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Abstract

Peripheral artery disease (PAD) causes an ischemic myopathy contributing to patient disability and 

mortality. Most preclinical models to date use young, healthy rodents with limited translatability 

to human disease. Although PAD incidence increases with age, and obesity is a common 

comorbidity, the pathophysiologic association between these risk factors and PAD myopathy 

is unknown. Using our murine model of PAD, we sought to elucidate the combined effect 

of age, diet-induced obesity and chronic hindlimb ischemia (HLI) on (1) mobility, (2) muscle 

contractility, and markers of muscle (3) mitochondrial content and function, (4) oxidative stress 

and inflammation, (5) proteolysis, and (6) cytoskeletal damage and fibrosis. Following 16-weeks 

of high-fat, high-sucrose, or low-fat, low-sucrose feeding, HLI was induced in 18-month-old 

C57BL/6J mice via the surgical ligation of the left femoral artery at 2 locations. Animals 

were euthanized 4-weeks post-ligation. Results indicate mice with and without obesity shared 

certain myopathic changes in response to chronic HLI, including impaired muscle contractility, 

altered mitochondrial electron transport chain complex content and function, and compromised 

antioxidant defense mechanisms. However, the extent of mitochondrial dysfunction and oxidative 

stress was significantly greater in obese ischemic muscle compared to non-obese ischemic muscle. 

Moreover, functional impediments, such as delayed post-surgical recovery of limb function and 

reduced 6-minute walking distance, as well as accelerated intramuscular protein breakdown, 

inflammation, cytoskeletal damage, and fibrosis were only evident in mice with obesity. As these 

features are consistent with human PAD myopathy, our model could be a valuable tool to test new 

therapeutics.
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Introduction

Peripheral artery disease (PAD) is a manifestation of atherosclerosis characterized by 

progressive narrowing and occlusion of the arteries supplying the lower extremities and 

affects over 14 million in the U.S. and 236 million people worldwide.1,2 Symptoms of 

PAD range in severity from the more common presentation, intermittent claudication (IC) - 

leg pain elicited with mild exertion and relieved by rest, to critical limb ischemia (CLI) 

associated with chronic ischemic foot pain at rest, non-healing ulcers or gangrene.3−6 

Although IC and CLI were traditionally considered a product of reduced blood flow,7,8 

altered hemodynamics alone does not fully explain the impaired leg function noted in 

PAD patients.3,8−11 Emerging evidence suggests the functional impediments with PAD also 

result from a myopathy affecting the lower extremity muscles subjected to ischemia and 

reperfusion.8,12−16 This loss of viable skeletal muscle in the lower extremities is not only 

associated with impaired muscle function and limited mobility, but also reduces quality of 

life, and escalates patient morbidity and mortality.1,8,12−15,17−19

The etiological factors mediating the onset of this PAD-associated myopathy are complex 

but appear to include mitochondrial dysfunction, heightened inflammation, and oxidative 

stress.5,9,12,15,16,19−26 However, results from preclinical interventions specifically targeting 

mitochondria, inflammation and/or oxidative stress show inconsistent efficacy,19 and agents 

that have shown promise in animals, often have limited therapeutic success in human 

randomized trials.1,27 Taken together, these data suggest the mechanisms underlying PAD 

myopathy are still not fully understood, methodologies currently employed to model PAD in 

animals are too variable to yield consistent results, and/or pre-existing animal models have 

limited translatability to human PAD patients.19,27

Although animal models are invaluable for exploring molecular pathways involved in 

disease development, much of our knowledge to date stems from studies of acute hindlimb 

ischemia utilizing young, healthy rodents.19,27−29 While these prior investigations provide 

insight into the pathophysiology of PAD myopathy, prospective data in humans show that 

age is an important risk factor for disease development.30 Indeed, PAD primarily affects 

those over the age of 40 years, with an estimated 12–20% of the general population 

developing PAD by age 65 years.2,5 Consequently, preclinical models with young rodents 

may not fully replicate the chronic nature of human PAD.27,29 Moreover, the few existing 

studies using aged mice have exclusively focused on simulating the severe, acute muscle 

damage and necrosis noted in CLI,31,32 which only occurs in approximately 11% of PAD 

patients.6 Considering IC has a comparatively higher prevalence, there is much need for 

a more representative animal model to investigate, and gain a better understanding of, the 

earlier/less severe stages of PAD myopathy.

The inclusion of comorbid conditions, usually absent in animal models,27,29,33 would also 

enhance research translatability. Of the various comorbidities, recent evidence suggests an 
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important link between obesity and PAD.30,34,35 Obese individuals with PAD also show 

a greater loss of calf muscle mass and functional decline than those of a normal body 

weight.36 However, the pathophysiologic basis of this association is currently unknown. As 

the incidence of both obesity and PAD increases with age,2,5,37 determining the pathological 

features of PAD myopathy when these risk factors are combined, is crucial for the future 

development of more efficacious treatment modalities.

In a move toward greater translatability, we herein describe our novel murine model of obese 

PAD myopathy in aged C57BL/6J mice. The current investigation sought to elucidate the 

combined effect of age, diet-induced obesity and chronic hindlimb ischemia (HLI) on lower 

extremity muscle function and pathology. Specifically, the impact of these risk factors on 

(1) mobility (6-minute walking distance), (2) muscle contractility, as well as markers of 

(3) mitochondrial content and function, (4) muscle oxidative stress and inflammation, (5) 

muscle proteolysis (via calpain1, 20S and 26S proteasomes, autophagy, and caspase 3), and 

(6) muscle cytoskeletal damage (desmin protein abundance) and fibrosis were assessed. We 

hypothesized muscle contractility, ambulatory ability and mitochondrial function would be 

impaired, however, muscle protein breakdown, oxidative stress, inflammation, damage, and 

fibrosis would be increased, in high-fat fed mice with chronic HLI.

Materials and methods

Animals

Fourteen-month-old male and female C57BL/6J mice (n = 12 males, 12 females) (Jackson 

Laboratories, Bar Harbor, ME) were housed and treated in the Animal Research Facility 

(ARF) at Baylor University on a 12:12 hours light-dark cycle with access to food and water 

ad libitum.

Ethics statement

Animal care and procedures were in accordance with the Guide for the Care and Use of 

Laboratory Animals38 and approved by the Institutional Animal Care and Use Committee 

(IACUC) at Baylor University under protocol number 1827226.

Experimental groups and design

Following acclimation to the ARF, the mice were randomized into 2 diet groups. Half (n 
= 6 males, 6 females) were fed a high-fat, high-sucrose (HFS) diet consistent with the 

typical western diet,39 and the remainder a low-fat, low-sucrose control (LFS) diet. The 

initial feeding phase of the study occurred over a 16-week duration, after which all mice 

underwent the surgical ligation of the left femoral artery to induce unilateral HLI. To better 

replicate the chronic nature of human PAD, the induction of HLI was then followed by a 

4-week post-ligation feeding phase where study animals continued with their respective HFS 

or LFS diets. Two males assigned to the HFS group developed ulcerative dermatitis during 

the initial feeding phase of the study and required humane euthanasia (final n in HFS group 

= 4 males, 6 females).
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Animal diet and food intake and body mass assessment

Mice were fed a HFS (45% kcal fat, 17% sucrose; D12451), or a LFS (10% kcal fat, 0% 

sucrose; D12450K) chow diet (Open-Source Diets, New Brunswick, NJ) for 20-weeks (16-

weeks pre-, and 4-weeks post-surgical intervention). This timeline is sufficient to cause a 

significant divergence in body mass between diet groups.39 Except for fat and sucrose, both 

diets were matched for overall ingredient content. Food was replaced, and intake measured 

every second day as previously described.40,41 Body mass was assessed weekly during the 

initial feeding phase, daily for 1 week immediately following HLI, and every second day for 

the remainder of the study. Body mass was monitored more closely during the postoperative 

period to ensure the mice were appropriately coping with the surgical intervention.42

Induction of unilateral HLI

After the initial feeding phase, HLI was induced using established techniques,43 with slight 

modifications listed below. All mice underwent the surgical ligation of the left femoral 

artery at 2 locations. Using size 6−0 prolene, the first constricting ligature was placed at 

the point where the left femoral vessels emerge below the inguinal ligament (proximal to 

the lateral circumflex femoral artery branch). The second ligature was placed around the 

distal femoral artery, proximal to the bifurcation of the saphenous and popliteal branches. 

The right limb served as an internal control condition. Laser Doppler perfusion imaging 

(moorLDI2, Moor Instruments, Wilmington, Del) was used to subjectively assess blood flow 

immediately prior to- and following HLI ligations. All surgical and imaging procedures were 

performed under gaseous anesthesia (isoflurane, Halocarbon Company, River Edge, NJ), and 

analgesia (ketoprofen 5 mg/kg) was administered subcutaneously immediately prior to all 

surgeries.

Postoperative clinical scoring

Postoperative assessments were conducted daily on all mice for the first week following the 

induction of HLI. Scores were assigned for both limb function and the degree of visible limb 

ischemia according to the Tarlov scale44 and the modified mouse limb ischemia scale,32 

respectively. Grading scale criteria are described in detail elsewhere.32,44

Ambulatory ability (open field test)

The open field test measures voluntary activity and is thought to closely relate to the 

6-minute walk test performed in human PAD patients.45,46 The animals were placed in 

an open chamber constructed of clear, nonporous plastic (40 (L) x 40 (W) x 40 (H) cm) 

with a video camera (Digital Video Camera HDV-604S, Sonida, China) suspended over 

the chamber on an elevated stand,45,47 and their movement was recorded for 6 minutes.48 

Total distance travelled (cm) was analyzed from the recordings using markerless locomotion 

measurements with customized automated python-based (version 3.8.1) computer vision 

software (version 4.6.0). The mice were tested individually 24 hours prior to euthanasia. For 

consistency, all tests were performed in the morning at the end of the dark cycle (0600) 

and the test conditions (room lighting, temperature, noise levels) were identical for all 

animals.45,49
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Animal euthanasia and tissue collection

Four weeks after the induction of HLI, mice were euthanized by cervical dislocation while 

under isoflurane anesthesia. Skeletal muscle from the ligated (ischemic) and contralateral 

nonischemic limb, as well as gonadal fat pads were harvested. Fat pad mass was used 

as a proxy for central adiposity and obesity status.40,41 The muscle groups harvested 

include: (1) the soleus for ex-vivo muscle contractility measures, (2) the gastrocnemius 

(GA) for mitochondrial high-resolution respirometry measures, muscle protein turnover 

and damage-related biochemical analyzes, (3) the quadriceps for mitochondrial enzymatic 

activity and antioxidant assays, and (4) the adductor muscle group for histology. All muscles 

were trimmed of attached adipose tissue prior to storage (either snap frozen in liquid 

nitrogen, and stored at −80°C for later biochemical measurements, fixed in methacarn, 

or placed in an ice-cold physiological buffer solution or BIOPS preservation solution 

and immediately transferred to the lab for contractility and mitochondrial respiration 

measurements, respectively).

Ex-vivo muscle contractility

Contractile force measurements were performed using isolated soleus muscles. Immediately 

after isolation, the muscles were placed in an ice-cold physiological salt solution buffer 

(pH 7.4) containing (in mM) 130.0 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.6 CaCl2, 14.9 NaHCO3, 

1.2 MgSO47H2O, 0.03 EDTA and 5.5 glucose. The muscles were subsequently mounted 

between 2 force transducers (via the proximal and distal tendons) in a DMT 820MS organ 

bath system (DMT, Ann Arbor, Mich) containing the physiological salt solution buffer. 

Following mounting, the muscles were equilibrated for 5 minutes prior to determining 

optimal physiological muscle length (average Lo of 1.1 cm) via a series of twitch 

contractions. Per DMT manufacturer instructions specific for murine soleus muscle, a 

square-pulse electrical stimulator (Stimulator − CS4) was used to perform tetanic tension 

and measure isometric contraction at 10Hz, 30Hz, 50Hz, 80Hz, and 100Hz. Real time 

display and recording of all force measurements were performed on a computer with a data 

acquisition platform (AD Instruments PowerLab Data Acquisition System and LabChart 

software, DMT, Ann Arbor, Mich). Absolute force (mN) was normalized to muscle mass 

and an approximate physiological cross-sectional area (PCSA) to determine muscle specific 

isometric twitch force (N/cm2).50,51 PCSA was calculated using a previously described 

equation,50 which accounts for the density of mammalian skeletal muscle (1.06 g/cm3),52 

as well as the myofiber length/whole muscle length ratio of 0.71 for the mouse soleus 

muscle.53

Real time polymerase chain reaction

Total RNA was isolated from snap frozen GA samples using the Direct-zol RNA Microprep 

Kit (Zymo Research, Irvine, Calif, R2063). The quantity and quality of RNA was 

determined using a NanoDrop One spectrophotometer, and RNA was reverse transcribed 

to cDNA using the iScript Reverse Transcription Supermix for RT-qPCR Kit (Bio-Rad, 

Hercules, Calif, 1708841). PCR reactions used the following target genes: calpain1, caspase 

3, forkhead box (Fox) O1, FoxO3, F-box O protein 32 (Fbxo32), tripartite motif containing 

63 (TRIM63), autophagy genes (Atg) 7, 10, and 12, microtubule-associated protein 1 light 
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chain 3 (LC3) alpha, sequestosome 1 (p62), proteasome beta 5 subunit (PSMB5), and the 

housekeeping gene beta-2-microglobulin. A list of these genes was provided to Bio-Rad who 

designed the primer pair sequences, which were all contained on custom 96-well SYBR 

Green plates (dried in well) and are proprietary to Bio-Rad. All PCR reactions were run 

on a CFX Opus Real-Time PCR System (Bio-Rad, Hercules, Calif). The quantification 

cycle (Cq) of target genes was normalized to the reference gene (beta-2-microglobulin), 

and relative normalized expression was calculated using the 2^(-delta delta Cq) method. All 

samples were run in triplicate, and results were averaged.

Muscle protein isolation for enzymatic activity plate assays and western blotting

Frozen GA and quadricep muscles were homogenized in ice-cold lysis buffers consisting 

of 40 mM Tris, pH 7.2, 50 mM NaCl, 2 mM βME, 2 mM ATP, 5 mM MgCl2 for the GA 

samples, or 50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.25% sodium-deoxycholate, 0.1% 

SDS, and 1x protease inhibitor cocktail (Sigma Aldrich, Burlington, Mass, P8340) for the 

quadricep muscles. Immediately following homogenization of the GA samples, the lysate 

was split and a 1x protease inhibitor cocktail (Sigma Aldrich, Burlington, Mass, P8340) was 

added to half the sample. A protease inhibitor was not added to the GA samples destined 

for measuring proteolytic activity, as these inhibitors can alter major targets of interest (the 

proteasomes). Total protein within the homogenates was determined in duplicate using the 

Pierce BCA assay and bovine serum albumin as a standard (Thermo Scientific, Rockford, 

Ill, 23225).

Protein analysis by western immunoblot

Protein samples from GA and quadricep muscle homogenate were mixed with 2x Laemmli 

sample buffer and 2-mercaptoethanol (Bio-Rad Hercules, Calif, 1610747). Using 4%−20% 

Criterion TGX Precast Midi Protein Gels (Bio-Rad Laboratories, 5671095), 20 μg of 

protein per sample was separated using electrophoresis in a Criterion Cell Tank (Bio-Rad 

Laboratories). Proteins were transferred to 0.2 μm Amersham Hybond P polyvinylidene 

difluoride (PVDF) transfer membranes (Cytiva, Malborough, Mass, 10600021), and total 

protein per lane was quantified using Ponceau S staining (Boston BioProducts, Milford, 

Mass, ST180). The membranes were subsequently de-stained with deionized water, blocked 

in 5% nonfat milk in TBS-Tween at room temperature for 1 hours, and incubated in primary 

antibodies overnight at 4°C. Primary antibodies used with GA muscle lysates include the 

proteasome alpha-7 subunit (PSMA7, 1:1000, GeneTex, Irvine, Calif, 113531), Forkhead 

box O (FoxO)-1 (1:300, Sigma Aldrich, Burlington, Mass, 001252), FoxO3A (1:150, 

GeneTex, 100277), LC3 (1:1000, ProteinTech, 14600), p62 (1:1000, ProteinTech, 18420), 

Calpain1 (1:100, GeneTex, 102340), Cas-pase3 (1:500, GeneTex, 110543), Poly (ADP-

ribose) polymerase 1 (PARP1, 1:600, GeneTex, 100573), Toll-like receptor 9 (TLR9, 1:600, 

GeneTex, 100726), Desmin (1:1000, ProteinTech, 16520), and Connective tissue growth 

factor (CTGF, 1:375, GeneTex, 124233). The primary antibodies superoxide dismutase 

(SOD)-1 (1:1000, ProteinTech, 10269), catalase (1:750, ProteinTech, 66765), and OxPhos 

rodent antibody cocktail (1:150, Invitrogen, 458099) were used to probe membranes 

containing protein from quadricep muscle lysates. The membranes were then incubated 

with an appropriate HRP-conjugated secondary antibody (Goat anti-Rabbit IgG (1:10,000) 

or Goat anti-Mouse IgG (1:10,000), Invitrogen, Waltham, Mass, 31462, 31430, respectively) 
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and Clarity ECL Substrate (Bio-Rad Laboratories, 1705060) was used to visualize the 

immunoreaction via the ChemiDoc MP Imaging System (Bio-Rad Laboratories). The band 

intensity of each target protein was quantified by densitometric analysis using Image Lab 

software (Version 6.1, Bio-Rad Laboratories) and normalized to the density of all ponceau 

bands (total protein) within each sample lane. Protein levels of each target were expressed as 

fold change of the protein relative to the LFS non-ischemic (ie, control) muscle group.

Preparation of permeabilized muscle fiber bundles for mitochondrial respiration 
measurements

Sections of ischemic and non-ischemic white GA muscle (20−30 mg) were gently teased 

with sharp forceps in ice-cold BIOPS preservation solution containing 7.23 mM dipotassium 

egtazic acid (K2-EGTA), 2.77 mM Ca-EGTA, 20 mM imidazole, 20 mM taurine, 5.7 mM 

adenosine triphosphate (ATP), 14.3 mM phosphocreatine, 50 mM MES potassium salt (K-

MES), and 6.56 mM magnesium chloride hexahydrate (MgCl2.6H2O) (pH 7.1). Teased fiber 

bundles were then incubated with 30 μg/mL saponin at 4°C for 30 min with gentle rocking 

to allow for selective permeabilization of the sarcolemma.54 Permeabilized fiber bundles 

were then transferred to a mitochondrial respiration medium containing 105 mM K-MES, 30 

mM potassium chloride (KCl), 10 mM potassium dihydrogen phosphate (KH2PO4), 5 mM 

MgCl2.6H2O, and 0.5 mg/mL BSA, and rinsed by rocking for 15 minute at 4°C.

High-resolution measurement of mitochondrial respiration and hydrogen peroxide (H2O2) 
release

An Oroboros O2k Oxygraph FluoRespirometer (Oroboros Instruments, Innsbruck, Austria) 

consisting of 2 temperature-controlled chambers, each containing a polarographic 

oxygen sensor and a custom-fitted fluorometer (O2k-Fluo LED2 module), was used to 

simultaneously measure mitochondrial oxygen consumption (JO2) and H2O2 emission 

(JH2O2) in saponin-permeabilized muscle fibers. Experiments were performed at 37°C in 

2 mL of the respiration buffer described above supplemented with creatine monohydrate (20 

mM). Fiber bundles were weighed immediately prior to their placement in each Oroboros 

chamber (approximately 10 mg wet weight per chamber). A substrate inhibitor titration 

protocol was performed, whereby 2 mM malate and 10 mM glutamate were added to the 

chambers to measure Complex I, state 2 respiration. This was followed by the addition 

of 4 mM ADP, to initiate state 3 (ADP-stimulated) respiration. Next, 10 mM succinate 

was added to the chambers to stimulate electron flow through Complex II. Rotenone (10 

μM) was then used to inhibit Complex I, and 1mM of duroquinol was added to measure 

Complex III. Finally, we added 5 μM antimycin A to inhibit Complex III. followed by 0.4 

mM N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD), and 2 mM ascorbate to prevent 

TMPD auto-oxidation to measure Complex IV.16,23,55 All reagents and chemicals were 

purchased from Sigma Aldrich (St. Louis, MO).

The net rate of mitochondrial JH2O2 release per electron transport chain (ETC) complex was 

measured simultaneously during respirometry experiments using Amplex UltraRed reagent 

(AmR; 5 μM) (Thermo Scientific, Rockford, Ill, A36006) and horseradish peroxidase (HRP; 

1 U/mL) as previously described in detail.56−58 Briefly, JH2O2 was detected fluorometrically 

by monitoring the accumulation of resorufin at each stage of the substrate inhibitor titration 
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protocol. Resorufin is the stable fluorescent product of 1:1 oxidation of AmR by H2O2 

in the presence of HRP (at within-chamber excitation/emission wavelengths of 563/587 

nm). Resorufin fluorescence was calibrated to chamber H2O2 concentration using freshly 

prepared H2O2 standards (0.1 and 1 μM) stabilized with 10 μM HCl.57,58 The increase 

in chamber fluorescence resulting from titrations of known H2O2 concentration was used 

to convert the fluorescence signal to within-chamber H2O2 content using Datlab software 

(Oroboros Instruments, Innsbruck, Austria).57 Once all measurements were complete, fiber 

bundles were removed from the chambers and stored at −80°C for later citrate synthase (CS) 

activity measures. Mitochondrial JO2 and JH2O2 are expressed as picomoles per second, 

normalized to CS activity (pmols/sec/CS activity).15

Citrate synthase activity

A CS Assay Kit (Sigma Aldrich, CS0720) was used to measure CS activity in 

previously permeabilized skeletal muscle lysates as a measure of mitochondrial content.15,16 

Specifically, CS activity was determined colorimetrically using the substrate 5,5’-

Dithiobis-(2-nitrobenzoic acid) (DTNB) (10mM). A reaction mix containing the DTNB 

substrate, muscle lysate (8 protein), 30 mM acetyl coenzyme A (CoA) and 10 mM 

oxaloacetic acid (OAA) was prepared for all samples. In the presence of OAA, CS 

catalyzes the reaction between a thiol group of acetyl CoA and DTNB to produce 5-thio-2-

nitrobenzoic acid (TNB). Thus, CS activity was measured by monitoring the change in 

absorbance (ie, TNB formation) every 10 seconds for 5 minutes (25°C) (Varioskan LUX 

microplate reader, Waltham, Mass) in 96 well plates. All samples were assayed in duplicate 

at a wavelength of 412 nm with blank values subtracted and reported as micromole activity 

per minute per ug muscle protein (umol/min/ug protein) determined using a Pierce BCA 

assay (Thermo Scientific, Rockford, Ill, 23225).

Mitochondrial ETC complex activity

The enzyme activity of all mitochondrial ETC protein complexes in quadricep muscle 

lysates was determined spectrophotometrically as detailed elsewhere.59 In brief, Complex 

I (NADH/CoQ1 Oxidoreductase) activity was determined in 50 mM potassium phosphate 

buffer (Kpi), 0.1% BSA, 1 mM KCN, 5 μg/mL antimycin A, pH 7.4, following the oxidation 

of NADH (50 μM) at 340 nm (30°C, ε340 = 6,220 M−1cm−1) every 15 seconds for 3 minutes 

using 50 μM oxidized coenzyme Q1 (CoQ1) as the electron acceptor. Rotenone (2.5 μM) 

was added to measure rotenone-sensitive NADH/CoQ1 oxidoreductase activity. Complex 

II (succinate dehydrogenase) activity was measured in Kpi buffer (50 mM, pH 7.4) in the 

presence of 10 mM succinate, 6 μg/mL antimycin A and 2.5 μM rotenone. After a 10 

minutes incubation (30°C), 100 μM CoQ1 was added to each sample and the rate of CoQ1 

disappearance was measured at 280 nm (ε280 = 12,000 M−1cm−1) every 15 seconds for 4 

minutes. Complex III (Decylubiquinol-Cytochrome C Reductase) activity was measured in 

Kpi buffer (25 mM, pH 7.5) supplemented with 0.5 mM KCN, 0.1 mM EDTA, 0.025% 

Tween 20, and oxidized cytochrome c (75 μM, the electron acceptor). After the addition 

of the electron donor, decylubiquinone (100 μM), the rate of cytochrome c reduction was 

measured every 15 seconds for 2 minutes at 550 nm (37°C, ε550 = 18,500 M−1cm−1). 

Complex IV (cytochrome c oxidase) was determined in 50 mM Kpi buffer (pH 7.0). The 

decrease in absorbance at 550 nm (37°C, ε550 = 18,500 M−1cm−1) was followed every 15 
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seconds for 2 minutes after the reaction mix was supplemented with 60 μM of reduced 

cytochrome c. Potassium cyanide was added to check for the specificity of complex IV 

activity. Samples for all ETC assays were run in duplicate with blank values subtracted and 

normalized to the total protein within the muscle lysate. Activity for each ETC complex is 

reported as nmol/min/mg.

Measures of intramuscular oxidative stress

Oxidative stress was assessed via between-group comparisons of SOD and catalase protein 

content and activity, as well as the degree of oxidized protein (carbonyl) accumulation.

SOD activity

The enzymatic activity of SOD within quadricep muscle lysates was measured using 

a commercially available kit (Sigma Aldrich, Burlington, Mass, CS0009) according to 

the manufacturer’s instructions. Briefly, SOD activity within the samples was determined 

colorimetrically using the kit-provided water-soluble tetrazolium (WST) chromogenic dye, 

which interacts with superoxide anions generated after the addition of xanthine oxidase. 

A reaction mix containing the WST dye, muscle lysate (20 μg) and xanthine oxidase was 

prepared for all samples. After 30 minutes incubation (25°C), the plate was read at 450 nm 

(Varioskan LUX microplate reader, Waltham, Mass) against a SOD standard. Measurements 

were performed in duplicate and SOD activity was expressed as units of activity/mL and 

normalized to the total protein within the muscle homogenate (U/mL/mg).

Catalase activity

Catalase activity was measured within quadricep muscle lysates using a catalase activity kit 

(Cayman Chemical, Ann Arbor, Mich, 707002) according to the manufacturer’s instructions. 

The samples were assayed in duplicate at a wavelength of 540 nm (Varioskan LUX 

microplate reader, Waltham, Mass) against a formaldehyde standard. Blank values were 

subtracted, and enzymatic activity was normalized to the sample total protein (nmol/min/

mg).

Protein carbonyl accumulation

Protein carbonyl concentration within the GA muscle was determined via an ELISA 

kit (OxiSelect, Cell Biolabs, San Diego, Calif, STA310). The assay was read at 450 

nm (Varioskan LUX microplate reader, Waltham, Mass) against a known standard. 

Measurements were performed in duplicate and normalized to the total protein within the 

muscle homogenate (nmol/mg).

26S and 20S proteasome activity

Chymotrypsin-like activity was measured fluorometrically using the peptide substrates Suc-

LLVY (26S proteasome-specific) or Ac-ANW (specific to the 20S proteasome), both labeled 

with fluorescent AMC (7-amino-4-methylcoumarin), and AMC as the standard (UBPBio, 

Aurora, Colo, J4110 and G1120). Gastrocnemius muscle homogenates (1.5 μg) treated 

with the 26S proteasome-specific inhibitor, epoxomicin (20 μM) (UBPBio, F1400), or 

MG-132 (20S proteasome inhibitor, 200 μM) (UBP-Bio, F1100) served as the negative 
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controls. Peptidase activity was measured by monitoring AMC liberation every minute for 

20 minutes (37°C) (Varioskan LUX microplate reader, Waltham, Mass) in black, 96-well 

plates (Thermo Scientific, Rockford, Ill, 1256670). Excitation and emission wavelengths 

were 360nm and 460nm, respectively. Assays were performed in duplicate, with negative 

control and blank values subtracted. 26S and 20S chymotrypsin-like activity was determined 

by comparing fluorescence from inhibitor-treated and untreated samples within the linear 

range of the kinetic curve, with fluorescence of the standard curve.41,60 Enzyme activity 

was normalized to the total proteasome content (PSMA7) within each sample.41,60,61 

Normalized activity measures are presented as nmol AMC liberated per minute per PSMA7 

density determined from western immunoblots (nmol/min/PSMA7).

Histological analyzes

Immediately after extraction, adductor muscle samples were fixed in ice-cold methacarn. 

The muscles were subsequently transferred to ice-cold ethanol (50:50 v/v) 48 hours later, 

embedded in paraffin, and sectioned to a 4 μm thickness as previously described.15 Muscle 

fibrosis (collagen deposition) was visualized via a Masson trichrome staining kit (Thermo 

Scientific, Rockford, Ill, FIS22110648).

Statistical analysis

Prism statistical software (version 8.3.0, GraphPad) was used to perform all analyzes. 

Significance was accepted at P < 0.05. Change in body mass throughout the study, as well 

as postoperative limb function clinical score between control and obese mice was assessed 

via a mixed effect ANOVA with Bonferroni post hoc tests. Two-way ANOVA and post-hoc 

tests using Tukey correction were used to compare final animal body mass and fat mass in 

male and female mice with and without diet-induced obesity. An independent samples t-test 

was used to test for within group sex differences for all other variables. Male and female 

data was combined in the absence of a statistical sex difference. An independent samples 

t-test was subsequently used to compare between diet-group ambulatory ability. Two-way 

ANOVA and post-hoc tests using Tukey correction were used to test for differences in 

all markers of muscle mitochondrial function, oxidative stress, proteolysis, cytoskeleton 

damage, fibrosis, peak isometric force, and ambulatory ability. Data are reported as mean ± 

standard error (SE).

Data availability

The datasets generated and/or analyzed during the current study are available from the 

corresponding author on reasonable request.

Results

Body mass and visceral fat mass

Body mass did not differ in male (HFS: 41.6 ± 0.7 g vs LFS: 44.8 ± 3.2 g, P = 0.770) 

or female mice (HFS: 38.5 ± 3.0 g vs LFS: 35.5 ± 1.7 g, P = 0.813) assigned to the 

2 diet groups at study onset, but was significantly greater in HFS-fed males (HFS: 48.8 

± 0.5 g vs LFS: 39.7 ± 2.0 g, P = 0.0004) and females (HFS: 42.6 ± 3.0 g vs LFS: 

32.3 ± 1.6 g, P = 0.0375) within 5 and 6 weeks of feeding, respectively. The significant 
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between-group divergence in body mass continued for the remaining feeding period (P < 

0.05) (Supplementary Fig 1A and B). At study completion, HFS-fed males and females 

gained 139% and 127% of their initial body mass, respectively, and visceral fat mass was 

significantly greater (P < 0.0001) in the HFS group (Supplementary Fig 1C).

Except for body mass, there was no within-diet group sex differences noted for any below-

listed study variables of interest. Consequently, data from male and female mice within each 

experimental group were combined and are reported together.

Postoperative doppler imaging and limb function/clinical score

Immediate postligation doppler imaging confirmed blood flow was reduced distal to the 

ligatures in the affected limb of all animals (Fig 1A). Daily post-surgical assessments 

revealed functional deficits (ie, reduced Tarlov scores) in mice fed a HFS diet (P < 0.0001), 

which were not returned to baseline by postoperative day 7 (P = 0.0024). Mice fed the LFS 

diet showed no significant deficits at any stage of the postoperative assessment period (P 
> 0.05) (Fig 1B). No gross changes in hindlimb appearance, as assessed via the modified 

mouse limb ischemia scale,32 or swelling were apparent for any animal. Consequently, these 

scored are not reported.

Ambulatory ability and in vitro muscle contractility

Walking distance was significantly reduced in mice exposed to a chronic HFS diet (HFS: 

40.9 ± 1.6 cm vs LFS: 53.0 ± 1.6, P < 0.0001) when assessed 4 weeks post-HLI surgery (Fig 

1C). Force-frequency contractile measurements in isolated soleus muscles also showed a 

significant decrease in the peak isometric force produced by the ischemic muscle from HFS-

fed mice (29.1 ± 7.7 N/cm2) when compared to nonischemic muscle from the contralateral 

limb (85.4 ± 15.4 N/cm2, P = 0.0448) and nonischemic LFS control muscle (98.8 ± 20.6 

N/cm2, P = 0.0036). Although the average peak force produced by HFS ischemic muscle 

was 0.46-fold lower than what was noted for the LFS ischemic muscle (63.9 ± 9.6 N/cm2), 

this difference was not statistically significant (P = 0.3075) (Fig 1D).

Intramuscular mitochondrial content

Since mitochondrial defects can impair both muscle integrity and function,8,11−16,22,55,62,63 

we next sought to determine whether mitochondrial content and activity were altered 

by chronic overfeeding and/or ischemia in the muscle of our aged mice. Although 

we saw no change in overall mitochondrial content (CS activity) between experimental 

groups (P = 0.3572) (Fig 2A), western immunoblotting for the individual ETC complexes 

revealed differences in protein abundance (Fig 2B−G). When compared to control muscle 

(nonischemic muscle from LFS-fed mice), the protein content of Complexes I, III, and V 

(P < 0.0001, for all) were significantly reduced in the ischemic muscle of both HFS- and 

LFS-fed mice. However, the fold change reduction of Complex I protein was greater in HFS 

versus LFS ischemic muscle (P = 0.0235), and reductions in Complex II and IV protein were 

only evident in ischemic muscle from the obese animals (interaction effect P = 0.0398 and P 
= 0.0173, respectively).
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Mitochondrial function

Irrespective of animal diet group, the oxygen consumption rate was significantly lower 

in permeabilized ischemic muscle fibers during Complex I, state 3 (CI.3) respiration (P 
= 0.0065), combined Complex I and II (CI+II) respiration (P = 0.0277) and Complex 

III (CIII) respiration (P = 0.0004), when compared to nonischemic muscle (Fig 3). 

Spectrophotometric assessments of muscle lysates also revealed CI enzymatic activity was 

significantly reduced in ischemic versus nonischemic muscle (P < 0.0001). Moreover, HLI 

also reduced CIII (P = 0.0016) and CIV (P = 0.0060) activity, but only in ischemic muscle 

from obese mice (Fig 4). In contrast, mitochondrial H2O2 emission from Complex I, state 2 

(CI.2) (P = 0.0004), CI.3 (P < 0.0001), CI+II (P = 0.0077), CII (P < 0.0001), and CIII (P < 

0.0001) was significantly increased in ischemic muscle fibers from both obese and normal 

weight mice. However, H2O2 production by CI.3 and CII was greatest in ischemic muscle 

from HFS-fed mice (P = 0.0304 and P = 0.0041, vs LFS ischemic muscle, respectively), and 

CIV JH2O2 was only elevated in obese ischemic muscle (P = 0.0058) (Fig 5).

Intramuscular oxidative stress and inflammation

Despite the rise in mitochondrial H2O2 production, the protein content and enzymatic 

activity of the antioxidant SOD was reduced in ischemic muscle compared to nonischemic 

muscle (P < 0.0001 for both SOD protein and activity). Although no differences in SOD 

protein expression were noted between LFS and HFS ischemic muscle (P = 0.9960) (Fig 

6A and B), SOD activity was significantly lower in the ischemic muscle from obese mice 

(HFS ischemic: 321.6 ± 14.3 U/mL/mg vs LFS ischemic: 419.8 ± 15.1 U/mL/mg, P = 

0.0159) (Fig 6C). Similarly, the intramuscular protein content and activity of the antioxidant 

catalase was 0.5-fold (P < 0.0001) and 0.3-fold (P = 0.0332) lower in ischemic muscle 

of chronically HFS-fed mice when compared to the ischemic muscle of their LFS-fed 

counterparts (Fig 6A, D, and E). Moreover, protein carbonyl accumulation, characteristic 

of oxidative damage,64 and muscle inflammation assessed from TLR9-probed immunoblots, 

was only evident in ischemic obese muscle (protein carbonyls: 1.6 ± 0.4-fold increased (P = 

0.0149) (Fig 6F), TLR9: 1.7 ± 0.1-fold increased (P = 0.0086) vs nonischemic LFS controls 

(Fig 6A and G).

Muscle protein turnover

Chronic oxidative stress and inflammation can promote skeletal muscle breakdown.65−67 

Consequently, we sought to elucidate whether major proteolytic systems (calpain1, caspase 

3, the ubiquitin 26S proteasome (UPS) and 20S proteasome systems, and autophagy) were 

impacted by diet and ischemia. RT-PCR revealed no major experimental group differences in 

gene expression for any of our markers of interest (P > 0.05, Table 1).

Nevertheless, a main effect of chronic HFS feeding was noted for calpain1 protein content 

(P = 0.0003). Specifically, calpain1 was increased 1.5 ± 0.1-fold in nonischemic, and 

2.1 ± 0.2-fold in ischemic GA muscle from HFS-fed mice when compared to LFS 

nonischemic control muscle (P = 0.0495 and P < 0.0001 vs control muscle, respectively). 

Although calpain1 was visibly higher in the ischemic versus the nonischemic obese 

muscle, differences did not reach statistical significance (P = 0.0637). Calpain1 protein 

was unaltered by ischemia in LFS-fed mice (P = 0.0873) (Fig 7A and B).
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Similarly, the intramuscular protein content of the apoptotic protease,68 caspase 3, was only 

increased by animal obesity (P < 0.0001). Although an interaction effect was not observed 

(P = 0.4238), caspase 3 protein was significantly greater in obese ischemic muscle compared 

to ischemic muscle from LFS-fed mice (P = 0.0042). Caspase 3 protein was also visibly 

higher in ischemic versus nonischemic obese muscle; however, these differences were not 

statistically significant (P = 0.1521) (Fig 7A and C).

Since caspase 3 is known to proteolytically cleave the enzyme PARP-1, and this cleavage 

is considered a characteristic event of apoptosis,69 we next assessed for PARP-1 protein 

fragments (85- and 24-kDa) on immunoblots. Subsequent analyzes revealed the 24-kDa 

fragment was only increased in ischemic muscle from obese mice (1.8 ± 0.2-fold relative 

to LFS control muscle, P = 0.0289). A main effect of muscle ischemia was noted for 

the intramuscular content of the 85-kDa fragment (P = 0.0260), which was increased 1.2 

± 0.1-fold in LFS ischemic, and 1.3 ± 0.1-fold in HFS ischemic muscle relative to LFS 

nonischemic control muscle. However, posthoc testing showed the only significant group 

difference was between obese ischemic muscle and LFS nonischemic control muscle (P = 

0.0262) (Fig 7A and D).

Next, we assessed for any intramuscular alterations in FoxO1 and FoxO3 protein content; 

major up-stream regulators of the proteasome and autophagy systems.70−74 Immunoblots 

revealed FoxO1 protein was increased by chronic HFS-feeding (P = 0.0077) (Fig 7A and E). 

However, FoxO3 was only significantly increased in the ischemic muscle from mice with 

diet-induced obesity (2.2 ± 0.3-fold, P = 0.0068, increased relative to nonischemic muscle 

from LFS-fed mice) (Fig 7A and F). Chymotrypsin-like activity of the 26S proteasome 

was also only increased in the ischemic muscle of HFS-fed mice (P = 0.0173) (Fig 7G). 

However, enzymatic activity of the 20S proteasome was unaffected by diet or ischemia (P 
= 0.3206) (Supplementary Fig 2). Additionally, there were no significant group differences 

observed for the intramuscular protein content of p62 (P = 0.1378) (Supplementary Fig 3A 

and B) or the ratio of LC3-II:LC3-I protein (P = 0.9314) (Supplementary Fig 3A and C) (ie, 

estimates of autophagy activation75).

Evidence of muscle cytoskeletal damage and muscle fibrosis

Damage to the cytoskeleton and muscle fibrosis was quantified as intramuscular desmin and 

CTGF protein abundance on immunoblots, respectively. Hindlimb ischemia significantly 

increased desmin, but only in muscle from HFS-fed mice (1.8 ± 0.1-fold increased relative 

to LFS control muscle, P = 0.0408) (Fig 8A and B). Although diet-induced obesity increased 

CTGF protein in nonischemic (1.5 ± 0.2-fold) and ischemic (2.0 ± 0.1-fold) muscle relative 

to LFS control muscle (P < 0.0001), CTGF accumulation was greatest in the ischemic obese 

muscle (P = 0.0110) (Fig 8A and C). Subjective analyzes of Masson-trichrome stained 

muscle sections showed a similar pattern of muscle fibrosis to CTGF accumulation (Fig 8D).

Discussion

The present study sought to investigate the combined impact of obesity and chronic HLI 

on muscle function and pathology in aged mice. Based on the surrounding literature, and 

to the best of our knowledge, we demonstrate for the first time that our model of chronic 
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HLI induced an ischemic myopathy in aged mice, which was exacerbated by long-term 

HFS-feeding. Specifically, our results indicate mice with and without obesity shared certain 

myopathic changes in response to ischemia, including impaired muscle contractility, altered 

ETC complex content and function, and compromised antioxidant defense mechanisms. 

Nevertheless, the extent of mitochondrial pathology, dysfunction and oxidative stress 

was significantly greater in obese ischemic muscle compared to ischemic muscle from 

their normal-weight counterparts. Moreover, functional impediments, such as delayed post-

surgical recovery of limb function (Tarlov score) and reduced 6-minute walking distance, 

as well as accelerated intramuscular protein breakdown, inflammation, cytoskeletal damage, 

and fibrosis were only evident in mice with diet-induced obesity. Features, consistent with 

human PAD muscle pathology.8,12−14,18,21,22,62,63,76

Numerous studies indicate chronic malperfusion of the lower extremities induces an 

ischemic mitochondriopathy in the skeletal muscle of PAD patients. Mitochondrial 

alterations commonly reported include ultrastructural defects, DNA damage, reduced 

respiratory capacity (oxidative phosphorylation), ATP production, and increased oxidative 

stress.8,11,12,14,15,22,25,26,62,63,76−78 Consequently, our findings that ischemia reduced 

mitochondrial ETC complex abundance, enzymatic activity, JO2, and increased H2O2 

emission in the ischemic muscle of animals from both diet groups, was unsurprising. The 

fact obese ischemic muscle experienced a greater loss of ETC protein content and activity 

and heightened oxidative stress, which involved a larger number of ETC complexes, is likely 

explained, at least in part, by an oversupply of metabolic fuel to the mitochondria.55,79

Research suggests chronic overnutrition with obesity is associated with excess macronutrient 

availability and delivery to the glycolytic and lipolytic metabolic pathways. The substrate 

overload to these pathways generates large amounts of the electron donors NADH 

(nicotinamide adenine dinucleotide dehydrogenase) and FADH2 (1,5-dihydroflavin adenine 

dinucleotide), subsequently shuttled to the mitochondrial ETC. However, the rate at which 

the ETC system operates is governed by energy demand, and not substrate supply. Thus, in 

the absence of increased metabolic demand, the increase in NADH and FADH2 facilitates 

the donation of electrons to molecular oxygen to form disproportionately high levels of 

reactive oxygen species (ROS), such as the superoxide anion and H2O2.55,79−81 Transient 

increases in ROS to moderate/physiologic concentrations are essential for certain cell 

functions, including, but not limited to, antioxidant gene expression and the maintenance of 

redox balance. Conversely, ROS cause oxidative tissue injury when production is sustained 

and cellular concentrations reach supraphysiological levels.81,82

Antioxidant defense systems, such as the enzymes SOD and catalase, can protect tissues 

from ROS-induced damage.8,14,55,76,77,79,83 The current investigation shows SOD and 

catalase activity was reduced in ischemic muscle of mice with and without obesity. 

Considering excessive ROS production can also damage the ETC components,14,62 an 

impaired redox balance could explain why ischemic muscle from both animal diet groups 

experienced a reduction in ETC complex content, activity, and respiration. Nevertheless, the 

activity of both antioxidants was significantly lower in obese ischemic muscle. Moreover, 

protein carbonylation, a major hallmark of oxidative damage noted in human PAD 

myopathy,8,14,22,63 was only increased in ischemic muscle of HFS-fed mice. Taken together, 
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these data suggest the antioxidant mechanisms were overwhelmed by the abnormally 

elevated ROS levels in obese ischemic muscle but were sufficiently active in LFS ischemic 

muscle to prevent oxidative damage beyond the mitochondrial ETC.

In further support of the above hypothesis, an ischemia-associated increase in TLR9 

protein was also only evident in the muscle of obese mice. Toll-like receptor 9 is a 

pattern recognition receptor expressed by immune and nonimmune cells in response to an 

intracellular increase in oxidatively damaged mitochondrial DNA (mtDNA).84−87 Due to the 

proximity to the ETC, mtDNA is particularly vulnerable to oxidation-induced damage and 

mutation.14,85 Moreover, recent evidence shows persistent ROS-associated mitochondrial 

stress triggers the opening of the mitochondrial permeability transition pore,76,88,89 and the 

release of mtDNA into the surrounding cytoplasm.88 Interaction of TLR9 with oxidized 

mtDNA, subsequently activates nuclear factor-κB signaling, which increases the expression 

of pro-inflammatory cytokines.84,86,87 Although, we did not directly assess for mtDNA 

damage, previous research shows TLR9 activation, and the initiation of the inflammatory 

cascade is dependent on the presence of oxidized mtDNA and will not occur when oxidized 

residues are absent.87 Consequently, our observation that intramuscular TLR9 content was 

increased suggests the combination of obesity and HLI triggered mtDNA damage and 

muscle inflammation, features also evident in human PAD myopathy.14,24,90−92

Heightened mitochondrial dysfunction and oxidative stress can also play a central role 

in upregulating muscle proteolytic systems.65 First, mitochondria are important regulators 

of intracellular calcium homeostasis, and dysregulation can lead to apoptosis.93−95 For 

instance, the Ryanodine receptor 1 (RyR1) and the ATPase of the sarcoplasmic reticulum 

(SERCA), vital for intramuscular calcium handling, are highly susceptible to ROS-induced 

oxidative modification and damage. Thus, when mitochondrial ROS emission is chronically 

elevated, the subsequent dysfunction of SERCA and the RyR1 raises intracellular 

calcium concentrations.95−98 Additionally, the ROS-related increase in outer mitochondrial 

membrane permeability was previously shown to reduce mitochondrial calcium retention 

capacity in a rat model of acute hindlimb ischemia.20,89 The ensuing accumulation of 

intercellular calcium, together with enhanced oxidative stress can activate the calpain and 

caspase 3 apoptotic pathways.95,97,98

Interestingly, the current investigation found calpain1 and caspase 3 proteins were increased 

in both the ischemic and non-ischemic muscle of mice fed a HFS diet. Thus, obesity may 

predispose muscle to apoptosis, even in the absence of a direct ischemic insult. Although 

non-ischemic obese muscle showed no major alteration in mitochondrial-derived H2O2, 

other sources of ROS exist. For example, obesity is associated with an intramuscular 

accumulation of excess free fatty acids, which stimulate the de novo synthesis of toxic 

lipid species such as diacylglycerol and ceramides.99,100 These lipid intermediaries can 

trigger ROS production from nicotinamide adenine dinucleotide phosphate oxidase (NOX) 

enzymes widely expressed in numerous cell types, including adipocytes and muscle.100,101 

Consequently, heightened NOX activity might account for the increase in calpain1 and 

caspase 3 noted in the nonischemic obese muscle.
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However, despite the aforementioned increases, calpain 1 tended to be higher in the 

ischemic muscle (P = 0.0637 vs nonischemic muscle) of HFS-fed mice. Additionally, 

PARP fragments, cleavage products of caspase 3, were only increased in obese ischemic 

muscle. Poly(ADP-ribose) polymerase-1 is a nuclear protein involved in DNA repair. During 

caspase-dependent apoptosis, PARP-1 is cleaved into 24 kDa and 89 kDa fragments, and 

their appearance is widely regarded as hallmarks of apoptosis in response to massive DNA 

damage.102,103 Following cleavage, the 24 kDa fragment irreversibly binds to DNA breaks, 

preventing additional PARP-1 activation and thus, DNA repair.102 In contrast, the 89 kDa 

fragment translocates to the cytoplasm to activate additional apoptotic pathways.103 As these 

fragments were only increased in the ischemic muscle of obese mice, we infer ischemia 

had an additive effect on intramuscular apoptosis in the obese state. However, PARP-1 

fragmentation could also signify a protective mechanism against cell necrosis. For instance, 

although PARP-1 is vital for DNA repair under moderately damaging conditions, pathology 

can occur if this protein is under-or over-active. Indeed, PARP-1 overactivation can lead 

to cell death by necrosis through the depletion of its substrate, nicotinamide-adenine 

dinucleotide, and ultimately cellular ATP.104 Moreover, a recent study found gastrocnemius 

muscle PARP-1 abundance was inversely associated with walking performance in patients 

with PAD.105 However, since the investigators also found no difference in intramuscular 

PARP-1 content between PAD and healthy controls, further research is required to determine 

the full pathological significance of PARP-1 in PAD myopathy.

Aside from apoptosis, the present study showed a significant increase in 26S proteolytic 

activity, which was exclusive to obese ischemic muscle. In contrast, intramuscular 

autophagy was unaffected by ischemia or animal diet. Autophagy is a vital quality control 

mechanism enabling the selective bulk degradation of damaged organelles, including 

mitochondria, in response to stress.106 Considering the reduced protein abundance of 

the mitochondrial ETC complexes, together with an upregulation in mitochondrial ROS 

emission, intramuscular TLR9 content and apoptotic pathways, the absence of an autophagic 

response was surprising. Nevertheless, a primary aim of the current investigation was to 

develop an animal model representing the earlier/less severe stages of PAD myopathy. In 

support of our model, a recent study found autophagic flux, assessed via the LC3II:LC3I 

ratio, was increased in the gastrocnemius muscle of patients with moderate to severe 

disease, but not in patients with mild to moderate disease.107 Thus, the severity of the 

mitochondriopathy noted in the ischemic muscle of our animals may not have reached 

a threshold requiring global mitochondrial degradation, and the breakdown of single 

mitochondrial proteins likely occurred via other proteolytic pathways.

Several investigations report a link between the ubiquitination and subsequent 26S 

proteasome-mediated breakdown of outer mitochondrial membrane proteins.108 However, 

emerging evidence suggests intra-mitochondrial proteins, including those of the ETC, are 

also targets of the UPS system.109 Specifically, Lavie et al.,109 show protein ubiquitination 

occurs in numerous mitochondrial compartments, including the inner mitochondrial 

membrane. Moreover, the turnover of several subunits of the ETC complexes, such as 

GRIM19 (Complex I), subunit A of succinate dehydrogenase (Complex II), and COX 

IV (Complex IV), was dependent on the UPS in numerous cell types, including human 

primary skeletal muscle myoblasts. Additionally, and/or alternatively, intra-mitochondrial 
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proteins can also be degraded via calpain1.110 For example, an ischemia-associated 

activation of mitochondrial calpain1 in cardiac muscle was previously shown to mediate 

the cleavage of complex I and complex V ETC subunits (subunits NDUFS7 and ATP5A1, 

respectively).110−112 Whether the same occurs in ischemic skeletal muscle remains to be 

determined. Nevertheless, these findings suggest the combined upregulation of calpain1 and 

26S catalytic activity could, at least partially, account for the heightened reduction in ETC 

complex abundance noted in the ischemic muscle of obese mice in our study.

Aside from their impact on mitochondria, accelerated calpain1, caspase 3, and UPS 

activity are all long known to cause an imbalance between muscle protein synthesis and 

breakdown in situations of oxidative stress. Chronic overactivation of these pathways can 

ultimately result in muscle atrophy and impaired muscle function.65,97,113 Briefly, caspase 3 

promotes the degradation of the contractile actomyosin complexes into smaller fragments 

for subsequent UPS breakdown.65,68 Recent evidence also indicates the oxidation of 

actin and myosin increases their susceptibility for calpain degradation.97 However, calpain 

1 primarily facilitates the cleavage of cytoskeletal proteins responsible for maintaining 

myofibrillar structural integrity. Such cleavage promotes myofibril protein release for further 

breakdown via other pathways. Cytoskeletal targets of calpain1 include desmin, alpha-

actinin, tropomyosin, nebulin, troponin, and titin.97 Desmin is responsible for attaching 

the z-disc to the sarcolemma and considered vital for maintaining the structure, shape, 

and function of the myofiber and affiliated organelles, especially the mitochondria. In the 

current investigation, we demonstrate desmin protein abundance increased in the ischemic 

muscle of obese mice, an acknowledged manifestation of cytoskeletal damage.114 Although 

insufficient sample prevented further histochemical analyzes of intramuscular desmin in 

the current study, desmin disorganization and accumulation was previously correlated with 

altered gastrocnemius myofiber morphology, fibrosis, mitochondrial dysfunction, as well 

as reduced isometric strength and mobility in patients with PAD.114 While future work is 

required to confirm whether a change in desmin protein abundance, as noted in the obese 

ischemic muscle of the current investigation, corresponds with histologic disturbances to 

desmin, the consistent findings between the mice of the present study and human PAD 

patients, further supports the translatability of our murine model.

Of note, oxidative damage in PAD muscle is not limited to the myofiber compartment, 

but can also occur throughout the extracellular matrix (ECM) to contribute toward 

muscle fibrosis.12 Considering an increase in desmin is also associated with intramuscular 

fibrosis,12,114 we next sought to determine whether CTGF, a strong profibrotic growth 

factor, was altered by chronic obesity and/or ischemia in aged mice. We found CTGF 

was significantly increased, but only in ischemic muscle of obese mice. As CTGF is 

known to promote excessive ECM accumulation in hypoxic conditions,115−117 our findings 

suggest the combination of age and obesity promotes intramuscular fibrosis in mice with 

chronic HLI. Subjective analyzes of Masson’s Trichrome-stained muscle sections further 

confirmed the expansion of the ECM in the ischemic muscle of HFS-fed animals. These 

findings contrast with other models of HLI using C57BL/6 mice, which suggest ischemia-

induced muscle fibrosis is only reproducible in Balb/c animals.118 However, these prior 

studies used relatively young (12−14-week-old) mice fed standard rodent chow. Although 

direct between-study comparisons can thus not be made, the inconsistencies emphasize the 
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importance of considering animal age and comorbidities when designing models of human 

PAD.

The cytoskeleton and ECM are not only important for muscle structural support and 

integrity. For instance, the cytoskeleton, desmin in particular, is vital for transmitting 

forces generated through sarcomere contraction to the ECM.114 In turn, the ECM stores 

and transmits these forces to tendons and bones.117 Consequently, cytoskeletal damage 

and fibrosis, together with mitochondrial dysfunction, were all likely contributors to the 

functional impediments (reduced ambulatory ability and muscle contractility) noted in the 

obese animals of the current investigation. Although there were no significant differences in 

peak isometric force in the ischemic muscle of mice with and without obesity, force tended 

to be lower in the HFS group. As we noted a relatively large variability in the contractile 

data, a larger sample size would have likely yielded significant results. However, further 

clarification is required.

This study is not without limitations. First, although we saw no statistical differences 

between male and female mice in our primary outcomes of interest, there is the risk that 

sex differences were masked by the relatively small sample size. Considering there is 

evidence to suggest a sexual dimorphism exists in the arterial pathophysiology underlying 

PAD,119 further work is required to confirm our myopathic findings in males and females. 

In addition, although we clearly show obese mice experienced greater mitochondriopathy, 

oxidative stress, muscle protein breakdown and impaired muscle function in response to 

HLI, cause and effect relationships cannot be established due to the descriptive nature of 

these observations. Lastly, as we relied on between-group comparisons of protein expression 

from western immunoblots as a proxy for muscle degradative pathways such as those 

involved in DNA damage, as well as markers of cytoskeletal damage, future work is required 

to confirm our results.

Despite these limitations, the present study is the first to perform such a comprehensive 

assessment of myopathic and functional alterations in response to chronic HLI. 

Moreover, the pathological features observed in the ischemic muscle of our aged obese 

mice are consistent with those noted in human patients with mild to moderate-stage 

PAD.8,12−14,18,21,22,62,63,76 Consequently, the murine model described herein could be a 

valuable tool to evaluate new therapeutic modalities which could subsequently be translated 

to clinical practice.
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Abbreviations:

ARF animal research facility

Atg7 autophagy gene 7

Atg10 autophagy gene 10

Atg12 autophagy gene12

CI.2 mitochondrial Complex I, state 2 respiration

CI.3 mitochondrial Complex I, state 3 respiration

CI+II combined Complex I and II respiration

CIII mitochondrial Complex III

CIV mitochondrial Complex IV

CV mitochondrial Complex V

CLI critical limb ischemia

CS citrate synthase

CTGF connective tissue growth factor

ECM extracellular matrix

ETC electron transport chain

FADH2 1,5-dihydroflavin adenine dinucleotide

Fbxo32 F-box O protein 32

FoxO1 forkhead box O1

FoxO3 forkhead box O3

GA gastrocnemius

HFS high-fat, high-sucrose

HLI hindlimb ischemia

IACUC Institutional Animal Care and Use Committee

IC Intermittent claudication

Isch ischemic

JH2O2 mitochondrial hydrogen peroxide emission
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JO2 mitochondrial oxygen consumption

LC3 microtubule-associated protein 1 light chain 3

LC3-II:LC3-I microtubule-associated protein 1 light chain 3 isoform two-

to-one ratio

LFS low-fat, low-sucrose

mtDNA mitochondrial DNA

NADH nicotinamide adenine dinucleotide dehydrogenase

NI non-ischemic

NOX nicotinamide adenine dinucleotide phosphate oxidase

p62 sequestosome 1

PAD Peripheral artery disease

PARP-1 Poly (ADP-ribose) polymerase 1

PCSA physiological cross-sectional area

PSMA7 proteasome alpha 7 subunit

PSMB5 proteasome beta 5 subunit

ROS reactive oxygen species

RyR1 Ryanodine receptor 1

SERCA sarcoplasmic reticulum

SOD1 superoxide dismutase 1

TLR9 Toll-like receptor 9

TRIM63 tripartite motif containing 63

UPS ubiquitin 26S proteasome
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AT A GLANCE COMMENTARY

Panagiotis Koutakis et al.

Background

Peripheral artery disease (PAD) causes ischemic myopathy which escalates patient 

morbidity and mortality. Current pathophysiologic knowledge largely stems from acute 

hindlimb ischemia (HLI) studies using young, healthy rodents, with limited translatability 

to humans. With our high-fat aged mouse model, we demonstrate the combined negative 

impact of age and obesity - major PAD risk factors, on muscle structure and function.

Translational Significance

Chronic HLI induced a myopathy in aged mice, which was exacerbated by obesity and 

showed features consistent with moderate-stage human PAD. Our model’s resemblance 

to PAD could prove invaluable for evaluating new therapeutics for translation to clinical 

practice.
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Fig 1. 
Postoperative doppler imaging, limb function score, ambulatory ability, and ex vivo muscle 

contractility. (A) Representative pre- and immediate postligation doppler images confirming 

blood flow (depicted as red on the image) was reduced distal to the ligatures of the affected 

(left) limb in low-fat, low-sucrose (LFS)-fed and high-fat, high-sucrose (HFS)-fed mice. 

Representative doppler images showing change in blood flow to the affected limb 4-weeks 

following ligation are also provided. (B) A mixed effect ANOVA and pairwise comparisons 

using Bonferroni adjustment revealed reduced Tarlov scores (i.e., functional deficits) in mice 

fed a HFS diet (n = 10) but were unaltered in LFS-fed mice (n = 12). Tarlov scores are 

defined as: no movement (0), barely visible movement, nonweight bearing (1), frequent and 

vigorous movement but nonweight bearing (2), supports weight and may take 1 or 2 steps 

(3), walks with a mild deficit (4), normal but slow walking (5), full and fast walking (6).32,44 

(C) An independent samples t-test showed 4-week postoperative 6-minute walking distance 

was reduced in obese mice compared to their LFS-fed counterparts. (D) Peak isometric force 

(measured at 100 Hz) was reduced in isolated ischemic (Isch) soleus muscles from both 

HFS and LFS-fed mice compared to non-ischemic (NI) muscle from the contralateral limb. 

Two-way ANOVA with Tukey post-hoc tests used for analysis. Data are displayed as mean ± 

SE; ns represents no significant difference, * P < 0.05, ** P < 0.01, **** P < 0.0001.
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Fig 2. 
The impact of chronic hindlimb ischemia on intramuscular mitochondrial content varies 

based on animal obesity status. (A) Overall mitochondrial content assessed via citrate 

synthase (CS) activity. (B) Representative western blot of the individual mitochondrial 

electron transport chain complexes I − V in ischemic (Isch) and nonischemic (NI) quadricep 

muscle from mice fed a high-fat, high sucrose (HFS) or low-fat, low-sucrose (LFS) diet. 

Ponceau S staining represents total protein per lane used for normalization. Fold change of 

(C) Complex I (CI), (D) Complex II (CII), (E) Complex III (CIII), (F) Complex IV (CIV) 

and (G) Complex V (CV) protein expression relative to NI muscle from LFS-fed control 

mice. Two-way ANOVA with Tukey post-hoc tests used for analyzes. Data are mean ± SE; 

ns represents no significant difference, * P < 0.05, *** P < 0.001, **** P < 0.0001 (n = 

10−12 mice per group).
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Fig 3. 
Mitochondrial respiration is reduced in ischemic muscle of mice with and without obesity. 

Oxygen consumption rate (JO2) in permeabilized ischemic (Isch) and nonischemic (NI) 

gastrocnemius muscle fibers from mice fed a low-fat, low-sucrose (LFS) (n = 12) and 

high-fat, high-sucrose (HFS) (n = 10) diet. JO2 measured during (A) Complex I, state 2 

respiration (CI.2), (B) Complex I, state 3 respiration (CI.3), (C) combined Complex I and 

II respiration (CI+II), (D) Complex II respiration (CII), (E) Complex III respiration and 

(F) Complex IV respiration (CIV). Two-way ANOVA with Tukey post-hoc tests used for 

analyzes. Data are mean ± SE; ns represents no significant difference between groups, * P < 

0.05, ** P < 0.01, *** P < 0.001.
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Fig 4. 
Mitochondrial enzymatic activity is differentially impacted by chronic ischemia based on 

animal diet.

Enzymatic activity of electron transport chain (A) Complex I (CI), (B) Complex II (CII), 

(C) Complex III and (D) Complex IV measured in ischemic (Isch) and nonischemic (NI) 

quadricep muscle lysates from mice fed a low-fat, low-sucrose (LFS) and high-fat, high-

sucrose (HFS) diet. Two-way ANOVA with Tukey post-hoc tests used for analyzes. Data are 

mean ± SE; ns represents no significant difference between groups, * P < 0.05, ** P < 0.01, 

*** P < 0.001, **** P < 0.0001 (n = 8−12 samples per group).
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Fig 5. 
Mitochondrial H2O2 emission is increased in ischemic muscle and varies by animal obesity 

status.

The rate of hydrogen peroxide (H2O2) produced in permeabilized ischemic (Isch) and 

nonischemic (NI) gastrocnemius muscle fibers from mice fed a low-fat, low-sucrose (LFS) 

(n = 12) and high-fat, high-sucrose (HFS) (n = 10) diet. H2O2 emitted during (A) Complex 

I, state 2 respiration (CI.2), (B) Complex I, state 3 respiration (CI.3), (C) combined Complex 

I and II respiration (CI+II), (D) Complex II respiration (CII), (E) Complex III respiration 

and (F) Complex IV respiration (CIV). Two-way ANOVA with Tukey post-hoc tests used for 

analyzes. Data are mean ± SE; asterixis denote * P < 0.05, ** P < 0.01, *** P < 0.001, **** 

P < 0.0001.
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Fig 6. 
The severity of ischemia-induced intramuscular oxidative stress and inflammation is 

increased with obesity. (A) Representative western blot of superoxide dismutase-1 (SOD1), 

catalase and toll-like receptor 9 (TLR9) protein in ischemic (Isch) and nonischemic (NI) 

muscle from mice fed a high-fat, high sucrose (HFS) or low-fat, low-sucrose (LFS) diet. 

Ponceau S staining represents total protein per lane used for normalization. (B) Fold change 

of SOD1 protein expression, (C) SOD enzymatic activity, (D) fold change of catalase protein 

expression, (E) catalase activity, (F) intramuscular protein carbonyl accumulation (G) fold 

change in TLR9 protein content. Two-way ANOVA with Tukey post-hoc tests used for 

analyzes. Data are mean ± SE; * represents P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 

0.0001 (n = 8−12 samples per group).
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Fig 7. 
Muscle protein breakdown varies in obese and nonobese mice with chronic hindlimb 

ischemia.

(A) Representative western blot showing calpain1, caspase 3, poly (ADP-ribose) polymerase 

1 (PARP-1) fragments (at 24 kDa and 85 kDa molecular weights), forkhead box O1 

(FoxO1), and forkhead box O3 (FoxO3) in ischemic (Isch) and nonischemic (NI) 

gastrocnemius muscle from mice fed a high-fat, high sucrose (HFS) or low-fat, low-sucrose 

(LFS) diet. Ponceau S staining represents total protein per lane used for normalization. Fold 

change of (B) calpain1, (C) caspase 3, (D) PARP-1 fragments, (E) FoxO1 and (F) FoxO3 

protein expression relative to NI muscle from LFS-fed control mice. (G) Chymotrypsin-like 

activity of the 26S proteasome. Two-way ANOVA with Tukey post-hoc tests used for 

analyzes. Data are mean ± SE; ns represents no significant difference between groups, * P < 

0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 (n = 10−12 samples per group).
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Fig 8. 
Obesity promotes chronic ischemia-induced cytoskeletal damage and muscle fibrosis.

(A) Representative western blot showing the cytoskeletal protein desmin, as well as the 

pro-fibrotic connective tissue growth factor (CTGF) band intensity in ischemic (Isch) and 

nonischemic (NI) gastrocnemius muscle from mice fed a high-fat, high sucrose (HFS) or 

low-fat, low-sucrose (LFS) diet. Ponceau S staining represents total protein per lane used 

for normalization. Fold change of (B) desmin and (C) CTGF protein expression relative 

to NI muscle from LFS-fed control mice. Two-way ANOVA with Tukey post-hoc tests 

used for analyzes. Data are mean ± SE; * represents P < 0.05, ** P < 0.01 (n = 10−12 

samples per group). (D) Representative image of Masson-trichrome stained adductor muscle 

sections captured under bright-filed conditions (sarcoplasm, red; fibrous connective tissue, 

blue). There is an obvious increase in connective tissue deposition in the ischemic muscle of 

chronically obese mice.
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