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Abstract  
 
Peripheral artery disease (PAD) is a common manifestation of atherosclerosis and is characterized 

by an accumulation of plaque within the arteries supplying blood to the lower extremities. Distal 

to the occlusion, the ischemic muscle is deprived of oxygen and nutrients, lowering viable tissue 

health. Physiological healing encompasses microvascular growth (i. e. angiogenesis and 

arteriolargenesis) and an inflammatory cascade that ensures blood-flow recovery and muscle 

regeneration within the ischemic limb. Patients with PAD, however, experience an attenuated 

angiogenic response and unresolved inflammation that often impairs muscle regeneration. 

Endothelial cells (ECs) play a central role in orchestrating the response to muscle injury as it can 

communicate with numerous cells within muscle tissue and influence myogenic, inflammatory and 

vascular processes (i. e. angiogenesis). However, this potential has not been established within the 

context of post-ischemic muscle regeneration. By altering the biological profile of the EC in 

ischemic muscle, we can more concretely identify its specific role in the recovery time-line. 

Therefore, my thesis project targets EC-specific Forkead Box O (FoxO) 1 and 3 proteins because 

of their known role in mediating vascular homeostasis, pro-inflammatory potential as well as 

plausible anti-myogenic influences on muscle. However, the singular role of EC-FoxO1 and the 

combined role of EC-FoxO1 and 3 in modulating these processes has not been established in a 

model of severe muscle ischemia. I hypothesized that the depletion of EC-FoxO proteins will 

enhance blood flow recovery, microvascular remodeling and skeletal muscle regeneration 

following severe hind limb ischemia. Additionally, the combined depletion of EC-FoxO1 and 3 

will more profoundly improve these responses compared to the single depletion of EC-FoxO1. To 

test this hypothesis, male mice with an EC-specific inducible depletion of FoxO1 (EC-FoxO1 KD), 

FoxO1 and 3 (EC-FoxO1,3 KD) as well as EC-FoxO1,3-expressing (Control) mice were subjected 



	 iii	

to severe hind limb ischemia. At 4- and 14-days of ischemia, blood perfusion, inflammation, 

microvascular remodeling and muscle recovery were measured and compared between each mouse 

cohort. We establish that EC-FoxO1,3 KD mice have enhanced post-ischemic (a) microvascular 

growth (more capillarity and arterioles); (b) blood flow recovery of the paw and leg; and (c) 

relative increase in myofiber cross-sectional areas, signifying an enhanced potential for myofiber 

growth. These positive responses were also correlated with more accumulation of fibrotic tissue. 

Interestingly, all these outcomes were greater in magnitude in EC-FoxO1,3 KD compared to EC-

FoxO1 KD mice, suggesting the combined depletion of EC-FoxO1 and 3 has a more profound role 

in influencing ischemic muscle outcomes. Overall, these results demonstrate that EC-FoxO 

proteins have the potential to coordinate vascular, myogenic and tissue remodeling events that 

characterize post-ischemic muscle recovery. These novel functions of EC-FoxO proteins can 

eventually be harnessed as a potential therapeutic target with the goal of promoting a more 

favorable PAD prognosis. 
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Chapter 1: Literature Review  
 
1.1 Structure and Function of Skeletal Muscle 
 
Skeletal muscle is a highly adaptive tissue and comprises 40% of total body weight (Frontera and 

Ochala, 2015). A functional muscle allows individuals to stay active and is a strong predictor of 

overall health and wellbeing (Biewener, 2016; Grimmer et al., 2019). The architecture of the 

muscle is characterized by a rigid but highly organized scaffold of myogenic cells and extracellular 

matrix (ECM) that provides structural stability (Haun et al., 2019; Kjaer, 2004). The predominant 

cell-type within the muscle are multinucleated myofibers with contractile properties (Jones et al., 

2004). These mechanical processes require chemical energy which is predominantly derived from 

the breakdown of glucose and fatty acids via glycolytic or oxidative metabolism and requires 

sufficient plasma-derived oxygen and nutrients (Jones et al., 2004; Frontera and Ochala, 2015). As 

such, skeletal muscle is a metabolically demanding tissue and can greatly impact whole-body 

metabolism.  

 
1.2 The Microvascular Network  
 
Every blood vessel in the circulatory system is composed of highly specialized endothelial cells 

(ECs) (Aird, 2008). Vascular hierarchy begins with large-diameter (>10 mm) arteries originating 

from the heart that deliver large volumes of blood to the peripheral limbs. At the skeletal muscle, 

smaller muscular arteries start to branch into arterioles (40-250 µm), which are composed of a 

layer of both ECs and contractile vascular smooth muscle cells (VSMCs). VSMCs have contractile 

properties that change vessel diameter and, in effect, control the distribution of blood flow 

throughout the muscle. (Tuma et al., 2008). Blood from the arterioles then flows into the capillaries 

(5-10 µm) which are composed of only a single layer of ECs. This thin layer serves as an interface 
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between the blood plasma and the cells of peripheral tissues. Within the skeletal muscle, capillaries 

are positioned longitudinally and parallel to individual myofibers, ensuring optimal delivery of 

oxygen and nutrients via trans-endothelial diffusion. (Tuma et al., 2008; Pittman, 2011). The 

capillaries then drain into venules. Venules collect metabolic waste from myofibers and transport 

these materials into the venous circulation. Additionally, venules are the major site for immune 

cell recruitment and transmigration of immune cells from plasma into peripheral tissues during 

inflammation (Pober and Sessa, 2015). Altogether, the microvascular network not only supplies 

blood and nutrients to peripheral limbs but can also clear metabolic waste and facilitate 

inflammatory processes that work to sustain muscle health and homeostasis.  

 
1.2.1 Arteriolar Function and Remodeling  
 
The contractile properties of VSMCs can be controlled by metabolites released from working 

skeletal muscle (e. g. potassium as a vasodilator) and/or mechanical forces of blood flow (Sheng 

and Zhu, 2018; Dodge et al., 1994). For example, blood flow causes ECs to experience shear stress 

which stimulates cell-surface mechanoreceptors and the subsequent activation of endothelial nitric 

oxide synthase (eNOS). eNOS produces nitric oxide (NO), which diffuses from the EC into 

adjacent VSMCs to stimulate their relaxation and vasodilation, resulting in an acute decrease in 

shear stress (Durand and Gutterman, 2013). Artery diameters can also change as a result of 

adaptations to chronic blood flow (e.g. tangential shear stress) (Ward Michael R. et al., 2000; Chiu 

and Chien, 2011). Chronic elevation in shear stress is decreased to homeostatic levels through 

outward remodelling (vessel lumen enlargement). This occurs when EC NO inhibits proliferation 

and induces apoptosis of VSMCs (Tronc et al., 1996; Cooke and Dzau, 1997). On the contrary, 

prolonged low levels of shear stress are combated by inward remodelling (vessel lumen 
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narrowing). This is a result of ECs producing transforming growth factor beta (TGF-ß) which 

concomitantly increases VSMC proliferation (Mondy et al., 1997). 

 

The number of arterioles may also increase in response to chronic shear stress, as seen in exercise-

induced adaptations. Studies report that pre-existing capillaries can transition into arterioles 

following chronic skeletal muscle stretch or electrical stimulation (Hansen-Smith et al., 2001; 

Hansen-Smith et al., 1998). This was observed when extensor digitorum longus (EDL) cross-

sections contained enhanced co-localization of fluorescently immunolabeled smooth muscle actin 

positive (αSMA) capillary structures, which is a marker of VSMCs and indicative of neo-arterioles 

(Hansen-Smith et al., 2001; Hansen-Smith et al., 1998). 

 
1.2.2 Angiogenesis  
 
Angiogenesis is the growth of new capillaries from pre-existing ones. The expansion of a capillary 

network is vital for many physiological processes, including embryonic development and the 

growth or regeneration of organ systems (e. g. skeletal muscle) (Potente et al., 2011). An 

insufficient capillary network can worsen the outcomes of ischemic pathologies such as 

myocardial infarction, stroke and peripheral artery disease, all of which are characterized by 

impaired oxygen and nutrient delivery to a given tissue. In contrast, the excessive growth of the 

capillary network can permit continued expansion of a tumor and exacerbate cancer outcomes. 

Therefore, angiogenesis must be tightly controlled so that it can meet the functional demands of 

the tissue (Carmeliet, 2003). 

There are two general forms of angiogenesis: intussusceptive and sprouting angiogenesis:  

Intussusceptive angiogenesis is also known as splitting angiogenesis and is stimulated by high 

vessel wall shear stress. The vessel splits into bifurcations as interstitial cells invade the vessel 
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lumen. This results in a unique morphology where numerous intraluminal walls (pillar-like 

microstructures), rather than elongated sprouts, are developed (Burri and Tarek, 1990). This form 

of angiogenesis can be observed in many biological contexts such as embryonic tissue 

development (e.g. bone and muscle) as well as established capillary networks within glandular 

tissue, muscle and tumors (De Spiegelaere et al., 2012).  

 

Sprouting angiogenesis is the more common type of angiogenesis in post-embryonic 

development. This is when endothelial cells sprout outward toward an angiogenic stimulus, 

forming a new vessel. Several events must occur during this process including enzymatic 

degradation of the capillary basement membrane (which removes a physical barrier for EC 

movement), EC proliferation and migration as well as tube formation and stabilization. It is also 

known that sprouting angiogenesis occurs in portions of tissue that have inadequate perfusion, 

such as hypoxic regions devoid of microvessels. Ultimately, hypoxic zones are more enriched with 

pro-angiogenic factors such as Vascular endothelial growth factor (VEGFA) that can stimulate the 

proliferation and migration of ECs towards these regions (Adair and Montani, 2010; Gerhardt, 

2008; van Hinsbergh and Koolwijk, 2008).  

 

Cellular mechanisms of vessel growth: Under basal conditions, the EC is quiescent, however, it 

can transition into an active state when exposed to various pro-angiogenic growth factors (Potente 

et al., 2011). Upon activation, the ECs that form a vessel sprout can assume two unique 

phenotypes. The most distal cell is known as the endothelial tip cell which leads/guides the sprout 

forward via filopodia-mediated cell migration (Adair and Montani, 2010; Potente et al., 2011). 

Following the tip cell is the endothelial stalk cell that functions to elongate the vessel through EC 
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proliferation. It is well established that both these cell-types transition between tip and stalk cell 

phenotypes which is mediated by Notch and VEGFA signaling (Jakobsson et al., 2010). In general, 

endothelial cells “compete” for the tip cell position, which drives the growth of the sprout (Potente 

et al., 2011; Blanco and Gerhardt, 2013).  

 

Research has given insight into the role of EC metabolism in regulating angiogenesis. Quiescent 

ECs are known to suppress both glycolytic and oxidative metabolism because non-proliferating 

cells do not need extensive energy (Potente and Carmeliet, 2017). A corollary of this effect is that 

endothelial cells will not consume oxygen and nutrients (e. g. glucose and amino acids) that need 

to be delivered to distal tissues, maintaining the efficiency of substrate delivery. When ECs are 

activated (during times of angiogenesis) both tip and stalk cells increase glycolytic and/or 

oxidative metabolism to facilitate migration and proliferation, respectively (Potente and Carmeliet, 

2017).  

 
1.3 Skeletal Muscle Angiogenesis  
 
The local tissue environment can influence endothelial cell biology and angiogenic potential. 

Within the skeletal muscle, metabolic demand of individual myofibers must be paralleled with the 

supply of oxygen and nutrient rich plasma. This is first achieved through enhanced blood flow and 

subsequently with increases in microvascular (capillary and arteriole) content. Studies show that 

more oxidative myofibers are associated with more capillaries compared to glycolytic fibers 

(Ingjer, 1979). Additionally, both animal and human models of chronic exercise (high oxygen 

demand) are known to stimulate skeletal muscle angiogenesis ( Egginton, 2009; Hermansen and 

Wachtlova, 1971). This is characterized by enhanced capillary-to-fiber ratios (C:F) and capillary 

densities (CD) in the working muscle groups (Gute et al., 1996). With higher capillarity, this leads 
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to elevated skeletal muscle oxygen consumption and oxidative capacity (Hepple, 2000; Richardson 

et al., 1999). Angiogenesis must also occur during skeletal muscle regeneration, when myofibers 

are subject to damage as a result of injury (e. g. blunt trauma and ischemia).  

 
1.3.1 Angiogenic Regulators in Skeletal Muscle 
 
In general, angiogenesis is controlled by the balance of pro- and anti-angiogenic factors that can 

intrinsically or extrinsically shift EC biology to favour capillary expansion or stasis. (Haas and 

Nwadozi, 2015; Olfert and Birot, 2011). In response to exercise or muscle injury, myocytes, 

immune cells and tissue-resident fibroblasts can release cytokines or growth factors that can 

communicate with ECs via paracrine or juxtacrine mechanisms (Newman et al., 2011; Olfert et 

al., 2010; Sunderkötter et al., 1994).  

 

Pro-angiogenic factors: The following discusses some pro-angiogenic factors that have been 

studied within the context of activity/exercise-induced skeletal muscle angiogenesis. A well-

established pro-angiogenic factor is Vascular Endothelial Growth Factor A (VEGFA). In response 

to an exercise or hypoxic stimuli, myofibers enhance the production and release of VEGFA within 

the local environment (Gustafsson et al., 2002). Through a paracrine mechanism, VEGFA binds 

to VEGF receptors of the endothelium and stimulates EC migration, proliferation and overall 

capillary growth (Neufeld et al., 1999; Wu et al., 2000). An intrinsic pro-angiogenic factor is 

endothelial nitric oxide (NO) (Morbidelli et al., 2003; Cooke and Losordo, 2002). Exercise and 

skeletal muscle activity leads to enhanced blood flow and subsequent EC shear stress which 

stimulates EC production of NO via the enzyme endothelial nitric oxide synthase (eNOS) 

(Milkiewicz et al., 2005; Morbidelli et al., 2003).	Our group has shown that EC-NO can enhance 

the production of skeletal muscle VEGFA and subsequent vascular growth (Uchida et al., 2015). 
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Additionally, pharmacological inhibition of eNOS activity can impair metabolic- and blood flow-

induced angiogenesis of skeletal muscle (Baum et al., 2004). Capillary growth is also dependent 

on the ability of ECs to migrate through the rigid compartments of the skeletal muscle extracellular 

matrix (ECM). The ECM is a structural scaffold and is a physical barrier that prevents EC 

migration and capillary growth. Therefore, another subclass of pro-angiogenic factors are matrix 

metalloproteinases (MMPs), which are matrix degrading enzymes that facilitate EC migration 

(Haas et al., 2000; Sang, 1998). Within the context of skeletal muscle activity and exercise, 

Koskinen et al. reported that high-intensity eccentric muscle contractions can increase MMP-2 and 

MMP-9 expression (Koskinen et al., 2002). Our group also demonstrated that chronically 

stimulated rat skeletal muscle had a significant increase in MMP production which coincided with 

enhanced angiogenesis (Haas et al., 2000). This is due to MMPs facilitating tip cell migration 

during sprouting angiogenesis by degrading the capillary basement membrane (Haas et al., 2000; 

van Hinsbergh and Koolwijk, 2008).  

 

Anti-angiogenic factors: In general, anti-angiogenic factors impair capillary expansion by shifting 

EC biology towards stasis rather than growth. Well established extrinsic factors are tissue inhibitor 

of matrix metalloproteinases (TIMPs) and Thrombospondin-1 (THBS1). TIMPs are soluble 

secreted factors that inhibit the action of MMPs, which impedes ECM degradation and subsequent 

EC migration (Brew and Nagase, 2010; Handsley and Edwards, 2005). This can occur when 

skeletal muscle is no longer active and the disrupted ECM begins to regenerate and regain its 

integrity. THBS1 is another ECM protein that can directly interact with ECs to inhibit EC cell-

cycle progression and overall capillary growth (Gao et al., 2016; Iruela-Arispe et al., 2004). Lastly, 
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Forkhead Box O (FoxO) transcription factors are intrinsic anti-angiogenic regulators that will be 

discussed further in section 1.4 (Haas and Nwadozi, 2015). 

 
1.4 Forkhead Box O Transcription Factors  
 
Humans and mice produce four FoxO isoforms: FoxO1, FoxO3, FoxO4 and FoxO6 (Eijkelenboom 

and Burgering, 2013). It is reported that there are redundancies in the functionality of these 

isoforms and depending on which cell they are derived, they can serve multiple purposes 

(Eijkelenboom and Burgering, 2013; Webb and Brunet, 2014). In ECs, FoxO1 and 3 are the most 

abundant FoxO isoforms and are crucial regulators of vascular homeostasis (Potente et al., 2005). 

At a molecular level, the transcriptional activity of FoxO1 and FoxO3 proteins is controlled by 

their ability to enter or exit the nucleus as well as their accessibility to target genes. Nuclear-

cytoplasmic shuttling is modulated by phosphorylation and the direction of this transport depends 

on specific kinase signaling pathways. For example, the phosphoinositide 3-kinase (PI3K) 

signaling pathway (stimulated by insulin and glucocorticoids) leads to the phosphorylation of 

FoxO proteins and the subsequent inhibition of nuclear import (Daitoku et al., 2011; Vogt et al., 

2005). However, the Jun N-terminal kinase (JNK) signaling pathway (stimulated by oxidative 

stress) phosphorylates FoxO proteins to facilitate nuclear entry (Daitoku et al., 2011; Vogt et al., 

2005). Lastly, nuclear FoxO proteins may be acetylated or deacetylated, which can modulate their 

ability to form transcriptional complexes and bind to target genes. Reports show that deacetylation 

can enhance the transcriptional activity of FoxO proteins (Daitoku et al., 2011; Vogt et al., 2005). 

Once bound to DNA, FoxO proteins can upregulate multiple genes that promote cell-cycle arrest 

(e. g. p21 and p27), apoptosis (e.g. Bim and ATG12), oxidant stress resistance (e. g. SOD2 and 

CAT) and autophagy (e. g. ATG12 and BNIP3) (Eijkelenboom and Burgering, 2013; Zhang et al., 

2011).  
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1.4.1 FoxO Proteins and Angiogenesis  
 
The molecular structure of both FoxO1 and FoxO3 share significant similarities in sequence 

homology, as the forkhead, nuclear localization, nuclear export and transactivation domains are 

located in similar positions (Wang et al., 2014). Additionally, most phosphorylation sites of FoxO1 

and FoxO3 are conserved. Other similarities are related to their ability to regulate vascular 

homeostasis. Potente et al. demonstrated that the silencing of FoxO1 and FoxO3 genes led to 

increases in endothelial cell migration and tube formation in vitro (Potente et al., 2005). 

Additionally, we have previously shown that depleting endothelial FoxO1, 3 and 4 enhanced the 

capacity for exercise-induced angiogenesis in skeletal muscle (Slopack et al., 2014). Altogether, 

both in vitro and in vivo studies exemplify how FoxO proteins are anti-angiogenic regulators.  

 

Some differences between FoxO1 and FoxO3 have also been reported. Harvested microvascular 

ECs from adipose tissue and human umbilical vein endothelial cells (HUVECs) showed higher 

expression of Foxo1 compared to Foxo3 (Potente et al., 2005; Rudnicki et al., 2018). Additionally, 

embryonic mice homozygous for FoxO1 deletion (FoxO1-/-), but not FoxO3-/- mice, died during 

embryogenesis as a result of defects in vascular development (Hosaka et al., 2004). This trend can 

also be compared to Paik et al.’s study where in vivo hemangioma development was assessed and 

compared in mice with an EC-specific inducible depletion of FoxO1, FoxO3 and a combination 

of FoxO1, 3 and 4. Interestingly, hemangioma development was greater in EC-FoxO1- compared 

to EC-FoxO3 -depleted mice (Paik et al., 2007). However, hemangioma severity was greatest in 

EC-FoxO1, 3 and 4-null mice (Paik et al., 2007). Altogether, these studies suggest that FoxO1 is 

the predominant FoxO isoform that controls embryonic and post-natal vascular development. 
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However, the combined function of all FoxO isoforms can have a more profound effect in 

regulating vessel growth and vascular-dependent tumor progression. 

Similarities and differences in EC-FoxO1 and 3 target genes have also been established in 

HUVECs. Genes induced by FoxO1 and FoxO3 silencing (independently) included eNOS and 

ELK-3 (pro-angiogenic factors) as well as collagen type XIII alpha 1 (Col13α1) which is involved 

in matrix remodeling. Additionally, anti-angiogenic factor angiopoietin-2 (Angpt2) expression 

was downregulated in FoxO1-silenced ECs but was not altered in FoxO3-silenced ECs. Lastly, 

pro-inflammatory and pro-angiogenic cytokine IL-8 was upregulated in FoxO3-silenced but 

downregulated in FoxO1-silenced ECs (Potente et al., 2005). Altogether, this highlights that 

FoxO1 and FoxO3 can target similar and/or different genes. 

 

Numerous studies have also exemplified how EC-FoxO1 and EC-FoxO3 can singularly modulate 

EC biology with respect to angiogenesis. However, these studies cannot conclude mutually 

exclusive differences, as no direct comparisons between EC-FoxO1 and 3 were conducted. These 

studies are discussed below: 

 

Endothelial FoxO1: It was demonstrated that EC-FoxO1 can couple EC metabolism and vascular 

growth. This was described through a cell signaling mechanism in which FoxO1 impairs the 

function of c-MYC, a master regulator of EC glycolysis, mitochondrial biogenesis and cell-cycle 

progression (Dang, 2013). As such, FoxO1-mediated blunting of c-MYC resulted in impaired 

retinal vascular growth (Wilhelm et al., 2016). EC-FoxO1 can also control EC polarity and cell 

migration during hypoxia-mediated sprouting angiogenesis. It was shown that extracellular 

hypoxia stimulated endothelial production of mitochondrial-derived ROS which in turn activated 
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the mammalian sterile 20-like kinase 1 (MST1) protein. Activation of MST1 led to the 

phosphorylation of FoxO1 which enhanced the production of cell polarity- and migration-

associated proteins (tubulin, centrosomes, caveolin and lamellipodia). This activated ROS-MST1-

FoxO1 axis was associated with enhanced EC migration and directionality (non-random travel) in 

a wound closure assay (Kim et al., 2019).  

 

Endothelial FoxO3: It is reported that FoxO3 alone can mediate hypoxic stress-induced apoptosis 

of ECs. For example, when cardiac endothelial cells (CECs) were subjected to hypoxia, FoxO3 

increased the expression of apoptosis-associated genes Bim, Bax and Bcl-2. In turn, this resulted 

in the apoptosis of cultured CECs (Zhang et al., 2013). Altogether, FoxO3 alone can mediate anti-

angiogenic functions of ECs within the context of cellular hypoxia.  

 

Altogether, EC-FoxO1 and EC-FoxO3 play crucial roles in vascular homeostasis and have 

redundant or mutually exclusive functions. This raises the point that depleting one EC-FoxO 

isoform may not fully mitigate their anti-angiogenic functions. By depleting one isoform, the 

actions of the other isoform may persist within the vascular endothelium.  

 
1.5 Cells of the Skeletal Muscle Microenvironment  
 
The skeletal muscle microvasculature is in a dynamic relationship with numerous cell-types within 

the muscle tissue. This skeletal muscle microenvironment (or micro-niche) is composed of 

myocytes, vascular ECs, immune cells (e. g. tissue-resident macrophages and mast cells), muscle 

satellite cells (MuSCs) and other interstitial cells such as fibroblasts and fibroadipogenic 

progenitors (FAPs) (Figure 1.1) (Bentzinger et al., 2013; Yin et al., 2013). These cells are spatially 

arranged in a tissue scaffold that optimizes cellular communication which serves to maintain tissue 
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homeostasis. Despite myocytes being the predominant cell type within the micro-niche, vascular 

ECs comprise a large component of cellular content. This is apparent when visualizing 

microvascular structures of skeletal muscle using histological techniques. For example, lectin 

staining of skeletal muscle cross-sections can illustrate the pervasive nature of EC content within 

a muscle (Cebasek et al., 2004). At the micro-level, the endothelium is positioned between the 

various cells of the skeletal muscle micro-niche, and can influence the overall functioning of these 

cells.  

 
 
Figure 1.1: The Skeletal Muscle Micro-niche. (A) Schematic illustrating the communicative potential 
between ECs and numerous cells within the micro-environment. (B) Micro-anatomical position between 
vascular ECs and quiescent MuSCs, separated by the basal lamina and basement membrane. Created with 
BioRender.com. 
 
1.5.1 Macrophages and Their Cytokine System 
 
Adjacent to the ECs and located within the ECM are tissue-resident immune cells known as 

macrophages. Macrophages are phagocytes with a hematopoietic or tissue-specific origin and 

serve a general purpose of eliciting inflammatory processes that protect the tissue from foreign 

pathogens and injury (Kierdorf et al., 2015). Macrophages may also be derived from the plasma 
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in the form of monocytes that bind to venular ECs, transmigrate and home into a chemokine- and 

cytokine-rich tissue and subsequently differentiate into macrophages (Figure 1.2) (Jakubzick et 

al., 2017). In studies that deplete macrophage numbers after tissue trauma, inflammation and tissue 

regeneration is severely impaired, highlighting the indispensable functions of macrophages in 

muscle recovery (Brigitte et al., 2010).   

 

It is well established that macrophages are a highly heterogeneous population and their phenotypes 

can vary depending on the tissue and cellular environment in which they reside (Gordon and 

Plüddemann, 2017). Collectively, macrophages secrete a variety of factors with distinct 

phenotypic characteristics and can alter the micro-cellular environment of the skeletal muscle. 

Macrophage phenotypes have generally been categorized as pro-inflammatory (M1) or anti-

inflammatory (M2) (Tidball, 2017; Jakubzick et al., 2017). M1 macrophages promote the 

degradation and phagocytosis of cells that have been damaged as a result of tissue trauma (Wynn 

and Vannella, 2016). This is facilitated by the secretion of pro-inflammatory cytokines such as 

interleukin (IL)-6, IL-1α and tissue necrosis factor alpha (TNFα) (Wynn and Vannella, 2016). 

These cytokines can recruit more pro-inflammatory immune cells to the region of tissue damage 

and/or directly influence the inflammatory profile of ECs. For example, studies show that TNFα, 

derived from M1 macrophages can stimulate the expression of EC leukocyte adhesion proteins 

such as vascular cell adhesion molecule (VCAM-1) and intercellular adhesion molecule (ICAM-

1) (Pietersma et al., 1997). Additionally, M1 macrophages are a major source of reactive oxygen 

species (ROS), which can further induce tissue stress by promoting cell damage and feedforward 

inflammatory cascades (Tan et al., 2016). On the contrary, M2 macrophages are responsible for 

inflammatory resolution, phagocytosis and clearance of cellular debris and tissue regeneration. 
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This is achieved by secreting anti-inflammatory cytokines such as IL-10 and pro-regenerative 

growth factors such as TGF-ß and VEGFA (Wynn and Vannella, 2016). These proteins can 

mediate the phenotypic transition of M1 to M2 macrophages and stimulate adjacent ECs, satellite 

cells, myocytes and fibroblasts, which promotes vascular growth, myocyte maturation and tissue 

remodeling. By influencing myogenic and vascular cell populations, macrophages can play a 

major role in how the skeletal muscle responds to injury. A summary of these functions is depicted 

in Figure 1.2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Monocyte and Macrophage Function During Inflammation. Schematic representing the 
recruitment, transmigration and differentiation of monocytes into macrophages in muscle tissue. Monocytes 
bind to EC surface proteins such as E-selectin or VCAM-1 (demarcated in green). A summary of the M1 
to M2 phenotypic transition and their respective functions is also depicted. Created with BioRender.com.  
 
1.5.2 Satellite Cells 
 
ECs are also in close proximity to muscle stem cells, referred to as muscle satellite cells (MuSCs). 

Anatomically, MuSCs are sequestered between individual myofibers and the basal lamina (Wang 
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and Rudnicki, 2011). MuSCs are precursors to mature myocytes and are necessary for post-

embryonic skeletal muscle development and regulating muscle regeneration following 

myotrauma. This has been demonstrated in models of MuSC depletion where muscle regeneration 

is severely impaired (Lepper et al., 2011; Sambasivan et al., 2011). In order for MuSCs to 

contribute to sufficient muscle regeneration, they need to undergo sequential phases of cellular 

differentiation that lead to myocyte maturation. Under basal conditions, MuSCs are maintained in 

the G0 or quiescent phase of the cell cycle (Laumonier and Menetrey, 2016; Wang and Rudnicki, 

2011). When the skeletal muscle is subjected to stressors such as mechanical forces, oxidative 

stress and inflammation, MuSCs become activated, re-enter the cell cycle and become myoblasts 

(Laumonier and Menetrey, 2016). Myoblasts will then proliferate and differentiate into myocytes, 

a more committed myogenic phenotype (Laumonier and Menetrey, 2016). Sequentially, myocytes 

will fuse together and elongate to form myotubes (Laumonier and Menetrey, 2016). After a period 

of growth, myotubes will then undergo terminal differentiation to become multinucleated 

myofibers. Lastly, myofibers will transition into a maturation  phase where they will become 

mature myofibers (Yin et al., 2013). It is important to note that a small subset of activated MuSCs 

re-enter into quiescence through the process of self-renewal, which ensures the maintenance of a 
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stem cell pool in case of future injury (Dumont et al., 2015a, 2015b). A summary of the MuSC 

fate following injury is depicted in Figure 1.3.  

 
Figure 1.3: MuSC Fate Following Muscle Injury. Schematic representing the cellular fate of MuSCs 
following skeletal muscle injury. MuSC: muscle satellite cell. Created with BioRender.com. 
 
1.5.3 Endothelial Interactions Between Immune Cells and Satellite Cells 
 
The endothelium has the capacity to communicate and influence both immune cell and MuSC 

populations through paracrine or juxtacrine mechanisms (Christov et al., 2007) (Figure 1.1A, B). 

The first intimate relationship between the endothelium and immune cells occurs when plasma-

located monocytes are attracted and bind to the luminal surface of the EC during inflammation 

(Figure 1.2). Monocytes bind to EC adhesion molecules such as E-selectin and VCAM-1, which 

facilitates the transmigration of monocytes within the regenerating tissue and the subsequent 

differentiation into macrophages (Muller, 2014; Yang et al., 2014). ECs are also known to release 

both pro-inflammatory (e. g. IL-6 and IL-1β) and anti-inflammatory (e.g. IL-10 and TGF-β) 

cytokines within the tissue microenvironment (Kofler et al., 2005). Through a paracrine 

mechanism, these factors can induce macrophages to assume an M1- or M2-like inflammatory 

phenotype. ECs can also release granulocyte growth factors that can stimulate immune cell 
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proliferation and differentiation (Mai et al., 2013). Overall, these processes exemplify the potential 

role of the EC in regulating inflammatory processes via EC-immune cell interactions. However, 

these processes have not been well investigated within the context of tissue injury and 

regeneration.  

 

The MuSC-EC interaction has also been gaining attention within the field of skeletal muscle 

development and regeneration. Recent studies have shown that increased vascular density is 

positively correlated with satellite cell numbers (Matsakas et al., 2013). Additionally, transmission 

electron microscopy of skeletal muscle reveals that ECs and MuSCs are in close anatomical 

proximity (~2 µm distance) but they are physically separated by the basal laminae and basement 

membrane of both the capillary and the skeletal myofibers (Figure 1.1B). This suggests that 

paracrine, rather than juxtacrine, EC-MuSC interactions are possible when MuSCs are in a 

quiescent state (Christov et al., 2007; Yin et al., 2013). Paracrine signaling between ECs and 

MuSCs has been tested in vitro using cell cultures. Interestingly, EC-derived growth factors, IGF-

1, HGF, PDGF-BB and VEGFA, promoted MuSC growth (Christov et al., 2007). It was also 

reported that MuSCs in vivo were considered pro-angiogenic because they are a source of VEGFA, 

highlighting the potential reciprocal relationship between ECs and MuSCs (Christov et al., 2007). 

Although theoretically possible, the way in which both cell types can influence their respective 

biological profiles has not been well established in vivo and during tissue regeneration.  

 
1.6 Skeletal Muscle Regeneration Time-Line  
 
By definition, skeletal muscle damage is a disruption of myofiber structure and function as a result 

of acute or chronic stressors such as intense bouts of exercise, blunt trauma and ischemia; all of 

which disrupt mechanical and/or metabolic processes  (Warren et al., 2007; Laumonier and 
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Menetrey, 2016). The physiological processes that characterize muscle damage have been 

explored in severe injury models of blunt trauma and cardiotoxin injections. Myocyte membrane 

(sarcolemma) instability and redox imbalances occur in response to myofiber damage and can 

trigger a cascade of cell-intrinsic events that begin the processes of muscle regeneration 

(Laumonier and Menetrey, 2016; Tidball, 2011). Sarcolemma instability, as a result of trauma-

induced micro-tearing, can lead to excessive calcium ion influx within the myocyte (Tidball, 

2011). This enhances the activity of proteases, hydrolases and phospholipases, which trigger cell 

death signaling pathways and eventual necrosis of individual myofibers (Tidball, 2011). Calcium 

imbalances also lead to mitochondrial dysfunction and subsequent overproduction of ROS, which 

causes oxidative damage to proteins, DNA and lipids as well as triggers an apoptotic or pro-

necrotic program (Pellegrino et al., 2011;Whitehead et al., 2006). Altogether, these molecular and 

cellular processes that define skeletal muscle damage will serve as a stimulus to initiate the 

regeneration time-line outlined in Figure 1.4 and Table 1.1.  

 
Figure 1.4: Key Events that Characterize the Time-course of Muscle Regeneration Following 
Damage. In general, muscle damage initiates the first phase of repair, pro-inflammation and degeneration. 
Subsequently, this transitions into the pro-resolving and regenerative phase where muscle tissue is restored. 
A more comprehensive summary is depicted in Table 1.1. Created with BioRender.com. 
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Table 1.1: Skeletal Muscle Regeneration Time-Line: Cellular and molecular events that occur following 
skeletal muscle damage. 
 

Time Post 
Injury 

Myogenic Inflammatory  Vascular Matrix Tissue 

Hours to day 1 Myofibers produce and 
release growth factors 
and pro-inflammatory 
cytokines in response to 
oxidative stress.1, 2, 3  
 

MuSC Activation: MuSCs 
re-enter the cell-cycle and 
become proliferative 
myoblasts. Stimulated by 
NO and growth factors. 4 

Pro-inflammatory 
cytokines attract 
neutrophils into damaged 
muscle.8, 9 Neutrophil 
levels peak and release 
M1-biased cytokines and 
free-radicals to degrade 
myocytes.8, 10, 11 

	

Disruption in 
microvascular perfusion.16 

 
EC undergoes oxidative 
stress and activation. EC 
enhances expression of 
immune cell binding 
proteins and facilitate. 12, 13, 

14, 15  
 
Growth factors initiate 
angiogenic program 17	

ECM, basal laminae and 
basement membranes are 
degraded by MMPs.18 ECM-
sequestered growth factors 
are released.19  
 
MuSCs integrin-bound to 
basal lamina and ECM are 
detached and exposed to 
growth factors, cytokines 
and NO. Degraded laminins 
and fibronectin maintain 
MuSC activation.18, 19 

Day 2 to 4 Myoblast Proliferation: 
myoblasts proliferate and 
migrate to damaged 
myofibers.7, 8 

M1 macrophage levels 
peak and further degrade 
myocytes, phagocytose 
debris and dying 
neutrophils. Neutrophil 
levels decline.8  

	 	

Day 4 to 7 Myoblast Differentiation: 
myoblasts exit cell-cycle 
and differentiate into 
myocytes. Enhance 
production of myogenic 
structural and functional 
genes such as actin and 
myosin. Myocytes fuse 
and elongate into 
multinucleated 
myotubes.2, 4, 22, 23  
	

M1 macrophages shift into 
an M2-like phenotype, 
mediated by macrophage 
phagocytosis of cellular 
debris and M2 cytokines. 
M2 macrophages are the 
predominant cell-type. 
They suppress M1 tissue 
degradation, increase 
immune cell resolution 
and release regenerative 
growth factors. Promote 
myogenesis, vascular 
growth and tissue 
remodeling.8   

Restoration of capillary 
perfusion.16 

	

Growth factors and 
cytokines stimulate 
fibroblasts to synthesize and 
deposit collagen and laminin 
within the ECM.4, 20 
 
FAP cells contribute to 
myogenic program, 
accumulate adipocytes in 
ECM.21  
	

Day 7 to 14 Myotube Terminal 
Differentiation: myotubes 
become more committed, 
fuse to damaged 
myofibers and undergo 
maturation and growth.4 

	

Immune cell populations 
diminish.8  
	

Growth factors and 
cytokines (from 
macrophages or myocytes) 
stimulate angiogenesis.24 
Enhanced growth detected 
as early as day 7.24 
Vasomotor tone, EC-
dependent vasodilation and 
adrenergic 
vasoconstriction restored.16  

ECM accumulation and 
restructuring. Growth factors 
and MuSCs re-sequestered 
via integrin binding. 
Fibroblast, FAPs and 
adipocyte levels diminish.8  
	

Day 14 to 21 Myofibers undergo 
hypertrophy and increase 
cross-sectional area.2, 4   

	 Vasomotor control 
restored.16  
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Table 1.1 Reference Legend: 1(Clarke and Feeback, 1996), 2(Laumonier and Menetrey, 2016), 3(Yang et 
al., 2014), 4(Yin et al., 2013), 5(Wieteska-Skrzeczyńska et al., 2011), 6(Mourkioti and Rosenthal, 2005), 
7(Yablonka-Reuveni and Rivera, 1997), 8(Tidball, 2011), 9(Kozakowska et al., 2015), 10(Nguyen et al., 
2005) 11(Toumi et al., 2006a), 12(Liu et al., 2017), 13(Monaco and Paleolog, 2004), 14 (Pober and Sessa, 
2015), 15(Wittchen, 2009), 16(Fernando et al., 2019), 17(Hardy et al., 2016), 18(Thomas et al., 2015) 
19(Dumont et al., 2015a),  20(Sarkar et al., 2004), 21(Joe et al., 2010), 22(Guo et al., 1995), 23(Penn et al., 
2004), 24(Ochoa et al., 2007).  
 
1.7 Epidemiology and Clinical Implications of Peripheral Arterial Disease  
 
1.7.1 Epidemiology of PAD 
 
Peripheral artery disease (PAD) is a common manifestation of atherosclerosis and is characterized 

by an accumulation of plaque within the arteries supplying blood to the lower extremities (Lovell 

et al., 2009). Distal to the occlusion, the ischemic muscle is deprived of oxygen and nutrients, 

lowering viable tissue health. Therefore, PAD is a vascular complication that is associated with 

severe skeletal muscle damage. Epidemiological data suggests that over 200 million people 

worldwide are diagnosed with PAD with a 5-year mortality rate as high as 30% (Lovell et al., 

2009). Reports have also indicated that the incidence of PAD increase sharply with age and is 

predominantly diagnosed in males (Cornejo del Río et al., 2017). Additionally, cardiovascular and 

metabolic complications such as diabetes, obesity and dyslipidemia are strong predictors of PAD 

diagnosis and can lead to the exacerbation of negative disease outcomes (Hicks et al., 2018). 

 
1.7.2 Clinical Manifestations of PAD and Ischemic Muscle Damage  

 
Rather than being a transient event, the cellular processes that lead to vascular occlusion can take 

years before symptoms can be detected. As a result, patients are often undiagnosed or undertreated 

due to the relatively asymptomatic nature of the condition (McDermott, 2015). Therefore, PAD 

has been characterized by a spectrum of disease severities ranging from asymptomatic to 

symptomatic stages. The early stages of PAD are marked by small reductions of blood flow to the 

distal limb and minimal muscle damage; therefore, no symptoms are detected. As the disease 
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progresses, arterial blood flow is further diminished and myofibers receive less oxygen and 

nutrients to maintain adequate health (McDermott, 2015; Rutherford et al., 1997). This can lead to 

intermittent claudication which is the onset of leg pain while walking and is usually associated 

with abnormal gait (McDermott, 2015; Rutherford et al., 1997). The severity of intermittent 

claudication can progress from mild to severe and is correlated with the extent of ischemic muscle 

damage. In more chronic stages of PAD, patients may transition from intermittent claudication to 

resting leg pain, which is a sign of more progressive muscle degeneration (Norgren et al., 2007; 

Rutherford et al., 1997). The most severe form of PAD is known as critical limb ischemia (CLI) 

and presents as distal limb necrosis and gangrene which can suddenly occur from plaque rupture 

or thrombosis of the artery. As a result of limb necrosis, CLI can lead to the requirement for limb 

amputation (Norgren et al., 2007; Rutherford et al., 1997). PAD patients with intermittent 

claudication have difficulty with every day activities that can diminish their overall quality of life 

and have reduced life expectancy (Norgren et al., 2007; Carter et al., 1989). However, individuals 

with CLI have a greater risk for mortality (Schieber et al., 2017). 

 
 

1.7.3 Surgical Therapeutics and Persistent Ischemic Myopathy 
 
The most common therapeutic procedure for PAD treatment are surgical interventions that aim to 

restore blood flow to the lower limb. These include arterial bypass or angioplasty that facilitate the 

restoration of bulk blood flow to distal muscle groups (Rice and Lumsden, 2006). Although these 

techniques solve the big problem – lack of blood flow – PAD patients still experience persistent 

muscle degeneration (Lundgren et al., 1989; Owens et al., 2008; Robinson et al., 2011). This is 

because current surgical interventions neglect the fact that PAD pathology is characterized by 

impaired microvascular remodeling and perfusion, as well as persistent tissue-level inflammation 
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and myofiber degeneration (Jones et al., 2012; Pipinos et al., 2007). The negative clinical 

manifestations of PAD point towards impairments in how the cells of the skeletal muscle micro 

niche respond to ischemic damage. Unfortunately, a comprehensive understanding of how this 

occurs has not been established. Therefore, it is crucial to investigate the cellular and molecular 

mediators of post-ischemic muscle regeneration and potential therapeutic targets that can aid in 

better management of PAD.  

  

The extent of muscle recovery following arterial occlusion depends on sufficient micro and macro-

level vascular remodeling. Collateral arteries (deriving upstream of the blockage) can undergo 

arteriogenesis which is when the vessel expands in diameter (Figure 1.5). Arteriogenesis occurs in 

non-ischemic regions of the lower limb and can enhance macro-level blood flow to distal muscle 

groups (Heuslein et al., 2015). Microvascular remodeling such as arteriolargenesis and 

angiogenesis occur within the ischemic skeletal muscle (Figure 1.5). Arteriolargenesis is when 

capillaries transition into arterioles and can increase the distribution of micro-level perfusion 

within the regenerating muscle (Hansen-Smith et al., 2001). Lastly, angiogenesis within the 

ischemic muscle is the expansion of the capillary bed and can contribute to increased diffusion of 

oxygen and nutrients to regenerating myofibers (Figure 1.5). Further detail on these processes will 

be discussed in section 1.9.2.  

 

Ischemic myopathies may in part be attributed to impaired microvascular remodeling that occurs 

in the ischemic muscle of PAD patients. For example, compared to normal individuals, PAD 

patients have reduced capillary density and capillary to fiber ratio in skeletal muscle biopsies and 

often have impaired perfusion  (Jones et al., 2012; Robbins et al., 2011). This can have a profound 
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effect on skeletal muscle regeneration as capillaries control the diffusion of nutrients and oxygen 

to regenerating myofibers. More specifically, it has been shown that amino acids and insulin 

stimulate a cascade of cell signaling events (via mTOR) that enhances myofiber protein synthesis, 

which effectively promotes the maturation of the cell (Timmerman et al., 2010). Additionally, 

plasma-derived oxygen delivery can overcome the hypoxic challenge that ischemic myofibers are 

subjected to. This can alleviate myocyte mitochondrial stress and restore redox homeostasis. The 

lack of a capillary network can also impair the removal of cellular debris and metabolic waste, 

which can accumulate in post-ischemic muscle and exacerbate tissue damage (Pober and Sessa, 

2015). Unfortunately, the specific reasons for these outcomes has not been well established. 

Therefore, a more comprehensive assessment of the cellular and molecular mediators of ischemic 

muscle regeneration needs to be investigated. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5: Vascular Remodeling Following Arterial Occlusion. (A) Collateral arteries undergo 
arteriogenesis (e. g. vessel enlargement) in non-ischemic regions. (B) Within ischemic muscle, 
arteriolargenesis occurs when capillaries transition into arterioles and angiogenesis is capillary expansion. 
Created with BioRender.com. 
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1.8 Mouse Models of Critical Limb Ischemia  
 
1.8.1 Surgical Approaches to Generate Hind Limb Ischemia  
 
Mouse models of hind limb ischemia have been used in pre-clinical studies to investigate the 

cellular and molecular aspects of PAD and to identify therapeutic interventions. This allows for a 

more comprehensive and in-depth assessment of disease etiology which can then be used in 

translational research. However, these models do not emulate the multifaceted nature of PAD and 

are more accurately referred to as mouse models of CLI. Mice are resistant to developing 

atherosclerotic plaque, therefore, surgical interventions to induce CLI are required. The femoral 

artery is a common target for surgically-induced CLI because it is large, easily accessible and 

supplies blood to distal skeletal muscles (e. g. gastrocnemius and extensor digitorum longus) (Aref 

et al., 2019). 

 

Two common surgical procedures are excision and ligation of the femoral artery. Femoral excision 

is the removal of the femoral artery and supporting collateral vessels, resulting in 90% reduction 

in limb blood flow (Couffinhal et al., 1998). Additionally, collateral vessel formation is impaired, 

prolonging blood flow recovery and exacerbating the severity of ischemia (Yu and Dardik, 2018; 

Aref et al., 2019). However, vessel excision may not accurately represent clinical CLI  and is not 

a good model for assessing arteriogenesis (Aref et al., 2019). On the contrary, femoral artery 

ligation is the use of a suture to tie a portion of the artery, preventing blood flow to distal tissues. 

The severity of ischemia can differ depending on the location of the ligation along the femoral 

artery. Moderate ischemia can be induced by ligating the femoral artery distal to the epigastric 

artery which shunts blood to supporting collateral vessels (Aref et al., 2019; Roudier et al., 2013). 

This reduces approximately 50% of resting blood flow to the lower limb. However, this approach 
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may not lead to robust muscle damage or inflammation that are similarly observed in clinical CLI; 

as it is more a model of intermittent claudication. Therefore, severe femoral artery ligation has 

been developed as a better model to mimic the severity of CLI. In this technique, the femoral artery 

is ligated immediately distal to its exit from the abdominal wall, preventing blood to be shunted to 

supporting collateral vessels. This approach is a more accurate representation of CLI as it results 

in 85-90% reduction of blood flow to the lower limb, keeps major arterial branches intact and 

induces sufficient skeletal muscle damage (Aref et al., 2019). 

 
1.9 Pathophysiology of Ischemic Muscle Damage 
 
Ischemia elicits muscle damage as a result of both transient and prolonged reductions of blood 

perfusion. Impairments of blood flow lead to diminished oxygen and nutrient delivery to individual 

myofibers and results in oxidative and nutrient-deprived stress and eventual death of myocytes 

(Krishna et al., 2015). Damaged post-ischemic myofibers are necrotic, apoptotic, atrophied 

(reduced cross-sectional area) and have centrally located nuclei (Koutakis et al., 2015; Pipinos et 

al., 2007). In conjunction, histological  assessments reveal increases in collagen deposition within 

the extracellular compartments of the muscle (Pipinos et al., 2007). At a micro-scale, electron 

microscopy of ischemic myofibrils reveals abnormal sarcomere structures, impaired cross-bridge 

formation and swollen mitochondria with lipid vacuoles (Pipinos et al., 2007). Altogether, these 

observations can explain the severe reduction in muscle function associated with ischemic 

myopathy in PAD patients. However, the exact reasons for these pathological outcomes are not 

well established. By assessing mouse models of CLI at multiple time-points, the phases of post-

ischemic muscle recovery	and the corresponding regenerative processes can be better understood. 

Ultimately, we can learn from muscle regeneration time-lines well established in injury (e. g. CTX 

and blunt trauma) models (discussed in Table 1.1) and apply these concepts to hind limb ischemia. 
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Presently, hind limb ischemia models use time-lines (day 4, 7, 11 and 14) that assess blood flow 

recovery and vascular remodeling, however, with less emphasis on the myogenic and 

inflammatory aspects of regeneration (Brenes et al., 2012). Therefore, I will now highlight what 

is known about the recovery time-line associated with severe muscle ischemia as well as the 

similarities and differences in comparison to other muscle injury models. 

 
1.9.1 Molecular and Cellular Stages of Ischemic Myopathy  
 
Myogenic Response: Acute and chronic stages of muscle ischemia share similar features observed 

during muscle trauma. For example, mitochondrial respiration and membrane potential are 

impaired at 5 hours of ischemia (Brandão et al., 2003). This coincides with elevated reliance on 

glycolytic metabolism as intracellular lactate levels rise within 6 hours of ischemia (Paradis et al., 

2016). In chronic stages of ischemia (12 weeks), impaired mitochondrial activity drastically 

depletes intracellular ATP reserve (Pipinos et al., 2008). This can lead to excess accumulation of 

cytosolic calcium and, in turn, cause cellular damage by reducing myocyte membrane integrity 

and eliciting a pro-inflammatory and apoptotic/necrotic program (Paradis et al., 2016).   

 

Vascular Response: Vascular integrity and morphology is known to change in response to hind 

limb ischemia. For example, rats subjected to acute hind limb ischemia experienced enhanced 

vascular permeability (detected by protein leakage) as early as 1-3 hours of ischemia (Sternbergh, 

1992). Additionally, electron microscopy revealed ECs initially appeared intact with normal 

vacuole structures at 1 hour, however, this was distorted at 2 hours of ischemia (Sternbergh, 1992). 

This also included intracellular edema and larger vacuoles extending into the vessel lumen 

(Sternbergh, 1992). Reports also demonstrate that ischemia degenerates the outer glycocalyx layer 

of the EC which triggers EC pro-inflammatory signaling (Annecke et al., 2011). Hypoxia can also 
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induce HIF-1α- and/or NFκβ-mediated EC pro-inflammation by increasing intracellular ROS and 

the expression of immune-cell binding proteins ICAM-1, E-selectin and VCAM-1 (Liang et al., 

2019; Ben-Shoshan et al., 2009). These activated ECs will then mediate subsequent inflammatory 

processes that are required for ischemic muscle recovery.  

 

Inflammatory Response: EC pro-inflammation mediates immune cell recruitment and 

transmigration into ischemic muscle to initiate the inflammatory cascade. In vivo, it was reported 

that the expression of E-selectin on microvessels from ischemic skeletal muscle peaked at 6-12 

hours of ischemia (Oh et al., 2007). At day 3 of ischemia, leukocyte rolling and adhesion to post-

capillary venules was enhanced which corresponded with elevated EC ICAM-1 expression 

(Anderson et al., 2006). This demonstrates that EC activation is a major reason why peak immune 

cell infiltration occurs within 3 days of ischemia (Paoni et al., 2002). Once neutrophils and/or M1 

macrophages are present within the ischemic muscle, they produce and secrete ROS which further 

stimulates pro-inflammatory and apoptotic signaling pathways (Tidball and Villalta, 2010).  

 
1.9.2 Angiogenesis and Arteriogenesis in Ischemic Hindlimbs  
 
Angiogenesis: Skeletal muscle ischemia elicits an angiogenic time-line that closely parallels with 

muscle recovery (Figure 1.5). In general, capillary numbers tend to increase from the early to late 

stages of ischemia and then plateau when muscle recovery is complete (Couffinhal et al., 1998). 

Multiple studies have highlighted the role of numerous cells, growth factors and cytokines that can 

modulate capillary growth in animal models of hind limb ischemia which is discussed below.  

 

In a model of severe hind limb ischemia, VEGFA mRNA and protein levels increased in 

regenerating myofibers, ECs and infiltrating immune cells (Couffinhal et al., 1998). Increased 
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presence of VEGFA was also associated with elevated CD, suggesting these cell-types may be 

responsible for VEGFA-induced angiogenesis. Interestingly, blocking VEGFA using a 

neutralizing VEGFA antibody led to less of an increase in CD in 14-day ischemic muscle 

(Couffinhal et al., 1998). However, the presence of VEGFA alone may not be sufficient to elicit 

capillary growth. This was demonstrated in diabetic mice where there was an observed increase in 

VEGFA protein in 3-day ischemic muscle, however, angiogenesis was impaired as a result of 

reduced VEGFA signaling (e. g. lower pAKT levels) (Hazarika Surovi et al., 2007). Other factors, 

independent of VEGFA, can also serve a pro-angiogenic role in the ischemic muscle. For example, 

mice with a homozygous deletion of eNOS (eNOS-/-) showed impaired skeletal muscle CD at days 

14, 21 and 35 of ischemia which coincided with reductions in post-ischemic blood flow recovery 

(Murohara et al., 1998). The ischemic muscle is also comprised of pro-angiogenic M2-like 

cytokines (released from macrophages or myofibers) that play a crucial role in post-ischemic 

capillary growth. This was exemplified in mice lacking M2 cytokine, IL-19, which resulted in 

inpaired angiogenesis at day 15 of ischemia. Mechanistically, it was demonstrated that IL-19 

stimulates M2-macrophage differentiation, enhancing macrophage production and release of 

VEGFA, as well as reducing the production of anti-angiogenic cytokine IL-12 (Richards et al., 

2015). Altogether, these studies exemplify how multiple cell-types, growth factors and cytokines 

within the regenerating niche can contribute to angiogenesis in ischemic muscle.  

 

Arteriogenesis: Blood flow recovery following hind limb ischemia is attributed to collateral vessel 

growth which is the expansion (e. g. vessel enlargement) of pre-existing arteries in the non-

ischemic regions of the hind limb (Figure 1.5). We and others have established a time-course of 

blood flow recovery at multiple days following the induction of severe hind limb ischemia. In 
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general, mice experience a gradual increase in hind limb blood flow which eventually plateaus in 

the late stages of ischemia (Nwadozi et al., 2020; Couffinhal et al., 1998). Hemodynamics play a 

crucial role in the enlargement of collateral vessels following the occlusion of an artery. It is known 

that an upstream occlusion leads to a change in the pressure gradient that shunts blood flow through 

supporting collateral vessels which effectively increases their shear stress. Ultimately, this 

stimulus results in an increase in collateral vessel diameter and is a major contributor to blood flow 

recovery. In fact, this is why mice subjected to hind limb ischemia appear to have a 2-fold increase 

in collateral diameters over a 21-day period (Scholz et al., 2002).  

 

The magnitude of blood flow recovery can also vary depending on the number and location of pre-

existing collateral arteries as well as new collateral vessel formation. These parameters are 

dependent on inherent genetics (e. g. heterogeneity in humans or mouse strains) as well as the 

response of numerous cell-types, growth factors and cytokines within the regenerating muscle. 

Interestingly, it has been shown that VEGFA is not a major growth factor responsible for ischemia-

induced arteriogenesis. In fact, the VEGFA-family ligand, placenta growth factor (PLGF), is a 

more prominent arteriogenic growth factor. For example, following the induction of severe hind 

limb ischemia, PLGF knockout mice had impaired collateral vessel growth (Carmeliet et al., 2001). 

It is also established that arteriogenesis is highly dependent on the actions of 

macrophages/monocytes. In general, mice genetically deficient in monocytes (90% reduction in 

circulating levels) developed less collateral vessels in response to hind limb ischemia and this 

coincided with impaired blood flow recovery (Bergmann et al., 2006).  Additionally, Bruce et al. 

demonstrated that macrophages and monocytes reside in close proximity to the vascular 

endothelium of arterioles and this aggregation was enhanced during arteriogenesis in ischemic 
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muscle (Bruce et al., 2014). Takeda et. al. further elucidated that M2 macrophages are necessary 

for ischemic arteriogenesis. For example, prolyl hydroxylase domain-containing protein 2 

haplodeficient (Phd2-/+) mice with a more enriched expansion of tissue-resident M2 macrophages 

experienced extensive collateral vessel growth in ischemic muscle compared to their wildtype 

counterparts. This also correlated with enhanced lower limb blood perfusion and muscle 

regeneration (Takeda et al., 2011). Lastly, Krishnasamy and colleagues proposed that during 

ischemia, vascular ECs can differentiate circulating monocytes into M2 macrophages through 

angiocrine Notch-Dll1 signaling. In turn, this promoted enhanced arteriole branching, arteriole 

enlargement as well as greater blood flow and muscle recovery in ischemic hind limbs 

(Krishnasamy et al., 2017).  

 

 
1.9.2 Therapeutic Angiogenesis 

 
Re-establishing this vascular network is a major limiting factor in post-ischemic muscle 

regeneration. This suggests that CLI is a result of a dysregulated balance between pro- and anti-

angiogenic factors which tends to favor capillary regression rather than the desirable capillary 

growth. To circumvent the overall lack of post-ischemic vascular growth, researchers have tried 

to enhance this process in both human and mouse models of CLI by using growth factor therapy 

or cell-based therapy (Annex, 2013). Growth factor therapy is the delivery of pro-angiogenic 

proteins whereas cell-based therapy is administering cells that can release growth factors through 

paracrine mechanisms (Annex, 2013). Pre-clinical models of hind limb ischemia have shown 

promise when using recombinant administration of VEGFA, reporting improved blood flow 

recovery and vascular remodeling (Takeshita et al., 1996). However, these findings have not been 

recapitulated in clinical trials as reports demonstrate no benefits in VEGFA and other growth factor 
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treatments in ischemic limbs of PAD patients (Dragneva et al., 2013). It was also reported that the 

administration of these growth factors can lead to vascular instability and leakage (Dragneva et 

al., 2013; Petrak et al., 2019).  

 
1.10 Endothelial FoxO Proteins and Post-Ischemic Muscle Recovery 
 
The lack of efficacy in current therapeutic angiogenic strategies indicates the need to investigate 

the role of other factors that can modulate vascular growth. Additionally, a more effective 

therapeutic can also target other aspects of post-ischemic muscle recovery such as inflammation 

and myofiber regeneration. Therefore, we chose to investigate the other side of the angiogenic 

spectrum, elucidating the role of anti-angiogenic factors in hind limb ischemia as well as their 

potential to influence inflammation and myogenesis. 

 
1.10.1 Endothelial FoxO Proteins and their Therapeutic Potential  
 
Microvascular Role: Our lab has previously reported an impairment of angiogenesis in the 

ischemic muscle of mice subjected to moderate ischemia. Despite the muscle being enriched with 

a pro-angiogenic environment – with observed elevation of VEGFA – vascular growth was 

impaired, suggesting a potential role in the concomitant upregulation of anti-angiogenic factors 

(Roudier et al., 2013). Interestingly, endothelial FoxO1 protein was increased within the ischemic 

muscle of PAD patients and mice, suggesting a potential skew towards an anti-angiogenic 

phenotype (Roudier et al., 2013). It was also demonstrated that adult mice with an induced EC-

directed depletion of FoxO1, 3 and 4 showed greater blood flow recovery and angiogenesis (higher 

capillary to fiber ratio) following mild hind limb ischemia (Roudier et al., 2013). Within the same 

study, it was also established that FoxO1 is a direct transcriptional regulator of the anti-angiogenic 

factor THBS1 within endothelial cells. Ultimately, it was determined that a possible mechanism 
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for impaired angiogenesis was through the activation of the endothelial FoxO1-THBS1 axis. The 

singular role of FoxO3 was also assessed by Potente et al. (Potente et al., 2005). More specifically, 

mice with a global embryonic deletion of FoxO3 (FoxO3-/-) showed enhanced blood flow recovery 

and capillary density compared to FoxO3-expressing (FoxO3+/+) mice. Interestingly, it was also 

established that the number of arterioles (actin+ vessels) was elevated in the ischemic muscle of 

FoxO3-/- compared to FoxO3+/+ mice (Potente et al., 2005). This suggests that FoxO3 can 

negatively regulate post-ischemic capillary and arteriogenic remodeling. However, since this study 

used a global deletion of FoxO3, it is not clear which cell-type was responsible for these outcomes.  

 

Myogenic Role: Beyond influencing angiogenesis and arteriogenesis, it is possible that EC-FoxO 

proteins can modulate the post-ischemic myogenic program. It is known that both EC-FoxO1 and 

3 negatively regulate eNOS transcription and, in turn, can reduce EC NO bioavailability (Potente 

et al., 2005). Interestingly, NO (i. e. from ECs) can promote satellite cell activation (Wozniak et 

al., 2005). Therefore, EC-FoxO proteins could potentially suppress satellite cell activation by 

reducing EC-derived NO. EC-FoxO protein influence on EC metabolism may also serve as a 

potential link in the EC-MuSC crosstalk during muscle regeneration. EC-FoxO proteins suppress 

EC metabolism. For example, in EC-FoxO-depleted mice subjected to a high-fat diet (i. e. a growth 

stimulus), EC glycolysis is enhanced which led to the production and release of lactate from the 

EC. Interestingly, research has shown that lactate is a crucial regulator of the myogenic program 

as it can activate MuSCs and promote the differentiation and maturation of myotubes (Ohno et al., 

2019). This suggests that EC-FoxO proteins can potentially suppress the pro-myogenic functions 

of lactate via its metabolic regulation within a cytokine- and growth-factor enriched environment 

of ischemic muscle.  
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Inflammatory Role: In numerous cell-types, FoxO proteins have been reported to enhance the 

expression of pro-inflammatory cytokines such as IL-1β and IL-6, which can contribute to an M1-

biased microenvironment (Ito et al., 2009; Wang et al., 2014b). Within the context of ischemia, 

this can suppresses pro-regeneration and immune cell resolution (Wang et al., 2014a). We have 

previously investigated how EC FoxO proteins can mediate the inflammatory profile of skeletal 

muscle. Specifically, high-fat fed mice with an endothelial-specific depletion of FoxO1, 3a and 4 

showed an enhanced M2-like expression profile within plantaris muscle. M1-related genes such 

as Il6 and Il1b were downregulated, whereas M2-related genes such as Tgfb, Il13 and Mrc1 were 

upregulated (Nwadozi et al., 2016). This phenotype may have a profound effect on muscle resident 

FAP cells, fibroblasts and macrophages within the context of ischemia. In an M2 micro-

environment, the pro-adipogenic or fibrotic functions of FAPs can be mitigated as well as the pro-

fibrotic functions of fibroblasts. Additionally, an M2 cytokine environment can stimulate pro-

regenerative properties of macrophages which can assist in myofiber and vascular regeneration.   

 

Although EC-FoxO proteins can theoretically influence the myogenic, inflammatory and vascular 

responses to hind limb ischemia, these effects have not been well investigated. Taking this one 

step further, the distinct or overlapping roles of EC-FoxO1 and 3 have not been established.  

 
1.11 Rational for Thesis, Hypothesis and Objectives  
 
Endothelial cells play a central role in orchestrating the response to muscle injury as it can 

influence myogenic, inflammatory and vascular processes. However, this potential has not been 

established within the context of post-ischemic muscle regeneration. By altering the biological 

profile of the EC in ischemic muscle, we can more concretely identify the ECs specific role in the 

recovery time-line. Therefore, we targeted endothelial-specific FoxO proteins because of their 
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profound roles in mediating vascular homeostasis, pro-inflammatory potential as well as plausible 

anti-myogenic influences on ischemic muscle (discussed in section 2.1).  

 

Our previous study identified that EC-FoxO proteins restrain skeletal muscle angiogenesis 

following moderate hind-limb ischemia (Roudier et al., 2013). However, there was an insufficient 

threshold of blood flow reduction to elicit severe muscle damage. Therefore, it remains unclear 

how EC-FoxO proteins can modulate microvascular remodeling, inflammation and myofiber 

regeneration within the context of severe muscle ischemia. Our previous study was also subjected 

to various limitations: 

1. Using an inducible Cre recombinase under the transcriptional control of an Mx1 promotor 

is non-specific to ECs, as it can be activated in hematopoetic derived immune cell 

populations (Velasco-Hernandez et al., 2016;Sengupta et al., 2012). FoxO isoforms can 

directly regulate T cell and dendritic cell biology by altering their quiescence and 

activation, therefore, this may pose as a confounding effect when assessing muscle 

regeneration (Hedrick et al., 2012).  

2. Depleting all three EC-FoxO isoforms limits the ability to distinguish the singular and 

synergistic functions of EC-FoxO1 and 3 in muscle ischemia.  

My thesis project aims to circumvent these limitations as follows:  

1. Implementing  a more EC-specific depletion of FoxO isoforms using a Tamoxifen-

inducible Cre recombinase (iCreERT2) under the transcriptional control of the PDGFB 

promoter (Pdgfb-iCre/ERT2) (Claxton et al., 2008).  
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1. Segregating the singular and synergistic roles of EC-FoxO1 and 3 by using mice with a 

single (EC-FoxO1 KD) and double (EC-FoxO1,3 KD) depletion of EC-FoxO protein and 

compare these to Controls (EC-FoxO1,3-expressing).  

 

 1.11.1 Study Objectives  

 

1. To test whether the depletion of EC-FoxO1 and EC-FoxO1,3 alter the angiogenic and 

arteriogenic responses to severe muscle ischemia. 

 

2. To establish if EC-FoxO1 and FoxO1,3 depletion exert redundant or additive effects of 

inflammation, myocyte regeneration and tissue remodeling in response to severe hind limb 

ischemia.  

 

1.11.2 Hypothesis 

 

EC-FoxO depletion will enhance blood vessel growth and blood flow recovery, inflammatory 

resolution and muscle regeneration within the ischemic muscle. However, the combined depletion 

of EC-FoxO1 and 3 will exert a greater influence than EC-FoxO1 alone. 
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Chapter 2: Methods 
 
2.1 Ethical Approval  
 
Animal studies were approved by the York University Committee on Animal Care (#2017-19R3, 

#2017-20R3).  

 
2.2 Endothelial Cell Specific Depletion of FoxO1 and FoxO3 
 
Male mice with flanked loxp sites of FoxO1 (Foxo1f/f) or both FoxO1 and 3 (FoxO1,3f/f) were 

generated by the outbreeding of FoxO1,3,4f/f mice with wild-type FVB/n mice (Paik et al., 2007). 

Genotyping of offspring was then used to ensure the floxed allele(s) were homozygous. To target 

an endothelial-specific depletion of FoxO1 and FoxO3, offspring were bred with Pdgfb-iCreERT2 

mice (C57Bl/6 background). These mice express tamoxifen-inducible Cre recombinase (iCreERT2) 

which is under the transcriptional control of Pdgfb, an endothelial specific gene (Claxton et al., 

2008). Pdgfb-iCre/ERT2 mice were back-bred to the Foxo1f/f or Foxo1,3f/f founders, generating 

Pdgfb-iCre/ERT2:Foxo1f/f, Pdgfb-iCre/ERT2:Foxo1,3f/f, and control Cre- littermates (Foxo1,3f/f or 

Foxo1,3f/f mice), on a mixed FVB/n/C57Bl6/J background. Five consecutive injections of 

tamoxifen (300µg) were administered to each mouse at 5 weeks of age, which induced the deletion 

in any Pdgfb-iCre/ERT2+ mouse. This resulted in an EC specific deletion of FoxO1 (EC-FoxO1 

KD) and double deletion of EC-FoxO1 and EC-FoxO3 (EC-FoxO1,3 KD). Additionally, 

tamoxifen injections did not induce the deletion of EC-FoxO proteins in Cre- mice, thus 

maintaining the expression of EC-FoxO1- and EC-FoxO1,3 (Control). Our previous work 

confirmed that this method induces approximately 80% reduction in EC-FoxO proteins with no 

compensatory upregulation of EC-FoxO3 in EC-FoxO1-depleted animals (Rudnicki et al., 2018).  
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Figure 2.1: Schematic of study time-line. X demarcates the location of the femoral artery ligation surgery. 
D0, D4, D7 and D14 represent days after surgery at which blood flow measurements were taken. 
 
2.3 Mouse Model of Femoral Artery Ligation 
 
Male mice at 9 weeks of age underwent femoral artery ligation surgery (Nwadozi et al., 2020). 

Hair was removed using hair removal cream to expose the skin of the lower legs. Mice were 

anesthetized using isoflurane. At the right medial thigh, an incision was made to expose and isolate 

the common femoral artery immediately distal to its exit from the abdominal wall. A 6-0 silk suture 

was used to tie the common femoral artery, resulting in approximately 90% reduction of blood 

flow to the distal portion of the right limb. The incision of the medial thigh was then closed using 

a 5-0 silk suture and mice were postoperatively administered buprenorphine (0.05 mg/kg) for pain 

relief and ampicillin (20mg/kg in drinking water) to control for infection. The left limb did not 

undergo femoral artery ligation surgery and was used as a comparative control (non-ischemic) as 

blood flow was undisturbed in the distal portion of the leg. 

 
2.4 Hind Limb Blood Flow Recovery Analysis 
 
Hind limb blood flow was measured using non-invasive laser Doppler (Perimed) imaging. Mice 

were anesthetized with isoflurane and body temperature was maintained using a heating pad. 

Blood perfusion was measured before and immediately after common femoral artery ligation 
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surgery to assess relative blood flow at baseline and post-ligation, respectively. Perfusion recovery 

was then measured at day 4, 7, 11 and 14 following the ligation surgery. At all time-points, the 

distance of the laser Doppler to the animal limbs was held constant (20 cm). The dorsal side of the 

paws and the front of the legs in both ligated and non-ligated limbs were imaged for blood 

perfusion quantification. Briefly, laser Doppler images were traced around the perimeter of the 

paw or leg where a blood flow signal was detected. The average pixel intensity of the traced signal 

was then used to assess relative blood perfusion. The quantification was presented as a ratio of 

perfusion area of the ligated leg to that of the non-ligated leg. 

 
2.5 Skeletal Muscle Tissue Collection  
 
Skeletal muscle was collected from mice subjected to 4 and 14 days of ischemia. Plantaris, soleus 

and gastrocnemius muscles were excised from both legs and snap frozen in liquid nitrogen to be 

used for protein or RNA analysis. Extensor digitorum longus (EDL) muscle was extracted, 

embedded in optimal cutting temperature compound (OCT), frozen in liquid nitrogen-cooled 

isopentane and then submerged in liquid nitrogen to preserve for histological analysis.    

 
2.6 Histological Analyses  
 
2.6.1 Cryomicrotome and Muscle Mounting 
 
EDL muscles preserved for histology were sectioned from the mid-belly and 10 µm transverse-

plane sections were mounted on a histology slide. A Zeiss inverted microscope with a cooled CCD 

camera and Metamorph software was used to capture two to three representative images of each 

muscle section taken at the 10X objective. This was used in the following microvascular and 

myofiber assessments.  
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2.6.2 Microvascular Assessments 
 
14-day post-ligation EDL muscle cryosections were co-stained with Griffonia simplicifolia lectin 

I (GSL)-FITC (#FL-1101; Vector Laboratories, Inc) to detect capillaries, anti-SMA-Cy3 antibody 

(#C6198; Sigma-Aldrich) to detect arterioles, and wheat germ agglutinin (WGA)-CF350 (#29021-

1; Biotium) to detect myofibers. Capillaries were defined as GSL+ vessels with a diameter <5 µm. 

Both capillary to fiber ratio (C:F) and capillary density (CD) were quantified to assess 

angiogenesis at the 14-day time-point. C:F was measured by counting the number of GSL+ 

capillaries relative to the number of WGA+ myofibers in a given field of view. CD was quantified 

by counting GSL+ capillaries per mm2 of muscle. Lastly, microvascular area was measured using 

ImageJ software where the area of GSL+ vessels (detected by colour thresholding to generate a 

binary image) was measured and normalized to muscle cross-sectional area.  

 
To assess arteriole number, the number of SMA+ vessels (defined as >5 µm diameter) was counted 

per mm2 of muscle. To assess arteriole remodeling, SMA+ vessel diameter was measured using 

ImageJ software. Briefly, the tracing tool was used to delineate the perimeter of SMA+ arterioles 

and the subsequent conversion into diameter (µm). Capillary-sized SMA+ vessels (defined as <5 

µm diameter) was also measured by counting co-stained GSL+ and SMA+ vessels per mm2 of 

muscle.   

 
2.6.3 Myofiber Assessment  
 
To assess myofiber cross-sectional area, WGA staining was used to detect the cell membrane and 

outer boundaries of myocytes in 14-day post-ligation EDL. Briefly, ImageJ software was used to 

trace the perimeter of approximately 90% of all myofibers in the muscle cross-sectional fields of 

view and measurements were converted into area (µm2).   
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2.6.4 Inflammation 
 
To assess differences in immune cell infiltration in the 4-day post-ligated muscle, Hematoxylin 

and Eosin (H&E) staining of EDL cross sections was conducted where nuclei and myocyte 

cytoplasm was detected by hematoxylin and eosin, respectively (Mayer’s Haematoxylin: #26306-

01; Eosin Y: #26051-10, Electron Microscopy Sciences). Images were captured using an Olympus 

microscope (4X objective) and colour CCD camera. Immune cell infiltration area was measured 

by tracing clusters of nuclei found within the extracellular matrix. Infiltration area was then 

expressed relative to muscle cross sectional area (mm2).  

 
2.6.5 Ectopic Skeletal Muscle Fibrosis and Adipogenesis  
 
To detect skeletal muscle fibrosis, EDL muscle subjected to 14 days of ischemia was stained using 

Masson’s Trichrome following the manufacturer’s protocol (Polysciences, Inc. 25088-1). Briefly, 

EDL cryosections were fixed with 10% formalin and subsequently washed with Wiegerts Iron 

Hematoxylin solution to detect nuclei (stained in black). Subsequently, sections were stained with 

Biebrich Scarlet-Acid Fuchsin solution to detect myofiber cytoplasm (stained in red). Lastly, 

sections were washed with Aniline Blue solution to detect fibrillar collagen within the interstitial 

space of the muscle (stained in blue). Images were captured using an Olympus microscope (4X 

objective) and colour CCD camera. Using ImageJ software, the area of collagen (detected by blue 

colour thresholding to generate a binary image) was measured and normalized to the area of the 

total muscle cross-section. The quantification of collagen deposition was expressed as a ratio of 

collagen area to muscle cross-sectional area. Ectopic adipocyte deposition was then measured 

within the interstitial spaces of the muscle. Regions of the section devoid of myofibers and blue-

enriched fibrotic regions were defined as fibro-adipo deposits (white areas). Through colour 
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thresholding (ImageJ), the area of fibro-adipo regions was measured as a percentage of the muscle 

cross-sectional area.    

 
2.7 RNA Analyses 
 
Gastrocnemius muscle of EC-FoxO1 KD, EC-FoxO1,3 KD and control mice subjected to 4 and 

14 days of ischemia was collected and lysed for RNA extraction using Qiagen RNeasy Mini Kit 

(#74106; Qiagen Inc). RNA concentrations and purity was then quantified. Reverse Transcription 

(RT) reaction was then used to synthesize cDNA (from 120 ng of mRNA) using M-MLV reverse 

transcriptase (#M0253, New England Biolabs). cDNA was further processed by real-time 

polymerase chain reaction (qPCR) which included Taqman probes and qPCR mastermix 

(#4444963; ThermoFisher Scientific) on a Qiagen Roto-Gene Q platform. All RNA probes were 

normalized to TATA-box binding protein (Tbp; Mm00446973_m1) mRNA due to its relatively 

consistent expression profile within the ischemic muscle. Transcript levels were calculated as 2-

∆Ct.  

 
2.7.1 Inflammatory Markers  
 
RNA collected from gastrocnemius muscle subjected to 4 days of ischemia was assessed for 

markers of M1- and M2-like macrophages. M1 probes included Cd68 (Mm00839636_g1) and 

integrin alpha x (Itgax; Mm00498701_m1). M2 probes used were transforming growth factor beta 

1 (Tgfb1; Mm01178820_m1) and mannose receptor 1 (Mrc1; Mm00485148_m1). Lastly, 

endothelial cell Vascular Cell Adhesion Molecule (Vcam1; Mm01320970_m1) was used. 

	
2.8 Statistics 
 
Results were expressed as mean ± SEM. Blood flow recovery, H&E and immunofluorescence 

histology, as well as mRNA was analyzed using a two-way ANOVA repeated measures followed 
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by Bonferroni post hoc tests (Prism4; Graphpad Software Inc.) Post-ligation blood flow, and 

fibrotic/adipogenic area was analyzed using a two-tailed Student’s t test. A P<0.05 was considered 

to represent a statistical significance.  
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Chapter 3: Results  
 
3.1 Severe Hind Limb Ischemia Enhances Skeletal Muscle Damage and Inflammation  
 
Skeletal muscle morphology and immune cell infiltration in the early stages of ischemia was 

assessed using H&E staining of EDL muscle. In non-ischemic EDL, myocytes contain peripheral 

nuclei (black), an enriched cytoplasmic protein staining with eosin (pink) and myofibers are 

arranged in highly ordered bundles surrounded by an intact extracellular matrix (white) (Figure 

3.1A). These qualities are indicative of a healthy skeletal muscle. In 4-day ischemic EDL muscle, 

extensive muscle damage was observed. Myofibers were denucleated, appeared to be smaller in 

size and necrotic with pale eosin staining. Additionally, inflammatory cell nuclei were present and 

myofibers lost their ordered bundles, potentially due to ECM degradation and/or myofiber 

membrane lysis (Paoni et al., 2002; Toumi et al., 2006b). Lastly, adipocyte accumulation within 

the ECM was detected in regions enriched with inflammatory cell nuclei (Figure 3.1B).   

 

Immune cell signatures, based on H&E and mRNA expression of macrophage markers Itgax and 

Mrc1, were not detected in non-ischemic muscle. However, immune cell infiltration area was 

significantly higher in ischemic compared to non-ischemic muscle, irrespective of mouse genotype 

(Figure 3.1C). To establish a more comprehensive understanding of macrophage phenotypes, gene 

expression of M1- and M2-macrophage markers were assessed in 4-day post-ligation 

gastrocnemius muscle. M1-macrophage marker Itgax expression was enhanced approximately 20-

fold in the ischemic muscle, irrespective of genotype (Figure 3.1D). Following the same trend, 

M2-macrophage marker Mrc1 was significantly elevated (15-fold) in the ischemic muscle in all 

genotypes (Figure 3.1E). Interestingly, M2-like growth factor Tgfb1 was significantly upregulated 

in the ischemic muscle of EC-FoxO1,3 KD and EC-FoxO1 KD mice but not in Controls (Figure 
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3.1F). Altogether, this suggests the absence of EC-FoxO proteins may not alter the presence of M1 

or M2 macrophages in ischemic muscle but can increase the enrichment of M2-like growth factor 

TGFβ1. 

 
Figure 3.1: Skeletal muscle inflammation at 4 days post-ligation. H&E staining of non-ischemic (A) 
and ischemic (B) EDL muscle was used to assess skeletal muscle morphology and immune cell infiltration 
area (white arrows). Regions that may represent adipocytes are demarcated with red arrows. Immune cell 
infiltration was quantified as a percentage of the cross-sectional area of the muscle (C). mRNA levels of 
M1-macrophage marker Itgax (D) M2-macrophage marker Mrc1 (E) and M2-like growth factor Tgfb1 (F) 
were analyzed in non-ischemic (Non-isch) and ischemic (Isch) gastrocnemius muscle. *P<0.05, **P<0.05 
vs respective non-ischemic limb, two-way ANOVA with Bonferroni post-hoc test. EDL, extensor 
digitorum longus; H&E, haematoxylin and eosin; Con, Control; F1 KD, EC-FoxO1 KD; F1,3 KD, EC-
FoxO1,3 KD.  
 
 
 
	



	 45	

3.2 Mice with Combined Endothelial FoxO1 and FoxO3 Deficiency Experience Enhanced 
Blood Flow Recovery and Microvascular Remodelling  
 
Blood flow recovery up to 14 days post-ligation was assessed using Laser Doppler perfusion 

imaging (Figure 3.2A,C). Femoral artery ligation significantly reduced blood flow to the paw and 

leg (10% of contralateral limb) (Figure 3.2B,D). In all mice, paw blood flow improved from 0 to 

4 days post-ligation and recovery plateaued beyond this time-point. However, compared to Control 

and EC-FoxO1 KD mice, paw perfusion was significantly higher in the ischemic hindlimb of EC-

FoxO1,3 KD mice at days 4 and 7 post-ligation (Figure 3.2B). Since the paw lacks larger muscle 

groups (low metabolic activity) and is predominantly composed of skin and connective tissue 

(Wong et al., 2006), leg perfusion recovery was also assessed to more accurately represent bulk 

blood flow to the muscles. All mice improved leg blood flow at days 4 and 7 but no significant 

recovery beyond this time-point was detected in Control and EC-FoxO1 KD mice. Interestingly, 

EC-FoxO1,3 KD mice experienced greater perfusion recovery of the leg compared to Control and 

EC-FoxO1 KD mice at days 4, 7 and 14 of ischemia (Figure 3.2D).  
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Figure 3.2: Blood flow recovery in ischemic limbs at 14 days post-ligation. Representative laser Doppler 
images of the dorsal paw (A) and ventral leg (C) regions immediately following ligation (day 0) and at days 
4, 7 and 14 post-ligation. Black arrows indicate the ligated limbs. Quantification of perfusion was 
represented as a ratio between ischemic and non-ischemic limbs in the paw (B) and leg (D). *P<0.05, vs 
Control and EC-FoxO1-KD mice, two-way ANOVA with Bonferroni post-hoc test. Con, Control; F1 KD, 
EC-FoxO1 KD; F1,3 KD, EC-FoxO1,3 KD.  
 
Histological assessments were further used to investigate microvascular remodeling in ischemic 

EDL muscle. Representative images of capillaries in non-ischemic and ischemic EDL muscle 14 

days post-ligation is shown (Figure 3.2A). At this time-point, both capillary-to-fiber ratio and 

capillary density (#/mm2) were significantly elevated in ischemic muscle of EC-FoxO1,3 KD mice 

only (P<0.05; Figure 3.2B,C). However, we considered that high numbers of transverse capillaries 

may underestimate capillary content when expressed as capillary-to-fiber ratio or capillary density. 

Therefore, we also calculated microvascular area relative to muscle cross-sectional area. 

Compared to non-ischemic muscle, microvascular area was elevated in the ischemic muscle of all 



	 47	

mouse cohorts (P<0.05), but EC-FoxO1,3 KD mice exhibited significantly higher microvascular 

areas compared to their genotype counterparts (P<0.05; Figure 3.2D). These results suggest the 

combined action of EC-FoxO1 and EC-FoxO3 are more crucial in restraining post-ischemic 

muscle angiogenesis as opposed to EC-FoxO1 alone.  

Figure 3.3: Enhanced capillary growth in ischemic muscle of EC-FoxO1,3-KD mice at 14 days post-
ligation. Representative images of Griffonia simplicifolia lectin I (GSL)-FITC staining (to detect 
capillaries) in non-ischemic (Non-Isch) and ischemic (Isch) EDL muscle of Control, EC-FoxO1-KD and 
EC-FoxO1,3 KD mice (A). Capillary-to-fiber ratio (B), capillary density (C) and microvascular area (D) 
were measured in one to two fields of view (10x objective) per muscle. Scale bar = 100 µm. **P<0.05 vs 
respective non-ischemic limb, *P<0.05 vs comparative genotype ischemic limb, two-way ANOVA with 
Bonferroni post-hoc test. EDL, extensor digitorum longus. Con, Control; F1 KD, EC-FoxO1 KD; F1,3 KD, 
EC-FoxO1,3 KD.  
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Smooth muscle actin (SMA) staining of 14-day post-ligated EDL muscle is shown in 

representative images (Figure 3.4A). This was used to detect small capillary-sized SMA+ vessels 

which may represent neo-arterioles (diameter < 5 µm) (Peirce and Skalak, 2003) and larger SMA+ 

arterioles (diameter > 5 µm). In all mice cohorts, the SMA+ capillary density (#/mm2 of muscle) 

was significantly higher in ischemic compared to non-ischemic muscle (Figure 3.4B). 

Interestingly, the density of larger arterioles (#/mm2 of muscle) was significantly higher in the 

ischemic compared to non-ischemic muscle of EC-FoxO1,3 KD mice only (P<0.05; Figure 3.4C). 

Lastly, the average diameter of larger arterioles did not change with ischemia or genotype (Figure 

3.4D). Overall, this suggests the combined absence of EC-FoxO1 and EC-FoxO3 can enhance 

arteriole numbers in post-ischemic regenerating muscle.   
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Figure 3.4: Greater number of arterioles in EC-FoxO1,3-KD muscle at 14 days post-ligation. 
Representative images of Cy3-anti-αSMA staining (to detect arterioles) in non-ischemic (Non-Isch) and 
ischemic (Isch) EDL muscle of Control, EC-FoxO1-KD and EC-FoxO1,3 KD mice (A). SMA+ capillary 
(<5 µm in diameter, red arrows) density (B), larger arteriole (>5 µm in diameter, black arrows) density (C) 
and arteriole diameter (D) were quantified in one to two fields of view (10x objective). Scale bar = 100 µm. 
*P<0.05 vs respective non-ischemic limb, two-way ANOVA with Bonferroni post-hoc test. EDL, extensor 
digitorum longus. Con, Control; F1 KD, EC-FoxO1 KD; F1,3 KD, EC-FoxO1,3 KD.  
 
3.3 Post-Ischemic Myofiber Maturation is Enhanced in EC-FoxO1,3 KD Mice  
 
To assess skeletal muscle maturation, myofiber cross-sectional area was measured in 14-day post-

ligation EDL muscle using WGA staining (Figure 3.5A). Following ischemia, there was a 

significant reduction in myofiber cross-sectional area (µm2) in all three genotypes which is 

indicative of skeletal muscle atrophy and early stages of recovery (Figure 3.5B). However, Control 

and EC-FoxO1 KD mice had higher baseline myofiber cross-sectional areas compared to EC-

FoxO1,3 KD mice, signifying an inherent difference in skeletal muscle morphology prior to 

ischemia. Therefore, to account for this and to more accurately assess the extent of skeletal muscle 

maturation in each mouse cohort, the fold change (ischemic/non-ischemic muscle) of myofiber 

cross-sectional area was quantified. Interestingly, EC-FoxO1,3 KD mice trended towards a higher 

ratio (~0.58) compared to Control (~0.3) mice (P=0.056) and was significantly higher compared 

to EC-FoxO1 KD (~0.3) mice (P<0.05; Figure 3.5C). This suggests that EC-FoxO1,3 KD ischemic 

muscle improved to baseline myofiber cross-sectional areas faster than their genotype counterparts 

which could be indicative of greater post-ischemic muscle maturation.  
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Figure 3.5: Myofiber cross-sectional area is greater in EC-FoxO1,3 KD muscle at 14 days post-
ligation. Representative images of WGA-CF350 staining (to detect myofiber membranes) in non-ischemic 
(Non-Isch) and ischemic (Isch) EDL muscle of Control, EC-FoxO1-KD and EC-FoxO1,3 KD mice (A). 
Myofiber cross-sectional areas were assessed in one to two fields of view taken using a 10x objective (B). 
Myofiber area fold change (C), quantified as a ratio between ischemic and non-ischemic myofiber areas in 
each mouse. Scale bar = 100 µm. *P<0.05 vs respective non-ischemic limb, two-way ANOVA with 
Bonferroni post-hoc test. EDL, extensor digitorum longus. Con, Control; F1 KD, EC-FoxO1 KD; F1,3 KD, 
EC-FoxO1,3 KD.  
 
3.4 Endothelial FoxO1 and 3 Synergistically Enhance Collagen Deposition in the Ischemic 
Muscle 
 
Fibro-adipogenic and fibrotic remodeling was assessed in regenerating ischemic muscle using 

Massons trichrome staining of 14-day post-ligation EDL muscle (Figure 3.6A). Fibro-adipocyte 

accumulation was detected in ischemic muscle and quantified as a percentage of muscle area, but 

no significant differences were observed between mice genotypes (Figure 3.6B). Interestingly, 

however, fibrotic area was significantly greater in EC-FoxO1,3 KD ischemic muscle compared to 

Control and EC-FoxO1 KD ischemic muscle (P<0.05; Figure 6C).  
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Figure 3.6: Enhanced fibrosis in EC-FoxO1,3 KD muscle at 14 days post-ligation. Masson’s trichrome 
staining was used to detect fibrillar collagen (representing fibrosis) and fibro-adipogenesis (A). Fibro-
adipocyte (B) and fibrosis (C) accumulation was quantified as an area (%) relative to muscle cross-sectional 
area in ischemic EDL of Control, EC-FoxO1-KD and EC-FoxO1,3 KD mice. Asterisk indicate fibro-
adipogenic regions devoid of blue staining whereas red arrows demarcate areas of fibrosis (stained in blue). 
*P<0.05, **P<0.05 vs Control and EC-FoxO1-KD, respectively. One-way ANOVA with Bonferroni post-
hoc test. EDL, extensor digitorum longus. Con, Control; F1 KD, EC-FoxO1 KD; F1,3 KD, EC-FoxO1,3 
KD. 
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Chapter 4: Discussion  
 
4.1 Interpretation of Results  
 
In this study, we establish that male EC-FoxO1,3 KD mice showed multiple signs of improvements 

at day 14 of post-ischemic muscle recovery compared to Control and EC-FoxO1 KD mice. By 

using histological and functional analyses, we reveal that EC-FoxO1,3 KD mice have enhanced 

(a) microvascular growth; (b) blood flow recovery of the paw and leg; and (c) a relative increase 

in myofiber cross-sectional area in the late stages of muscle ischemia. However, we also observed 

a potential deleterious outcome as EC-FoxO1,3 KD mice had more interstitial fibrosis in 

regenerating muscle compared to their genotype counterparts. These findings suggest that altering 

the biological profile of ECs through EC-FoxO-depletion can have profound influences in 

ischemic muscle outcomes.  

 

EC-FoxO1,3 KD mice had elevated number of capillaries (indicator of angiogenesis) within the 

ischemic muscle compared to Control and EC-FoxO1 KD mice. By directly comparing these 

genotypes, we provide evidence that the combined depletion of EC-FoxO1 and 3 improved post-

ischemic angiogenesis to a greater extent than EC-FoxO1 depletion alone. These findings are in 

line with our original hypothesis. Multiple explanations for this outcome can be speculated. For 

one, blood flow can serve as a stimulus for capillary growth through EC shear stress signalling 

(Egginton et al., 2016). Within the context of our current study, enhanced blood flow recovery in 

the early stages of ischemia (day 4 and 7) in EC-FoxO1,3 KD mice might have triggered shear 

stress-induced microvascular remodelling observed at day 14. Secondly, the single depletion of 

EC-FoxO1 might not have been sufficient to supress the angiostatic functions of EC-FoxO 

proteins. For example, EC-FoxO3 might have continued to promote the expression of angiostatic 
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genes, related to cell-cycle arrest and apoptosis, in the absence of EC-FoxO1 (Eijkelenboom and 

Burgering, 2013). 

 

It was exciting to observe the enhancement of post-ischemic paw and leg perfusion recovery in 

EC-FoxO1,3 KD mice compared to Controls and EC-FoxO1 KD mice. It is well established that 

blood flow recovery can be improved with more arterioles within the ischemic muscle. This is 

because higher number of arterioles can reduce skeletal muscle microvascular resistance and 

facilitate greater flow from upstream vessels. As such, enhanced perfusion in EC-FoxO1,3 KD 

mice may partly be explained by the increased number of arterioles (large SMA+ vessels) within 

the ischemic muscle. Reports show that severe hind limb ischemia blunts vasodilation of the 

microvasculature and can reduce muscle perfusion (Arpino et al., 2017). Although not assessed in 

our study, it is possible that vasodilation was higher in EC-FoxO1,3 KD mice. It is possible that 

the absence of EC-FoxO1 and 3 (negative regulators of eNOS) is increasing the bioavailability of 

NO which can mediate NO-dependant arteriole vasodilation (Potente et al., 2005). Nevertheless, 

further investigation to elucidate if EC-FoxO1 and 3 depletion can modulate post-ischemic 

vasodilation and collateral artery remodelling would be required.  

 

EC-FoxO1,3 KD mice had higher numbers of SMA+ vessels (> 5 µm) in the ischemic muscle, 

suggesting enhanced arteriolargenesis relative to their genotype counterparts. Numerous studies 

report that an M2-biased microenvironment can initiate a pro-arteriogenic program (Krishnasamy 

et al., 2017). We previously demonstrated that high-fat fed mice with an endothelial-specific 

combined depletion of FoxO1, 3 and 4 showed an M2-biased expression signature within the 

plantaris muscle (Nwadozi et al., 2020). As such, we anticipated that a similar shift would be 
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detectable in the microenvironment of EC-FoxO1,3 KD ischemic muscle. However, our current 

data suggest no differences in the M1/M2 profile, as Itgax and Mrc1 expression levels were similar 

amongst all mouse cohorts. Another potential mechanism for improved arteriolargenesis can be 

related to the presence of TGFβ1, which is known to stimulate VSMC proliferation as well as 

differentiate pericytes into VSMCs, both of which contribute to arteriole arteriolargenesis 

(Chambers et al., 2003; Tsai et al., 2009). Our present study shows TGFβ1 levels were elevated in 

day 4 ischemic muscle in both EC-FoxO1 KD and EC-FoxO1,3 KD mice, therefore, this cannot 

explain the difference in arteriole growth between these cohorts. This also suggests that other pro-

arteriogenic growth factors or cytokines may be responsible for the higher arteriolargenesis 

observed in EC-FoxO1,3 KD mice. Altogether, a more comprehensive assessment of the M1/M2 

expression profile in 4- and 14-day ischemic muscle will be necessary to further elucidate the role 

of EC-FoxO proteins in mediating cytokine/growth factor-dependent arteriolargenesis. 

 

We observed that ischemic muscle of EC-FoxO1,3 KD mice approached non-ischemic myofiber 

cross-sectional areas to a greater extent than their genotype counterparts. This trend may be 

indicative of either enhanced skeletal muscle maturation or less post-ischemic myofiber atrophy. 

Nevertheless, it can be postulated that this phenotype is a result of the concomitant increases in 

blood perfusion, angiogenesis and arteriolargenesis in EC-FoxO1,3 KD mice, which are known to 

be crucial for myofiber growth and overall health in trauma and hind limb ischemia models 

(Fernando et al., 2019; Hourdé et al., 2006). For example, enhancing arteriolargenesis in mice 

subjected to severe hind limb ischemia not only improved blood flow but also resulted in 

accelerated myofiber regeneration (Krishnasamy et al., 2017). It was also reported that 

microvascular perfusion recovery within patent capillary networks (detected with intravital 
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microscopy) closely paralleled skeletal muscle maturation following injury (Fernando et al., 2019). 

Enhanced blood flow and the distribution of this flow to individual myofibers (via capillaries) 

ensures the regenerating myofibers receive adequate oxygen, amino acids and growth factors (e.g. 

insulin) that are known to stimulate the myogenic program (Timmerman et al., 2010). For example, 

severe hypoxia impairs MuSC proliferation and myoblast differentiation (Chaillou and Lanner, 

2016). This phenomenon can be extended to the context of hind limb ischemia, where more blood 

flow would minimize tissue-level hypoxia and facilitate myogenesis (Csete et al., 2001; Di Carlo 

et al., 2004). Taken together, the enhanced post-ischemic blood perfusion in EC-FoxO1,3 KD mice 

can likely improve myofiber growth through these mechanisms but further work is necessary to 

test this hypothesis.  

 

The observed increase in post-ischemic muscle fibrosis in EC-FoxO1 KD and EC-FoxO1,3 KD 

mice can be explained potentially by an enrichment in a pro-fibrotic microenvironment. Based on 

our observations, enhanced TGFβ1 levels in EC-FoxO1KD and EC-FoxO1,3 KD mice might have 

been sufficient to promote fibrosis within the ischemic muscle. For one, TGFβ1 has been shown 

to stimulate fibroblasts and M2-macrophages to produce and secrete collagen within the ECM of 

regenerating muscle (Petrov et al., 2002; Tidball, 2017). Secondly, TGFβ1 derived from the 

ischemic microenvironment and/or endothelium of EC-FoxO1,3 KD mice can stimulate vascular 

smooth muscle cells (VSMCs) to proliferate. Interestingly, it was demonstrated that TGFβ1-

stimulated VSMC proliferation results in a concomitant increase in VSMC-derived collagen 

production and deposition within the surrounding ECM due to VSMC transdifferentiation into 

myofibroblasts (Ismaeel et al., 2019). This is potentially why we observed more fibrosis 

surrounding the outer layer of larger arterioles in the masson’s trichrome staining of EDL cross-
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sections in EC-FoxO-depleted mice. We also observed that EC-FoxO1,3 KD mice had the highest 

fibrotic areas compared to their genotype counterparts. This suggests that the combined absence 

of EC-FoxO1 and 3 might promote other pro-fibrotic mechanisms in the ischemic muscle. We also 

measured potential fibro-adipogenic regions in 14-day ischemic EDL muscle which can be 

indicative of FAP cell differentiation as a result of persistent pro-inflammation (Lemos et al., 

2015). We observed no differences between mouse cohorts which may suggest that FAP cells 

differentiated and committed to a more pro-fibrotic rather than a pro-adipogenic fate in ischemic 

muscle of EC-FoxO1 KD and EC-FoxO1,3 KD mice. However, we still detected some level of 

fibro-adipo accumulation and the differentiation of FAP cells into adipocytes should not be ruled 

out. Additionally, persistent pro-inflammation might not be influenced by the presence or absence 

of EC-FoxO proteins. Altogether, more investigation is required to further establish the role of 

EC-FoxO proteins in post-ischemic muscle fibrosis and adipocyte accumulation. 

 
4.2 Study Limitations  
 
I also acknowledge that our study has various limitations. For one, histological and biochemical 

analyses at day 4 and 14 post-ligation were not assessed in the same mice. As such, comparing 

analyses between day 4 and 14 can be subjected to error if there are inherent differences between 

the 4- and 14-day mouse cohorts. To minimize variability, mouse age, background and sex were 

matched at both time-points.  

 

Additionally, biochemical analyses were measured in gastrocnemius muscle whereas histological 

assessments were conducted using EDL muscle. This was due to the relatively small size of the 

EDL (limited material) and the difficulty in conducting cross-sectional histology assessments in 

gastrocnemius muscle (with angled pennate fibers and multiple heads). However, this can lead to 
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sources of variability related to how ischemia can differentially affect EDL and gastrocnemius; 

both of which have inherent heterogeneity. For example, gastrocnemius muscle has a higher 

percentage (~6%) of type-I fibers (highly oxidative and more mitochondrial content) compared to 

EDL muscle (~0.2%) in C57BL6/J mice (Augusto et al., 2003). This may have introduced a 

significant source of variability as we previously demonstrated that oxidative potential can alter 

ischemic muscle outcomes (Nwadozi et al., 2020). Other differences include skeletal muscle mass 

and vascular supply from collateral vessels. To control for these differences, histological and 

biochemical analyses were conducted in regenerating zones of the muscle. Additionally, the 

femoral artery was ligated in the most proximal region, blocking most collateral vessel blood flow. 

Nevertheless, these limitations can be overcome in future experiments by conducting biochemical 

and histological analyses using the relatively larger tibialis anterior muscle.  

 

Another limitation is that FoxO1f/f and FoxO1,3f/f mice were from separate colonies and differed 

in their extent of back-crossing. This led to a source of variability in which FoxO1f/f mice had more 

of an FVB/n background whereas FoxO1,3f/f mice had a more equal mix of FVB/n and C57Bl6/J. 

This heterogeneity may contribute to why we observed different base-line (non-ischemic muscle) 

measurements of myofiber cross-sectional areas and capillary to fiber ratios between the two 

cohorts. However, this variability was controlled by assessing differences between non-ischemic 

and ischemic muscle within each mouse cohort. 

 

It is also worth mentioning that our current adipocyte quantification was a crude and non-accurate 

assessment as it relied on morphological features that do not represent specific adipogenic markers. 
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As such, this quantification can be improved in future studies by using histological techniques that 

directly measure the presence of adipocytes or lipids such as Oil Red O staining.  

 

Lastly, some of our analyses have a low sample size (underpowered experiments), which may lead 

to Type 2 statistical error. This means it is difficult to conclude no differences, in a given 

parameter, exist between mouse cohorts. Within our study, this includes underpowered analyses 

such as myofiber cross-sectional areas and fibro-adipogenic areas that did not differ when directly 

comparing these parameters between genotypes. To overcome this limitation, we recently added 

more 14-day post-ligation mice to our study and will complete these assessments in the future. 

	
4.3 Future Directions  
 
Our study reveals that EC-FoxO1,3 KD mice have enhanced macro-level blood flow recovery. To 

determine if depleting EC-FoxO1 and 3 can improve microvascular perfusion, intravital 

microscopy techniques can be used to measure real-time arteriole and capillary hemodynamics. 

Similar to our previous work, capillary RBC velocity, lineal density, supply rate, RBC oxygen 

saturation and oxygen delivery rate can be measured in the capillary bed of ischemic muscle 

(Nwadozi et al., 2020). These assessments would provide insight into whether or not the patent 

capillary network of the ischemic muscle is functional and able to adequately meet the oxygen 

demands of regenerating myofibers. With more microvascular structures (responsible for local 

flow distribution) in EC-FoxO1,3 KD ischemic muscle, it could be hypothesized that this 

correlates with improved hemodynamics and perfusion at the level of the myofibers.  

 

Blood perfusion recovery can also be mediated by improved vasodilation of the arterioles. 

Therefore, it can be hypothesized that EC-FoxO1 and 3 depletion can improve post-ischemic 
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vasodilation. EC-mediated vasodilation is predominately controlled by NO derived from eNOS 

activity (Baum et al., 2004). Therefore, measuring the relative abundance of eNOS in Control, EC-

FoxO1 KD and EC-FoxO1,3 KD microvascular fragments could signify their respective 

vasodilatory potential. Potente et al. demonstrated that both EC-FoxO1 and 3 independently 

supress eNOS transcription (Potente et al., 2005). Therefore, eNOS levels are potentially higher in 

microvascular fragments harvested from EC-FoxO1,3 KD compared to EC-FoxO1 KD ischemic 

muscle.  

 

Although our present study revealed EC-FoxO1,3 KD mice have greater post-ischemic 

angiogenesis, the specific mechanisms that explain this phenotype still need further investigation. 

EC-FoxO depletion can induce more angiogenesis by promoting indirect and/or direct mechanisms 

that additively increase capillary expansion. Indirectly, higher blood flow (from either vasodilation 

or arteriole growth) in EC-FoxO1,3 KD mice can enhance EC shear-stress signalling which can 

serve as a pro-angiogenic stimulus. We and others have demonstrated that EC-VEGFR2 auto-

phosphorylates in response to shear stress and triggers a downstream angiogenic program (Chen 

et al., 1999; Gee et al., 2010; Jin Zheng-Gen et al., 2003). Therefore, it would be interesting to 

measure differences in activated VEGFR2 (and associated downstream signals) in ECs isolated 

from ischemic muscle and how this correlates with the cohorts respective angiogenic phenotype. 

More directly, EC-FoxO1 and 3 depletion might also be promoting more pro-angiogenic signals 

within the EC compared to the single absence of EC-FoxO1. To test this hypothesis, various 

mechanisms related to FoxO1 and 3 control of EC cell-cycle progression can be investigated. This 

includes measuring genes redundantly expressed by EC-FoxO1 and 3 including p21 and p27 which 

are responsible for cell-cycle arrest (Eijkelenboom and Burgering, 2013; Zhang et al., 2011). 
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Perhaps the expression of these genes is higher in EC-FoxO1,3– compared to EC-FoxO1-silenced 

ECs. Additionally, knowing that increased metabolism is required for EC cell-cycle progression 

(and hence angiogenesis), future investigations can be aimed to identify how EC-FoxO1 and 3 

depletion can enhance this coupled response. One study reported that EC-FoxO1 supresses the 

function of c-MYC, lowering EC glycolytic and oxidative metabolism, and concomitantly 

reducing vascular growth (Wilhelm et al., 2016). However, this potential has not been established 

for EC-FoxO3. Therefore, it would be interesting to determine if EC-FoxO3 plays an additive role 

in downregulating c-MYC. To elucidate this mechanism, the metabolic profile and expression of 

c-MYC in ECs from Control, EC-FoxO1 KD and EC-FoxO1,3 KD ischemic muscle can be 

measured and correlated with their respective angiogenic phenotype.  

 

Mechanisms for how EC-FoxO1 and 3 depletion can increase post-ischemic arteriole numbers can 

also be explored. Post-ischemic arteriogenesis requires a certain level of EC oxidative stress in the 

form of ROS (Tojo et al., 2005). Interestingly, FoxO proteins are commonly thought to lower ROS 

levels by upregulating anti-oxidant proteins SOD2 and CAT (Klotz et al., 2015). With regards to 

our current study, the combined absence of EC-FoxO1 and 3 can possibly increase ischemia-

induced EC ROS production and, in turn, a pro-arteriogenic phenotype. Therefore, it would be 

intriguing to measure redox homeostasis in microvascular fragments of ischemic muscle to 

identify if EC-FoxO depletion can alter this profile. Additionally, arteriole growth can be 

facilitated by pericyte differentiation into VSMCs through TGFβ1 signalling (Chambers et al., 

2003; Tsai et al., 2009). In future studies, it would be novel to elucidate if FoxO1,3-silenced ECs 

can promote this mechanism of differentiation when cultured with pericytes.    
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As a means to determine how EC-FoxO proteins can contribute to post-ischemic muscle 

regeneration, our current study assessed myofiber cross-sectional areas at day 14. To make a more 

robust conclusion, this assessment should be supplemented with other biochemical and 

histological analyses. This includes developing a time-line of myofiber cross-sectional area growth 

and an expression profile of myogenic regulatory factors (e. g. Pax7, Myf5 and MyoD) in the early 

and late stages of ischemia. This also includes adding a third mouse cohort subjected to 21 days 

of ischemia and conducting limb functional assessments such as whole-muscle contractility 

(Bonetto et al., 2015). This would allow us to assess the end stages of muscle recovery and the 

overall regaining of limb function.  

 

Lastly, it would be novel to investigate mechanisms by which ECs can communicate with various 

cell-types of the skeletal muscle micro niche and how EC-FoxO1 and 3 depletion can alter their 

respective biological profiles. However, this can be challenging to conduct in vivo. Therefore, a 

series of in vitro cell culture experiments or harvesting Control, EC-FoxO1 KD and EC-FoxO1,3 

KD ECs can be performed. Potential mechanisms include: 

 

Endothelial-Immune Cell Crosstalk: It would be novel to determine if EC-FoxO-suppression can 

differentiate macrophages towards a pro- or anti-inflammatory phenotype. This can be achieved 

by culturing ECs with monocytes and measuring an M1/M2 expression profile. Interestingly, ECs 

were shown to differentiate circulating monocytes into M2 macrophages via juxtacrine Notch-Dll1 

signalling in ischemic muscle (Krishnasamy et al., 2017). Therefore, elucidating if EC-FoxO1 and 

3 proteins can modulate Notch-Dll1-mediated M2 signalling would be an intriguing next step. 
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Endothelial-Satellite Cell Crosstalk: Possible mechanisms to elucidate how EC-FoxO proteins 

can influence EC-MuSC cross-talk could also be investigated. FoxO1 and 3 regulation of EC 

metabolism can potentially mediate EC-MuSC crosstalk. It is known EC-FoxO1 and 3 depletion 

enhances EC metabolism when subjected to a growth stimulus (Rudnicki et al., 2018; Salih and 

Brunet, 2008). This results in a concomitant increase in the production and release of lactate from 

the EC. Interestingly, lactate promotes the differentiation and maturation of myotubes (Ohno et 

al., 2019). Therefore, this may serve as a potential paracrine mechanism coupling the function of 

EC-FoxO proteins and the myogenic program.  

 

Endothelial-Fibroblast/FAP Cell Crosstalk: Cytokines regulated by EC-FoxO1 and 3 (e.g. 

TGFβ1) can influence the fibrotic or adipogenic potential of fibroblasts and/or FAP cells (Tidball, 

2017). Potente et al. demonstrated that HUVECs with FoxO3 siRNA increased pro-fibtrotic 

cytokine IL-8 but this did not occur in FoxO1-silenced HUVECs (Potente et al., 2005). IL-8 can 

stimulate fibroblasts to release collagen within the ECM (De Paepe and De Bleecker, 2013). 

Therefore, IL-8 and collagen levels can be measured while culturing FoxO1- and FoxO1,3-

silenced ECs with fibroblasts/FAP cells.  

 
4.4 Conclusion and Significance    
 
My thesis project provides a unique perspective that altering the biological profile of ECs, through 

EC-FoxO1 and 3 depletion, can influence post-ischemic vascular, myogenic and tissue 

remodelling events. We are also the first group to directly compare the singular role of EC-FoxO1 

and the combined role of EC-FoxO1 and 3 in modulating these key events that characterize muscle 

recovery following severe hind limb ischemia. Based on our results, we conclude that EC-FoxO1 

and 3 depletion enhances post-ischemic angiogenesis and arteriolargenesis, blood flow recovery 
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and the potential for enhanced myofiber growth. These positive responses were also correlated 

with enhanced accumulation of fibrotic tissue: a potentially deleterious result. Interestingly, all 

these outcomes were greater in magnitude in EC-FoxO1,3 KD compared to EC-FoxO1 KD mice. 

This suggests that compared to the single depletion of EC-FoxO1, the combined depletion of EC-

FoxO1 and 3 has a more profound role in influencing ischemic muscle outcomes. Altogether, our 

overarching analyses provide a foundation for novel future investigations which include 

elucidating specific mechanisms for how EC-FoxO proteins can modulate EC cross-talk between 

various cells of the skeletal muscle micro-niche. From a clinical perspective, this can provide 

insight into a potential therapeutic target in managing the vascular, inflammatory and myogenic 

events that characterize CLI. Ultimately, my thesis project contributes to a growing body of 

knowledge that aims to develop an effective therapy with the end goal of promoting a more 

favorable PAD prognosis.  
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