyzed the expression of molecular 
clock genes in skeletal muscles obtained from patients 
with PAD. Using an RNA-seq data set (GSE120642) 
from a prior study comparing muscle biopsies from 
healthy older adults and patients with CLI18 (Figure 1D), 

our gene set enrichment analysis indicated a negative 
correlation between CLI and genes involved in myo-
genesis (Figure 1E), which is consistent with previous 
reports of reduced calf muscle mass39 in claudicating 
calf muscles.40 Importantly, circadian-regulated genes 
including numerous core circadian regulators exhibited 
marked downregulation in the muscles of patients with 
CLI (Figure 1E; Figure S1), suggesting a potential link 
between circadian disruption and PAD skeletal muscle 
pathology. These findings collectively reveal disruptions 
in peripheral circadian clocks in both endothelial and 
skeletal muscle tissues in patients with PAD, shedding 
light on the potential implications for circadian timing in 
the peripheral tissues in the pathogenesis or severity of 
the disease.

Loss of Skeletal Muscle Bmal1 Impairs 
Perfusion Recovery in a Mouse Model of HLI
Given the severe muscle symptoms associated with 
PAD and our previous studies underscoring the essen-
tial role of the skeletal muscle circadian clock in hypoxia 
adaptation during exercise14 and following myotoxin- 
induced injury,12 we decided to investigate the yet unknown 
role of the muscle circadian clock in the progression 
and severity of PAD. To do this, we generated adult life- 
inducible skeletal muscle–specific Bmal1 knockout mice  
(Bmal1muscle). This was achieved by crossbreeding Bmal1fx/fx  
mice with ACTA-rtTA-TRE-Cre transgenic mice, as we 
have previously described.14 Bmal1 deletion in the skel-
etal muscle was triggered by administering concentrated 
doxycycline water via oral gavage for 3 consecutive days 
(Figure 2A). A week after the last oral gavage dose, both 
control (Bmal1fxfx; ACTA-rtTA-TRE-Cre+/+) and Bmal1muscle  
mice were confirmed their normal blood flow in both 
lower hind limbs via LDI (Figure S2) and subsequently 
underwent unilateral femoral artery ligation to simulate 
lower limb ischemia experienced in patients with PAD.41 
Perfusion in both hind limbs was monitored weekly via 
LDI, and the mice continued to consume doxycycline-
infused water to ensure continued Bmal1 deletion in both 
existing and newly regenerated myofibers. Reduction 
of the BMAL1 protein in gastrocnemius muscles from 
Bmal1muscle and control mice was confirmed by Western 
blotting analysis at the conclusion of the experiment 
(Figure 2B). Although there was a significant reduction 
in the absolute body weight change before and after the 
unilateral femoral ligation between Bmal1muscle and con-
trol mice (Figure S3A), the percentage of weight loss 
relative to the starting body weight in both groups was 
marginal (3.98±2.33% in control and 3.52±2.47% in 
Bmal1muscle mice) and showed no significant difference 
between the 2 groups (Figure S3B), indicating similar 
doxycycline or surgery effects in mice of both groups. 
Notably, Bmal1muscle mice exhibited a marked delay in the 
recovery of limb perfusion following ischemic injury as 
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compared with control mice (Figure 2C and 2D). These 
results highlight the crucial role of the skeletal muscle 
clock in managing limb ischemic reperfusion.

Loss of Skeletal Muscle Bmal1 Impairs Muscle 
Remodeling During Ischemia
Beyond limited limb perfusion, patients with PAD often 
face deteriorating muscle health with numerous limb 

muscle pathologies such as weakness and exercise 
intolerance,42–44 lower extremity muscular atrophy,2,42,45 
increased infiltrated fat tissue and intramuscular colla-
gen deposition,46–48 altered fiber type composition,43,44 
as well as reduced muscle oxidative capacity.2,49 There-
fore, we assessed the impact of muscle clock disruption 
on muscle remodeling under ischemia conditions. As 
anticipated, HLI triggered robust muscle remodeling, evi-
denced by the presence of numerous centrally nucleated 

Figure 1. Disrupted circadian clock gene expression in the endothelial cells (ECs) and skeletal muscle tissue of patients with 
peripheral artery disease (PAD).
A, Schematic representation of the general process for generating induced pluripotent stem cell (iPSC)–derived ECs from blood samples 
of patients with PAD and age-matched healthy subjects using iPSC technology. Data derived from Gorashi et al.17 B, Gene set enrichment 
analysis (GSEA) analysis of RNA-sequencing data set GSE236430, which includes iPSC-ECs from patients with PAD (n=3) and age-matched 
healthy subjects (n=3). C, Heatmap displaying the expression of genes associated with circadian rhythm in iPSC-ECs from patients with 
PAD compared with those from age-matched healthy subjects. The heatmap was generated using DESeq2-normalized counts. D, Schematic 
diagram showing the experimental design of the earlier study by Ryan et al18 performing transcriptome profiling on skeletal muscles from 
patients with PAD and healthy subjects. E, GSEA analysis of RNA-sequencing data set GSE120642, which includes gastrocnemius muscle 
samples from 16 patients with PAD and 15 age-matched healthy subjects. CLI indicates critical limb ischemia; FDR, false discovery rate; NES, 
normalized enrichment score; and PBMC, peripheral blood mononuclear cells.
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myofibers in the TA muscles of the ischemic limb in both 
control and Bmal1muscle mice (Figure 3A). Despite the 
gastrocnemius muscle’s proximity to the site of ligation, 
these muscles did not exhibit as severe and uniform lev-
els of injury as observed in the TA muscles (Figure S4). 
Therefore, we focused on TA muscles in the subsequent 
studies. Notably, the TA muscles of the Bmal1muscle mice 
had a significant reduction in the number of regenerated 
myofibers compared with control mice (Figure 3B). Inter-
estingly, it was observed that some nascent myofibers 
underwent hypertrophic growth in the absence of Bmal1 
(Figure 3A), as evidenced by their significantly increased 
average fiber size (Figure S5A) and rise in count of 
larger, newly formed myofibers (Figure 3C). Moreover, 
the proportion of type IIb myofibers, a dominant fast-
twitch fiber type in mouse TA muscles,50 exhibited a 
trended decrease in Bmal1muscle mice compared with con-
trols (Figure 3D and 3E). Instead, the type IIA myofibers, 
another type of fast-twitch fiber, remained unchanged 
(Figure S5B and S5C). Importantly, the acute induction 
of Bmal1 deletion did not prompt spontaneous muscle 
regeneration in the absence of injury (Figure S5D), and 
no significant differences were observed in the number 
and size of preexisting (noncentrally nucleated) myofi-
bers between control and Bmal1muscle mice in the TA 
muscles of the nonoperated limbs (Figure S5E through 
S5G). In addition, we evaluated fat tissue infiltration in 

the TA muscles of both sides in Bmal1muscle and control 
mice using oil red O staining. Although substantial fat 
tissue infiltration was observed in the TA muscles by day 
36 post-surgery, no significant difference was observed 
between the 2 groups (Figure S6A and S6B). Similarly, 
no significant difference in fibrosis was observed in the 
TA muscles of either the ischemic limb or the contra-
lateral limb, as indicated by Masson trichrome staining 
(Figure S6C and S6D). These findings imply that loss 
of circadian clock function in skeletal muscles leads to 
abnormal muscle regeneration and remodeling under 
ischemia conditions.

Muscle Clock Disruption Alters the Expression 
of Genes Related to Metabolism and Muscle 
Development In Vivo
To explore the molecular mechanisms behind the observed 
angiogenic and myogenic phenotypes of the ischemic 
muscles of Bmal1muscle mice, we conducted transcriptomic 
analysis on TA muscles from both the ischemic (HLI) 
and contralateral (CL) limbs, harvested 36 days post- 
surgery from both control and Bmal1muscle mice (Figure 4A). 
RNA-seq revealed significant genotype- and treatment- 
dependent gene expression differences (Figure 4B). Spe-
cifically, 2322 and 1210 DEGs (adjusted P<0.05) were 
identified in the CL and HLI limbs of Bmal1muscle mice, 

Figure 2. Hindlimb ischemic (HLI) reperfusion in the HLI Bmal1muscle mice.
A, Experimental design: Bmal1muscle (n=6) and control (n=5) mice received oral doxycycline (Dox) water for 3 days, followed by continuous Dox 
drinking water throughout the experimental duration. Unilateral femoral artery ligation surgery was performed on one side of the hind limb (HLI), 
while the contralateral (control limb [CL]) side remained uninjured. Limb perfusion was measured weekly using laser Doppler imaging (LDI). 
Tibialis anterior (TA) muscles from both sides of all experimental mice were collected on day 36 post-surgery. Color scale indicates perfusion 
units. B, Verification of BMAL1 (brain and muscle ARNT-like 1) expression with quantitative analysis by Western blotting in gastrocnemius 
muscles of Bmal1muscle (n=6) and control (n=5) mice. ***P<0.001 by unpaired Student t test. C, LDI showing limb perfusion recovery in 
Bmal1muscle and control mice after induction of HLI. D, Quantification of limb perfusion over time (n=6 in the Bmal1muscle group and n=5 in the 
control group). Day −1 indicates the presurgery LDI value. **P<0.01, by a generalized linear mixed-effects model with the Geisser-Greenhouse 
correction.D
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respectively, compared with controls (Figure 4C). By over-
lapping the DEGs in the CLs with previously identified 
rhythmically expressed genes (2330; P<0.05) in the gas-
trocnemius muscles of young adult (6-month-old) male 
mice,51 we identified 524 genes that showed significant 

changes in expression upon depletion of Bmal1 (Figure 
S7A). Besides the genes involved in circadian rhythm reg-
ulation, many of the other oscillating genes were associ-
ated with hypoxia, TGF-β (transforming growth factor-β), 
and myogenesis signaling pathways (Figure S7B). The 
KEGG pathway enrichment analysis showed that circa-
dian rhythm–related genes were downregulated in the TA 
muscles of Bmal1muscle mice on both sides, validating the 
successful deletion of Bmal1 in both existing and nascent 
myofibers (Figure 4D, left). Consistent with our previously 
uncovered role of the circadian clock in regulating hypoxic 
stress responses in the skeletal muscle via interactions 
with HIF1α,14 we observed reduced expression of known 
HIF target genes, including the glycolytic enzymes Hk2, 
Ldha, Slc2a3, and Vegfα, a proangiogenic factor favoring 
EC proliferation and migration52 (Table S1), in Bmal1muscle. 
Reduction in Vegfa expression was corroborated by quanti-
tative PCR quantification (Figure 4E). We further measured 
extracellular VEGFA by ELISA and detected a significant 
reduction in the media derived from Bmal1-deficient  
myotubes compared with those from WT myotubes (Fig-
ure 4F). Additionally, mitochondrial respiration and oxi-
dative phosphorylation-related genes were significantly  
upregulated in muscles lacking Bmal1 (Figure 4D, right). 
Since our previous studies demonstrated that mitochon-
drial respiration is impaired in Bmal1 null myotubes in 
hypoxia,14 we predict that the upregulation of these genes 
indicates a compensatory effect for the impaired HIF1α-
mediated hypoxia adaptation. Another notable observation 
was the inactivation of TGF-β signaling pathway in CL mus-
cles of Bmal1muscle mice (Figure 4D, left). Among the genes 
linked to this signaling pathway, Mstn, a gene encoding 
a myokine that inhibits muscle growth,53 was significantly 
downregulated, which was confirmed by quantitative PCR 
(Figure 4G). A notable decrease in intramuscular MSTN 
production was further verified in both the HLI and CLs on 
day 36 post-surgery via Western blot analysis (Figure 4H). 
Additionally, genes associated with tissue morphogenesis, 
differentiation, and development were downregulated in 
the CL muscles of Bmal1muscle mice, while genes related to 
ion transport (including calcium and potassium) and mus-
cle contraction were upregulated genes in HLI muscles of 
Bmal1muscle mice compared with controls (Figure 4D, right). 
Overall, these data show widespread reprogramming of 
the clock-regulated transcriptome in the circadian clock-
disrupted muscle tissue, both before and after exposure 
to ischemia, which may underlie the disrupted restoration 
of blood flow and myogenesis in FA-ligated limb muscles, 
consequently impeding normal muscle remodeling.

Circadian Clock Disruption Alters the 
Expression of Genes Related to Metabolism 
and Myogenesis in Cultured Primary Myotubes
The RNA-seq data from skeletal muscle tissues on day 
36 post-surgery offered insights into the transcriptome 

Figure 3. Skeletal muscle remodeling in the Bmal1muscle 
hindlimb ischemia model.
A, Representative hematoxylin and eosin and laminin/DAPI 
(4ʹ,6-diamidino-2-phenylindole) immunostaining on femoral 
artery (FA)-ligated tibialis anterior (TA) muscle cryosections from 
Bmal1muscle and control mice on day 36 post-surgery (scale bar=100 
μm). *Hypertrophic myofibers. B, Comparison of the number of 
myofibers in the FA-ligated TA muscles between Bmal1muscle (n=6) 
and control (n=5) mice. **P<0.01 by Student t test. C, Nascent 
muscle fiber size (cross-sectional area) distribution in the FA-ligated 
TA muscles of Bmal1muscle (n=6) and control (n=5) mice. *P<0.05, 
by multiple t test. D, Representative MYH4 (myosin heavy chain 
4) immunohistochemistry for type IIb fiber type staining. Laminin 
immunostaining was applied to visualize borders of individual 
myofibers (scale bar=200 μm). E, Quantification of the proportion of 
type IIb fibers in the FA-ligated TA muscles of Bmal1muscle (n=9) and 
control (n=7) mice. *P<0.05 by Student t test.
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Figure 4. Transcriptome profiling of tibialis anterior (TA) muscles in Bmal1muscle and control mice.
A, Animal experimental design: induction of Bmal1 knockout (KO) and hindlimb ischemia (HLI) surgery was conducted as described in 
Figure 2A. TA muscles with HLI and the contralateral control limb (CL) were collected on day 36 post-surgery for RNA-sequencing (RNA-seq) 
analysis. B, Principal component (PC) analysis of the transcriptome data. C, Heatmap showing differentially expressed genes (DEGs; adjusted 
P<0.05; −1<log2 fold change [FC]<1) in HLI and CL TA muscles between the Bmal1muscle (n=4) and control (n=4) groups. The heatmap was 
generated using DESeq2-normalized counts. D, The Kyoto Encyclopedia of Genes and Genomes (KEGG; left) and Gene Ontology Biological 
Processes (GOBP; right) signaling pathway enrichment analysis of the DEGs in HLI and CL TA muscles between the Bmal1muscle and control 
groups. E, Quantification of Bmal1 and Vegfα mRNA levels in HLI TA muscles of Bmal1muscle (n=5) and control (n=5) mice by quantitative 
polymerase chain reaction (qPCR). *P<0.05 by Welch t test for Bmal1 and standard t test for Vegfα. F, Measurement of VEGFA (vascular 
endothelial growth factor-α) contents in media by ELISA. Primary myoblasts were isolated from male Bmal1fx/fx mice and induced in vitro 
into myotubes. The differentiated myotubes were infected with adenovirus expressing Cre recombinase or an empty vector (n=3 biological 
replicates per group) for 48 hours, followed by culturing under normoxia (21% O2) or hypoxia (1% O2) for 24 hours. *P<0.05 by 2-way ANOVA 
test. G, Quantification of Mstn (myostatin) mRNA levels in HLI TA muscles of Bmal1muscle (n=5) and control (n=5) mice by qPCR. **P<0.01 by 
Student t test. H, Verification of MSTN protein expression by Western blotting in HLI and CL TAs of Bmal1muscle (n=6) and control (n=5) mice. 
FDR indicates false discovery rate; and WT, wild type.
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of largely recovered muscles but may not fully reveal 
the underlying mechanisms due to the lack of detailed 
transcriptional information and the variety of cell types 
in regenerating muscles after ischemic injury. To address 
these challenges, we utilized cultured myotubes to further 
investigate the antiangiogenic and antimyogenic pheno-
types observed in Bmal1muscle mice with HLI. As depicted 
in Figure 5A, primary myoblasts were isolated from 
Bmal1fx/fx mice, expanded, and differentiated into myo-
tubes (Figure S8A), with Bmal1 deletion induced by Cre 
recombinase-expressing adenovirus. Control myotubes 
were infected with an empty adenovirus. These cells 
were then exposed to normal oxygen levels (21%) or 1% 
oxygen, simulating postsurgery intramuscular hypoxia. 
RNA-seq of these myotubes revealed genotype- and 
hypoxia-dependent DEGs (Figure 5B). Under normoxia, 
1310 genes were upregulated and 1114 genes were 
downregulated in Bmal1−/− myotubes compared with wild 
type, while hypoxia exposure led to 1217 upregulated 
and 949 downregulated genes (Figure 5C). In normoxic 
myotubes, Bmal1 deletion resulted in upregulation of 
genes related to mitochondrial respiration and ATP syn-
thesis and downregulation of differentiation-associated 
genes (Figure 5D). Aerobic respiration genes were also 
upregulated in hypoxic Bmal1−/− myotubes (Figure 5D). 
There was a significant overlap in the upregulated and 
downregulated genes across different oxygen tensions 
(Figure S8B). Notably, hypoxia-responsive genes were 
commonly downregulated, whereas genes linked to oxi-
dative phosphorylation and myogenesis were upregulated 
in Bmal1−/− myotubes (Figure S8C), indicating impaired 
hypoxia response and myogenesis in these cells.

BMAL1 Regulates Transcriptional Activity or 
Expression of HIF, MyoD, and MEF2 Family 
Genes in Muscle Tissue In Vivo and in Cultured 
Myotubes
To identify transcription factor pathways that may par-
ticipate in BMAL1-mediated actions during PAD, we 
performed DNA motif analysis on the promoter regions 
of genes significantly downregulated in Bmal1-deficient 
myotubes in hypoxia or ischemic TA muscles (following 
HLI) or in both conditions (common). As anticipated, DNA-
binding motifs for HIF1β, a component of HIF complex,54 
and MyoD (myogenic differentiation 1), a key myogenic 
regulatory factor that directs muscle development55 and 
maintenance of the fast IIB/IIX fiber type,56 were enriched 
in the promoters of the genes that were downregulated in 
Bmal1-deleted muscles and myotubes as compared with 
controls (Figure 6A). Interestingly, the analysis also identi-
fied DNA-binding motifs for the MEF2 (myocyte enhancer 
factor 2) family members (eg, Mef2a, Mef2c, and Mef2d) in 
the promoters of those downregulated genes (Figure 6A). 
These results indicate a decrease in transcription activ-
ity of the MEF2 factors with Bmal1 loss. Supporting this, 

RNA-seq data showed significant reductions of Myod, 
Mef2a, Mef2c, and Mef2d expression in Bmal1-deficient 
TA muscles in the FA-ligated limb and myotubes under 
hypoxia compared with the corresponding controls (Fig-
ure 6B). Additionally, a previous study identified 2 regions 
homologous to MEF2-binding sites in the 5ʹ-regulatory 
regions of the human MSTN gene,57 suggesting that Mef2 
family members might directly bind to and regulate the 
Mstn expression. This was supported by the substantial 
reduction in Mstn expression following individual knock-
downs of Mef2 genes, including Mef2a, Mef2c, and Mef2d 
(Figure 6C). Additionally, we performed ATAC-seq on in 
vitro induced primary myotubes, using the same conditions 
as described for RNA-seq in Figure 5A. In general, we 
observed a decrease in the overall chromatin accessibility 
around transcriptional start site regions in Bmal1−/− myo-
tubes compared with Bmal1+/+ myotubes under both nor-
moxic and hypoxic conditions (Figure 6D). Furthermore, 
integrating ATAC-seq and RNA-seq data revealed that 
genes downregulated at the mRNA levels, with concur-
rent reductions in chromatin accessibility near their tran-
scriptional start site in Bmal1−/− versus Bmal1+/+ myotubes, 
were predominantly associated with skeletal muscle tis-
sue development and the regulation of skeletal muscle 
fiber development (Figure 6E). Notably, Myod1 and Mef2c, 
2 pivotal transcription factors in muscle development and 
myogenesis, were identified within the overlapping gene 
set, suggesting they may be directly regulated by circa-
dian transcription factors. As previously reported, Myod1 
is a direct transcriptional target of the CLOCK/BMAL1 
complex.58 Indeed, ATAC-seq data from primary myoblast-
derived myotubes showed a significant decrease in chro-
matin accessibility at the Mef2c promoter in the absence of 
Bmal1 (Figure 6F), aligning with the reduced transcriptional 
activity observed in the RNA-seq data. We further ana-
lyzed a BMAL1 ChIP-sequencing data set (GSE143334) 
derived from pooled gastrocnemius muscle of C57BL/6J 
male mice, as reported in a previous study.59 Our analysis 
revealed that BMAL1 binds to the transcription start site 
within the promoter of the Mef2c gene (Chromosome 7: 
67 373 192–67 373 450; Figure 6F), indicating potentially 
direct transcriptional regulation of Mef2c by BMAL1. Col-
lectively, these findings unveil a novel mechanism by which 
the circadian clock influences muscle regeneration under 
ischemic conditions.

DISCUSSION
The murine HLI model is a widely used animal model 
to mimic the ischemic injuries experienced by patients 
with PAD.41 While previous studies utilizing this model 
have predominantly focused on vascular aspects such 
as limb perfusion recovery and vascular density,60 our 
current study goes beyond these parameters by charac-
terizing skeletal muscle remodeling in response to HLI 
and uncovers significant insights into the molecular and 
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cellular changes occurring in the skeletal muscle follow-
ing ischemia. Importantly, these results align with clinical 
observations of muscle pathology in patients with PAD. 
By expanding the focus beyond vascular outcomes to 

include detailed analyses of muscle responses, our 
research provides a more holistic understanding of PAD 
and underscores the intricate interplay between circa-
dian rhythms and tissue health. This novel perspective is 

Figure 5. Transcriptome profiling of Bmal1 (brain and muscle ARNT-like 1)-deficient and control myotubes.
A, Experimental design: primary myoblast isolation, differentiation, and adenovirus-induced Bmal1 knockout in myotubes were conducted as 
described in Figure 4F. Adenovirus-infected myotubes were exposed to normoxia (21% O2) or hypoxia (1% O2) for 6 hours and then subjected 
to RNA-sequencing analysis (n=3 biological replicates per group). B, Principal component (PC) analysis of the transcriptome data. C, Heatmap 
showing differentially expressed genes (DEGs) in Bmal1 knockout (KO) and wild-type (WT) myotubes under normoxia or hypoxia conditions. 
The heatmap was generated using DESeq2-normalized counts. D, Gene Ontology Biological Processes (GOBP) signaling pathway 
enrichment analysis of the DEGs in Bmal1 KO and WT myotubes under normoxia or hypoxia conditions. GeneRatio represents the ratio of 
input genes that are annotated in a signaling pathway term. DM indicates differentiation medium; and GM, growth medium.
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Figure 6. Gene regulation of BMAL1 (brain and muscle ARNT-like 1) in tibialis anterior (TA) muscles and myotubes.
A, DNA motif enrichment analysis within promoters of the significantly downregulated genes in hindlimb ischemia (HLI) TA muscles of 
Bmal1muscle vs control mice, Bmal1-deficient myotubes (MTs) vs wild-type (WT) myotubes under hypoxia, and the commonly downregulated 
genes between the TA muscles and myotubes. B, Heatmap illustrating the expression of Myod, Mef2a, and Mef2c in the HLI TA muscles 
of Bmal1muscle vs control mice or Bmal1-deficient myotubes vs WT myotubes under hypoxia. C, Quantification of Mstn mRNA expression in 
individual Mef2 gene knockdown myotubes by quantitative polymerase chain reaction in biological triplicate. *P<0.05, **P<0.01, ***P<0.001 
by 1-way ANOVA comparing with the scramble-shRNA-infected group. D, Assay for transposase-accessible chromatin with sequencing (ATAC-
seq) peak summit-centered heatmap (bottom) with an overlaid average profile (top) of ATAC-seq signal in control (WT) and (Continued )
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crucial for developing comprehensive treatment strate-
gies aimed at improving the quality of life for patients 
experiencing PAD.

Disrupting circadian rhythms can increase the risk of 
pathologies like cardiovascular disease, cancer, and met-
abolic syndrome. Mice with whole-body Bmal1 knockout37 
or those subjected to jet lag38 experience exacerbated 
PAD symptoms. Notably, among the various high-risk 
factors enumerated by the Centers for Disease Control 
and Prevention of the United States, blood pressure61 
and plasma cholesterol absorption/metabolism62 follow 
the circadian rhythm, while smoking disrupts both central 
and peripheral circadian functions.63 Other studies have 
shown mutual influences between circadian arrhyth-
mia and atherosclerosis,64–66 diabetes,67,68 and aging.69,70 
While the molecular clock factors are active throughout 
the body, different tissue-specific clocks may have coor-
dinated effects during PAD. ECs form the inner cellular 
lining of various blood vessels, including arteries, veins, 
and capillaries, as a monolayer of endothelium. Athero-
sclerosis is marked by phenotypic cell switching, in which 
ECs transition into mesenchymal stem cells.71 The pres-
ence of endothelial-to-mesenchymal stem cell transition 
shows a strong correlation with the severity of atheroscle-
rosis.72 It has been demonstrated that endothelial-to-mes-
enchymal stem cell transition in cultured human umbilical 
vein ECs is accompanied by a substantial loss of CLOCK 
expression, while overexpression of CLOCK impedes 
this transition.73 Additionally, BMAL1, the circadian bind-
ing partner of CLOCK, plays an anti-inflammatory role in 
human umbilical vein ECs by inhibiting lipid uptake.37 Fur-
thermore, another study reported that the circadian clock 
factor PER2 (Period 2) maintains cardiovascular function 
through the regulation of NO, vasodilatory prostaglandin 
production, and cyclooxygenase-1–derived vasoconstric-
tors.74 Taken together, these studies raise the possibil-
ity that clocks in ECs may contribute to PAD pathology. 
However, the ultimate pathological consequence of PAD 
is loss of muscle mass, function, and ambulation. Thus, we 
feel it is crucial to understand the contribution of skeletal 
muscle–specific clocks to PAD and to understand their 
influences on muscle-intrinsic ischemia adaptation. In this 
study, we discovered that the expression of the circadian 
transcriptional activator BMAL1 in the skeletal muscle 
tissue during adult life is important for numerous aspects 
of muscle health, such as myofiber size and composition. 
Surprisingly, we also find that the muscle clock is impor-
tant for ischemic limb reperfusion, suggesting muscle 

clock-derived regulation of vascular repair. Together, 
these findings highlight the importance of muscle auton-
omous clocks in response to HLI injury.

CLI is marked by severe blockage of arteries in the 
lower limbs, leading to reduced blood flow and oxygen 
supply.75 HIFs play a crucial role in mediating transcrip-
tional reprogramming for hypoxia-adaptive responses.76 
Loss of HIF-1α function hinders the expression of cyto-
kines such as VEGF, stromal cell-derived factor 1, PDGF 
(platelet-derived growth factor), and angiopoietin1/2 and 
reduces the mobilization of angiogenic cells and the res-
toration of blood flow in the ischemic limbs of mice,16 while 
overexpressing HIF-1α enhances perfusion recovery fol-
lowing induction of HLI in older or diabetic mice.16 These 
beneficial effects were attributed to both the mobilization 
of circulating angiogenic cells and the localized actions 
of angiogenic factors. Our previous studies demonstrate 
that clock disruption impairs HIF1α stabilization and its 
transcriptional activity under hypoxic conditions,14 thereby 
compromising skeletal muscle’s response to acute 
exercise hypoxia14 and muscle regeneration after injury 
induced by cardiotoxin.12 This study reveals that skeletal 
muscles communicate with the endothelium through the 
active paracrine secretion of VEGFA, which is affected by 
the interaction between the circadian clock and HIF1α-
mediated hypoxic response signaling pathways. Notably, 
while clinical trials administering Neovasculgen, a drug 
containing VEGFA165-expressing plasmid, to patients with 
mild-to-severe claudication yielded a significant increase 
in pain-free walking distance in a 5-year follow-up study 
and 5-year postmarketing surveillance,77,78 adverse 
effects such as the development of spider angioma and 
edema were observed in patients receiving VEGFA gene 
transfer.79 Therefore, focusing on strengthening HIF tran-
scriptional activity and simultaneously inducing a broad 
array of angiogenic factors via circadian rewiring presents 
a potentially superior therapeutic strategy for PAD.

An interesting observation in the ischemic limb of 
Bmal1muscle mice is the general reduction in the total fiber 
number accompanied by hypertrophic growth in certain, 
but not all, types of myofibers (Figure 3A through 3C). 
Patients with PAD often face muscle deterioration due 
to ischemia-induced atrophy80 and increased levels of 
apoptosis.81 Koutakis et al82 reported in their study on 
biopsies taken from the gastrocnemius of 52 patients 
with PAD and 25 controls that both the relative fre-
quency and size of type II fibers were lower, while those 
of type I and hybrid type I/II fibers were higher, in PAD 

Figure 6 Continued.  Bmal1 knockout (KO) myotubes under normoxia (N) and hypoxia (H) conditions (n=3 biological replications per 
condition). The heatmap was generated based on normalized signal coverage calculated from bigWig files, centered on peak summits and 
extending 2 kb upstream and downstream. E, Gene ontology (GO) biological process analysis using genes exhibiting both downregulated 
mRNA expression in Bmal1−/− myotubes compared with WT, along with decreased chromatin accessibility near transcriptional start site (TSS) 
proximal regions under normoxia (left) and hypoxia (right) conditions. GeneRatio represents the ratio of input genes that are annotated in 
a signaling pathway term. F, Integrative Genomics Viewer genome browser tracks displaying BMAL1 binding from the publicly available 
chromatin immunoprecipitation-sequencing (ChIP-seq) data set (GSE143334) and our ATAC-seq reads from known promoter region (indicated 
by the red arrow) and the gene body of the Mef2c gene in the presence or absence of Bmal1. Dn indicates downregulation; and Ds, decrease.
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compared with control gastrocnemius. This aligns with 
our observed decrease in the proportion of type IIb fibers 
in the nascent myofibers of Bmal1muscle mice compared 
with controls after femoral artery ligation (Figure 3D and 
3E). We speculate that MSTN, a muscle growth inhibi-
tory myokine,83,84 may partially underlie this hypertro-
phic growth, given its significant downregulation in the 
muscles of Bmal1muscle mice compared with controls (Fig-
ure 4G and 4H). Notably, lack of MSTN, although promot-
ing muscle hypertrophy, compromises force production 
and is associated with the loss of oxidative characteris-
tics of the skeletal muscle.83 Therefore, the appearance 
of those hypertrophic myofibers does not necessarily 
indicate increased strength but rather potential weak-
ness. Indeed, both the specific force (muscle force per 
unit cross section)58 and grip strength85 are significantly 
lower in the muscles of adult life-induced skeletal muscle 
Bmal1 knockout mice compared with controls.

An earlier study revealed that knockout of Mstn 
results in an increase in type IIb fibers while concomi-
tantly decreasing type IIa and type I fibers.86 This is due 
to the upregulation of Mef2c, an MEF2 gene that plays 
important roles in type I fiber formation, and the down-
regulation of Myod, which is highly expressed in type 
II fibers.86 In contrast, our results indicate that MEF2 
transcription factors are upstream regulators of Mstn, 
as knockdown of Mef2 genes, including Mef2a, Mef2c, 
and Mef2d, leads to significant declines in Mstn expres-
sion (Figure 6C). This is consistent with a previous 
study identifying MEF2-binding sites in the 5ʹ regula-
tory region of the murine87 and human MSTN gene.57 
Instead, BMAL1 potentially regulates Mef2c expres-
sion by directly binding to its promoter. Moreover, we 
observed decreases in Myod expression in both Bmal1-
deficient TA muscles and myotubes (Figure 6B), poten-
tially due to the rhythmic binding of BMAL1/CLOCK 
to the core enhancer of the Myod promoter,58 which 
may account for the decrease in type IIb fibers in the 
absence of Bmal1 (Figure 3D and 3E).

Taken together, our data suggest that BMAL1 coor-
dinates the HIF1α-mediated hypoxia response, affect-
ing Vegfα expression, which hinders angiogenesis and 
underlies the defect in muscle reperfusion following 
induction of HLI. In addition, BMAL1 also regulates 
Mstn expression via Mef2 family transcription factors. 
The reduction in MSTN production in Bmal1-deficient 
muscles may lead to muscle hypertrophy during isch-
emic muscle regeneration, contributing to muscle weak-
ness in PAD. Finally, clock-controlled Myod expression 
may be crucial in maintaining skeletal muscle fiber type 
under limb ischemia conditions. Targeting muscle cir-
cadian arrhythmia is a potential therapeutic approach 
mitigating perfusion deficits and pathogenic muscle 
conditions in patients with PAD.

While our study provides significant insights into the 
role of the circadian transcriptional activator BMAL1 in 

skeletal muscle health and ischemic responses in an HLI 
mouse model, there are several limitations that should be 
considered. First, we did not include female mice in our 
study. This is a critical limitation as sex differences can 
significantly influence the outcomes in cardiovascular 
and muscle-related pathologies. Future studies should 
include both male and female mice to better understand 
the potential sex-specific effects of BMAL1 in PAD and 
related conditions. Second, the decline in type IIb fibers 
observed in the absence of BMAL1 in our mouse model 
needs to be further investigated in the context of human 
patients with PAD. Human skeletal muscles do not con-
tain type IIb fibers, which are present in rodents. This dif-
ference limits the direct applicability of our findings to 
human physiology. Additional research and sample size 
are needed to explore how BMAL1 influences other fiber 
types in human muscles and to establish a more accu-
rate model for studying human PAD and enhance the 
translational potential of these findings.

Translational Outlook
Our study raises several potential clinical implications for 
vascular disease as our findings further support the role of 
circadian dysfunction in the role of cardiovascular disease 
pathogenesis. Circadian-based interventions thus hold 
promise in potentially blunting the progression and sever-
ity of PAD. Chronotherapies are an intuitive first option, 
in which drug therapies consider both circadian phar-
macokinetics and pharmacodynamics alongside disease 
physiology. For instance, timing of antihypertensive admin-
istration produces varying effects on 24-hour blood pres-
sure with potential downstream effects on cardiovascular 
remodeling.88 Similarly, timing of antiplatelet administra-
tion produces significant variation in maximal effect, which 
can be tuned to match periods of maximal platelet reactiv-
ity.89 Acute limb ischemic events share a morning peak 
and nocturnal nadir, akin to other thrombotic events, such 
as myocardial infarction.90 Thus, strategies to treat PAD 
may benefit from chronotherapeutic delivery to optimize 
therapeutic efficacy. Late manifestations of PAD, includ-
ing gangrene, may also exhibit circadian variation and may 
similarly benefit from chronotherapies.91 The exact mech-
anistic underpinnings of these events remain an ongoing 
area of research with significant translational potential.

Alternatively, restoration of the clock itself is another 
promising strategy. Pharmaceutical chronobiotics can 
aid with clock entrainment in settings of circadian dys-
function. Well-established therapies include melatonin, 
which has demonstrated efficacy in reducing fat mass 
or glycosylated hemoglobin in nonvascular patients.92,93 
Similar trials have not been conducted in the PAD popu-
lation, and, while promising, the applicability of these 
findings should remain tempered. Nonpharmacological 
clock restoration includes behavioral modifications such 
as modulation of light exposure or exercise therapy.94,95 
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Specifically, supervised exercise therapy when paired 
with revascularization may provide the largest improve-
ment in walking distance and quality of life in claudicants 
and is furthermore covered by Medicare and Medic-
aid.96,97 And while the positive impact of exercise therapy 
is likely multifactorial, there likely exists some benefit 
conferred via clock restoration.

Last, tissue-specific clock function as an anticipatory 
sensor of the external environment particularly highlights 
the potential for local circadian-based therapies.64 Calf 
musculature is simultaneously the most prone to isch-
emia secondary to PAD while also under significant met-
abolic demand during ambulation, as evidenced by the 
symptoms of intermittent claudication or chronic limb-
threatening ischemia. Delivery of intramuscular cellular 
therapies as a strategy to combat chronic limb-threatening  
ischemia in patients unsuitable for revascularization has 
already reached clinical translation with modest effects.98 
Restoration of muscle-specific circadian rhythm is thus 
an intuitive therapeutic target as functional metrics, such 
as walking distance, are dependent on muscle health in 
general and not perfusion alone. Major challenges include 
determining an optimal interventional range as inte-
grated circadian feedback regulation may result in unex-
pected results of clock manipulation.99 Similarly, the use 
of nocturnal animals as a testbed for circadian therapies 
remains a limitation in translating therapies to a diurnal 
species (human).99 Strategies to locally deliver therapies 
such as NAD+ (nicotinamide adenine dinucleotide) are 
an ongoing area of intense research by our group and 
others. Collaboration between circadian biologists, bio-
medical engineers, and clinicians will remain paramount 
in designing a translatable therapy that accounts for the 
intricate circadian network, optimized release kinetics, 
and the clinical workflow.
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