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Abstract 

Peripheral arterial occlusive disease (PAD) is a manifestation of systemic atherosclerosis defined 

by an occlusion in the peripheral arteries, most commonly those supplying blood to the lower 

extremities.  Chronic limb threatening ischemia (CLTI) is the most severe clinical manifestation 

of PAD, and is associated with high rates of limb loss, mortality, and reduced quality of life.  

Despite increasing PAD prevalence, treatments have been largely stalled over the past two decades, 

and therapeutics aimed at restoring residual blood flow have been largely unsuccessful in 

improving limb outcomes, especially for patients with CLTI, suggesting that the restoration of 

blood flow may not be enough to restore muscle functional ability.  Exercise rehabilitation has 

established efficacy in lessening functional impairments observed in PAD patients who can 

tolerate it, making it only accessible to patients with less severe PAD manifestations.  These 



 
 

findings indicate that targeting and improving ischemic skeletal muscle quality could provide great 

benefits to patients with PAD.  Further supporting this idea, ex vivo studies of skeletal muscle 

myofibers from patients with PAD demonstrate decreased oxygen consumption and enzyme 

activity indicative of a unique and intrinsic skeletal muscle bioenergetic dysfunction.  The overall 

aim of this dissertation was to establish whether the restoration of blood flow necessarily 

guarantees recovery of muscle contractile function, and to determine the role of a specific 

mitochondrial protein, Cox6a2, in skeletal muscle bioenergetic function. This dissertation ties 

together multiple in vivo studies using preclinical animal models of PAD, as well as a novel, 

inducible mouse model of skeletal muscle Cox6a2 loss (Cox6a2 KO).  The overarching hypothesis 

is that the myopathy observed in preclinical models of PAD and in the clinical PAD population is 

due to dysfunctional skeletal muscle mitochondrial bioenergetics, not perfusion recovery.  Further, 

we hypothesize that skeletal muscle Cox6a2 is required for normal skeletal muscle mitochondrial 

function, and that its loss will result in a preclinical phenotype that mimics the bioenergetic 

phenotype observed in the clinical population.  Our results establish that the restoration of tissue 

perfusion does not guarantee the recovery of muscle contractile function or structure in a 

preclinical model of PAD, and that the loss of Cox6a2 in mature skeletal muscle results in a 

mitochondrial bioenergetic phenotype.   
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CHAPTER 1: INTRODUCTION AND SPECIFIC AIMS 

 

Peripheral artery occlusive disease (PAD) is a manifestation of systemic atherosclerosis 

defined by an occlusion in the peripheral arteries, most commonly those supplying blood to the 

lower extremities1,2.  PAD is estimated to affect over 230 million individuals worldwide and is the 

3rd leading cause of atherosclerotic vascular morbidity3,4.  Chronic limb threatening ischemia 

(CLTI) is the most severe clinical manifestation of PAD defined by ischemic pain at rest that 

persists for more than two weeks5–7.  Although the CLTI presentation is less common, there are no 

effective treatments for these patients and it is associated with high rates of amputation, mortality, 

and significant financial burden8.   

The clinical treatment plan for PAD has focused on restoring blood flow for more than 150 

years despite the fact that revascularization procedures have proven largely unsuccessful as a 

treatment9–11.  Pharmacotherapeutic options that target the vascular compartment, such as anti-

coagulants or statins, have also proven to be minimally effective12.  Complicating this approach 

are multiple studies demonstrating a disconnect between limb blood flow and muscle functional 

capacity13–19.  Multiple preclinical studies have identified that common inbred strains of mice, 

namely C57BL/6J and BALB/cJ, have drastically different responses to similar ischemic burden 

independent of vascular density20–23.  Additionally, a recent study suggests that regenerating 

capillary networks only reorganize when injured myofibers are mature24.  Thus, the myopathy 

present in the skeletal muscle of PAD patients cannot be attributed solely to altered hemodynamics. 

Exercise rehabilitation, which does not directly target or alter limb blood flow, has proven effective 

in lessening PAD-associated muscle functional impairments those who can tolerate it25–29, though 

it is not a viable therapeutic option for CLTI patients.  The benefits associated with exercise 
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therapy support the idea that better understanding PAD skeletal muscle pathophysiology could 

greatly improve our ability to treat the disease and provide novel therapeutic targets.  

Skeletal muscle is an incredibly malleable tissue, with the ability to adapt metabolically 

and morphologically to stressors including exercise and disease30,31.  Part of this plasticity comes 

from the ability of the skeletal muscle mitochondria to similarly adapt to physiologic and 

pathophysiologic stressors32–34.  The dense mitochondrial networks within the skeletal muscle are 

responsible for ATP production, maintenance of redox charge and intracellular communication. 

Compromises in mitochondrial function result in increased oxidative stress, mitochondrial DNA 

(mtDNA) damage and progressive respiratory chain dysfunction – all of which are implicated 

across aging and various disease states including PAD1,35–38.  Ex vivo studies of skeletal muscle 

myofibers from PAD patients in normoxic conditions demonstrate decreased oxygen consumption 

and enzyme activity35,39–41, substantiating the notion that PAD patients suffer from an intrinsic 

skeletal muscle  mitochondrial dysfunction.  

Our lab recently identified that the mitochondriopathy observed in PAD patients 

distinguishes CLTI and IC paitents42 from each other.  This differential mitochondriopathy can 

also be observed in common preclinical inbred mouse models of PAD that segregate with poor 

tissue perfusion and limb loss following hindlimb ischemia (HLI).  A unique component of both 

the clinical (CLTI patient) and pre-clinical (BALB/c) mitochondriopathy is reduced Cox6a2 – a 

nuclear-encoded regulatory protein subunit of complex IV that is expressed exclusively in mature, 

striated muscle (cardiac and skeletal).  Cox6a2 is also one of 37 genes identified in quantitative 

trait locus (QTL) lsq-143, which was discovered based on inherent differences in tissue loss and 

perfusion recovery observed between BALB/c and C57BL/6J mice.   
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We believe that dysfunctional mitochondria are at the heart of the skeletal muscle 

myopathy observed in CLTI patients and a potential site for therapeutic development for this 

clinical presentation. To develop effective therapies, a clear understanding of required 

mitochondrial targets is needed. This dissertation attempts to establish whether restoration of tissue 

perfusion and muscle contractile function in a preclinical model of CLTI are temporally connected, 

and whether the skeletal muscle mitochondrial Complex IV component Cox6a2 is necessary for 

normal mitochondrial function.  We will do this by performing the following Specific aims: 

 

Specific Aim 1: Determine the Temporal Relationship Between Capillary Reperfusion and 

Muscle Contractile Function Recovery Following Ischemic Injury 

The overall goal of this aim is to determine whether the restoration of tissue blood flow and 

contractile function occur on a similar timeline following ischemic injury, and whether muscles 

with distinct physiologic phenotypes have unique patterns of regeneration or inherent genetic 

benefits.  We will answer the question: Does the re-establishment of tissue perfusion, muscle 

contractile function and myofiber architecture occur concomitantly? Further, we will investigate 

whether fast, glycolytic, and slow, oxidative skeletal muscles have distinct timelines or patterns 

of perfusion and contractile recovery following ischemia.  We will compare the capillary 

perfusion, muscle force production, and muscle structure of extensor digitorum longus (EDL) 

and soleus (Sol) muscles from BALB/cJ mice 14- and 56-days following hindlimb ischemia.   
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Specific Aim 2: Develop and Validate a Mouse Model of Skeletal Muscle Cox6a2 Loss 

(HSA-MCM;Cox6a2f/f).   

The overall goal of this aim is to determine whether genetic reduction of Cox6a2 in mature 

skeletal muscle results in altered mitochondrial or contractile function in mice at baseline.  We 

will answer the question: Does the loss of Cox6a2 in mature skeletal muscle alter mitochondrial 

respiration and skeletal muscle morphology?  We will compare the mitochondrial function, 

muscle force production, and muscle structure of BL6J background HSA-MCM;Cox6a2f/f mice 

after tamoxifen induction of Cox6a2 deletion to vehicle control mice that are genetically 

matched.  Additionally, we will challenge HSA-MCM;Cox6a2f/f mice after tamoxifen induction 

or vehicle (control) with chronic high fat diet feeding to determine if genetic reduction of 

Cox6a2 alters the muscle response to nutritional stress. 

 

 

 

 

 

 

 

 

 



  

CHAPTER 2: REVIEW OF THE LITERATURE 

Overview of Peripheral Arterial Disease and Chronic Limb Threatening Ischemia 

Peripheral artery disease (PAD) affects 8-12 million individuals in the U.S44. The general 

functional impairments with PAD are substantial and include reduced or absent physical activity, 

pain, mobility loss, severe myopathy, and reductions in quality of life4,45.  The two primary 

symptomatic clinical manifestations of PAD are: (1) intermittent claudication (IC), which is 

defined as exertional leg pain that is alleviated with rest46,47; and (2) chronic limb threatening 

ischemia (CLTI), defined as atherosclerotic PAD in association with ischemic pain at rest that is 

persistent for more than two weeks, tissue necrosis or gangrene6.  PAD patients may also present 

with ischemic leg pain that is not consistent with the traditional definition of claudication8.  IC 

patients have impairments in exercise and higher rates of mobility loss than those without PAD48,49.  

CLTI, meanwhile, is associated with high rates of morbidity, significant mortality rates, limb loss 

and substantial reductions in quality of life6.   

  

IC is the most common clinical presentation of PAD and is heavily studied.  CLTI is typically 

resigned to a designation as the end stage of PAD, indicative of the prevalent assumption that 

claudication is an intermediate stage on a progressive scale. There are inherent issues with this 

idea, including a relative inefficiency in predicting clinical presentation based on atherosclerosis 

burden (IC or CLTI; Figure 1) and the presence of additional and underlying biological/genetic 

risk factors that may influence the severity of clinical presentation6,47,50,51.  The biological/genetic 

part of this determination is readily evident in pre-clinical models of PAD, with differing inbred 

strains of mice presenting with either IC or CLTI phenotypes acutely after surgical onset of limb 

ischemia21,23,52–54.  This has further driven the concept that CLTI may not simply be the “final stage” 
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of PAD, but a clinical manifestation of PAD with unique determinants and myopathic attributes. 

It has also created a conundrum of relevance for pre-clinical modeling of CLTI and has contributed 

to a lack of forward momentum in therapeutic development over the last few decades.  Twenty 

years of trials and pre-clinical testing have largely failed to advance PAD therapeutics overall, 

especially for CLTI patients55. As a result of these trials, current medical therapies are not designed 

to specifically improve lower limb perfusion or repair the myopathy that plagues this 

population51,56–60.  This review summarizes the current information on pre-clinical research models 

and clinical findings related to PAD that will guide therapeutic development across the next several 

decades, with an emphasis on the CLTI (CLI) presentation. 

CLTI  

Available data suggests that only a small percentage of claudicating patients ultimately progress 

to CLTI61–64. Historically, clinical Rutherford classifications of III/IV are based on the presence or 

absence of tissue loss/critical limb ischemia. Patients with claudication (Rutherford I/II) progress 

to CLTI (Rutherford III/IV+) at a very low rate (1-2%/limb/year) and the major clinical outcomes 

are vastly different from those with CLTI59,65,66.  The most recent reported rates of progressively 

worsening PAD, in any form, come from secondary analysis of the EUCLID (Examining Use of 

Ticagrelor in Peripheral Artery Disease) trial67.  In this report approximately 10% of PAD patients 

demonstrated worsening symptoms over a 12-month follow-up period, based on changes in their 

Rutherford classification.  Of this fraction of overall patients, a large portion started as either 

asymptomatic or with mild claudication.  The majority of patients with severe claudication at the 

time of enrollment did not progress to amputation outcomes or worsening symptoms over the 12-

month period (approximately 97% of this group).  One might naturally assume the lack of 

progression is due to increases in the number of interventional procedures performed or technical 
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advances in endovascular or surgical interventions; the number of global limb vascular procedures 

performed to alleviate PAD morbidity has increased over the past few decades68, and there has 

been focus on therapeutic angiogenesis as a treatment for patients.  Data from the Rymer et. al. 

report, however, don’t support intervention as the reason for lack of progression in the EUCLID 

patient cohort.  Seven percent of the EUCLID patients that experienced improved symptoms 

(based on the Rutherford scale) underwent a lower extremity revascularization procedure during 

the 12-month follow up.  Additionally, 14% of the patients in this analysis with worsening 

symptoms had a revascularization procedure in the 12-month follow period.  Existing treatments 

are largely ineffective2,69,70 in  CLTI patients but the field has yet to truly understand the reasons 

for this failure. Scientists and clinicians are anxiously awaiting the outcomes of the BEST-CLI 

(Best Endovascular vs. Best Surgical Therapy in Patients with Critical Limb Ischemia) trial 

(ClinicalTrials.gov Identifier: NCT02060630), which is scheduled for primary completion in 

October 2021.  This trial should provide critical data on survival outcomes free from major limb 

amputation events in patients that underwent open surgical or endovascular revascularization 

procedures.  While the originally described primary outcome measure was the occurrence of a 

major adverse limb event within 48-months, the revised measures are the time to major limb event 

or patient death in patients with either intervention.  The results of this trial will be crucial to the 

development of novel and/or adjuvant ideas with potential future benefit to this specific clinical 

presentation.  To date, our understanding of the clinical CLTI presentation is evolving, but what 

we know strongly supports that it is unique.  The reasons that patients with PAD have distinct 

clinical courses despite similar large vessel occlusions suggest that variations in the response to 

injury within distal leg muscle (the target organ in human PAD) may play a causal role.  What is 
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undoubtedly clear is that we do not fully understand the genetic mechanisms and biological 

processes that ultimately decide the fate of the CLTI limb.  

Myopathy of CLTI 

The hemodynamic impairments observed in PAD patients are accompanied by severe skeletal 

muscle myopathy11,71–74, defined by abnormal skeletal muscle form and function75,76.  Individuals 

with asymptomatic PAD have greater functional impairments and temporal functional decline than 

those without77–79. Myopathy can readily be found in most PAD patients if the search is extensive 

enough, and includes muscle myofiber atrophy, necrotic lesions, etc.  The appearance of muscle 

lesions has been well reviewed across several decades in this patient population1,8,42,75, and their 

functional consequences are well represented in walking or physiologic testing results. 

Complicating the myopathic presentation is the heterogeneity in manifestation across individual 

muscles as well as along the long axis of the muscle (proximal to distal).  For example, deficits in 

the contractile function of lower limb muscles are not necessarily uniform across the body61,80.  The 

2002 Walking and Leg Circulation study77 revealed that lower ankle brachial index (ABI) values 

were linked to greater likelihood of stopping the 6-minute walk test, poorer physical activity, 

walking velocity, standing balance and overall functional performance.   Exercise rehabilitation 

has established efficacy in lessening these functional impairments in those who can tolerate it27,28, 

making it a viable option for IC patients, but not for CLTI patients. The general physiologic 

benefits of exercise therapy, however, support the idea that targeting the ischemic skeletal muscle, 

as well as other downstream tissues, might be key to improving disease outcomes.  The unique 

nature of the CLTI patient skeletal muscle has been well described in recent articles that, together, 

define the tissues from these patients42,81,82. 
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Ryan et al.42 examined the morphology, transcriptome sequence and mitochondrial function of 

non-necrotic gastrocnemius muscle from non-PAD, claudicating and CLTI patients.  

Morphologically, CLTI muscles had significantly smaller myofiber cross-sectional areas and non-

uniform myofiber sizes compared with IC and non-PAD patients.  Muscle sections obtained for 

this study did not show differences in muscle fiber type, though fiber type shifts have been 

observed by other groups18,72,83,84.  Importantly, transcriptome sequencing revealed a unique gene 

expression file in CLTI patients when compared with IC (3,999 differentially expressed genes) 

and non-PAD (3,627 differentially expressed genes) patients. Of note is the finding that IC and 

non-PAD samples differed by only 397 genes.  Similarities in the limb muscle transcriptomes of 

IC and non-PAD patients might lend insight into why exercise is an effective option for this 

population, as they seem to retain their transcriptomes related to bioenergetic functional capacities 

and muscle adaptive abilities.  Cong et al.85 built further upon the findings reported in the Ryan 

paper using secondary analyses of pathways enriched in CLTI patients. The group reported distinct 

differences in oxidative phosphorylation, mitochondrial dysfunction, sirtuin signaling pathways, 

TCA cycle, and fibrosis signaling pathways in CLTI patients compared to the other two groups.  

A deeper analysis of fibrosis signaling pathways revealed activation of TGFB signaling, collagen 

deposition and VEGF pathway activation in CLTI patients compared to IC and non-PAD control 

patients.  A secondary cohort was then recruited and histological measurements indicated a greater 

fibrotic area in CLTI patients compared to IC and non-PAD controls, similar to the findings of 

Mietus et al81.  Together, these papers further the idea that CLTI patient limb muscles are 

histologically, transcriptionally, and morphologically distinct from IC patients.   

Across ‘omics analyses, gene ontology has consistently revealed a unique bioenergetics 

transcriptional program of mitochondrial metabolism in CLTI skeletal muscle, with common 
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deficits in cellular respiration, mitochondrial inner membrane and NADH dehydrogenase activity.  

Both the Cong and Ryan papers support the uniqueness of the skeletal muscle mitochondria in 

CLTI tissues.  Additional recent work has clearly outlined unique CLTI metabolomic signatures 

in serum as well, which is highlighted by changes in amino acid, acylcarnitine, ceramide and 

cholesteryl ester profiles82,86.  Of particular interest in these prior studies is the presence of 

myosteatosis in CLTI patients samples obtained both prior to surgical intervention and at 

amputation82, indicating the stubborn nature of this lipid accumulation in this patient population.  

Whether changes in the mitochondrial axis occur as a manifestation of disease or a mechanism for 

the myopathy that plagues CLTI patients is still unknown.  The exacerbated accumulation of lipid 

species in the ischemic limb muscle is an ominous characteristic, as this is a defined component 

of muscle functional decline in general aging populations87.  Alterations in mitochondrial 

efficiency are a reported hallmark of myopathic tissues from both IC and CLTI patients40,42,84.  It 

is a complicated paradigm to investigate in these tissues, unquestionably, as the presence of 

mitochondrial dysfunction, oxidative stress, or changes in mitochondrial content amongst necrotic 

lesions that may not be mounting appropriate regenerative responses in limb muscles seems likely, 

regardless of the clinical disease presentation.  Isolation of tissue mitochondria prior to 

interrogation also creates confounders, as the organelle data may be influenced in part by 

mitochondrial contributions from other cell types in the tissues.  Ryan et al.42 attempted to address 

these issues directly, by ensuring the non-necrotic nature of tissues prior to high resolution 

respirometry of isolated myofiber bundles isolated from the same anatomic region of the same 

muscle samples collected from healthy control, IC, and CLTI patients.  Solidifying the functional 

component of this mitochondriopathy, they also established similar mitochondrial contents across 

tissues from each population using multiple measures of tissue mitochondrial content, including: 
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lipidomics for cardiolipin species, nuclear/mitochondrial DNA, and citrate synthase.  In further 

support of the critical importance of function versus number, isolated and well-controlled 

enzymatic experiments paralleled functional oxygen consumption deficits. Overall, the collective 

metabolic works provide a specific glimpse into the changing landscape of mitochondrial function, 

irrespective of mitochondrial number in the limb skeletal muscle cells of CLTI patients.  The 

mitochondrial dysfunction observed in CLTI patients is paralleled in preclinical models of 

PAD21,35,52,88, although heterogeneity in the models utilized is a rampant problem in the field.  

Typically, some form of hindlimb ischemia is employed, although the relevance of the chosen 

model to the CLTI presentation is rarely discussed. 

 

The cytokine phenotype of CLTI patients is an additional unique feature of this population.  Most 

recently,  Jalkanen J. et al.89 detailed elevations in 17 cytokines unique to a cohort of 121 CLTI 

patients (versus 101 IC or 20 healthy controls).  For this study, the authors utilized Rutherford 

classes I-III for IC and classes IV-VI for CLTI categorization.  Interestingly, the authors 

acknowledge the potential confounding influence of the most severe cases of CLTI on circulating 

cytokine profile, and therefore excluded patients with infections, gangrenous lesions, or tissue loss 

from their study.  These findings paralleled those by Terra et al.90  and Stehr et al.91, which similarly 

demonstrate unique profiles of circulating cytokines and growth factors in CLTI patients.  

Circulating cytokine and growth factor profiles do not necessarily reflect the expression levels 

observed on a tissue compartment level, however.  A secondary analysis of the WTSS reported by 

Ryan et al.42 focused on the CLTI tissue level interleukin profile reveals 19 targets (interleukin or 

interleukin-receptor) uniquely increased (p<0.05) versus IC tissues.  An additional 4 targets meet 

the threshold analysis (p<0.05) for uniquely decreased versus IC tissues.  This tissue-based 
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secondary analysis supports the interleukin profile as both a circulating and tissue level 

characteristic that distinguishes CLTI patients. 

Preclinical Modeling of CLTI 

The research discussed above strongly supports the argument that CLTI should be viewed as a 

distinct manifestation of PAD, accompanied by a unique tissue and circulatory profile.  Effective 

pre-clinical modeling of CLTI should closely mirror the characteristics of this clinical presentation 

in the affected muscles and tissues.  This includes the pathologic manifestation of most or all of 

the following: 1) tissue loss/lesions with necrosis; 2) skeletal muscle atrophy, which may or may 

not be accompanied by a shift in myofiber type; 3) skeletal muscle degeneration; 4) impaired or 

delayed skeletal muscle regeneration; 5) expansion of non-contractile tissue/fibrosis; 6) fat 

deposition/myosteatosis; 7)  reductions in skeletal muscle mitochondrial respiratory capacity and 

mitochondrial protein expression; 8) sustained deficits in muscle function/contractile performance; 

and 9) sustained impairments in blood flow to the limb.  In the following section we will outline 

the currently utilized mammalian models of pre-clinical PAD and highlight what is known of their 

relevance specifically to the CLTI presentation 

Pig 

Domestic pigs are closely related to humans in terms of their anatomy, physiology, and genetics92.  

For these reasons, porcine models represent an advantageous experimental model for studying 

therapeutic treatments for a range of diseases93,94.  Swine are especially useful for modeling 

cardiovascular diseases, such as coronary artery disease and heart failure, since the pig heart is 

very similar to that of a human95.  There are significant differences in the hindlimb vasculature of 

humans and swine, however, many of which are due to its quadruped nature96.  Anatomically, pigs 
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lack a common iliac artery.  Instead, there is a trifurcation of the distal aorta into right and left 

external iliac arteries and the common internal iliac trunk97.  Running down the lateral portion of 

the leg, the external iliac branches into the circumflex iliac artery.  It then bifurcates into the 

external (superficial) and internal (deep) femoral arteries which continue down the hindlimb98.  

The external femoral artery further bifurcates into the popliteal and saphenous arteries.  

Historically, swine hindlimb ischemia (HLI) and ischemia-reperfusion models are common tools 

for studying vascular specific angiogenic and regenerative processes97,99,100, however this model is 

complicated by a lack of significant myopathy post-ischemia induction, difficulties in functional 

outcome measurements, expense, a lack of genetic/transgenic models, and complications 

associated with overlaying common risk-factors with surgical ischemic onset.   For obvious 

reasons, the complexities of this model make effective modeling of the CLTI presentation 

extremely difficult.  Recent advancements in the porcine model of PAD include the additions of 

diet induced co-morbidity, treadmill functional assessments, and angiography and have led to a 

porcine model with more clinically relevant collateralization and myopathy outcomes101.  This 

model will undoubtedly be critical for testing therapeutic interventions (not limited to stem cell 

therapies) in patients that are poor candidates for interventional surgeries in general and CLTI 

patients specifically102–104.  The time to major pathologic manifestation post-surgical induction in 

pigs is more similar to the human paradigm, allowing for testing of therapeutic interventions post-

onset (Is there a reference for this?).  This will be critical for the development of effective therapies, 

particularly until biomarker identification or genetic determinants specific for the CLTI 

presentation are achieved. 

Rabbit 
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The arterial anatomy of the rabbit hindlimb was described by McNally et al105 in 1992.  At the 

level of the pelvis, the rabbit aorta branches into the common iliac arteries, which, in turn, give 

rise to the external and internal iliac arteries.  The external iliac artery and its subsequent branches 

are the main supplies of blood flow in the hindlimb.  The external iliac gives rise to the deep 

circumflex iliac artery as it travels distally from the pelvis.  Once it passes behind the inguinal 

ligament, its name changes to the common femoral artery. The common femoral artery gives rise 

to the deep femoral artery, inferior epigastric artery and lateral circumflex artery as it travels 

distally down the thigh. At the midpoint of the femur, the common femoral artery splits into the 

saphenous, descending geniculate and popliteal arteries.  Rabbit HLI includes endovascular coil 

occlusion, ligation/transection, ameroid constriction, and/or electrocoagulation of the femoral 

artery106–112.  The endovascular occlusion model of ischemia was developed in 2005 by Patel et 

al.108 to occlude the superficial femoral artery in a way that limited the potential compounding 

effect of a surgical wound.  Complete femoral artery excision in the rabbit was developed to 

produce a persistent model of animal ischemia113,114 after it was discovered that iliac, femoral and 

aortic ligations did not reliably produce adequate ischemia. The complete excision of the femoral 

artery proved not only to be objective and convenient but produced consistent limb ischemia. 

Complete femoral artery excision has been shown to result in an acute angiogenic response within 

the rabbit hindlimb, which is followed by an arteriogenic response.  Complete excision also leads 

to a skeletal muscle myopathy, marked by decreases in muscle fibers, increased adipose tissue and 

connective tissue within the affected limb, and areas of tissue necrosis115. Femoral artery ligation, 

which involves ligating the femoral artery proximal to the deep femoral artery and distal to the 

lateral circumflex artery116,  has been shown to reduce muscle cross-sectional area and the number 

of muscle fibers present in ischemic muscle.  Femoral artery and endovascular occlusion similarly 
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result in an angiogenic response in the hindlimb, though there is limited data on the accompanying 

myopathy.  Despite the vast number of HLI studies that have been performed in rabbits, there is a 

limited amount of data on the accompanying myopathy and muscle regeneration.  From what we 

know, complete artery excision seems to result in a phenotype that most effectively mirrors CLTI 

presentation.  

Rat 

A comprehensive description of the hindlimb vascular anatomy of the rat was published in 1935 

by Greene et al117.  The terminal branches of the aorta split into the right and left common iliac 

arteries in the rat, which run laterally along inner thigh.  The common iliac arteries then bifurcate 

into the external and internal iliac arteries, which branches into the lateral and medical circumflex 

arteries.  The external iliac gives rise to the pudendoepigastric trunk and then passes behind the 

inguinal ligament, at which point it’s referred to as the femoral artery.  The femoral artery runs 

down the medial side of the thigh, giving rise to four branches: the superficial circumflex iliac, 

muscular, superficial epigastric, and the highest genicular arteries.  It then bifurcates into the 

saphenous and popliteal arteries at the level of the knee, which continue to branch and form 

collaterals as they move distally towards the foot. More recently, anatomic heterogeneity in 

hindlimb vasculature between rats of the same background was identified118.  The first description 

of HLI in rats employed a unilateral femoral artery ligation119. Since then, multiple groups have 

altered the standard procedure in an attempt to more accurately model PAD and other disease 

states120–125.  The most common rat models employ embolization, ameroid constrictors, and acute 

vessel ligation/transection.  The embolization technique was first developed by Zhuang et al126 in 

2012, and involved the use of synthetic, polymeric hydrogels and a platinum coil, which, following 
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insertion, would expand over time, occluding the femoral artery. In 2013, Shin et al.127 investigated 

the feasibility of N-butyl cyanoacrylate (NBCA) and polyvinyl alcohol (PVA) particles to induce 

ischemia via enolization, as these particles do not cause susceptibility artifacts during MRI like 

coils can.  Embolization with use of coils, NBCA, or PVA particles results in blood flow reductions 

and muscle infarction, while minimizing the inflammatory response.   Ameroid constrictors have 

also been used to induce limb ischemia in rats is described as chronic, though this method has not 

been shown to induce muscle degeneration, nor does it trigger a severe inflammatory response, 

despite causing persistent deficits in blood flow.  Acute ischemia in the rat hindlimb, via vessel 

ligation/transection, results in necrotic muscle tissue and toes, muscle atrophy, fibrosis, severe 

inflammation, muscle regeneration and granulation122,128.  The reaction of rats to acute ischemia 

more closely models the pathology observed in CLTI patients  

 

Rats are also prone to metabolic syndrome under dietary manipulations, which enhances the 

relevance of HLI data to clinical populations with heavy co-morbidity burdens.   Common diets 

typically are defined by high fat or high fructose contents.  High fat diets (HFD) range in their fat 

content, from 20-40%129–131 and are generally employed for 6-10 weeks prior to experimentation.  

High fructose diets in rats lead to hypertension and dyslipidemia132,133 and are normally also 

administered for 6-10 weeks.  The preclinical Western diet134, which is similar to HFD with the 

addition of cholesterol, has also been utilized in the rat.  Several studies have investigated 

angiogenesis within the context of HLI + streptozotocin-induced type 2 diabetes in rats.  These 

studies have largely focused on the angiogenic response in the hindlimb without attention given to 

the effect on the skeletal muscle.  The impact of HFD on wound healing, cardiac fibrosis135, and 

angiogenesis has also been investigated.  In each instance, HFD worsened the pathology: including 
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compromised wound healing136, exacerbated cardiac fibrosis135, and impaired angiogenesis121.  It 

would be easily assumed that HFD and/or models of type 2 diabetes would worsen HLI myopathy 

in rats and mimic clinical CLTI more effectively, but this hasn’t been directly demonstrated to 

date. 

Mouse 

Murine hindlimb ischemia is the most commonly used method for modeling clinical PAD. The 

primary mouse model of HLI was described in 1998 by Couffinhal et al57 and based largely on the 

rabbit model106.  Today, the mouse model is preferred over larger animal models for its’ practicality, 

cost, and the wide array of transgenic mice that are available137.  Multiple variations to the mouse 

limb ischemia procedure have been leveraged to model PAD23,122,138–140.  Altered variables primarily 

involve anatomical location of ligation/transection or the rate of ischemic induction. Although 

these models are all termed “HLI”, each produces a uniquely scaled myopathic response and 

recovery timeline in the limb.  One commonality between the models is the methodology 

traditionally used to evaluate the “response”, which includes: blood flow restoration, capillary 

perfusion, collateral vessel formation, limb muscle contractile force production recovery, and 

histological evaluation of limb muscles21,23,52,53,141–143.   The major challenge for the field lies in 

comparing data from animals that have undergone different forms of HLI, as each can result in 

vastly different temporal outcomes using these measures.  Further complicating the field is the 

relatively new understanding that common inbred strains of mice display markedly different tissue 

and blood flow responses, even when subjected to the same form of HLI21,23,144,145.  For these 

reasons, much consideration must be given to the details of the model system employed in mouse 

studies.  The acute nature of the ischemic onset and the temporal limitations of HLI in mice are 
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recognized issues with this system.  Despite these complications, using the inherent genetic 

differences of the existing and commercially available inbred strains of mice, the murine model 

can be employed as an effective model for CLTI.  Ischemic myodegeneration and regeneration are 

key components of the murine response to limb ischemia143,146.  Inbred strains that suffer from 

tissue necrosis, the most severe myodegenerative phenotypes, and/or severe deficits in the 

recovery of limb blood flow appear to better mimic the physiologic outcomes of CLTI patients, 

including muscle contractile deficits and severe delays in tissue perfusion recovery.  Similar to the 

rat model, the murine HLI model can be easily paired with preclinical models of PAD 

comorbidities and risk factors, using both external interventions and/or genetic models of these 

diseases.   

 

Overlaying PAD co-morbidities with murine HLI to understand how disease states interact is not 

a novel idea, albeit a relatively uncommonly employed one.  When utilized in mice, it often results 

in outcome measures that parallel CLTI myopathy. The most commonly employed is insulin 

insensitivity, which can be achieved in multiple ways, including: high fat diet feeding147–150, 

Irs1/Irs2/Irs3 knockouts151, and GPX1 overexpression152. Multiple models of type 2 diabetes, 

obesity and hyperlipidemia have been developed for mice, including HFD feeding153,154, Lebob/ob155, 

Lebdb/db156 and apoE-/-157 mice.  Ryan et al.148 found that subjecting C57BL/6 animals to HFD for 16 

weeks resulted in a greater degree of limb tissue necrosis, increased myopathic lesion size, reduced 

muscle regeneration and function, and exacerbated ischemic mitochondrial dysfunction.  ApoE-/- 

mice, which have been widely used to model hypercholesterolemia and atherosclerosis158,159, have 

delayed skeletal muscle regeneration after HLI160.  Smoking alters the angiogenesis related 

microRNA profile of bone marrow derived stem cells161 and attenuates the effectiveness of donor 



 
  

19 

stem cells to improve blood flow restoration in C57BL/6 mice after HLI162. Chronic kidney disease 

(CKD), a common comorbidity for CLTI163,164 is also effectively modeled in mice165.  Skeletal 

muscle from mice with CKD have reduced mitochondrial function, accumulate uremic toxins, and 

are smaller and weaker than those without166.  Furthermore, C57BL/6 mice subjected to CKD prior 

to HLI have exacerbated muscle myopathy despite the absence of capillary regression or blood 

flow restoration deficits167.  Taken together, these studies highlight the effectiveness of the murine 

genetic models or co-morbidity related interventions to effectively mimic CLTI myopathies after 

HLI.  This provides a rich opportunity for testing of future therapeutics aimed at alleviating 

myopathy in settings which better mirror the complex multi-diseased nature of these patients.  

When combined with what is now understood about the critical role of background strain/genetics, 

this approach has the potential to powerfully impact the rigor of the pre-clinical research validating 

identified therapeutics.   

Pre-Clinical Genetics  

The idea that inherent genetic makeup can influence susceptibility to cardiovascular disease has 

gained traction over the past two decades.  Multiple genetic loci have been identified that are 

related to ischemic outcomes in preclinical disease models, from stroke to PAD43,168–175.  

Unquestionably, murine strain-dependent variations in susceptibility to disease have played a key 

role in advancing our understanding of genetics in cardiovascular diseases169,171,176.  Barone et al.177 

published the first evaluation of mouse strain differences in cerebral ischemia. Multiple groups 

followed suit 178–180 and several genetic loci that affect the extent of cerebral ischemic tissue damage 

have been mapped169,181.  The general consensus is that C57BL/6 mice are more resistant to middle 

cerebral artery occlusion than BALB/c mice179, and that BALB/c mice suffer the largest lesion 

areas and most severe pathology compared with other strains.  Differences between inbred strains 
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in response to cardiac ischemia have also been investigated. A 2005 study by Gao et al.182 analyzed 

left ventricular wall rupture following an acute MI across three common inbred mouse strains and 

revealed unique risks and timing of ventricular rupture.  Salimova et al.183 examined variations in 

heart morphology and function across multiple mouse strains and found C57BL/6 animals to be 

the most susceptible to myocardial rupture and death following left coronary artery ligation184.   

Strain differences in response to peripheral ischemia have been relatively well studied.  Markedly 

different responses occur between BALB/c and C57BL/6 mice when subjected to the same 

ischemic limb methodology21,23,53,54,144: BALB/c mice suffer significant muscle damage, atrophy, 

mitochondrial deficits, tissue necrosis, reduced collateralization and perfusion recovery in limb 

skeletal muscles compared to C57BL/6 mice23,52,145,185.  This is similar to the differences in the 

tissues of claudicating and CLTI patients.   

 

Dokun et al.43 initially mapped the genetic basis for tissue loss following HLI in inbred parental 

strains. Using C57BL/6 and BALB/c mice the authors identified a locus on chromosome 7, termed 

Lsq-1, associated with limb tissue loss following HLI.  Lsq-1 contained 21- and 16- known and 

predicted genes, respectively.  It is important to note that none of the identified genes at the time 

was known to play a known a role in vascular growth. Additional studies on parental strain genetics 

that followed focused on collateral vessel formation186,187 and identified an additional loci (Canq1) 

on chromosome 7 partly responsible for heritable variation in collateral vessels. Later work172 

reported peak marker overlap between Canq1 and Lsq-1.  The majority of mechanistic studies 

performed since these analyses have focused on targets identified in Lsq-1, specifically ADAM12, 

IL-21R and BAG388,188,189.    
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ADAM12 (a disintegrin and metalloprotease 12) is a member of the mellatoproteinase family 

possessing cell-binding and intracellular signaling functions190.  C57BL/6 mice show significantly 

higher expression of ADAM12 following HLI compared with BALB/c mice191 and reductions in 

ADAM12 attenuated limb blood flow recovery in these mice. Re-expression of ADAM12 in 

BALB/c mice also partially rescued blood flow.  Clinically, ADAM12 polymorphisms have been 

identified in CLI patients189, although causality of these polymorphisms for the CLI presentation 

have not been established in patients.  These polymorphisms have also not demonstrated dominant 

negative outcomes in pre-clinical models.  ADAM12 is a critical component of myogenic cell 

biology192 and is temporally known to play both positive and negative roles in the regeneration of 

damaged muscle tissues193,194.  Interestingly, more recent data demonstrates a role for ADAM12 in 

the pathologic determination of perivascular cells to profibrotic fibroblasts during acute tissue 

injury, supporting a role for this target in the exacerbation of the muscle fibrosis phenotype 

identified by Pipinos as a hallmark of CLTI81,85. Focused mining of WTSS data from the Ryan et 

al42 reveals an approximate 24-fold increase in ADAM12 in the limb muscles of CLTI patients as 

compared with healthy adults (p=1.56-13).  Together, this data supports ADAM12 as a target for 

further evaluation in the development of new therapeutics for the degenerative and fibrotic aspects 

of CLTI patient limb muscles.   

 

Interleukin-21 receptor (IL-21R) is found at the peak of phenotypic association in in the short arm 

of murine chromosome 743.  Follow-up studies by Wang et al195  determined that C57BL/6 mice 

upregulate IL-21R expression during HLI, while BALB/c mice do not.  IL-21R  was originally 

investigated in immune cells, where it controls lymphoids and the differentiation of myeloid 

cells196,197.  Wang et al. established a specific role for this receptor as a modulator of cell survival 
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and stimulator of angiogenesis in hypoxic endothelial cells198.  In vivo knockdown of IL-21a in 

C57BL/6 mice caused impaired perfusion recovery following HLI.  Wang et al.199 later verified 

increased  expression of IL-21R in the endothelium and plasma of skeletal muscle of patients with 

PAD.  While there are no data linking IL-21R specifically to the CLTI presentation, alterations in 

expression levels in a human PAD population and pre-clinical data on blood flow recovery to the 

limb support further evaluation of the biological role of IL-21R in PAD in general.   

 

B-cell lymphoma 2–associated anthanogene (BAG3) is a multifunctional adaptor protein that 

regulates diverse cellular functions and plays critical roles in cancer200–202, and skeletal and cardiac 

muscle biology203. Mutations in BAG3 are causally linked to myofibrillar myopathy and dilated 

cardiomyopathy in humans204–207, and loss of Bag3 in mice causes perinatal lethality due to 

fulminant muscle myopathy208. Unique variants in BAG3 occur exclusively in 10% of individuals 

of African descent with cardiomyopathy209 and contribute to idiopathic outcomes.   Haplotype 

insufficient BAG3 cardiac muscle results in a heart failure phenotype210,211 and human variants of 

BAG3 are causative for impaired hypoxic autophagy and increased apoptosis88,212,213, providing 

synergy for expression deficits and dysfunctional variants in vitro. BAG3 has also been linked to 

cadiomyocyte sarcomere function214.  Recent work has linked haplotype insufficiency of BAG3 to 

reduced cardiomyocyte sarcomere protein turnover, contributing to the heart failure phenotype and 

impaired cardiomyocyte contractile function215.  A murine coding variant in Bag3 contributes to 

ischemic muscle necrosis after HLI, and Bag3 variant gene therapy targeted to ischemic limb 

muscles rescues both myopathy and vascular density22 in BALB/c mice.  Since limb muscle cells 

are a critical component of the most effective intervention in PAD patients (exercise), and 

mutations in BAG3 now appear to be one of the most common to cause disease204,205,214,216, 
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investigations into BAG3 have the potential to impact CLTI patients, specifically, but also across 

all PAD presentations.  

 

Mitochondria function as continuously operating batteries, creating the energy and redox charges 

essential for establishing and maintaining life for cells. Published38,39,41,52,142,148,217,218 data suggest 

that mitochondrial-derived disruptions in skeletal muscle energy charge are primary factors in the 

etiology of, and susceptibility to, pre-clinical and clinical ischemic myopathy. Intriguingly, the 

only identified mitochondrial component of LSq-1 is mitochondrial complex IV gene cytochrome 

oxidase 6a2 (Cox6a2). Cox6a2 is a component of uniquely altered mitochondria in CLTI patients42.  

It’s presence in LSq-1 is of particular interest for two primary reasons:  first, Cox6a2 is the only 

locus component expressed solely in striated muscle; and second, it is directly linked to muscle 

mitochondria.  Skeletal muscle contains dense mitochondrial networks responsible for ATP 

production, maintenance of redox charge and intracellular communication. Compromises in 

mitochondrial function result in increased oxidative stress, mitochondrial DNA (mtDNA) damage 

and progressive respiratory chain dysfunction – all of which are implicated across aging and 

multiple disease states, not limited to PAD1,36–38,142.  Preclinical studies have shown that 

therapeutically targeting the mitochondria in a model of CLTI can reduce the ischemia-induced 

myopathy38,148.  This provides evidence that targeting skeletal muscle mitochondria could lead to 

effective treatments for PAD and, specifically, CLTI.  Murine mechanisms altering limb muscle 

mitochondria are also highly translatable to the clinic, as PAD patients often present with 

metabolic disease (i.e. type 2 diabetes) co-morbidities characterized by reduced muscle 

mitochondria function219–221.  Similarly, the inbred parental strain driven claudicating phenotype 

(including mitochondrial sufficiency) associated with C57/BL6J mice after HLI is overridden by 
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sustained high fat diet (HFD) consumption148.  For these reasons, the mitochondria are exciting 

targets for mechanistic interrogation.   

 

Noncoding RNAs in CLTI 

Noncoding RNA is a general term encompassing both microRNAs (miRNA) and long noncoding 

RNA (lncRNA).  This biologically diverse class of gene products is poorly understood but rapidly 

gaining traction as a novel treasure-trove for both biomarkers and therapeutic targets in 

cardiovascular disease.  The human genome encodes 22,000 proteins but it also encodes >2,000 

microRNAs and perhaps as many as 60,000 lncRNAs.  In general terms, miRs serve to regulate 

the expression of a gene or several genes within the same pathway by interacting with 

ribonucleotide interacting proteins in RISC complexes.  They largely function to down-regulate 

gene expression through targeting mRNA for degradation or serving as regulators of translation.  

Through the same mechanism, miRs can increase a gene or pathway by interacting with an 

inhibitory RNA or causing negative expression of a transcriptional repressor.  When compared to 

miRs, lncRNAs are less well conserved evolutionarily, more numerous, and have many different 

potential mechanisms of action.  Reports on lncRNAs are growing but they have been identified 

as playing a causal role in X chromosome inactivation, cell differentiation and pluripotency, 

mRNA splicing, gene-expression, and miR production and sponging222–228.  At least somewhat 

similar to miRs, lncRNAs recruit epigenetic factors to exert effects and can be encoded by-, or act 

as-, enhancers222,226,228–231.  LncRNAs can also act as parts of protein machines, chromatin 

complexes, and even rRNAs in ribosomes.  Reports on ncRNA in PAD began almost twenty years 

ago and even “review articles” on the topic can be found232–234.  While several studies investigate 

ncRNA in the pre-clinical murine model system or in culture, there is very little data on the 
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relevance of these studies to PAD patients in general, and specifically those with CLTI.  What 

follows is a brief review of select ncRNA targets with known relevance specifically to the CLTI 

presentation (based on clinical data or pre-clinical models matching the requirements we identified 

above; Table 2), for additional new reviews on this specific subject in PAD please see the 

following references234,235:  

 

To the best of our knowledge, very few studies have reported differential lncRNA expression 

specifically in PAD patient tissue samples.  Gastric Adenocarcinoma Associated, Positive CD44 

(GAPLINC) increased in a limited (n=3) sample of CLTI patient arterial tissues in a recent 

investigation236.  Follow up culture studies performed in HUVEC cells identified a hypoxia 

sensitive angiogenic phenotype associated with altered expression of this lncRNA.  These authors 

reported a total of 43 differentially expressed lncRNAs in CLTI arterial tissues, with more than 

half up regulated.  Ensemble identifiers can be found in the supplementary material, however the 

only lncRNA identified by name in the manuscript was GAPLINC.  It is also unclear which 

anatomic arterial segments were used in the study, if the same arterial segment was collected from 

each patient, what the characteristics of the patients were (sex, co-morbidities, age, Rutherford 

classification, ABI, etc.) and whether the entire artery was utilized or if segments of the internal 

arterial tissue rich in endothelium were isolated. Boulberdaa et al. reported Smooth Muscle and 

Endothelial Cell Enriched Migration/Differentiation-Associated LncRNA (SENCR) expression as 

decreased (qRTPCR analysis) in the limb muscle tissues of CLTI patients.  Detailed analyses 

demonstrated its’ importance in driving HUVEC proliferation, migration, and tube formation in-

vitro237.  Recently reported data from our group demonstrates decreased long intergenic non-

protein coding RNA 202-1 (LINC00202-1) in black CLTI patients versus black control patients238.  
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Additionally, increased expressions of MIR503HG and LINC00941 were discovered in black 

versus white CLTI patient limb muscles238.  These findings highlight both the exciting potential 

this field of research possesses and the vast work that remains in order to understand the clinical 

relevance and biological mechanisms of action of lncRNA in peripheral tissues.  What is missing 

thus far is a systematic analysis of lncRNA in the limb muscles of a uniform patient population, 

including both IC and CLTI patients as separate groups, when compared with age-matched non-

PAD controls.   

 

Similar to lncRNA, few studies have examined microRNA expression specifically in CLTI patient 

tissues or in pre-clinical models of CLTI.   Profiling of miRNA expressions in bone marrow 

derived CD34+ cells from patients with both type 2 diabetes and CLTI revealed decreased 

miRNA-21 as a potent signaling regulator of endothelial cell apoptosis239.   While there was no 

CLTI only population in this study, the authors did report the following: 1) no common miRNA 

expressed in the cells derived from diabetic patients alone and those from diabetic/CLTI patient, 

and 2) a single miRNA uniquely expressed in the diabetic/CLI patient group alone (has-miR-146a-

5p).  Another miRNA gaining interest, and one directly implicated in the CLTI phenotype is miR-

93240,241. Mir-93 is involved in tumor survival and angiogenesis242, is expressed at lower levels in 

the limb muscles of in the CLTI-like BALB/c parental strain240, downregulates the mRNA levels 

of genes that play a role in cell survival240, recovery and proliferation following HLI, and its’ 

inhibition in C57BL6 mice attenuates post-HLI recovery in vivo, while overexpression improves 

recovery in BALB/c mice240.  Follow-up work revealed a specific role for miR93 in macrophage 

polarization in the ischemic limb muscle tissue and significantly lower miR-93 in PAD limb tissues 

than controls241. 
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Stem Cell Therapy in CLTI 

Stem cells have been an exciting area of therapeutic effort for CLTI patients since the early 2000s, 

primarily focused on improving tissue perfusion and/or collateral vessel growth243,244.  To date, 

largely using autologous bone marrow derived and/or expanded stem cells, benefits have been 

observed in secondary symptom measures with limited efficacy demonstrated in preventing 

amputation243,245. The 3 most recent patient trial publications (since 2019) are detailed in Table 1. 

At the time of this review, there were 36 clinical trials listed as “completed” and 6 “actively 

recruiting” (clinicaltrials.gov; critical limb ischemia, stem cell search terms utilized).  Of the 36 

“completed” trials, only 1 has results listed246;  ClinicalTrials.gov Identifier: NCT01472289.  This 

study provided a primary assessment of the safety of a “bedside” cell purification and preparation 

system in a small (n=17) cohort of CLTI patients (Rutherford V; 48.8±13.1 SD years of age), with 

secondary effectiveness measures (ABI, tissue oxygen pressures, walking, pain, amputation rate) 

across a 12-month follow-up.  The Katagiri et al.247 study is a small (5-patient), short-term (6-

month) study of patients 28-64 years of age.  These authors reported no major amputations in their 

small patient group over the experimental term and improvements in ulcer size and walking 

distances.  CLTI patients in the Sharma et al.248 trial were reported at a mean age of 45.3±15.5 SD 

in the control group and 41.9±11.0 SD in the cell treated arm.  The results of these 3 studies are 

largely consistent in demonstrating short-term (6- or 12-month) improvements in ABI and 

transcutaneous oxygen pressure including and no major amputations across the 6-month studies.  

Only 1 of these studies was designed with control group injections included 249 and all three of 

these studies represent relatively young patient populations with respect to CLTI (mean age of 

each study’s population in the 40’s).  Overall, these new reports represent a continuation of the 
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previous data, with mixed data on amputation prevention over time and consistent improvements 

in secondary measures.   

  

Recent pre-clinical reports using the CLTI-like BALB/c HLI model have helped to refine our 

temporal and biological understanding of stem cell biology in the ischemic limb.  Beltran-

Camacho provide a proteomic readout of tissue changes in the BALB/c (nude) hindlimb after HLI 

including the administration of human circulating angiogenic stem-cells (CACs)250.  Intramuscular 

injections of CACs were insufficient to prevent tissue necrosis within the 4-day experimental 

period and directed proteomic changes related to cell apoptosis, inflammation, and cellular motility.  

Moderate alterations were observed in the limb vascular profile, albeit not sufficient to prevent 

necrotic lesions.  A heterogeneous population of bone marrow derived cells (REX-001; including 

lymphocytes, monocytes, granulocytes and CD34+ hematopoietic stem cells) injected intra-

muscularly provided modest improvements in limb blood flow after BALB/c (nude) HLI251.  No 

data was provided on myopathic outcome measures in either study, although distribution of REX-

001 was largely compartmentalized to the injected limb skeletal muscle.  REX-001 is the lead 

product of Ixaka and is currently being evaluated in Phase III trials across Europe 

(SALAMANDER trial).  Only time will tell if the large number of existing/non reported trials will 

provide more definitive evidence of stem cell efficacy to prevent amputations and improve 

morbidity outcomes in the CLTI population.  Our understanding of the local environment’s 

influence on stem cell biology is steadily improving252,253.  This will be key to effectively 

implementing stem cell strategies in an aged ischemic limb suffering from the type of extensive 

myopathies that CLTI causes.  For the time-being, this remains an exciting area with yet-unrealized 

potential for this patient population.   
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Gene Therapy in CLTI 

Concerns about the efficacy of gene therapies in human disease or off-target effects of this 

approach are waning as data becomes more available.  As of today, there are 4 FDA approved gene 

therapies that use lentiviral, retroviral, CAR-T, or Adeno-associated virus (AAV) delivery models.  

The overwhelming majority of gene therapy approaches for CLTI are focused on driving 

angiogenesis, using vascular endothelial growth factor (VEGF)254–256, fibroblast growth factor 

(FGF)257–259, or hepatocyte growth factor (HGF)255,260–262.  There are 3 clinical trials 

(clinicaltrials.gov; critical limb ischemia, gene therapy search terms utilized) currently recruiting.  

Two of the trials utilize variant plasmid delivery of HGF (ClinicalTrials.gov Identifiers: 

NCT04275323 and NCT04274049).  The third is investigating intravascular AAV delivery of 

telomerase (hTERT) (ClinicalTrials.gov Identifier: NCT04110964) in an attempt to alleviate 

telomerase-related aging cellular alterations that contribute to the CLTI presentation.  Angiogenic 

gene therapy has not proven efficacious as of yet.  Similar to surgical interventions used in this 

patient population, this approach is still focused on restoring blood flow and not designed to alter 

the biology of the primarily affected limb tissues with CLI, the limb muscle.  The general failures 

of the angiogenic gene therapy approach in improving patient outcomes, combined with the 

prevalence of surgical interventions to restore blood flow, warrant new ideas to improve outcomes 

in the CLTI population. 

 

Skeletal muscle specific gene therapy is a burgeoning field, with AAV-based therapies 

encompassing a large portion of clinical trials related to muscular dystrophies.  The FDA recently 

(July 2020) awarded the Sarepta Therapeutics SRP-9001 gene therapy for Duchenne Muscular 

Dystrophy (AAVrh74, using a MHCK7 promoter to drive a micro-dystrophin transgene) “Fast 
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Track” and “Rare Pediatric Disease” designations.  The same AAV vector is being used by Sarepta 

Therapeutics to generate gene therapies for Sarcoglycanopathies, characterized by mutations in 

genes encoding one of four proteins in the dystrophin-associated glycoprotein complex that results 

in similar myopathy to general dystrophy.  This is important in the context of CLTI due to the 

myopathic phenotype associated with dysfunctional muscle regeneration in these patients and 

provides insight into what might represent a novel strategy for intervention in aged limb muscle.  

The local density and functionality of muscle tissue level capillaries correlates with limb function 

in PAD patients263,264.  Paired with the recent report of a general disconnect between overall limb 

blood flow and the reperfusion of limb skeletal muscle capillary beds in the BALB/c CLTI pre-

clinical model143, the potential local role that the degenerating/regenerating skeletal muscle 

provides locally to focal angiogenesis265 is a promising avenue for exploitation in therapeutic 

design.  The potential upside of this approach is that it could be utilized independently or in 

combination with existing surgical interventions, with the concept of improving the limb muscle 

environment to better respond to the interventional restoration of limb blood flow at the site of 

occlusion. 

 

Conclusions 

Much of the research related to and treatments of PAD and CLTI have focused on the vascular 

nature of the disease, though these methods have largely failed the CLTI population.  To advance 

the field and improve the quality of life for patients with CLTI, we must improve our 

understanding of the genetic mechanisms and biological processes that underlie its 

pathophysiology.  Additionally, we must look beyond the limb vasculature for potential 

therapeutic targets.  Given the focus of this review on effective pre-clinical research models, 
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clinical findings and areas of study related to PAD, it’s worth noting that there is a considerable 

amount of promising research underway that could greatly impact our understanding and 

treatment of PAD pathology in the near future.  

Figures and Tables: 

Figure 2: Schematic of Lower limbs and highlight all the known specific details of CLTI limb 
tissues. 
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Table 1. Summary of the most recent patient trial publications. 
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Gene 

Symbol 
Gene Name 

Fold 

Change 

(from IC) 

P-Value FDR 

IL10RA interleukin 10 receptor, alpha 3.40179157 1.5E-13 3.28E-12 

IL33 interleukin 33 2.97427528 3.1E-16 1.17E-14 

IL1R1 interleukin 1 receptor, type I 2.6664224 2.1E-10 2.47E-09 

IL2RB interleukin 2 receptor, beta 2.24846348 9.0E-05 0.00030764 

IL2RG interleukin 2 receptor, gamma 1.85432754 1.7E-03 0.00433152 

IL1RAP 
interleukin 1 receptor accessory 

protein 
1.81783517 5.7E-04 0.00158702 

IL18 interleukin 18 1.78749727 7.2E-03 0.01507219 

IL12RB2 interleukin 12 receptor, beta 2 1.75873059 2.0E-03 0.00477414 

IL16 interleukin 16 1.69836087 2.0E-06 9.81E-06 

IL34 interleukin 34 1.65296092 1.1E-05 4.71E-05 

IL4R interleukin 4 receptor 1.62758736 1.4E-03 0.00344625 

IL17RE interleukin 17 receptor E 1.57870251 2.1E-03 0.0051441 

IL18BP interleukin 18 binding protein 1.54288038 5.1E-04 0.00143768 

IL10 interleukin 10 1.53244517 1.0E-02 0.02077954 

IL17RA interleukin 17 receptor A 1.47327674 3.8E-03 0.00859307 

IL15 interleukin 15 1.44845432 1.2E-04 0.00038054 

IL6R interleukin 6 receptor 1.26142198 3.1E-02 0.05435785 

IL6ST interleukin 6 signal transducer 1.21319158 1.3E-02 0.02600248 

IL17RD interleukin 17 receptor D 1.1827007 4.1E-03 0.00910874 

IL11RA interleukin 11 receptor, alpha -1.3463143 6.5E-05 0.00022887 

Table 2. Gene list of differential interleukin expression in CLI limb skeletal muscle (n=20) as 
compared to IC (n=16).  List was generated from WTSS data, sorted by Fold Change (From IC) 
and significance (p-value), and the targets meeting the p<0.05 threshold are represented.  Fold 
Change representative of target message counts.  List generated from secondary analysis of 
previously published WTSS (See ref 42).
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Abstract 

During incomplete skeletal muscle recovery from ischemia, such as that occurs with critical limb 

ischemia, the temporal relationship between recovery of muscle capillary perfusion and 

contractile function is poorly defined. We examined this relationship in BALB/cJ mice (N = 24) 

following unilateral hindlimb ischemia (HLI), which pre- clinically mimics the myopathy 

observed in critical limb ischemia patients. Specifically, we examined this relationship in two 

phenotypically distinct muscles (i.e., “oxidative” soleus – Sol and “glycolytic” extensor 

digitorum longus – EDL) 14- or 56-days after HLI. Although overall limb blood flow (LDPI) 

reached its’ recovery peak (48% of control) by HLI d14, the capillary networks in both the Sol 

and EDL (whole mount confocal imaging) were disrupted and competent muscle capillary 

perfusion (perfused lectin+µm2/muscle µm2) remained reduced. Interestingly, both Sol and EDL 

muscles recovered their distinct capillary structures and perfusion (Con Sol; 0.056 ± 0.02 

lectin+µm2/muscle µm2, and Con EDL; 0.039 ± 0.005 lectin+µm2/muscle µm2) by HLI d56 

(Sol; 0.062 ± 0.011 lectin+µm2/muscle µm2 and EDL; 0.0035 ± 0.005 lectin+µm2/muscle µm2), 

despite no further improvement in limb blood flow (LDPI). Both muscles suffered severe 

myopathy, indicated by loss of dystrophin positive immunostaining and the absence of 

stimulation induced isometric force production at HLI d14. Dystrophin immunofluorescence 

returned at HLI d56, although neither myofiber CSA (µm2) nor isometric force production (58 

and 28% sustained deficits, Sol and EDL, respectively) recovered completely in either muscle. In 

summary, we reveal that the temporal relationship between the restoration of muscle capillary 

perfusion and functional ischemic skeletal muscle regeneration favors competent muscle 

capillary perfusion recovery in BALB/c mice in a phenotypically non-distinct manner. 
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Introduction 

Peripheral arterial disease (PAD) is a medical condition caused by an occlusion in the peripheral 

arteries, most commonly those supplying blood to the lower extremities2. Dysfunctional 

hemodynamics in the affected limb result in intermittent, pathologic limb ischemia and severe 

myopathy, defined by abnormal skeletal muscle function and morphology19,27,71,72.  This myopathy 

is universally attributed to the completeness of perfusion reduction and little is known about 

inherent tissue susceptibility266, although it is a keystone manifestation of PAD and largely predicts 

patient morbidity and mortality49,73,74,267,268. 

Arteriogenesis, myogenesis, and angiogenesis are central to restoring ischemic limb function and 

are believed to be tightly coordinated and temporally dependent processes269. Whether or not this 

temporal association varies between different myofiber phenotypes, however, is not well 

understood. Oxidative and glycolytic muscle fibers display well-documented differences in their 

capillary structures and density, which contributes to their individualized relationships with tissue 

perfusion and oxygen distribution270,271.  PAD patients experience a selective degradation of fast-

twitch (type II) fibers that parallels presentations of increasing disease severity18,72,272, suggesting 

possible fiber type specific patterns or timelines of muscle regeneration. We used BALB/c mice 

and hindlimb ischemia (HLI), which in combination results in tissue pathology that mimics critical 

limb ischemia patients, to interrogate the time-based relationship between limb blood flow 

recovery, skeletal muscle capillary perfusion recovery and myopathy in oxidative (soleus, Sol) and 

glycolytic (extensor digitorum longus, EDL) limb muscles. We hypothesized that myofiber 

phenotypes with well-documented anatomic differences in capillary density and contractile 

kinetics would possess distinctive patterns of recovery, providing insight into inherent phenotypic 

susceptibility to limb ischemia. Our results reveal a similar temporal recovery of Sol and EDL 
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capillary structures and perfusion after HLI that precede muscle morphological and functional 

recovery. 

Materials and Methods 

Animals 

Experiments were conducted on adult male (12–18 week old) BALB/cJ mice (N = 24) obtained 

from Jackson Laboratories (Bar Harbor, ME). BALB/cJ mice were chosen for their uniformity of 

pathology presentation and relevance to critical limb ischemia patients. All work was approved 

by the Institutional Review Committee of East Carolina University. Animal care followed the 

Guide for the Care and Use of Laboratory Animals, Institute of Laboratory Animal Resources, 

Commission on Life Sciences, National Research Council. Washington: National Academy 

Press, 1996. 

Hindlimb Ischemia 

Acute unilateral hindlimb ischemia (HLI) was performed as previously described21. Mice were 

sacrificed by cervical dislocation or perfusion fixation 14 or 56 days after ligation (d14–56) under 

ketamine (90 mg/kg bodyweight) and xylazine (10 mg/kg) anesthesia. Limb blood flow was 

measured by laser Doppler perfusion imaging (LDPI) using a Moor Instruments LDI2-High 

Resolution (830 nM) System (Moor, Axminster, United Kingdom), as previously described21.  

Images were obtained at baseline (pre), immediately following surgery (d0) and at d7, d14, d21, 

and d56. Two hours prior to sacrifice, 50 μL of 1 mg/mL Griffonia simplicolia Isolectin-B4 (GS-

IB4) DyLight 594 conjugate (Vector Labs, Burlingame, CA) was injected into the right retro-

orbital sinus using a 31-guage needle. 
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Perfusion Fixation 

Under ketamine/xylazine anesthesia, the heart was exposed to provide access to the atria and 

ventricles. The right atrium was punctured and a 21-gauge needle was inserted into the left 

ventricle. Perfusion began with a solution containing phosphate buffered saline (PBS), 10 μg/mL 

sodium nitroprusside, and 0.03% heparin273 and continued until the liver was pale in color and all 

of the blood was flushed from the animal. Vessels were then briefly fixed by systemic perfusion 

with 4% paraformaldehyde (PFA). Following fixation, EDL and Sol were carefully dissected, tied 

at length and immersion fixed in 4 or 2% PFA, respectively, and placed in 1× PBS overnight. 

Whole Mount Imaging 

For whole muscle imaging, muscles were permeabilized in saponin, washed in 1× PBS, and 

blocked in 5% goat serum + 1× PBS. Samples were incubated overnight with CD31 primary 

antibody (1:500 dilution). Samples were then washed in 1× PBS and incubated with AF 488 

conjugated anti-rat IgG secondary antibody (1:1000 dilution, Invitrogen, Carlsbad, CA), phalloidin 

(1:100 dilution, Invitrogen) and Nucblue (2 drops/mL). Muscles were washed and stored in 1× 

PBS at 4°C. 

Histology and Immunofluorescence 

Muscles were placed into 30% sucrose solution for cryoprotection before being embedded in 

optimal cutting temperature medium (OCT) and frozen in liquid nitrogen cooled isopentane. 10 

μm sections were cut using a CM-3060S cryostat (Leica) and collected on charged glass slides. 

Histology was performed as previously described20,21 and included primary antibodies for rat anti-

mouse CD31 (BioRad, Hercules, CA), rabbit anti-mouse dystrophin (BioRad, Hercules, CA), 
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rabbit-anti mouse laminin (Sigma-Aldrich, St. Louis, MO), MyHC types I (BA-D5), IIa (SC-71), 

and IIb (BF-F3; Developmental Studies Hybridoma Bank, University of Iowa). Samples were 

mounted using Vectashield hard mount medium (Vector Labs) and imaged with an Evos FL auto 

microscope (Thermo Fisher Scientific, Waltham, MA). 

Muscle Contractile Function 

Contractile function was assessed on control and ischemic Sol and EDL muscles using an Aurora 

300B-LR, as previously described21,274,275. Force frequency curves were integrated and summed 

over time to calculate force capacity (N∗s/cm2). 

Statistical Analyses 

All outcome measures and analyses were performed by individuals blinded to ischemia or control 

groups. Group means were compared using multiple t-tests. A one-way ANOVA was used to 

determine differences in LDPI perfusion data between all timepoints. P values less than 0.05 were 

considered statistically significant. All statistical analysis and visualization were carried out using 

Graphpad Prism (Version 7.0d). Image analysis was carried out using ImageJ version 1.53f (NIH, 

Bethesda, MD). Image processing was applied uniformly across all images of comparable groups. 

Representative images were contrast enhanced with a 0.3%-pixel saturation threshold. Images used 

for quantification were not altered in any way that would affect image histograms. 

Results 

Limb Blood Flow and Competent Capillary Perfusion Recovery  
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Vascular structure and muscle capillary perfusion recovery were examined by employing the 

following: non-invasive LDPI; whole mount phalloidin and CD31+ immunostaining; and 

transverse muscle section CD31+ and isolectin+ immunostaining and quantification. 60× confocal 

Z-stacks provided us with qualitative information regarding anatomical muscle transformations 

throughout the regenerative process (Figures 1A,B). Sprouting angiogenesis was observed in both 

muscles at HLI d14 (indicated with red arrows in Figure 1B). By HLI d56, both muscles had re-

established vascular networks with similar properties as the control muscles: i.e., winding and 

dense Sol capillaries and parallel organization of the EDL vasculature along the myofiber long 

axis. LDPI revealed a significant decrease in plantar paw blood flow at all time points following 

HLI induction (Figure 2A). The flux ratio of the ischemic/control limb (AU) was reduced 

immediately following HLI (d0) and remained attenuated through HLI d56 (d56 flux ratio mean: 

0.5696 ± 0.09169) (Figure 2B). Immunohistochemistry of CD31+ cells and lectin+ vessels in 

transverse muscle sections (Figure 2C) reveal reduced lectin positive areas (lectin+µm2/muscle 

µm2; used as an indicator of competent capillary perfusion) in both the ischemic Sol and EDL at 

HLI d14 (Ctrl. Sol: 0.067 ± 0.0014, Isch. Sol: 0.01 ± 0.01, P = 0.006; Ctrl. EDL: 0.035 ± 0.001, 

Isch. EDL: 0.0034 ± 0.003 P < 0.001). Both Sol and EDL lectin perfusion areas were restored to 

contralateral baseline values by HLI d56 (Ctrl. Sol: 0.056 ± 0.02, Isch. Sol: 0.062 ± 0.011, P = 

0.73; Ctrl. EDL: 0.039 ± 0.005, Isch. EDL: 0.035 ± 0.005 P = 0.841) (Figure 2D). Restoration of 

lectin+ area in transverse muscle sections indicates recovery of capillary perfusion in the muscle. 

CD31+ area (CD31+µm2/muscle µm2; used as an indicator of total capillary number) was 

significantly reduced in the EDL at HLI d14 (Ctrl. EDL: 0.046 ± 0.01, Isch. EDL: 0.007 ± 0.003 

P = 0.041). Interestingly, CD31+ area was increased in the Sol at HLI d14 (Ctrl. Sol: 0.045 ± 0.006, 

Isch. Sol: 0.082 ± 0.015, P = 0.033). CD31+ positive area returned to control values in both the 
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Sol and EDL by HLI d56 (Figure 2E). The ratio of lectin+:CD31+ areas (used as an indicator of 

competent perfused capillary vessels out of the total endothelial signal present) decreased in both 

the ischemic Sol and EDL at HLI d14 (Ctrl. Sol: 1.21 ± 0.49, Isch Sol: 0.17 ± 0.21 P = 0.04; Ctrl 

EDL: 0.97 ± 0.38, Isch. EDL: 0.30 ± 0.43, P = 0.049) but was restored to contralateral control 

values at HLI d56 (Figure 2F).   

Muscle Structural and Functional Recovery After HLI 

Whole mount imaging qualitatively revealed the extent of myofiber degeneration and regeneration 

after HLI (indicated with yellow arrows in Figure 3A). Transverse sections of the Sol and EDL 

(Figure 3B) were utilized to quantify the number of dystrophin+ fibers per µm2. At HLI d14, both 

ischemic Sol and EDL muscles suffered from significant reductions in the number of dystrophin+ 

fibers. At d56, dystrophin+ fiber numbers were returned to contralateral control values in both 

muscles (Figure 3C). Fiber cross-sectional area (CSA, µm2) was measured at HLI d56 and 

revealed attenuated myofiber sizes (CSA, µm2) in the ischemic Sol and EDL compared with their 

respective contralateral controls (Ctrl. Sol: 798.1 ± 11.9, Isch. Sol: 506.8 ± 17.76, P = 0.23; Ctrl. 

EDL: 956.6 ± 22.11, Isch. EDL: 379.9 ± 8.64, P = 0.016) (Figure 3D and Supplementary Figure 

S2A). Compared to contralateral controls, the distribution of MHC fiber types was not altered in 

the ischemic Sol or EDL (Figure 3E).  

 

Force frequency (FF) protocols were performed to measure total and specific tension in control, 

HLI d14 and HLI d56 EDL and Sol (Figures 4A,B). After 14d HLI, neither the Sol nor EDL were 

capable of measurable force production (when dystrophin immunoreactivity was largely absent). 

At HLI d56, the ischemic EDL was only able to produce 72% of maximal control force (100 Hz) 
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and the ischemic Sol produced 42% of maximal control force (80 Hz). This signifies persistent 

deficits in muscle contractile function, which are more severe in the oxidative Sol. Force frequency 

curves were integrated and summed over time to calculate force capacity (N∗s/cm2). Force 

capacity was significantly reduced at both HLI d14 (Ctrl. Sol: 58.60 ± 5.498, Isch. Sol: 2.719 ± 

2.332, P = 0.23; Ctrl. EDL: 40.43 ± 2.272, Isch. EDL: 0.7552 ± 0.641, P = 0.016) and d56 (Ctrl. 

Sol: 58.60 ± 5.498, Isch. Sol: 506.8 ± 3.278, P = 0.23; Ctrl. EDL: 40.43 ± 2.272, Isch. EDL: 29.84 

± 2.756, P = 0.016) (Figure 4C).  

 

The specific force values measured in this study are consistent with values previously recorded by 

our lab and our collaborators using our experimental procedures59,71,72,266; we have consistently 

measured maximum specific force of Sol and EDL muscles to be between 15 and 25 N/cm2. 

Variations in specific force values between our lab and others may be due to the inbred mouse 

strain utilized or the extent to which the muscle is dried prior to obtaining its wet weight. The 

absolute force values achieved in our experiments (Figures 4D,E), however, are similar to those 

previously outlined by Brooks and Faulkner49. Control EDL and soleus muscles isolated from the 

12–18-week-old BALB/cJ mice used in this study reached maximal absolute force values of 364 

and 211 mN, respectively, comparable with the 413 and 213 mN absolute force values that were 

recorded for 2–3-month-old C57BL/6 mice in their study49. 

 

DISCUSSION 

Effectively recovering limb skeletal muscle contractile function within an ischemic environment 

is dependent upon the successful reestablishment of both tissue perfusion and anatomic muscle 

architecture. We examined the temporal relationship between the restoration of ischemic limb 
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blood flow, muscle capillary bed organization, competent vessel perfusion, and myofiber 

regeneration in physiologically distinct muscles. Our findings reveal that capillary perfusion and 

muscle structural organization (dystrophin) are restored within 8 weeks of ischemic onset by HLI 

in oxidative and glycolytic muscles of BALB/cJ mice. Despite peak restoration of overall limb 

blood flow and complete restoration of muscle capillary perfusion, myofiber sizes and muscle 

force capacity do not recover on the same timeline in either oxidative or glycolytic muscle 

phenotypes. Our contractile measurements were performed in a controlled bath facilitating the 

diffusive flux of oxygen in muscles isolated from an ischemic environment in vivo. Effectively, 

we removed any confounding influences of differential capillary perfusion in our functional force 

measurements. 56-days post HLI, despite quantitative restoration of competent capillary perfusion 

in vivo, muscles are severely functionally and anatomically compromised even in an environment 

where diffusive oxygen is readily available across the length of the muscle. Combined with the 

histological evaluations, we interpret this data to reveal that the observed functional deficits are 

likely a result of the delays in structural/anatomical repair of the muscle fibers. Overall, our data 

reveal that ischemic myopathy persists similarly in oxidative and glycolytic BALB/c myofibers 

long after ischemic onset, and that both muscle types share a similar temporal restoration of tissue 

perfusion.  

 

The temporal recovery of limb blood flow from nadir is a commonly studied process pre-clinically. 

BALB/cJ mice, in particular, suffer incomplete limb blood flow recovery across multiple models 

of hindlimb ischemia20,21,141,145,188.  This deficit is commonly attributed to a differential density of 

pre-existing intermediate collateral vessels prior to ischemia and/or reduced ability to generate 

new collaterals via arteriogenesis. In this study, peak recovery of limb/plantar paw blood flow, 
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measured by LDPI, occurred within 14-days of surgically induced ischemia. The nature of the 

surgery used in this study (isolation and transection at the proximal end of the femoral artery) is 

insufficient to induce outward tissue necrosis (paw lesions or auto amputation), even across the 

56d period of ischemic recovery. In this instance, the temporal restoration of peak limb/paw blood 

flow was disconnected from the muscle tissue specific restoration of capillary perfusion. This 

demonstrates that the recovery of individual muscle tissue capillary perfusion is regulated locally 

and is distinct from that of the limb/paw blood flow that presumably rescues toe/paw lesion 

formation in these mice. Given the anatomic disruption we observed in vascular structures at HLI 

d14, the restoration of locally competent capillaries is likely a key limiting factor in the ability of 

the limb to shunt any restored flow to anterior and posterior skeletal muscles. In the case of the 

Soleus muscle, this is uniquely defined by the maintenance of CD31+ signal at HLI d14, despite a 

lack of competent perfusion of those vessels. In the case of the EDL, this is defined by a reduction 

of CD31+ signal combined with lack of vessel perfusion.  

 

Clinically, pathologic limb ischemia is accompanied by intermittent bouts of ischemic insult, 

which cause cycles of myofiber degeneration and regeneration276. When successful, regenerative 

processes result in an innervated, vascularized, contractile skeletal muscle that is indistinguishable 

from its non-ischemic counterpart269,277.  In general, myopathic diseases are tightly paralleled with 

vascular network degradation. A partial explanation for the failure of therapeutic angiogenesis 

trials in critical limb ischemia patients may be that these therapies fail to stimulate the survival and 

regeneration of ischemic muscle myofibers, which face a harder path to full restoration than the 

capillary networks that feed them. Both muscles examined restored functional, individualized 

vascular networks within 56 days: the Sol remodeled its convoluted network; the EDL remodeled 
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its myofiber-parallel network. A similar timeline of vascular function and structure recovery in 

these phenotypically distinct muscles suggests that local signals within each muscle are capable of 

guiding vascular progenitors and endothelial cells through complex and distinct organizational 

processes. Despite this, both muscle phenotypes continued to suffer from persistent myopathy 

through 56 days. This indicates that processes related to vascular reorganization are temporally 

prioritized over those related to contractile function restoration in the limb, but do not guarantee 

complete functional recovery of the affected muscles. Although the reason for the temporal 

prioritization of revascularization in regenerating skeletal muscle is not completely understood, a 

logical explanation is that sufficient blood supply is required to maintain functional skeletal 

muscle278,279.  Additionally, studies have highlighted a role for angiogenesis in increasing the 

amount of active blood-vessel related stem cells that can participate in skeletal muscle 

regeneration280,281. Dynamic and reciprocal interactions between regenerating skeletal muscle and 

angiogenesis are accepted as pivotal components of juvenile dermatomyositis (JDM) myopathy 

and Duchenne muscular dystrophy (DMD)282 and have led to approaches to treat muscular 

dystrophies with phosphodiesterase-5 inhibitors like Tadalafil283 to improve blood flow284 and 

muscle regeneration. The results of this study, in a common pre-clinical model of PAD, support 

the development of dual therapy approaches to improve both the temporal restoration of muscle 

capillary perfusion and the regeneration of muscle myofibers to restore full functional capacity.  

 

Several articles have reported the selective degradation of faster-twitch fibers during the ischemia 

that occurs in PAD patients18,72,272.  A benefit to this adaptation would be clearly evident if 

slower/oxidative myofibers demonstrated a regenerative or functional advantage under the 

intermittent ischemic conditions caused by PAD. In this study, we took advantage of the fiber type 
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homogeneity observed in the predominantly oxidative Sol and predominantly glycolytic EDL 

mouse muscles. Thus, if oxidative fibers harbored an inherent regenerative advantage, the Sol 

muscle should recover from ischemic injury more completely and efficiently. Despite muscle type-

specific differences in vascular anatomy and contractile characteristics, the oxidative Sol and 

glycolytic EDL muscles appear to possess similar angiogenic timelines in our model system. It is 

important to note the context of the studies performed here when interpreting this finding. Mice of 

the BALB/c parental strain most accurately mirror the myopathy and vasculopathy seen in critical 

limb ischemia patients in the pre-clinical HLI model21,88,145,188,285,286 . PAD presents as either 

intermittent claudication (IC; pain with exertion that is relieved with rest) or critical limb ischemia 

(CLI; pain at rest with or without tissue necrosis or gangrene). Although less common than IC, 

CLI carries a substantially higher morbidity and mortality; CLI patients have a risk of major 

amputation or death that approaches 40% in 1 year69,287.  Very little is known about the biology of 

limb skeletal muscle in CLI patients. Recently, we observed no change in myofiber phenotype in 

the gastrocnemius muscles of CLI patients42. CLI patients are largely intolerant to exercise and 

suffer high rates of morbidity, even after surgical interventions that restore blood flow to the 

affected limb. This clinical disconnect parallels the temporal disconnect we observed between 

muscle perfusion reconciliation and persistent myopathy in BALB/c muscles. 

 

CONCLUSION 

The timeline required to regenerate a fully functional skeletal muscle is dependent upon the 

concomitance of both angiogenic and myogenic processes. As we have shown, these processes do 

not necessarily reach completion within the same timeline. Furthermore, the restoration of tissue 

perfusion does not guarantee timely muscle functional recovery. Our results may partially explain 
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why, despite a marked increase in the number of lower extremity revascularization procedures, 

functionality tied to morbidity and mortality in the PAD patient population remains largely 

unchanged (Goodney et al., 1946; Sampson et al., 2014). A more precise understanding of the 

persistent myopathy in the presence of restored limb blood flow and tissue perfusion provides an 

opportunity to develop adjuvant therapies to better ensure the success of surgical revascularization 

procedures and potentially identify patients most at risk for severe manifestations of PAD and 

other myodegenerative diseases. 
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Figures:  
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Figure 2: Myofiber and capillary anatomy during recovery from ischemia. (A) Representative 
60× confocal Z-stack images of whole-Mount EDL and Sol muscles immunostained for 
myofiber structure (phalloidin; red), vascular structure (CD31; green) and nuclei (NucBlue; blue) 
in control, d14 and d56 limbs. Images qualitatively reveal the complex microenvironment within 
the limb following an ischemic injury and present a temporal summary of our findings. White 
arrows indicate myofiber direction. (B) Grayscale representative 60× confocal Z-stack images 
from panel (A), presenting only CD31+ immunostaining. These whole-Mount EDL and Sol 
images specifically highlight the vascular structures in the muscles before and following 
ischemic injury (CD31; gray). Red arrows indicate observed sprouting angiogenesis in the 
ischemic microenvironment. 
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Figure 3: Restoration of peripheral blood flow and muscle capillary perfusion. (A) 
Representative laser Doppler perfusion images (LDPI) of the ischemic left [Isch. (L)] and control 
right [Ctrl. (R)] plantar paws in the prone position at baseline, d0, d14, and d56. (B) 
Quantification of flux measurements at baseline, d0, d14, d21, and d56 represented as a ratio of 
the left (Isch.) over right (Ctrl.) limbs. (C) Representative 20× immunofluorescent images of 
systemically DyLight 594 conjugated GS-IB4 lectin, which indicates vessels which were actively 
perfused at the time of sacrifice (red), and cluster of differentiation 31 (CD31+, PECAM-1; 
green), which indicates total endothelial cells, in transverse sections of the control, d14 and d56 
Sol and EDL. Red arrows indicate lectin+ vessels; green arrows indicate CD31+ vessels and 
yellow arrows indicate CD31+/lectin+ vessels. (D) Average lectin positive area per µm2 in 
control, d14 and d56 EDL and Sol. (E) Average cluster of differentiation 31 (CD31), area per 
µm2 in control, d14 and d56 EDL and Sol. (F) Ratio of lectin positive area:CD31 positive area in 
control, d14 and d56 EDL and Sol. Error Bars indicate mean ± SEM. ∗P < 0.05.  
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Figure 4: Myofiber structural recovery.  (A) Representative 60× Z-stacks of control, d14 and d56 
EDL and Sol. Myofiber structure is represented by phalloidin immunostaining (red) and 
counterstained with NucBlue (blue). White arrows indicate myofiber direction. Yellow arrows 
indicate damaged myofibers. (B) Representative 20× immunofluorescence images of dystrophin 
positive immunostaining in transverse sections of control, d14 and d56 EDL and Sol. (C) 
Average dystrophin-positive immunostained myofibers per µm2 in control, d14 and d56 EDL 
and Sol. (D) Average CSA (µm2) of myofibers in control and d56 EDL and Sol. (E) Fiber type 
distribution in control and d56 EDL and Sol (E). ∗P < 0.05. 
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FIGURE 5: Muscle contractile function recovery. Force frequency curves for ischemic and 
control Sol and EDL muscles at d14 (A) and d56 (B). (C) Force capacity (measured by 
integrating the force frequency curves and summing the values over time) of control, d14 and 
d56 EDL and Sol. Absolute peak isometric tension curves for ischemic and control Sol and EDL 
muscles at d14 (D) and d56 (E). Bars indicate mean ± SEM. ∗P < 0.05 
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Introduction 

Peripheral artery occlusive disease (PAD) is a manifestation of systemic atherosclerosis defined 

by an occlusion in arteries most commonly supplying blood to the lower extremities1,2.  The 

clinical course of PAD treatment has largely targeted residual blood flow through 

revascularization and endovascular procedures11,68,288.  These treatments have largely proven 

ineffective1-3, unfortunately.  This is especially true in patients with chronic limb threatening 

ischemia (CLTI), the most severe clinical manifestation of PAD.  A growing body of research 

indicates CLTI is a distinct manifestation of PAD, and that these patients may be genetically 

susceptible to severe disease manifestation42,82,85,86.  Preclinically, common inbred strains of 

mice (C57BL/6J and BALB/c) mirror this presentation. BALB/c mice suffer from a severe 

ischemic myopathy and are unable to recover muscle contractile function and paw perfusion 

within 56 days, while C57BL/6J mice are less affected21,23,52,143. A 37-gene quantitative trait 

locus (QTL), Lsq-1, was identified by examining tissue survival and perfusion recovery 

following hindlimb ischemia (HLI)43.  Currently, only three genes within Lsq-1 (ADAM12, IL-

21R, and BAG3) are recognized as being crucial for limb blood flow restoration or myopathy 

resolution in C57BL/6J and BALB/c mice following HLI88,191,198.  Although these processes 

require cellular energy (adenosine triphosphate – ATP), there is currently no comprehensive 

understanding of the mechanism(s) that regulate the generation of this energy charge in the 

ischemic limb, or what influence genetics may impart in these processes. 
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The balance of limb skeletal muscle mitochondrial bioenergetics has the potential to significantly 

advance therapeutic PAD research38,52,148,217,289.  Skeletal muscle contains dense mitochondrial 

networks responsible for ATP production, maintenance of redox charge, and intracellular 

communication. Compromised mitochondrial function results in increased oxidative stress, 

mitochondrial DNA (mtDNA) damage and progressive respiratory chain impairment – all of 

which are implicated in aging and multiple disease states including PAD1,35–38.  Mitochondria 

also play crucial roles in the energetic failure and initiation of cell death of ischemic cells290,291 

and house the machinery of metabolic pathways that are responsible for ~90% of the cell’s 

resting ATP production. Given these crucial roles, the maintenance or recovery of mitochondrial 

function in ischemic limb muscles could be a key mechanism for tissue survival and regeneration 

during an acute ischemic event.   Ex vivo studies of skeletal muscle myofibers from PAD patients 

demonstrate decreased oxygen consumption and enzyme activity35,39–41, substantiating the notion 

that PAD patients suffer from an inherent mitochondrial dysfunction.  One gene target identified 

in Lsq-1, Cox6a2, is a protein subunit of cytochrome c oxidase (CcO; complex IV of the 

mitochondrial electron transport system).  Its presence in Lsq-1 is unique because it is thought to 

be expressed solely in mature striated muscles (cardiac and skeletal) and serves as a regulatory 

component of cytochrome c oxidase, the terminal enzyme in the electron transport system (ETS) 

responsible for oxygen consumption292,293.     

 

Previous studies have described the existence of a strain dependent mitochondriopathy that 

occurs in inbred strains of mice following HLI and segregates mice with poor perfusion 

recovery21,52 independent of reductions in mitochondrial content.  The extent to which muscle 

mitochondrial function requires a functional Cox6a2 remains somewhat unclear.  Previous 
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studies have used mice with a null mutation in Cox6a2, resulting in a lifelong loss of Cox6a2 

loss in cardiac and skeletal muscle tissue293,294.  These studies identified only subtle cardiac 

dysfunction, defined by: impaired maximal diastolic performance; increased whole body energy 

expenditure; and skeletal muscle ROS production under normal cage conditions.  When 

challenged with a chronic high-fat diet (HFD), Cox6a2-null mice did not gain more weight and 

were protected from HFD-induced glucose intolerance and insulin resistance.  This model 

inherently contains confounders, however, when investigating the skeletal muscle specific role of 

Cox6a2.  Potential problems include overlapping cardiac complications and potential lifelong 

compensation for developmental loss of the transcript and protein. 

 

To establish a skeletal muscle cell specific inducible deletion model of Cox6a2 implemented 

after the mice reached adulthood, we generated Cox6a2f/f mice on a BL6J background and 

crossed them to inducible skeletal muscle Cre (HSA-MCM) mice (on a BL6NJ background).  

We aged these mice to adulthood and treated them with tamoxifen to induce genomic deletion of 

Cox6a2.  Our findings validate the HSA-Cre mediated and tamoxifen inducible genetic deletion 

model of Cox6a2, establishing this line as an effective murine model of Cox6a2 mRNA and 

protein reduction in limb skeletal muscles.  We revealed a role for Cox6a2 in basal mitochondrial 

function, though physiologic muscle function was not impaired by tamoxifen induced deletion of 

Cox6a2.  Reductions in basal mitochondrial function were not exacerbated by over-nutrition 

induced by high fat diet.  We will employ this genetic model in future mitochondrial sufficiency 

studies after hindlimb ischemia. 

Methods 

Animal Generation 
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Generation of the Cox6a2 knockdown mice was achieved by crossing mature skeletal muscle-

specific, tamoxifen inducible HSA-mER-Cre-mER male mice (originally developed by Dr. 

Karyn Esser, University of Florida, Gainesville, FL, USA, and Dr. John J. McCarthy, University 

of Kentucky, Lexington, KY) with female mice with flox sites flanking exons 1-3 of the Cox6a2 

gene (Cox6a2f/f).  This initial breeding scheme resulted in HSA-mER-Cre-mER+-Cox6a2f/- 

males, which were then crossed with female Cox6a2f/f mice to generate HSA-mER-Cre-mER+-

Cox6a2f/f mice. The HSA-mER-Cre-mER mice have a c57/Bl6NJ background, and Cox6a2f/f 

mice were generated on a c57/Bl6J background.  

Animal Genotyping 

All animals were genotyped based on the presence of HSA-mER-Cre-mER, and heterozygote or 

homozygote Cox6a2 flox expression using genomic DNA. Primer sets for mER-Cre-mER F-5’- 

GCATGGTGGAGATCTTTGA-3’ and R-5’-CGACCGGCAAACGGACAGAAGC -3’ were 

used to screen for HSA-mER-Cre-mER+ animals.  Animals were additionally genotyped for 

Cox6a2 flox using primer sets F-5’- GAAGTCATTCCGTGCCACTGT-3’ and R-5’- 

CCTGCTTGCTCCAGCCC-3’, where the Cox6a2 flox amplification band is ~2038bp and the 

wild-type band is ~1891bp. 

Cox6a2 Recombination DNA analysis 

Successful recombination was validated in all experimental animals.  Tamoxifen induced 

recombination was confirmed through PCR analysis if genomic DNA with a DNA Isolation kit.  

Primers F-5’-GAAGTCATTCCGTGCCACTGT-3’ and R-5’-



 
  

60 

TATGGATAAGAACTAACACAAGACTG were used to generate an amplicon that was 295bp 

in length, indicating deletion of the flox region of Cox62.     

Experimental Approach 

Eight- to ten-week-old HSA-mER-Cre-mER+-Cox6a2f/f and HSA-mER-Cre-mER+-Cox6a2f/- 

mice were injected for five consecutive days with either 2mg day-1 tamoxifen or vehicle solution. 

Three weeks later, the mice were subjected to a second round of five-day tamoxifen delivery. 

Animals of the genotype HSA-mER-Cre-mER+-Cox6a2f/f administered tamoxifen or sunflower 

seed oil and ethanol are referred to as KO and WT mice, respectively.  Animals of the genotype 

HSA-mER-Cre-mER+-Cox6a2f/- administered tamoxifen will be referred to as HET 

mice.  Cohorts of HSA-mER-Cre-mER+ and Cox6a2f/f administered tamoxifen were additionally 

assessed to ensure no off-target effects (supplemental info). To date, we have found no off target 

effects of tamoxifen delivery in any of our outcome measurements, including skeletal muscle 

contractile function, mitochondrial respiration, and bodyweight.  All animals were housed in a 

temperature (22˚C) and light controlled (12-hour light/12-hour dark) room with free access to 

food and water. All animal experiments adhered to the Guide for the Care and Use of Laboratory 

Animals from the Institute for Laboratory Animal Research, National Research Council, 

Washington, D.C., National Academy Press, 1996, and any updates.  All procedures were 

approved by the Institutional Animal Care and Use Committee of East Carolina University 

High Fat Diet and Glucose and Insulin Tolerance Testing 

 Mice of the genotype HSA-mER-Cre-mER+-Cox6a2f/f were placed on either a 45% Kcal HFD 

(Research Diets; D12451) or a 10% kcal low-fat diet (LFD; Research Diets D12450) at 4-6 weeks 
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of age and were maintained on the diet until sacrifice at 20-22 weeks of age.  Tamoxifen was 

administered at weeks 6 and 10 of the diet, resulting in the loss of skeletal muscle Cox6a2.  Whole-

body glucose tolerance was determined during the 14th week of diet feeding from intraperitoneal 

(IP) injection of glucose (1g of glucose/kg body mass) after a 4-h morning fast. Insulin tolerance 

testing was performed during the 15th week of diet feeding using IP injections of insulin (1.0 U 

insulin/kg body mass) after a 4-h fast.  Blood glucose levels were measured with a glucometer 

(Nova Biomedical; Waltham, MA, USA)  before glucose or insulin injection.  For the GTTs, blood 

glucose was measured before injection (0), 15, 30 , 60 and 120 min after glucose injection.  For 

ITTs, blood glucose was measured before insulin injection (0), and at 15, 30, 60 and 90 min after 

the injection. 

Immunofluorescence and Histology 

Tibialis anterior, extensor digitorum longus (EDL) and soleus muscles from WT, Het and KO mice 

were excised and embedded in Tissue-Tek optimal cutting temperature medium.  Samples were 

then frozen in liquid-nitrogen cooled isopentane and stored at -80˚ until processing.  10um 

transverse sections were cut on 3060S cryostat, collected on charged slides and stored at -20˚C 

until use for histology or IHC.  Standard hematoxylin and eosin (H&E) staining was performed, 

as previously described145.  IHC was performed as previously described21.  Briefly, sections were 

fixed in 1:1 acetone/methanol for 5min at -20˚C, rehydrated in PBS, and blocked in 5% goat serum 

in PBS for 1hr at room temperature. Sections were then incubated overnight in primary antibodies 

for rabbit anti-mouse dystrophin (1:100 dilution; Thermo Rb-9024; targeted to the protein C-

terminus) and rat anti-mouse CD31 (platelet endothelial cell adhesion molecule 1; 1:1000 dilution; 

BioRad, Hercules, CA).  The following day, slides were washed with PBS and incubated for 1 
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hour with Alexa-Fluor 488-conjugated anti-rat, and 647-conjugated anti-rabbit secondary 

antibodies (1:250, Invitrogen, Carlsbad, CA).  Samples were mounted using Vectashield hard 

mount medium (Vector Labs) and imaged with an Evos FL auto microscope (Thermo Fisher, 

Waltham, MA) with a plan fluorite 20x objective lens.  Images were taken across each muscle 

section.  Images were analyzed by a blinded investigator using ImageJ version 1.53f.  Technical 

replicates were averaged, and data is represented by mean fluorescence positive area. 

Western Blotting 

Isolated mitochondria pellets were resuspended in RIPA buffer containing protease inhibitors.  

Proteins were separated on NuPAGE Bis-Tris gels (Thermo Fisher), which were then transferred 

onto polyvinylidene difluoride (PVDF) membranes (Trans-Blot Turbo Transfer System; Bio-Rad).  

PVDF membranes were blocked at room temperature for 90 minutes in 5% dry milk, and then 

incubated overnight with a primary antibody for Coxa2 at 4˚C.  Following primary incubation, 

membranes were incubated at room temperature for 1h with goat-anti rabbit HRP-conjugated 

secondary antibodies at 1:10,000 (Invitogren).  Proteins were visualized via chemiluminescence 

with care being taken to ensure signal detection was in a linear range and not saturated (Clarity 

Western ECL Substrate, Bio-Rad). The images were quantified using Image Lab and normalized 

to total protein content.   

Muscle Contractile Function  

Muscle contractile function was assessed in vitro for soleus and EDL muscles of WT, Het and KO 

mice, as previously described21,143,274 using an Aurora 300B-LR system (Aurora Scientific, Aurora, 

ON, Canada).  Resting tension and muscle length were adjusted for each muscle to obtain the 
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optimal twitch contraction force prior to force frequency and fatigue resistance protocols.  The 

length and mass of each muscle were recorded for calculation of physiological CSA and specific 

force, expressed as (N/cm2)295.  Force frequency curves from each stimulation frequency were 

integrated over time and then added together to calculate force capacity (N∗s/cm2). 

Skeletal Muscle Mitochondrial Isolation  

Skeletal muscle mitochondria was isolated using differential centrifugation as previously 

described296,297 with some modifications.  The following buffers were utilized: buffer A (PBS and 

10 mm EDTA at pH 7.4); buffer B (50 mmMOPS, 100 mm KCl, 1 mm EGTA, 5 mm MgSO4); 

and buffer C (buffer B and 2 g/liter BSA).  Gastrocnemius complexes (medial/lateral 

gastrocnemius heads, plantaris and soleus) were excised and immediately placed in ice cold Buffer 

A.  Samples were then minced and exposed to 5% trypsin for 5 minutes on ice.  The samples were 

then centrifuged at 600xg for 5 minutes at 4˚C and the supernatant was removed.  The remaining 

pellet was resuspended in Buffer B and homogenized via a drill-driven Teflon pestle and 

borosilicate glass vessel.  Homogenates were centrifuged at 800xg for 10min at 4˚C.  The 

supernatant was filtered through two layers of gauze and centrifuged at 10,000xg for 10min at 4˚C.  

Pellets were then washed in 1.4mL of Buffer A, transferred to microcentrifuge tubes 

and centrifuged at 10,000×g for 10 min at 4 °C.  Final mitochondrial pellets were resuspended in 

100–200µL of Buffer A, and protein content was determined using a BCA protein assay.  Freshly 

isolated mitochondria were immediately used for functional experiments, and the remaining pellet 

was flash frozen and used for complex specific activity assays, Western blot analyses and Blue-

Native Page analyses. 

High Resolution Respirometry 
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High-resolution O2 consumption rate measurements were conducted at 37˚C in a 1mL reaction 

volume using the OROBOROS Oxygraph-2K (Oroboros Instruments) as previously 

described296,297.  The base assay buffer used for all experiments was Buffer D (105 mM potassium-

MES, 30 mM KCl, 10 mM KH2PO4, 5 mM MgCl2, 1 mM EGTA, 2.5 g/L BSA and 5 mM creatine 

monohydrate; pH = 7.2), which was then modified for either the creatine kinase (CK), or the 

hexokinase (HK) clamp.   

Creatine Kinase Clamp Experiments 

A modified version of the CK clamp was used to determine steady state JO2 across a 

physiologically relevant range of ATP free energies of hydrolysis, as previously described296,297.  

20ug of fresh mitochondria were added to Buffer D, followed by respiratory substrates to stimulate 

State 4 respiration.  The substrate conditions tested were: 1) 5mM pyruvate and 2mM malate (P/M); 

2) 5uM rotenone and 10mM succinate (R/S); and 3) 5mM pyruvate, 2mM malate, 5mM glutamate, 

0.2mM octanoyl-carnitine and 5mM succinate (Multi).  The CK clamp was initiated by the 

addition of 5mM ATP, 1mM PCr and 20U/mL CK, simulating a high energy demand for ATP re-

synthesis.  PCr was then sequentially added to 6, 15 and 21mM to create a low energy demand 

state.  FCCP was added at the end of the protocol to stimulate maximal uncoupled respiration. 

 Hexokinase Clamp Experiments  

Freeze fractured mitochondria were challenged with the HK clamp, which measures respiration 

under conditions of saturating ADP as previously described297.  Buffer D supplemented with 

cytochrome C and 5mM ADP was loaded into the chambers, followed by 10ug of freeze thawed 

mitochondria.  Hexokinase (1U/mL) and glucose (5mM) were then added to the chamber, followed 

by NADH to directly measure NADH-linked respiration.  This respiration was then inhibited by 

rotenone (0.002mM), and succinate-linked respiration was stimulated by the addition of succinate 
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(10mM).  Antimycin A (0.0025uM) was then added, inhibiting succinate-linked respiration, and 

complex IV was stimulated through the addition of the cytochrome C-specific electron donor 

N,N,N’,N’-tetramethyl- p-phenylenediamine (TMPD; 0.5 mM) and ascorbate (2 mM). 

Analysis of mtDNA/nDNA Ratio 

To measure mitochondrial content/density, the ratio of mitochondrial DNA (mtDNA) to nuclear 

DNA (nDNA) was quantified as previously described42,298.  Genomic DNA was isolated from 

skeletal muscle of WT and KO animals using a Nucleospin tissue kit (Takara).  qPCR was 

performed using 50ng of gDNA.  The ratio of mtDNA/nDNA was calculated by dividing the 

MT- expression by the GAPDH expression. 

Blue-Native Page 

200ug of isolated mitochondria were spun down at 10,000xg for 10 minutes at 4˚C.  Pelleted 

mitochondria were then resuspended in Native PAGE Sample Buffer (Invitrogen, Carlsbad, CA) 

supplemented with protease inhibitors.  Mitochondria were then solubilized using an 8:1 

digitonin to protein ratio (Sigma-Aldrich, St. Louis, MO) for 20 minutes on ice.  Samples were 

then centrifuged at 20,000xg for 15 minutes at 4˚C.  Supernatants were transferred to new tubes 

and protein was quantified via a BCA assay.  30ug of protein was combined with 5% G-250 

sample additive and loaded onto a 3-12% NativePage Bis-Tris gel (Invitrogen, Carlsbad, CA).  

The gel was run in dark buffer at 150V for 30 minutes, after which dark buffer was switched out 

with light buffer.  The gel was then run at 250V for an additional 60min.  The gel was fixed in a 

40% methanol/10% acetic acid solution for 15min at room temperature and destained in 8% 
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acetic acid until the desired background was reached.  The gel was imaged on a Bio-Rad 

Chemidoc imaging system.  Densitometry was performed using ImageLab software v6.0.1. 

Statistics.  

Comparisons between KO and WT mice were performed by Student’s t-tests.  Comparisons of 

KO, WT and Het groups were analyzed using one-way ANOVAs.  Nonparametric Mann-Whitney 

testing was used to determine differences between the distributions of necrosis scores between 

groups.  Statistical analyses were conducted using Prism, version 9.3.1 (GraphPad Software Inc., 

San Diego, CA, USA). In all cases, P < 0.05 was considered statistically significant. Data are 

presented as mean ± SEM.  

Results 

Mouse Model of Skeletal Muscle-Specific Cox6a2 Loss 

Measurements of genomic DNA demonstrated that exons 1-3 of the Cox6a2 gene were deleted in 

the skeletal muscle of tamoxifen-injected mice from two rounds of injection.  This recombination 

event was specific to skeletal muscle, as evidenced by the lack of recombination in non-skeletal 

muscle tissue (Figure 1C).  No recombination was observed in vehicle-injected mice, and partial 

recombination was observed in tamoxifen-treated HET mice (Figure 1D).  Recombination resulted 

in a significant loss of Cox6a2 mRNA (Figure 1E).  Cox6a1 mRNA was measured in skeletal 

muscle of KO, WT and HET mice, and we found that its expression in KO mice was increased 

compared with the other two groups (Figure 1E).  Cox6a2 protein abundance was measured in 

isolated skeletal muscle mitochondria, and recombination was successful in reducing its 

expression by an average of 55% compared to WT mice (Figures 1F, G).    Together, these data 
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confirm that our inducible model of Cox6a2 loss results in skeletal muscle specific loss of Cox6a2 

protein.  Importantly, bodyweight was unchanged between groups and no outward phenotype was 

observed (Figures 1H, I). Initial examination revealed a single round of tamoxifen injection 

resulted in partial (70%) but less complete recombination and reductions in mRNA for Cox6a2.  

HET mice do not display a bioenergetic or physiologic phenotype 

To determine if the inducible, hemizygous loss of Cox6a2 was sufficient to induce a bioenergetic 

or physiologic phenotype, we assessed mitochondrial respiration and muscle contractile force in 

HET mice administered tamoxifen and vehicle (Figures 2A-E).  There were no significant 

differences in mitochondrial oxygen consumption or force production found between these groups.  

Together, these data indicate that the hemizygous loss of Cox6a2 is not adequate to induce a 

phenotype.  Thus, for the remainder of the results section we will focus on the KO and WT mice. 

Mitochondria from KO animals display lower mitochondrial respiration and content 

The mitochondrial content of WT and KO skeletal muscle was analyzed using mitochondrial 

DNA/nuclear DNA ratios.  Analysis of the mtDNA/nDNA ratio indicated a reduction of 

mitochondrial content in the limb skeletal muscle of KO animals compared to WT animals (Figure 

3A).  For this reason, further analyses of mitochondrial function were performed in isolated 

skeletal muscle mitochondria to eliminate this confounding variable. 

 

To comprehensively assess the effects of Cox6a2 knockdown in skeletal muscle mitochondria, 

oxygen consumption rates (JO2) rates were measured in response to various substrate conditions 

using the creatine kinase (CK) and hexokinase (HK) clamps.  The CK clamp measures JO2 rates 
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across a physiologic span of ATP free energies of hydrolysis (∆GATP), or energy demand states.  

Freshly isolated mitochondria from KO mice displayed significantly lower JO2 compared with 

both WT mice at all ∆GATP values under all substrate conditions tested (Figures 3B-D).  Maximal 

uncoupled JO2, assessed via FCCP addition, was only significantly reduced under the 

succinate/rotenone condition in KO animals, though maximal JO2 rates were not completely 

rescued in the Pyr/Mal or multisubstrate conditions (Figure 3D).   

 

The HK clamp, which measures JO2 rates under conditions of saturating ADP, was utilized on 

freeze/thawed KO and WT mitochondria to investigate the effect of Cox6a2 knockdown on 

NADH- and succinate-linked respiration.  Ascorbate/TMPD was added at the end of this protocol 

as a measure of Complex IV-linked respiration.  KO mitochondria displayed significantly lower 

JO2 rates for NADH- and succinate-linked respiration, as well as for Ascorbate/TMPD linked 

respiration (Figure 3F).   

Mitochondrial Supercomplex and ATP Synthase Content are not Affected by Cox6a2 Loss 

Using isolated mitochondria from KO and WT mice, blue native PAGE experiments were 

performed to quantify the content of mitochondrial supercomplexes as well as mitochondrial 

complex V (ATP synthase).  The loss of Cox6a2 in KO mice did not alter the abundance of 

mitochondrial supercomplexes or CV present in skeletal muscle mitochondria (Figures 3G-I).  

Skeletal muscle morphology, but not contractile function, is not altered in KO mice, 

To determine the impact of Cox6a2 knockdown on skeletal muscle contractile function, in vitro 

force production protocols were performed on EDL muscles from KO and WT mice.  EDL muscles 
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from KO mice were significantly smaller than those of WT animals (Figure 4A), however neither 

the  absolute nor specific force production was found to be different between the groups (Figures 

4B, C).  Force capacity, determined by summing the integration of the force frequency curves, was 

also unchanged in KO mice (Figure 4D).   

 

To examine whether Cox6a2 loss affects skeletal muscle morphology, the cross-sectional area 

(CSA) of the tibialis anterior (TA) muscle from KO and WT mice was measured.  KO mice 

displayed significantly larger muscle fiber area compared with WT mice (Figures 4E-G).  TAs 

were also fiber typed based on myosin heavy chain content.  We did not observe a shift in fiber 

type proportion in our KO animals compared with WT animals (Figures 4E, H).  Together these 

data indicate that the loss of skeletal muscle Cox6a2 affects skeletal muscle morphology by 

increasing CSA of the TA muscle, but does not impact muscle contractile function.  Transverse 

muscle sections were immunostained with an antibody for CD31 to visualize vascular networks at 

baseline (Figure 4E).  No differences were found between CD31+ area of WT and KO mice, 

indicating that the loss of Cox6a2 did not affect skeletal muscle vasculature at baseline (Figure 4I). 

Chronic HFD feeding KO mice results in increased bodyweight, but does not affect glucose or 

insulin tolerance 

To determine if the loss of Cox6a2 affects how mice respond differently to a HFD challenge, mice 

of the genotype  mice HSA-mER-Cre-mER+-Cox6a2f/f were fed either a 45% HFD or a 10 % LFD 

for 16 weeks.  Cox6a2 knockdown was induced by tamoxifen injection on weeks 6 and 10 of the 

diet feeding.  Mice on the HFD gained significantly more weight than those on the LFD, with 

significant differences in bodyweight between the groups beginning one week following the diet 
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start date, but no differences in bodyweight were observed at baseline (Figure 5A). GTTs and ITTs 

were performed on the 14th and 15th weeks of diet feeding.  KO HFD mice did not exhibit higher 

glucose responses compared to KO LFD mice at any time point tested during either the GTT or 

the ITT (Figures 5B, C), indicating that high-fat diet feeding KO mice did not affect glucose or 

insulin tolerance. 

Chronic high fat feeding KO mice increases maximal NADH- and succinate-linked respiration 

OROBOROS Oxygraph-2K measurements of mitochondrial respiration were performed on KO 

mice after 16 weeks of consuming either a HFD or LFD.   HFD fed KO mice did not exhibit 

differences in mitochondrial respiration under physiologic conditions, i.e., when challenged with 

the CK clamp (Figures 5D-F).  When freeze thawed isolated mitochondria from HFD and LFD 

fed KO animals was exposed to the HK clamp, the HFD KO mice displayed significantly higher 

Max uncoupled JO2 was not different between HFD and LFD fed mice (Figure 4G).  NADH- and 

complex IV-linked respiration compared with their LFD fed counterparts (Figure 4H).  These data 

suggest that chronic HFD feeding KO mice influences mitochondrial enzyme activity, though 

whether this results in functional consequences remains unknown.  Mitochondrial content, 

assessed by the ratio of mtDNA/nDNA revealed no differences in mitochondrial content between 

HFD and LFD animals (Figure 4I). 

 

Discussion 

Using our novel KO mouse model of skeletal muscle specific Cox6a2 loss, we demonstrate that 

inducible deletion of skeletal muscle Cox6a2 results in a bioenergetic phenotype defined by 

reduced mitochondrial respiration that independent of substrate and the reduction in mitochondrial 
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content.  These deficits are accompanied by reduced EDL muscle weight, increased skeletal 

muscle fiber size in the TA muscle, but no significant changes in EDL contractile function were 

observed.  Specific force values of the KO animal EDLs, however, did trend upward.  Moreover, 

we observed a reduction in the mtDNA/nDNA ratio within the skeletal muscle and increase in 

Cox6a1 mRNA in KO animals.  Together, our data demonstrate that inducible genetic deletion of 

Cox6a2 leads to a skeletal muscle mitochondrial bioenergetic phenotype.  Challenging KO 

mitochondria in various ways allowed us to confidently and comprehensively conclude that the 

loss of Cox6a2 in skeletal muscle results in a lesion within the electron transport system.  Loss of 

Cox6a2 lowered mitochondrial JO2 independent of substrate condition or ΔGATP, suggesting that 

the lesion was not complex- or substrate-specific.  Although not statistically significant, maximal 

uncoupled FCCP rates were not rescued in KO mice compared with WT animals, which indicates 

that the observed respiratory impairments were not caused by lesions in ATP synthase.  The 

hexokinase experiment performed on freeze-fractured mitochondria fed NADH and succinate 

directly into the ETS. Since the respiratory deficits were maintained in the freeze-fractured KO 

mitochondria, we were able to rule out lesions in the dehydrogenases associated with Complexes 

I & II.  Together, our data suggest an important role for skeletal muscle Cox6a2 in bioenergetic 

function, and that its loss results in a mitochondrial dysfunction that is most likely due to a lesion 

in complex IV.  

 

The complete loss of protein is rarely observed in inducible skeletal muscle-specific knockout 

models299,300 since skeletal muscle contains numerous cell types, i.e., smooth muscle, neurons, 

fibroblasts, and satellite cells301.  The model system utilized in this study is no different, as Cox6a2 

protein could still be detected via Western blot in skeletal muscle mitochondria of KO animals.  
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One explanation for this protein persistence is that the satellite cell population is contributing to 

the Cox6a2 pool via cell fusion within the muscle302,303.  Satellite cell fusion occurs in response to 

the daily wear and tear that the muscle endures with up to 30% of mature myofibers acquiring 

satellite cells within a two week period304.  Following tamoxifen administration, KO animals 

undergo a full 21-day tamoxifen washout period.  During this time, it is possible that the activated 

satellite cells fusing to mature myofibers re-introduce Cox6a2 to the muscles of our KO animals.  

We did not observe any abnormal signs of muscle regeneration, i.e., increased centralized nuclei, 

in KO animals.  Thus, it doesn’t appear that the loss of Cox6a2 is inducing satellite cell activation 

and fusion.  One way to address this matter in the future could be to introduce mice to a tamoxifen 

diet305,306, resulting in a constant level of circulating tamoxifen that would delete the gene for 

Cox6a2 as soon as its expression began.  Persistent protein has been attributed to the existence of 

unidentified alternative transcriptional start sites307,308 that can evade Cre/lox-mediated gene 

inactivation.  This type of evasion is more prevalent in systems where the loxP sites flank a single 

exon of a large gene.  The Cox6a2 gene contains three exons309 and the loxP sites used in our 

model system flank the entirety of exons 1 and 2, and part of exon 3.  Based on the design of our 

model, the likelihood that the remaining portion of Cox6a2 exon 3 is responsible for the lingering 

protein is highly unlikely.  Additionally, since the mitochondrial targeting sequence of Cox6a2 

resides in exon 1, it would be nearly impossible for any hypothetically translated protein to enter 

the mitochondria.  Finally, it’s possible that the remaining Cox6a2 mRNA following tamoxifen 

injection is sufficient in translating protein.  On average, two rounds of tamoxifen delivery are able 

to reduce Cox6a2 mRNA by 90%.  Seeing as Cox6a2 plays an important role in complex IV 

stability and catalytic activity, the remaining mRNA may be upregulating translation in attempt to 

prevent physiologic distress.     
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Cox6a is is one of the thirteen subunits of cytochrome C oxidase (CcO; complex IV) and exists 

as two distinct isoforms: Cox6a2 and Cox6a1.  Cox6a2 is expressed in mature, striated muscle 

and in specific fast-firing interneurons310, while Cox6a1 is ubiquitously expressed311,312.  Both 

isoforms of Cox6a are believed to be added at the end stages of complex assembly and are 

involved in the stabilization of cytochrome C oxidase and cytochrome c oxidase dimers311.  One 

major functional difference between the Cox6 isoforms is the ability of Cox6a2 to bind ADP313–

315 and increase the catalytic activity of CcO.  Hence, it makes sense that the Cox6a2 isoform of 

Cox6a is expressed in tissues with high metabolic activity.  Based on its role in CcO, it is 

surprising that the loss of Cox6a2 does not result in more severe physiologic outcomes.  It is 

possible that Cox6a1 is partially compensating for the Cox6a2 loss, as we observed a nearly 

twofold increase in Cox6a1 mRNA in KO skeletal muscle, but this increase in mRNA expression 

does not necessarily translate to an increase in functional Cox6a1 protein.  Thus far, we have not 

been able to identify an antibody against Cox6a1 that we feel confident in using to address the 

question of whether Cox6a1 protein is changed in KO mice.  Since Cox6a1 is ubiquitously 

expressed, it’s impossible to tell if its expression is coming from the skeletal muscle, or if it’s 

coming from the mitochondria of other cell types within the muscle.  Regardless, it’s clear that 

even if Cox6a1 can partially compensate for reductions in Cox6a2 and help with complex IV 

stabilization, it is unable to make up for the lost catalytic ability of Cox6a2, resulting in the 

observed bioenergetic phenotype. 

 

Only a handful of papers, including ours, have investigated the consequences of Cox6a2 

loss293,310,311,316 in vivo and, to our knowledge, this is the first report of an inducible, skeletal 
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muscle-specific model of Cox6a2 knockdown.  The earliest model system of Cox6a2 loss 

employs a null mutation that results in the lifelong loss of Cox6a2 in cardiac and skeletal muscle 

tissue294.  These mice harbor subtle cardiac dysfunction294, reduced mitochondrial respiration and 

complex IV activity, but do not display changes in muscle contractile force.  A more recent study 

of these Cox6a2 null mice310 observed that the loss of Cox6a2 in parvalbumin-positive 

interneurons leads to behavioral abnormalities.  In all studied tissue types, the loss of Cox6a2 

results increased in oxidative stress and ROS production, coupled with reduced mitochondrial 

respiration.  Studies on both embryonic and inducible Cox6a2 loss in vivo consistently indicate a 

role for Cox6a2 in normal, physiologic mitochondrial respiration, though the consequences of its 

loss do not appear to be catastrophic to development or homeostasis.   

 

In this study and in another, ubiquitous Cox6a2-null or skeletal muscle specific KO mice were 

challenged with a chronic HFD293.  While Cox6a2-null mice did not show increases in bodyweight 

compared with their LFD-fed counterparts, muscle specific KO mice gained a significant amount 

of bodyweight in response to HFD.  This suggests that the lean, obesity-resistant phenotype 

observed in the whole body Cox6a2-null can’t be attributed solely to the loss of Cox6a2 in the 

skeletal muscle.  Regardless, HFD-fed from both model systems appeared to be protected from 

glucose intolerance and insulin resistance under the conditions employed.  The current study 

examined skeletal muscle mitochondrial complex I and II enzyme activity following chronic 

overnutrition, observing a rescue effect in HFD-fed Cox6a2 KO mice compared with those fed a 

LFD.  Although it’s not possible to tell if this rescue effect is physiologically beneficial, it does 

suggest that when faced with a HFD challenge, the mitochondria of KO mice are able to adapt and 

compensate.    These are not the first reports of an inherent mitochondrial dysfunction preventing 
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obesity or insulin resistance317–319 development and it is well documented that mitochondria are 

capable of responding to stress320,321.  Thus, we believe that the observed rescue of mitochondrial 

enzyme activity and protection from metabolic syndrome are compensatory mechanisms induced 

by the chronic overnutrition stressor.  

 

Cytochrome c oxidase deficiency is a common hallmark of mitochondrial chain defects in human 

pathology316,322–327, and multiple CcO subunits have been implicated in disease including 

Cox4I2328, Cox6a1329, Coxb1330 and Cox7b331.  A 2019 study322 first implicated Cox6a2 variants 

in the development of a COX deficiency in two separate patients, marked only by striated muscle 

weakness. A recent study from our lab42 identified differences in Cox6a2 protein abundance 

between patients with CLTI and healthy controls that is associated with decreased expression of 

complex I and IV proteins.  Although a causative role for Cox6a2 in the bioenergetic signature 

observed in this study was not identified, the unique CLTI mitochondriopathy has significant 

implications that could greatly impact therapeutic developments.  These recent findings further 

support the idea that understanding mitochondrial stability and function is vital in treating 

pathology.  The role that Cox6a2 plays in the development of these disease states and whether it 

is a viable therapeutic target needs additional interrogation. 

 

Conclusions  

In the present study, we reveal a role for skeletal muscle specific Cox6a2 in mitochondrial 

respiration.  The reduction of Cox6a2 protein from mature skeletal muscle does not appear to cause 

muscle functional deficits.  A possible explanation for this is that in the absence of a significant 

stressor, Cox6a2 loss is not sufficient to induce a physiologic phenotype.  Future studies employing 
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other challenges, including ischemic injury, should be performed to better evaluate the effect of 

Cox6a2 loss.  Data from in vitro studies have implicated a vital role for Cox6a2 in myoblast 

differentiation into myotubes.  Thus, examining the role of Cox6a2 in myoregeneration, i.e., in the 

satellite cell population, is an important next step to better understanding the effects of Cox6a2 in 

skeletal muscle.  Additionally, knocking down Cox6a1 in the skeletal muscle is important to 

determine whether it is playing a protective, compensatory role. Overall, our results reveal an 

important role for Cox6a2 in regulating the activity of Complex IV. 
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Figures: 

 

Figure 6: Induction and validation of skeletal muscle-specific Cox6a2 knockdown. (A) 
Breeding scheme to generate a skeletal muscle-specific Cox6a2 KO mouse. (B) Injection of 
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tamoxifen resulted in the deletion of exons 1-3 of the Cox6a2 gene. (C) Recombination of the 
Cox6a2 gene was not observed in any non-muscle tissue from KO animals. (D) Recombination 
was not observed in vehicle treated mice.  Successful recombination was observed in HET mice 
treated with tamoxifen and KO mice treated with tamoxifen. (E) Cox6a2 and Cox6a1 mRNA 
was measured in WT, HET and KO mice.  There were no differences in Cox6a2 mRNA between 
HET and WT mice.  Cox6a2 mRNA for the KO mice was significantly reduced.  Cox6a1 mRNA 
was similar between WT and HET mice, and was significantly increased in KO animals. (F) 
Representative Western blot of Cox6a2 in HET, WT and KO mice.  (G) Cox6a2 protein 
abundance was semi-quantified from Western blots, revealing a significant decrease in Cox6a2 
protein in KO animals and no change in HET animals compared to WT.  (H, I) Representative 
images of WT and KO mice.  KO mice did not show any outward phenotype.  (J) Bodyweight 
between WT, HET and KO groups was similar.  Data are presented as mean +/- SEM. *P<0.05, 
**P<0.01 
 
 

 

 

 

Figure 7: HET mice do not display a bioenergetic phenotype.  JO2 was assessed using the 
creatine kinase clamp in HET mice treated with tamoxifen and vehicle.  (A-C) No differences in 
JO2 were observed between HET mice treated with tamoxifen or vehicle under any substrate 
condition. (D, E) Absolute and specific force from EDL muscles showed no differences between 
HET mice treated with tamoxifen or vehicle.  Data are presented as mean +/- SEM. *P<0.05, 
**P<0.01 
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Figure 8: KO mice display a bioenergetic phenotype. (A) Mitochondrial content was assessed 
by the ratio of mitochondrial DNA/nuclear DNA from whole skeletal muscle.  KO mice showed 
a significant reduction in mitochondrial content. (B-D) JO2 was assessed using the creatine 
kinase clamp under multiple substrate conditions in WT and KO mice.  KO mitochondria display 
significantly reduced respiration under all substrate conditions at all ∆GATP.  (E) Max uncoupled 
JO2 assessed by FCCP addition was measured in KO and WT mice under all substrate 
conditions.  FCCP was unable to rescue JO2 in KO mice. (F) Freeze-fractured mitochondria were 
challenged with the Hexokinase clamp.  KO mitochondria displayed significantly lower NADH-, 
succinate- and TMPD-linked respiration compared with WT mice.  (G) Whole blue native PAGE 
gel highlighting mitochondrial supercomplexes and ATP synthase. (H, I) Cox6a2 loss did not 
affect mitochondrial supercomplex or ATP synthase abundance. Data are presented as mean +/- 
SEM. *P<0.05, **P<0.01 
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Figure 9: Cox6a2 KO mice do not display a skeletal muscle functional phenotype (A) EDL 
weights were significantly reduced in KO animals compared with WT animals. (B, C) Force 
frequency curves were generated on WT and KO EDL muscles.  No differences in force 
production were observed. (D) Specific force capacity was obtained by summing the time-
tension integrals for each force frequency contraction in the EDL.  Force capacity was not 
different between WT and KO mice. (E) Representative images of tibialis anterior (TA) muscles 
from WT and KO animals with various histological and immunohistochemical stains.  (F, G) 
CSA of WT and KO animals was measured on hematoxylin and eosin-stained cross-sections.  
The CSA of KO animals was significantly larger than that of WT animals. (H) Myosin heavy 
chain antibodies were used to assess if the loss of Cox6a2 resulted in fiber type switching.  The 
proportion of fiber types were similar between WT and KO animals.  (I) CD31, a marker of 
endothelial cells, was used to investigate the impact of Cox6a2 loss on the endothelium.  No 
differences in CD31+area was observed.  Data are presented as mean +/- SEM. *P<0.05, 
**P<0.01 ***P<0.001 
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Figure 10: Impact of Cox6a2 loss on chronic overnutrition. (A) Mice of the genotype  mice 
HSA-mER-Cre-mER+-Cox6a2f/f were placed  either a 45% HFD or a 10 % LFD at 4-6 weeks of 
age, and kept on the diet for 16 weeks.  Cox6a2 knockdown was induced by tamoxifen injection 
on weeks 6 and 10 of the diet feeding.   Bodyweight of HFD fed mice was significantly higher 
than that of the LFD fed mice at all timepoints following the diet start date, but no differences in 
bodyweight were observed at baseline. (B, C) GTTs and ITTs were performed on weeks 14 and 
15 of the diet.  HFD mice did not show changes in glucose or insulin tolerance. (D-F) isolated 
mitochondria from HFD and LFD-fed KO mice were challenged with the CK clamp.  No 
differences in mitochondrial respiration were observed between groups. (G) Maximal uncoupled 
FCCP rates were similar between HFD and LFD fed mice. (H) Freeze-fractured mitochondria 
from HFD and LFD fed KO mice were challenged with the HK clamp.  HFD-fed mitochondria 
displayed significantly higher NADH- and TMPD-linked respiration.  (I) Mitochondrial content 
was assessed by the ratio of mitochondrial DNA/nuclear DNA from whole skeletal muscle from 
HFD and LFD fed KO mice.  No changes in mitochondrial content were observed. Data are 
presented as mean +/- SEM. *P<0.05, **P<0.01 ***P<0.001



  

Chapter 5: SUMMARY AND FUTURE DIRECTIONS 

Summary 

The primary purpose of this dissertation was to gain an understanding of whether capillary 

reperfusion and contractile function recovery are temporally related, and how a skeletal muscle-

specific mitochondrial protein, Cox6a2, affects skeletal muscle bioenergetic function.  We 

hypothesized that muscles with well-documented differences in capillary density and contractile 

kinetics would display distinct patterns of regeneration.  Additionally, we hypothesized that the 

loss of skeletal muscle Cox6a2 would result in contractile force deficits and mitochondrial 

dysfunction, which would be exacerbated by a high fat diet stressor.  Results from our studies 

provide evidence that restoration of capillary perfusion does not guarantee a timely or complete 

recovery of muscle contractile function.  We additionally demonstrated that isolated mitochondria 

from Cox6a2 KO mice display reduced respiration under basal conditions, though these deficits 

did not translate into physiologic muscle function deficits 

 

The data generated by this dissertation are supportive of what is observed in the clinical PAD 

population.  Namely, our results confirm that revascularization of ischemic tissue is not sufficient 

to rescue the associated myopathy that plagues patients with PAD.  Further, our novel mouse 

model supports the idea that patients with CLTI harbor a unique skeletal muscle 

mitochondriopathy that could be correlated with the loss of Cox6a2.  Skeletal muscle mitochondria 

from CLTI patients displays significantly reduced Cox6a2 expression and shows severe deficits in 

mitochondrial respiration, similar to what we observed in KO mice.  These findings should inform 

new approaches to understating underlying causes of CLTI manifestation and provide potential 

targets for further exploration.   
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Future Directions 

In this dissertation, we examined whether the temporal relationship between capillary reperfusion 

and contractile function restoration following ischemia is different between skeletal myofiber 

types, and if the two processes are tightly associated.  We also assessed whether Cox6a2 is required 

for normal mitochondrial bioenergetic function under basal conditions and during a period of 

chronic overnutrition.  Our data suggest that the loss of this mitochondrial protein results in 

respiratory and enzyme kinetic deficits, but whether this has a functional consequence remains to 

be explored.  Future experiments on Cox6a2 KO mice should include a comprehensive look at 

mitochondrial supercomplex formation, and how Cox6a2 loss affects this.  Additional 

mitochondrial function assays, including membrane potential, ATP production and H2O2 emission, 

should also be conducted to better understand how Cox6a2 loss affects mitochondrial efficiency 

and function.  

 

To better understand the role of Cox6a2 in the ischemic environment, HLI studies should be 

performed on Cox6a2 KO mice.  This would provide vital information on whether Cox6a2 in the 

mature skeletal muscle is required for ischemic tissue survival.  An important limitation in our 

current Cox6a2 KO model, however, is that following HLI, regenerating myofibers could 

reintroduce Cox6a2 into the skeletal muscle.  As previously discussed, this could be a result of 

satellite cell differentiation, as these cells were not affected by tamoxifen treatment.    One possible 

way to circumvent this issue would be to use Pax7-MCM to generate a satellite cell-specific 

knockdown of Cox6a2.  These mice, when subjected to HLI, would be unable to express Cox6a2 



 
  

84 

in their differentiating myofibers, answering the question of whether Cox6a2 is required for in vivo 

myoregeneration. 

 

In this dissertation, Cox6a2 KO animals were subjected to a physiologically relevant high fat diet 

challenge.  Neither of these challenges induced a functional muscle phenotype despite the 

existence of a basal bioenergetic phenotype.  Future challenges that could provide a better 

understanding of the role Cox6a2 plays in mature skeletal muscle could include challenging the 

mice with distance treadmill or wheel running in vivo, or subjecting ex vivo muscles to longer 

fatigue protocols.  Due to the lower respiratory capacity of the KO muscles at baseline, it’s possible 

that the muscles will exhibit a functional phenotype when challenged with a maximal aerobic 

capacity challenge. 
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Appendix A: Supplemental Figures 

 

 

 

 

 

 

 

 

Supplemental Figure 1: Cox6a2 mRNA following one round of tamoxifen 

Cox6a2 mRNA was reduced in KO animals by an average of 60% following one 5-day round of 

tamoxifen.  
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