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Abstract

Peripheral arterial disease (PAD) affects more than 200 million people worldwide and is
caused by occlusions resulting from atherosclerosis in arteries supplying blood to the lower
limbs. Treatments for limb ischaemia in PAD is an unmet medical need. Novel treatments
are sought to improve limb blood supply and function in PAD patients unlikely to benefit
from existing treatments such as surgical revascularisation, structured exercise programs and
cilostozol. Currently, the main pre-clinical experimental model employed in PAD research
is based on induction of acute hind limb ischemia (HLI) which results in rapid natural
recovery of blood supply to ischaemic tissues. There are concerns regarding the ability to
translate findings from this mouse model to PAD patients and a clinically relevant mouse
model of HLI is lacking. Evidence suggests metformin may be a potential treatment for PAD
and angiotensin converting enzyme 2 (ACE2) may play a role in limb ischaemia. This thesis
aimed to develop a clinically relevant mouse model of PAD that involved a two-stage
induction of HLI and examine the effect of exercise training, metformin and ACE2

deficiency in the two-stage model of HLI.

Two-stage HLI was induced in male Apolipoprotein E (4poE”") deficient mice by slow onset
of severe ischemia over 14 days. This 2-stage HLI model was compared to the acute HLI
model and sham controls. Limb blood supply was assessed by Laser Doppler Perfusion
Imaging (LDI). Ambulatory ability was assessed using a treadmill test and established
scoring scales. Running wheel exercise training was examined in the two-stage mouse model
and limb function was assessed by a treadmill exercise test and blood supply was assessed
by LDI. Next, the effect of metformin on limb ischaemia was assessed by LDI in the two-
stage HLI mouse model. Lastly, the effect of ACE2 deficiency (ACE2"") on limb ischaemia

was examined in the two-stage mouse model of HLI.

HLI was significantly more severe in mice receiving the two-stage compared to the acute
HLI induction procedure as assessed by LDI (p=0.013), and reflected a higher ischemic
score (p=0.003) and lower average distance travelled on a treadmill exercise test (p=0.045).
Mice with two-stage HLI receiving exercise training showed significantly greater

improvement in their ambulatory ability on a treadmill test than the sedentary control group

x1il



(»=0.003). However, limb blood supply was comparable between mice receiving exercise
compared to controls (p=0.700). Mice with two-stage HLI administered metformin had
greater blood supply than mice with two-stage HLI receiving vehicle control (p<0.001). The
two-stage HLI mice receiving metformin had increased adenosine monophosphate kinase
alpha (AMPKa) activity (p=0.041), endothelial nitric oxide synthase (e-NOS) activity
(»p=0.031), nitric oxide (NO) bioavailability (p=0.024), peroxisome proliferator activated
receptor 1 alpha (PGCl-a) expression (p=0.026) and decreased thioredoxin interacting
protein (TXNIP) expression (p=0.038) compared to mice with two-stage HLI receiving
vehicle. ACE2” in mice with two-stage HLI had comparable limb ischaemia to ACE2
unmodified control mice with two-stage HLI (p=0.263).

In conclusion, this thesis showed that the novel two-stage mouse model of HLI had severe
ongoing HLI and functional impairment. Exercise training augmented treadmill walking
capacity in the new mouse model which was independent of changes to limb blood supply
and mirroring patient response to exercise therapy. Metformin administration improved limb
blood supply in the two-stage mouse model of ongoing HLI. Improvement in blood supply
was associated with the upregulation of AMPKa activity, increased activation of e-NOS in
the ischaemic muscles, increased bioavailability of circulating NO, increased expression of
PGCla and reduced expression of TXNIP. This suggests metformin may have potential to
be used as a treatment to improve limb blood supply in PAD patients. ACE2” did not worsen
limb blood supply after two-stage HLI induction suggesting ACE2 may not play an
important role in limb ischemia. The results do not encourage the pursuit of ACE2 for
pharmacological management of PAD in clinical trials and ACE2 is unlikely to be an

important target for improving limb blood supply or function in patients with PAD.
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Chapter 1
General Introduction



1.1 Peripheral artery disease, prevalence, risk factors and diagnosis

Peripheral arterial disease (PAD) is an atherosclerotic disease characterised by stenosis and
occlusion of the arteries supplying blood to the lower limbs (Golledge 1997, Meneses, Nam et
al. 2018). PAD is estimated to affect more than 200 million adults worldwide (Fowkes, Rudan
et al. 2013, Shu and Santulli 2018). The prevalence of PAD is 10% in people aged >55 years,
nearly 20% in individuals >70 years old and 40% in people aged >80 years (Vavra and Kibbe
2009, Hiramoto, Katz et al. 2014, Krishna, Moxon et al. 2015, Burton, Ademi et al. 2016,
Krishna, Omer et al. 2016, Fowkes, Aboyans et al. 2017).

PAD shares similar risk factors to cerebrovascular disease and coronary heart disease including
old age, tobacco smoking, hypertension, dyslipidaemia and diabetes mellitus (Norgren, Hiatt
et al. 2007, Gerhard-Herman, Gornik et al. 2016). PAD is a marker of systemic atherosclerosis,
and PAD patients often have concomitant coronary artery disease or cerebrovascular disease
and are at high risk of events such as myocardial infarction (MI), stroke, amputations and death

(Askew, Green et al. 2005, Olin, White et al. 2016).

Diagnosis of PAD includes a thorough medical history, physical examination including pulse
palpation, ankle brachial pressure index (ABPI) measurement and radiological imaging
(Askew, Parmenter et al. 2014). The most common test used to establish the diagnosis of PAD
is usually the resting ABPI. The resting ABPI is a simple, non-invasive test involving
measuring systolic blood pressures at the arms (brachial arteries) and ankles (dorsalis pedis and
posterior tibial arteries) in the supine position by using a Doppler device. The ABPI of each
leg is calculated by dividing the higher of the dorsalis pedis pressure or posterior tibial pressure
by the higher of the right or left arm blood pressure. Traditionally, ABPI values of 1.00 to 1.30
are considered normal. An ABPI value <0.90 is the recognised cut-off for diagnosis of PAD.
ABPI values between 0.00 and 0.40 indicate severe PAD, values of 0.41 to 0.90 indicate mild
to moderate PAD, values of 0.91 to 0.99 are considered borderline, and values greater than
1.30 indicate non-compressible arteries (Aboyans, Criqui et al. 2012, Gerhard-Herman, Gornik
et al. 2016, Olin, White et al. 2016, Kithcart and Beckman 2018). Other non-invasive tools
used to diagnose PAD include the post-exercise ABPI, toe-brachial index and duplex

ultrasound (Norgren, Hiatt et al. , Gerhard-Herman, Gornik et al. 2016).
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1.2 Symptoms of PAD

PAD patients present with a spectrum of symptoms ranging from asymptomatic to limb
threatening critical limb ischaemia (CLI) requiring amputation. Asymptomatic PAD patients
have faster functional decline, and increased rates of mobility loss compared to people without
PAD (McDermott, Greenland et al. 2001, McDermott, Guralnik et al. 2008, McDermott
2015). The two most common presenting symptoms of PAD are intermittent claudication (IC)
and CLI. IC presents as debilitating pain of the muscles of the lower extremities that is
consistently induced by exercise and consistently relieved by rest. CLI is often preceded by IC
and presents as an advanced limb threatening condition of PAD characterised by chronic (> 2
weeks) ischaemic rest pain, non-healing wounds, ulcers or gangrene (Gerhard-Herman, Gornik

et al. 2016, Kithcart and Beckman 2018).

1.3 Treatments for cardiovascular risk in PAD patients

PAD impairs quality of life in patients and is associated with a greatly increased risk of
major cardiovascular (CV) events, amputation and death. Maintaining the independence and
physical functions of the elderly preserves their lifestyle and dignity and considerably reduces
direct and indirect healthcare costs associated with disability (Norgren, Hiatt et al. 2007,
McDermott 2015, Gerhard-Herman, Gornik et al. 2016).

Treatments for PAD patients are centred on reducing the risk of CV and cerebrovascular
morbidity and mortality and improving limb haemodynamics and limb function in order to
improve mobility, quality of life and prevent amputation (Kithcart and Beckman 2018). Current
guidelines recommended for reducing the incidence of CV and cerebrovascular events in PAD
patients include smoking cessation, antiplatelet therapy, lowering low-density lipoprotein
cholesterol (LDL-C) using statins, blood pressure control and glycaemic control. This is
attempted through aggressive lifestyle modifications and medications (Gerhard-Herman,

Gornik et al. 2016, Kithcart and Beckman 2018).

1.3.1 Smoking Cessation

Smoking is one of the strongest independent risk factors for PAD and may result in a 7-fold
increased risk to develop PAD (Luo, Li et al. 2010). All types of smoking including cannabis,

cigar, pipe, smokeless tobacco, and cigarettes predispose to PAD. In addition, passive smoking
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is associated with increased risk of developing PAD (T Lu and A Creager 2004, Atturu, Homer-
Vanniasinkam et al. 2014, Lu, Mackay et al. 2018).

Smoking is associated with adverse CV events and limb related outcomes including M1, stroke
and amputation (Hisamatsu, Miura et al. 2016). Smoking cessation is recommended for all
PAD patients. Compared to non-smokers, smokers with PAD have shorter life spans and
progress more frequently to CLI and amputation (Uccioli, Meloni et al. 2018). Patients who
quit smoking have lower risk of MI and CV mortality and improved amputation-free survival
compared with patients who continue smoking (Aronow 2007, Armstrong, Wu et al. 2014,
Aboyans, Ricco et al. 2018, Kithcart and Beckman 2018). Strategies to assist patients to quit
smoking include active interventions such as behavioural therapy, nicotine receptor partial
agonists, antidepressants, and nicotine replacement therapy (NRT). Varenicline, bupropion,
and NRT are first line medications, which achieve high-smoking cessation rates and have good
safety profiles (Atturu, Homer-Vanniasinkam et al. 2014, Aubin, Luquiens et al. 2014,
McDonough 2015).

1.3.2 Antiplatelet/Anticoagulation treatments

Antithrombotic strategies are considered a cornerstone therapy for preventing CV events in
patients with PAD (Gutierrez, Mulder et al. 2018). Antiplatelet and anticoagulant agents reduce
the risk of thrombus formation, leading to a reduction in serious vascular events in PAD
patients (Atturu, Homer-Vanniasinkam et al. 2014). The commonly used antithrombotic
medications are cyclooxygenase inhibitors (aspirin), and inhibitors of various platelet surface
receptors including P2Y12 (clopidogrel, prasugrel, and ticagrelor), GPIIb/Illa receptor
antagonists (abciximab, tirofiban, and eptifibatide), dipyridamole, phosphodiesterase 3 (PDE3)
inhibitor (cilostazol), warfarin, direct thrombin inhibitors (dabigatran and bivalirudin), factor
Xa inhibitors (rivaroxaban and apixaban), and heparin (unfractionated, low-molecular-weight
heparin) (Atturu, Homer-Vanniasinkam et al. 2014, Gerhard-Herman, Gornik et al. 2016).
Aspirin is the most widely used antiplatelet agent and leads to a 25% relative risk reduction of
ischaemic stroke, MI, and vascular death (Wong, Chong et al. 2011, Atturu, Homer-
Vanniasinkam et al. 2014).

However, studies of aspirin in PAD patients with diabetes mellitus have been entirely negative
(Belch, MacCuish et al. 2008, Fowkes, Price et al. 2010). In a meta-analysis of 18 prospective
randomised trials comprising 5269 subjects with PAD, aspirin resulted in a 12% reduction of

the combined end point of non-fatal MI, non-fatal stroke, and CV death that failed to reach

4|Page



statistical significance (Berger, Krantz et al. 2009). Clopidogrel has been shown to be more

effective than aspirin in reducing adverse CV events (Berger Jeffrey and Hiatt William 2012).

Aspirin and clopidogrel resistance are a growing concern with increased risk of CV events
(Guirgis, Thompson et al. 2017). Both metabolic and genetic factors are implicated in drug
resistance (Laine, Armero et al. 2013). Prasugrel and ticagrelor have shown to be more efficient
with less incidence of resistance (Kastrati 2012). Individualised therapy with platelet function
testing has been suggested as a strategy to determine specific anti-thrombotics to reduce CV

events in PAD patients (Hess and Hiatt 2018).

1.3.3 Lipid Control

Elevated LDL-C levels are strongly associated with PAD (Murabito, D'Agostino et al. 1997,
Gerhard-Herman, Gornik et al. 2016, Aboyans, Ricco et al. 2018, Kithcart and Beckman
2018). Achieving a serum LDL-C of <I1.8 mmol/L (<70 mg/dL) or decreasing by
approximately 50% if the initial LDL-C level is between 1.8 and 3.5 mmol/L (70 and 135
mg/dL) is recommended for all PAD patients (Piepoli, Hoes et al. 2016). An aggressive
reduction in LDL-C with statins reduces all-cause mortality, cardiac death, and increases
amputation-free survival in patients with PAD (Aung, Maxwell et al. 2007, Pollak and Kramer
2012, Antoniou, Fisher et al. 2014, Kumbhani, Steg et al. 2014). Even in the most advanced
stages of disease, statin therapy is associated with lower 1-year rates of mortality and major
CV adverse events (Westin, Armstrong et al. 2014). In patients with coronary artery disease,
statins reduce stroke risk (Amarenco, Labreuche et al. 2004, Huang, Li et al. 2013). Ezetimibe
is used as an alternative in patients who have contraindications, intolerance or do not respond
to statins (Atturu, Homer-Vanniasinkam et al. 2014). Ezetimibe has been shown to significantly
reduce levels of LDL-C and has been demonstrated to reduce the rate of CV in high-risk
patients (Cannon, Blazing et al. 2015, Hammersley and Signy 2017).

Recently it has been demonstrated that evolocumab, a monoclonal antibody inhibiting the
proprotein convertase subtilisin/kexin type 9, reduces LDL-C and the risk of CV events in
patients with atherosclerotic disease over statins alone (Sabatine, Giugliano et al. 2017,

Bonaca, Nault et al. 2018, Wasserman, Sabatine et al. 2018).
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1.3.4 Hypertension

Hypertension is an independent risk factor for PAD and lowering systolic blood pressure (SBP)
reduces CV events (Aboyans, Ricco et al. 2018). According to the current guidelines, a target
blood pressure <140/90 mmHg is recommended except in patients with diabetes, for whom a
diastolic blood pressure (DBP) <85 mmHg is considered safe (Gerhard-Herman, Gornik et al.
2016, Aboyans, Ricco et al. 2018, Kithcart and Beckman 2018). In patients with PAD, an
appropriate lifestyle and salt intake (<6 g/day) are recommended (Aboyans, Ricco et al. 2018).
Diuretics, beta-blockers, calcium antagonists, angiotensin-converting enzyme (ACE) inhibitors
and angiotensin receptor blockers are all used as antihypertensive treatment, as monotherapy
or in different combinations according to comorbidities (Atturu, Homer-Vanniasinkam et al.
2014, Aboyans, Ricco et al. 2018). Caution should be taken to avoid an SBP decrease below
110-120 mmHg and lowering DBP below 70mm Hg in patients with CV risk factors may
increase the risk of CV events and mortality in older patients, described as a “U” or “J-curve”
association (Bavry, Anderson et al. 2010, Gerhard-Herman, Gornik et al. 2016, Aboyans, Ricco
et al. 2018, Itoga, Tawfik et al. 2018).

A main concern of lowering SBP is that it could theoretically decrease blood supply to the
distal extremities and exacerbate PAD symptoms such as IC and rest pain (Gerhard-Herman,
Gornik et al. 2016, Thomas Manapurathe, Krishna et al. 2017). However, a recent meta-
analysis has suggested that anti-hypertensive treatment does not worsen but may improve leg
ischemia in PAD patients (Thomas Manapurathe, Krishna et al. 2017). Randomised clinical
trials of BP targets focused specifically on lower extremity PAD events as the primary outcome
of interest are lacking and optimal BP targets for PAD events are unknown (Itoga, Tawfik et
al. 2018). Future studies are needed to clarify BP targets for prevention of lower extremity

PAD events (Thomas Manapurathe, Krishna et al. 2017, Itoga, Tawfik et al. 2018).

1.3d Glycaemic Control

Diabetes mellitus (DM) increases the risk of developing PAD by 4-fold and leads to increased
CV and cerebrovascular event rates, both fatal and non-fatal, in patients with PAD and DM
relative to non-diabetic patients with PAD (Thiruvoipati, Kielhorn et al. 2015) (Olin and
Sealove 2010). PAD patients with DM are more likely to experience aggressive manifestations
of disease, such as worsening lower extremity function and ischaemic ulceration, compared

with those with PAD alone (Parvar, Fitridge et al. 2018). The global burden of DM is rising

6|Page



rapidly and it is predicted that the prevalence of DM in Australia could triple over the next 40
years and the challenge of treating PAD patients with DM will be far greater (Deed, Barlow et
al. 2012).

Tight glycaemic control through monitoring of blood glucose and glycated hemoglobin
Aic (HbA1¢) levels may reduce the incidence of M1, stroke, and vascular death (Norgren, Hiatt
et al. 2007). Maintaining HbA1c levels below 7% while avoiding hypoglycaemic episodes is
currently recommended (Atturu, Homer-Vanniasinkam et al. 2014, Parvar, Fitridge et al.
2018). Metformin, insulin and sulphonylureas are the most widely used medication to manage
hyperglycaemia in DM patients. Other medications include dipeptidyl peptidase-4 inhibitors,
glucagon-like peptide-2 analogues and sodium-glucose co-transporter 2 (SGLT-2) inhibitors.

In a recent study, it has been shown that the SGLT-2 inhibitor empaglifozin lowered the risk
of CV death by 43% and all-cause mortality by 38% in PAD patients with DM (Verma, Mazer
et al. 2018). However, lower limb amputation rates were similar to the placebo group. The
SGLT-2 inhibitor canaglifozin has been previously shown to reduce MI, stroke and CV
mortality, however canagliflozin was associated with a higher risk of lower limb amputation
(Neal, Perkovic et al. 2017). It is unclear whether lower limb amputation risk is higher for
specifically canaglifozin treatment or for SGLT-2 inhibitors given that treatment with
empaglifozin showed similar lower limb amputation to the placebo group. Therefore, caution
is advised for DM patients with PAD for the use of SGLT-2 inhibitors due to the potentially
increased risk of lower limb amputation (Everett Brendan and Hiatt William 2016, Parvar,

Fitridge et al. 2018).

1.4 Pathophysiology of PAD and treatment of limb symptoms

1.4.1 PAD pathophyvsiology

The pathophysiological mechanisms underlying the functional impairment and progressive
functional decline observed in PAD are complex and incompletely understood (Treat-
Jacobson, McDermott et al. 2019). Patients with PAD demonstrate a marked reduction in peak
exercise performance and daily ambulatory activity (McDermott, Greenland et al. 2001,

Hamburg and Balady 2011, McDermott 2013).

The main underlying cause responsible for the functional limitations in PAD are atherosclerotic

obstructions, which affect the supply of oxygen and substrates to metabolically active skeletal

T7|Page



muscle and tissues (Hiatt, Armstrong et al. 2015, Treat-Jacobson, McDermott et al. 2019)
(McDermott, Greenland et al. 2001, Hamburg and Balady 2011, McDermott 2013).

In response to arterial occlusions, adaptive revascularisation processes are naturally
stimulated to a variable extent in PAD patients (Silvestre, Smadja et al. 2013, Iyer and Annex
2017). This involves a network of specialised endogenous vessels known as collaterals which
attempt to restore blood supply (Faber, Zhang et al. 2011). The main adaptive revascularisation

processes include arteriogenesis and angiogenesis.

Arteriogenesis involves the rapid transformation of pre-existing collateral vessels and
arterioles into functional collateral arteries so that they can deliver more blood to the limb
(Dragneva, Korpisalo et al. 2013, Krishna, Omer et al. 2016). Three major mechanisms are
recognised to participate in arteriogenesis: shear stress, inflammation and recruitment of bone
marrow-derived vascular progenitor cells to areas of ischemia (Helisch and Schaper 2003,
Voskuil, van Royen et al. 2003, Urbich and Dimmeler 2004, Park, Hoffman et al. 2010). Nitric
oxide (NO) is a critical mediator of each of these mechanisms. Stenosis or occlusions of lower
limb arteries promote changes in shear stress in pre-existing small arteries and arterioles.
Increased shear stress within collateral arteries leads to NO induced vasodilation that results in
an increase in flow through the collaterals. Elevated shear stress promotes inflammation,
recruitment of monocytes and release of various growth factors such as platelet-derived
growth factors (PDGFs) and monocyte chemoattractant protein (MCP)-1, which promote
remodelling of arteries (Helisch and Schaper 2003, Voskuil, van Royen et al. 2003). The
remodelled arteries have enhanced pericyte coverage and increased diameter. Furthermore,
vascular progenitor cells participate in collateral artery remodelling, wherein net conductance
across the collateral vessels is increased compensating to some extent for the occluded arteries

(Helisch and Schaper 2003, Dragneva, Korpisalo et al. 2013, Krishna, Omer et al. 2016).

In PAD, neo-vascularisation in ischaemic tissues located distal to the occlusion commonly
occurs through a process referred to as angiogenesis (Niiyama, Huang et al. 2009).
Angiogenesis is the expansion of the microvasculature because of sprouting of endothelial
cells from pre-existing capillaries. The sprouting of a new capillary network is mediated
through the activation, proliferation and migration of endothelial cells, extracellular proteolysis
and vascular wall remodelling. A number of growth factors, such as hypoxia-inducible growth

factors (HIF-1) and vascular endothelial growth factor (VEGF), as well as cytokines play a
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major role in this process. This eventually results in the formation of new capillaries (Dragneva,

Korpisalo et al. 2013, Krishna, Omer et al. 2016).

In PAD, the efficiency of arteriogenesis and angiogenesis to restore blood supply is
dramatically decreased in the presence of co-morbidities such as old age and risk factors
(Dragneva, Korpisalo et al. 2013, Heuslein, Murrell et al. 2016, Krishna, Omer et al. 2016,
Mohamed Omer, Krishna et al. 2016). Collateral blood flow after major artery occlusion
promoted by arteriogenesis and angiogenesis may be sufficient in some patients to meet
ischaemic skeletal muscle needs at rest. However, collateral circulation is generally not
sufficient to meet oxygen consumption during exercise, which profoundly limits patient’s

physiological activity and quality of life (Sanada, Kanbara et al. 2016).

In addition, to atherosclerotic occlusions, blood supply to ischaemic tissues is further hampered
by endothelial and microcirculatory dysfunction. Episodes of ischaemia-reperfusion caused by
atherosclerotic occlusions leads to inflammation, and oxidant stress within the lower limb
muscles (Schellong, Boger et al. 1997, Bragadeesh, Sari et al. 2005, Brevetti, Giugliano et al.
2010, Brass 2013, Hiatt, Armstrong et al. 2015). Inflammatory mediators can aggravate
endothelial dysfunction and markers, such as interleukin-6, are inversely correlated with
maximum treadmill performance (Nylaende, Kroese et al. 2006, Hiatt, Armstrong et al. 2015).
During ischemia, skeletal muscle mitochondria release free radicals, including superoxide and
other reactive oxygen species (ROS), that are derived from the oxidation—reduction cascade
(Nylaende, Kroese et al. 2006). Reperfusion of ischaemic muscle after exercise leads to
increase in oxidant stress (Hickman, Harrison et al. 1994). These ROS trigger numerous
pathophysiologic pathways, including endothelial dysfunction (Nylaende, Kroese et al. 2006,
Hiatt, Armstrong et al. 2015).

Impaired endothelial function and impaired microvascular perfusion as assessed by flow-
mediated dilation and cuff occlusion has been correlated with the clinical severity of PAD
(Coutinho, Rooke et al. 2011, Grenon, Chong et al. 2014, Meneses, Nam et al. 2018).
Endothelial dysfunction is associated with walking impairment independent of the severity of
impaired limb blood flow (as assessed by ABPI), suggesting that endothelial dysfunction may
contribute to the exercise impairment in PAD (Hamburg and Balady 2011, Grenon, Chong et
al. 2014). In a large cohort of patients from the Edinburgh Artery Study, blood viscosity and

plasma fibrinogen were independently associated with the hemodynamic severity of PAD,
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suggesting that increased blood viscosity also contributes to the symptoms of PAD (Fowkes,

Housley et al. 1991, Coutinho, Rooke et al. 2011, Hiatt, Armstrong et al. 2015).

Evidence suggests that in addition to impaired vasculature, skeletal muscle pathophysiologic
changes contribute to the lower extremity functional impairment and functional decline that is
present in PAD (Hiatt, Armstrong et al. 2015, McDermott 2015, Treat-Jacobson, McDermott
et al. 2019). Numerous pathological changes have been identified in the skeletal muscle of
patients with PAD, including muscle apoptosis and atrophy, increased fibre type switching,
altered myosin heavy-chain expression, and muscle fibre denervation (McGuigan, Bronks et
al. 2001, Askew, Green et al. 2005, McDermott, Hoff et al. 2007, Mitchell, Duscha et al. 2007).
These structural changes may be mediated, partly, by higher levels of inflammatory mediators
in PAD (McDermott, Ferrucci et al. 2007). In the WALCS 1I cohort, including 380 PAD
participants who were followed prospectively after baseline measurement of calf muscle
characteristics, PAD participants with greater CT-measured calf muscle percent fat and lower
CT-measured calf muscle density at baseline each had an increased incidence of mobility loss
at 2-year follow-up (McDermott, Ferrucci et al. 2009). PAD participants in the lowest tertile
of calf muscle density had a 3.50-fold increased hazard of mobility loss at two-year follow-up,
compared to PAD participants in the highest tertile of calf muscle density at baseline. These
associations were independent of age, sex, race, comorbidities, smoking, BMI, and ABPI
(McDermott, Ferrucci et al. 2009). This demonstrates that ischemia related pathophysiologic
changes in lower extremity calf skeletal muscle predicts increased rates of mobility loss

(McDermott 2015).
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Figure I1. Pathophysiology of walking impairment in PAD. Figure shows adaptive

mechanisms inadequate to compensate for the limited blood supply.

1.4.2 Treatments for limb ischaemia in PAD patients

1.4.2a Goal of treatment and outcome measures

PAD affects functional performance, independence in daily living and thus quality of life
(Gerhard-Herman, Gornik et al. 2016). The quality of life of PAD patients centres on their
walking impairment and patients with CLI are concerned with rest pain and the risk of limb
amputation (Kinlay 2013, McDermott 2018). For patients with IC, improving walking
performance and preventing progression to adverse limb related events is a major goal of
treatment (McDermott 2018). In CLI patients, resolution of rest pain, complete ulcer healing,

and avoidance of amputation are major treatment aims (Kinlay 2013).

Treatment efficacy in PAD patients is objectively measured by functional tests (treadmill
walking test and six-minute walking tests) and haemodynamic tests. In the treatment of CLI,
guidelines support primary end points of complete resolution of rest pain, complete ulcer

healing, and avoidance of major amputation (Labs, Dormandy et al. 1999, Kinlay 2013).
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The American Heart Association/American College of Cardiology clinical practice guidelines
for PAD recommend both treadmill exercise testing (Class I recommendation, Level of
Evidence-B) and six-minute walk testing (Class IIb recommendation, Level of Evidence-B) for
objective assessment of changes in walking performance in patients with PAD (Hirsch, Haskal
et al. 2006, McDermott 2015). Treadmill exercise testing is the most commonly used objective
outcome measure in randomised clinical trials studying interventions to improve walking

performance in people with PAD (Treat-Jacobson, McDermott et al. 2019).

Constant load treadmill protocols where the patient is required to walk as far as possible at a
set speed and grade are most commonly used in the clinical setting and enable the response to
an absolute workload to be established and then reassessed after treatment (Kinlay 2013,
Askew, Parmenter et al. 2014). The six-minute walk test has been well validated in patients
with PAD (McDermott, Liu et al. 2013, McDermott, Guralnik et al. 2014, McDermott 2015).
The six-minute walk is usually performed on a 100-foot corridor in which the distance covered

by walking back and forth over 6 minutes is measured (Kinlay 2013, McDermott 2015).

1.4.2b Surgery

Indications for surgical revascularisation in patients with PAD are ischaemic rest pain,
ischaemic ulcers or gangrene, and severe functional disability that interferes with the patient's
lifestyle (Gerhard-Herman, Gornik et al. 2016, Aboyans, Ricco et al. 2018, Golledge, Moxon
et al. 2018). Endovascular or surgical revascularisation of the limb to improve limb circulation
and for limb salvage plays a key role in the management of PAD (Conte and Pomposelli 2015,
Gerhard-Herman, Gornik et al. 2016, Meneses, Ritti-Dias et al. 2017). Surgical approaches to
restoring the arterial blood supply to the legs involves using temporary balloons, permanent
stents or open surgical bypasses (Russell, Homer-Vanniasinkam et al. 2012). Stents and other
peripheral revascularisation procedures have a risk of serious complications (such as major
amputation and death) and poor long-term durability (Golledge, Moxon et al. 2018). Hence,
revascularisation interventions that ensure stable, viable and durable vasculature for patients
with advanced PAD are sought (Bonaca and Creager 2015, Gerhard-Herman, Gornik et al.
2016).

1.4.2¢ Exercise treatment

Exercise therapy is currently recommended as part of the initial treatment for all patients with
IC. Exercise is the most effective non-invasive therapy to improve pain symptoms and

ambulation in IC. A considerable body of evidence and clinical guidelines support the
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management of patients by supervised treadmill exercise and home-based exercise that
incorporate behavioural change techniques significantly improve pain-free and maximal
walking distance in people with PAD (McDermott, Ades et al. 2009, Gardner, Parker et al.
2011, Hamburg and Balady 2011, Fakhry, van de Luijtgaarden et al. 2012, McDermott, Liu et
al. 2013, Askew, Parmenter et al. 2014, Gardner, Parker et al. 2014, McDermott, Ferrucci et
al. 2017, McDermott 2018, Golledge, Singh et al. 2019). The European Society of Cardiology,
American Heart Association and Trans-Atlantic Inter-Society Consensus Document on
Management of Peripheral Arterial Disease have all declared that the evidence supporting
supervised exercise therapy in the treatment of IC is sufficiently robust to merit a Level I
recommendation (Norgren, Hiatt et al. 2007, European Stroke, Tendera et al. 2011, Brass 2013,
Gerhard-Herman, Gornik et al. 2016).

Supervised exercise programmes usually consist of three or four supervised exercise sessions
per week at a central facility (Golledge, Singh et al. 2019). These programmes are, however,
frequently not taken up when offered to patients with PAD, in part owing to the impracticality
of attending a central facility (Makris, Lattimer et al. 2012, Askew, Parmenter et al. 2014,
Harwood, Smith et al. 2016, Golledge, Singh et al. 2019). Lack of reimbursement is an
additional barrier to utilisation of this treatment (Berger Jeffrey and Hiatt William 2012).
Furthermore, supervised exercise programmes are not available in most parts of the world
possibly because of limited evidence on long-term effects (Regensteiner 2004, Morris,

Rodriguez et al. 2014)

There is increasing attention to alternative structured exercise programs that avoid frequent
traveling to a medical centre. Structured community or home-based exercise programs using
clinician-supported and instruction-based techniques have been shown to be effective at
improving walking performance (McDermott, Spring et al. 2018, Pymer, Tew et al. 2018,
Golledge, Singh et al. 2019). Other walking exercise programs such as Nordic walking uses
poles and a core-focused walking technique to reduce the load on the legs. Walking
improvements have been suggested to be similar for patients treated by Nordic and standard
walking programmes (Oakley, Spafford et al. 2017, Golledge, Maarij et al. 2018, Golledge,
Moxon et al. 2018). Other non-walking based, modalities have also been studied, including
cycling, strength training, and arm cranking. These could be useful when walking exercise is
not considered viable. More evidence is needed to clarify differences in training methods

(Parvar, Fitridge et al. 2018).
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The mechanisms that lead to improvement in walking ability after exercise training are poorly
understood (Hamburg and Balady 2011, McDermott 2018, Treat-Jacobson, McDermott et al.
2019). A combination of adaptive mechanisms account for the benefits after training. These
act by reversing some of the pathophysiological processes underlying the condition (Hamburg
and Balady 2011, Treat-Jacobson, McDermott et al. 2019). The majority of studies in patients
that have IC have shown little or no increase in blood flow assessed by ABPI following an
exercise programme, even when significant improvements in walking ability have been
reported (Stewart , Hiatt et al. 2002, Duscha, Robbins et al. 2011, Meneses, Nam et al. 2018).
Studies have consistently shown a poor correlation between leg blood flow assessed by ABPI
and walking ability (Parmenter, Raymond et al. 2010, Duscha, Robbins et al. 2011, Askew,
Parmenter et al. 2014, Meneses, Ritti-Dias et al. 2017, Meneses, Nam et al. 2018). As there is
currently little evidence to support an increase in blood flow as a major factor in the increase
in walking ability after training, other mechanisms may account for the improvements seen
such as improvements in endothelial function and skeletal muscle metabolism and function

(Menard, Smith et al. 2004, Hiatt, Armstrong et al. 2015, McDermott 2018).

1.4.2d Pharmacotherapy for limb ischaemia

Cilostazol is the only Federal Drug Administration approved medication for PAD related
ischaemic symptoms that is recommended by clinical practice guidelines (Sanada, Kanbara et
al. 2016, McDermott 2018). Cilostozol is a phosphodiesterase inhibitor, which improves blood
supply to ischaemic muscles and provides approximately 25 to 40% improvement in treadmill
walking performance in patients with PAD (Gresele, Momi et al. 2011). Despite this, cilostozol
is not publicly funded in Australia as the benefit was deemed to be too modest (Bedenis,
Stewart et al. 2014, Golledge, Moxon et al. 2018). More effective medications are sought to
improve blood supply and limb symptoms.

The mechanisms by which cilostozol causes improvement in walking ability in patients with
PAD is unclear. Antiplatelet and vasodilatory effects have been suggested to be the most likely
causes of cilostozol’s mechanism of action. Cilostazol inhibits both cyclic nucleotide
phosphodiesterase type 3 (PDE3) and adenosine uptake (Liu, Shakur et al. 2001). PDE3
inhibition elevates intracellular cyclic adenosine monophosphate (cAMP) and the inhibition of
adenosine uptake elevates interstitial and circulatory adenosine concentration (Sanada,
Kanbara et al. 2016). In platelets and vascular smooth muscle cells, adenosine increases

intracellular cAMP by activating adenosine A2 receptors. Simultaneous inhibition of PDE3
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and elevation of extracellular adenosine causes a synergistic increase in the concentration of
cAMP within platelets and vascular smooth muscle cells, resulting in potent antiplatelet and
vasodilatory effect (Liu, Shakur et al. 2001). Despite the benefits of cilostazol in improving
quality of life in patients, it is contraindicated in patients with severe renal impairment,
moderate or severe hepatic impairment, and known predisposition to bleeding and in patients
with history of ventricular tachycardia, ventricular fibrillation or multifocal ventricular ectopic
beats, or prolongation of the QTc interval (Real, Serna et al. 2018). Cilostazol has been
associated with a number of spontaneous reports of MI, angina, arrhythmias and serious
bleeding (EMA 2013, Real, Serna et al. 2018). Haemorrhagic events in elderly patients co-
treated with antiplatelets have also been reported (EMA 2013). Alternative effective
pharmacological options are sought for PAD patients due to the concerns of safety with

cilostozol.

Interestingly, in pre-clinical studies, cilostozol has been shown to promote neo-vascularisation
in response to HLI via an e-NOS-dependent mechanism (Hori, Shibata et al. 2012). It has been
suggested cilostozol promotes NO production by e-NOS activation via cAMP/PKA- and
PI3K/Akt-dependent mechanisms (Hashimoto, Miyakoda et al. 2006, Biscetti, Ferraccioli et
al. 2015).

1.4.2¢ A potential target for future drug therapy in limb ischaemia

Current PAD therapies are associated with significant limitations. Cilostozol may not achieve
an ideal response rate, and supervised exercise efficacy may be limited by co-morbidities and
lack of access to facilities (Yoshida, Horimoto et al. 2003). Furthermore, primary endovascular
or open surgical revascularisation may not be feasible, durable or cost-effective. Urgent
medical options are an unmet need for limb ischaemia in PAD patients and targets for effective

medical therapy are required. NO is a potential target for revascularisation in limb ischaemia.

Patients with PAD lack the ability to endogenously increase vascular NO bioavailability,
leading to significant dysfunctions within the vasculature and ischaemic muscles (Woessner,
VanBruggen et al. 2017). NO 1is a critical vasoactive substance which regulates the tissue
response to ischaemia by mediating arteriogenesis and angiogenesis. Three isoforms of nitric
oxide synthases (NOS) generate NO. NO is derived primarily from the activity of endothelial
NOS (e-NOS). The two other isoforms of NOS from which NO is derived are neuronal NOS
and inducible NOS. The oxidoreductase e-NOS catalyses the formation of NO from L-arginine

and oxygen in a reaction requiring calcium/calmodulin, flavin mononucleotide, flavin adenine
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dinucleotide, nicotinamide adenine dinucleotide phosphate (NADPH) and regulatory co-
factors such as tetrahydrobiopterin (BH4) or heat shock protein-90 (HSP90) (Griffith and
Stuehr 1995, Xia, Tsai et al. 1998, Lin, Lin et al. 2004, Sessa 2004).

Dimerisation promoted by regulatory proteins is required for e-NOS to produce NO.
Monomerisation alters function of e-NOS resulting in the production of superoxide instead of
NO. This alteration is referred to as “e-NOS uncoupling” and is a major cause of endothelial

dysfunction (Vasquez-Vivar, Kalyanaraman et al. 1998, Chen, Druhan et al. 2008).

Phosphorylation of e-NOS at Ser 1177 enhances e-NOS enzyme activity to increase NO
bioavailability (Dimmeler, Fleming et al. 1999, Fulton, Gratton et al. 1999). Phosphorylation
of serine 1177 is catalysed by a number of distinct kinases including Akt, protein kinase A
(Chen, Mitchelhill et al. 1999, Bauer, Fulton et al. 2003), 5' adenosine monophosphate-
activated protein kinase, calcium-calmodulin kinase and checkpoint kinase-1 (Butt, Bernhardt
et al. 2000, Boo, Sorescu et al. 2002, Chen, Druhan et al. 2008, Heiss and Dirsch 2014). NO
signalling is classically characterised to occur by its interaction with the iron heme in soluble
guanylate cyclase, causing its activation as the enzyme to produce guanosine 3’-5’-
monophosphate (cGMP) from guanosine 5’-triphosphate (GTP). cGMP activates several
protein kinases subsequently leading to arteriogenesis and angiogenesis (Allen, Giordano et al.
2012). Treatments that modulate e-NOS activity to increase NO bioavailability could have
major therapeutic benefits for patients with PAD (Falconer, Papageorgiou et al. 2018).
Furthermore, revascularisation after induction of acute HLI is severely impaired in e-NOS
deficient mice resulting in poor blood flow recovery and severe limb ischemia (Yu, deMuinck
et al. 2005, Kondo, Shibata et al. 2009, Takahashi, Shibata et al. 2015) suggesting that e-NOS
plays a key role in promoting revascularisation in limb ischaemia. Therefore, drugs which
modulate e-NOS activity and endogenous modulators of e-NOS have potential to play key

therapeutic roles in limb ischaemia.
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1.5 Novel treatments tested for PAD

Numerous pre-clinical studies have shown promising efficacy of a several therapeutic agents
in restoring blood supply to limb ischaemia (Table 1). However, translation of these studies
have been disappointing in clinical trials (Table 1). Clinical trials have not shown
improvements in primary outcome measures such as improved exercise performance,
decreased rates of amputation, or decreased mortality (Lederman, Mendelsohn et al. 2002,
Rajagopalan, Mohler et al. 2003, Kusumanto, van Weel et al. 2006, Powell, Simons et al. 2008,
Tongers, Roncalli et al. 2008, Belch, Hiatt et al. 2011, Dragneva, Korpisalo et al. 2013,
Krishna, Omer et al. 2016).

Pre-clinical studies have suggested that novel cellular and molecular therapies stimulate the
development of new blood vessels in the models tested (Dragneva, Korpisalo et al. 2013,
Krishna, Omer et al. 2016). Several interventions, such as of bone marrow mononuclear cells
(BM-MNC), bone marrow-derived aldehyde dehydrogenase bright cells (ALDH br),
granulocyte-macrophage colony-stimulating factor (GM-CSF), gene transfer of fibroblast
growth factor (FGF) using plasmid based delivery system (NVI1FGF), VEGF, HGF and
development-regulated endothelial locus-1 (Del-1) have been successful in animal models
(Takeshita, Zheng et al. 1994, Tabata, Silver et al. 1997, Morishita, Nakamura et al. 1999,
Ojalvo, Seralena et al. 2003, Yoshida, Horimoto et al. 2003, Zhong, Eliceiri et al. 2003, Fujii,
Yonemitsu et al. 2006, Capoccia, Robson et al. 2009, Yonemitsu, Matsumoto et al. 2013,

Kuwahara, Nishinakamura et al. 2014).

In the phase II placebo-compared randomised-controlled trial PACE (Patients with Intermittent
Claudication Injected with ALDH Bright Cells), patients with claudication and infra-inguinal
PAD received autologous ALDHbr cells (n=38) or placebo (n=40). All patients received ten
injections of placebo or ALDHBTr cells into the thigh and calf of the index leg. Follow up in
the PACE trial after six months, showed no improvement in peak walking time, collateral
count, peak hyperaemic popliteal flow, and capillary blood supply in patients treated by
autologous bone marrow-derived ALDHBTr cells (Perin, Murphy et al. 2017).

The phase IIrandomised-controlled trial PROVASA (Intra-arterial Progenitor Cell
Transplantation of Bone Marrow Mononuclear Cells for Induction of Neovascularisation in
Patients with Peripheral Arterial Occlusive Disease), 40 patients with CLI received either intra-
arterial BM-MNC (n=19) or placebo (n=21), and after 3 months, both groups were treated with
BM-MNC. There was no difference in ABPI or limb salvage at 3 or 6 months (Walter,
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Krankenberg et al. 2011). In the phase II randomised-controlled trial JUVENTAS
(Rejuvenation of endothelial progenitor cells via transcutaneous intra-arterial
supplementation), 160 patients with CLI received 3 separate intra-arterial infusions of BM-
MNC (n=81) versus placebo (n=79), at 3-week intervals, into the common FA of the ischaemic
limb. There were no significant differences in the primary endpoint of 6-month major
amputation rate or the secondary endpoints of quality of life, rest pain, ABPI, or TcPO2 (Teraa,
Sprengers et al. 2015).

The PROPEL (Progenitor Cell Release Plus Exercise to Improve Functional Performance in
PAD) randomised trial examined whether GM-CSF combined with supervised treadmill
walking exercise improves six-minute walk distance more than GM-CSF alone, more than
supervised treadmill exercise alone, and more than placebo in participants with PAD.
Combining GM-CSF with supervised treadmill exercise did not significantly improve six-
minute walk distance more than supervised exercise alone or more than GM-CSF alone. GM-
CSF alone did not significantly improve six-minute walk distance more than placebo

(McDermott, Ferrucci et al. 2017).

Intra-arterial administration of recombinant fibroblast growth factor (FGF) has been reported to
be beneficial in patients with PAD in the Therapeutic Angiogenesis with FGF-2 for intermittent
claudication (TRAFFIC) study (Lederman, Mendelsohn et al. 2002). However, the phase 111
Therapeutic Angiogenesis for the Management of Arteriopathy in a Randomised International
Study (TAMARIS) involving patients from 30 different countries, suggested that non-viral-FGF
gene therapy was not effective in reducing major amputation or death in PAD patients (Belch,
Hiatt et al. 2011).

The double-blinded randomised placebo-controlled phase II study named Regional
Angiogenesis with VEGF in PAD (RAVE) showed no improvement in the primary efficacy
end-point of walking time (Rajagopalan, Mohler et al. 2003).

Trials with plasmid-encoding human HGF in CLI patients have demonstrated no difference in
ABPI, toe-brachial index, pain relief, wound healing, or major amputation (Powell, Simons et

al. 2008, Shigematsu, Yasuda et al. 2010).

A double-blinded placebo-controlled study assessing the effect of plasmid-encoded
angiomatrix protein Del-1 for the treatment of IC [Del-1 for Therapeutic Angiogenesis Trial
(DELTA-1)] also did not find any benefit in the main outcomes assessed such as peak walking

time (Grossman, Mendelsohn et al. 2007).
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Several explanations have been provided to account for the lack of efficacy in clinical trials.
These include inadequate therapeutic doses, insufficient duration of exposure, compromised
delivery and poor vector transduction efficiency (Gupta, Tongers et al. 2009, Dragneva,
Korpisalo et al. 2013, Krishna, Omer et al. 2016). Methodological flaws in clinical studies
include small sample size, lack of reproducible assessments and short duration of testing. In
addition, potential patient-related issues proposed to underlie inefficacy include defects in the
response to angiogenic stimuli due to existing comorbidities, the use of other medications,
circulating angiogenic inhibitors, lack of target receptor expression in target tissues, lack of
viable muscle tissue required for a therapeutic response, and growth factor resistance in a

chronically ischemic environment (Dragneva, Korpisalo et al. 2013).

A major area of concern which accounts for the lack of efficacy in clinical trials is the
overoptimistic conclusions derived from interventions examined in pre-clinical studies
(Dragneva, Korpisalo et al. 2013, Krishna, Omer et al. 2016, Mohamed Omer, Krishna et al.
2016). Animal models that appropriately recapitulate key features of the human disease and
improved pre-clinical study outcome measures and study designs could be essential
prerequisites to progress in developing treatments for PAD (Krishna, Omer et al. 2016,
Mohamed Omer, Krishna et al. 2016)
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Table I1: Examples of cellular and molecular interventions tested in unilateral HLI animal models and clinical trials

Cell-type tested

Pre-clinical
Unilateral HLI

Animal used for HLI
induction

Sample sizes/Groups

Main outcome
assessed in

Results of animal
studies/end-points

Clinical Outcomes of
clinical trials

model used animal models assessed
BM-MNC Excision of the Lewis rats BM-MNCs (5x10° Angiography/ Significant Phase II randomised-
FA (Yoshida, cells; n=6) or PBS IHC development of controlled PROVOSA
Horimoto et al. (n=7) BM-MNCs collateral vessels in | trial: CLI patients
2003) (3x107 cells; n 6) or both BM-MNC- treated with either
PBS (n=7) transplanted groups | intra-arterial BM-
compared to MNC (n=19) or
controls. placebo (n=21) 3
Capillary months, and after 3
endothelial cells months, both groups
were increased in were treated with BM-
both BM-MNC- MNC. There was no
transplanted groups. | difference in ABPI or
limb salvage at 3 or 6
months difference in
ABPI, amputation or
death (Walter,
Krankenberg et al.
2011).
Phase 11 randomised-
controlled
JUVENTAS trial in
CLI patients treated
with BM-MNC (n=81)
versus placebo (n=79):
showed no difference
in amputation, death,
ABPI, ulcer size,
quality of life, rest
pain, TcPO2 (Teraa,
Sprengers et al. 2015).
BM-derived aldehyde Ligation and NOD/SCID $2M null Tail vein injection of | LDI and IHC BM-MNC Phase II placebo-
dehydrogenase bright cells excision of FA or NOD/SCID/MPSVII | PBS (n=8), 50 x administration compared randomised-
(Capoccia, mice 10° BM MNCs improved blood controlled trial PACE
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1999, Taniyama,

of hHGF vector
transfection (n =

measurement of

the origin stem
artery to the distal

Robson et al. (n=16), 5x10° supply and capillary | on IC patients treated
2009) ALDH" (n=18), or 1 density in mice with ALDHbr cells
to 2x10° treated with ALDH | (n=38) compared to
ALDH" cells (n = 8) Br cells placebo controls
(n=40) did not
improve PWT or
magnetic resonance
outcomes, and the
changes in PWT were
not associated with the
anatomic or
physiological
magnetic resonance
imaging end
points. (Perin, Murphy
etal. 2017)

GM-CSF Excision of the C57BL/6N mice GM-CSF (n=5-7) LDI Blood flow GM-CSF did not
FA and vein and PBS (n=5-7) recovery was significantly improve
(Kuwahara, significantly six-minute walk
Nishinakamura et improved in mice distance more than
al. 2014) treated with GM- placebo. Combining

CSF-dependent GM-CSF with

BMCs (Kuwahara, | supervised treadmill

Nishinakamura et exercise did not

al. 2014) significantly improve
six-minute walk
distance more than
supervised exercise
alone or more than
GM-CSF alone.
(McDermott, Ferrucci
etal. 2017)

HGF Ligation and NZW rabbits Control (n=7-8), 100 | Quantitative Increased blood Phase I/II study of
excision of FA png of hHGF vector angiography, supply, CBP ratio HGF plasmid-treated
(Morishita, transfection (n=7-8), | intra-arterial and collateral vessel | CLI patients (n = 78)
Nakamura et al. 250 pg guided wire development from compared with

placebo-treated CLI
patients (n = 26)
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Morishita et al. 7-8), 500 pg of blood flow and point of the
2001) hHGF vector CBP ratio reconstituted parent
transfected HGF vessel was
group (n=7-8) observed in rabbits
receiving IM
injection of hHGF
plasmid once, 10
days after surgery
Sprague—Dawley rats Control (n=5-8), LDI and A dose-dependent
100 pg of hHHGF capillary density | increase in blood
vector transfection by IHC with supply was
(n=5-8), 250 pg alkaline observed in both
of hHGF vector phosphatase HGF and hHGF

transfection (n=
5-8) and 500 pg of
hHGF vector
transfected (n=
5-8)

staining of ECs

transfection

showed no
differences were
observed in the toe-
brachial index, ABPI,
pain relief, wound
healing or major
amputation (Powell,
Simons et al. 2008)
Phase II/III of HGF
plasmid-treated CLI
patients (n=27) with
placebo treated CLI
patients (n=13)
showed no difference
in rest pain, ABPI or
amputation
(Shigematsu, Yasuda
etal. 2010)

FGF (1 and2)

Ligation and
excision of FA
and femoral vein
(Masaki,
Yonemitsu et
al. 2002)

C57BL/6 and BALB/c
nu/nu mice

PBS control (n=10),
SeV luciferase
control (n=10),
SeV-FGF2 (n =10)
and SeV-VEGF165
(n=

10)

LDI, limb
salvage score
and THC

Increased blood
supply, increased
capillary densities
and limb salvage
with IM injection
of SeV-FGF-2
compared with
control vector, PBS

and SeV-VEGF165
accelerated
amputation,
massive muscular
oedema, necrosis
and disturbed
regeneration with
IM injection of
VEGF165;
increased number
of capillaries with

Phase I/I1a clinical
trial showed that
DVC1-0101, a new
vector-based human
FGF-2 gene transfer
(rSeV/dF-hFGF2), in
PAD patients (n = 12)
with rest pain was
safe and well tolerated
and resulted in
improvement of limb
function (Yonemitsu,
Matsumoto et al.
2013)

Phase 1I trial
(TRAFFIC) in
recombinant FGF-2
treated PAD patients
(n=127) resulted in
improved PWT and
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no improvement in
blood supply

ABPI compared with
placebo-treated group
(n=63) (Lederman,
Mendelsohn et al.
2002)

Phase 11l TAMARIS
trial in CLI patients
treated with non-viral-
FGF gene (n=259)
compared to placebo
(n=256) showed no
difference in
amputation or death

Ligation and CCR deficient and Luciferase control LDI and IHC Dominant negative

excision of FA BALB/c nu/nu mice (n=10), SeV mutant-MCP-1

and femoral vein luciferase (n = gene transfer

and their branches 30), SeV mFGF- diminished both

up to and 2(30), mFGF-2 adaptive and FGF-

including the SA luciferase (n=10), 2-mediated

and PA mFGF-2 7ND MCP-1 recovery of blood

bifurcation (Fujii, (n=10) and flow; CCR2-

Yonemitsu et al. luciferase7ND MCP- deficient mice lost

20006) 1 (n=10) approximately40 %
of their limbs
compared with
controls; SeV-
mediated FGF2
gene transfer
significantly but
partially restored
the limb survival of
CCR2-deficient
mice

Ligation and NZW rabbits pGSVLacZ control CBP ratio, pMIJ35 transfectants

excision of FA (n=10) non-secreted | internal iliac had increased

(Tabata, Silver et aFGF (p267,n=10), | arteriography, angiographically

al. 1997)

secreted aFGF
(pMIJ35, n=10)

capillary density
and regional

visible collaterals,
CBP ratio and
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blood flow using

capillary density

excision of FA
(Pu, Sniderman et

=11) and EC growth
factor (n=11)

99mTC macro-
aggregate calf

supply, CBP ratio
and increased

al. 1993, Takeshita, radioisotopic revascularisation in
Zheng et al. 1994) perfusion scan, growth factor-
angiography treated animals
Ligation of CIA Sprague—Dawley rats PBS control (n=8), Blood flow Increased blood
(Makinen, naive control (n=8), imaging by supply and greater
Manninen et al. AdVEGEF treated Colour vascularity in the

2002)

(n=8) and AdNull (n
=8)

microsphere and
99mTC-labelled

Ad-VEGF-treated
group

sestamib
radionucleotide,
angiography and
Histology
Ligation and Wistar rats PBS control (n=3), Bioenergetic AdCMV-VEGF121
excision of FA AdCMV- reserve by NMR | _treated animals
(Mack, Magovern VEGF121(n=6) and spectroscopy showed markedly
etal. 1998, AdCMYV .null (n=5) and IHC improved
Gowdak, Poliakova bioenergetic
et al. 2000) reserve, capillary
density, tissue
blood supply and
spontaneous
collateral vessel
development
Ligation and Beagle dogs Saline control (n=6) | CBP ratio, Increased collateral
excision of FA and VEGF121 angiography, artery development,
(Ojalvo, Seralena plasmid treated (n= vasomotor CBP ratio and
et al. 2003) 6) reserve and blood supply in
haematological | ,VEGFI2! _treated
assays groups. No
significant

coloured and lower vascular
microspheres resistance than
either p267 or LacZ
control
VEGF Ligation and NZW rabbits Saline control (n CBP ratio, Increased blood Phase II clinical trial

(RAVE) showed that
treatment with

AdVEGF121 in PAD
patients (n=72) did
not improve PWT,
quality of life and
claudication onset
time (Rajagopalan,
Mohler et al. 2003)
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modification in
haematological
variables
Del-1 Ligation and NZW rabbits Non-coding plasmids | Angiography, hVEGF and hDel-1 | Phase II clinical trial
excision of FA control (n=3), gene expression | plasmid induced the | showed no
(Zhong, Eliceiri et hVEGF165 plagsmid | by RT-PCR and | formation of 3-fold | improvements in
al. 2003) (n = 6) and hDel-1 CD31 more new blood PWT, claudication
plasmid (n=4) expression by vessels onset time, ABPI in
IHC Del-1 plasmid-treated
Ligation and NZW rabbits Non-coding plasmids | Angiography, hVEGF and hDel-1 | IC patients (n=52)
excision of FA control (n=3), gene expression | plasmid induced the | and placebo-treated
(Zhong, Eliceiri et hVEGF165 plasmid | by RT-PCR and | formation of 3-fold | IC patients (n=53)
al. 2003) (n=6) and hDel-1 CD31 more new blood There were no
plasmid (n=4) expression by vessels significant differences
IHC between groups
Ligation of FA CD1 mice Non-coding plasmid Treadmill run hVEGF and Del-1 (Grossman,
(Zhong, Eliceiri et control (n=7-38), time, capillary were equally Mendelsohn et al.
al. 2003) hVEGF165plasmid(n | myofibre ratio effective in 2007)
=7-8) and hDel-1 determination inducing neovessel
plasmid (n=7—-8) by IHC with formation and
CD31, Del-1 restoring hind-limb
and VEGF165 function

Abbreviations: BM-MNC, bone marrow-derived mononuclear cells; CBP, calf blood pressure ratio; CCR, CC chemokine receptor; CD, cluster
of differentiation; CIA, common iliac artery; FA, femoral artery, DFA, deep FA; hADSC, human adipose-derived stem cells; HGF,
hepatocyte growth factor; FGF, fibroblast growth factor; IHC, immunohistochemistry; IM, intramuscular; NZW, New Zealand white; PWT, peak
walking time; SVF, stromal vascular fraction; VEC; vascular EC; TcPO,, transcutaneous blood pressure index; SeV, Sendai virus; 99mTC,
technetium; AdCMYV, adenoviral cytomegalovirus vector; Del-1, delta-1 .
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1.6 Animal models of HLI

Pre-clinical animal models are indispensable research tools for the development of novel
therapies, the assessment of medical interventions and the study of molecular pathways
involved in disease development. A suitable animal model is potentially important to improve
translation of pre-clinical findings. Large and small animals have been used as research tools
to model PAD in pre-clinical experiments (Waters, Terjung et al. 2004). Large animal models
benefit from the ease of accurate identification of the lower extremity inflow vessels and their
branches, as well as a multitude of blood flow measures that can be used throughout the course
of a study. Usually small animal models, mainly genetically modified mice strains, are
preferred due to the availability of transgenic strains enabling assessment of the effects of
genetic deficiency or overexpression (Hoefer, van Royen et al. 2004). The availability of large
numbers of knockout and transgenic strains, a well characterised genome, ease of maintenance
and handling and the ability to multiply the breeding stock in limited time, makes it less
challenging to plan and conduct experiments in mice (Field 1993, Dragneva, Korpisalo et al.

2013, Krishna, Omer et al. 2016).

Several mouse models have been developed to mimic limb ischaemia of PAD patients.
(Couffinhal, Silver et al. 1998, Nowak-Sliwinska, Alitalo et al. 2018). Several different aspects
that have varied including mouse strain, method of ischaemic induction, risk factors and

monitoring.

1.7 Common mouse models of HLI

Unilateral mouse HLI induction has been usually used as a model to study PAD. This model
permits the use of the contra-lateral extremity as a control within the same mouse. To generate
models of HLI, several surgical techniques are used, which include the ligation of iliac artery,
femoral artery (FA), FA and vein ligation, or a combination with multiple ligation sites. The
surgical procedures are performed under continuous infusion of anaesthetics such as isoflurane
and the animals generally recover within minutes (Krishna, Omer et al. 2016). The degree of
ischaemia obtained using the various surgical procedures depends on the type of surgery,
occlusion site and the extent of lower limb artery involved. Typically, HLI is induced by
various manipulations on the FA with or without the accompanying side branches as illustrated
in Figure I1 (Pu, Sniderman et al. 1993, Couftinhal, Silver et al. 1998, Waters, Terjung et al.
2004, Madeddu, Emanueli et al. 2006, Dragneva, Korpisalo et al. 2013, Krishna, Omer et al.
2016, Nowak-Sliwinska, Alitalo et al. 2018). It is reported that marked differences are observed
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in the degree of ischaemia induced by each approach (Shireman and Quinones 2005, Goto,

Fukuyama et al. 2006).

PRE-CLINICALSURGICAL METHODS FOR HLI INDUCTION

Deep distal Toe necrosis or O R AT

Mild ischemia Acute ischemia =3 e Lhinb pesalysis Ak sonsibation

Figure I1. A simplified diagram showing various surgical techniques commonly employed involving
the FA to induce unilateral HLI, the consequence and their relation to the presentation of lower extremity
ischaemia. (i) Ligation of the FA proximally and distally using silk sutures, (ii) ligation of the FA proximally
and distally plus excision of the intervening segment, (iii) ligation and excision of complete FA and its side
branches, (iv) ligation of proximal FA and the distal saphenous artery and excision of the intervening segment,
(iv) ligation and excision of both the FA and the femoral vein (Adapted from (Krishna, Omer et al. 2016)

1.7.1 Ligation model

The ligation of the FA results in milder ischaemia and blood flow is rapidly restored through
collateral flow resulting with no or limited ischaemia or functional impairment observed
(Figure I1B1) (Couffinhal, Silver et al. 1999, Emanueli, Graiani et al. 2004, Goto, Fukuyama
et al. 2006, Krishna, Omer et al. 2016).

1.7.2 Ligation and excision models

The ligation and excision of the complete FA and its side branches results in distal limb
ischaemia with toe necrosis suggesting the length of occlusion is crucial for the degree of
ischaemia (Figure 11Biii) (Couffinhal, Silver et al. 1998, Goto, Fukuyama et al. 2006, Krishna,
Omer et al. 2016, Nowak-Sliwinska, Alitalo et al. 2018). Severe necrosis of the foot and/or
limb paralysis is reported after ligation of the proximal FA and the distal saphenous artery in
rodents (Madeddu, Emanueli et al. 2006) (Figure I1Biv). The excision of both the FA and
femoral vein is reported to result in acute onset of severe ischaemia, necrosis of the toes, foot
and knee and auto amputation. This approach does not reflect the pathophysiology and clinical

presentations of CLI, since in patients, the symptoms are due to arterial obstruction and related
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complications rather the venous involvement (Figure [1Bv) (Masaki, Yonemitsu et al. 2002,

Goto, Fukuyama et al. 2006, Yu and Dardik 2018).

The most commonly reported method of ischaemia induction is ligation at the proximal and
distal end of the FA followed by excision of the intervening segment (Figure I1Biii)
(Couffinhal, Silver et al. 1998, Morishita, Nakamura et al. 1999, Madeddu, Emanueli et al.
2006, Krishna, Omer et al. 2016, Nowak-Sliwinska, Alitalo et al. 2018). This results in a
moderate to severe limb ischaemia with variable muscle or toe necrosis (Brenes, Jadlowiec et
al. 2012, Krishna, Omer et al. 2016). Additionally, acute ligation and excision usually results
in natural rapid recovery of blood supply in the lower limb and does not reflect chronic ongoing
limb ischaemia which is the most common presentation in patients (Chalothorn and Faber

2010, Nowak-Sliwinska, Alitalo et al. 2018).

1.7.3 Limitation of current models

The major drawback of currently used mouse models of HLI is the rapid recovery of blood
supply in the ischaemic limb. Acute vessel occlusion in animal models result in recruitment of
pre-existing collaterals to bypass the occlusion. The occlusion generates a pressure gradient
between the proximal and distal ends of the occluded vessel, resulting in a redirection of blood
flow towards the collaterals. Subsequently, the increased flow triggers a rise in collateral artery
wall shear stress, alters endothelial gene expression and promotes rapid arteriogenesis (Pipp,
Boehm et al. 2004, Heil, Eitenmuller et al. 2006, Dragneva, Korpisalo et al. 2013). Evidence
in the literature illustrates the remarkably fast recovery of blood supply after sudden occlusion
of a major artery in animal models of experimental ischemia, suggesting the existence of a
strong endogenous compensatory collateral response (Tang, Chang et al. 2005, Yang, Tang et

al. 2008, Dragneva, Korpisalo et al. 2013, Mohamed Omer, Krishna et al. 2016).

Furthermore, an acute arterial occlusion activates inflammatory responses within ischaemic
tissues which may partially promote angiogenesis and muscle regeneration (Silvestre, Bergaya
et al. 2001). The response involves: the recruitment and activation of inflammatory cells;
VEGF-induced activation, proliferation and migration of endothelial cells; and activation of
satellite cells within ischemia ischaemic muscles (Dragneva, Korpisalo et al. 2013). These
events promote angiogenesis and regeneration of the ischaemic muscle. Thus, adaptive
arteriogenesis and angiogenesis contribute to the recovery of blood flow and muscle function

in animal models with acutely ischemia. In contrast, these endogenous recovery mechanisms
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do not function sufficiently in patients with chronic ischaemic symptoms and co-morbidities
(Dragneva, Korpisalo et al. 2013). The severity of experimental ischaemia induced also
depends on the location and length of artery occlusion and also on the capacity for
arteriogenesis and angiogenesis in the species used (Hellingman, Bastiaansen et al. 2010, Lotfi,
Patel et al. 2013, Krishna, Omer et al. 2016, Thomas, Thirumaran et al. 2016, Nowak-
Sliwinska, Alitalo et al. 2018).

1.7.4 Gradual constriction model of HLI

The major limitations of the currently used HLI models is the acute nature of generating
ischemia and the rapid recovery of blood supply, whereas in the patients with PAD ischemia
develops over several years and collaterals are inefficient in compensating ischaemic tissues
(Aranguren, Verfaillie et al. 2009, Dragneva, Korpisalo et al. 2013, Lotfi, Patel et al. 2013,
Krishna, Omer et al. 2016, Mohamed Omer, Krishna et al. 2016). The acute induction of HLI
in current models result in sudden changes in fluid shear stress within collateral arteries to alter
gene expression patterns through shear responsive elements. This subsequently promotes
arteriogenesis and angiogenesis to restore blood supply to the ischaemic tissues (Topper and
Gimbrone Jr 1999, Garcia-Cardena, Comander et al. 2001, Tang, Chang et al. 2005).

Ameroid constrictors have been used to model gradual stenosis of the FA. This approach has
been used in rabbits, rats and mice (Baffour, Garb et al. 2000, Tang, Chang et al. 2005, Yang,
Tang et al. 2008). An ameroid constrictor is an inner ring of casein that is surrounded by a
stainless steel sheath. Casein is a hygroscopic substance that swells as it slowly absorbs body
fluid. The stainless steel sheath forces the casein to swell inwardly. When placed on the FA in
vivo, the inner diameter of the ameroid constrictor narrows gradually constricting the artery
(Baffour, Garb et al. 2000, Tang, Chang et al. 2005, Yang, Tang et al. 2008). The nadir in blood
supply within this model is gradually reached in 14 days after placing ameroids (Yang, Tang
et al. 2008). The rate of blood flow recovery is poor with ameroids compared to the HLI model
of FA ligation and excision (Yang, Tang et al. 2008). The expression levels of several genes
crucial for the response to ischaemia (including HIF-10, and VEGF) within the gastrocnemius
muscle was different in this model than seen within acute HLI models. The extensive muscle
necrosis seen within acute models was not reported. The pressure gradients across the collateral
arterial beds were low and e-NOS and early growth response-1 genes were not significantly
activated to induce collateral artery enlargement (Tang, Chang et al. 2005, Yang, Tang et al.
2008). Gradual constriction through ameroids are thought to better recapitulate the
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pathophysiology and atherosclerotic stenosis than acute occlusion (Baffour, Garb et al. 2000,
Tang, Chang et al. 2005, Yang, Tang et al. 2008, Dragneva, Korpisalo et al. 2013, Krishna,
Omer et al. 2016). However, ameroid based occlusions do not cause severe ischemia
(Dragneva, Korpisalo et al. 2013, Nowak-Sliwinska, Alitalo et al. 2018). Instead, ameroid
occlusion results in mild ischaemia to which the muscles adapt effectively compared to acute
arterial occlusion (Dragneva, Korpisalo et al. 2013). This suggests that ameroid constriction
alone may be inadequate to overcome efficient collateral compensation of blood supply.
Ligating and excising the FA after slow onset of ischaemia by ameroids may mitigate

compensation of blood supply by collaterals arising from the FA.

1.8 Risk factors in models of HLI

Patients with PAD usually have a number of risk factors including smoking, diabetes,
hypertension, older age and dyslipidaemia (Gottsdter 2006, Krishna, Omer et al. 2016,
Mohamed Omer, Krishna et al. 2016). Few pre-clinical studies have incorporated such risk
factors within the animal model employed (Mohamed Omer, Krishna et al. 2016).
Atherosclerosis is the leading cause of PAD. Most HLI studies use non-atherosclerotic mice
which may exhibit faster recovery to angiogenic therapy during ischaemia. Apolipoprotein E-
knockout (4poE~"") and low density lipoprotein receptor knockout mice are commonly used to
simulate the effects of atherosclerosis and dyslipidaemia (Seo, Lombardi et al. 1997, Lotfi,
Patel et al. 2013). Notably, ApoE '~ C57BL/6 mice develop significant atherosclerotic lesions,
exhibit delayed recovery from ischaemia and respond poorly to angiogenic therapy (Balestrieri,
Lu et al. 2010, Dragneva, Korpisalo et al. 2013). Another drawback of using healthy young
animals for FA ligation models is that collateral formation occurs rapidly in younger animals
in contrast with PAD patients (Madeddu, Emanueli et al. 2006, Mohamed Omer, Krishna et al.
2016). Smoking, diabetes mellitus and hypertension are also major risk factors for PAD and
important determinants of recovery from ischaemia in both animals and patients (Waters,
Terjung et al. 2004, Dragneva, Korpisalo et al. 2013, Mohamed Omer, Krishna et al. 2016).
Angiogenesis, arteriogenesis and recovery of blood supply are diminished in the presence of
these risk factors (Waters, Terjung et al. 2004, Dragneva, Korpisalo et al. 2013, Lotfi, Patel et
al. 2013, Krishna, Omer et al. 2016, Mohamed Omer, Krishna et al. 2016). These limitations
can potentially be overcome by performing studies within pre-clinical models that incorporate

some or all of the risk factors common in patients.
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1.9 Differences in mouse strains of HL.I

The most common mouse strain used for HLI studies is the C57BL/6 background mouse. Many
studies have shown strain-based differences between immunocompetent C57BL/6 and Balb/C
background mice, owing to genetic heterogeneity (Dragneva, Korpisalo et al. 2013, Krishna,
Omer et al. 2016). For example, BALB/c mice showed significantly reduced recovery of blood
flow after FA ligation compared with C57BL/6 (Scholz, Ziegelhoeffer et al. 2002, Fukino, Sata
et al. 2003). The arterial tree structure also differs between the two species, with BALB/c
having fewer pre-existing collaterals (Helisch, Wagner et al. 2006, Chalothorn, Clayton et al.
2007, Thomas, Thirumaran et al. 2016). Dokun et al. identified that the quantitative trait loci
LSg-1 (loss of tissue after ischaemia) on chromosome 7 of the C57BL/6 mouse strain
contributes a protective allele to prevent limb necrosis after induction of HLI (Dokun, Keum
et al. 2008). Recently, Sealock et al. carried out congenic mapping to refine the loci on
chromosome 7 (Candgl) and its candidate genes to create an isogenic strain set with extreme
difference in collateral extent to assess their role in ischaemic injury (Sealock, Zhang et al.
2014). The candidate gene identified in the refined loci is now designated as determinant of
collateral extent-1 (Dce-1). This study further demonstrated that genetic background-
dependent variation in collaterals variation is a major factor underlying differences in
ischaemic tissue injury (Sealock, Zhang et al. 2014). In short, among the various strains of
common laboratory mice, BALB/c is most susceptible to the development of ischaemia as it is
reported to have slower recovery after induction of HLI and is more susceptible to tissue
necrosis and limb loss after FA ligation (Helisch, Wagner et al. 2006). This strain may therefore
be most appropriate to use in studies of CLI (Krishna, Omer et al. 2016). On the other hand,
C57BL/6 mice might be more appropriate as a model of IC (Lotfi, Patel et al. 2013) due to the
presence of extensive pre-existing collateral circulation (Limbourg, Korff et al. 2009,
Hellingman, Bastiaansen et al. 2010). The severity of tissue necrosis resulting from HLI is
reported to vary among mouse strains due to genetic variability. For example, DBA/1J mice
have a higher incidence (50%) of necrosis following HLI than C57Bl/6J (20%) or BALB/c
(17%) mice (Goto, Fukuyama et al. 2006, Krishna, Omer et al. 2016).
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Table I12. Characteristics of pre-clinical studies of HLI using mice which may underlie

poor translatability to clinical trials.

Characteristic

Use in pre-clinical studies

Disadvantages

Mouse models

Commonly used models
include ligation of FA and
ligation and excision model of
FA.

Variable ischaemia develops from mild
to severe. Most widely used FA ligation
and excision model results in natural
rapid recovery of blood supply in the
ischaemic limb (Tang, Chang et al. 2005,
Yang, Tang et al. 2008, Dragneva,
Korpisalo et al. 2013, Krishna, Omer et
al. 2016, Mohamed Omer, Krishna et al.
2016).

Outcome measures
(functional)

Functional endpoints
assessments uncommon (when
used subjective scoring of
limb function usually
performed) (Krishna, Omer et
al. 2016)

Do not mirror functional end-points in
clinical trials which include treadmill
testing and six-minute walk test.

Co-morbidities (age,

Risk factors and co-

The absence of co-morbidities causes

atherosclerosis) morbidities not usually rapid recovery from ischaemia naturally
present, young healthy mice and mice respond effectively to
are commonly used. revascularisation therapy (Krishna, Omer
et al. 2016).
Strains Commonly used C57BL/6 C57BL/6 shows rapid recovery from

ischaemia due to greater collateral
density.

BALB/c mice demonstrate significantly
less recovery of blood flow after FA
ligation compared with C57BL/6
(Krishna, Omer et al. 2016).

Abbreviations: FA; femoral artery
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1.10 Common outcome assessments in HLI studies

1.10.1 Measurement of limb ischaemia

In addition to the type of model employed, a major determinant of the future success of pre-
clinical models, in terms of both experimental efficacy and translational value, is the evaluation
of outcomes (Leonardo, Robbins et al. 2012).

Most studies of the unilateral HLI model report blood supply within the operated limb in
comparison with the un-operated contralateral limb. The most common method used in HLI
studies to assess blood flow is laser Doppler perfusion imaging (Greco, Ragucci et al. 2013,
Matsui, Watanabe et al. 2017) (LDI). This non-invasive technique is used widely to monitor
the effect of various surgical induction methods, drugs or cell therapies on limb blood supply.
LDI has been widely used to monitor revascularisation responses after therapeutic interventions
within HLI models in mice (Couffinhal, Silver et al. 1998, Lloyd, Yang et al. 2001, Taniyama,
Morishita et al. 2001, Dragneva, Korpisalo et al. 2013, Krishna, Omer et al. 2016, Mohamed
Omer, Krishna et al. 2016). LDI enables real-time assessment of microcirculation throughout
the time frame imaged. LDI technique causes minimal distress to mice and allows non-terminal
assessment of physiological superficial blood supply of the limbs. Laser Doppler measures the
total local microcirculatory blood supply including the blood supply in capillaries, arterioles,
venules and shunting vessels. Laser Doppler detects shifts in the frequency of laser light after
it interacts with moving components of tissues such as red blood cells (Humeau, Steenbergen
et al. 2007, Limbourg, Korff et al. 2009, Greco, Ragucci et al. 2013, Krishna, Omer et al. 2016).
LDI is a non-invasive system that measures flux within tissues. A moving mirror directs
reflected laser light from moving red blood cells to a photodetector. Subsequent processing
results in a two-dimensional colour-coded image of flux (Limbourg, Korff et al. 2009, Greco,
Ragucci et al. 2013). Measurements are expressed in arbitrary Perfusion Units (PU). The
unilateral HLI model permits the use of the contra-lateral extremity as a control (Krishna, Omer

et al. 2016).

1.10.2 Examination of gross tissue necrosis and limb function

Limb appearance and function after ischaemia induction are assessed in reported studies by
observer relative grading methods. Clinical signs manifested due to poor or occluded blood
flow to the limb are usually semi-quantitatively assessed by gross examination of the degree
of necrosis on the ischaemic limb. A ‘clinical score’ grading based on the number of necrotic

toes is suggested to be useful in assessing the recovery from ischaemia achieved by different
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therapies and is reported to have low inter-observer variability (Madeddu, Emanueli et al.
2006). The severity of tissue necrosis in the ischaemic limb has been previously assessed using

the following scale:

Score  Description

0 No necrosis

1 One toe

2 2 or more toes
3 Foot necrosis
4 Leg necrosis

5 Auto amputation of the leg
(Shireman and Quinones 2005).

A more elaborate scoring system developed by Chalothorn et al. called ‘index of ischaemia’ or
‘foot appearance’ ranged from 0 to 11 [0O=normal, 1-5=cyanosis or loss of the nail(s), the score
representing the number of affected nails; 6—10=partial or complete atrophy of the digit(s), the
score reflecting the number of affected digits; 11=partial atrophy of the fore foot (Chalothorn,
Clayton et al. 2007).

In a subsequent study, the same authors presented a more simplified ‘index of ischaemia’ as:

Score  Description
0 Normal

1 cyanosis or loss of the nail(s)
2 partial or complete atrophy of the digit(s)
3 dry necrosis beyond the digits into the front part of
foot
(Chalothorn and Faber 2010, Krishna, Omer et al. 2016)

A commonly used functional scoring system for the usage of the hind limb represents an index

of muscle function, represented as:

Score  Description

0 Normal
1 No toe flexion
2 No plantar flexion

3 Dragging of the foot
(Chalothorn and Faber 2010).
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Chalothorn and Faber, developed another scoring system for muscle function, named ‘clinical

use score’, which grades the ischaemic hind limb usage as:

Score  Description

0 Normal toe and plantar flexion
1 No toe but plantar flexion
2 No toe or plantar flexion

3 Dragging of the foot

(Chalothorn and Faber 2010).

The use of these scoring systems varies in different studies and in many cases the inter-observer
variation in assessment is not reported. Furthermore, even though the assessment of the gross
appearance of tissue necrosis and functional defects are considered in these types of scoring
systems, the scores are subjective and not reported to be conducted by personnel blinded to any

intervention being assessed (Krishna, Omer et al. 2016).

1.10.3 Assessment of functional outcomes in HLLI models

The quality of life in PAD patients is mainly affected due to exercise related functional
limitation (Krishna, Omer et al. 2016). In clinical trials, patients with IC are primarily assessed
for improvement in pain-free walking capacity on treadmills or in corridor walking tests
(Regensteiner, Gardner et al. 1997, Garg, Tian et al. 2006, Gardner and Afaq 2008), whereas
patients with CLI are assessed in terms of limb pain and salvage (Krishna, Omer et al. 2016).
Hence, it would be appropriate that PAD pre-clinical animal models incorporate similar
outcome measures (Krishna, Omer et al. 2016). Clinically relevant outcome measures in pre-

clinical studies may help to better determine interventions for translation to patients.

Treadmill walk testing and six-minute walk testing are used for objective assessment of
changes in walking performance in patients with PAD (Hirsch, Haskal et al. 2006, McDermott,
Liu et al. 2013, McDermott, Guralnik et al. 2014, McDermott 2015). Functional tests are very
rarely performed to assess walking impairment in pre-clinical experiments. It would be
appropriate to have similar objective outcome measure to better extrapolate pre-clinical
findings of HLI before testing potential interventions in patients (Krishna, Omer et al. 2016).
In this regard, treadmill endurance exercise tests have been used in a few pre-clinical studies
(Baltgalvis, White et al. 2014, Marcinko, Bujak et al. 2015). It has been suggested that open
field tests in mice mirror the six-minute walk test in patients (Tatem, Quinn et al. 2014). In

animal models of neuromuscular disease, the open field (OF) test is widely used for assessing
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locomotive impairment and could have potential in assessing ambulatory ability in HLI models

(Ijomone, Olaibi et al. 2014, Tatem, Quinn et al. 2014).

1.10.4 Response to exercise training in current animal models of HLI

Exercise therapy is an effective non-invasive modality to improve walking in IC patients. The
majority of studies in patients that have IC have shown little or no increase in blood flow
assessed by ABPI following an exercise programme, even when significant improvements in
walking ability have been reported (Stewart , Hiatt et al. 2002, Duscha, Robbins et al. 2011,
Meneses, Nam et al. 2018). However, in experimental models of acute HLI, exercise training
has been shown to augment recovery of blood supply to ischaemic muscles (Yang, Dinn et al.
1990, Yang, Prior et al. 2008, Cheng, Kuzuya et al. 2010, Rokutanda, Izumiya et al. 2011).
Experimental models of HLI mimicking patient response to exercise training would be valuable
in better understanding the underlying mechanisms associated with functional improvements

to exercise.

Recommendations which have been suggested to develop a clinically relevant mouse model of

HLI (Krishna, Omer et al. 2016) are as following:

1) A mouse model of HLI should simulate the pathophysiology of PAD through slow
onset of ischaemia that ultimately leads to substantial and ongoing limb ischaemia

evidenced by functional impairment;

2) Consideration should be given to incorporation of common risk factors present in

patients, such as older age, diabetes or smoking in the mouse model of HLI;

3) Outcome assessments common in human trials which include functional measures

should be used for characterising HLI in the mouse model;

4) A mouse model of HLI should demonstrate clinically relevant response to established

treatment of PAD such as exercise training.

1.11 Emploving a clinically relevant mouse model for assessing a potential treatment

The establishment of a clinically relevant mouse model of HLI with features of PAD facilitates
the assessment of potential drugs and the identification of endogenous drug targets for limb

ischaemia. Modulating e-NOS activity to improve NO bioavailability has been suggested to be
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a potential target for medical therapy. NO is an important modulator of the adaptive response
to limb ischaemia in PAD. NO and e-NOS modulating drugs are of great interest for therapeutic
revascularisation for limb ischaemia. Evidence suggests that the biguanide drug metformin
may have potential for revascularisation in limb ischaemia (Sirtori, Franceschini et al. 1984,
Montanari, Bondioli et al. 1992, Takahashi, Shibata et al. 2015). Metformin is the first line
pharmacological therapy used to manage hyperglycaemia in patients with type 2 DM (Saisho
2015). As a generic, low-cost drug, metformin could have an impact in both high and low
resource health systems. Metformin has gained popularity recently as a drug with potential to
be repurposed for treatment of numerous diseases (NIH 2018). Repurposing of approved drugs
for new clinical indications is an area of significant interest (Corsello, Bittker et al. 2017). Drug
repurposing is the identification of new therapeutic indications for known drugs. These drugs
can either be approved and marketed compounds used daily in a clinical setting, or they can be
drugs that have not succeeded in clinical trials and discontinued (Barratt and Frail, 2012). A
major advantage of repurposing compounds is that a wealth of pharmacokinetic,

pharmacodynamic and toxicological effects have already been determined (Nosengo 2016).

Metformin is well tolerated, and ongoing trials evaluating its use in men without diabetes report
low discontinuation rates of approximately 4% (Gillessen, Gilson et al. 2016). Lactic acidosis,
the most serious side effect of metformin use in diabetic patients, is very rare and rates are
comparable between untreated diabetic patients and those treated with metformin (Salpeter,
Greyber et al. 2003). Lactic acidosis is also suggested to be caused by underlying diabetes
rather than metformin treatment (Salpeter, Greyber et al. 2003, Gillessen, Gilson et al. 2016).

Metformin has a mild and transient inhibitory effect on the mitochondrial complex 1 of the
electron transport chain (Rena, Pearson et al. 2013, Saisho 2015). This induces a drop in
cellular energy charge resulting in a fall of the cellular ATP concentration and an increase in
both ADP/ATP and AMP/ATP ratios (Rena, Pearson et al. 2013). This activates adenosine
monophosphate kinase (AMPKa), a critical energy sensor of cellular energy homeostasis that
integrates multiple signalling networks to coordinate a wide array of compensatory, protective,
and energy-sparing responses (Viollet, Guigas et al. 2012). Metformin has been demonstrated
to lead to phosphorylation of e-NOS resulting in increased NO bioavailability (Takahashi,
Shibata et al. 2015). Therefore it is interesting to explore metformin for therapeutic
revascularisation in limb ischaemia (Rena, Pearson et al. 2013, Takahashi, Shibata et al. 2015).
Small uncontrolled clinical studies have suggested that metformin can improve blood supply

in patients with PAD (Sirtori, Franceschini et al. 1984, Montanari, Bondioli et al. 1992).

37|Page



Metformin has also been recently reported to improve hind limb blood supply within the acute
HLI model by increasing AMPKa and e-NOS activity within ischaemic muscles in order to

promote angiogenesis (Takahashi, Shibata et al. 2015).

Activation of AMPKa by metformin has been demonstrated to lead to phosphorylation of e-
NOS resulting in increased NO bioavailability, which could subsequently promote
revascularisation (Rena, Pearson et al. 2013, Takahashi, Shibata et al. 2015). It has been
previously reported that metformin does not promote recovery of blood supply in e-NOS
deficient mice in which acute HLI is induced (Takahashi et al., 2015). These findings strongly
suggests e-NOS is a key mediator of the action of metformin on limb reperfusion (Takahashi,

Shibata et al. 2015).

Additional proposed mechanisms which could improve microcirculatory function by
metformin include limiting oxidative stress and favouring mitochondrial biogenesis (Hamburg
and Balady 2011) (Steven, Daiber et al. 2017). Endothelial cell migration and proliferation are
key processes in revascularisation (Goveia, Stapor et al. 2014). The endothelial-driven
proliferative response requires upregulation of mitochondrial mass and function (Tang, Luo et
al. 2014). Such mitochondrial biogenesis requires the coordinated replication and expression
of mitochondrial DNA with the parallel expression of nuclear-encoded mitochondrial genes
(Uittenbogaard and Chiaramello 2014). A key regulator of this process is PGC-la
(Uittenbogaard and Chiaramello 2014). PGC-1a promotes acceleration of angiogenesis by ECs
through mitochondrial biogenesis which meets EC metabolic demands during proliferation
(Rowe, Jiang et al. 2010). Metformin has been previously reported to upregulate PGCla in
skeletal muscles through AMPKa stimulation (Jager, Handschin et al. 2007, Fernandez-Marcos
and Auwerx 2011).

Oxidative stress impairs endothelial function and is associated with impairment of
revascularisation in PAD (McDermott 2015). Thioredoxin is an antioxidant protein which
regulates the redox response to oxidative stress by maintain the reducing environment of tissues
(Nishiyama, Matsui et al. 1999). Metformin has also been reported to attenuate oxidative stress
by, for example, downregulating expression of thioredoxin interacting protein (TXNIP) which
has been suggested to be a critical protein in promoting severe limb ischemia in diabetes
(Chong, Chan et al. 2014, Zhang, Pang et al. 2015). Oxidative stress and mitochondrial
biogenesis have been previously shown to be associated with muscle changes relevant for

functional improvements resulting from limb ischaemia. TXNIP is a negative regulator of TRX
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and has been shown to have adverse effects on ischemia and oxidative stress (Dunn, Buckle et
al. 2010). TXNIP knockdown has been shown to rescue blood-flow impairment and improve
functional recovery in ischaemic hindlimbs (Dunn, Simpson et al. 2014). Normalisation of
hyperglycemia-induced TXNIP expression to non-diabetic levels has been reported to rescue
diabetes-related impairment of ischemia-mediated angiogenesis (Dunn, Simpson et al. 2014).
In addition, TXNIP has been shown to enhance ischemia-reperfusion injury in response to
acute hyperglycemia (Yoshioka, Chutkow et al. 2012). TXNIP knockdown is associated with
increased e-NOS expression and NO production (Wu, Zheng et al. 2013, Dunn, Simpson et al.
2014). In ischemia/reperfusion injury, TXNIP is associated with harmful consequences by
promoting oxidative damage in tissues via its pro-oxidative effects (Lane, Flam et al. 2013).
Metformin has been reported to reduce the expression of TXNIP through AMPKa activation
in aortic ECs (Li, Kover et al. 2015).

1.12 Emploving a clinically relevant mouse model of HLI for assessing a potential target

Endogenous compounds which modulate e-NOS activity could play important roles for
improving revascularisation in limb ischaemia (Forte, Conti et al. 2016). Activity of e-NOS
could be enhanced through phosphorylation at serine 1177 or e-NOS dimerisation by
regulatory proteins (Forte, Conti et al. 2016). In this regard evidence suggests angiotensin
converting enzyme 2 (ACE2) could be an important modulator of e-NOS activity (Zhang,
Wang et al. 2014). ACE2, a zinc metalloprotease, is an important component of the renin
angiotensin system (Santos, Sampaio et al. 2018). ACE2 catalyses the conversion of
angiotensin II (Ang II) to angiotensin-(1-7) (Ang-(1-7) (Rabelo, Todiras et al. 2016, Santos,
Sampaio et al. 2018). Ang-(1-7) is an endogenous ligand for the G protein-coupled Mas
receptor, which is a cell surface receptor that is highly expressed within the vascular system
(Rabelo, Alenina et al. 2011). Ang-(1-7) signalling promotes phosphorylation of e-NOS and
release of NO via phosphatidylinositol 3-kinase-protein kinase B (PI3K-protein kinase B) and
Akt (Sampaio, Souza dos Santos et al. 2007, Dias-Peixoto, Santos et al. 2008). Ang 1-7
promotes angiogenesis and neo-vessel maturation in vivo through the Mas1 receptor (Lovren,

Pan et al. 2008, Forte, Conti et al. 2016).

Ang II has been reported to promote the uncoupling of e-NOS by depleting regulatory co-
factors (HSP-90 and BH4) required for e-NOS dimerisation, thereby increasing superoxide
generation and limiting NO bioavailability (Lin, Lin et al. 2004). Ang II mediates
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effects via complex intracellular signalling pathways that are stimulated after binding to its
main G-protein-coupled cell-surface receptor receptor Ang Il type 1 (ATiR). Ang I, via ATR,
induces phosphorylation of multiple tyrosine kinases, including c-Src, Janus family kinases
(JAK), focal adhesion kinase, protein tyrosine kinase 2, p130Cas, and PI3K (Nguyen Dinh Cat,
Montezano et al. 2013). Ang II signalling promotes nicotinamide adenine dinucleotide
phosphate oxidase (NOX) activity, a major source of ROS in the vasculature (Montezano,
Nguyen Dinh Cat et al. 2014) (Santillo, Colantuoni et al. 2015). NOX activation increases ROS
which oxidise and depletes regulatory co-factors such as HisB to induce H.B deficiency
(Nguyen Dinh Cat, Montezano et al. 2013, Li, Youn et al. 2015). Depletion of regulatory co-
factor availability results in uncoupling of e-NOS, increase in superoxide production and

reduction of NO bioavailability (Santillo, Colantuoni et al. 2015).

Blocking Ang II signalling through Ang II receptor type 1 blockers (candesartan) or ACE
inhibitor captopril markedly attenuated e-NOS derived superoxide production while
augmenting NO bioavailability, implicating coupling of e-NOS (Oak and Cai 2007). The action
of ACE2 in degrading Ang II can limit uncoupling of e-NOS and promote NO bioavailability

and limit superoxide generation (Patel and Schultz 2013).

Genetic deficiency of ACE2 (ACE2™) results in reduced tissue and circulating levels of Ang
1-7 and reduced capacity to degrade Ang II (Thomas, Pickering et al. 2010, Bernardi, Burns
et al. 2012, Tikellis, Pickering et al. 2012). ACE2” mice have also been reported to
demonstrate drastic reduction in e-NOS expression at both protein and mRNA levels, and a
decrease in NO concentrations (Yamamoto, Ohishi et al. 2006, Rabelo, Todiras et al. 2016). By
promoting Ang 1-7 synthesis and attenuation of Ang II signalling, ACE2 could modulate e-
NOS through augmenting e-NOS phosphorylation and limiting e-NOS uncoupling in order to
improve NO bioavailability (Sampaio, Souza dos Santos et al. 2007, Patel and Schultz 2013).
Thus, ACE2 can promote e-NOS activity to play an important role in limb ischaemia. Despite
evidence suggesting potential of ACE2 to play an important role in modulating e-NOS and NO
levels, the role of ACE2 in limb ischaemia is unknown. ACE2 locates on the X chromosome
in human genome (Zhang, Cong et al. 2018). ACE2 activity have been suggested to be
differentially regulated in males and females (Soler, Riera et al. 2012, Soro-Paavonen, Gordin
et al. 2012) with serum ACE2 activity higher in males than females (Uri, Fagyas et al. 2016).
This suggests that ACE2 might differentially modulate e-NOS in males and females and the

role of ACE2 in limb ischaemia may be sex dependent.
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1.13 General summary and thesis aims

PAD is an atherosclerotic disease of the lower limb arteries which results in impaired blood
supply to the lower limbs. Effective pharmacological treatments to restore blood supply and
treat the leg symptoms of PAD are an unmet medical need (Vemulapalli, Dolor et al. 2015).
There is urgent need for novel treatments to improve limb blood supply and function in PAD
patients unlikely to benefit from existing treatments such as surgical revascularisation,
structured exercise programs and cilostozol. Novel experimental treatments which have shown
promising efficacy in promoting blood flow in pre-clinical animal models have not translated
to effective treatments in clinical trials (Lederman, Mendelsohn et al. 2002, Rajagopalan,
Mohler et al. 2003, Olea, Vera Janavel et al. 2009, Belch, Hiatt et al. 2011, Annex 2013,
Dragneva, Korpisalo et al. 2013, Lotfi, Patel et al. 2013, Krishna, Moxon et al. 2015, Mohamed
Omer, Krishna et al. 2016, McDermott, Ferrucci et al. 2017). This is likely attributable to pre-
clinical study characteristics including the reliability of animal model used, study design and
endpoints assessed. Recommendations for a mouse model to be clinically relevant in order to
better translate findings include: 1) simulating the pathophysiology of PAD through chronic
occlusions causing severe ischaemia and functional impairment; 2) incorporating more
representative pathology, such as concurrent atherosclerosis; 3) incorporating common risk
factors present in patients, such as older age, diabetes or smoking; 4) using outcome
assessments common in human trials such as treadmill testing; and 5) demonstrating clinically
relevant response to established treatments of PAD such as exercise training (Krishna, Omer

et al. 2016).

The development of a clinically relevant mouse model facilitates relevant interpretation and
translation of potential interventions and identification of endogenous therapeutic targets. NO
mainly synthesised by e-NOS plays an important role in modulating adaptive revascularisation
to ischaemic tissues. Repurposing existing treatments for modulating e-NOS to improve
revascularisation in PAD and identifying potential endogenous modulators of e-NOS activity
in limb ischaemia may be important for the development of effective treatments for PAD. NO
is an important promoter of angiogenesis and arteriogenesis for post-ischaemic recovery and
NO is primarily derived from e-NOS activity (Yu, deMuinck et al. 2005). Endogenous
compounds which modulate e-NOS activity could play important roles in the recovery of blood
supply to limb ischaemia and e-NOS could be a potential target for drug development in PAD
(Forte, Conti et al. 2016). Activity of e-NOS to enhance NO bioavailability could be promoted
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through phosphorylation at serine 1177 and by limiting e-NOS uncoupling (Forte, Conti et al.
2016).

Evidence suggests the drug metformin may have potential to be repurposed to improve blood
supply to limb ischaemia (Sirtori, Franceschini et al. 1984, Montanari, Bondioli et al. 1992) by
modulating e-NOS activity (Krishna, Omer et al. 2016).

Evidence suggests angiotensin converting enzyme 2 (ACE2) could be an important
endogenous modulator of e-NOS activity (Zhang, Wang et al. 2014) and may play an important

role in limb ischaemia.

This thesis is comprised of 3 main experimental sections (chapters 3-5). The general goal of

each section was:

1) To develop a novel clinically relevant mouse model of HLI
2) To examine the effect of metformin on HLI in the new mouse model

3) To examine ACE2 deficiency on HLI in the new mouse model.
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Chapter 2
General materials and
methods
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2.1 Ethics and mouse husbandry

The studies in this thesis were performed following ARRIVE guidelines (Kilkenny, Browne et
al. 2010) and institutional ethics approvals were obtained for all animal experiments from
James Cook University before the commencement of studies. All animal protocols conformed
to the Guide for the care and use of Laboratory Animals by the United States National Institutes
of Health and the Australian code of Practice for the Care and Use of Animals for Scientific

Purpose (7" Edition, 2004). (Ethics approvals are attached in the Appendix)

Mice were sourced from different rodent resource facilities as specified in methods of each
chapter. All the Apolipoprotein E null (4poE™") mice (C57BL/6J background) were obtained
from the Animal Resource Centre, Canning Vale, Western Australia. All mice were housed in
individual cages and were acclimatised to the Animal Facility at the College of Medicine,
James Cook University for one week prior to the experiments. All experimental animals were
individually housed in Techniplast cages under a 12:12 hr light-dark cycle (relative humidity:
55-60%; temperature:22+1°C) and provided with standard rodent chow and water ad libitum

throughout the experiment period.

2.2 Two-stage induction of HLI

Blood supply in the most commonly used model of HLI (the acute ligation and excision of the
FA) naturally recovers as a result of shear stress promoting angiogenesis and arteriogenesis
(Aranguren, Verfaillie et al. 2009, Lotfi, Patel et al. 2013, Mohamed Omer, Krishna et al.
2016). The slow onset of ischaemia has been attempted with ameroid constrictors and ameroids
have been suggested to be fully constricted within 14 days (Baffour, Garb et al. 2000, Tang,
Chang et al. 2005, Yang, Tang et al. 2008). However, only mild ischaemia is achieved with
ameroid contriction alone (Yang, Tang et al. 2008). This suggests that ameroid constriction
alone may be inadequate to overcome efficient collateral compensation of blood supply.
Ligating and excising the FA after slow onset of ischaemia by ameroids, may be a strategy to
mitigate collateral blood supply compensation arising from the FA. This may result in severe
ongoing ischaemia. Therefore, in this novel two-stage method of HLI induction, a slow onset
of ischaemia achieved by ameroid constriction, followed by ligation and excision of the FA to

induce onset of severe ischaemia was proposed.
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HLI was induced in the left hindlimb of each mouse (Figure C2.1). Mice were placed under
general anaesthesia using isoflurane (2.0% induction dose and 1.8% maintenance dose plus
oxygen at 1 L/s). Surgery was performed at 20x magnification under a stereotactic microscope.
The first operation involved exposing the left femoral bundle through a vertical 0.5-1 cm skin
incision above the inguinal ligament. The femoral vein and nerve were carefully dissected free
from the artery. Two custom made ameroid constrictors of 0.25mm internal diameter (Research
Instruments SW, Escondido, California, US) were placed on the FA, one immediately distal to
the inguinal ligament and one proximal to the sapheno-popliteal bifurcation (Figure C2.1B).
The incision was closed using absorbable polygalactin sutures (Ethicon) and the mouse was
monitored until recovery. Ameroids have been suggested to be fully constricted within 14 days
(Tang, Chang et al. 2005, Yang, Tang et al. 2008). However, only mild ischaemia is achieved
with ameroids alone compared to the severity of ischaemia achieved with FA excision (Yang,
Tang et al. 2008). Therefore, in this novel 2 stage method of HLI induction, 14 days after
ameroid constriction, a second surgery was performed by making a longitudinal incision above
the inguinal ligament to expose the FA which was ligated with 6-0 silk sutures (Ethicon)
external to the location of the ameroid constrictors and the intervening segment was excised

with the ameroids (Figure C2.1C). The incision was closed using 6-0 absorbable polygalactin

sutures (Ethicon) and the animals were monitored until recovery.

Figure C2.1 The two-stage surgical HLI model. A, shows the region where the surgical
manipulations of FA were performed. B, ameroids placed on proximal and distal ends of FA
and C, ligated and excised FA.
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2.3 Laser Doppler imaging

LDI was performed to non-invasively monitor blood supply of hind limbs in mice. LDI
measurements were carried out at different time points stated in specific chapters. LDI was
carried out with a high-resolution laser Doppler perfusion imager (LDPI; Moor Instruments,
UK). Hair was removed from the limbs using depilating cream on the day before LDPI
measurements. The mouse was placed under general anaesthesia with isoflurane (2.0%
induction dose and 1.8% maintenance dose plus oxygen at 1 L/s) and maintained at 37°C using
a heated pad. During imaging, ambient light and temperature was carefully controlled to avoid
background variations in LDI measurements. The LDI source was mounted 26 cm above the
mouse limbs. The scanning produced a color-coded image and the image analysis software
(Laser Doppler Perfusion Measure, V3.08, Moor Instruments, UK) was used to calculate the
limb mean flux units, which represents a quantitative analysis of tissue perfusion on a scale of
0 to 1000. Pixels in the acquired image reflected the blood flow value, referred to as a perfusion
unit (flux unit). To account for variations in ambient light, temperature, and other conditions,
perfusion units were presented as the ratio of ischaemic (left) to non-ischaemic (right)

measurements in the same mouse (flux ratio).

2.3.1 LDI repeatability

The repeatability of LDI image measurements were assessed using 12 ApoE"" mice aged 12
weeks without HLI. LDI imaging was carried out as described above. Hind limbs were selected
manually as the region of interest for LDI image analysis and the ratio of left to right mean flux
values was obtained for each mouse. Measurements were carried out independently by two
investigators to determine inter-observer repeatability. Intra-observer repeatability was
performed by one investigator who carried out 3 measurements on the same image to determine
intra-observer repeatability. Acceptable repeatability measures were suggested for the inter-
observer repeatability of LDI measurement (coefficient of variance=4.49%) and the intra-
observer repeatability of LDI measurement (coefficient of variation=4.17%) (shown in the

tables below).

Table C2.1. Inter-observer repeatability results of LDI measurements

Mouse Standard
ID Observer 1 Observer 2 Mean deviation
1 0.81 0.78 0.79 0.016
2 1.52 1.46 1.49 0.04
3 1.05 0.97 1.01 0.05
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4 1.24 1.33 1.29 0.06
5 1.01 0.96 0.99 0.03
6 0.82 0.86 0.84 0.02
7 0.97 1.07 1.02 0.07
8 0.94 0.95 0.94 0.006
9 0.94 0.91 0.92 0.02
10 0.89 0.92 0.90 0.01
11 0.97 0.97 0.97 0.003
12 0.92 1.17 1.05 0.18
Mean 1.023032 0.04603

CoV % 4.49936

ICC 0.942

95% CI 0.79;0.98

95% LOA -20.75;15.85

Abbreviations: CoV; coefficient of variation, ICC; inter-class coefficient of variation, CI;
confidence interval, LOA; limits of agreement

Table C2.2: Intra-observer repeatability results of LDI measurements

Mouse Standard
ID Reading 1 Reading2 Reading 3 Mean deviation
1 0.78 0.78 0.75 0.78 0.023
2 1.46 1.54 1.40 1.48 0.064
3 0.97 0.96 0.95 0.98 0.045
4 1.33 1.24 1.24 1.26 0.046
5 0.96 1.03 1.06 1.02 0.041
6 0.86 0.82 0.84 0.83 0.020
7 1.07 0.94 0.95 0.98 0.062
8 0.95 0.91 0.92 0.93 0.016
9 0.91 0.86 0.85 0.89 0.040
10 0.92 0.92 0.92 0.91 0.012
11 0.97 0.93 0.94 0.95 0.020
12 1.17 1.13 1.07 1.07 0.111
Mean 1.01 0.042
CoV % 4.17
ICC 0.987
95% CI 0.965;0.996
95% LOA -0.09;0.14

Abbreviations: CoV; coefficient of variation, ICC; inter-class coefficient of variation, CI;
confidence interval, LOA; limits of agreement
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2.4 Treadmill exercise performance test

Mice were fasted for 2 hours prior to being placed on the treadmill. The mice were acclimatised
to the treadmill (Columbus Exeter 3/6, Columbus instruments; Columbus, OH) before
experiments commenced (prior to baseline measurements). This was done over 3 consecutive
days by placing them on the treadmill for 15 minutes each day at a speed of 10m/minute. If the
mice tried to rest during the acclimatisation period they were gently pushed onto the treadmill
belt. The treadmill outcome assessments were carried out by placing mice on the treadmill at
an initial speed of 10m/min for 5 min to warm up. Speed was maintained at 10m/min and shock
grids of 3Hz was kept on until the mouse exhausted. Exhaustion of the mouse was defined if
the mouse returns to the shock grid 10 times despite a 3Hz electrical stimulus to encourage
walking on the belt and the treadmill software recorded the total distance walked by a mouse

until exhaustion. Treadmill testing was carried out at time-points stated in specific chapters.

2.5 Observational assessment of limb function and ischemia

Assessment of limb function and gross limb ischemia were performed according to the
descriptors used in previous studies (He, Luo et al. 2006, Westvik, Fitzgerald et al. 2009).
Tarlov functional scoring is shown in table C2.3 and ischaemia score and representative figures

of descriptors are shown in table C2.4 and figure C2.2.

Table C2.3 Descriptors of Tarlov functional scoring

Score  Description

0 No movement

Barely perceptible movement, no weight bearing
Frequent and vigorous movement, no weight bearing
Supports weight, may take 1 or 2 steps

Walks with only mild deficit

Normal but slow walking

AN D AW

Full and fast walking
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> 2 toe necrosis 1 toe necrosis  Nail discolorations Foot inflammation No necrosis
(Score-3) (Score-4) (Score-5) (Score-6) (Score-7)

Figure C2.2. Descriptors for scoring the appearance of the ischaemic versus non-ischaemic
contralateral limb.

Table C2.4 Descriptors of ischemia scoring

Score Description
0 Auto-amputation of leg
Leg necrosis
Foot necrosis
Two or more toe discoloration
One toe discoloration
Two or more nail discolorations
One nail discoloration
No necrosis

NN DN R W=

2.6 Euthanasia and tissue collection

Mice were euthanised by carbon dioxide asphyxiation at the experimental endpoint. Blood
samples were collected from the right ventricles by cardiac puncture with a Iml syringe fitted

to a 20-22G needle. Samples were transferred into heparin coated tubes and placed on ice.

Blood samples were centrifuged for 10 min at 5000g and 5 minutes and 2000g for 10 minutes
at 4 °C to separate platelet poor plasma. The separated plasma samples were aliquoted into 1.5

ml microfuge tubes, flash frozen in liquid nitrogen and stored at -80 °C.

Gastrocnemius and gracialis muscles of ischaemic and non-ischaemic limbs of mice were
harvested. A portion of each muscle was stored in optimum cutting temperature compound

(Tissue-Tek, Australia), flash frozen in liquid nitrogen and stored at -80° C. A portion of the
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gastrocnemius muscle and gracialis muscle was stored in RNA later and placed on ice and

stored at -20 °C.

2.7 Statistical analysis

Graphpad Prism V6.0 (GraphPad Software, San Diego, CA) and R studio software programs
were used to analyse data. Graphpad was used to construct graphs. Sample sizes for each study
were estimated as described in the methods of each chapter using G*power software. Data were
tested for normality using D’ Agostino-Pearson normality test. Data with normal distribution
were expressed as mean + standard error of mean (SEM) and analysed using parametric tests.
Non-normally distributed data were expressed as median and interquartile ranges (IQR) and
analysed using non-parametric tests. Linear mixed effects (LME) model analysis or 2-way
repeated measures ANOVA were used to compare LDI data between groups. For LME
analyses variation between individual mice were treated as random effects. LDI data and time
were treated as fixed effects. Model fit was assessed by examination of the spread of
standardised residuals and qg-normal plots. Where necessary data was log transformed or
square root transformed to fit model assumptions. Interaction between time and groups were
assessed by LME. Comparison of clinical scores were performed by 2-way repeated measures
ANOVA. LME model analysis was used to compare treadmill data between groups. For LME
analyses variation between individual mice were treated as random effects. Treadmill data and
time were treated as fixed effects. Model fit was assessed by examination of the spread of
standardised residuals and qq-normal plots. Where necessary data was log transformed or
square root transformed to fit model assumptions. Interaction between time and groups were

assessed by LME. In all cases a p value of <0.05 was considered to be statistically significant.
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Chapter 3
Development of a new
experimental mouse model of
lower limb ischaemia
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3.1 Introduction

PAD is an atherosclerotic disease of the lower limb arteries which results in impaired blood
supply to the lower limbs (Golledge 1997, Norman, Eikelboom et al. 2004, Shu and Santulli
2018). Patients with PAD experience debilitating lower limb symptoms including excruciating
leg pain during walking (IC), rest pain, ischaemic ulceration and gangrene of the limb (CLI)
which severely limit their physical activity and increase the risk of amputation (McDermott,
Greenland et al. 2001, Morris, Rodriguez et al. 2014).

Current treatments aimed at improving limb haemodynamics, improving walking performance
and preventing mobility loss in PAD patients include surgical revascularisation, supervised
exercise and cilostozol (Thukkani and Kinlay 2015, Meneses, Ritti-Dias et al. 2017, Kithcart
and Beckman 2018, Morcos, Louka et al. 2018). These treatments are associated with
significant limitations and a growing number of patients are not suitable for current PAD
treatments (Lawall, Bramlage et al. 2011). Endovascular or open surgical revascularisation are
associated with serious risk of complications and poor long-term effectiveness (Piazza,
Squizzato et al. 2015, Rosenfield, Jaff et al. 2015, Tepe, Laird et al. 2015, Wiseman, Fernandes-
Taylor et al. 2017). Supervised exercise treatment may not be feasible with the presence of co-
morbidities such as old age and are not widely available, possibly because of limited evidence
on long-term effects (Regensteiner 2004, Morris, Rodriguez et al. 2014). Cilostozol is the only
drug currently approved for treating limb symptoms of PAD, however it may be associated
with adverse side effects and cilostozol is not publicly funded in many countries including
Australia as the benefit was deemed to be too modest (Bedenis, Stewart et al. 2014, Golledge,
Moxon et al. 2018).

Numerous new molecular and cellular therapies have been tested for patients unlikely to benefit
from current treatment options. However, treatments tested to be effective in pre-clinical
studies to promote revascularisation, restore function and prevent amputation have not
successfully translated in clinical trials (Lederman, Mendelsohn et al. 2002, Rajagopalan,
Mohler et al. 2003, Olea, Vera Janavel et al. 2009, Belch, Hiatt et al. 2011, Annex 2013,
Dragneva, Korpisalo et al. 2013, Lotfi, Patel et al. 2013, Krishna, Moxon et al. 2015, Mohamed
Omer, Krishna et al. 2016, McDermott, Ferrucci et al. 2017). Key reasons include the inability
of currently used pre-clinical animal models and outcome measures to successfully predict
clinical effectiveness (Dragneva, Korpisalo et al. 2013, Krishna, Omer et al. 2016, Mohamed
Omer, Krishna et al. 2016, Rigato, Monami et al. 2017).
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A major disadvantage of currently used pre-clinical animal models to simulate PAD is the rapid
natural recovery of blood supply to ischaemic tissues which occur after HLI induction
(Aranguren, Verfaillie et al. 2009, Lotfi, Patel et al. 2013, Mohamed Omer, Krishna et al.
2016). Interventions are assessed for augmenting the speed of natural recovery of blood supply
rather than improving ischaemia from a state of ongoing HLI (Mohamed Omer, Krishna et al.
2016). The most commonly used mouse model of HLI is developed through the acute ligation
and excision of the FA (Dragneva, Korpisalo et al. 2013, Krishna, Omer et al. 2016). This
results in sudden changes in fluid shear stress (FSS) within collateral arteries to alter gene
expression patterns through shear responsive elements subsequently promoting arteriogenesis
and angiogenesis to restore blood supply to the ischaemic tissues (Topper and Gimbrone Jr
1999, Garcia-Cardena, Comander et al. 2001, Tang, Chang et al. 2005). Typical patient
presentation of PAD involves ongoing state of ischemia arising from chronic ischaemic insult
to the limb in the presence of co-morbidities such as old age and atherosclerosis (Dragneva,
Korpisalo et al. 2013, Krishna, Omer et al. 2016, Mohamed Omer, Krishna et al. 2016).
Ameroid constrictors have been used to develop gradual onset of ischaemia in animal models
of HLI (Baffour, Garb et al. 2000, Tang, Chang et al. 2005, Yang, Tang et al. 2008). However,
ischaemia achieved within the model of ameroids alone was significantly less compared to
ischaemia achieved through a ligation and excision of the FA (Tang, Chang et al. 2005). This
suggests that ameroid constriction alone may be inadequate to overcome efficient collateral
compensation of blood supply. In order develop the onset of severe ischaemia, excising the FA
may limit blood supply through collaterals arising from the FA after slow onset of mild

ischaemia by the ameroids.

PAD patients typically present with a history of acute exacerbation of chronic symptoms of leg
pain on walking and have ongoing ischaemic symptoms (Bonaca, Gutierrez et al. 2016). In
addition to the method of occlusion, risk factors of PAD such as aging and atherosclerosis are
associated with diminished post-ischaemic recovery and are not commonly incorporated into
pre-clinical models of HLI (Faber, Zhang et al. 2011, Dragneva, Korpisalo et al. 2013, Krishna,
Moxon et al. 2015). Therefore, a clinically relevant mouse model of HLI is needed
incorporating chronic occlusion and risk factors to better mimic the pathophysiology of

occlusion and ongoing ischaemia.
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Differences in outcome measures used in pre-clinical studies in relation to clinical trials may
also be associated with poor translatability of pre-clinical findings. The American Heart
Association/American College of Cardiology clinical practice guidelines for PAD recommend
both treadmill exercise testing (Class I recommendation, Level of Evidence-B) and six-minute
walk testing (Class IIb recommendation, Level of Evidence-B) for objective assessment of
changes in walking performance in patients with PAD (Hirsch, Haskal et al. 2006, McDermott
2015). Treadmill exercise testing is the most commonly used objective outcome measure in
randomised clinical trials studying interventions to improve walking performance in people
with PAD. The six-minute walk test has been well validated in patients with PAD (McDermott,
Liu et al. 2013, McDermott, Guralnik et al. 2014, McDermott 2015). Functional tests mirroring
clinical trial outcome measures of limb function are lacking in pre-clinical studies and objective
functional tests are very rarely performed to assess walking impairment in pre-clinical
experiments (Zhong, Eliceiri et al. 2003, Baltgalvis, White et al. 2014). Treadmill endurance
exercise tests have been used in a few pre-clinical studies (Zhong, Eliceiri et al. 2003,
Baltgalvis, White et al. 2014, Marcinko, Bujak et al. 2015, Deng, Yang et al. 2016, Krishna,
Omer et al. 2016). It has been suggested that open field tests in mice mirror the six-minute walk
test in patients (Tatem, Quinn et al. 2014). It would be appropriate to have similar objective
outcome measures to better extrapolate pre-clinical findings of HLI before testing potential
interventions in patients. The treadmill test and open field test need to be explored for

examining functional impairment during HLI.

The response to exercise training in current pre-clinical HLI models differs from the response
in PAD patients. Management of patients by supervised treadmill exercise and home-based
exercise that incorporate behavioural change techniques significantly improve pain-free and
maximal walking distance in people with PAD (McDermott, Ades et al. 2009, Gardner, Parker
et al. 2011, Hamburg and Balady 2011, Fakhry, van de Luijtgaarden et al. 2012, McDermott,
Liu et al. 2013, Gardner, Parker et al. 2014, McDermott, Ferrucci et al. 2017, McDermott
2018). Studies in PAD patients, however indicate that the functional benefits of exercise are
not a result of increased gross blood supply to ischaemic limbs (Stewart , Hiatt et al. 2002,
Parmenter, Raymond et al. 2010, Meneses, Ritti-Dias et al. 2017). In experimental models of
acute HLI, exercise training has been shown to augment recovery of blood supply to ischaemic
muscles (Yang, Dinn et al. 1990, Yang, Prior et al. 2008, Cheng, Kuzuya et al. 2010,
Rokutanda, Izumiya et al. 2011). This suggests that findings of functional changes observed in

current HLI models may not be reliable for translation. Models of HLI require validation of
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response to established interventions in PAD patients such as exercise training to be reliable in

predicting clinical outcomes.
The hypotheses in this chapter were:

Primary: A novel two-stage induction of HLI through slow onset of mild ischaemia induction
by ameroids on the FA followed by induction of severe ischaemia by excision of the FA would

produce more severe ongoing HLI over the experimental period of 4 weeks.

Secondary:

1) Functional impairment as a result of ongoing ischaemia will be greater in mice with
two-stage HLI than mice with acute HLI.
2) Exercise training will improve treadmill exercise performance in mice with two-stage

HLI independent of changes to limb blood supply.

The aims in this chapter were:

Primary: To develop a new mouse model of ongoing severe HLI through a slow onset two-
stage method of HLI induction.

Secondary:

1) To examine functional impairment in the two-stage model and acute HLI model by
treadmill test and open field test.
2) To examine the effect of exercise training on functional capacity and limb blood supply

in the two-stage model of HLIL.
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3.2 Methods

3.2.1 Ethics approvals and mouse husbandry

Institutional ethics was obtained for the studies presented in this Chapter (Appendix) and mice
were maintained in individually housed Techniplast cages under a 12:12 hr light-dark cycle
(relative humidity: 55-60%; temperature:22+1°C) and provided with standard rodent chow and

water ad libitum throughout the experiment period as described in Chapter 2.1.

3.2.2 Study design 1: To establish a new mouse model of two-stage HL1

Four groups of male ApoE” mice aged 12 months were used in this study as follows, Group
1= acute HLI model (n=10), Group 2= acute sham (n=8), Group 3= two-stage HLI model
(n=10) and Group 4= two-stage HLI sham (n=8). Respective surgeries were performed for each
group as described below and blood supply was assessed by LDI as the primary outcome at

different time-points as illustrated in Fig M3.0.

3.2.2a Sample size

The sample size was estimated for study design 1 using the primary outcome measure of LDI.
The expected LDI outcome for the two-stage HLLI model was calculated using LDI data from
a previous study which used the acute PAD model (Yang, Tang et al. 2008). In that study, 14
mice were imaged 28 days after acute ischaemia induction and mean (SD) flux ratio was 0.76
(0.15). It was assumed that the expected LDI outcome in the two-stage model group will be
30% less than the acute HLI group over 4 weeks after ischaemia induction. This is because a
previous study has suggested blood supply decrease by 30% leads to functional impairment
(Brenes, Jadlowiec et al. 2012). Based on these assumptions and aiming to achieve an 80%

power with an alpha of 0.05 it was estimated that 9 mice per HLI group were needed.

3.2.2b HLI induction

3.2.2b1: Induction of two-stage HLLI model

Unilateral two-stage HLI was induced in the left hindlimbs of male ApoE”" mice (n=10) mice
by the 2 step method as described in Chapter 2. The respective shams received similar surgeries
in which the FA was dissected free but not occluded. The acute HLI was induced in the left

hindlimbs of mice as described below.

3.2.2b2: Induction of acute HLI
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Male ApoE”- mice (n=10) were subject to the induction of ischaemia through the acute HLI
method. Mice were anaesthetised with isoflurane and maintained under isoflurane anaesthesia
at a flow rate of 1L/s during the surgery. The left FA was exposed through an approximately
0.5-1 cm vertical skin incision adjacent to the inguinal ligament. The femoral artery was
separated from the femoral nerve and vein and ligated with 6-0 silk sutures (Ethicon, Johnson
and Johnson, Melbourne Australia) distal to the inguinal ligament and proximal to the popliteal
bifurcation site. The FA between the ligatures was excised, the surgical site was closed using
4-0 vicryl sutures (Ethicon) and disinfected with Betadine (BETADINE, Australia). A similar
surgery without manipulation was performed on sham controls in which the FA was dissected
free but not ligated. Following the surgery, mice were removed from isoflurane anaesthesia

and monitored carefully until conscious and subsequently returned to cages.

3.2.2¢: Laser Doppler Imaging:

LDI was performed as described in Chapter 2 at several time-points (Figure M3.1) within the

experimental period at baseline and weekly after ischaemia induction.

3.2.2d Observational functional scoring and assessment of ischaemia

Observational assessment of limb function (Tarlov score) and ischaemia (Ischaemia score)
were carried out at the same time-points as LDI assessments. Scoring was performed as detailed

in Chapter 2.
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Figure M3.1: Study design to examine the effect of two-stage HLI induction on limb blood
supply. Male ApoE”~ mice were subjected to two-stage HLI or acute HLI with their respective
shams. LDI was performed at baseline and 1 week after ameroid placement in the two-stage
HLI and respective sham groups. Acute HLI and the respective sham group were monitored
with LDI at baseline and all groups were monitored immediately after ischaemia induction and
at weekly intervals over 4 weeks after ischaemia induction.

3.2.3 Study design 2: To assess limb function in HLI models by treadmill and open field

tests

Evaluation of the treadmill test and open field test for the assessment of functional impairment
of hindlimbs were performed on male ApoE”" mice (n=23) aged 12 months. Mice were
separated into four groups; the two-stage HLI (n=6), acute (n=6), acute sham (n=5) and two-

stage sham (n-=6). HLI was induced in respective groups as in Study 1.
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3.2.3a Treadmill test

The treadmill test was performed on the mice as described in Chapter 2. The treadmill tests
were performed at several time-points within the experiment as shown in Figures M3.2 and

M3.3.

3.2.3b Open field test

Mice were acclimatised to a sound-attenuated testing room 2 hours prior to the test. The mice
were fasted during the acclimatisation period with ad libitum access to water under normal
lighting. The open field (OF) was a square box (42 cmx42 cm*42 cm) made of opaque plastic.
For assessment, each mouse was placed in the centre of the arena and video recorded using a
camera (Logitech) supported with acquisition software (Capture Star Ver. I; CleverSys Inc)
for 20 minutes. At the end of each test, the surfaces of the OF box were cleaned with 70%
ethanol and dried. This was in order to prevent behavioural influence in the subsequent mouse,
which may result from cues (such as body odour, urine, faeces, hair and sweat) from the
previously tested mouse. All experimental procedures were conducted during the light phase
of the cycle, between 8:00 a.m. and 3:00 p.m. Behavioural test room lighting, temperature, and
noise levels were kept consistent for all subjects. The acquired recordings were analysed by

the TopScan Lite (High throughput version 2.0; CleverSys Inc).
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Figure M3.2: Study design to assess limb function in HLI models by the treadmill test
and open field test. Treadmill tests were performed at baseline, 2 days after ischaemia
induction and at days 23 and 37 of the experimental period in all groups. The open field test
was conducted on day 38 of the experimental period.

3.2.4 Study design 3: To examine the effect of exercise training on the two-stage model of

HLI

Male ApoE"~ mice aged 6 months (n=30) were used for this study. HLI was established via the
two-stage HLI induction method described in Chapter 2.2. After 5 days from HLI induction,
mice were separated to two groups, one group of mice (n=15) received exercise training on a
running wheel and the control group had no access to the running wheel. Mice in the exercise
group received 180 to 200m (between 30-45 minutes of wheel access) of exercise each day in
a running wheel (8 Station Home Cage Running Wheel System, Columbus Instruments) over
4 weeks. Each mouse was placed on a running wheel within a small chamber which prevented
the mouse from escaping the running wheel during the exercise period and left to run on the
wheel. The wheel counts were monitored on the running wheel software until they reached 600

counts and the mice was removed from the wheel and returned to its cage. The control mice
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did not receive access to the running wheel at any point of the experiment. Primary outcome
measures were LDI to assess blood supply and treadmill exercise test to assess function. These
were performed as described in Chapter 2.3 and Chapter 2.4, respectively within the
experimental period (Fig M3.3). During the assessment and analysis of the outcome measures
of LDI and treadmill performance, the group to which each mouse belonged was blinded to the
investigator. This was done by allocating a random label against each cage and keeping a strict
record of the allocation during each assessment time-point. After the assessment mice were

allocated their original number.

3.2.5 Statistical analysis

Graphpad Prism V6.0 (GraphPad Software, San Diego, CA) and R studio software programs
were used to analyse data. Graphpad was used to construct graphs. Data were tested for
normality using D’Agostino-Pearson normality test. Data with normal distribution were
expressed as mean + standard error of mean (SEM) and analysed using parametric tests. Non-
normally distributed data were expressed as median, interquartile ranges (IQR) and analysed
using non-parametric tests. In study 1 and study 2, comparisons between groups for the LDI
data, modified ischaemia score data, Tarlov score data and treadmill walking distance data
were carried out using 2-way ANOVA analysis. In study 2, data were compared between
groups with Mann Whitney U test for the endpoint treadmill walking distance data and open
field test walking distance data. In study 3, LME was used to compare LDI data between
groups. For LME analyses variation between individual mice were treated as random effects.
LDI data and time were treated as fixed effects. Model fit was assessed by examination of the
spread of standardised residuals and qq-normal plots. Interaction between time and groups were
assessed by LME. LME model analysis was also used to compare treadmill data between
groups. For LME analyses variation between individual mice were treated as random effects.
Treadmill data and time were treated as fixed effects. Model fit was assessed by examination
of the spread of standardised residuals and qq-normal plots. Data were square root transformed
to fit model assumptions. Interaction between time and groups were assessed by LME. In all

cases a p value of <0.05 was considered to be statistically significant.
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Figure M3.3: Study design to examine the effect of exercise training in the two-stage model of HLI. Mice subject to two-stage HLI were
randomised and started on exercise training on a running wheel 5 days after ischaemia induction. LDI was performed at baseline and days 7, 16,
21, 28, 35,42 and 49. The treadmill tests were performed at baseline, days 16 and 35 and 48.
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3.3 Results

3.3.1: Mice with two-stage HL.I showed more severe and prolonged ischemia than mice with

acute HLI induction

Blood supply in the hindlimbs of mice were similar among all experimental groups before surgery
(Figure R3,1). Ameroid constriction for 2 weeks in the two-stage HLI group before excising the FA
did not significantly decrease blood supply to the limbs compared to blood supply before placing
ameroids (p=0.481; Figure R3.1C). Immediately after excision of the FA in the 2 stage HLI group, the
blood supply was significantly lower (p<0.001) compared to blood supply before excision and after 2

weeks of ameroid constriction producing a severe state of ischaemia (Figure R3.1C).

The excision of the FA in the acute HLI group resulted in a comparable level of HLI to the 2 stage HLI
group immediately after HLI induction (Figure R3.1). In the 4 weeks after surgery, HLI was
significantly more severe (p=0.036) in the two-stage HLI model compared to the acute HLI model
(Figure R3.1B).

The respective shams of each group, the acute HLI shams and the two-stage HLI shams, did not show
differences in limb blood supply between baseline () and experiment endpoint (Figure R3.1B). Limb
ischaemia was significantly greater in the HLI groups compared to their respective sham groups

throughout the experiment (p<0.001; Figure R3.1B).

Gross examination of the severity of tissue damage in the ischaemic limb assessed by ischaemia
scoring showed at the start of the experiment ischaemia scores were similar in all mice. The ischaemia
scoring system showed that the two-stage HLI group had significantly greater limb ischaemia than
mice in the acute HLI group (p=0.012=, Figure R3.2A) after ischaemia induction until the

experimental endpoint.

3.3.2: Functional impairment assessed by scoring was greater in the two-stage HLLI mice than

mice with the acute HLI

Hindlimb function assessed by Tarlov scoring showed that at the start of the experiment all mice had
no functional impairment (score=7). After ischaemia induction by FA excision, two-stage HLI mice
had significantly greater functional impairment than mice in the acute HLI group (p<0.001, Figure

R3.2B).
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Figure R3.1: Comparison of limb blood supply in the two mouse models of HLI and their
respective shams. A: Representative LDI images of the different groups monitored at several
timepoints. B: LDI perfusion measurements between the acute and two-stage HLI models and their
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respective sham controls. All data expressed as mean=SEM. Comparisons between groups were
performed by 2-way ANOVA and significant differences p<0.05 indicated by *, p<0.001 ***.
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Figure 3.1C. Changes in limb blood supply during the two-stage HLI procedure in mice (n=10).
LDI measurements at baseline (without ameroids), 2 weeks after ameroid placement and immediately
after excision. Data expressed as mean and SEM. Comparisons of LDI ratios between time-points were
performed by Mann Whitney U test. P<(0.05 indicated by * and ns indicates not significant.
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Figure R3.2: Comparison of the severity of limb ischemia and function in the two mouse models using scoring systems. A: Observational
assessment of ischaemia in the acute and two-stage HLI models. B: Observational assessment of function in the acute and two-stage HLI models.
All data expressed as mean+SEM. Comparisons between groups were performed by 2-way ANOVA and significant difference (p<0.05) indicated

by *.
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3.3.3 Mice with two-stage HLI travelled less distance than mice with acute HLI on the treadmill

exercise test

At baseline, similar treadmill distances were travelled by the acute HLI group and the two-stage HLI
group (Figure 3.3A). After 4 weeks from ischaemia induction, the two-stage HLI group had
significantly greater impairment in treadmill distance travelled than the acute HLI group (p=0.028,
Figure R3.3A). Comparable treadmill distances were travelled by the acute HLI sham and the two-

stage HLI sham groups at baseline and 4 weeks after ischaemia induction (Figure R3.3A).

Mice with acute HLI travelled similar treadmill distance to respective shams on the treadmill test 4
weeks after ischaemia induction (p=0.818; Figure R3.3B). The two-stage HLI group travelled less
distance in the treadmill exercise test than their respective shams, however the difference was not
statistically significant (p=0.052; Figure R3.3B). Mice with two-stage HLI travelled significantly less
distance on the treadmill test than mice with acute HLI 4 weeks after HLI induction (p=0.009, Figure
3.3B).

3.3.4: Mice with two-stage HLI had similar physical activity impairment to mice with acute HLI

as assessed by the open field test

Significantly less (p=0.004) total distance was travelled in the OF arena by mice with two-stage HLI
compared to their respective shams (Figures R3.3C). Mice with two-stage HLI travelled less than the
acute HLI group within the arena, however the difference was not statistically significant (p=0.156;

Figure R3.3C).

3.3.5: Running wheel exercise training had no effect on limb perfusion in mice with two-stage

HLI

Limb blood supply in mice with two-stage HLI receiving running wheel exercise training was
comparable to control mice with two-stage HLI without access to running wheel exercise throughout

the experimental period (p=0.700; Figure R3.4).

3.3.6: Running wheel exercise training increased treadmill walking distance in mice with two-

stage HL.I

Distance travelled on the treadmill exercise performance test was significantly greater in mice with
two-stage HLI receiving running wheel exercise training than control mice with two-stage HLI without

access to running wheel exercise (p=0.003; Figure R3.5).
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Figure R3.3. Treadmill and open field assessment of limb function in HLI models. A: Treadmill walking distance in the acute HLI and two-stage
HLI groups and their respective sham controls. B: Total distance travelled in the open field test in the acute HLI and two-stage HLI groups and
their respective sham controls. Data expressed as mean+=SEM. Data compared between groups by two-way ANOVA (A) or Mann Whitney U test
(B). P value of less than 0.05 considered significant and indicated as *.

69|Page



A Control Exercise

-~
s
-
-
—
o
3
o
]

—
>
~
—_—

Post-exercise

=B Exercise group (n=15)

— Controlgroup (n=15)

limb perfusion ratio
(ischemic mean flux/ non ischaemic )

0.8 1
ischaemia induction
0.6 *
Intervention started
0.4 7

-2 -1 0 1 2 3 4 5

Time (wks)

gradual occlusion postischaemia

Figure R3.4: The effect of running wheel exercise training on limb blood supply in the
two-stage HLI model. A: Representative laser Doppler images at ischaemia induction and 4
weeks after exercise intervention. B: Laser Doppler imaging limb perfusion ratios in mice
receiving exercise and control. Data expressed as mean =SEM. LME analysis was performed
to compare differences between groups and p<0.05 was considered significant.
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Figure R3.5 The effect of running wheel exercise training on treadmill walking distance
in the two-stage model of HLI. Treadmill walking distance in mice receiving exercise
intervention and control. Data expressed as mean =SEM. LME analysis was performed to
compare data between groups through the interaction of time and groups over the experimental
period, p<0.05 was considered significant indicated by * .
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3.4 Discussion

The main findings of the studies in this chapter were:

1) The new mouse model of two-stage HLI demonstrated more severe and prolonged ischemia

than the acute model of HLI.

2) The two-stage HLI model showed greater ambulatory impairment than the acute HLI model

evidenced by the functional scoring assessment and the treadmill test.

3) Exercise intervention after ischaemia induction in the two-stage HLI model promoted

treadmill performance independent of a change in limb blood supply.

Previous studies have suggested that ameroid constrictors gradually narrow the FA within 2
weeks resulting in the development of mild ischemia (Tang, Chang et al. 2005, Yang, Tang et
al. 2008). Due to the mild degree of ischaemia achieved through ameroids, in the present study
a two-stage method was employed combining slow FA constriction with ameroids for 2 weeks
followed by excision of the FA. The slow ameroid constriction was used to minimise shear
stress which would otherwise result in rapid recovery of blood flow. This was followed by the
excision of the FA to mitigate blood supply through collaterals arising from FA in order to
achieve severe ongoing ischaemia. In the two-stage model developed in the current study,
ameroid constriction alone for 2 weeks did not significantly decrease perfusion compared to
blood supply in the hindlimb before surgery. However, the second stage of the FA excision
resulted in severe ischaemia to the hind limbs compared to ameroids alone. The results showed
that this two-stage method of establishing ischaemia caused ongoing severe ischaemia
compared to the currently used FA ligation and excision model. Previous studies report that
the ligation and excision of the FA in the acute HLI model leads to increased fluid shear stress
within the limb collateral arteries resulting in altered gene expression patterns through shear
stress responsive elements which promote arteriogenesis and angiogenesis (Topper and
Gimbrone 1999, Garcia-Cardena, Comander et al. 2001, Tang, Chang et al. 2005).
Subsequently blood flow is restored rapidly within acute HLI models. Simulating the chronic
onset of ischaemia using ameroid constrictors reduces shear stress related promotion of blood
flow recovery (Tang, Chang et al. 2005, Yang, Tang et al. 2008). In comparison to the acute
model of HLI, the two-stage model of HLI showed minor blood flow recovery immediately
following ischaemia induction and after 1 week the severity of HLI persisted. In line with the
finding of severe and prolonged ischaemia assessed by LDI in the new mouse model, clinical

signs manifested as a result of ischaemia induction was greater in the two-stage HLI model as
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assessed by clinical scoring. Ischaemia induction in the two-stage HLI model group resulted in
inflammation and toe necrosis which persisted until the experiment endpoint. Together with
the main technique of ischaemia induction, the new experimental model which was developed
incorporated additional characteristics of PAD patients including atherosclerosis and old age.
Atherosclerosis is the leading cause of PAD and atherosclerosis simulating mouse models such
as ApoE”" mice and low-density lipoprotein receptor knockout mice have been rarely employed
in previous studies in the acute HLI model (Dragneva, Korpisalo et al. 2013, Krishna, Omer et
al. 2016, Mohamed Omer, Krishna et al. 2016). ApoE” mice develop significant atherosclerotic
lesions spontaneously and exhibit delayed recovery from ischaemia (Kang, Albadawi et al.

2008, Lotfi, Patel et al. 2013, Krishna, Omer et al. 2016, Mohamed Omer, Krishna et al. 2016).

Greater functional impairment was observed in the two-stage HLI model than the acute HLI
model through the clinical scoring method. It is not common for pre-clinical studies to
quantitatively assess functional impairment in animal models of HLI and functional
assessments mirroring the clinical trial assessments are lacking in pre-clinical studies of HLIL.
The treadmill test and six-minute walk test are used in clinical trials to assess walking
impairment in PAD patients. A few studies have employed treadmill tests for assessing
function in mouse models of HLI (Zhong, Eliceiri et al. 2003, Baltgalvis, White et al. 2014,
Marcinko, Bujak et al. 2015, Deng, Yang et al. 2016, Krishna, Omer et al. 2016). In the current
study assessment of treadmill performance demonstrated the two-stage model of HLI had
greater treadmill walking impairment than the acute model of HLI. This suggests that the
treadmill test is a potential method of assessment for functional impairment and could be used
to test interventions aimed at improving function in mouse models of HLI. The OF has been
suggested to mirror the six-minute walk test in clinical trials. Exploring functional impairment
in the two-stage HLI model with the open field test did not identify significant impairment in
the two-stage HLI model compared to the acute HLI model. The six-minute walk test in patients
is influenced by musculoskeletal, volitional factors and cardiovascular capacity (Lancaster
2018). In animal models of neuromuscular disease, the OF test is widely used for assessing
locomotive impairment (Ijomone, Olaibi et al. 2014) (Tatem, Quinn et al. 2014). The test is
behavioural and can be quite variable as it is influenced by a multitude of external factors. For
example, this behaviour can be influenced by exploratory drive, anxiety, circadian rhythm,
environmental factors, genetic background, in addition to motor output (Prut and Belzung
2003). As a result, it can be difficult to distinguish if changes in locomotive or behavioural

activity levels are related to changes in muscle function (Tatem, Quinn et al. 2014). The finding

73



in the current study does not support the use of the OF test to distinguish functional impairment

in mouse models of HLI.

The demonstration of functional impairment and similar responses to known interventions in
humans are important characteristics of an ideal mouse model for PAD (Krishna, Omer et al. 2016).
Patients with PAD have markedly reduced health-related quality of life largely related to
impaired walking ability (Hamburg and Balady 2011, Brostow, Petrik et al. 2017). A
considerable body of evidence supports the clinical benefits of a supervised exercise program
in improving pain free walking performance, physical capacity and quality of life (Brass 2013,
Hiatt, Armstrong et al. 2015). The Trans-Atlantic Inter-Society Consensus Document on
Management of Peripheral Arterial Disease (TASC II) have declared that the evidence
supporting supervised exercise therapy in the treatment of claudication is sufficiently robust to
merit a Level I recommendation (Norgren, Hiatt et al. , Brass 2013). The mechanisms
associated with improvements in limb symptoms as a result of an exercise intervention are not
clearly understood. The majority of studies in patients have shown little or no increase in blood
flow assessed by ABPI following an exercise programme, even when significant improvements
in walking ability have been reported (Stewart , Hiatt et al. 2002). Studies have consistently
shown a poor correlation between leg blood flow assessed by ABPI and walking ability
(Parmenter, Raymond et al. 2010). As there is currently little evidence to support an increase
in blood flow as a major factor in the increase in walking ability after training, other
mechanisms may account for the improvements seen (Hiatt, Armstrong et al. 2015). In
experimental models of acute HLI, exercise training augments blood supply to ischaemic
muscles (Yang, Dinn et al. 1990, Yang, Prior et al. 2008, Cheng, Kuzuya et al. 2010,
Rokutanda, Izumiya et al. 2011). In acute HLI, blood flow recovery to exercise in ischaemic
tissues involves multiple complex processes. Angiogenesis and arteriogenesis are stimulated
in ischaemic tissues in the acute HLI model by upregulated growth factor activity and increased
NO bioavailability stimulating gains in collateral blood flow (Hamburg and Balady 2011). In
the present study, exercise training in the two-stage HLI model improved treadmill walking
distance without improving limb blood supply. This is a finding similar to that described in
PAD patients (Watson, Ellis et al. 2008, Parmenter, Raymond et al. 2010, Malgor, Alahdab et
al. 2015). Therefore, validates the two-stage HLI model for assessing interventions for
improving functional impairment. Exercise intervention in this study commenced 5 days after
ischaemia induction. One of the major limitations of pre-clinical HLI studies currently is study

design in which the administration of the interventions is usually started prior to HLI induction
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(Takahashi, Shibata et al. 2015, Mohamed Omer, Krishna et al. 2016). This prophylactic
approach does not reflect the intervention in patients who seek treatment after established
ischaemia. To reflect this, in the current study exercise training was started after established

ischaemia which was seen to be prolonged over 5 weeks after induction.

Strengths of the studies reported in this chapter include the establishment of a new mouse
model through two-stage induction of ischaemia with severe prolonged ischaemia and
functional impairment; testing mice prone to atherosclerosis and mice with advanced age in
the newly developed mouse model; the use of a clinically relevant treadmill test to assess
functional impairment, the characterisation of the effect exercise training in the newly
developed model by commencing exercise training after achieving ischaemia; and the finding
that exercise promotes function unrelated to improvement in blood supply similar to patients’

response.

The current study utilised older mice to better simulate the characteristics of PAD patients. A
limitation in this study was that 12 month old mice were used in the development of the 2 stage
model but 6 month old mice were used in examining the effect of an exercise intervention.
However, all mice used were relatively older than typically used in experimental work . Future
work examining different ages of mice could determine the effect of age on ischaemia in the
two stage mouse model of HLI. Although this study used ApoE”" mice prone to atherosclerosis
a comparison was lacking with non-atherosclerotic C57.B16 to determine blood flow recovery
in the two stage model of HLI. A future study examining this is suggested. The new two stage
model attempts to mimic the slow onset of ischaemic in patients, however the ameroids occlude
the artery within 2 weeks. In patients it may take numerous years for atherosclerotic occlusions
to occlude the arteries resulting in symptoms. Therefore, new methods to mimic chronic
occlusions need to be explored in future studies. This study also did not compare the new two

stage model to a single stage ameroid model over the experimental period.

It is also known, that other factors including diabetes and smoking affect blood flow recovery
to limb ischaemia in patients, although an exhaustive examination of all of these risk factors
was beyond the scope of the current study. In addition, it is known that angiogenic capability
of some other mouse strains (e.g. BalbC) is lower than that of C57.B16 employed here. It is
possible that the surgical procedures proposed in this study may be more effective when

combining multiple co-morbidities in other strains, and future research investigating this is
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warranted. Furthermore, future studies are needed to characterise the underlying cellular and
molecular mechanisms related to severe prolonged ischaemia in the two-stage model and the
characterisation of the cellular and molecular mechanisms leading to improved treadmill

walking with exercise in the two-stage HLI model.

Current animal models to assess treatments for PAD have many limitations (Dragneva,
Korpisalo et al. 2013, Krishna, Omer et al. 2016, Mohamed Omer, Krishna et al. 2016).
Although a single approach in animals cannot fully recapitulate the human condition, an
experimental model which can recapitulate the salient features of the disease will aid in the
relevant interpretation and translation to clinical insights of potential treatments. In this study,

a new mouse model of slow onset severe HLI was developed.

In conclusion, the two-stage HLI model achieves similar degree of hind limb ischaemia as the
one stage model. The two stage model showed severe and prolonged ischaemia and ambulatory
impairments compared to the one stage model of recovery from ischaemia and ambulatory
impairment. Furthermore, the new two-stage HLI mouse model showed a clinically relevant
response to exercise training in that exercise training improved treadmill walking distance

independent to a change in limb blood supply assessed by LDI.
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4.1 Introduction

There is currently a lack of effective drugs for leg ischemia and no effective drug development
pipeline (Gerhard-Herman, Gornik et al. 2016). Pharmacological interventions that have been
successful in the acute HLI model have not proved to be effective in large clinical trials (Annex
2013, Dragneva, Korpisalo et al. 2013, Lotfi, Patel et al. 2013, Krishna, Moxon et al. 2015,
Mohamed Omer, Krishna et al. 2016). The inability to translate findings from previous pre-
clinical studies to patients could be due to the lack of relevant experimental limb ischaemia
models and appropriate study design. Current HLI models do not simulate a more typical
patient presentation of PAD, such as an ongoing state of ischemia arising from chronic
ischaemic insult to the limb, old age and atherosclerosis (Dragneva, Korpisalo et al. 2013,
Krishna, Omer et al. 2016, Mohamed Omer, Krishna et al. 2016). In contrast to human PAD,
most previous pre-clinical trials are designed to assess potential interventions within model
rodents in which ischaemia is not established (Takahashi, Shibata et al. 2015). This
prophylactic approach does not represent the clinical situation where treatment usually occurs
following the presentation and diagnosis of established chronic ischemia. In addition, many
previous studies are not designed to include appropriate measures to limit potential observer
bias such as blinding the investigators who are conducting outcome assessments, and lack of

allocation randomisation (Mohamed Omer, Krishna et al. 2016).

In Chapter 3 of this thesis, a new mouse model of persistent limb ischaemia was established
and validated in order to better assess interventions. Repurposing drugs which may have
angiogenic potential could provide a rapid approach for implementing successful interventions
to manage limb ischaemia due to the benefits of approval status, established dose and safety
profile and availability. The biguanide metformin is used to manage hyperglycaemia in type 2
diabetes and has recently gained significant attention for being repurposed for several

metabolic diseases (NIH 2018).

Small uncontrolled clinical studies have suggested that metformin can improve blood supply
in patients with PAD (Sirtori, Franceschini et al. 1984, Montanari, Bondioli et al. 1992).
Suggested mechanisms for the proposed beneficial effects of metformin include promoting
arteriogenesis, stimulating angiogenesis, improving microcirculatory function, limiting
oxidative stress and favouring mitochondrial biogenesis (Hamburg and Balady 2011, Steven,
Daiber et al. 2017). Metformin has been recently reported to improve hind limb blood supply
within the acute HLI model by increasing AMPKa and e-NOS activity within ischaemic
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muscles in order to promote angiogenesis (Takahashi, Shibata et al. 2015). Further data also
suggest that metformin may attenuate oxidative stress by, for example, downregulating
expression of thioredoxin interacting protein (TXNIP) which has been suggested to be a critical
protein in promoting severe limb ischemia in diabetes (Chong, Chan et al. 2014, Zhang, Pang
et al. 2015). Oxidative stress and mitochondrial biogenesis have been previously shown to be
associated with muscle changes relevant for functional improvements resulting from limb

ischaemia.

4.1.1 Hypothesis and aims of study

The specific hypothesis and aims of this Chapter were:

4.1.1a Hypothesis

Primary: Metformin would improve blood supply in the two-stage mouse model of limb

ischaemia

Secondary

1) AMPKa activity and e-NOS activity would be increased in mice receiving metformin

2) Oxidative stress marker TXNIP would be decreased and mitochondrial biogenesis

marker PGCla would be upregulated in mice receiving metformin

Tertiary: The improvement in blood supply caused by metformin would improve treadmill

walking distance after established ischaemia

4.1.1b Aims
The aims of this chapter were:

Primary: To examine the effect of metformin administration on blood supply in the

experimental model of ongoing limb ischaemia.
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Secondary: To assess the effect of metformin on AMPKa activity, e-NOS activity and the
differential protein and gene expressions of TXNIP and PGCla in the experimental model of

ongoing limb ischaemia.

Tertiary: To examine the effect of metformin administration on treadmill exercise performance

in the experimental model of ongoing limb ischaemia.

4.2 Methods

4.2.0 Ethics and mouse husbandry

Institutional ethics was obtained for the studies presented in this Chapter (Appendix) and mice

were maintained as described in Chapter 2.1.

4.2.1 Study design, group allocation and protocol

This was a placebo-controlled trial utilising the two-stage mouse model. Unilateral left HLI
was induced in 31 male ApoE” mice (n=31) through the two-stage HLI induction method. Five
days after HLI induction, mice commenced receiving metformin (n=16; 300mg/kg/day) or
vehicle control (n=15; distilled water). The dose of metformin was chosen since it is estimated
to equate to a daily dose of approximately 1500mg in humans which is the most common dose
used (Christiansen, Ehrenstein et al. 2015). The mouse equivalent dose was estimated by
normalisation to the body surface area using the United States Food and Drug Administration
recommended conversion factor of 12.3 (Rockville 2005). Previous studies have suggested that
using this conversion factor, murine plasma levels of metformin are achieved which correlate
well with ranges achieved within human plasma (Foretz, Guigas et al. 2014). Drug or vehicle
control administration by oral gavage was commenced 5 days after completing ischemia
induction (Figure M4.1), since a preliminary experiment demonstrated that the severity of HLI
was stable at this stage. An independent research assistant (Ms Anne Kraueter) performed
blinded administration of metformin or vehicle but played no further part in the study. Two
separate vials of metformin or vehicle was freshly prepared by the main investigator before
each administration and labelled in a way the person administering did not know what was
administered or how many interventions were tested. Drug administration was continued for 4
weeks and then mice were euthanised by CO; asphyxiation and lower limb muscle tissue

samples were harvested in OCT for Western blot assays or RNA later for qPCR. OCT
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embedded samples were snap frozen in liquid nitrogen and stored in -80°C and RNA later

samples were stored at -20°C for later analysis.

The primary outcome measure was blood supply measured by LDI. During the assessment and
analysis of LDI, the group allocation was blinded to the investigator. Secondary outcome
measures were treadmill exercise performance test, protein expression analysis of AMPKa.
phospho-AMPKa, e-NOS, phospho-eNOS, TXNIP and PGCla by Western blotting; NO
assay, and blood glucose assay and gene expression assays of AMPKa, e-NOS, TXNIP and
PGCla by gqRT-PCR.-Similar to the primary outcome of LDI, treadmill exercise performance

was performed with the group allocation blinded to the investigator.

4.2.2 Sample sizes

Sample size for this study was estimated for the primary aim using the outcome measure of
LDI. For calculating the expected outcome for the metformin administered group and vehicle
control group, the LDI results of a previous group of mice in which the acute HLI model was
employed were used (Takahashi, Shibata et al. 2015). In that study, 10 mice were imaged for
28 days after ischemia induction and mean (SD) flux ratio of the control group was 0.51 (0.20).
It was assumed that in the metformin administered mice, ischaemic hind limb blood supply
would be increased by 30% which is suggested to improve ischaemic limb impairment and
tissue injury (Takahashi, Shibata et al. 2015). Based on these assumptions and aiming to
achieve 80% power with an alpha of 0.05, it was estimated that 12 mice were required in each
group (estimated with G* power). Sample sizes were adjusted by adding approximately 30%
to this estimate, in order to account for exclusions of animals during the experiment due to

technical difficulties or unexpected mortality or morbidity which might be experienced.

4.2.3 HLI induction

Unilateral left HLI was induced in all experimental mice (n=31) through the two-stage HLI

induction method as described in chapter 2.

4.2.4 Laser Doppler imaging

LDI was performed as described in chapter 2. LDI measurements were carried out at baseline,

7 days after ameroid placement, after ischaemia induction and weekly after starting metformin
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or vehicle administration for 4 weeks (Figure M4.1). The groups were blinded during

assessment and analysis.

4.2.5 Functional assessment with a treadmill test

The treadmill test was performed with mice as described in chapter 2. Treadmill testing was
carried out at baseline (before first surgery), 2 days after ischaemia induction and, 3 and 5
weeks after commencing metformin or vehicle administration. The groups were blinded during

assessment and analysis.
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Figure M4.1: Study design for examining the effect of metformin on HLI. Mice were randomised 5 days after ischaemia induction and started on

daily intervention with metformin or vehicle. LDI assessments were carried out at baseline, days 7, 16, 28, 35, 42 and 49. Treadmill walking

distance tests were performed at baseline, days 16, 35, and 45.
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4.2.6 Western blotting

Western blotting was performed to examine the protein expression of AMPKa. phospho-
AMPKa, e-NOS, phospho-eNOS, TXNIP and PGCla in mice receiving metformin and vehicle

control. Antibodies and dilutions used are shown in Appendix (Table Al).

4.2.6a Sample preparation

The ischaemic gastrocnemius muscles which were harvested at euthanasiaand stored in OCT
compound (ProSciTech) at -80°C were used for Western blotting. Each tissue sample was
thawed on ice, rinsed in PBS, transferred to a clean microfuge tube and snap frozen in liquid
nitrogen. The tissue was then minced manually with a pestle, 500ul of ice-cold radio-
immunoprecipitation assay (RIPA) buffer (Cell Signalling Technology) containing protease
inhibitors (Roche) and phosphatase inhibitors (PhoSTOP) was added to the minced tissue and
homogenised with the pestle attached to a handheld drill. The homogenised samples were
centrifuged for 5 minutes at 80000xg at 4°C. The supernatant was collected and protein

concentration was quantitated by the BioRad protein assay (BioRad, USA).

4.2.6b Protein estimation by BioRad protein assay

IgG standards (range 0-8pg) were prepared by diluting IgG (1mg/ml) with milli-Q water to
construct a standard curve. A small volume of each sample (2ul) was diluted to 1:1000 in milli-
Q water and used for the assay to determine the protein concentration. Each sample (160ul) or
standard (160ul) was mixed with 40ul Bradford reagent in a flat bottom 96-well plate. The
solutions were mixed, followed by 30 minutes of incubation in the dark. The optical density
(OD) of the wells were read at 595nm in the Omega plate reader. GraphPad prism software
was used to interpolate unknown concentrations of the diluted samples using the standard
curve. The interpolated values were multiplied by the dilution factor (x1000) for the protein

concentrations of the extracted proteins of the samples.

4.2.6¢ Electrophoresis separation of proteins

Protein samples (20ng) were mixed with Laemmli buffer containing dithiothreitol (DTT;
0.39mg per 1ml of Laemmli buffer; Bio-Rad, USA) and boiled at 95°C for 5 minutes. Samples
(15ul) were loaded into the wells of 4-15% SDS-polyacrylamide electrophoresis pre-cast gels
(BioRad), along with Precision Plus Protein™ WesternC™ Protein Standard (BioRad). The

84



gel was run in 1xTris/glycine/SDS electrophoresis buffer (BioRad) at 80V for 10 (until the
proteins begin to enter the resolving gel) minutes and until fully resolved (until the dye front

disappeared) at 100V.

4.2.6d Transfer of proteins from gel to membrane

The wet transfer technique was employed to tranfer the proteins from gel to membrane.
Following the separation of the proteins, the gel was placed in transfer buffer containing 10%
methanol. Polyvinylidene fluoride (PVDF) (Biorad) or PVDF FL (Immobilin FL, Licor)
membranes were activated in 100% methanol, and filter paper and fibres pads were moistened
in transfer buffer. The transfer sandwich was assembled as shown in figure M4.2 with the blot
on the cathode and the gel on the anode and ensured no air bubbles are trapped in the sandwich.
The cassette was placed in the transfer tank containing Transfer buffer, an ice block was placed
in the tank and the transfer was carried out at 100V for 60 minutes. After transfer, PVDF
membranes were Ponceau stained to confirm successful transfer. Membranes were cut between
bands to separate the different regions of membrane of the protein to be investigated according
to molecular size using the markers. PVDF FL membranes were stained with Revert protein

stain (Licor) and visualised for total protein by the Odyssey imaging system.
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Figure M4.2 Western blot wet transfer sandwich assembly (Bio-Rad 2016)

4.2.6¢e Protein detection and visualisation: chemiluminescent method

PVDF membranes were recharged in 100% methanol and placed in TBS-T (0.1% tween) in a
low speed shaker. Non-specific sites were blocked with 5% ECL prime blocking agent for 60
min at room temperature. The blots were then incubated with the primary antibody overnight
at 4°C on a low speed shaker. Membranes were washed 3 times, 10 minutes each time in TBS-
T and incubated with the HRP conjugated secondary antibody (goat anti-rabbit; 1:1000)

(DakoCytomation, Denmark) in room temperature on the low speed shaker for 2 hours. This
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was followed by 3 washes with TBS-T for 10 minutes each. After which the membrane was
placed in TBS. The membrane was imaged using a LiCor Odyssey scanner and band intensities

were quantified using the Odyssey software.

4.2.6f Protein detection and visualisation: fluorescent method

PVDF FL membranes were recharged in methanol and incubated with Odyssey blocking buffer
(Li-Cor)for 1 hour prior to incubation with rabbit polyclonal antibodies directed against
TXNIP (anti mouse TXNIP) and PGCla (anti-mouse PGC1a) overnight at 4°C. After washing,
blots were incubated with donkey anti-rabbit secondary antibodies conjugated with IRDye
800CW (Licor) for 1 hour in room temperature. Membranes were washed in TBS-T and imaged

using a LiCor Odyssey scanner and analysed using the Odyssey software.

4.2.7 Plasma nitric oxide assay

At euthanasia, blood was collected by cardiac puncture into heparin coated tubes (BD
Microtainer). Platelet poor plasma was separated by centrifugation of blood at 4000 x g at 4°C
for 10 minutes followed by a further 10 minutes centrifugation at 10,000 x g at 4°C. NO levels
in plasma was determined indirectly by measuring the concentration of the stable end products
nitrate and nitrite using a commercial kit (Cayman) based on the Griess reaction. The protocol
provided by the manufacturer was followed. Nitrate standards (range 0-35 ul) were prepared
by diluting 200 uM reconstituted nitrate standards with assay buffer to construct a standard
curve. Samples or standards (40 pl) were assayed in triplicate in a flat bottom 96 well plate
(Cayman) and each was mixed with 40 pl assay buffer solution. Enzyme co-factor mixture (10
ul) and nitrate reductase mixture (10 pl) were subsequently added to the wells. The plate was
then incubated at room temperature for 3 hours in the dark. After incubation, Griess reagent
R1 (50 pl) was added to each of the wells followed immediately with Griess reagent R2 (50
pl) and colour was allowed to develop for 10 minutes at room temperature. The absorbance

was measured at 540 nm using an Omega plate reader.

4.2.8 Plasma glucose measurement

Glucose measurements were performed on plasma samples prepared at euthanasia. Samples
were vortexed and glucose concentrations were measured with an Accu-Chek Performa

glucometer and test strips. Briefly, 1ul of sample was placed on a fresh test strip, inserted into
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the glucometer and displayed reading was recorded. Each sample was tested with a new test

strip.

4.2.9 Quantitative real-time polymerase chain reaction assays

Qiagen QuantiTect Primer Assays (Qiagen) were used to assess AMPKal, PGCla, TXNIP, e-
NOS and GAPDH gene expression (Appendix Table AS5).

4.2.9a RNA extraction

Total RNA was isolated from ischaemic gastrocnemius muscles using a RNeasy Mini kit
(Qiagen) according to manufacturer’s instructions. The tissue was cut into Smmx5mm piece in
a petri dish and placed in an Eppendorf tube. The sample was homogenised in 500ul Qiazol
reagent using a sterile pestle and drill and an additional 500ul of Qiazol reagent was added.
The samples were left in for 5 minutes at room temperature and 200l of chloroform (Sigma-
Aldrich) was added. The samples were shaken for 20 seconds, left for 3 minutes in a shaker at
room temperature. The samples were centrifuged for 15 minutes at 10,000xg at 4°C treating
the samples with care not to disturb the phase. The top aqueous phase was removed and the
sample was treated with 500 pl of 2-isopropanol for 10 minutes at room temperature. RNA was
purified with spin columns in the RNeasy kit (Qiagen, Germany). Briefly, an equal volume of
70% ethanol was added, mixed and transferred to spin columns, then centrifuged at 10,000g
for 30 seconds and washed with RW1 buffer twice. The column was washed again with 100%
ethanol and the DNAse digestion was carried out for 30 minutes at 37°C, the columns were
washed again with RW1 and RPE buffer. The RNA was eluted into ultra clean RNA tubes, in
20ul of RNAse free water. The RNA was quantified using the Nanodrop spectrophometer
(Thermoscientific, Australia) at 260/280 nm to assess purity. RNA with an OD of 1.8-2.0 at
260/280 were used for qRT-PCR experiments.

4.2.9b Reaction preparation

The qRT-PCR reactions were performed using QuantiTect SYBR Green one-step RT-PCR
assay (Qiagen). Each reaction was performed with 10ng of RNA set up in a reaction volume

of 10 uL containing 5 puL SYBR Premix, 0.5 pL primer mix and 0.1 pL reverse transcriptase.

4.2.9¢ q-RT-PCR cycling conditions

A three step melt thermal cycling program was used: 50°C for 30 minutes for cDNA synthesis,

95°C for 15 minutes (enzyme activation), 40 cycles of 94°C, 15s (denaturation), 55°C for 30s
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(annealing), 72°C for 30s (extension). For each gene of interest, the relative expression in each
sample was determined by using the concentration-Ct-standard curve method and normalised

to the expression of GAPDH. All samples were tested in duplicate.

4.2.10 Statistical analysis

Graphpad Prism V6.0 (GraphPad Software, San Diego, CA) and R studio software programs
were used to analyse data. Graphpad was used to construct graphs. Data were tested for
normality using D’Agostino-Pearson normality test. Data with normal distribution were
expressed as mean + standard error of mean (SEM) and analysed using parametric tests. Non-
normally distributed data were expressed as median and interquartile ranges (IQR) and
analysed using non-parametric tests. LME model analysis was used to compare LDI data
between groups. For LME analyses variation between individual mice were treated as random
effects. LDI data and time were treated as fixed effects. Model fit was assessed by examination
of the spread of standardised residuals and qg-normal plots. Interaction between time and
treatments were assessed by LME. LME model analysis was used to compare treadmill data
between groups. For LME analyses variation between individual mice were treated as random
effects. Treadmill data and time were treated as fixed effects. Model fit was assessed by
examination of the spread of standardised residuals and qg-normal plots. Data were square root
transformed to fit model assumptions. Interaction between time and treatments were assessed
by LME. Western blot data, NO assay data, glucose concentration data and qRT-PCR data
were compared between groups using a Mann-Whitney U test and expressed as median and

IQR. In all cases a p value of <0.05 was considered to be statistically significant.
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4.3 Results

4.3.1 Metformin administration improved limb blood supply

Blood supply to the hind limbs at baseline was similar between experimental groups before
surgery (Figure R4.1). Mice in both groups experienced a significant reduction in hind limb
blood supply following ameroid placement and ischaemia induction, and exhibited a
comparable level of HLI at the commencement of metformin or vehicle administration (Figure
R4.1). Subsequently mice receiving metformin exhibited improved limb blood supply
compared to the vehicle control group (p<0.001; Figure R4.1. B). Four weeks after receiving
interventions, mice receiving metformin had 16.17% greater blood supply to the ischaemic

limbs compared to control mice receiving vehicle.

4.3.2 Metformin administration did not significantly affect treadmill performance

Mice receiving metformin and mice receiving vehicle control had comparable distances
travelled on the treadmill exercise test throughout the experimental period (Figure R4.2,

p=0.241).

4.3.3 Phospho-AMPKa/total AMPKa and phospho-eNOS/e-NOS were increased in mice

receiving metformin

In mice receiving metformin, AMPKa protein expression levels were similar to controls
(p=0.818, figure R4.3Ai). Mice receiving metformin had higher levels of phospho-AMPKa
compared to vehicle administered mice (p=0.041, Figure R4.3Aii). The phospho-AMPKa
level relative to total AMPKa expression was significantly greater in mice receiving metformin
compared to controls (p=0.009, Figure R4.3Aiii). Higher levels of phospho-eNOS expression
relative to total e-NOS expression was observed in mice receiving metformin (p=0.031, Figure
R4.3Biii). Total e-NOS expression within the ischaemic gastrocnemius muscles was similar in
mice receiving metformin and vehicle (p=0.821, Figure R4.3Bi). However, mice receiving
metformin had significantly higher levels of phospho-eNOS (p=0.047, Figure R4.3Bii) than
controls. The mRNA levels of AMPKa and NOS3 were similar in mice receiving metformin

and vehicle (p=0.378, Figure R4.6A; p=0.442, Figure R4.6B).
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Figure R4.1. Effect of metformin administration on hindlimb blood supply in the two-
stage mouse model of PAD. A: Representative laser Doppler images at the assessment times
of the intervention groups. B: Laser Doppler imaging limb perfusion ratios in mice receiving
metformin (n=15) and vehicle control (n=16). Values are normalised to the means of the
baseline for each group and data is expressed as mean +SEM. LME analysis suggested a
significant difference (p<0.001) between groups over the experimental period.
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Figure R4.2. The effect of metformin on treadmill exercise performance in the two-stage
mouse model of PAD. Treadmill distance travelled by metformin administered (n=15) and
vehicle administered groups (n=16). Administration commenced 5 days post ischaemia. Data
expressed as mean +SEM. Data were analysed by LME and square root transformed to fit
model assumptions. The treadmill distance travelled showed no significant difference over time
(p=0.241) in mice receiving metformin and vehicle.
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Figure R4.3. The effect of metformin on protein expression detected by chemiluminescent Western blotting. A: Representative immunoblots
of AMPKa, phospho-AMPKa, total e-NOS, phospho-eNOS (Ser!!””) and GAPDH expression. A: i) Results of relative densitometry analysis of
AMPKa protein expression in the spleen relative to GAPDH expression, i1) Results of relative densitometry analysis of phospho-AMPKa protein
expression in the spleen relative to GAPDH expression, iii) Results of relative densitometry analysis of phospho-AMPKa protein expression
relative to total AMPK expression in the spleen. B: 1) Results of relative densitometry analysis of e-NOS protein expression relative to GAPDH
expression in the in the ischaemic gastrocnemius muscle, ii) Results of relative densitometry analysis of phospho-eNOS protein expression relative
to GAPDH expression in the ischaemic gastrocnemius muscle, iii) Results of relative densitometry analysis of phospho-eNOS protein expression
relative to total e-NOS expression in the ischaemic gastrocnemius muscle. Original blots presented below. Data expressed as median and
interquartile range with maximum and minimum data points (whiskers). Data were compared between groups with Mann Whitney U test, *
indicates p<(0.05, ns indicates p>0.05.
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Figure R4.3C. Western blot images of AMPKa and phospho-AMPKa expression with their respective GAPDH blots for the effect of

metformin on limb ischaemia. Unlabelled lanes contained ladders.
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Figure R4.3D. Western blot images of e-NOS expression with their respective GAPDH blots. Unlabelled lanes contained ladders.
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Figure R4.3E. Western blot images of phospho-eNOS expression with their respective GAPDH blots. Red arrows indicate samples
excluded due to signal intensity being not quantifiable. Unlabelled lanes are contained ladders.
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4.3.4 Circulating nitric oxide was increased in mice receiving metformin

Plasma nitrate was measured using a colourimetric assay (Cayman Chemicals) 4 weeks after
administering metformin or vehicle. Plasma NO levels were greater in mice receiving
metformin than controls (8.44+2.02 uM and 3.77+0.50 uM respectively, p=0.024; Figure
R4.4B). Furthermore, non-fasting plasma glucose concentrations after 4 weeks of interventions
were similar (p=0./19) in mice receiving metformin (14.25+ 2.524 mmol/l) and vehicle

(15.79+ 3.25 mmol/l) (Figure R4.4B).

4.3.5 TXNIP was downregulated and PGClo was upregulated in ischaemic muscle of

mice receiving metformin

Relative protein and gene expression of the oxidative stress augmenting protein TXNIP was
significantly downregulated (p=0.038, Figure R4.5B and p=0.017 respectively, Figure R4.6C)
in mice receiving metformin compared to mice receiving vehicle control. Relative protein and
gene expression of the mitochondrial biogenesis marker PGCla, was significantly upregulated
(»=0.026, Figure R4.5C and p=0.028, Figure R4.6D respectively) in the ischaemic

gastrocnemius muscles of mice receiving metformin compared with controls.
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Figure R4.4. Effect of metformin on circulating plasma glucose and plasma nitrate levels. Plasma levels of glucose (A) and nitrate (B) 4
weeks after vehicle or metformin administration. Nitrate levels were determined using a colourimetric assay (Cayman Chemicals) and nitrate
levels were considered as the index of NO levels. Data expressed as mean and SD and were compared between the groups using Mann Whitney
U test, p<0.05 indicated by * and p>0.05 indicated as ns.
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Figure R4.5. The effect of metformin on protein expression in the ischaemic gastrocnemius muscles detected by infrared fluorescent
Western blotting. A: Results of relative densitometry analysis of PGCla protein relative to total protein expression. B: Results of relative
densitometry analysis of TXNIP protein relative to total protein expression. Data expressed as median and interquartile range with maximum and
minimum data points (whiskers). Data were compared between groups with Mann Whitney U test, * indicates p<0.03, ns indicates p>0.05.
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Figure R4.5C. Western blot images of TXNIP expression with their respective total protein expression blots. Red labels indicate samples
excluded due to artefacts in lane interfering with quantitation of signal intensity.
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Figure R4.5D Western blot images of PGC1a expression with their respective total protein expression blots. Red labels indicate samples
excluded due to artefacts in lane interfering with quantitation of signal intensity.
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Figure R4.6. Effect of metformin on mRNA expression in the ischaemic gastrocnemius
muscles determined by qRT-PCR. A: Results of AMPKoal mRNA expression relative to
GAPDH, B: Results of Nos3 mRNA expression relative to GAPDH, C: Results of TXNIP
mRNA expression relative to GAPDH and D: Results of PGCla mRNA expression relative to
GAPDH. Data expressed as median and interquartile range with maximum and minimum data
points (whiskers). Data were compared between groups with Mann Whitney U test, * indicates
p<0.05, ns indicates p>0.05.
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4.4 Discussion
The main outcomes of this study were:

1. Metformin administration promoted recovery of hindlimb blood supply in the novel mouse

model of ongoing ischemia.

2. Metformin intervention resulted in upregulation of AMPKa activity and e-NOS activity with
increased circulating NO levels. Additionally, decreased gene and protein expression of
oxidative stress marker TXNIP and increased gene and protein expression of the mitochondrial

biogenesis marker PGC1a were indicated in the ischaemic tissues of mice receiving metformin.

3. Metformin intervention did not promote hindlimb function assessed by treadmill walking

distance in the two-stage model of HLI.

HLI was achieved in this study using a sequential two step surgical procedure reported in
Chapter 3. The improvement in blood supply in mice receiving metformin is supportive of
previous similar findings in the one stage HLI model and two uncontrolled studies in PAD
patients (Sirtori, Franceschini et al. 1984, Montanari, Bondioli et al. 1992, Takahashi, Shibata
et al. 2015). In the present study, the improvement in blood supply to the ischaemic limbs by

metformin was mild within a period of 4 weeks.

Indirect activation of AMPKa is intimately associated with the pleiotropic actions of metformin
(Foretz, Guigas et al. 2014, Langone, Cannata et al. 2014, Kinaan, Ding et al. 2015). This
activation is a result of a mild and transient inhibitory effect by metformin on the mitochondrial
complex 1 of the electron transport chain (Foretz, Guigas et al. 2014). AMPKa activity was
upregulated in mice receiving metformin suggested by the increased protein expression of
phospho-AMPKa to total-AMPKa, suggesting that recovery of blood supply from an
established steady state of ischaemia was improved via AMPKa dependent mechanisms.
AMPKa gene expression was similar in mice receiving metformin compared to mice receiving
vehicle control indicating AMPKa protein activity rather than gene expression is modulated
by metformin. Among possible downstream signals implicated in the improvement in blood
supply by metformin through AMPKa, this study investigated e-NOS, PGCla, and TXNIP
which are associated in the modulation of angiogenesis/arteriogenesis, oxidative stress and
mitochondrial biogenesis respectively. Activation of AMPKa by metformin has been
demonstrated to lead to phosphorylation of e-NOS resulting in increased NO bioavailability,

which could subsequently promote revascularisation (Rena, Pearson et al. 2013, Takahashi,
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Shibata et al. 2015). It has been previously reported that metformin does not promote recovery
of blood supply in e-NOS deficient mice in which HLI is induced with the one-stage approach
(Takahashi et al., 2015). These findings strongly suggest that e-NOS is a key mediator of the
action of metformin on limb reperfusion (Takahashi, Shibata et al. 2015). In the current study,
we found that the protein levels of phospho-eNOS to total e-NOS were upregulated within the
ischaemic gastrocnemius muscles and plasma nitrate levels were increased in mice receiving
metformin but not the gene expression of Nos3. As a result, plasma NO levels were higher in
mice receiving metformin. This suggests metformin promoted increased e-NOS activity as in

the previous acute HLI study (Takahashi, Shibata et al. 2015).

Endothelial cell migration and proliferation are key processes in revascularisation (Goveia,
Stapor et al. 2014). The endothelial-driven proliferative response requires upregulation of
mitochondrial mass and function (Tang, Luo et al. 2014). Such mitochondrial biogenesis
requires the coordinated replication and expression of mitochondrial DNA with the parallel
expression of nuclear-encoded mitochondrial genes (Uittenbogaard and Chiaramello 2014). A
key regulator of this process is PGC-la (Uittenbogaard and Chiaramello 2014). PGC-1a
promotes acceleration of angiogenesis by endothelial cells through mitochondrial biogenesis
which meets endothelial cell metabolic demands during proliferation (Rowe, Jiang et al. 2010).
Metformin has been previously reported to upregulate PGCla in skeletal muscles through
AMPKa stimulation (Jager, Handschin et al. 2007, Fernandez-Marcos and Auwerx 2011). The
results of the present study indicate that PGCla protein and gene expression were upregulated
in the ischaemic gastrocnemius muscles of mice receiving metformin leading to improved

blood supply.

Oxidative stress is known to impair endothelial function and is associated with impairment of
revascularisation (McDermott 2015). Thioredoxin is an antioxidant protein which regulates the
redox response to oxidative stress by maintain the reducing environment of tissues (Nishiyama,
Matsui et al. 1999). TXNIP is a negative regulator of thioredoxin and has been shown to have
adverse effects on ischemia and oxidative stress (Dunn, Buckle et al. 2010). TXNIP
knockdown has been shown to rescue blood-flow impairment and improve functional recovery
in ischaemic hindlimbs (Dunn, Simpson et al. 2014). Normalisation of hyperglycemia-induced
TXNIP expression to non-diabetic levels has been reported to rescue diabetes-related
impairment of ischemia-mediated angiogenesis (Dunn, Simpson et al. 2014). In addition,
TXNIP has been shown to enhance ischemia-reperfusion injury in response to acute

hyperglycemia (Yoshioka, Chutkow et al. 2012). TXNIP knockdown is associated with
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increased e-NOS expression and NO production (Wu, Zheng et al. 2013, Dunn, Simpson et al.
2014). In ischemia/reperfusion injury, TXNIP is associated with harmful consequences by
promoting oxidative damage in tissues via its pro-oxidative effects (Lane, Flam et al. 2013).
Metformin has been reported to reduce the expression of TXNIP through AMPKa activation
in aortic endothelial cells (Li, Kover et al. 2015). In the current study, it was found that TXNIP
protein and gene expression was downregulated in the ischaemic gastrocnemius muscles of

mice receiving metformin.

Furthermore, in this study a non-fasting impairment of blood glucose concentrations was not
observed in mice receiving metformin for 4 weeks at the daily human equivalent dosage of
2.0g/80 kg person. This suggests that metformin could be tolerated by non-diabetic subjects

without experiencing adverse hypoglycaemic episodes.

In this study, the effect of metformin intervention on treadmill walking performance to defined
pain was examined. Unlike the improvement in blood supply, there was no improvement in
walking capacity in mice receiving metformin within the experimental period. It was assumed
in this study that the frequency of visits to the rest zone by mice on the treadmill belt is
reflective of lower limb discomfort, such as that experienced during claudication in patients
with PAD. Therefore, fatigue was defined in this study as 10 visits to the rest zone despite
electrical stimulus for encouraging the mice to walk on the treadmill. A confounding variable
of this method is that mice exhibit different running styles with some styles which cause
premature stopping before discomfort by pain is achieved (Marcinko, Bujak et al. 2015). In
addition, no tissue injury or tissue loss was evident in the experimental mice suggesting the
symptomatic severity of ischaemia in the experimental model was mild and may be
representative of intermittent claudication patients’ symptoms. Additional possible limitations
could be the length of time on intervention to derive functional benefits, dose and sample size.
The mice were only assessed for 4 weeks of metformin intervention which may be short for
functional benefits to appear. Length of time for improvement to be apparent is a feature of
current management strategies for PAD such as with supervised walking exercise interventions
which typically require months before substantial improvement in walking performance is
realised (McDermott 2013). The dose used in this study was the currently prescribed human
dose for managing hyperglycaemia in diabetes patients. In this study the improvement in blood
supply by metformin was only observed 2 weeks after commencing the intervention. This
suggests that examining a higher dose at the start of intervention may be relevant for faster

improvement of blood supply by metformin intervention. Another limitation of the present
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study for determining the treadmill walking performance of the ischaemic mice receiving
metformin or vehicle is the sample size. Sample size for this study was estimated for the
outcome measure of LDI. The present study is limited in sample size to derive a clear
conclusion of the effect of metformin intervention on treadmill walking capacity in the

experimental model of established ongoing unilateral limb ischaemia.

Inhibition of complex 1 of the mitochondrial respiratory chain resulting in AMPKa activation
causing downstream signals is reported to be the main mechanism of action of metformin in
order to have its effects. A recently described AMPK activator, R419, activates AMPK by
inhibiting the mitochondrial complex 1 similar to metformin (Marcinko, Bujak et al. 2015).
R419, has been shown to improve treadmill running capacity by over 30% in obese mice fed a
high-fat diet (Marcinko, Bujak et al. 2015). Metformin’s ability to inhibit complex 1 has been
reported to be mild and transient (Foretz, Guigas et al. 2014). Therefore, a strong inhibitor of
complex 1 resulting in AMPK activation may generate more favourable blood supply

improvements and functional improvements in HLI.

In summary, the findings of this study suggest that metformin intervention at the currently
prescribed human relevant dose improves blood supply to a state of established ongoing
experimental limb ischaemia. The improvement in blood supply was characterised to be a result
of the upregulation of AMPKa activity, associated with increased activation of e-NOS in the
ischaemic muscles, increased bioavailability of circulating NO, increased expression of PGCla
and reduced expression of TXNIP. Based on previous reports these changes would be expected
to improve endothelial function by enhancing mitochondrial biogenesis (Jager, Handschin et
al. 2007, Fernandez-Marcos and Auwerx 2011), lowering oxidative stress and improving NO
bioavailability through upregulated activity of e-NOS (Wu et al., 2013), consequently
improving blood supply to ischaemic muscles. Limb impairment was not suggested to be
improved by metformin intervention at the currently prescribed human dose within the

experimental period and the limited sample size examined.

This study has numerous strengths and weakness. Strengths include the use of a pre-clinical
model with relevant pathophysiological features of human limb ischemia and use of relevant
drug dose and prospective study design with pre-established sample size calculations. The
relevance of pre-clinical animal models to assess therapies for PAD is controversial (Dragneva,
Korpisalo et al. 2013, Krishna, Omer et al. 2016, Mohamed Omer, Krishna et al. 2016).

Although a single approach in animals cannot fully recapitulate the human condition, an in vivo
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model which may recapitulate the salient features of the disease will potentially aid in drug
discovery. Limitations for the current study include the lack of a comprehensive investigation
to explore the underlying mechanisms by which metformin improves limb blood supply
including measure angiogenesis, oxidative stress or mitochondrial biogenesis as possible
mechanisms of benefit for metformin and the relatively short monitoring of the outcome,
although 4 weeks is typical of studies within mouse models. Only one dose of metformin was
examined in this study, although relevant to the currently prescribed human daily dose for
managing hyperglycaemia, higher doses may need to be explored for improving blood supply
faster. The experimental model used in the current study also has mild tissue injury and degree
of functional impairment is mild. Additional relevant models with increased severity of tissue
injury and ambulatory impairment may need to be developed and explored for the potential of

metformin for translation.

In conclusion, the findings of this pre-clinical study highlight the therapeutic potential of
metformin for improving limb blood supply from an established ongoing state of ischemia.
Cautious optimism should be exercised when translating these findings as longer treatment
times may be needed in clinical trials before observing any improvements to realise potential
of metformin for managing PAD symptoms. In this pre-clinical study 3-4 weeks of metformin

administration was necessary before improvement in blood supply was initially observed.
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Chapter 5
The effect of Angiotensin
converting enzyme 2
deficiency in experimental
limb ischaemia
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5.1 Introduction

In Chapter 3 of this thesis, a new mouse model was developed in which HLI was induced
through a two-stage procedure in order to better simulate limb ischemia in PAD patients. This
approach led to a sustained state of severe ischemia that was prolonged over 4 weeks in adult

ApoE”" mice. This novel mouse model was used in the current study.

Effective pharmacological treatments to restore blood supply and treat the leg symptoms of
PAD are an unmet medical need (Vemulapalli, Dolor et al. 2015). NO is an important promoter
of angiogenesis and arteriogenesis for post-ischaemic recovery and NO is primarily derived
from e-NOS activity (Yu, deMuinck et al. 2005). Endogenous compounds which modulate e-
NOS activity could play important roles in recovery of blood supply to limb ischaemia and e-
NOS could be a potential target for drug development in PAD (Forte, Conti et al. 2016).
Activity of e-NOS to enhance NO bioavailability could be promoted through phosphorylation
at serine 1177 and by limiting e-NOS uncoupling (Forte, Conti et al. 2016). Evidence suggests
angiotensin converting enzyme 2 (ACE2) could be an important modulator of e-NOS activity
(Zhang, Wang et al. 2014). ACE2 catalyses the conversion of angiotensin II (Ang II) to
angiotensin-(1-7) (Ang-(1-7)) (Crackower, Sarao et al. 2002, Rabelo, Todiras et al. 2016,
Santos, Sampaio et al. 2018). Ang 1-7 signalling promotes e-NOS activity through
phosphorylation via Akt (Sampaio, Souza dos Santos et al. 2007, Patel and Schultz 2013). In
addition, Ang II is known to promote e-NOS uncoupling to produce superoxide than NO.
Degradation of Ang Il by ACE2 limits uncoupling of e-NOS promoting NO bioavailability and
e-NOS activity (Yamamoto, Ohishi et al. 2006, Alghamri, Weir et al. 2013, Moritani, Iwai et
al. 2013).

Genetic deficiency of ACE2 (ACE2™) in mice results in low tissue and circulating levels of
Ang 1-7 and higher Ang II levels (Thomas, Pickering et al. 2010, Bernardi, Burns et al. 2012,
Tikellis, Pickering et al. 2012, Wysocki, Ortiz-Melo et al. 2014). ACE2"” mice have also been
reported to demonstrate drastic reduction in e-NOS expression at both protein and mRNA
levels, and a decrease in NO concentrations (Yamamoto, Ohishi et al. 2006, Rabelo, Todiras
et al. 2016). Despite evidence suggesting potential of ACE2 to play an important role in
modulating Angl-7 and NO levels, the role of ACE2 in limb ischaemia is unknown.
Furthermore, ACE2 activity has been suggested to be differentially regulated in males and
females (Soler, Riera et al. 2012, Soro-Paavonen, Gordin et al. 2012), with serum ACE2
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activity higher in males than females (Uri, Fagyas et al. 2016). Thus, this study investigated
the effect of ACE2 on experimental two-stage HLI in both male and female ApoE”~ groups.

The hypothesis and aim of this study were:

Hypothesis:

ACE2" mice would have more severe limb ischaemia than sex and age matched ACE2 present

control mice 4 weeks after HLI induction.

Aim:

To examine the effect of ACE2" on two-stage HLI induction in adult mice.

5.2 Methods

5.2.1 Ethics approval and mouse husbandry

Institutional ethics was obtained for the studies presented in this Chapter (Appendix) and mice
were maintained as described in General Methods (Chapter 2.1). Male and female
apolipoprotein E null (4poE”") mice (C57BL/6] background) aged 6 months were obtained
from the Animal Resource Centre, Canning Vale, Western Australia. Genotyped male and
female ACE2"YApoE”~ mice were provided by Associate Professor Chris Tikellis at Baker IDI,

Melbourne, Australia. Mice were housed and maintained as detailed in Chapter 2.

5.2.2 Study design

This study was designed to compare the effect of ACE2 on the severity of HLI in male and
female ApoE”" mice. Six-month-old male ApoE”" (n=8), 6-month-old male ACE2"*ApoE"”
mice (n=8) 6-month-old female 4poE”~ (n=11), and 6-month-old female ACE2"”ApoE” mice
(n=10) were employed in this study. HLI was induced by the two-stage method and the limb
blood supply was assessed as the primary outcome measure by LDI. Secondary outcome
measures were ambulatory function by Tarlov scoring and tissue injury assessed by ischaemia

scoring (Figure M5.1).

5.2.3 Sample size

The sample size for this study was estimated for the primary outcome measure of LDI. The

expected LDI outcome for the ACE2""ApoE”~ mice was calculated using LDI data from the
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two-stage HLI group of mice developed in chapter 3. In the previous study 10 ApoE”" mice
were imaged 28 days after ischaemia induction and mean (SD) flux ratio was 0.54 (0.093). It
was assumed that in the ACE2"”ApoE”" mice ischaemic hind limb blood supply would be
decreased by 25%, which is suggested to cause limb impairment and tissue injury (Silvestre,
Bergaya et al. 2001, Zhu, Zhang et al. 2016). Based on these assumptions and aiming to achieve
an 80% power with an alpha of 0.05 an estimated minimum of 8 mice were needed per group.
Eight to 11 mice were used per group based on availability to account for any exclusions which

may have arisen from technical difficulties.

5.2.4 Hindlimb ischaemia induction

Unilateral HLI was induced in the left hindlimb of each mouse through the two-step surgical

procedure described in Chapter 2.
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Figure M5.1. Study design: The effect of ACE2" on the severity of HLI in male and female
ApoE”- mice. Limb blood supply was assessed by LDI, ambulatory function and tissue injury
were assessed by the Tarlov score and ischaemia score, respectively. Ischaemia was established
by the two-stage HLI induction method, initial ameroid placement on the FA on day 0 and
ligation and excision of FA on day 14.

5.2.5 Laser Doppler imaging

LDI measurements were carried out pre-operatively (baseline) and on days 7, 15, 21, 28, 35
and 41 after ameroid placement. (Fig M5.1). LDI measurements were performed as detailed

in Chapter 2.

5.2.6 Observational functional scoring and assessment of ischaemia

Observational assessment of limb function (Tarlov score) and ischaemia (Ischaemia score)
were carried out and recorded pre-operatively (baseline), and on days 21 and 35 after

commencing the experiments. Scoring was performed as detailed in Chapter 2.

5.2.7A Tail cuff plethysmography

Blood pressure (BP) was measured using a computerised, non-invasive, tail-cuff system (Kent
Scientific, USA). Mice were restrained on clear acrylic restrainer with a nose cone and placed
on a thermal pad at 37°C. The measurements were performed in a quiet environment and each
mouse was acclimatised to the restrainer. The occlusion cuff was placed on the base of the tail
and the volume pressure recorder cuff on the remaining end of the tail. The measurement device
was turned on to commence continuous cycles of BP measurements until consistent readings
were obtained. Displayed measurements were recorded and the average of three consecutive

consistent readings were used for each mouse.

5.2.7B Repeatability of tail cuff plethysmography recordings

The intra-observer repeatability of the systolic blood pressure (SBP) measurement was
performed on 10 separate male ApoE” mice without limb ischaemia. SBP was measured as
described above and measurements were repeated again the next day. The intra-observer
repeatability of the SBP measurement was CoV%=5.64% on 9 ApoE”" mice assessed on 2

separate measurements (Appendix Table A).
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5.2.8 Statistical analysis

Graphpad Prism V6.0 (GraphPad Software, San Diego, CA) and R studio software programs
were used to analyse data. Graphpad was used to construct graphs. Data were tested for
normality using D’ Agostino-Pearson normality test. LDI data are expressed as mean+SEM.
LME model analysis was used to compare LDI data between groups. For LME analyses
variation between individual mice were treated as random effects. LDI data and time were
treated as fixed effects. Model fit was assessed by examination of the spread of standardised
residuals and qg-normal plots. Data were square root transformed to fit model assumptions.
Interaction between time and groups were assessed by LME. Tarlov scores and ischaemia
scores were expressed as mean and SEM and compared between groups by Mann-Whitney U
test. SBP data were expressed as median and interquartile ranges and compared between groups

by Mann-Whitney U test. All comparisons were considered significant at p<0.05.

5.3 Results

5.3.1 ACE2YApoE"’" mice with two-stagse HLI had comparable limb ischaemia and

functional impairment to ADOE” mice with two-stage HLI

Female ACE2"ApoE”" mice and female ApoE” mice had similar levels of hindlimb blood
supply before ischaemia induction (Figure RS5.1). Two-stage HLI induction in both groups
resulted in a similar level of ischaemia (Figure R5.1 Female ACE2"” ApoE”- and ApoE”" mice

had comparable limb blood supply over the experimental period (p=0.212; Figure R5.1).

Functional impairment assessed by Tarlov scores between female ACE2"”ApoE”" and female
ApoE”" mice indicated that the similar impairment in limb function in ACE2”*ApoE” and
female ApoE”" groups over the course of the experiment (Figure R5.3A). Ischaemia scores in
female ACE2"ApoE”- and female ApoE”" mice were similar over the course of the experiment

(Figure R5.4B)

Blood supply was similar between male 4ACE2"”*ApoE”" mice and male ApoE”" mice at baseline
(Figure R5.2) and the LDI ratio was similar in the ACE2"”ApoE"~ and ApoE”~ groups over 28
days after HLI induction (Figure R5.2). Blood supply over the experimental period was similar

between male ACE2"VApoE”" and ApoE”" mice (p=0.263; Figure R5.2).
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Tarlov scores were similar between male ACE2" ApoE”~ and male ApoE”" mice over the course
of the experiment (Figure 5.3B). Ischaemia scores were similar ischaemia scores between male

ACE2" ApoE~”" and male ApoE”" mice (Figure 5.4A).

5.3.2 Systolic blood pressure were similar in ACE2YApoE " and ApoE" mice

SBP in female ACE2”ApoE”- and female ApoE”" mice was similar throughout the experiment
(Figure R5.5A). SBP was similar in male ACE2"”ApoE”~ and male ApoE”" mice throughout the
experiment (Figure 5.5 B).
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Figure R5.1: Effect of ACE2'Y on limb
blood supply in female mice with two
stage HLI. A: Representative laser
Doppler images of female ACE2* ApoE”
and ApoE”’ mice. B: Laser Doppler
imaging limb perfusion ratios of female
ACE2¥ApoE”- and ApoE” mice. LME
analysis of post ischaemia period
suggested no significant difference
between the groups (p=0.212). Data
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Figure R5.3. Effect of ACE2Y on functional use score of the hindlimb (Tarlov) in the hindlimbs of mice with two stage HLI induction. A: Tarlov
score of female ACE2" ApoE”" vs female ApoE”" mice B: Tarlov score of male ACE2? ApoE”~ vs male ApoE”" mice. All results expressed are mean and

SEM and all comparisons between groups were carried out by Mann Whitney U test.
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5.4 Discussion

The key finding of the study presented in this chapter was that ACE2"”ApoE”" mice did not
have greater severity of ischaemia and functional impairment compared to age and sex matched
ApoE”" control mice over 4 weeks after HLI induction. This is also the first study in which two-
stage HLI was induced in female mice. The result showed that an ongoing ischaemia was
present in the females and suggests that sex may not affect severity of ongoing ischaemia in

the two-stage HLI model.

In the present study, ACE2"ApoE”" mice did not demonstrate an elevated SBP compared to
age and sex matched 4poE”" mice. The role of ACE2" in BP regulation in rodent studies is
controversial with some studies showing increase in BP (Gurley, Allred et al. 2006, Thomas,
Pickering et al. 2010, Rabelo, Todiras et al. 2016), with other studies demonstrating no
differences compared to their respective control (Crackower, Sarao et al. 2002, Moritani, Iwai
et al. 2013). In the present study adult mice were assessed compared to the relatively young
mice used in previous studies (Silvestre, Bergaya et al. 2001). Mixed genetic backgrounds,
high variability of BP data and a lack of statistical power has been suggested to result in these
observations (Rabelo, Todiras et al. 2016). A protective role of the C57BL/6 background in BP
regulation has also been suggested by previous studies (Oudit, Kassiri et al. 2009). The
presence of compensatory mechanisms preventing higher Ang II levels in the ACE2"Y mice is
also suggested by the lack SBP elevation. Ang II promotes e-NOS uncoupling for increased
superoxide production and NO downregulation (Yamamoto, Ohishi et al. 2006, Alghamri,
Weir et al. 2013, Moritani, Iwai et al. 2013). Lack of increase in Ang II levels in the ACE2
YApoE”" mice would not have promoted Ang II dependent decrease in NO bioavailability for

greater ischaemia.

Lower Ang 1-7 levels leading to decreased phosphorylation of e-NOS subsequently lowering
NO bioavailability in 4CE2"Y was proposed to be one of the key mechanisms for greater
ischaemia in ACE2” mice in the current study. Compensatory mechanisms may have
prevented these effects to demonstrate comparable ischaemia in ACE2”*ApoE”" mice and the
ApoE”" controls over the course of the experiment. Angl-7 in circulation has a very short half-
life (3-15 minutes) because of its physiological hydrolysation by ACE, neprilysin (NEP), and
aminopeptidases (Yamada, Iyer et al. 1998, Breitling, Krauszman et al. 2015). In addition to
being able to hydrolyse Angl-7, NEP is able to generate Ang 1-7 and may have played a

compensatory role in ACE2”” mice. NEP is an endothelial cell surface zinc metallopeptidase
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and kinetic studies of peptide cleavage has shown that NEP more efficiently hydrolyzed Ang I
to Ang 1-7 compared with ACE2 (Rice, Thomas et al. 2004). Ang 1-7 is further cleaved by
NEP to several smaller peptides (Stephenson and Kenny 1987, Rice, Thomas et al. 2004, Brar,
Barrow et al. 2017). Mass spectrometry analysis has demonstrated that Ang 1-7 could be
further cleaved by NEP to generate the dipeptide Ang 1-2 (Brar, Barrow et al. 2017). Very
recently it has been reported that Ang 1-7 activity is critically dependent on its NEP mediated
degradation to the bioactive Ang 1-2 dipeptide in relation to evoking an insulin secretory
response (Brar, Barrow et al. 2017). It is interesting to explore whether modulation of NEP or
Ang 1-2 may be beneficial for therapeutic revascularisation for limb ischaemia (Brar, Barrow

et al. 2017).

Several potential metabolites are considered to play compensatory roles in ACE2”Y mice
including vasoactive bradykinin (1-8), des-Arg-kallidin, dynorphin A, casomorphin,
neurotensin 1 to 13, pyroglomulated-apelin 13 (pyr-apelin 13), apelin 17, and kinetensin
(Donoghue, Hsieh et al. 2000, Thomas, Pickering et al. 2010, Wang, McKinnie et al. 2016). In
relation to ischaemia, apelins (pyr-apelin 13 and apelin 17) may have had important
compensatory roles preventing greater ischaemia in the A CE2”” mice. Pyr-apelin 13 and apelin
17 are the dominant apelin peptides found in vivo. ACE2 metabolises and partially inactivates
pyr-apelin and apelin 17 (Wang, McKinnie et al. 2016). The half-lives of apelins are
extremely short and this has been reported to be prolonged in ACE2” plasma (Wang,
McKinnie et al. 2016). interesting compensatory peptides highly likely preventing greater
ischaemia in the ACE2” mice. Pyr-apelin 13 and apelin 17 has been shown to stimulate a
robust increase in NO production concordant with increased phosphorylation of Akt and e-
NOS in human umbilical vascular endothelial cells (Donoghue, Hsieh et al. 2000, Wang,
McKinnie et al. 2016). Studies on apelin in the acute model of HLI have demonstrated that
apelin deficiency reduces the rate of blood flow recovery and worsens necrosis (Kidoya,
Naito et al. 2010, Andersen, Hilberg et al. 2011). Furthermore, apelin administration was able
to increase the number of larger vessels and decrease necrosis in a model of HLI in mice
(Kidoya, Naito et al. 2010). Apelins have been described to stimulate functional and
morphological maturation of neo-vessels after cell transplantation in ischaemic tissues.
Immature vessel formation is a major problem that hinders use of effective therapeutic
angiogenesis agents such as VEGF and stem cells. Apelin is an agent that has been seen as a
promising combinatorial peptide for therapeutic angiogenesis with stem cells and gene therapy

(Kidoya, Naito et al. 2010, Samura, Morikage et al. 2016). It would be interesting to

125



investigate whether newly developed ACE2 resistant apelin analogues have potential for

therapeutic angiogenesis in limb ischaemia.

In a recent study, it has been reported that resveratrol upregulates ACE2 expression within the
aorta of a mouse model (Moran, Biros et al. 2017). Furthermore, resveratrol has also been
reported to upregulate adipose expression of ACE2 in hyperlipidaemic mice (Oliveira Andrade,
Paraiso et al. 2014). Interestingly, a recent randomised trial in patients with intermittent
claudication due to PAD reported that resveratrol does not improve maximum walking distance
(McDermott, Leeuwenburgh et al. 2017). These findings suggest that ACE2 upregulation may

not have any therapeutic value for PAD in line with the findings from the current study.

Strengths of this study include the use of a novel mouse model with persistent HLI,
investigation of 4CE2" in both sex and the use of adult mice on an atherosclerosis (4poE")
background. Further work to address weakness of this study include the measurement of Ang
IT levels or activity, measurement of circulating NO and Ang 1-7. Future work may also be
focused on measuring levels or activity of ACE2 metabolites or compensatory proteins such as
apelins, NEP and Ang 1-2 in ACE2”ApoE"" mice. Additional limitations include the lack of a
chronic model of slow onset of ischaemia in which slow onset of ischaemia takes longer than
two weeks. Further evidence is needed to understand the role of ACE2 in modulating shear

stress so that a clear conclusion may be determined regarding the role of ACE2 in PAD.

In conclusion this study demonstrates that ACE2"”ApoE” mice do not have increased severity
of HLI compared to ApoE” controls 4 weeks after two-stage HLI induction. The findings
suggest that ACE2 may not play an important role in improving blood supply in an
experimental model HLI. While ACE2 upregulation remains an exciting strategy for a variety
of diseases, the results of this study from the two stage mouse model of HLI does not encourage
the pursuit of this strategy for the pharmacological management of PAD in clinical trials and
ACE?2 is unlikely to be an important target for improving limb blood supply or function in
patients with PAD.
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Chapter 6

Concluding discussions and
future directions
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6.1 Discussion: Development of a two-stage mouse model of lower limb ischaemia

Treatments for limb ischaemia in PAD is an unmet medical need (Vemulapalli, Dolor et al.
2015). Advancements in treatments have been limited by the inability of currently used pre-
clinical animal models and outcome measures to successfully predict clinical effectiveness
(Lederman, Mendelsohn et al. 2002, Rajagopalan, Mohler et al. 2003, Olea, Vera Janavel et al.
2009, Belch, Hiatt et al. 2011, Annex 2013, Dragneva, Korpisalo et al. 2013, Lotfi, Patel et al.
2013, Krishna, Moxon et al. 2015, Krishna, Omer et al. 2016, Mohamed Omer, Krishna et al.
2016, McDermott, Ferrucci et al. 2017, Rigato, Monami et al. 2017). This is likely attributable
to pre-clinical study characteristics including the reliability of animal model used, study design
and endpoints assessed (Dragneva, Korpisalo et al. 2013, Krishna, Omer et al. 2016, Mohamed
Omer, Krishna et al. 2016). Recommendations for a mouse model of HLI to be clinically
relevant in order to better translate findings include: simulating the pathophysiology of PAD
through slow onset of severe ischaemia and functional impairment; incorporating more
representative pathology, such as concurrent atherosclerosis; incorporating common risk
factors present in patients, such as older age, diabetes or smoking; using outcome assessments
common in human trials such as treadmill testing; and demonstrating clinically relevant
response to established treatments of PAD such as exercise training (Dragneva, Korpisalo et

al. 2013, Krishna, Omer et al. 2016, Mohamed Omer, Krishna et al. 2016).

A major disadvantage of currently used pre-clinical animal models to simulate PAD is the rapid
natural recovery of blood supply to ischaemic tissues which occurs after HLI induction
(Aranguren, Verfaillie et al. 2009, Lotfi, Patel et al. 2013, Mohamed Omer, Krishna et al.
2016). Evidence suggests that in the most commonly used mouse model of HLI which is
developed through the acute ligation and excision of the FA (Dragneva, Korpisalo et al. 2013,
Krishna, Omer et al. 2016) sudden changes in fluid shear stress within collateral arteries
promote arteriogenesis and angiogenesis to restore blood supply to the ischaemic tissues
(Topper and Gimbrone Jr 1999, Garcia-Cardena, Comander et al. 2001, Tang, Chang et al.
2005). Ameroid constrictors placed at the ends of the FA have been suggested to modulate
rapid shear stress changes in previous studies (Tang, Chang et al. 2005, Yang, Tang et al. 2008).
However, only mild ischaemia is achieved by ameroid constriction (Tang, Chang et al. 2005).
This suggests that ameroid constriction alone may be inadequate to overcome efficient
collateral compensation of blood supply. In order to develop the slow onset of severe
ischaemia, excising the FA after slow onset of mild ischaemia by the ameroids may mitigate

blood supply through collaterals arising from the FA.
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In the first experimental work of this thesis (chapter 1, study 1) a new mouse model of HLI
was developed through a two-stage method which involved slow FA constriction using
ameroids at the ends of the FA for 2 weeks, followed by excision of the FA to achieve total
occlusion and severe ischaemia. Assessment of limb blood supply in the two-stage model by
LDI showed that ameroid placement alone did not achieve significant ischaemia after 2 weeks.
The second surgery of excision of the FA resulted in significantly severe ischaemia than the
ameroids alone. In comparison to the acute model of HLI, the two-stage model of HLI
developed in this thesis showed minor blood flow recovery immediately following ischaemia
induction and after 1 week from HLI induction the severity of HLI persisted. In line with the
finding of severe prolonged ischaemia assessed by LDI in the new mouse model, clinical signs
manifested as a result of ischaemia induction were greater in the two-stage HLI model as
assessed by clinical scoring. Together with the main technique of ischaemia induction, the new
experimental model which was developed incorporated additional characteristics of PAD
patients including atherosclerosis (through ApoE”") and old age. Atherosclerosis is the leading
cause of PAD and atherosclerosis simulating mouse models such as ApoE” mice develop
significant atherosclerotic lesions spontaneously and exhibit delayed recovery from ischaemia
(Kang, Albadawi et al. 2008, Dragneva, Korpisalo et al. 2013, Lotfi, Patel et al. 2013, Krishna,
Omer et al. 2016, Mohamed Omer, Krishna et al. 2016).

In the main study of chapter 3 in this thesis, greater functional impairment was observed in the
two-stage HLI model than the acute HLI model through the clinical scoring method. It is not
common for pre-clinical studies to quantitatively assess functional impairment in animal
models of HLI and functional assessments mirroring the clinical trial assessments are lacking
in pre-clinical studies of HLI. Using outcome assessments common in human trials such as
treadmill testing is a suggested recommendation for improving translatability of pre-clinical
findings_(Krishna, Omer et al. 2016). Treadmill exercise testing is the most commonly used
objective outcome measure in randomised clinical trials studying interventions to improve
walking performance in people with PAD.. In the current study assessment of treadmill
performance demonstrated the two-stage model of HLI had greater treadmill walking

impairment than the acute model of HLI.

The demonstration of functional impairment and similar responses to known interventions in
humans are important characteristics of an ideal mouse model for PAD (Krishna, Omer et al.
2016). Current guidelines and a considerable body of evidence support the clinical benefits of

a supervised exercise program in improving pain free walking performance, physical capacity
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and quality of life in PAD patients (Norgren, Hiatt et al., Norgren, Hiatt et al. 2007, European
Stroke, Tendera et al. 2011, Brass 2013, Hiatt, Armstrong et al. 2015, Gerhard-Herman, Gornik
et al. 2016, Golledge, Singh et al. 2019). The mechanisms associated with improvements in
limb symptoms as a result of exercise intervention in patients are not clearly understood. The
majority of studies in patients have consistently shown a poor correlation between leg blood
flow and walking ability with no increase in blood flow assessed by ABPI following an exercise
programme, even when significant improvements in walking ability have been reported
(Stewart , Hiatt et al. 2002, Askew, Green et al. 2005, Parmenter, Raymond et al. 2010,
Duscha, Robbins et al. 2011, Meneses, Nam et al. 2018). However, in the experimental model
of acute HLI, exercise training augments recovery of blood supply to ischaemic muscles (Yang,
Dinn et al. 1990, Yang, Prior et al. 2008, Cheng, Kuzuya et al. 2010, Rokutanda, Izumiya et al.
2011).

Exercise intervention after ischaemia induction in the two-stage HLI model promoted treadmill
walking distance independent of a change in limb blood supply. This is a finding similar to that
described in PAD patients (Watson, Ellis et al. 2008, Parmenter, Raymond et al. 2010, Malgor,
Alahdab et al. 2015) and validates the two-stage HLI model for assessing interventions for

improving functional impairment.

6.2 Future directions: Part 1

A number of potential future directions have arisen from the findings of the studies in the first
Chapter. The main finding showed that the new two-stage model of HLI had severe ongoing
ischaemia. Suggested future studies for this finding includes characterisation of mechanisms
associated with ongoing severe ischaemia. This includes histological characterisation of the
micro-vasculature to determine changes in arteriogenesis and angiogenesis and molecular
characterisation of shear stress modulators such as the mechano-transducer transient receptor

potential vanilloid 4.

The primary study in this chapter utilised older ApoE” mice to better simulate the
characteristics of PAD patients. It is known however, that other co-morbidities such as diabetes
affects blood flow recovery to limb ischaemia in patients. DM is a strong risk factor for PAD
(Fowkes, Rudan et al. 2013) and patients with DM-associated PAD are more likely to progress
to CLI (Thiruvoipati, Kielhorn et al. 2015). The amputation rate for patients with DM is five
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times higher than those without DM and PAD in the presence of DM is a leading current
clinical problem (Melli¢re, Berrahal et al. 1999). Establishing a mouse model of two-stage HLI
in the presence of DM may aid in developing effective treatments for translation for PAD
patients with DM. In addition, angiogenic capability of some other mouse strains (e.g. BALB/c)
is lower than that of C57BL/6 employed in this thesis (Scholz, Ziegelhoeffer et al. 2002,
Fukino, Sata et al. 2003, Helisch, Wagner et al. 2006, Chalothorn, Clayton et al. 2007, Thomas,
Thirumaran et al. 2016). It is possible that the surgical procedures proposed in this study may
produce greater severity of ongoing ischaemia in BALB/c mice and future research

investigating this is warranted.

The new two-stage slow onset HLI mouse model demonstrated a clinically relevant response
to exercise training in that exercise training improved treadmill walking distance independent
to changes in limb blood supply assessed by LDI. Future mechanistic studies are needed to
characterise the underlying cellular and molecular mechanisms related to improvements in limb
function independent of changes to limb blood supply. Suggestions include characterising
ischaemic muscle metabolism, oxidative stress, inflammation, mitochondrial function,

endothelial function and the microvasculature.

6.3 Part 2 Discussion: The effect of metformin in two-stage HLI

Repurposing existing treatments for modulating e-NOS to improve revascularisation in limb
ischaemia may be a suitable strategy for recognising effective treatments urgently needed for
PAD patients. Evidence suggests the drug metformin may have potential to be repurposed to
improve blood supply to limb ischaemia (Sirtori, Franceschini et al. 1984, Montanari, Bondioli
et al. 1992) by modulating e-NOS activity through AMPKa activity (Takahashi, Shibata et al.
2015). Additional suggested mechanisms through which metformin may modulate
improvement in blood supply include AMPKa dependent attenuation of oxidative stress by
downregulating expression of TXNIP and improving mitochondrial biogenesis via PGCla
upregulation (Jager, Handschin et al. 2007, Fernandez-Marcos and Auwerx 2011, Chong, Chan
et al. 2014, Zhang, Pang et al. 2015).

In the second experimental chapter presented in this thesis (Chapter 4), the biguanide
metformin was investigated for improving blood supply in the newly developed two-stage
model of HLI. Metformin administration promoted recovery of hindlimb blood supply in the

novel mouse model of ongoing ischemia. AMPKa activity was upregulated in mice receiving
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metformin suggested by the increased protein expression of phospho-AMPKa to total-
AMPKa, suggesting that recovery of blood supply from an established steady state was
improved via AMPKa dependent mechanisms. Metformin intervention resulted in
upregulation of AMPKa activity and e-NOS activity with increased circulating NO levels.
Additionally decreased gene and protein expression of oxidative stress marker TXNIP and
increased gene and protein expression of the mitochondrial biogenesis marker PGCla were

indicated in the ischaemic tissues of mice receiving metformin.

In this study, the effect of metformin intervention on treadmill walking performance was also
examined. Unlike the improvement in blood supply, metformin intervention did not promote
hindlimb function assessed by treadmill walking distance in the two-stage model of HLI within
the experimental period. A limitation of this study for determining the treadmill walking
performance in the mice was the sample size. Sample size for this study was estimated for the
outcome measure of LDI. This study was limited in sample size to derive a clear conclusion of
the effect of metformin intervention on treadmill walking capacity in the two-stage

experimental model of HLI.

Additional possible limitations could be the length of time on intervention to derive functional
benefits and the dose used. The effect of metformin was examined for only 4 weeks in mice
with two-stage HLI at the currently prescribed daily human equivalent dosage of 2.0g/80kg
person. Length of time for improvement to be apparent is a feature of current management
strategies for PAD such as with supervised walking exercise interventions which typically
require months before substantial improvement in walking performance is realised
(McDermott 2013). The dose used in this study was the currently prescribed human dose for
managing hyperglycaemia in diabetes patients. In this study the improvement in blood supply
by metformin was only observed 2 weeks after commencing the intervention. This suggests
that examining a higher dose at the start of intervention may be relevant for faster improvement

of blood supply by metformin intervention.

6.4 Future directions: Part 2

The findings of this chapter presents opportunities to undertake a number of future studies.

Future studies are required with larger sample sizes and longer duration to determine the effect
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of metformin on treadmill walking performance. Further investigations are also needed with
different doses to determine the best dose for optimum efficacy of metformin for improving

revascularisation and limb function.

In this study the underlying changes were characterised to be associated with the metabolic
mechanisms for improving blood supply. Future studies are recommended to gather
histological evidence of revascularisation and studies need to explore additional mechanisms.
An example of potential mechanisms is suggested by a recent report on AMPKal related
mechanism involving the regulation of the amount and function of monocytes and
macrophages in ischaemic tissues (Zhu, Zhang et al. 2016). It has been shown that deletion of
AMPKal decreases the accumulation of macrophages in the muscle from ischaemic hind limbs
in vivo and impairs arteriogenesis by regulating the amount and function of monocytes and
macrophages in ischaemic tissues (Zhu, Zhang et al. 2016) Macrophage AMPKal plays an
essential role in arteriogenesis through its regulation of growth factor generation (Zhu, Zhang
et al. 2016). AMPKa is one of the major signalling pathways which govern macrophage
behaviour which exhibit marked phenotype heterogeneity. Phenotypically polarised
macrophages are generally termed pro-inflammatory M1 and anti-inflammatory M2 (Parisi,
Gini et al. 2018). In addition, based on expression levels of Ly6C, an inflammatory monocyte
marker, monocytes subsets are grouped as Ly6C" monocytes and Ly6C™ monocytes (Thomas,
Tacke et al. 2015). During vascular inflammation, Ly6C™ monocytes are recruited to tissues
and differentiate into M2 macrophages, which secrete anti-inflammatory cytokines and
contribute to tissue repair (Wynn and Vannella 2016). Accordingly, how metformin can
modulate the differentiation of Ly6C™ monocytes into M2 macrophages remains the subject of
ongoing interesting studies. Upregulation of AMPKal by metformin in Ly6C™ monocytes may
enhance their recruitment to ischaemic tissues and facilitate terminal differentiation into M2
macrophages which may promote vascular regeneration and tissue repair. The modulation of
immune response on revascularisation of limb ischaemia, specifically macrophage modulation

of revascularisation by metformin or AMPK activators would be interesting future studies.

Inhibition of complex 1 of the mitochondrial respiratory chain resulting in AMPKa activation
causing downstream signals is reported to be the main mechanism of action of metformin in
order to have its effects. A recently described AMPK activator, R419, activates AMPK by
inhibiting the mitochondrial complex 1 similar to metformin (Marcinko, Bujak et al. 2015).

R419, has been shown to improve treadmill running capacity by over 30% in obese mice fed a
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high-fat diet (Marcinko, Bujak et al. 2015). Metformin’s ability to inhibit complex 1 has been
reported to be mild and transient (Foretz, Guigas et al. 2014). Therefore, a strong inhibitor of
complex 1 resulting in AMPK activation may generate more favourable improvements in blood
supply and functional outcomes in HLI. Future studies investigation novel AMPK activators

are recommended.

In addition, the model in which metformin was tested lacked DM. Although hyperglycaemia
in PAD patients with DM is likely to be managed with metformin, the development of a two-
stage mouse model of HLI with DM may offer potential to characterise beneficial mechanisms
of metformin in the pathophysiology of PAD in the presence of DM. Furthermore, future
studies with AMPK activators in the two-stage mouse model of HLI with DM may offer new

translational therapeutic opportunities for PAD patients with DM.

6.5 Part 3 Discussion: The effect of Angiotensin converting enzyme 2 deficiency in
experimental limb ischaemia

Endogenous compounds which modulate e-NOS activity have been suggested to play
important roles in recovery of blood supply to limb ischaemia (Forte, Conti et al. 2016).
Evidence suggests ACE2 could be an important modulator of e-NOS activity (Zhang, Wang et
al. 2014) by promoting e-NOS phosphorylation through Ang 1-7 synthesis and limiting e-NOS
uncoupling by AnglI degradation.

In the last experimental chapter of this thesis, ACE2™ was investigated for its role in limb
ischaemia employing the two-stage mouse model of HLI. ACE2*ApoE” mice did not have
greater severity of ischaemia compared to age and sex matched ApoE”" control mice over 4
weeks after HLI induction. The findings also showed that, ACE2"”ApoE” mice did not
demonstrate an elevated BP compared to age and sex matched ApoE”" mice. This suggests the
presence of compensatory mechanisms in the ACE2”¥ApoE”" mice (Crackower, Sarao et al.
2002, Gurley, Allred et al. 2006, Thomas, Pickering et al. 2010, Moritani, Iwai et al. 2013,
Rabelo, Todiras et al. 2016). The presence of compensatory mechanisms also suggests the
possibility that NO and e-NOS activity may not have been significantly affected by ACE2" to
severely impair blood flow in the two-stage HLI model. Suggestions of compensatory
mechanisms in ACE2" mice which may have prevented an important role of ACE2 in limb
ischaemia include Ang 1-7 and Ang 1-2 generation by NEP and increased apelin signaling
(Stephenson and Kenny 1987, Rice, Thomas et al. 2004, Kidoya, Naito et al. 2010,
Andersen, Hilberg et al. 2011, Brar, Barrow et al. 2017).
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6.6 Future directions: Part 3

Future studies suggested for the findings from this thesis chapter includes the measurement of

NO levels between ACE2" and ApoE™ controls. Furthermore, apelins could be investigated

for a role in limb ischaemia employing the two-stage mouse model of HLI.

6.7 Thesis conclusions

The main conclusion of this thesis are:

1))

2)

3)

The novel two-stage mouse model of HLI demonstrated severe ongoing HLI and
functional impairment. Exercise training augmented treadmill walking distance in the
new mouse model which was independent of changes to limb blood supply and mirrors

patient response to exercise therapy.

Metformin improved limb blood supply in the two-stage mouse model of ongoing HLI.
Improvement in blood supply was associated with the upregulation of AMPKa activity,
increased activation of e-NOS in the ischaemic muscles, increased bioavailability of
circulating NO, increased expression of PGCla and reduced expression of TXNIP. The
study suggests metformin may have potential in improving limb blood supply in PAD

patients.

ACE?2” did not worsen limb blood supply after two-stage HLI induction in the new
mouse model suggesting ACE2 may not play an important role in limb ischemia. The
results of this study from the two stage mouse model does not encourage the pursuit of
ACE2 for pharmacological management of PAD in clinical trials and suggests ACE2
is unlikely to be an important target for improving limb blood supply or function in
patients with PAD. However, further evidence is needed with improved mouse models

of HLI to confirm the role of ACE2 in PAD.

135



References

Aboyans, V., M. H. Criqui, P. Abraham, M. A. Allison, M. A. Creager, C. Diechm, F. G.
Fowkes, W. R. Hiatt, B. Jonsson, P. Lacroix, B. Marin, M. M. McDermott, L. Norgren, R. L.
Pande, P. M. Preux, H. E. Stoffers and D. Treat-Jacobson (2012). "Measurement and
interpretation of the ankle-brachial index: a scientific statement from the American Heart
Association." Circulation 126(24): 2890-2909.

Aboyans, V., J. B. Ricco, M. E. L. Bartelink, M. Bjorck, M. Brodmann, T. Cohnert, J. P.
Collet, M. Czerny, M. De Carlo, S. Debusa, C. Espinola-Klein, T. Kahan, S. Kownator, L.
Mazzolai, A. R. Naylora, M. Roffi, J. Rotherb, M. Sprynger, M. Tendera, G. Tepe, M.
Venermoa, C. Vlachopoulos and 1. Desormais (2018). "2017 ESC Guidelines on the
Diagnosis and Treatment of Peripheral Arterial Diseases, in collaboration with the European
Society for Vascular Surgery (ESVS)." Rev Esp Cardiol (Engl Ed) 71(2): 111.

Alghamri, M. S., N. M. Weir, M. P. Anstadt, K. M. Elased, S. B. Gurley and M. Morris
(2013). "Enhanced angiotensin II-induced cardiac and aortic remodeling in ACE2 knockout
mice." J Cardiovasc Pharmacol Ther 18(2): 138-151.

Allen, J. D., T. Giordano and C. G. Kevil (2012). "Nitrite and nitric oxide metabolism in
peripheral artery disease." Nitric Oxide 26(4): 217-222.

Amarenco, P., J. Labreuche, P. Lavallee and P. J. Touboul (2004). "Statins in stroke
prevention and carotid atherosclerosis: systematic review and up-to-date meta-analysis."
Stroke 35(12): 2902-2909.

Andersen, C. U., O. Hilberg, S. Mellemkjer, J. E. Nielsen-Kudsk and U. Simonsen (2011).
"Apelin and pulmonary hypertension." Pulmonary Circulation 1(3): 334-346.

Annex, B. H. (2013). "Therapeutic angiogenesis for critical limb ischaemia." Nat Rev Cardiol
10(7): 387-396.

Antoniou, G. A., R. K. Fisher, G. S. Georgiadis, S. A. Antoniou and F. Torella (2014).
"Statin therapy in lower limb peripheral arterial disease: Systematic review and meta-
analysis." Vascul Pharmacol 63(2): 79-87.

Aranguren, X. L., C. M. Verfaillie and A. Luttun (2009). "Emerging hurdles in stem cell
therapy for peripheral vascular disease." J Mol Med (Berl) 87(1): 3-16.

Armstrong, E. J., J. Wu, G. D. Singh, D. L. Dawson, W. C. Pevec, E. A. Amsterdam and J. R.
Laird (2014). "Smoking cessation is associated with decreased mortality and improved
amputation-free survival among patients with symptomatic peripheral artery disease." J Vasc
Surg 60(6): 1565-1571.

Aronow, W. S. (2007). "Peripheral arterial disease in the elderly." Clinical interventions in
aging 2(4): 645-654.

Askew, C. D, S. Green, P. J. Walker, G. K. Kerr, A. A. Green, A. D. Williams and M. A.
Febbraio (2005). "Skeletal muscle phenotype is associated with exercise tolerance in patients
with peripheral arterial disease." J Vasc Surg 41(5): 802-807.

136



Askew, C. D., B. Parmenter, A. S. Leicht, P. J. Walker and J. Golledge (2014). "Exercise
&amp; Sports Science Australia (ESSA) position statement on exercise prescription for

patients with peripheral arterial disease and intermittent claudication." Journal of Science and
Medicine in Sport 17(6): 623-629.

Atturu, G., S. Homer-Vanniasinkam and D. A. Russell (2014). "Pharmacology in peripheral
arterial disease: what the interventional radiologist needs to know." Seminars in
interventional radiology 31(4): 330-337.

Aubin, H.-J., A. Luquiens and I. Berlin (2014). "Pharmacotherapy for smoking cessation:
pharmacological principles and clinical practice." British journal of clinical pharmacology
77(2): 324-336.

Aung, P. P., H. G. Maxwell, R. G. Jepson, J. F. Price and G. C. Leng (2007). "Lipid-lowering
for peripheral arterial disease of the lower limb." Cochrane Database Syst Rev(4): Cd000123.

Baffour, R., J. L. Garb, J. Kaufman, J. Berman, S. W. Rhee, M. A. Norris and P. Friedmann
(2000). "Angiogenic therapy for the chronically ischemic lower limb in a rabbit model." J
Surg Res 93(2): 219-229.

Balestrieri, M. L., S. J. Lu, F. de Nigris, A. Giovane, S. Williams-Ignarro, F. P. D'Armiento,
Q. Feng, C. Fiorito, G. Testa, L. Pastore, F. Cacciatore, F. P. Mancini, L. Servillo, G. De
Rosa, C. Pagliarulo, M. Rienzo, P. B. Minucci, B. Farzati, F. Salvatore, F. Rengo, L. J.
Ignarro, A. Giordano, A. Baker, R. Lanza and C. Napoli (2010). "Therapeutic angiogenesis in
diabetic apolipoprotein E-deficient mice using bone marrow cells, functional hemangioblasts
and metabolic intervention." Atherosclerosis 209(2): 403-414.

Baltgalvis, K. A., K. White, W. Li, M. D. Claypool, W. Lang, R. Alcantara, B. K. Singh, A.
M. Friera, J. McLaughlin, D. Hansen, K. McCaughey, H. Nguyen, L. J. Smith, G. Godinez, S.
J. Shaw, D. Goff, R. Singh, V. Markovtsov, T. Q. Sun, Y. Jenkins, G. Uy, Y. Li, A. Pan, T.
Gururaja, D. Lau, G. Park, Y. Hitoshi, D. G. Payan and T. M. Kinsella (2014). "Exercise
performance and peripheral vascular insufficiency improve with AMPK activation in high-fat
diet-fed mice." Am J Physiol Heart Circ Physiol 306(8): H1128-1145.

Bauer, P. M., D. Fulton, Y. C. Boo, G. P. Sorescu, B. E. Kemp, H. Jo and W. C. Sessa
(2003). "Compensatory phosphorylation and protein-protein interactions revealed by loss of
function and gain of function mutants of multiple serine phosphorylation sites in endothelial
nitric-oxide synthase." J Biol Chem 278(17): 14841-14849.

Bavry, A. A., R. D. Anderson, Y. Gong, S. J. Denardo, R. M. Cooper-Dehoff, E. M.
Handberg and C. J. Pepine (2010). "Outcomes Among hypertensive patients with
concomitant peripheral and coronary artery disease: findings from the INternational
VErapamil-SR/Trandolapril STudy." Hypertension 55(1): 48-53.

Bedenis, R., M. Stewart, M. Cleanthis, P. Robless, D. P. Mikhailidis and G. Stansby (2014).
"Cilostazol for intermittent claudication." Cochrane Database Syst Rev(10): Cd003748.

Belch, J., W. R. Hiatt, I. Baumgartner, I. V. Driver, S. Nikol, L. Norgren and E. Van Belle
(2011). "Effect of fibroblast growth factor NV1FGF on amputation and death: a randomised
placebo-controlled trial of gene therapy in critical limb ischaemia." Lancet 377(9781): 1929-
1937.

137



Belch, J., A. MacCuish, I. Campbell, S. Cobbe, R. Taylor, R. Prescott, R. Lee, J. Bancroft, S.
MacEwan, J. Shepherd, P. Macfarlane, A. Morris, R. Jung, C. Kelly, A. Connacher, N.
Peden, A. Jamieson, D. Matthews, G. Leese, J. McKnight, I. O'Brien, C. Semple, J. Petrie, D.
Gordon, S. Pringle, R. MacWalter, D. Prevention of Progression of Arterial, G. Diabetes
Study, G. Diabetes Registry and E. Royal College of Physicians (2008). "The prevention of
progression of arterial disease and diabetes (POPADAD) trial: factorial randomised placebo
controlled trial of aspirin and antioxidants in patients with diabetes and asymptomatic
peripheral arterial disease." BMJ (Clinical research ed.) 337: al840-a1840.

Berger Jeffrey, S. and R. Hiatt William (2012). "Medical Therapy in Peripheral Artery
Disease." Circulation 126(4): 491-500.

Berger, J. S., M. J. Krantz, J. M. Kittelson and W. R. Hiatt (2009). "Aspirin for the
prevention of cardiovascular events in patients with peripheral artery disease: a meta-analysis
of randomized trials." Jama 301(18): 1909-1919.

Bernardi, S., Wendy C. Burns, B. Toffoli, R. Pickering, M. Sakoda, D. Tsorotes, E. Grixti, E.
Velkoska, Louise M. Burrell, C. Johnston, Merlin C. Thomas, B. Fabris and C. Tikellis

(2012). "Angiotensin-converting enzyme 2 regulates renal atrial natriuretic peptide through
angiotensin-(1-7)." Clinical Science 123(1): 29-37.

Bio-Rad (2016). "Mini Trans-Blot®Electrophoretic Transfer Cell." 6.

Biscetti, F., G. Ferraccioli and A. Flex (2015). "New therapeutic effects of cilostazol in
patients with ischemic disorders." Curr Vasc Pharmacol 13(3): 399-404.

Bonaca, M. P. and M. A. Creager (2015). "Pharmacological treatment and current
management of peripheral artery disease." Circ Res 116(9): 1579-1598.

Bonaca, M. P., J. A. Gutierrez, M. A. Creager, B. M. Scirica, J. Olin, S. A. Murphy, E.
Braunwald and D. A. Morrow (2016). "Acute Limb Ischemia and Outcomes With Vorapaxar
in Patients With Peripheral Artery Disease: Results From the Trial to Assess the Effects of
Vorapaxar in Preventing Heart Attack and Stroke in Patients With Atherosclerosis-
Thrombolysis in Myocardial Infarction 50 (TRA2 degrees P-TIMI 50)." Circulation 133(10):
997-1005.

Bonaca, M. P., P. Nault, R. P. Giugliano, A. C. Keech, A. L. Pineda, E. Kanevsky, J. Kuder,
S. A. Murphy, J. W. Jukema, B. S. Lewis, L. Tokgozoglu, R. Somaratne, P. S. Sever, T. R.
Pedersen and M. S. Sabatine (2018). "Low-Density Lipoprotein Cholesterol Lowering With
Evolocumab and Outcomes in Patients With Peripheral Artery Disease: Insights From the
FOURIER Trial (Further Cardiovascular Outcomes Research With PCSK9 Inhibition in
Subjects With Elevated Risk)." Circulation 137(4): 338-350.

Boo, Y. C., G. Sorescu, N. Boyd, I. Shiojima, K. Walsh, J. Du and H. Jo (2002). "Shear stress
stimulates phosphorylation of endothelial nitric-oxide synthase at Ser1179 by Akt-
independent mechanisms: role of protein kinase A." J Biol Chem 277(5): 3388-3396.

Bragadeesh, T., I. Sari, M. Pascotto, A. Micari, S. Kaul and J. R. Lindner (2005). "Detection
of peripheral vascular stenosis by assessing skeletal muscle flow reserve." J Am Coll Cardiol
45(5): 780-785.

138



Brar, G. S., B. M. Barrow, M. Watson, R. Griesbach, E. Choung, A. Welch, B. Ruzsicska, D.
P. Raleigh and S. Zraika (2017). "Neprilysin Is Required for Angiotensin-(1-7)’s Ability to
Enhance Insulin Secretion via Its Proteolytic Activity to Generate Angiotensin-(1-2)."
Diabetes 66(8): 2201-2212.

Brass, E. P. (2013). "Intermittent claudication: new targets for drug development." Drugs
73(10): 999-1014.

Breitling, S., A. Krauszman, R. Parihar, T. Walther, M. K. Friedberg and W. M. Kuebler
(2015). "Dose-dependent, therapeutic potential of angiotensin-(1-7) for the treatment of
pulmonary arterial hypertension." Pulmonary Circulation 5(4): 649-657.

Brenes, R. A., C. C. Jadlowiec, M. Bear, P. Hashim, C. D. Protack, X. Li, W. Lv, M. J.
Collins and A. Dardik (2012). "Toward a mouse model of hind limb ischemia to test
therapeutic angiogenesis." J Vasc Surg 56(6): 1669-1679; discussion 1679.

Brevetti, G., G. Giugliano, L. Brevetti and W. R. Hiatt (2010). "Inflammation in Peripheral
Artery Disease." Circulation 122(18): 1862-1875.

Brostow, D. P., M. L. Petrik, A. J. Starosta and S. W. Waldo (2017). "Depression in patients
with peripheral arterial disease: A systematic review." Eur J Cardiovasc Nurs 16(3): 181-193.

Burton, N. W., Z. Ademi, S. Best, M. A. Fiatarone Singh, J. S. Jenkins, K. D. Lawson, A. S.
Leicht, Y. Mavros, Y. Noble, P. Norman, R. Norman, B. J. Parmenter, J. Pinchbeck, C. M.
Reid, S. E. Rowbotham, L. Yip and J. Golledge (2016). "Efficacy of brief behavioral
counselling by allied health professionals to promote physical activity in people with

peripheral arterial disease (BIPP): study protocol for a multi-center randomized controlled
trial." BMC public health 16(1): 1148-1148.

Butt, E., M. Bernhardt, A. Smolenski, P. Kotsonis, L. G. Frohlich, A. Sickmann, H. E.
Meyer, S. M. Lohmann and H. H. Schmidt (2000). "Endothelial nitric-oxide synthase (type
III) is activated and becomes calcium independent upon phosphorylation by cyclic
nucleotide-dependent protein kinases." J Biol Chem 275(7): 5179-5187.

Cannon, C. P., M. A. Blazing, R. P. Giugliano, A. McCagg, J. A. White, P. Theroux, H.
Darius, B. S. Lewis, T. O. Ophuis, J. W. Jukema, G. M. De Ferrari, W. Ruzyllo, P. De Lucca,
K. Im, E. A. Bohula, C. Reist, S. D. Wiviott, A. M. Tershakovec, T. A. Musliner, E.
Braunwald and R. M. Califf (2015). "Ezetimibe Added to Statin Therapy after Acute
Coronary Syndromes." N Engl J Med 372(25): 2387-2397.

Capoccia, B. J., D. L. Robson, K. D. Levac, D. J. Maxwell, S. A. Hohm, M. J. Neelamkavil,
G. L. Bell, A. Xenocostas, D. C. Link, D. Piwnica-Worms, J. A. Nolta and D. A. Hess (2009).
"Revascularization of ischemic limbs after transplantation of human bone marrow cells with
high aldehyde dehydrogenase activity." Blood 113(21): 5340-5351.

Chalothorn, D., J. A. Clayton, H. Zhang, D. Pomp and J. E. Faber (2007). "Collateral density,
remodeling, and VEGF-A expression differ widely between mouse strains." Physiol
Genomics 30(2): 179-191.

Chalothorn, D. and J. E. Faber (2010). "Strain-dependent variation in collateral circulatory
function in mouse hindlimb." Physiol Genomics 42(3): 469-479.

139



Chen, C.-A., L. J. Druhan, S. Varadharaj, Y.-R. Chen and J. L. Zweier (2008).
"Phosphorylation of endothelial nitric-oxide synthase regulates superoxide generation from
the enzyme." The Journal of biological chemistry 283(40): 27038-27047.

Chen, Z. P, K. I. Mitchelhill, B. J. Michell, D. Stapleton, I. Rodriguez-Crespo, L. A. Witters,
D. A. Power, P. R. Ortiz de Montellano and B. E. Kemp (1999). "AMP-activated protein
kinase phosphorylation of endothelial NO synthase." FEBS Lett 443(3): 285-289.

Cheng, X. W., M. Kuzuya, W. Kim, H. Song, L. Hu, A. Inoue, K. Nakamura, Q. Di, T.
Sasaki, M. Tsuzuki, G.-P. Shi, K. Okumura and T. Murohara (2010). "Exercise Training
Stimulates Ischemia-Induced Neovascularization via Phosphatidylinositol 3-Kinase/Akt-
Dependent Hypoxia-Induced Factor-1a Reactivation in Mice of Advanced Age." Circulation

122(7): 707-716.

Chong, C. R., W. P. Chan, T. H. Nguyen, S. Liu, N. E. Procter, D. T. Ngo, A. L. Sverdlov, Y.
Y. Chirkov and J. D. Horowitz (2014). "Thioredoxin-interacting protein: pathophysiology
and emerging pharmacotherapeutics in cardiovascular disease and diabetes." Cardiovasc
Drugs Ther 28(4): 347-360.

Christiansen, C. F., V. Ehrenstein, U. Heide-Jorgensen, S. Skovbo, H. Nerrelund, H. T.
Serensen, L. Li and S. Jick (2015). "Metformin initiation and renal impairment: a cohort
study in Denmark and the UK." BMJ Open 5(9): e008531.

Conte, M. S. and F. B. Pomposelli (2015). "Society for Vascular Surgery Practice guidelines
for atherosclerotic occlusive disease of the lower extremities management of asymptomatic
disease and claudication. Introduction." J Vasc Surg 61(3 Suppl): 1s.

Corsello, S. M., J. A. Bittker, Z. Liu, J. Gould, P. McCarren, J. E. Hirschman, S. E. Johnston,
A. Vrcic, B. Wong, M. Khan, J. Asiedu, R. Narayan, C. C. Mader, A. Subramanian and T. R.
Golub (2017). "The Drug Repurposing Hub: a next-generation drug library and information
resource." Nature medicine 23(4): 405-408.

Couffinhal, T., M. Silver, M. Kearney, A. Sullivan, B. Witzenbichler, M. Magner, B. Annex,
K. Peters and J. M. Isner (1999). "Impaired collateral vessel development associated with

reduced expression of vascular endothelial growth factor in ApoE-/- mice." Circulation
99(24): 3188-3198.

Coulffinhal, T., M. Silver, L. P. Zheng, M. Kearney, B. Witzenbichler and J. M. Isner (1998).
"Mouse model of angiogenesis." The American journal of pathology 152(6): 1667-1679.

Coutinho, T., T. W. Rooke and I. J. Kullo (2011). "Arterial dysfunction and functional
performance in patients with peripheral artery disease: a review." Vasc Med 16(3): 203-211.

Crackower, M. A., R. Sarao, G. Y. Oudit, C. Yagil, I. Kozieradzki, S. E. Scanga, A. J.
Oliveira-dos-Santos, J. da Costa, L. Zhang, Y. Pei, J. Scholey, C. M. Ferrario, A. S.
Manoukian, M. C. Chappell, P. H. Backx, Y. Yagil and J. M. Penninger (2002).
"Angiotensin-converting enzyme 2 is an essential regulator of heart function." Nature
417(6891): 822-828.

Deed, G., J. Barlow and I. Kuo (2012). "Early and tight glycaemic control The key to
managing type 2 diabetes." Australian Family Physician 41: 681-684.

140



Deng, Y., Z. Yang, T. Terry, S. Pan, D. G. Woodside, J. Wang, K. Ruan, J. T. Willerson, R.
A. F. Dixon and Q. Liu (2016). "Prostacyclin-producing human mesenchymal cells target
H19 IncRNA to augment endogenous progenitor function in hindlimb ischaemia." Nature
Communications 7: 11276.

Dias-Peixoto, M. F., R. A. Santos, E. R. Gomes, M. N. Alves, P. W. Almeida, L. Greco, M.
Rosa, B. Fauler, M. Bader, N. Alenina and S. Guatimosim (2008). "Molecular mechanisms
involved in the angiotensin-(1-7)/Mas signaling pathway in cardiomyocytes." Hypertension
52(3): 542-548.

Dimmeler, S., I. Fleming, B. Fisslthaler, C. Hermann, R. Busse and A. M. Zeiher (1999).
"Activation of nitric oxide synthase in endothelial cells by Akt-dependent phosphorylation."
Nature 399(6736): 601-605.

Dokun, A. O., S. Keum, S. Hazarika, Y. Li, G. M. Lamonte, F. Wheeler, D. A. Marchuk and
B. H. Annex (2008). "A quantitative trait locus (LSq-1) on mouse chromosome 7 is linked to
the absence of tissue loss after surgical hindlimb ischemia." Circulation 117(9): 1207-1215.

Donoghue, M., F. Hsieh, E. Baronas, K. Godbout, M. Gosselin, N. Stagliano, M. Donovan,
B. Woolf, K. Robison, R. Jeyaseelan, R. E. Breitbart and S. Acton (2000). "A novel
angiotensin-converting enzyme-related carboxypeptidase (ACE2) converts angiotensin I to
angiotensin 1-9." Circ Res 87(5): E1-9.

Dragneva, G., P. Korpisalo and S. Yla-Herttuala (2013). "Promoting blood vessel growth in
ischemic diseases: challenges in translating preclinical potential into clinical success." Dis
Model Mech 6(2): 312-322.

Dunn, L. L., A. M. Buckle, J. P. Cooke and M. K. C. Ng (2010). "The Emerging Role of the
Thioredoxin System in Angiogenesis." Arteriosclerosis, Thrombosis, and Vascular Biology
30(11): 2089-2098.

Dunn, L. L., P. J. L. Simpson, H. C. Prosser, L. Lecce, G. S. C. Yuen, A. Buckle, D. P.
Sieveking, L. Z. Vanags, P. R. Lim, R. W. Y. Chow, Y. T. Lam, Z. Clayton, S. Bao, M. J.
Davies, N. Stadler, D. S. Celermajer, R. Stocker, C. A. Bursill, J. P. Cooke and M. K. C. Ng
(2014). "A Critical Role for Thioredoxin-Interacting Protein in Diabetes-Related Impairment
of Angiogenesis." Diabetes 63(2): 675-687.

Duscha, B. D., J. L. Robbins, W. S. Jones, W. E. Kraus, R. J. Lye, J. M. Sanders, J. D. Allen,
J. G. Regensteiner, W. R. Hiatt and B. H. Annex (2011). "Angiogenesis in skeletal muscle
precede improvements in peak oxygen uptake in peripheral artery disease patients."
Arteriosclerosis, thrombosis, and vascular biology 31(11): 2742-2748.

EMA (2013). "European Medicines Agency recommends restricting use of cilostazol-
containing medicines. Media Release ".

Emanueli, C., G. Graiani, M. B. Salis, S. Gadau, E. Desortes and P. Madeddu (2004).
"Prophylactic gene therapy with human tissue kallikrein ameliorates limb ischemia recovery
in type 1 diabetic mice." Diabetes 53(4): 1096-1103.

European Stroke, O., M. Tendera, V. Aboyans, M. L. Bartelink, I. Baumgartner, D. Clement,
J. P. Collet, A. Cremonesi, M. De Carlo, R. Erbel, F. G. Fowkes, M. Heras, S. Kownator, E.
Minar, J. Ostergren, D. Poldermans, V. Riambau, M. Roffi, J. Rother, H. Sievert, M. van

141



Sambeek, T. Zeller and E. S. C. C. f. P. Guidelines (2011). "ESC Guidelines on the diagnosis
and treatment of peripheral artery diseases: Document covering atherosclerotic disease of
extracranial carotid and vertebral, mesenteric, renal, upper and lower extremity arteries: the
Task Force on the Diagnosis and Treatment of Peripheral Artery Diseases of the European

Society of Cardiology (ESC)." Eur Heart J 32(22): 2851-2906.

Everett Brendan, M. and R. Hiatt William (2016). "Finding Efficacy in a Safety Trial."
Circulation 134(10): 773-775.

Faber, J. E., H. Zhang, R. M. Lassance-Soares, P. Prabhakar, A. H. Najafi, M. S. Burnett and
S. E. Epstein (2011). "Aging causes collateral rarefaction and increased severity of ischemic
injury in multiple tissues." Arterioscler Thromb Vasc Biol 31(8): 1748-1756.

Fakhry, F., K. M. van de Luijtgaarden, L. Bax, P. T. den Hoed, M. G. M. Hunink, E. V.
Rouwet and S. Spronk (2012). "Supervised walking therapy in patients with intermittent
claudication." Journal of Vascular Surgery 56(4): 1132-1142.

Falconer, D., N. Papageorgiou, K. Salem, W. Y. Lim, A. Katsargyris, E. Avgerinos and D.
Tousoulis (2018). "Nitric oxide donors for peripheral artery disease." Current Opinion in

Pharmacology 39: 77-85.

Fernandez-Marcos, P. J. and J. Auwerx (2011). "Regulation of PGC-1a, a nodal regulator of
mitochondrial biogenesis." The American Journal of Clinical Nutrition 93(4): 884S-890S.

Field, L. J. (1993). "Transgenic mice in cardiovascular research." Annu Rev Physiol 55: 97-
114.

Foretz, M., B. Guigas, L. Bertrand, M. Pollak and B. Viollet (2014). "Metformin: From
Mechanisms of Action to Therapies." Cell Metabolism 20(6): 953-966.

Forte, M., V. Conti, A. Damato, M. Ambrosio, A. A. Puca, S. Sciarretta, G. Frati, C.
Vecchione and A. Carrizzo (2016). "Targeting Nitric Oxide with Natural Derived

Compounds as a Therapeutic Strategy in Vascular Diseases." Oxidative Medicine and
Cellular Longevity 2016: 20.

Fowkes, F. G., V. Aboyans, F. J. Fowkes, M. M. McDermott, U. K. Sampson and M. H.
Criqui (2017). "Peripheral artery disease: epidemiology and global perspectives." Nat Rev
Cardiol 14(3): 156-170.

Fowkes, F. G., E. Housley, E. H. Cawood, C. C. Macintyre, C. V. Ruckley and R. J. Prescott
(1991). "Edinburgh Artery Study: prevalence of asymptomatic and symptomatic peripheral
arterial disease in the general population." Int J Epidemiol 20(2): 384-392.

Fowkes, F. G., J. F. Price, M. C. Stewart, 1. Butcher, G. C. Leng, A. C. Pell, P. A.
Sandercock, K. A. Fox, G. D. Lowe and G. D. Murray (2010). "Aspirin for prevention of
cardiovascular events in a general population screened for a low ankle brachial index: a
randomized controlled trial." Jama 303(9): 841-848.

Fowkes, F. G. R., D. Rudan, I. Rudan, V. Aboyans, J. O. Denenberg, M. M. McDermott, P.
E. Norman, U. K. A. Sampson, L. J. Williams, G. A. Mensah and M. H. Criqui (2013).
"Comparison of global estimates of prevalence and risk factors for peripheral artery disease
in 2000 and 2010: a systematic review and analysis." The Lancet 382(9901): 1329-1340.

142



Fujii, T., Y. Yonemitsu, M. Onimaru, M. Tanii, T. Nakano, K. Egashira, T. Takehara, M.
Inoue, M. Hasegawa, H. Kuwano and K. Sueishi (2006). "Nonendothelial mesenchymal cell-
derived MCP-1 is required for FGF-2-mediated therapeutic neovascularization: critical role
of the inflammatory/arteriogenic pathway." Arterioscler Thromb Vasc Biol 26(11): 2483-
2489.

Fukino, K., M. Sata, Y. Seko, Y. Hirata and R. Nagai (2003). "Genetic background
influences therapeutic effectiveness of VEGF." Biochem Biophys Res Commun 310(1): 143-
147.

Fulton, D., J. P. Gratton, T. J. McCabe, J. Fontana, Y. Fujio, K. Walsh, T. F. Franke, A.
Papapetropoulos and W. C. Sessa (1999). "Regulation of endothelium-derived nitric oxide
production by the protein kinase Akt." Nature 399(6736): 597-601.

Garcia-Cardena, G., J. Comander, K. R. Anderson, B. R. Blackman and M. A. Gimbrone, Jr.
(2001). "Biomechanical activation of vascular endothelium as a determinant of its functional
phenotype." Proc Natl Acad Sci U S A 98(8): 4478-4485.

Gardner, A. W. and A. Afaq (2008). "Management of lower extremity peripheral arterial
disease." J Cardiopulm Rehabil Prev 28(6): 349-357.

Gardner, A. W., D. E. Parker, P. S. Montgomery and S. M. Blevins (2014). "Step-monitored
home exercise improves ambulation, vascular function, and inflammation in symptomatic
patients with peripheral artery disease: a randomized controlled trial." J Am Heart Assoc
3(5): e001107.

Gardner, A. W., D. E. Parker, P. S. Montgomery, K. J. Scott and S. M. Blevins (2011).
"Efficacy of quantified home-based exercise and supervised exercise in patients with
intermittent claudication: a randomized controlled trial." Circulation 123(5): 491-498.

Garg, P. K., L. Tian, M. H. Criqui, K. Liu, L. Ferrucci, J. M. Guralnik, J. Tan and M. M.
McDermott (2006). "Physical activity during daily life and mortality in patients with
peripheral arterial disease." Circulation 114(3): 242-248.

Gerhard-Herman, M. D., H. L. Gornik, C. Barrett, N. R. Barshes, M. A. Corriere, D. E.
Drachman, L. A. Fleisher, F. G. R. Fowkes, N. M. Hamburg, S. Kinlay, R. Lookstein, S.
Misra, L. Mureebe, J. W. Olin, R. A. G. Patel, J. G. Regensteiner, A. Schanzer, M. H.
Shishehbor, K. J. Stewart, D. Treat-Jacobson and M. E. Walsh (2016). "2016 AHA/ACC
Guideline on the Management of Patients With Lower Extremity Peripheral Artery Disease:
Executive Summary." A Report of the American College of Cardiology/American Heart
Association Task Force on Clinical Practice Guidelines.

Gillessen, S., C. Gilson, N. James, A. Adler, M. R. Sydes and N. Clarke (2016).
"Repurposing Metformin as Therapy for Prostate Cancer within the STAMPEDE Trial
Platform." European Urology 70(6): 906-908.

Golledge, J. (1997). "Lower-limb arterial disease." Lancet 350(9089): 1459-1465.

Golledge, J., K. Maarij, J. V. Moxon, J. D. Beard, S. Girold, H. Wrang and D. R. Morris
(2018). "Systematic Review and Meta-analysis of Clinical Trials Examining the Benefit of
Exercise Programmes Using Nordic Walking in Patients With Peripheral Artery Disease."
Eur J Vasc Endovasc Surg 56(4): 534-543.

143



Golledge, J., J. V. Moxon, S. Rowbotham, J. Pinchbeck, L. Yip, R. Velu, F. Quigley, J.
Jenkins and D. R. Morris (2018). "Risk of major amputation in patients with intermittent
claudication undergoing early revascularization." Br J Surg 105(6): 699-708.

Golledge, J., T. P. Singh, C. Alahakoon, J. Pinchbeck, L. Yip, J. V. Moxon and D. R. Morris
(2019). "Meta-analysis of clinical trials examining the benefit of structured home exercise in
patients with peripheral artery disease." Br J Surg 106(4): 319-331.

Goto, T., N. Fukuyama, A. Aki, K. Kanabuchi, K. Kimura, H. Taira, E. Tanaka, N. Wakana,
H. Mori and H. Inoue (2006). "Search for appropriate experimental methods to create stable
hind-limb ischemia in mouse." Tokai J Exp Clin Med 31(3): 128-132.

Gottséter, A. (2006). "Managing Risk Factors for Atherosclerosis in Critical Limb
Ischaemia." European Journal of Vascular and Endovascular Surgery 32(5): 478-483.

Goveia, J., P. Stapor and P. Carmeliet (2014). "Principles of targeting endothelial cell
metabolism to treat angiogenesis and endothelial cell dysfunction in disease." EMBO Mol
Med 6(9): 1105-1120.

Gowdak, L. H., L. Poliakova, X. Wang, I. Kovesdi, K. W. Fishbein, A. Zacheo, R. Palumbo,
S. Straino, C. Emanueli, M. Marrocco-Trischitta, E. G. Lakatta, P. Anversa, R. G. Spencer,
M. Talan and M. C. Capogrossi (2000). "Adenovirus-mediated VEGF(121) gene transfer
stimulates angiogenesis in normoperfused skeletal muscle and preserves tissue perfusion after
induction of ischemia." Circulation 102(5): 565-571.

Greco, A., M. Ragucci, R. Liuzzi, S. Gargiulo, M. Gramanzini, A. R. Coda, S. Albanese, M.
Mancini, M. Salvatore and A. Brunetti (2013). "Repeatability, reproducibility and
standardisation of a laser Doppler imaging technique for the evaluation of normal mouse
hindlimb perfusion." Sensors (Basel) 13(1): 500-515.

Grenon, S. M., K. Chong, H. Alley, E. Nosova, W. Gasper, J. Hiramoto, W. J. Boscardin and
C. D. Owens (2014). "Walking disability in patients with peripheral artery disease is
associated with arterial endothelial function." J Vasc Surg 59(4): 1025-1034.

Gresele, P., S. Momi and E. Falcinelli (2011). "Anti-platelet therapy: phosphodiesterase
inhibitors." British journal of clinical pharmacology 72(4): 634-646.

Griftith, O. W. and D. J. Stuehr (1995). "Nitric oxide synthases: properties and catalytic
mechanism." Annu Rev Physiol §7: 707-736.

Grossman, P. M., F. Mendelsohn, T. D. Henry, J. B. Hermiller, M. Litt, J. F. Saucedo, R. J.
Weiss, D. E. Kandzari, N. Kleiman, R. D. Anderson, D. Gottlieb, R. Karlsberg, J. Snell and
K. Rocha-Singh (2007). "Results from a phase II multicenter, double-blind placebo-
controlled study of Del-1 (VLTS-589) for intermittent claudication in subjects with
peripheral arterial disease." Am Heart J 153(5): 874-880.

Guirgis, M., P. Thompson and S. Jansen (2017). "Review of aspirin and clopidogrel
resistance in peripheral arterial disease." J Vasc Surg 66(5): 1576-1586.

Gupta, R., J. Tongers and D. W. Losordo (2009). "Human studies of angiogenic gene
therapy." Circ Res 105(8): 724-736.

144



Gurley, S. B., A. Allred, T. H. Le, R. Griffiths, L. Mao, N. Philip, T. A. Haystead, M.
Donoghue, R. E. Breitbart, S. L. Acton, H. A. Rockman and T. M. Coffman (2006). "Altered
blood pressure responses and normal cardiac phenotype in ACE2-null mice." J Clin Invest
116(8): 2218-2225.

Gutierrez, J. A., H. Mulder, W. S. Jones, F. W. Rockhold, I. Baumgartner, J. S. Berger, J. L.
Blomster, F. G. R. Fowkes, P. Held, B. G. Katona, K. W. Mahaffey, L. Norgren, W. R. Hiatt
and M. R. Patel (2018). "Polyvascular Disease and Risk of Major Adverse Cardiovascular
Events in Peripheral Artery Disease: A Secondary Analysis of the EUCLID
TrialPolyvascular Disease and Risk of Major Adverse Cardiovascular Events in Peripheral
Artery DiseasePolyvascular Disease and Risk of Major Adverse Cardiovascular Events in
Peripheral Artery Disease." JAMA Network Open 1(7): €185239-¢185239.

Hamburg, N. M. and G. J. Balady (2011). "Exercise rehabilitation in peripheral artery
disease: functional impact and mechanisms of benefits." Circulation 123(1): 87-97.

Hammersley, D. and M. Signy (2017). "Ezetimibe: an update on its clinical usefulness in
specific patient groups." Therapeutic advances in chronic disease 8(1): 4-11.

Harwood, A.-E., G. E. Smith, T. Cayton, E. Broadbent and I. C. Chetter (2016). "A
Systematic Review of the Uptake and Adherence Rates to Supervised Exercise Programs in
Patients with Intermittent Claudication." Annals of Vascular Surgery 34: 280-289.

Hashimoto, A., G. Miyakoda, Y. Hirose and T. Mori (2006). "Activation of endothelial nitric
oxide synthase by cilostazol via a cAMP/protein kinase A- and phosphatidylinositol 3-
kinase/Akt-dependent mechanism." Atherosclerosis 189(2): 350-357.

He, Y., Y. Luo, S. Tang, I. Rajantie, P. Salven, M. Heil, R. Zhang, D. Luo, X. Li, H. Chi, J.
Yu, P. Carmeliet, W. Schaper, A. J. Sinusas, W. C. Sessa, K. Alitalo and W. Min (2006).
"Critical function of Bmx/Etk in ischemia-mediated arteriogenesis and angiogenesis." J Clin
Invest 116(9): 2344-2355.

Heil, M., I. Eitenmuller, T. Schmitz-Rixen and W. Schaper (2006). "Arteriogenesis versus
angiogenesis: similarities and differences." J Cell Mol Med 10(1): 45-55.

Heiss, E. H. and V. M. Dirsch (2014). "Regulation of eNOS enzyme activity by
posttranslational modification." Current pharmaceutical design 20(22): 3503-3513.

Helisch, A. and W. Schaper (2003). "Arteriogenesis: the development and growth of
collateral arteries." Microcirculation 10(1): 83-97.

Helisch, A., S. Wagner, N. Khan, M. Drinane, S. Wolfram, M. Heil, T. Ziegelhoeffer, U.
Brandt, J. D. Pearlman, H. M. Swartz and W. Schaper (2006). "Impact of mouse strain
differences in innate hindlimb collateral vasculature." Arterioscler Thromb Vasc Biol 26(3):
520-526.

Hellingman, A. A., A. J. N. M. Bastiaansen, M. R. de Vries, L. Seghers, M. A. Lijkwan, C.
W. Lowik, J. F. Hamming and P. H. A. Quax (2010). "Variations in Surgical Procedures for
Hind Limb Ischaemia Mouse Models Result in differences in Collateral Formation."
European Journal of Vascular and Endovascular Surgery 40(6): 796-803.

145



Hess, C. N. and W. R. Hiatt (2018). "Antithrombotic Therapy for Peripheral Artery Disease
in 2018." Jama 319(22): 2329-2330.

Heuslein, J. L., K. P. Murrell, R. J. Leiphart, R. A. Llewellyn, J. K. Meisner and R. J. Price
(2016). "Vascular growth responses to chronic arterial occlusion are unaffected by myeloid
specific focal adhesion kinase (FAK) deletion." Scientific reports 6: 27029-27029.

Hiatt, W. R., E. J. Armstrong, C. J. Larson and E. P. Brass (2015). "Pathogenesis of the limb
manifestations and exercise limitations in peripheral artery disease." Circ Res 116(9): 1527-
1539.

Hickman, P., D. K. Harrison, A. Hill, M. McLaren, H. Tamei, P. T. McCollum and J. J. F.
Belch (1994). Exercise in Patients with Intermittent Claudication Results in the Generation of
Oxygen Derived Free Radicals and Endothelial Damage. Oxygen Transport to Tissue XVI.
M. C. Hogan, O. Mathieu-Costello, D. C. Poole and P. D. Wagner. Boston, MA, Springer
US: 565-570.

Hiramoto, J. S., R. Katz, S. Weisman and M. Conte (2014). "Gender-specific risk factors for
peripheral artery disease in a voluntary screening population." J Am Heart Assoc 3(2):
€000651.

Hirsch, A. T., Z. J. Haskal, N. R. Hertzer, C. W. Bakal, M. A. Creager, J. L. Halperin, L. F.
Hiratzka, W. R. Murphy, J. W. Olin, J. B. Puschett, K. A. Rosenfield, D. Sacks, J. C. Stanley,
L. M. Taylor, Jr., C. J. White, J. White, R. A. White, E. M. Antman, S. C. Smith, Jr., C. D.
Adams, J. L. Anderson, D. P. Faxon, V. Fuster, R. J. Gibbons, S. A. Hunt, A. K. Jacobs, R.
Nishimura, J. P. Ornato, R. L. Page and B. Riegel (2006). "ACC/AHA 2005 Practice
Guidelines for the management of patients with peripheral arterial disease (lower extremity,
renal, mesenteric, and abdominal aortic): a collaborative report from the American
Association for Vascular Surgery/Society for Vascular Surgery, Society for Cardiovascular
Angiography and Interventions, Society for Vascular Medicine and Biology, Society of
Interventional Radiology, and the ACC/AHA Task Force on Practice Guidelines (Writing
Committee to Develop Guidelines for the Management of Patients With Peripheral Arterial
Disease): endorsed by the American Association of Cardiovascular and Pulmonary
Rehabilitation; National Heart, Lung, and Blood Institute; Society for Vascular Nursing;
TransAtlantic Inter-Society Consensus; and Vascular Disease Foundation." Circulation
113(11): e463-654.

Hirsch, A. T., Z. J. Haskal, N. R. Hertzer, C. W. Bakal, M. A. Creager, J. L. Halperin, L. F.
Hiratzka, W. R. Murphy, J. W. Olin, J. B. Puschett, K. A. Rosenfield, D. Sacks, J. C. Stanley,
L. M. Taylor, Jr., C. J. White, J. White, R. A. White, E. M. Antman, S. C. Smith, Jr., C. D.
Adams, J. L. Anderson, D. P. Faxon, V. Fuster, R. J. Gibbons, S. A. Hunt, A. K. Jacobs, R.
Nishimura, J. P. Ornato, R. L. Page, B. Riegel, S. American Association for Vascular, S.
Society for Vascular, A. Society for Cardiovascular, Interventions, M. Society for Vascular,
Biology, R. Society of Interventional, A. A. T.F. 0. P. G. W.C.t. D. G. f. t. M. 0. P. W. P. A.
Disease, C. American Association of, R. Pulmonary, L. National Heart, I. Blood, N. Society
for Vascular, C. TransAtlantic Inter-Society and F. Vascular Disease (2006). "ACC/AHA
2005 Practice Guidelines for the management of patients with peripheral arterial disease
(lower extremity, renal, mesenteric, and abdominal aortic): a collaborative report from the
American Association for Vascular Surgery/Society for Vascular Surgery, Society for

146



Cardiovascular Angiography and Interventions, Society for Vascular Medicine and Biology,
Society of Interventional Radiology, and the ACC/AHA Task Force on Practice Guidelines
(Writing Committee to Develop Guidelines for the Management of Patients With Peripheral
Arterial Disease): endorsed by the American Association of Cardiovascular and Pulmonary
Rehabilitation; National Heart, Lung, and Blood Institute; Society for Vascular Nursing;
TransAtlantic Inter-Society Consensus; and Vascular Disease Foundation." Circulation
113(11): e463-654.

Hisamatsu, T., K. Miura, H. Arima, A. Kadota, S. Kadowaki, S. Torii, S. Suzuki, N.
Miyagawa, A. Sato, M. Yamazoe, A. Fujiyoshi, T. Ohkubo, T. Yamamoto, K. Murata, R. D.
Abbott, A. Sekikawa, M. Horie, H. Ueshima and J. M. E. Shiga Epidemiological Study of
Subclinical Atherosclerosis Research

GroupNakanoY asutakaOgawaEmikoMaegawaHiroshiMiyazawaltsukoMitsunamiKenichiNoz
akiKazuhikoShiinoAkihikoArakilsaoTsuruTeruhikoToyamalkuoOgitaHisakazuKuritaSouichi
MaedaToshinagaMiyamatsuNaomiKitaToruKimuraTakeshiNishioY oshihikoNakamuraYasuy
ukiOkamuraTomonoriBarinas-Mitchel[Emma (2016). "Smoking, Smoking Cessation, and
Measures of Subclinical Atherosclerosis in Multiple Vascular Beds in Japanese Men."
Journal of the American Heart Association 5(9): ¢003738.

Hoefer, 1. E., N. van Royen, J. E. Rectenwald, E. Deindl, J. Hua, M. Jost, S. Grundmann, M.
Voskuil, C. K. Ozaki, J. J. Piek and I. R. Buschmann (2004). "Arteriogenesis proceeds via
ICAM-1/Mac-1- mediated mechanisms." Circ Res 94(9): 1179-1185.

Hori, A., R. Shibata, K. Morisaki, T. Murohara and K. Komori (2012). "Cilostazol Stimulates
Revascularisation in Response to Ischaemia via an eNOS-Dependent Mechanism." European
Journal of Vascular and Endovascular Surgery 43(1): 62-65.

Huang, Y., W. Li, L. Dong, R. Li and Y. Wu (2013). "Effect of statin therapy on the
progression of common carotid artery intima-media thickness: an updated systematic review
and meta-analysis of randomized controlled trials." J Atheroscler Thromb 20(1): 108-121.

Humeau, A., W. Steenbergen, H. Nilsson and T. Stromberg (2007). "Laser Doppler perfusion
monitoring and imaging: novel approaches." Med Biol Eng Comput 45(5): 421-435.

[jomone, O. M., O. K. Olaibi, I. J. Biose, C. Mba, K. E. Umoren and P. U. Nwoha (2014).
"Performance of motor associated behavioural tests following chronic nicotine
administration." Annals of Neurosciences 21(2): 42-46.

Itoga, N. K., D. S. Tawfik, C. K. Lee, S. Maruyama, N. J. Leeper and T. I. Chang (2018).
"Association of Blood Pressure Measurements With Peripheral Artery Disease Events."
Circulation 138(17): 1805-1814.

Iyer, S. R. and B. H. Annex (2017). "Therapeutic Angiogenesis for Peripheral Artery
Disease: Lessons Learned in Translational Science." JACC. Basic to translational science
2(5): 503-512.

Jager, S., C. Handschin, J. St-Pierre and B. M. Spiegelman (2007). "AMP-activated protein
kinase (AMPK) action in skeletal muscle via direct phosphorylation of PGC-1alpha." Proc
Natl Acad Sci U S A 104(29): 12017-12022.

147



Kang, J., H. Albadawi, V. I. Patel, T. A. Abbruzzese, J. H. Yoo, W. G. Austen, Jr. and M. T.
Watkins (2008). "Apolipoprotein E-/- mice have delayed skeletal muscle healing after hind
limb ischemia-reperfusion." J Vasc Surg 48(3): 701-708.

Kastrati, A. (2012). "New anti-platelet agents: the end of resistance?" Thromb Res 130 Suppl
1: S53-55.

Kidoya, H., H. Naito and N. Takakura (2010). "Apelin induces enlarged and nonleaky blood
vessels for functional recovery from ischemia." Blood 115(15): 3166-3174.

Kinaan, M., H. Ding and C. R. Triggle (2015). "Metformin: An Old Drug for the Treatment
of Diabetes but a New Drug for the Protection of the Endothelium." Medical Principles and
Practice 24(5): 401-415.

Kinlay, S. (2013). "Outcomes for clinical studies assessing drug and revascularization
therapies for claudication and critical limb ischemia in peripheral artery disease." Circulation
127(11): 1241-1250.

Kithcart, A. P. and J. A. Beckman (2018). "ACC/AHA Versus ESC Guidelines for Diagnosis
and Management of Peripheral Artery Disease: JACC Guideline Comparison." J Am Coll
Cardiol 72(22): 2789-2801.

Kondo, M., R. Shibata, R. Miura, M. Shimano, K. Kondo, P. Li, T. Ohashi, S. Kihara, N.
Maeda, K. Walsh, N. Ouchi and T. Murohara (2009). "Caloric Restriction Stimulates
Revascularization in Response to Ischemia via Adiponectin-mediated Activation of
Endothelial Nitric-oxide Synthase." Journal of Biological Chemistry 284(3): 1718-1724.

Krishna, S. M., J. V. Moxon and J. Golledge (2015). "A review of the pathophysiology and
potential biomarkers for peripheral artery disease." Int J Mol Sci 16(5): 11294-11322.

Krishna, S. M., S. M. Omer and J. Golledge (2016). "Evaluation of the clinical relevance and
limitations of current pre-clinical models of peripheral artery disease." Clin Sci (Lond)
130(3): 127-150.

Kumbhani, D. J., P. G. Steg, C. P. Cannon, K. A. Eagle, S. C. Smith, Jr., S. Goto, E. M.
Ohman, Y. Elbez, P. Sritara, I. Baumgartner, S. Banerjee, M. A. Creager and D. L. Bhatt
(2014). "Statin therapy and long-term adverse limb outcomes in patients with peripheral
artery disease: insights from the REACH registry." Eur Heart J 35(41): 2864-2872.

Kusumanto, Y. H., V. van Weel, N. H. Mulder, A. J. Smit, J. J. van den Dungen, J. M.
Hooymans, W. J. Sluiter, R. A. Tio, P. H. Quax, R. O. Gans, R. P. Dullaart and G. A.
Hospers (2006). "Treatment with intramuscular vascular endothelial growth factor gene

compared with placebo for patients with diabetes mellitus and critical limb ischemia: a
double-blind randomized trial." Hum Gene Ther 17(6): 683-691.

Kuwahara, G., H. Nishinakamura, D. Kojima, T. Tashiro and S. Kodama (2014). "GM-CSF
Treated F4/80+ BMCs Improve Murine Hind Limb Ischemia Similar to M-CSF
Differentiated Macrophages." PLOS ONE 9(9): e106987.

Labs, K. H., J. A. Dormandy, K. A. Jaeger, C. S. Stuerzebecher and W. R. Hiatt (1999).
"Transatlantic Conference on Clinical Trial Guidelines in Peripheral Arterial Disease: clinical

148



trial methodology. Basel PAD Clinical Trial Methodology Group." Circulation 100(17): e75-
81.

Laine, M., S. Armero, M. Peyrol, P. Sbragia, F. Thuny, F. Paganelli and L. Bonello (2013).
"Clinical impact of genetically determined platelet reactivity." J Cardiovasc Transl Res 6(3):
398-403.

Lancaster, L. H. (2018). "Utility of the six-minute walk test in patients with idiopathic
pulmonary fibrosis." Multidisciplinary Respiratory Medicine 13(1): 45.

Lane, T., B. Flam, R. Lockey and N. Kolliputi (2013). "TXNIP shuttling: missing link
between oxidative stress and inflammasome activation." Frontiers in Physiology 4: 50.

Langone, F., S. Cannata, C. Fuoco, D. Lettieri Barbato, S. Testa, A. P. Nardozza, M. R.
Ciriolo, L. Castagnoli, C. Gargioli and G. Cesareni (2014). "Metformin Protects Skeletal
Muscle from Cardiotoxin Induced Degeneration." PLoS ONE 9(12): e114018.

Lawall, H., P. Bramlage and B. Amann (2011). "Treatment of peripheral arterial disease
using stem and progenitor cell therapy." Journal of Vascular Surgery 53(2): 445-453.

Lederman, R. J., F. O. Mendelsohn, R. D. Anderson, J. F. Saucedo, A. N. Tenaglia, J. B.
Hermiller, W. B. Hillegass, K. Rocha-Singh, T. E. Moon, M. J. Whitehouse and B. H. Annex
(2002). "Therapeutic angiogenesis with recombinant fibroblast growth factor-2 for
intermittent claudication (the TRAFFIC study): a randomised trial." Lancet 359(9323): 2053-
2058.

Leonardo, C., S. Robbins and S. Dore (2012). "Translating Basic Science Research to
Clinical Application: Models and Strategies for Intracerebral Hemorrhage." Frontiers in

Neurology 3(85).

Li, Q., J.-Y. Youn and H. Cai (2015). "Mechanisms and consequences of endothelial nitric
oxide synthase dysfunction in hypertension." Journal of hypertension 33(6): 1128-1136.

Li, X., K. L. Kover, D. P. Heruth, D. J. Watkins, W. V. Moore, K. Jackson, M. Zang, M. A.
Clements and Y. Yan (2015). "New Insight Into Metformin Action: Regulation of ChREBP
and FOXO1 Activities in Endothelial Cells." Molecular Endocrinology 29(8): 1184-1194.

Limbourg, A., T. Korff, L. C. Napp, W. Schaper, H. Drexler and F. P. Limbourg (2009).
"Evaluation of postnatal arteriogenesis and angiogenesis in a mouse model of hind-limb
ischemia." Nat Protoc 4(12): 1737-1746.

Lin, L.-Y., C.-Y. Lin, T.-C. Su and C.-S. Liau (2004). "Angiotensin II-induced apoptosis in
human endothelial cells is inhibited by adiponectin through restoration of the association
between endothelial nitric oxide synthase and heat shock protein 90." FEBS Letters 574(1):
106-110.

Liu, Y., Y. Shakur, M. Yoshitake and J. Kambayashi Ji (2001). "Cilostazol (pletal): a dual
inhibitor of cyclic nucleotide phosphodiesterase type 3 and adenosine uptake." Cardiovasc
Drug Rev 19(4): 369-386.

149



Lloyd, P. G., H. T. Yang and R. L. Terjung (2001). "Arteriogenesis and angiogenesis in rat
ischemic hindlimb: role of nitric oxide." Am J Physiol Heart Circ Physiol 281(6): H2528-
2538.

Lotfi, S., A. S. Patel, K. Mattock, S. Egginton, A. Smith and B. Modarai (2013). "Towards a
more relevant hind limb model of muscle ischaemia." Atherosclerosis 227(1): 1-8.

Lovren, F., Y. Pan, A. Quan, H. Teoh, G. Wang, P. C. Shukla, K. S. Levitt, G. Y. Oudit, M.
Al-Omran, D. J. Stewart, A. S. Slutsky, M. D. Peterson, P. H. Backx, J. M. Penninger and S.
Verma (2008). "Angiotensin converting enzyme-2 confers endothelial protection and
attenuates atherosclerosis." Am J Physiol Heart Circ Physiol 295(4): H1377-1384.

Lu, L., D. F. Mackay and J. P. Pell (2018). "Secondhand smoke exposure and risk of incident
peripheral arterial disease and mortality: a Scotland-wide retrospective cohort study of 4045
non-smokers with cotinine measurement." BMC public health 18(1): 348-348.

Luo, Y., X. L1, J. Li, X. Wang, Y. Qiao, D. Hu, P. A. Merriam and Y. Ma (2010). "Combined
effects of smoking and peripheral arterial disease on all-cause and cardiovascular disease
mortality in a Chinese male cohort." Journal of Vascular Surgery 51(3): 673-678.

Mack, C. A., C. J. Magovern, K. T. Budenbender, S. R. Patel, E. A. Schwarz, P. Zanzonico,
B. Ferris, T. Sanborn, P. Isom, B. Ferris, T. Sanborn, O. W. Isom, R. G. Crystal and T. K.
Rosengart (1998). "Salvage angiogenesis induced by adenovirus-mediated gene transfer of

vascular endothelial growth factor protects against ischemic vascular occlusion." J Vasc Surg
27(4): 699-709.

Madeddu, P., C. Emanueli, F. Spillmann, M. Meloni, N. Bouby, C. Richer, F. Alhenc-Gelas,
V. Van Weel, D. Eefting, P. H. A. Quax, Y. Hu, Q. Xu, A. L. Hemdahl, J. van Golde, M.
Huijberts, Q. de Lussanet, H. S. Boudier, T. Couffinhal, C. Duplaa, S. Chimenti, L.
Staszewsky, R. Latini, V. Baumans and B. 1. Levy (2006). "Murine models of myocardial and
limb ischemia: Diagnostic end-points and relevance to clinical problems." Vascular
Pharmacology 45(5): 281-301.

Makinen, K., H. Manninen, M. Hedman, P. Matsi, H. Mussalo, E. Alhava and S. Yla-
Herttuala (2002). "Increased vascularity detected by digital subtraction angiography after
VEGEF gene transfer to human lower limb artery: a randomized, placebo-controlled, double-
blinded phase II study." Mol Ther 6(1): 127-133.

Makris, G. C., C. R. Lattimer, A. Lavida and G. Geroulakos (2012). "Availability of
supervised exercise programs and the role of structured home-based exercise in peripheral
arterial disease." Eur J Vasc Endovasc Surg 44(6): 569-575; discussion 576.

Malgor, R. D., F. Alahdab, T. A. Elraiyah, A. Z. Rizvi, M. A. Lane, L. J. Prokop, O. J.
Phung, W. Farah, V. M. Montori, M. S. Conte and M. H. Murad (2015). "A systematic

review of treatment of intermittent claudication in the lower extremities." J Vasc Surg 61(3
Suppl): 54s-73s.

Marcinko, K., A. L. Bujak, J. S. V. Lally, R. J. Ford, T. H. Wong, B. K. Smith, B. E. Kemp,
Y. Jenkins, W. Li, T. M. Kinsella, Y. Hitoshi and G. R. Steinberg (2015). "The AMPK
activator R419 improves exercise capacity and skeletal muscle insulin sensitivity in obese
mice." Molecular Metabolism 4(9): 643-651.

150



Masaki, I., Y. Yonemitsu, A. Yamashita, S. Sata, M. Tanii, K. Komori, K. Nakagawa, X.
Hou, Y. Nagai, M. Hasegawa, K. Sugimachi and K. Sueishi (2002). "Angiogenic gene
therapy for experimental critical limb ischemia: acceleration of limb loss by overexpression

of vascular endothelial growth factor 165 but not of fibroblast growth factor-2." Circ Res
90(9): 966-973.

Matsui, R., Y. Watanabe and C. E. Murdoch (2017). "Redox regulation of ischemic limb
neovascularization — What we have learned from animal studies." Redox Biology 12: 1011-
1019.

McDermott, M. M. (2013). "Functional Impairment in Peripheral Artery Disease and How to
Improve It in 2013." Current cardiology reports 15(4): 347-347.

McDermott, M. M. (2015). "Lower Extremity Manifestations of Peripheral Artery Disease:
The Pathophysiologic and Functional Implications of Leg Ischemia." Circulation Research
116(9): 1540-1550.

McDermott, M. M. (2018). "Exercise Rehabilitation for Peripheral Artery Disease: A
REVIEW." J Cardiopulm Rehabil Prev 38(2): 63-69.

McDermott, M. M., P. Ades, J. M. Guralnik, A. Dyer, L. Ferrucci, K. Liu, M. Nelson, D.
Lloyd-Jones, L. Van Horn, D. Garside, M. Kibbe, K. Domanchuk, J. H. Stein, Y. Liao, H.
Tao, D. Green, W. H. Pearce, J. R. Schneider, D. McPherson, S. T. Laing, W. J. McCarthy,
A. Shroff and M. H. Criqui (2009). "Treadmill exercise and resistance training in patients
with peripheral arterial disease with and without intermittent claudication: a randomized
controlled trial." Jama 301(2): 165-174.

McDermott, M. M., L. Ferrucci, J. Guralnik, L. Tian, K. Liu, F. Hoff, Y. Liao and M. H.
Criqui (2009). "Pathophysiological changes in calf muscle predict mobility loss at 2-year
follow-up in men and women with peripheral arterial disease." Circulation 120(12): 1048-
1055.

McDermott, M. M., L. Ferrucci, J. M. Guralnik, L. Tian, D. Green, K. Liu, J. Tan, Y. Liao,
W. H. Pearce, J. R. Schneider, P. Ridker, N. Rifai, F. Hoff and M. H. Criqui (2007).
"Elevated levels of inflammation, d-dimer, and homocysteine are associated with adverse calf

muscle characteristics and reduced calf strength in peripheral arterial disease." J Am Coll
Cardiol 50(9): 897-905.

McDermott, M. M., L. Ferrucci, L. Tian, J. M. Guralnik, D. Lloyd-Jones, M. R. Kibbe, T. S.
Polonsky, K. Domanchuk, J. H. Stein, L. Zhao, D. Taylor, C. Skelly, W. Pearce, H. Perlman,
W. McCarthy, L. Li, Y. Gao, R. Sufit, C. L. Bloomfield and M. H. Criqui (2017). "Effect of
Granulocyte-Macrophage Colony-Stimulating Factor With or Without Supervised Exercise
on Walking Performance in Patients With Peripheral Artery Disease: The PROPEL
Randomized Clinical Trial." Jama 318(21): 2089-2098.

McDermott, M. M., P. Greenland, K. Liu, J. M. Guralnik, M. H. Criqui, N. C. Dolan, C.
Chan, L. Celic, W. H. Pearce, J. R. Schneider, L. Sharma, E. Clark, D. Gibson and G. J.
Martin (2001). "Leg symptoms in peripheral arterial disease: associated clinical
characteristics and functional impairment." Jama 286(13): 1599-1606.

151



McDermott, M. M., J. M. Guralnik, M. H. Criqui, K. Liu, M. R. Kibbe and L. Ferrucci
(2014). "Six-minute walk is a better outcome measure than treadmill walking tests in
therapeutic trials of patients with peripheral artery disease." Circulation 130(1): 61-68.

McDermott, M. M., J. M. Guralnik, L. Ferrucci, L. Tian, K. Liu, Y. Liao, D. Green, R. Sufit,
F. Hoff, T. Nishida, L. Sharma, W. H. Pearce, J. R. Schneider and M. H. Criqui (2008).
"Asymptomatic peripheral arterial disease is associated with more adverse lower extremity
characteristics than intermittent claudication." Circulation 117(19): 2484-2491.

McDermott, M. M., F. Hoff, L. Ferrucci, W. H. Pearce, J. M. Guralnik, L. Tian, K. Liu, J. R.
Schneider, L. Sharma, J. Tan and M. H. Criqui (2007). "Lower extremity ischemia, calf
skeletal muscle characteristics, and functional impairment in peripheral arterial disease." J
Am Geriatr Soc 55(3): 400-406.

McDermott, M. M., C. Leeuwenburgh, J. M. Guralnik, L. Tian, R. Sufit, L. Zhao, M. H.
Criqui, M. R. Kibbe, J. H. Stein, D. Lloyd-Jones, S. D. Anton, T. S. Polonsky, Y. Gao, R. de
Cabo and L. Ferrucci (2017). "Effect of Resveratrol on Walking Performance in Older People
With Peripheral Artery Disease: The RESTORE Randomized Clinical Trial." JAMA Cardiol
2(8): 902-907.

McDermott, M. M., K. Liu, J. M. Guralnik, M. H. Criqui, B. Spring, L. Tian, K. Domanchuk,
L. Ferrucci, D. Lloyd-Jones, M. Kibbe, H. Tao, L. Zhao, Y. Liao and W. J. Rejeski (2013).
"Home-based walking exercise intervention in peripheral artery disease: a randomized
clinical trial." Jama 310(1): 57-65.

McDermott, M. M., B. Spring, J. S. Berger, D. Treat-Jacobson, M. S. Conte, M. A. Creager,
M. H. Criqui, L. Ferrucci, H. L. Gornik, J. M. Guralnik, E. A. Hahn, P. Henke, M. R. Kibbe,
D. Kohlman-Trighoff, L. Li, D. Lloyd-Jones, W. McCarthy, T. S. Polonsky, C. Skelly, L.
Tian, L. Zhao, D. Zhang and W. J. Rejeski (2018). "Effect of a Home-Based Exercise
Intervention of Wearable Technology and Telephone Coaching on Walking Performance in
Peripheral Artery Disease: The HONOR Randomized Clinical Trial." Jama 319(16): 1665-
1676.

McDonough, M. (2015). "Update on medicines for smoking cessation." Australian prescriber
38(4): 106-111.

McGuigan, M. R., R. Bronks, R. U. Newton, M. J. Sharman, J. C. Graham, D. V. Cody and
W.J. Kraemer (2001). "Muscle fiber characteristics in patients with peripheral arterial
disease." Med Sci Sports Exerc 33(12): 2016-2021.

Melliere, D., D. Berrahal, P. Desgranges, E. Allaire, J. P. Becquemin, L. Perlemuter and D.
Simon (1999). "Influence of Diabetes on Revascularisation Procedures of the Aorta and
Lower Limb Arteries: Early Results." European Journal of Vascular and Endovascular
Surgery 17(5): 438-441.

Menard, J. R., H. E. Smith, D. Riebe, C. M. Braun, B. Blissmer and R. B. Patterson (2004).
"Long-term results of peripheral arterial disease rehabilitation." Journal of Vascular Surgery
39(6): 1186-1192.

Meneses, A. L., M. C. Y. Nam, T. G. Bailey, R. Magee, J. Golledge, Y. Hellsten, M. A.
Keske, K. Greaves and C. D. Askew (2018). "Leg Blood Flow and Skeletal Muscle

152



Microvascular Perfusion Responses to Submaximal Exercise in Peripheral Arterial Disease."
Am J Physiol Heart Circ Physiol.

Meneses, A. L., R. M. Ritti-Dias, B. Parmenter, J. Golledge and C. D. Askew (2017).
"Combined Lower Limb Revascularisation and Supervised Exercise Training for Patients
with Peripheral Arterial Disease: A Systematic Review of Randomised Controlled Trials."
Sports Med 47(5): 987-1002.

Mitchell, R. G., B. D. Duscha, J. L. Robbins, S. I. Redfern, J. Chung, D. R. Bensimhon, W.
E. Kraus, W. R. Hiatt, J. G. Regensteiner and B. H. Annex (2007). "Increased levels of

apoptosis in gastrocnemius skeletal muscle in patients with peripheral arterial disease." Vasc
Med 12(4): 285-290.

Mohamed Omer, S., S. M. Krishna, J. Li, J. V. Moxon, V. Nsengiyumva and J. Golledge
(2016). "The efficacy of extraembryonic stem cells in improving blood flow within animal
models of lower limb ischaemia." Heart 102(1): 69-74.

Montanari, G., A. Bondioli, G. Rizzato, M. Puttini, E. Tremoli, L. Mussoni, L. Mannucci, F.
Pazzucconi and C. R. Sirtori (1992). "Treatment with low dose metformin in patients with
peripheral vascular disease." Pharmacol Res 25(1): 63-73.

Montezano, A. C., A. Nguyen Dinh Cat, F. J. Rios and R. M. Touyz (2014). "Angiotensin II
and vascular injury." Curr Hypertens Rep 16(6): 431.

Moran, C. S., E. Biros, S. M. Krishna, Y. Wang, C. Tikellis, S. K. Morton, J. V. Moxon, M.
E. Cooper, P. E. Norman, L. M. Burrell, M. C. Thomas and J. Golledge (2017). "Resveratrol
Inhibits Growth of Experimental Abdominal Aortic Aneurysm Associated With Upregulation
of Angiotensin-Converting Enzyme 2." Arterioscler Thromb Vasc Biol 37(11): 2195-2203.

Morcos, R., B. Louka, A. Tseng, S. Misra, R. McBane, H. Esser and F. Shamoun (2018).
"The Evolving Treatment of Peripheral Arterial Disease through Guideline-Directed
Recommendations." Journal of clinical medicine 7(1): 9.

Morishita, R., S. Nakamura, S. Hayashi, Y. Taniyama, A. Moriguchi, T. Nagano, M. Taiji, H.
Noguchi, S. Takeshita, K. Matsumoto, T. Nakamura, J. Higaki and T. Ogihara (1999).
"Therapeutic angiogenesis induced by human recombinant hepatocyte growth factor in rabbit
hind limb ischemia model as cytokine supplement therapy." Hypertension 33(6): 1379-1384.

Moritani, T., M. Iwai, H. Kanno, H. Nakaoka, J. Iwanami, T. Higaki, E. Ishii and M.
Horiuchi (2013). "ACE2 deficiency induced perivascular fibrosis and cardiac hypertrophy
during postnatal development in mice." J Am Soc Hypertens 7(4): 259-266.

Morris, D. R., A. J. Rodriguez, J. V. Moxon, M. A. Cunningham, M. M. McDermott, J.
Mpyers, N. J. Leeper, R. E. Jones and J. Golledge (2014). "Association of lower extremity
performance with cardiovascular and all-cause mortality in patients with peripheral artery
disease: a systematic review and meta-analysis." ] Am Heart Assoc 3(4).

Murabito, J. M., R. B. D'Agostino, H. Silbershatz and W. F. Wilson (1997). "Intermittent
claudication. A risk profile from The Framingham Heart Study." Circulation 96(1): 44-49.

153



Neal, B., V. Perkovic, K. W. Mahaffey, D. de Zeeuw, G. Fulcher, N. Erondu, W. Shaw, G.
Law, M. Desai and D. R. Matthews (2017). "Canagliflozin and Cardiovascular and Renal
Events in Type 2 Diabetes." New England Journal of Medicine 377(7): 644-657.

Nguyen Dinh Cat, A., A. C. Montezano, D. Burger and R. M. Touyz (2013). "Angiotensin II,
NADPH oxidase, and redox signaling in the vasculature." Antioxidants & redox signaling
19(10): 1110-1120.

NIH (2018). "U.S National Library of Medicine ClinicalTrials.gov."

Niiyama, H., N. F. Huang, M. D. Rollins and J. P. Cooke (2009). "Murine model of hindlimb
ischemia." Journal of visualized experiments : JOVE(23): 1035.

Nishiyama, A., M. Matsui, S. Iwata, K. Hirota, H. Masutani, H. Nakamura, Y. Takagi, H.
Sono, Y. Gon and J. Yodoi (1999). "Identification of thioredoxin-binding protein-2/vitamin
D3 up-regulated protein 1 as a negative regulator of thioredoxin function and expression."
Journal of Biological Chemistry 274(31): 21645-21650.

Norgren, L., W. R. Hiatt, J. A. Dormandy, M. R. Nehler, K. A. Harris and F. G. R. Fowkes
"Inter-Society Consensus for the Management of Peripheral Arterial Disease (TASC II)."
Journal of Vascular Surgery 45(1): S5-S67.

Norgren, L., W. R. Hiatt, J. A. Dormandy, M. R. Nehler, K. A. Harris and F. G. R. Fowkes
(2007). "Inter-Society Consensus for the Management of Peripheral Arterial Disease (TASC
IT)." Journal of Vascular Surgery 45(1): S5-S67.

Norman, P. E., J. W. Eikelboom and G. J. Hankey (2004). "Peripheral arterial disease:
prognostic significance and prevention of atherothrombotic complications." Med J Aust
181(3): 150-154.

Nosengo, N. (2016). "Can you teach old drugs new tricks?" Nature 534(7607): 314-316.

Nowak-Sliwinska, P., K. Alitalo, E. Allen, A. Anisimov, A. C. Aplin, R. Auerbach, H. G.
Augustin, D. O. Bates, J. R. van Beijnum, R. H. F. Bender, G. Bergers, A. Bikfalvi, J.
Bischoff, B. C. Bock, P. C. Brooks, F. Bussolino, B. Cakir, P. Carmeliet, D. Castranova, A.
M. Cimpean, O. Cleaver, G. Coukos, G. E. Davis, M. De Palma, A. Dimberg, R. P. M.
Dings, V. Djonov, A. C. Dudley, N. P. Dufton, S.-M. Fendt, N. Ferrara, M. Fruttiger, D.
Fukumura, B. Ghesquiere, Y. Gong, R. J. Griffin, A. L. Harris, C. C. W. Hughes, N. W.
Hultgren, M. L. Iruela-Arispe, M. Irving, R. K. Jain, R. Kalluri, J. Kalucka, R. S. Kerbel, J.
Kitajewski, I. Klaassen, H. K. Kleinmann, P. Koolwijk, E. Kuczynski, B. R. Kwak, K.
Marien, J. M. Melero-Martin, L. L. Munn, R. F. Nicosia, A. Noel, J. Nurro, A.-K. Olsson, T.
V. Petrova, K. Pietras, R. Pili, J. W. Pollard, M. J. Post, P. H. A. Quax, G. A. Rabinovich, M.
Raica, A. M. Randi, D. Ribatti, C. Ruegg, R. O. Schlingemann, S. Schulte-Merker, L. E. H.
Smith, J. W. Song, S. A. Stacker, J. Stalin, A. N. Stratman, M. Van de Velde, V. W. M. van
Hinsbergh, P. B. Vermeulen, J. Waltenberger, B. M. Weinstein, H. Xin, B. Yetkin-Arik, S.
Yla-Herttuala, M. C. Yoder and A. W. Griffioen (2018). "Consensus guidelines for the use
and interpretation of angiogenesis assays." Angiogenesis 21(3): 425-532.

Nylaende, M., A. Kroese, E. Stranden, B. Morken, G. Sandbaek, A. K. Lindahl, H. Arnesen
and L. Seljeflot (2006). "Markers of vascular inflammation are associated with the extent of

154



atherosclerosis assessed as angiographic score and treadmill walking distances in patients
with peripheral arterial occlusive disease." Vasc Med 11(1): 21-28.

Oak, J.-H. and H. Cai (2007). "Attenuation of Angiotensin II Signaling Recouples eNOS and
Inhibits Nonendothelial NOX Activity in Diabetic Mice." Diabetes 56(1): 118-126.

Oakley, C., C. Spafford and J. D. Beard (2017). "A Three Month Home Exercise Programme
Augmented with Nordic Poles for Patients with Intermittent Claudication Enhances Quality
of Life and Continues to Improve Walking Distance and Compliance After One Year." Eur J
Vasc Endovasc Surg 53(5): 704-709.

Ojalvo, A. G., A. Seralena, R. Vazquez, J. F. Montequin, N. S. Vispo, R. Silva, A. Aldama,
Y. Puchades, L. T. Sorell, P. Lopez-Saura, M. A. Alfonso, R. Simén, A. Ali, A. Seuc and L.
Herrera (2003). Therapeutic angiogenesis following intramuscular gene transfer of vascular
endothelialgrowth factor 121 in a dog model of hindlimb ischemia.

Olea, F. D., G. Vera Janavel, L. Cuniberti, G. Yannarelli, P. Cabeza Meckert, J. Cors, L.
Valdivieso, G. Lev, O. Mendiz, A. Bercovich, M. Criscuolo, C. Melo, R. Laguens and A.
Crottogini (2009). "Repeated, but not single, VEGF gene transfer affords protection against
ischemic muscle lesions in rabbits with hindlimb ischemia." Gene Ther 16(6): 716-723.

Olin, J. W. and B. A. Sealove (2010). "Peripheral artery disease: current insight into the
disease and its diagnosis and management." Mayo Clinic proceedings 85(7): 678-692.

Olin, J. W., C.J. White, E. J. Armstrong, D. Kadian-Dodov and W. R. Hiatt (2016).
"Peripheral Artery Disease: Evolving Role of Exercise, Medical Therapy, and
Endovascular Options." Journal of the American College of Cardiology 67(11): 1338-1357.

Oliveira Andrade, J. M., A. F. Paraiso, Z. M. Garcia, A. V. Ferreira, R. D. Sinisterra, F. B.
Sousa, A. L. Guimaraes, A. M. de Paula, M. J. Campagnole-Santos, R. A. dos Santos and S.
H. Santos (2014). "Cross talk between angiotensin-(1-7)/Mas axis and sirtuins in adipose
tissue and metabolism of high-fat feed mice." Peptides 55: 158-165.

Oudit, G. Y., Z. Kassiri, C. Jiang, P. P. Liu, S. M. Poutanen, J. M. Penninger and J. Butany
(2009). "SARS-coronavirus modulation of myocardial ACE2 expression and inflammation in
patients with SARS." Eur J Clin Invest 39(7): 618-625.

Parisi, L., E. Gini, D. Baci, M. Tremolati, M. Fanuli, B. Bassani, G. Farronato, A. Bruno and
L. Mortara (2018). "Macrophage Polarization in Chronic Inflammatory Diseases: Killers or
Builders?" Journal of Immunology Research 2018: 25.

Park, B., A. Hoffman, Y. Yang, J. Yan, G. Tie, H. Bagshahi, P. T. Nowicki and L. M.
Messina (2010). "Endothelial nitric oxide synthase affects both early and late collateral

arterial adaptation and blood flow recovery after induction of hind limb ischemia in mice."
Journal of Vascular Surgery 51(1): 165-173.

Parmenter, B. J., J. Raymond and M. A. Fiatarone Singh (2010). "The effect of exercise on
haemodynamics in intermittent claudication: a systematic review of randomized controlled
trials." Sports Med 40(5): 433-447.

Parvar, S. L., R. Fitridge, J. Dawson and S. J. Nicholls (2018). "Medical and lifestyle
management of peripheral arterial disease." J Vasc Surg 68(5): 1595-1606.

155



Patel, K. P. and H. D. Schultz (2013). "Angiotensin Peptides and Nitric Oxide in
Cardiovascular Disease." Antioxidants & Redox Signaling 19(10): 1121-1132.

Perin, E. C., M. P. Murphy, K. L. March, R. Bolli, J. Loughran, P. C. Yang, N. J. Leeper, R.
L. Dalman, J. Alexander, T. D. Henry, J. H. Traverse, C. J. Pepine, R. D. Anderson, S.
Berceli, J. T. Willerson, R. Muthupillai, A. Gahremanpour, G. Raveendran, O. Velasquez, J.
M. Hare, 1. Hernandez Schulman, V. S. Kasi, W. R. Hiatt, B. Ambale-Venkatesh, J. A. Lima,
D. A. Taylor, M. Resende, A. P. Gee, A. G. Durett, J. Bloom, S. Richman, P. G'Sell, S.
Williams, F. Khan, E. Gyang Ross, M. R. Santoso, J. Goldman, D. Leach, E. Handberg, B.
Cheong, N. Piece, D. DiFede, B. Bruhn-Ding, E. Caldwell, J. Bettencourt, D. Lai, L. Piller,
L. Simpson, M. Cohen, S. L. Sayre, R. W. Vojvodic, L. Moyg¢, R. F. Ebert, R. D. Simari, A.
T. Hirsch and N. Cardiovascular Cell Therapy Research (2017). "Evaluation of Cell Therapy
on Exercise Performance and Limb Perfusion in Peripheral Artery Disease: The CCTRN
PACE Trial (Patients With Intermittent Claudication Injected With ALDH Bright Cells)."
Circulation 135(15): 1417-1428.

Piazza, M., F. Squizzato, G. Spolverato, L. Milan, S. Bonvini, M. Menegolo, F. Grego and
M. Antonello (2015). "Outcomes of polytetrafluoroethylene-covered stent versus bare-metal
stent in the primary treatment of severe iliac artery obstructive lesions." J Vasc Surg 62(5):
1210-1218.e1211.

Piepoli, M. F., A. W. Hoes, S. Agewall, C. Albus, C. Brotons, A. L. Catapano, M. T. Cooney,
U. Corra, B. Cosyns, C. Deaton, I. Graham, M. S. Hall, F. D. R. Hobbs, M. L. Lochen, H.
Lollgen, P. Marques-Vidal, J. Perk, E. Prescott, J. Redon, D. J. Richter, N. Sattar, Y.
Smulders, M. Tiberi, H. B. van der Worp, 1. van Dis, W. M. M. Verschuren and S. Binno
(2016). "2016 European Guidelines on cardiovascular disease prevention in clinical practice:
The Sixth Joint Task Force of the European Society of Cardiology and Other Societies on
Cardiovascular Disease Prevention in Clinical Practice (constituted by representatives of 10
societies and by invited experts)Developed with the special contribution of the European
Association for Cardiovascular Prevention & Rehabilitation (EACPR)." Eur Heart J 37(29):
2315-2381.

Pipp, F., S. Boehm, W. J. Cai, F. Adili, B. Ziegler, G. Karanovic, R. Ritter, J. Balzer, C.
Scheler, W. Schaper and T. Schmitz-Rixen (2004). "Elevated fluid shear stress enhances

postocclusive collateral artery growth and gene expression in the pig hind limb." Arterioscler
Thromb Vasc Biol 24(9): 1664-1668.

Pollak, A. W. and C. M. Kramer (2012). "LDL lowering in peripheral arterial disease: are
there benefits beyond reducing cardiovascular morbidity and mortality?" Clinical lipidology
7(2): 141-149.

Powell, R. J., M. Simons, F. O. Mendelsohn, G. Daniel, T. D. Henry, M. Koga, R. Morishita
and B. H. Annex (2008). "Results of a double-blind, placebo-controlled study to assess the
safety of intramuscular injection of hepatocyte growth factor plasmid to improve limb
perfusion in patients with critical limb ischemia." Circulation 118(1): 58-65.

Prut, L. and C. Belzung (2003). "The open field as a paradigm to measure the effects of drugs
on anxiety-like behaviors: a review." Eur J Pharmacol 463(1-3): 3-33.

156



Pu, L. Q., A. D. Sniderman, R. Brassard, K. J. Lachapelle, A. M. Graham, R. Lisbona and J.
F. Symes (1993). "Enhanced revascularization of the ischemic limb by angiogenic therapy."
Circulation 88(1): 208-215.

Pymer, S. A., G. A. Tew, J. Palmer, L. Ingle, G. E. Smith, I. C. Chetter and A. E. Harwood
(2018). "Home-based exercise programmes for individuals with intermittent claudication: A

protocol for an updated systematic review and meta-analysis." SAGE Open Med 6:
2050312118818295.

Rabelo, L. A., N. Alenina and M. Bader (2011). "ACE2-angiotensin-(1-7)-Mas axis and
oxidative stress in cardiovascular disease." Hypertens Res 34(2): 154-160.

Rabelo, L. A., M. Todiras, V. Nunes-Souza, F. Qadri, I. A. Szijarto, M. Gollasch, J. M.
Penninger, M. Bader, R. A. Santos and N. Alenina (2016). "Genetic Deletion of ACE2
Induces Vascular Dysfunction in C57BL/6 Mice: Role of Nitric Oxide Imbalance and
Oxidative Stress." PLoS One 11(4): e0150255.

Rajagopalan, S., E. Mohler, 3rd, R. J. Lederman, J. Saucedo, F. O. Mendelsohn, J. Olin, J.
Blebea, C. Goldman, J. D. Trachtenberg, M. Pressler, H. Rasmussen, B. H. Annex and A. T.
Hirsch (2003). "Regional Angiogenesis with Vascular Endothelial Growth Factor (VEGF) in
peripheral arterial disease: Design of the RAVE trial." Am Heart J 145(6): 1114-1118.

Rajagopalan, S., E. R. Mohler, 3rd, R. J. Lederman, F. O. Mendelsohn, J. F. Saucedo, C. K.
Goldman, J. Blebea, J. Macko, P. D. Kessler, H. S. Rasmussen and B. H. Annex (2003).
"Regional angiogenesis with vascular endothelial growth factor in peripheral arterial disease:
a phase Il randomized, double-blind, controlled study of adenoviral delivery of vascular

endothelial growth factor 121 in patients with disabling intermittent claudication."
Circulation 108(16): 1933-1938.

Real, J., M. C. Serna, M. Giner-Soriano, R. Forés, G. Pera, E. Ribes, M. Alzamora, J. R.
Marsal, A. Heras and R. Morros (2018). "Safety of cilostazol in peripheral artery disease: a

cohort from a primary healthcare electronic database." BMC cardiovascular disorders 18(1):
85-85.

Regensteiner, J. G. (2004). "Exercise Rehabilitation for the Patient with Intermittent
Claudication: A highly Effective yet Underutilized Treatment." Current Drug Targets -
Cardiovascular & Hematological Disorders 4(3): 233-239.

Regensteiner, J. G., A. Gardner and W. R. Hiatt (1997). "Exercise testing and exercise
rehabilitation for patients with peripheral arterial disease: status in 1997." Vasc Med 2(2):
147-155.

Rena, G., E. R. Pearson and K. Sakamoto (2013). "Molecular mechanism of action of
metformin: old or new insights?" Diabetologia 56(9): 1898-1906.

Rice, Gillian I., Daniel A. Thomas, Peter J. Grant, Anthony J. Turner and Nigel M. Hooper
(2004). "Evaluation of angiotensin-converting enzyme (ACE), its homologue ACE2 and
neprilysin in angiotensin peptide metabolism." Biochemical Journal 383(1): 45-51.

Rigato, M., M. Monami and G. P. Fadini (2017). "Autologous Cell Therapy for Peripheral
Arterial Disease: Systematic Review and Meta-Analysis of Randomized, Nonrandomized,
and Noncontrolled Studies." Circ Res 120(8): 1326-1340.

157



Rockville, M. U. F. a. D. A. (2005). "USFDA. Guidance for Industry: Estimating the
Maximum Safe Starting Dose in Adult Healthy Volunteer.".

Rokutanda, T., Y. Izumiya, M. Miura, S. Fukuda, K. Shimada, Y. Izumi, Y. Nakamura, S.
Araki, S. Hanatani, J. Matsubara, T. Nakamura, K. Kataoka, O. Yasuda, K. Kaikita, S.
Sugiyama, S. Kim-Mitsuyama, J. Yoshikawa, M. Fujita, M. Yoshiyama and H. Ogawa
(2011). "Passive exercise using whole-body periodic acceleration enhances blood supply to
ischemic hindlimb." Arterioscler Thromb Vasc Biol 31(12): 2872-2880.

Rosenfield, K., M. R. Jaff, C. J. White, K. Rocha-Singh, C. Mena-Hurtado, D. C. Metzger,
M. Brodmann, E. Pilger, T. Zeller, P. Krishnan, R. Gammon, S. Miiller-Hiilsbeck, M. R.
Nehler, J. F. Benenati and D. Scheinert (2015). "Trial of a Paclitaxel-Coated Balloon for
Femoropopliteal Artery Disease." New England Journal of Medicine 373(2): 145-153.

Rowe, G. C., A. Jiang and Z. Arany (2010). "PGC-1 coactivators in cardiac development and
disease." Circulation research 107(7): 825-838.

Russell, D. A., S. Homer-Vanniasinkam and P. Abdulhannan (2012). "Peripheral arterial
disease: a literature review." British Medical Bulletin 104(1): 21-39.

Sabatine, M. S., R. P. Giugliano, A. C. Keech, N. Honarpour, S. D. Wiviott, S. A. Murphy, J.
F. Kuder, H. Wang, T. Liu, S. M. Wasserman, P. S. Sever and T. R. Pedersen (2017).

"Evolocumab and Clinical Outcomes in Patients with Cardiovascular Disease." New England
Journal of Medicine 376(18): 1713-1722.

Saisho, Y. (2015). "Metformin and Inflammation: Its Potential Beyond Glucose-lowering
Effect." Endocr Metab Immune Disord Drug Targets 15(3): 196-205.

Salpeter, S. R., E. Greyber, G. A. Pasternak and E. E. Salpeter (2003). "Risk of fatal and
nonfatal lactic acidosis with metformin use in type 2 diabetes mellitus: systematic review and
meta-analysis." Arch Intern Med 163(21): 2594-2602.

Sampaio, W. O., R. A. Souza dos Santos, R. Faria-Silva, L. T. da Mata Machado, E. L.
Schiffrin and R. M. Touyz (2007). "Angiotensin-(1-7) through receptor Mas mediates

endothelial nitric oxide synthase activation via Akt-dependent pathways." Hypertension
49(1): 185-192.

Samura, M., N. Morikage, K. Suehiro, Y. Tanaka, T. Nakamura, A. Nishimoto, K. Ueno, T.
Hosoyama and K. Hamano (2016). "Combinatorial Treatment with Apelin-13 Enhances the
Therapeutic Efficacy of a Preconditioned Cell-Based Therapy for Peripheral Ischemia."
Scientific Reports 6: 19379.

Sanada, F., Y. Kanbara, Y. Taniyama, R. Otsu, M. Carracedo, Y. Ikeda-Iwabu, J. Muratsu, K.
Sugimoto, K. Yamamoto, H. Rakugi and R. Morishita (2016). "Induction of Angiogenesis by
a Type III Phosphodiesterase Inhibitor, Cilostazol, Through Activation of Peroxisome

Proliferator-Activated Receptor-gamma and cAMP Pathways in Vascular Cells." Arterioscler
Thromb Vasc Biol 36(3): 545-552.

Santillo, M., A. Colantuoni, P. Mondola, B. Guida and S. Damiano (2015). "NOX signaling
in molecular cardiovascular mechanisms involved in the blood pressure homeostasis."
Frontiers in physiology 6: 194-194.

158



Santos, R. A. S., W. O. Sampaio, A. C. Alzamora, D. Motta-Santos, N. Alenina, M. Bader
and M. J. Campagnole-Santos (2018). "The ACE2/Angiotensin-(1-7)/MAS Axis of the
Renin-Angiotensin System: Focus on Angiotensin-(1-7)." Physiol Rev 98(1): 505-553.

Schellong, S. M., R. H. Boger, W. Burchert, S. M. Bode-Boger, A. Galland, J. C. Frolich, H.
Hundeshagen and K. Alexander (1997). "Dose-related effect of intravenous L-arginine on
muscular blood flow of the calf in patients with peripheral vascular disease: a H2150
positron emission tomography study." Clin Sci (Lond) 93(2): 159-165.

Scholz, D., T. Ziegelhoeffer, A. Helisch, S. Wagner, C. Friedrich, T. Podzuweit and W.
Schaper (2002). "Contribution of arteriogenesis and angiogenesis to postocclusive hindlimb
perfusion in mice." J Mol Cell Cardiol 34(7): 775-787.

Sealock, R., H. Zhang, J. L. Lucitti, S. M. Moore and J. E. Faber (2014). "Congenic fine-
mapping identifies a major causal locus for variation in the native collateral circulation and
ischemic injury in brain and lower extremity." Circ Res 114(4): 660-671.

Seo, H. S., D. M. Lombardi, P. Polinsky, L. Powell-Braxton, S. Bunting, S. M. Schwartz and
M. E. Rosenfeld (1997). "Peripheral vascular stenosis in apolipoprotein E-deficient mice.
Potential roles of lipid deposition, medial atrophy, and adventitial inflammation." Arterioscler
Thromb Vasc Biol 17(12): 3593-3601.

Sessa, W. C. (2004). "eNOS at a glance." J Cell Sci 117(Pt 12): 2427-2429.

Shigematsu, H., K. Yasuda, T. Iwai, T. Sasajima, S. Ishimaru, Y. Ohashi, T. Yamaguchi, T.
Ogihara and R. Morishita (2010). "Randomized, double-blind, placebo-controlled clinical
trial of hepatocyte growth factor plasmid for critical limb ischemia." Gene Ther 17(9): 1152-
1161.

Shireman, P. K. and M. P. Quinones (2005). "Differential necrosis despite similar perfusion
in mouse strains after ischemia." J Surg Res 129(2): 242-250.

Shu, J. and G. Santulli (2018). "Update on peripheral artery disease: Epidemiology and
evidence-based facts." Atherosclerosis 275: 379-381.

Silvestre, J.-S., D. M. Smadja and B. 1. Lévy (2013). "Postischemic Revascularization: From
Cellular and Molecular Mechanisms to Clinical Applications." Physiological Reviews 93(4):
1743-1802.

Silvestre, J. S., S. Bergaya, R. Tamarat, M. Duriez, C. M. Boulanger and B. I. Levy (2001).
"Proangiogenic effect of angiotensin-converting enzyme inhibition is mediated by the
bradykinin B(2) receptor pathway." Circ Res 89(8): 678-683.

Sirtori, C. R., G. Franceschini, G. Gianfranceschi, M. Sirtori, G. Montanari, E. Bosisio, E.
Mantero and A. Bondioli (1984). "Metformin improves peripheral vascular flow in
nonhyperlipidemic patients with arterial disease." J Cardiovasc Pharmacol 6(5): 914-923.

Soler, M. J., M. Riera, M. Crespo, M. Mir, E. Marquez, M. J. Pascual, J. M. Puig and J.
Pascual (2012). "Circulating Angiotensin-Converting Enzyme 2 Activity in Kidney
Transplantation: A Longitudinal Pilot Study." Nephron Clinical Practice 121(3-4): c144-
c150.

159



Soro-Paavonen, A., D. Gordin, C. Forsblom, M. Rosengard-Barlund, J. Waden, L. Thorn, N.
Sandholm, M. C. Thomas and P. H. Groop (2012). "Circulating ACE2 activity is increased in
patients with type 1 diabetes and vascular complications." J Hypertens 30(2): 375-383.

Stephenson, S. L. and A. J. Kenny (1987). "Metabolism of neuropeptides. Hydrolysis of the
angiotensins, bradykinin, substance P and oxytocin by pig kidney microvillar membranes."
Biochemical Journal 241(1): 237-247.

Steven, S., A. Daiber, J. F. Dopheide, T. Miinzel and C. Espinola-Klein (2017). "Peripheral
artery disease, redox signaling, oxidative stress — Basic and clinical aspects." Redox Biology
12: 787-797.

Stewart , K. J., W. R. Hiatt , J. G. Regensteiner and A. T. Hirsch (2002). "Exercise Training
for Claudication." New England Journal of Medicine 347(24): 1941-1951.

T Lu, J. and M. A Creager (2004). The relationship of cigarette smoking to peripheral arterial
disease.

Tabata, H., M. Silver and J. M. Isner (1997). "Arterial gene transfer of acidic fibroblast
growth factor for therapeutic angiogenesis in vivo: critical role of secretion signal in use of
naked DNA." Cardiovasc Res 35(3): 470-479.

Takahashi, N., R. Shibata, N. Ouchi, M. Sugimoto, T. Murohara and K. Komori (2015).
"Metformin stimulates ischemia-induced revascularization through an eNOS dependent
pathway in the ischemic hindlimb mice model." J Vasc Surg 61(2): 489-496.

Takeshita, S., L. P. Zheng, E. Brogi, M. Kearney, L. Q. Pu, S. Bunting, N. Ferrara, J. F.
Symes and J. M. Isner (1994). "Therapeutic angiogenesis. A single intraarterial bolus of
vascular endothelial growth factor augments revascularization in a rabbit ischemic hind limb
model." The Journal of clinical investigation 93(2): 662-670.

Tang, G. L., D. S. Chang, R. Sarkar, R. Wang and L. M. Messina (2005). "The effect of
gradual or acute arterial occlusion on skeletal muscle blood flow, arteriogenesis, and
inflammation in rat hindlimb ischemia." Journal of Vascular Surgery 41(2): 312-320.

Tang, G. L., D. S. Chang, R. Sarkar, R. Wang and L. M. Messina (2005). "The effect of
gradual or acute arterial occlusion on skeletal muscle blood flow, arteriogenesis, and
inflammation in rat hindlimb ischemia." J Vasc Surg 41(2): 312-320.

Tang, X., Y.-X. Luo, H.-Z. Chen and D.-P. Liu (2014). "Mitochondria, endothelial cell
function, and vascular diseases." Frontiers in Physiology 5: 175.

Taniyama, Y., R. Morishita, M. Aoki, H. Nakagami, K. Yamamoto, K. Yamazaki, K.
Matsumoto, T. Nakamura, Y. Kaneda and T. Ogihara (2001). "Therapeutic angiogenesis
induced by human hepatocyte growth factor gene in rat and rabbit hindlimb ischemia models:
preclinical study for treatment of peripheral arterial disease." Gene Ther 8(3): 181-189.

Tatem, K. S., J. L. Quinn, A. Phadke, Q. Yu, H. Gordish-Dressman and K. Nagaraju (2014).
"Behavioral and Locomotor Measurements Using an Open Field Activity Monitoring System
for Skeletal Muscle Diseases." Journal of Visualized Experiments : JOVE(91): 51785.

160



Tepe, G., J. Laird, P. Schneider, M. Brodmann, P. Krishnan, A. Micari, C. Metzger, D.
Scheinert, T. Zeller, D. J. Cohen, D. B. Snead, B. Alexander, M. Landini and M. R. Jaff
(2015). "Drug-coated balloon versus standard percutaneous transluminal angioplasty for the

treatment of superficial femoral and popliteal peripheral artery disease: 12-month results
from the IN.PACT SFA randomized trial." Circulation 131(5): 495-502.

Teraa, M., R. W. Sprengers, R. E. Schutgens, 1. C. Slaper-Cortenbach, Y. van der Graaf, A.
Algra, I. van der Tweel, P. A. Doevendans, W. P. Mali, F. L. Moll and M. C. Verhaar (2015).
"Effect of repetitive intra-arterial infusion of bone marrow mononuclear cells in patients with
no-option limb ischemia: the randomized, double-blind, placebo-controlled Rejuvenating
Endothelial Progenitor Cells via Transcutaneous Intra-arterial Supplementation
(JUVENTAS) trial." Circulation 131(10): 851-860.

Thiruvoipati, T., C. E. Kielhorn and E. J. Armstrong (2015). "Peripheral artery disease in
patients with diabetes: Epidemiology, mechanisms, and outcomes." World Journal of
Diabetes 6(7): 961-969.

Thomas, D., A. Thirumaran, B. Mallard, X. Chen, S. Browne, A. M. Wheatley, T. O'Brien
and A. Pandit (2016). "Variability in Endogenous Perfusion Recovery of
Immunocompromised Mouse Models of Limb Ischemia." Tissue Engineering Part C:
Methods 22(4): 370-381.

Thomas, G., R. Tacke, C. C. Hedrick and R. N. Hanna (2015). "Nonclassical patrolling
monocyte function in the vasculature." Arterioscler Thromb Vasc Biol 35(6): 1306-1316.

Thomas Manapurathe, D., S. M. Krishna, B. Dewdney, J. V. Moxon, E. Biros and J. Golledge
(2017). "Effect of blood pressure lowering medications on leg ischemia in peripheral artery
disease patients: A meta-analysis of randomised controlled trials." PLOS ONE 12(6):
e0178713.

Thomas, M. C., R. J. Pickering, D. Tsorotes, A. Koitka, K. Sheehy, S. Bernardi, B. Toffoli, T.
P. Nguyen-Huu, G. A. Head, Y. Fu, J. Chin-Dusting, M. E. Cooper and C. Tikellis (2010).
"Genetic Ace2 deficiency accentuates vascular inflammation and atherosclerosis in the ApoE
knockout mouse." Circ Res 107(7): 888-897.

Thukkani, A. K. and S. Kinlay (2015). "Endovascular Intervention for Peripheral Artery
Disease." Circulation research 116(9): 1599-1613.

Tikellis, C., R. Pickering, D. Tsorotes, X.-J. Du, H. Kiriazis, T.-P. Nguyen-Huu, Geoffrey A.
Head, Mark E. Cooper and Merlin C. Thomas (2012). "Interaction of diabetes and ACE2 in
the pathogenesis of cardiovascular disease in experimental diabetes." Clinical Science 123(8):
519-529.

Tongers, J., J. G. Roncalli and D. W. Losordo (2008). "Therapeutic angiogenesis for critical
limb ischemia: microvascular therapies coming of age." Circulation 118(1): 9-16.

Topper, J. N. and M. A. Gimbrone Jr (1999). "Blood flow and vascular gene expression: fluid
shear stress as a modulator of endothelial phenotype." Molecular Medicine Today 5(1): 40-
46.

Topper, J. N. and M. A. Gimbrone, Jr. (1999). "Blood flow and vascular gene expression:
fluid shear stress as a modulator of endothelial phenotype." Mol Med Today 5(1): 40-46.

161



Treat-Jacobson, D., M. McDermott Mary, G. Bronas Ulf, U. Campia, C. Collins Tracie, H.
Criqui Michael, W. Gardner Andrew, R. Hiatt William, G. Regensteiner Judith, K. Rich and
n. null (2019). "Optimal Exercise Programs for Patients With Peripheral Artery Disease: A
Scientific Statement From the American Heart Association." Circulation 139(4): e10-e33.

Uccioli, L., M. Meloni, V. Izzo, L. Giurato, S. Merolla and R. Gandini (2018). "Critical limb
ischemia: current challenges and future prospects." Vascular health and risk management 14:
63-74.

Uittenbogaard, M. and A. Chiaramello (2014). "Mitochondrial Biogenesis: A Therapeutic
Target for Neurodevelopmental Disorders and Neurodegenerative Diseases." Current
pharmaceutical design 20(35): 5574-5593.

Urbich, C. and S. Dimmeler (2004). "Endothelial progenitor cells: characterization and role
in vascular biology." Circ Res 95(4): 343-353.

Uri, K., M. Fagyas, A. Kertész, A. Borbély, C. Jenei, O. Bene, Z. Csanadi, W. J. Paulus, L.
Edes, Z. Papp, A. Téth and E. Lizanecz (2016). "Circulating ACE2 activity correlates with
cardiovascular disease development." Journal of the Renin-Angiotensin-Aldosterone System
17(4): 1470320316668435.

Vasquez-Vivar, J., B. Kalyanaraman, P. Martasek, N. Hogg, B. S. Masters, H. Karoui, P.
Tordo and K. A. Pritchard, Jr. (1998). "Superoxide generation by endothelial nitric oxide
synthase: the influence of cofactors." Proc Natl Acad Sci U S A 95(16): 9220-9225.

Vavra, A. K. and M. R. Kibbe (2009). "Women and peripheral arterial disease." Womens
Health (Lond) 5(6): 669-683.

Vemulapalli, S., R. J. Dolor, V. Hasselblad, S. Subherwal, K. M. Schmit, B. L. Heidenfelder,
M. R. Patel and W. Schuyler Jones (2015). "Comparative Effectiveness of Medical Therapy,
Supervised Exercise, and Revascularization for Patients With Intermittent Claudication: A
Network Meta-analysis." Clin Cardiol 38(6): 378-386.

Verma, S., C. D. Mazer, M. Al-Omran, S. E. Inzucchi, D. Fitchett, U. Hehnke, J. T. George
and B. Zinman (2018). "Cardiovascular Outcomes and Safety of Empagliflozin in Patients
With Type 2 Diabetes Mellitus and Peripheral Artery Disease: A Subanalysis of EMPA-REG
OUTCOME." Circulation 137(4): 405-407.

Viollet, B., B. Guigas, N. Sanz Garcia, J. Leclerc, M. Foretz and F. Andreelli (2012).
"Cellular and molecular mechanisms of metformin: an overview." Clinical Science (London,
England : 1979) 122(6): 253-270.

Voskuil, M., N. van Royen, I. E. Hoefer, R. Seidler, B. D. Guth, C. Bode, W. Schaper, J. J.
Piek and I. R. Buschmann (2003). "Modulation of collateral artery growth in a porcine
hindlimb ligation model using MCP-1." Am J Physiol Heart Circ Physiol 284(4): H1422-
1428.

Walter, D. H., H. Krankenberg, J. O. Balzer, C. Kalka, I. Baumgartner, M. Schluter, T. Tonn,
F. Seeger, S. Dimmeler, E. Lindhoff-Last and A. M. Zeiher (2011). "Intraarterial
administration of bone marrow mononuclear cells in patients with critical limb ischemia: a
randomized-start, placebo-controlled pilot trial (PROVASA)." Circ Cardiovasc Interv 4(1):
26-37.

162



Wang, W., S. M. McKinnie, M. Farhan, M. Paul, T. McDonald, B. McLean, C. Llorens-
Cortes, S. Hazra, A. G. Murray, J. C. Vederas and G. Y. Oudit (2016). "Angiotensin-
Converting Enzyme 2 Metabolizes and Partially Inactivates Pyr-Apelin-13 and Apelin-17:
Physiological Effects in the Cardiovascular System." Hypertension 68(2): 365-377.

Wasserman, S. M., M. S. Sabatine, M. J. Koren, R. P. Giugliano, J. C. Legg, M. G. Emery, S.
Doshi, T. Liu, R. Somaratne and J. P. Gibbs (2018). "Comparison of LDL-C Reduction Using
Different Evolocumab Doses and Intervals: Biological Insights and Treatment Implications."
J Cardiovasc Pharmacol Ther 23(5): 423-432.

Waters, R. E., R. L. Terjung, K. G. Peters and B. H. Annex (2004). "Preclinical models of
human peripheral arterial occlusive disease: implications for investigation of therapeutic
agents." J Appl Physiol (1985) 97(2): 773-780.

Watson, L., B. Ellis and G. C. Leng (2008). "Exercise for intermittent claudication."
Cochrane Database Syst Rev(4): Cd000990.

Westin, G. G., E. J. Armstrong, H. Bang, K. K. Yeo, D. Anderson, D. L. Dawson, W. C.
Pevec, E. A. Amsterdam and J. R. Laird (2014). "Association between statin medications and
mortality, major adverse cardiovascular event, and amputation-free survival in patients with
critical limb ischemia." J Am Coll Cardiol 63(7): 682-690.

Westvik, T. S., T. N. Fitzgerald, A. Muto, S. P. Maloney, J. M. Pimiento, T. T. Fancher, D.
Magri, H. H. Westvik, T. Nishibe, O. C. Velazquez and A. Dardik (2009). "Limb ischemia
after iliac ligation in aged mice stimulates angiogenesis without arteriogenesis." J Vasc Surg
49(2): 464-473.

Wiseman, J. T., S. Fernandes-Taylor, S. Saha, J. Havlena, P. J. Rathouz, M. A. Smith and K.
C. Kent (2017). "Endovascular Versus Open Revascularization for Peripheral Arterial
Disease." Annals of surgery 265(2): 424-430.

Woessner, M. N., M. D. VanBruggen, C. F. Pieper, E. K. O'Reilly, W. E. Kraus and J. D.
Allen (2017). "Combined Dietary Nitrate and Exercise Intervention in Peripheral Artery
Disease: Protocol Rationale and Design." JMIR research protocols 6(10): e139-e139.

Wong, P. F., L. Y. Chong, D. P. Mikhailidis, P. Robless and G. Stansby (2011). "Antiplatelet
agents for intermittent claudication." Cochrane Database Syst Rev(11): Cd001272.

Wu, N., B. Zheng, A. Shaywitz, Y. Dagon, C. Tower, G. Bellinger, C. H. Shen, J. Wen, J.
Asara, T. E. McGraw, B. B. Kahn and L. C. Cantley (2013). "AMPK-dependent degradation
of TXNIP upon energy stress leads to enhanced glucose uptake via GLUT1." Mol Cell 49(6):
1167-1175.

Wynn, T. A. and K. M. Vannella (2016). "Macrophages in Tissue Repair, Regeneration, and
Fibrosis." Immunity 44(3): 450-462.

Wysocki, J., D. L. Ortiz-Melo, N. K. Mattocks, K. Xu, J. Prescott, K. Evora, M. Ye, M. A.
Sparks, S. K. Haque, D. Batlle and S. B. Gurley (2014). "ACE2 deficiency increases
NADPH-mediated oxidative stress in the kidney." Physiological Reports 2(3): €00264.

163



Xia, Y., A. L. Tsai, V. Berka and J. L. Zweier (1998). "Superoxide generation from
endothelial nitric-oxide synthase. A Ca2+/calmodulin-dependent and tetrahydrobiopterin
regulatory process." J Biol Chem 273(40): 25804-25808.

Yamada, K., S. N. Iyer, M. C. Chappell, D. Ganten and C. M. Ferrario (1998). "Converting
enzyme determines plasma clearance of angiotensin-(1-7)." Hypertension 32(3): 496-502.

Yamamoto, K., M. Ohishi, T. Katsuya, N. Ito, M. Ikushima, M. Kaibe, Y. Tatara, A. Shiota,
S. Sugano, S. Takeda, H. Rakugi and T. Ogihara (2006). "Deletion of Angiotensin-
Converting Enzyme 2 Accelerates Pressure Overload-Induced Cardiac Dysfunction by
Increasing Local Angiotensin II." Hypertension 47(4): 718-726.

Yang, H. T., R. F. Dinn and R. L. Terjung (1990). "Training increases muscle blood flow in
rats with peripheral arterial insufficiency." J Appl Physiol (1985) 69(4): 1353-1359.

Yang, H. T., B. M. Prior, P. G. Lloyd, J. C. Taylor, Z. Li, M. H. Laughlin and R. L. Terjung
(2008). "Training-induced vascular adaptations to ischemic muscle." J Physiol Pharmacol 59
Suppl 7: 57-70.

Yang, Y., G. Tang, J. Yan, B. Park, A. Hoffman, G. Tie, R. Wang and L. M. Messina (2008).
"Cellular and molecular mechanism regulating blood flow recovery in acute versus gradual
femoral artery occlusion are distinct in the mouse." J Vasc Surg 48(6): 1546-1558.

Yang, Y., G. Tang, J. Yan, B. Park, A. Hoffman, G. Tie, R. Wang and L. M. Messina (2008).
"Cellular and molecular mechanism regulating blood flow recovery in acute versus gradual

femoral artery occlusion are distinct in the mouse." Journal of Vascular Surgery 48(6): 1546-
1558.

Yonemitsu, Y., T. Matsumoto, H. Itoh, J. Okazaki, M. Uchiyama, K. Yoshida, M. Onimaru,
T. Onohara, H. Inoguchi, R. Kyuragi, M. Shimokawa, H. Ban, M. Tanaka, M. Inoue, T. Shu,
M. Hasegawa, Y. Nakanishi and Y. Maehara (2013). "DVC1-0101 to treat peripheral arterial
disease: a Phase I/I1a open-label dose-escalation clinical trial." Molecular therapy : the
journal of the American Society of Gene Therapy 21(3): 707-714.

Yoshida, M., H. Horimoto, S. Mieno, Y. Nomura, H. Okawa, K. Nakahara and S. Sasaki
(2003). "Intra-arterial bone marrow cell transplantation induces angiogenesis in rat hindlimb
ischemia." Eur Surg Res 35(2): 86-91.

Yoshioka, J., W. A. Chutkow, S. Lee, J. B. Kim, J. Yan, R. Tian, M. L. Lindsey, E. P. Feener,
C. E. Seidman, J. G. Seidman and R. T. Lee (2012). "Deletion of thioredoxin-interacting
protein in mice impairs mitochondrial function but protects the myocardium from ischemia-
reperfusion injury." J Clin Invest 122(1): 267-279.

Yu, J. and A. Dardik (2018). "A Murine Model of Hind Limb Ischemia to Study
Angiogenesis and Arteriogenesis." Methods Mol Biol 1717: 135-143.

Yu, J., E. D. deMuinck, Z. Zhuang, M. Drinane, K. Kauser, G. M. Rubanyi, H. S. Qian, T.
Murata, B. Escalante and W. C. Sessa (2005). "Endothelial nitric oxide synthase is critical for
ischemic remodeling, mural cell recruitment, and blood flow reserve." Proceedings of the
National Academy of Sciences of the United States of America 102(31): 10999-11004.

164



Zhang, P., X. Pang and Y. Tu (2015). "Thioredoxin-interacting Protein as a Common
Regulation Target for Multiple Drugs in Clinical Therapy/Application." Cancer Translational
Medicine 1(1): 26-30.

Zhang, Q., M. Cong, N. Wang, X. Li, H. Zhang, K. Zhang, M. Jin, N. Wu, C. Qiu and J. Li
(2018). "Association of angiotensin-converting enzyme 2 gene polymorphism and enzymatic
activity with essential hypertension in different gender: A case—control study." Medicine
97(42): e12917.

Zhang, Y., S.-J. Wang, Z.-H. Han, Y.-Q. Li, J.-H. Xue, D.-F. Gao, X.-S. Wu and C.-X. Wang
(2014). "PI3K/AKT signaling pathway plays a role in enhancement of eNOS activity by
recombinant human angiotensin converting enzyme 2 in human umbilical vein endothelial
cells." International journal of clinical and experimental pathology 7(11): 8112-8117.

Zhong, J., B. Eliceiri, D. Stupack, K. Penta, G. Sakamoto, T. Quertermous, M. Coleman, N.
Boudreau and J. A. Varner (2003). "Neovascularization of ischemic tissues by gene delivery
of the extracellular matrix protein Del-1." J Clin Invest 112(1): 30-41.

Zhu, H., M. Zhang, Z. Liu, J. Xing, C. Moriasi, X. Dai and M. H. Zou (2016). "AMP-
Activated Protein Kinase alphal in Macrophages Promotes Collateral Remodeling and
Arteriogenesis in Mice In Vivo." Arterioscler Thromb Vasc Biol 36(9): 1868-1878.

165



Appendix

166



Al. Ethics Approvals

This administrative form
has been removed

167



This administrative form
has been removed

168



This administrative form
has been removed

169



This administrative form
has been removed

170



A2: Linear mixed effects results

A2.1 LME model analysis comparing treadmill data between exercise intervention and

control groups
Linear mixed-effects model fit by REML
Data: Exercise.treadmill._.data
AlC BIC loglLik
600.0009 619.4474 -292.0004

Random effects:

Formula: ~1 | Mouse.ID
(Intercept) Residual

StdDev: 2.75153 6.626358
Fixed effects: Sgrt.Treadmill._dist ~ Treatment * TIME
Value Std.Error DF t-value p-value
(Intercept) 18.135090 1.852557 56 9.789219 0.0000
Treatmentl 3.541022 2.619912 28 1.351581 0.1873
TIMES 7.292634 2.419604 56 3.013978 0.0039
TIME7 7.975062 2.419604 56 3.296020 0.0017
Exercise:TIMES 6.184013 3.421837 56 1.807220 0.0761
Exercise:TIME7 7.183232 3.421837 56 2.099233 0.0403
Exercise:TIMES 6.184013 3.421837 56 1.807220 0.0761
Exercise:TIME7 7.183232 3.421837 56 2.099233 0.0403
Correlation:
(Intr) Trtmnl TIMES TIME7 T1:TIMES
Exercise -0.707
TIMES -0.653 0.462 Correlation:
(Intr) Trtmnl TIME5 TIME7 T21:TIMES

Exercise -0.707
TIMES -0.653 0.462
TIME7 -0.653 0.462 0.500
Exercise:TIMES 0.462 -0.653 -0.707 -0.354
Exercise:TIME7 0.462 -0.653 -0.354 -0.707 0.500
Standardized Within-Group Residuals:

Min Q1 Med Q3 Max
TIME7 -0.653 0.462 0.500
Exercise:TIMES 0.462 -0.653 -0.707 -0.354
Exercise:TIME7 0.462 -0.653 -0.354 -0.707 0.500
Standardized Within-Group Residuals:

Min Q1 Med Q3 Max
-2.6046838 -0.4259500 0.1060574 0.4542599 2.4401130

Number of Observations: 90
Number of Groups: 30
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A2.2 LME model analysis comparing LDI data between exercise intervention and

control groups
Linear mixed-effects model fit by REML
Data: Exercise.LDIl.data
AlIC BIC logLik
-216.6022 -198.7005 114.3011

Random effects:
Formula: ~1 | Mouse.ID
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(Intercept) Residual
StdDev: 0.0455824Linear mixed-effects model fit by REML
Data: Exercise.LDIl.data
AlC BIC logLik
-216.6022 -198.7005 114.3011

Random effects:
Formula: ~1 | Mouse.ID
(Intercept) Residual
StdDev: 0.0455824 0.09362099

Fixed effects: LDl.ratio ~ Treatment * Time
Value Std.Error DF  t-value p-value

(Intercept) 0.5318895 0.03620481 118 14.691128 0.0000
Treatment2 -0.0295530 0.05120133 28 -0.577192 0.5684
Time 0.0003047 0.00100269 118 0.303871 0.7618

Exercise:Time 0.0012437 0.00141801 118 0.877043 0.3822
Correlation:
(Intr) Trtmn2 Time
Treatment2 -0.707 0.303871 0.7618
Treatment2:Time 0.0012437 0.00141801 118 0.877043 0.3822
Correlation:
(Intr) Trtmn2 Time
Exercise -0.707
Time -0.897 0.634
Exercise:Time 0.634 -0.897 -0.707

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-2.75349317 -0.71719604 -0.08217634 0.67238675 2.27405272

Number of Observations: 150
Number of Groups: 30

Standardized residuals
[+
Cﬁ){}
!
]
Oqﬂé
OC-
@{}
o o
o
OO
o
o

0.50 0.55 0.60 0.65
Fitted values

173



Quantiles of standard normal
|

Standardized residuals

A2.3 LME model analysis comparing LDI data between metformin administered and

vehicle administered groups

Linear mixed-effects model fit by REML
Data: Metform.LDI.data
AlIC BIC logLik
-221.8056 -203.702 116.9028

Random effects:
Formula: ~1 | Mouse.ID
(Intercept) Residual
StdDev: 0.06836679 0.0895167

Fixed effects: LDI.ratio ~ Treatment * Time

Value Std.Error DF  t-value p-value

(Intercept) 0.3834909 0.03601226 122 10.648898 0.0000
Treatmentl 0.1306407 0.05177089 29 2.523439 0.0174
Time 0.0061892 0.00092828 122 6.667362 0.0000
Treatmentl:Time -0.0057637 0.00133449 122 -4.318995 0.0000
Correlation:
(Intr) Trtmnl Time
Treatmentl -0.696
Time -0.835 0.581

Treatmentl:Time 0.581 -0.835 -0.696

Standardized Within-Group Residuals:
Min Q1 Med Q3
-3.03007014 -0.54552927 -0.06467682 0.51112205

Number of Observations: 155
Number of Groups: 31

Max
2.41198193

174



o e o
2 7 o o e} -
o oy e
{_‘E o o o o
3 17 B, o o @ of o © @ ~
@ & o @ g %9 ‘% o5 & o 9 % o
el 0 o @ o & o HERT T 4 ©
k=] o 2 ) iy o
~ Gcco o‘bo%o © oo % go b
ko) o o @ op o U o0 &
E -1 o 2o [ o -
2 o & oo o]
(]
m 2 — o o o L
3] @ -
T T T T
04 05 0.6 07
Fitted values

Quantiles of standard normal
|

Standardized residuals

A3.4 LME model analysis comparing treadmill walking distance data between
metformin administered and vehicle administered groups

Linear mixed-effects model fit by REML
Data: Metform.treadmill_data
AlIC BIC logLik
1275.699 1295.427 -629.8497

Random effects:

Formula: ~1 | Mouse.ID
(Intercept) Residual
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StdDev: 166.1586 270.4254

Fixed effects: Treadmill.distance ~ Treatment * TIME

(Intercept) 347.
Treatment 43.
TIMES 333.
TIME7 382.

Treatment:TIMES -31.

Treatment:TIME7 185.
Correlation:

(In

Treatment -0.

TIMES -0.

TIME7 -0.

Treatment:TIME5S O.
Random effects:

Value
4133
0804
0200
1733
4512
6829

Std.Error
81.95063
114.07045
98.74541
98.74541
137.44779
137.44779

DF t-value
58 4.239300
29 0.377665
58 3.372511
58 3.870290
58 -0.228823
58 1.350934

p-value
0.0001
0.7084
0.0013
0.0003
0.8198
0.1820

tr) Trtmnt TIMES TIME7 T:TIMES

718
602 O

.433

602 0.433 0.500
433 -0.602 -0.718 -0.359

Fixed effects: Sqrt.Treadmill._dist ~ Treatment * TIME

Std.Error
1.617732
2.251787
1.947537
1.947537
2.710856
2.710856

tmnt TIMES

-432

Formula: ~1 | Mouse.ID
(Intercept) Residual
StdDev: 3.287717 5.333549
Value
(Intercept) 18.135090
Treatment 0.757278
TIMES 7.292634
TIME7 7.975062
Treatment:TIMES5 -0.499741
Treatment:TIME7 3.212063
Correlation:
(Intr) Tr
Treatment -0.718
TIMES -0.602 O
TIME7 -0.

Treatment:TIMES O.
Treatment:TIME7 O.

DF t-value
58 11.210198
29 0.336301
58 3.744542
58 4.094948
58 -0.184348
58 1.184889

TIME7 T:TI

602 0.432 0.500
432 -0.602 -0.718 -0.359
432 -0.602 -0.359 -0.718 0.500

Standardized Within-Group Residuals:

Min

01

Med

Q3

-2.0948786 -0.6015180 0.0147499 0.6206117 2.1

Number of Observations: 93

Number of Groups: 3

1

p-value
0.0000
0.7391
0.0004
0.0001
0.8544
0.2409

MES

Max
711432
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A2.5 LME model analysis comparing LDI data between female ACE2YApoE~’ and

ApoE"’ sroups.

Linear mixed-effects model fit by REML
Data: ACE2fem.LDI.data
AlC BIC logLik
-108.5965 -91.7724 60.29826

Random effects:
Formula: ~1 | Mouse.ID
(Intercept) Residual
StdDev: 0.03371165 0.1286595
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Fixed effects: Sqrt.LDl._ratio ~ Group * Timepoint

Value Std.Error DF  t-value p-value
(Intercept) 0.9051229 0.03488354 103 25.946989 0.0000
Group -0.0085216 0.04819854 19 -0.176802 0.8615
Timepoint -0.0053759 0.00123271 103 -4.361041 0.0000
Group:Timepoint 0.0021373 0.00170324 103 1.254856 0.2124
Correlation:

(Intr) Group Timpnt

Group -0.724
Timepoint -0.825 0.597

Group:Timepoint 0.597

-0.825 -0.724

Standardized Within-Group Residuals:

Min Med Q3 Max
-2.48823366 -0.67523694 0.01713875 0.67139896 2.14353107
Number of Observations: 126
Number of Groups: 21
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A2.6 LME model analysis comparing L.DI data between male ACE2"YApoE" and ApoE™
groups

Linear mixed-effects model fit by REML
Data: ACE2mal.LDI.data
AlIC BIC logLik
-79.06461 -63.93388 45.53231
Random effects:
Formula: ~1 | Mouse.ID
(Intercept) Residual
StdDev: 1.436911e-06 0.1281505

Fixed effects: Sqrt.LDl._ratio ~ Group * Timepoint
Value Std.Error DF  t-value p-value

(Intercept) 0.9131619 0.03698819 78 24.687929 0.0000
Group -0.1631579 0.05230920 14 -3.119105 0.0075
Timepoint -0.0041629 0.00137276 78 -3.032475 0.0033

Group:Timepoint 0.0021892 0.00194138 78 1.127665 0.2629
Correlation:
(Intr) Group Timpnt
Group -0.707
Timepoint -0.866 0.612
Group:Timepoint 0.612 -0.866 -0.707

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-3.03608617 -0.48888019 0.08230023 0.56239483 2.33320691

Number of Observations: 96
Number of Groups: 16
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Fixed effects: LDl.ratio ~ Group * Timepoint

Value Std.Error DF  t-value p-value

(Intercept) 0.8573152 0.05406692 78 15.856556 0.0000
Group -0.2466602 0.07646218 14 -3.225911 0.0061
Timepoint -0.0076644 0.00200661 78 -3.819593 0.0003
Group:Timepoint 0.0037065 0.00283778 78 1.306127 0.1953
Correlation:

(Intr) Group Timpnt
Group -0.707
Timepoint -0.866 0.612
Group:Timepoint 0.612 -0.866 -0.707
Standardized Within-Group Residuals:

Min Q1 Med Q3 Max
-2.40665763 -0.51661917 0.02387281 0.56663882 2.60947298
Number of Observations: 96
Number of Groups: 16
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Quantiles of standard normal

Standardized residuals
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A3. Supplementary Western blot information

Table Al. Table listing antibodies used for protein expression assays by Western blotting

Dilution in | Supplier and
Antibody Species Size of (TBS Catalogue #
band +0.05%
detected tween)
(kDa)
Primary GAPDH Rabbit 37 1:10,000 Cell signalling
Technology #5174
TXNIP Rabbit 60 1:1000 Cell signalling
Technology #14715
PGCla Rabbit 92 1:1000 Abcam #ab54481
AMPKa Rabbit 62 1:1000 Cell signalling
Technology #5832
Phospho- Rabbit 62 1:1000 Cell signalling
AMPKa Technology #2535
(Thr 172)
e-NOS Rabbit 140 1:1000 Cell signalling
Technology #9572
Phospho- Rabbit 140 1:1000 Cell signalling
eNOS Technology #9571
(Ser1177)
Secondary | Anti- rabbit | Goat 1:1000 abcam #ab6721
IgG HRP
conjugated
Fluorophore | Donkey 1:15,000 Li-Cor #925-32213
conjugated (Millenium Sciences)
anti-rabbit
IgG (IRDye
800CW
anti-rabbit
IgG)

Table A2. Table listing primers used for mRNA expression assays by qRT-PCR

Gene Species Quantitect Supplier
primer assay
#
AMPK | Mouse QT00286923 | Qiagen
TXNIP | Mouse QT00296513 | Qiagen
PGC1 Mouse QT02524242 | Qiagen
NOS3 Mouse QT00152754 | Qiagen
Gapdh Mouse QT01658692 | Qiagen
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A4. Repeatability results of SBP measurements

Table A3: Intra-observer repeatability results of SBP measurements

Mouse Standard
ID Reading 1 Reading 2 Mean deviation
1 111.90 116.70 114.30 3.39
2 90.40 99.30 94.85 6.29
3 122.90 107.30 115.10 11.03
4 113.20 119.40 116.30 4.38
5 84.10 90.30 87.20 4.38
6 97.60 91.00 94.30 4.67
7 88.50 101.60 95.05 9.26
8 95.30 103.20 99.25 5.59
9 98.30 95.00 96.65 2.33
Mean 101.44 5.70
CoV % 5.62
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Figure A1. Amplification plots of RNA from ischaemic gastrocnemius muscles of mice receiving metformin and vehicle control. A:
Ampal; B: Nos3; C: Txnip; D: Pgcla; and E: Gapdh
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