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ABSTRACT
Lower limb peripheral artery disease and abdominal aortic aneurysm are two of the
commonest forms of vascular disease. These diseases often occur concurrently and both
currently lack effective pharmacological treatments. Animal studies have reported
positive results from many therapeutic interventions in vascular disease models, however
these interventions were not beneficial when administered to patients in subsequent
randomized controlled trials. This suggests that the translatability of current vascular
animal models needs to be improved for successful drug discovery. This thesis used
mouse models with a focus on clinically relevant study design to test potentially
promising therapeutics for the treatment of vascular diseases.
A two-stage surgical procedure was used to induce lower limb ischemia by gradual
occlusion of the femoral artery with ameroid constrictors and subsequent ligation and
resection of the femoral artery. Blood flow to the lower limb was significantly lower than
baseline for the duration of the experiments. This allowed for assessment of interventions
in stable ischemia without recovery, which is more comparable to chronic limb ischemia
that occurs in patients. Patients with chronic limb ischemia typically suffer from reduced
exercise performance and pain on exertion, resulting from reduced blood flow and
inflammation. The nutraceutical, quercetin, was previously reported to improve exercise
performance and blood flow, and reduce pain and inflammation in mice. A dietary
intervention containing quercetin, at doses translatable to human patients, was tested in
the established two-stage lower limb ischemia model. Quercetin did not significantly
improve exercise performance, or reduce pain in this model. Furthermore, blood flow was
not improved despite significant increases in the pro-angiogenic signalling molecule nitric
oxide in the plasma. Additionally, quercetin did not significantly reduce plasma cytokines
(Interleukin-6, 10, 12 or tumour necrosis factor alpha) in the stable limb ischemia model.
The angiotensin II subcutaneous infusion model of abdominal aortic aneurysm is the most
commonly used aneurysm model, and is suitable for testing preventative interventions.
Aneurysms formed with the angiotensin II model had high rupture rates, which are a key
feature of human abdominal aortic aneurysms. Quercetin and omega-3 fatty acids have
both been reported to reduce the development of abdominal aortic aneurysm in animal
models. Tree nuts contain both quercetin and omega-3 fatty acids, and preventative
dietary intervention with nuts has been associated with reduction in atherosclerosis lesion
vii

area in mice, and reduced risk of lower limb peripheral artery disease development in
humans. Macadamia and pecan nuts were administered, at doses translatable to human
patients, for 56 days including 28 days prior to angiotensin II infusion, and for 28 days
alongside angiotensin II infusion. Despite promising effects of nut constituents in
abdominal aortic aneurysm prevention, a diet enriched with macadamia and pecan nuts
did not significantly reduce aneurysm development or aortic rupture. However, similar to
previous reported studies, the dietary intervention with nuts significantly reduced
atherosclerotic plaque development in the aortic arch and brachiocephalic artery.
While the angiotensin II model has been effective for testing prevention treatments, a
newly developed model using topical aortic application of elastase and 0.2% w/v 3aminopropionitrile fumarate salt in drinking water was deemed more suitable for testing
treatment interventions in pre-established disease. As previously reported, we found that
the model caused long-term, continually growing aneurysms that were prone to
developing intraluminal thrombi and aortic rupture, which are both important features of
human abdominal aortic aneurysm. Additionally, similar to patients, it was found that the
inflammasome was significantly upregulated in the elastase and 3-aminopropionitrile
fumarate model as evidenced by increases in caspase-1 activity and aortic Interleukin-1
beta concentration.
Colchicine, an FDA approved drug for the treatment of gout, is a potent inhibitor of the
inflammasome. Data from recent studies reported that colchicine reduced ST-segmentelevation myocardial infarction size in patients, and studies are underway testing the
effects of colchicine in atherosclerosis. No studies have assessed the effects of colchicine
in abdominal aortic aneurysm, however. Surgeries were performed with topical elastase
application and 3-aminopropionitrile fumarate salt was administered in drinking water for
21 days prior to administration of either colchicine or vehicle, which were administered
daily via gavage for a total of 70 days. We found that treatment with colchicine did not
reduce the growth and rupture rate of small abdominal aortic aneurysms in this model,
despite significantly reducing caspase-1 activity. Furthermore, treatment with colchicine
did not reduce gene and protein expression of inflammatory cytokines (Interleukin-1 beta,
interleukin-18, tumour necrosis factor alpha or interferon gamma) or amount of cluster of
differentiation 68 (Macrophages) and cluster of differentiation 3 (T cells) present within
the aorta or intraluminal thrombus.
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Particular emphasis has been placed on the experimental model design and timing and
route of administration of interventions in order to improve clinical relevance of the
disease models. As a result, the therapeutics tested above did not improve major
outcomes of peripheral artery disease despite previous in vitro and in vivo evidence
suggesting that these treatments may potentially be beneficial. These data emphasize that
study design and the experimental model chosen has a marked impact on whether
interventions have a positive effect. These results suggest careful consideration should
made when designing animal studies in order to ensure that results are translatable to
patients.
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PREFACE

This thesis consists of eight chapters, four of which were originally written as stand-alone
publications. The results and narratives presented in these chapters are similar to those
that have been published, however the chapters have been modified in order to achieve
consistent formatting, limit repetition and improve narrative flow.
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CHAPTER 1
GENERAL INTRODUCTION
1.1

Peripheral artery diseases

Peripheral artery diseases (PADs) consist primarily of occlusive and dilating diseases
affecting the abdominal aorta and its branches [1, 2]. The two most common PADs are
lower limb PAD and abdominal aortic aneurysm (AAA). Lower limb PAD is an
occlusive disease that leads to limb pain and walking impairment (known as intermittent
claudication, IC) [3]. Reduced daily physical activity [4, 5] is one of the biggest
predictors of reduced quality of life in patients with IC [6, 7] and is associated with higher
cardiovascular and all-cause mortality [8]. AAA is a dilating disease associated with
decreased aortic wall strength that can lead to abdominal aortic rupture with mortality
rates as high as 90% [9, 10]. These two forms of PAD exist concurrently, with studies
suggesting up to 45% of people that have AAA suffer from lower limb PAD [11-13],
however the pathogenesis of these diseases appears to be distinct [14, 15]. Due to the
potential for therapeutics to have beneficial effects in one disease and potentially harmful
effects in the other, novel interventions should be tested in both diseases. Despite the
impact of these threatening diseases, cilostazol is the only specific pharmacological
treatment available for IC and it is currently not recommended by the European
guidelines for use in patients with IC due to side effects and lack of efficacy [16].
Additionally, early revascularisation surgery in patients with IC is reported to be
associated with higher rates of amputation compared with initial conservative treatment
[17]. There are currently no pharmacological treatments approved for the treatment of
small AAA, which are currently monitored over time until surgery is deemed necessary
[18]. In this thesis clinically relevant animal models will be used to investigate novel
promising interventions for IC and small AAA development and growth.
1.2

Lower limb PAD and intermittent claudication
Pathophysiology of lower limb PAD leading to IC

Better understanding of the pathophysiology of lower limb PAD may facilitate the
identification of new, more effective treatments to improve walking impairment in
patients with IC. Lower limb PAD is primarily initiated by occlusion of arteries supplying
the limbs by atherosclerosis and related thromboses (Figure 1.1) [19]. Lower limb PAD
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has four main pathophysiological issues downstream of the atherosclerosis occlusion that
are not well managed by current therapies. (i) The blood supply to the lower limb distal to
the occlusion is further decreased due to endothelial dysfunction, which reduces flowmediated vasodilation and hyperaemia [20, 21]. (ii) Mitochondrial function is reduced
[22], (iii) there is a build-up of lactic acid and other metabolites within the skeletal
muscle, and (iv) there is an increase in oxidative stress and inflammation in the lower
limb [23]. These major pathophysiological issues are discussed in more depth below.

Ischemia

Figure 1.1. Illustration of atherosclerotic occlusion leading to ischemia in the lower
limb. Adapted from Vranic [24].
Walking capacity in IC has recently been reported to be inversely associated with
endothelial dysfunction [25]. Endothelial dysfunction is characterised by a reduced
capacity for the endothelium to respond to changes in blood flow and other chemical
signals [21]. Importantly, a decreased capacity for blood vessels to undergo endothelium
dependent flow mediated vasodilation leads to limited exercise induced hyperaemia [2527]. Furthermore, overall capillary density supplying the limb tissues in lower limb PAD
patients has been reported to be lower, and basement membrane thickness higher, further
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impairing nutrient exchange to the ischaemic muscle [28]. Endothelial dysfunction can
therefore contribute to decreased blood flow and ischemia during exertion in patients with
lower limb PAD. Therapies targetting the responsiveness of the endothelium to blood
flow changes may be beneficial in reducing ischemia in patients with IC.
Ischemia in the limbs arising from a reduction in blood flow can lead to downstream
chronic changes within the skeletal muscle. Calf skeletal muscle mitochondrial density
has been reported to increase in patients with severely reduced blood flow, suggesting
that skeletal muscle mitochondria undergo adaptations in response to decreased blood
flow [29]. However, increases in mitochondrial density are not associated with an
increase in 6-minute walk distance and 4-meter walking velocity in patients with IC,
despite this being the case for subjects without IC [29-31]. This suggests that the
mitochondrial changes that occur in lower limb PAD are maladaptive. Calf skeletal
muscle fibres in patients with IC also have high amounts of uncleared, damaged
mitochondria, which suggests an impairment of mitophagy which may explain why
increases in mitochondria numbers do not lead to increases in exercise performance in
patients with IC [32]. Targeting the pathophysiological dysfunction of mitochondria may
therefore be one potential way to treat patients with IC.
The accumulation of lactic acid and increased expression of inflammatory cytokines in
the lower limb skeletal muscle has been associated with increased pain on exertion and
decreased exercise capacity in patients with IC. Pain during ischemia can arise due to a
decrease in extracellular pH as a result of a build-up of lactate and other metabolic byproducts [33, 34], although this may not be the primary cause of walking intolerance in
patients with IC [35]. Interleukin-6 (IL-6) has also been reported to increase muscle pain
in humans and mice [36, 37], and reduce maximum treadmill walking distance in patients
with IC [20, 38].
Collectively, the above information suggests that lower limb PAD and IC arise from 4
pathophysiological issues, including reduced blood flow, reduced mitochondrial function,
lactic acid buildup, and inflammation. By improving blood flow, improving
mitochondrial function, and reducing inflammation, pain may be reduced and therefore
exercise performance and quality of life may be improved in patients with IC (Table 1.1).
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Table 1.1. Summary of pathophysiology of lower limb PAD leading to IC
Pathophysiology

Symptoms

Reduced blood flow

Reduced exercise performance [2528]

Reduced mitochondrial function

Reduced exercise performance [2932]

Build-up of lactic acid and other

Pain [33, 34]

metabolites
Oxidative stress and Inflammation

Pain [20, 36-38]

Current management strategies for IC
Current management strategies for IC are aimed at increasing exercise capacity and
reducing pain on exertion by reducing atherosclerotic plaque formation, thrombosis and
establishing collateral circulation. Currently, IC is managed by controlling risk factors,
exercise therapy and in more urgent situations angioplasty, stenting and open bypass
surgery [27]. Current advised risk factor management for IC includes smoking cessation,
lipid lowering, antithrombotic drugs, blood pressure control and anti-platelet therapies
[39]. While their efficacy has been shown, these interventions alone are not enough to
completely ameliorate the symptoms of IC [40]. Supervised exercise programs, and less
successfully home exercise programs, have proven beneficial effects in patients with IC
however compliance rates of 77% have been reported due to lack of willingness to
participate or other medical conditions [27, 41]. Cilostazol has been reported to improve
walking distance and is the only approved drug for the treatment of IC. However, the
effects of this vasodilator and anti-coagulant drug are disappointing. Walking distance has
been reported to be improved by up to 150 metres after three months of supervised
exercise [42]. However, an average of only a 107 metre improvement in walking distance
was reported for patients treated with cilostazol for six months [43]. Additionally, side
effects are frequent with up to 30% of patients in a long term study experiencing
headache, and up to 15% experiencing diarrhoea, palpitations and abnormal stool [44].
Due to these side effects and its limited efficacy, cilostazol is currently not recommended
by the European guidelines for use in patients with IC [16]. Additionally, not all patients
with IC are ideal candidates for surgery, and stenting and bypass surgeries have
associated risks as restenosis and new plaque formation often occur [45]. The limitations
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with currently available therapies for IC reveal a need for the development of new, better
tolerated and more efficacious interventions. The discovery of novel therapeutic
interventions for PADs requires proof-of-principle and mechanistic studies using suitable
patient relevant animal models.
Current animal models of IC
Lower limb PAD and symptoms of IC are primarily modelled in animals by surgical
induction of hind limb ischemia (HLI). HLI surgical models have been employed in
multiple different animal species and knockout models [46]. Mouse models are the most
commonly used due to the high availability of knockout models, multiple strains with
varied attributes, their low cost and the high amount of research data available. Mouse
models of HLI induced by atherosclerotic or thrombotic occlusion are rarely used due to
their unreliable and inconsistent nature of ischemia induction [46]. For the purposes of
this thesis, ligation and excision mouse models of HLI will be discussed.
In most mouse surgical models of HLI, an incision is made on the limb, the femoral artery
is ligated proximally and distally, and the intervening section is resected (Figure 1.2) [47].
There is however a large heterogeneity in the methods of HLI induction, which has
consequences for the severity of ischemia and the symptoms observed in mice [48].

Figure 1.2. A variation of the HLI ligation model. (A) Diagrammatic representation of
important vessels and ligation points in the mouse limb. Adapted from Suhara et al. 2018
[49]. The location of Figure 1.2B is indicated by the blue rectangle. Common proximal
and distal ligation points are indicated by black circles. (B) A close-up of ligation sites
and important vessels in the mouse hind limb.
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Depending on the study, the femoral artery is ligated more proximal or distal, the femoral
artery side branches including lateral circumflex and proximal caudal femoral arteries are
ligated or left intact, and the amount of the femoral artery resected is longer or shorter
[50]. In some experiments, the vein is also ligated which produces much more severe
ischemia leading to toe discolouration, necrosis and possible limb auto-amputation [51].
Some studies have attempted resection of the genitocrural and sciatic nerves in addition to
the femoral artery [51].
C57BL/6J, DBA/1J and BALB/c, three commonly used mouse strains, have been
reported to have different susceptibility to ischemia following the same surgical HLI
procedures [48, 52]. It has been hypothesised that the primary difference between strains
is the number of pre-existing collateral vessels and their ability to develop new collateral
circulation through angiogenesis and arteriogenesis [46, 53]. Older mice have also been
reported to have a reduced rate of blood flow recovery [54].
Recently new subacute surgical HLI models which utilise hygroscopic ameroid
constrictors to close the femoral artery have been developed (Figure 1.3) [55-57].
Ameroid constrictors slowly contract over 7-14 days which causes a slower onset of
ischemia and less severe muscle necrosis [56-58]. Within these models, some studies
have utilised one surgery whilst one study has utilised a two-stage surgical procedure in
which the femoral artery is ligated and resected 14 days after ameroids are implanted
[59]. Mice undergoing HLI induction over 14 days with ameroid constrictors recovered
blood flow more slowly than those undergoing HLI by simple ligation and resection [57,
58].
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Figure 1.3. A two-stage surgical HLI model using hygroscopic ameroid constrictors.
(A) Diagrammatic representation of important vessels and ligation points in the mouse
limb. Adapted from Suhara et al. 2018 [49]. The location of Figure 1.3B and C is
indicated by the blue rectangle. Location of the two ameroid constrictors are illustrated by
black circles. (B) A close-up of ameroid constrictors inserted around the femoral artery in
proximal and distal locations during the first surgery of the two-stage surgical model. (C)
A close-up of ameroid constrictors with ligations made proximal to the proximal ameroid
and distal to the distal ameroid immediately prior to resection of the intervening femoral
artery. Second surgery of the two-stage surgical model, 14 days after the first surgery in
figure B.
Selection of a suitable mouse model of IC
Selection of the appropriate model that can produce a sustained ischemia without
spontaneous recovery, and of the appropriate moderate severity to induce IC but not limb
gangrene and auto-amputation is important if results are to be clinically relevant.
A limitation of the ligation and resection variations of the HLI model are that control
mice in many species exhibit marked blood flow recovery within the first 28 days post
surgery [60]. This recovery is due to pre-existing and newly formed collateral circulation
which circumvents the resected femoral artery to supply the lower limb. This is likely
caused by changes in shear stress and endothelial nitric oxide synthase (eNOS) and
platelet-derived growth factor (PDGF) mediated signalling of angiogenesis and
arteriogenesis [61-63]. This recovery is unfortunately not seen to the same degree in
patients. Patients develop lower limb PAD and symptoms of IC over many years, and
therefore the rate of change in shear stress is minor. There is no substantial development
7

of collateral vessels in patients and those that do develop are not suitable for exercise due
to exercise-induced vasoconstriction in these vessels [64]. The recovery of control mice
within the first 28 days limits the duration of the experimental model, and as such it is not
suitable to assess interventions for established disease.
The use of hygroscopic ameroid constrictors to close the femoral arteries over 7-14 days
can produce a slower onset and more sustained ischemia compared with the ligation
models [58]. This has been reported to be accompanied by lower upregulation of shearstress dependent genes compared to acute ligation and resection models of HLI [58]. The
slow onset of ischemia, the less acute severe symptoms, and less acute recovery observed
in the HLI models utilising hygroscopic ameroid constrictors are all features of human IC.
Resection of the femoral artery 14 days after occlusion with hygroscopic ameroid
constrictors, in a two-stage surgical procedure, has been reported to produce an even
more sustained ischemia [59]. These data suggest that this model may be more suitable
and translatable for testing interventions of pre-existing disease.
The location of occlusion is another important consideration. As expected, occlusion and
resection that starts more proximal and spans a longer region of the femoral artery causes
the most prolonged ischemia [50, 65]. Occlusion and ligation of the femoral vein or nerve
have questionable clinical relevance, since in patients IC is primarily due to occlusion in
the femoral artery [19]. Additionally, ligation of the femoral vein and nerve cause more
severe symptoms such as limb gangrene and autoamputation as opposed to IC. Therefore
based on these findings the artery only will be occluded and resected, in the most
proximal and distal regions, in the model used in this thesis.
The strain and age of the mouse can also be modified to achieve the desired combination
of severity of ischemia and sustained reduction in blood flow. Previously it has been
reported that DBA/1J mice experience more severe ischemia compared with C57BL/6J
and BALB/c mice following the same acute HLI surgery [48]. BALB/c mice experience
more intense ischemia and seven fold slower acute collateral blood flow compared with
C57BL/6J mice [52]. Additionally, three month old C57BL/6J mice were reported to have
two times greater blood flow recovery compared with 18 month old mice by day 14,
despite having similar perfusion immediately after acute HLI surgery [54]. These findings
suggest that mice with a C57BL/6J background may produce a moderate ischemia that is
representative of IC. Furthermore, the use of C57BL/6J mice older than 3 months may
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produce the same intensity of ischemia but have slower blood flow recovery as is
observed in patients.
A drawback of current surgical models are the lack of PAD risk factors which are
commonly present in patients. Atherosclerosis is the primary cause of lower limb PAD
however models of HLI are surgically induced. Nonetheless, common risk factors for
lower limb PAD may be incorporated into existing HLI models using genetic knockout
mice [46]. Apolipoprotein E is important in the transport, metabolism and prevention of
oxidation of cholesterol and low density lipoproteins. Apolipoprotein E deficient (ApoE-/-)
mice with a C57BL/6J background have atherosclerosis and dyslipidemia, which are two
risk factors for PAD, by 12 weeks of age.
In this thesis, a two-stage surgical model of HLI using hygroscopic ameroid constrictors
will be used, with proximal and distal occlusion and resection, with 6 month old ApoE-/mice with C57BL/6J background, in order to produce a sustained HLI of similar severity
to human IC with similar coexisting dyslipidemia (Table 1.2).
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Table 1.2. Features of the two-stage surgical HLI model selected for use in this thesis
Feature

Rationale

Two-stage surgical model Slow occlusion and

References
[58, 59]

reduced rate of
spontaneous recovery of
blood flow
Proximal and distal

Reduced rate of

occlusion and resection

spontaneous recovery of

[50, 65]

blood flow
Femoral artery only

Moderate ischemia

[19]

representative of IC
C57BL/6J background

Moderate ischemia

[48, 52]

representative of IC
Aged (6 month old)

Reduced rate of

[54]

spontaneous recovery of
blood flow
ApoE-/- knockout

Coexisting dyslipidemia

[46]

and atherosclerosis (risk
factors for lower limb
PAD)

1.3

AAA
Formation and pathophysiology of AAA

AAA are characterised by weakening and dilation of a segment of the aorta. The initial
triggers for AAA are largely unknown [66]. Dilation of the aorta is largely a result of the
degradation of medial elastin tissue within the vessel wall promoted by a disproportionate
increase in proteases compared with tissue protease inhibitors [67, 68]. Smooth muscle
cells also support wall strength and integrity in the healthy abdominal aorta. In AAA,
smooth muscle cells undergo apoptosis [69] and exhibit a reduced proliferative capacity
[70]. Therefore in addition to elastase breakdown, most AAA also lack structural support
due to smooth muscle cell apoptosis and senescence which further compromises vessel
wall structure and aortic integrity [71, 72]. AAA grow larger over time and many AAA
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are accompanied by an intraluminal thrombus (ILT) during later stages of development
which are typically host to high amounts of neutrophils and macrophages [73]. ILT size
has been reported to positively correlate with reduced elastin content, increased collagen
stiffness and reduced tissue strength within the aortic wall [74]. ILT have been associated
with aneurysm rupture at smaller diameters and lower stress [75]. Thick intramural
thrombi cause hypoxia in aortic tissue [76, 77]. Decreased nutrient diffusion into the
aortic tissue and infiltration of inflammatory cells may in part explain the correlation
between ILT size and aneurysm severity. The aforementioned features can be seen in
Figure 1.4.

Figure 1.4. Diagram depicting the major pathophysiological features of AAA.
Pathophysiology of AAA typically include matrix degradation, smooth muscle
senescence and apoptosis, and intraluminal thrombus with infiltrating neutrophils and
macrophages. Adapted from Golledge [78].
Current management strategies for AAA
Currently, there are no non-surgical pharmacological treatments available
specifically to reduce the growth of AAA other than management of risk
factors. No treatments are available for small AAA which are simply
monitored over time, a process referred to as watchful waiting. For large AAA
(>5.5cm), surgery is often necessary as the risk of rupture is high [18].
Aneurysms are currently treated surgically with endovascular aneurysm repair
(EVAR) or open surgery. EVAR involves the insertion of a stent into the
aorta, guided through a catheter inserted in to the femoral artery [79]. In open
surgery, an incision is made in the abdomen and the aorta is repaired using
grafts. EVAR is associated with lower early and midterm perioperative
mortality and complications than open surgery but not all patients are suitable
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for the procedure [79]. Furthermore, repeat surgery is required in up to 20% of
patients [79-81]. Current animal models of AAA
A number of mouse models of AAA are currently in use. The Ang II model, elastase
infusion model, topical application models including elastase, calcium chloride and
calcium phosphate models, and the recently published elastase and 3-aminopropionitrile
fumarate salt (BAPN) model are the most recognised.
The Ang II infusion model is currently the most utilized and validated animal model of
AAA [82]. Ang II (1000ng/kg/min) is administered subcutaneously through implanted
mini-osmotic pumps in male ApoE-/- mice [83]. Dissecting aneurysms (growth of the
vessel caused by blood entering the intima-media space after an intimal tear) begin to
develop in the suprarenal aorta (SRA) within the first week of Ang II administration and
the duration of Ang II administration is typically 28 days [84, 85]. Aneurysm diameter in
Ang II-infused ApoE-/- mice can vary between no aneurysm formation (approximately
1mm or less in SRA) to 2-4mm aneurysms [15, 86]. Aneurysms commonly contain
thrombi [73, 82], and ruptures occur up to a rate of 40% within 28 days [15, 85].
Aneurysms develop in approximately 70% of mice receiving Ang II [15]. There are
minimal variations in methods between studies and surgeries are technically easy to
perform, which allows for the creation of reproducible aneurysms and more reliable
comparisons between separate animal studies (Table 1.3).
Perfusion of the infrarenal aorta (IRA) with type 1 porcine pancreatic elastase is another
commonly used AAA model. In this model an abdominal incision is made and the IRA is
separated from the inferior vena cava [87]. The superior and inferior IRA is then ligated
and perfused with elastase for 5-15 minutes [88, 89]. The elastase breaks down elastin
tissue within the aorta in order to reduce structural integrity and induce inflammation and
aneurysm . This model forms true infrarenal aneurysms that can grow as large as 1.2mm
(compared to IRA with no AAA which range between 0.6-0.9mm) in C57BL/6J mice
over 14 days before stabilising and regressing [88, 89] (Table 1.3).
Topical applicants, including elastase, calcium chloride or calcium phosphate, can be
applied to the IRA as an alternative to intraluminal perfusion [90, 91]. The IRA is
separated from the inferior vena cava as occurs in the elastase perfusion model, however
in this case the topical agent is applied directly to the outside of the aorta. Elastase breaks
down elastin as in the previously described model, while calcium chloride and calcium
phosphate appear to cause elastin calcification, vascular smooth muscle cell apoptosis and
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endothelial cell fragmentation [92]. Aneurysms developed by topical elastase, calcium
chloride or calcium phosphate application have been reported to be between 1-1.6mm by
day 14 and these diameters have been reported to be maintained for up to 86 days without
growth or regression [90, 92, 93] (Table 1.3).
Recently, a novel model has been developed which improves upon the topical elastase
model to produce large non-resolving aneurysms [82, 93]. In this model, topical elastase
application is accompanied by oral administration of 0.2% w/v BAPN in drinking water.
In this model true aneurysms (ballooning or dilation of the entire aortic wall) similar to
those of other topical application models are formed after 14 days, however they continue
to grow much larger up to (and potentially longer than) 100 days [82, 93]. Aneurysms
diameter of the E-BAPN mice 100 days after surgery was reported to be 801±160% (up
to 6mm) [93]. Additionally, aneurysms are reported to form ILT and undergo rupture at
rates of up to 46% [93, 94]. Surgeries are of the same complexity as other topical
application models. Photographs of aneurysms from the most common AAA models are
shown in Figure 1.5 and important model features are summarised in table 1.3.
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Figure 1.5. Representative images of ex vivo aortas from the most commonly used
mouse models of AAA.
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Table 1.3. Characteristics of the most commonly used mouse models of AAA.
Model

Aneurysm

Aneurysm

(Strain)

diameter

type

Location

(mm)
Ang II

2-4

Dissecting

SRA

Common

Other

%

Surgical

duration

concurrent

forming

difficulty

(days)

disease

aneurysm

Hypertension

60-70%

28-84

Ruptures

Yes (40%)

Thrombus

Yes

(ApoE-/-)

Easy

Dyslipidemia

Refs

[15, 73,
82-85]

Atherosclerosis
Elastase

1.2

True

IRA

14-28

No

Yes

No

63-100%

Hard

perfusion

[87-89,
95-97]

(C57BL/6J)
Topical

1-1.6

True

IRA

40

No

No

No

50-93%

Medium

elastase,

[92, 93,
98-102]

Calcium
phosphate,
calcium
chloride
(C57BL/6J)
E-BAPN*
(C57BL/6J)

3-8

True

IRA (can

100

Yes (46%)

Yes

No

93%

Medium

[93]

expand)

*Data based on one study. Refs, references.
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Selection of suitable mouse models of AAA
As discussed above, there are four main model categories of mouse AAA available that
are currently in use. Each model has strengths and limitations and different models may
be suitable depending on the outcome being assessed and the intervention being used.
The Ang II model has a number of strengths. It includes risk factors which correlate and
are comorbid with human AAA incidence, including dyslipidemia and atherosclerosis
[83]. Ang II is believed to be one of the chemical effectors of the harmful effects of
cigarette smoking, and is a potent pressor hormone [103, 104]. Additionally, a
retrospective cohort study reported that angiotensin converting enzyme inhibitors reduce
the risk of death and requirement of surgery in AAA patients [105], suggesting Ang II is
clinically relevant. Importantly, aneurysms in this model include thrombi [73, 82] and are
prone to rupture [15, 85], which are important features of human AAA. This model does
however have a number of limitations. Firstly, the aneurysms produced by Ang II
infusion appear to be dissecting in character, as opposed to true dilated aneurysms
observed in most patients [84]. Secondly, Ang II-induced AAA forms in the SRA, while
most human AAAs form in the IRA and juxtarenal aorta [82]. While the Ang II model
has been extended to 84 days, early rupture and death makes chronic use of this model
difficult [15, 85]. Furthermore, up to 30% of surviving mice do not develop aneurysm
[15]. This reduces sample size and statistical power for evaluating the effects of
intervention on endpoint ex vivo aneurysm diameter substantially. The acute nature of this
model also makes the assessment of chronic interventions difficult, and as such potential
therapeutic agents are usually evaluated in this model as a prevention rather than a
treatment.
The elastin infusion model produces AAA with very different characteristics to Ang IIinduced AAA. Elastin infusion causes destruction and fragmentation of elastin tissue
within the IRA which is a crucial feature of clinical AAA [96]. Furthermore, similar to
human patients, this model forms true dilated aneurysms which form from the inside out
due to the location of elastase application [87]. There are however limitations associated
with this model. The elastase perfusion surgery is technically difficult to perform and can
lead to high operator variability between studies, and high avoidable deaths in
experimental mice. Although there is presence of more chronic inflammation and
endothelial destruction, these aneurysms typically do not continue to grow after 14 days
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post surgery, therefore studies utilize this model for only 14-28 days prior to sacrifice [88,
89]. This limits the value of this model in assessing interventions in pre-existing disease.
Aneurysms developed by topical elastase, calcium chloride or calcium phosphate also
reach their maximum diameter in the first 14 days after surgery suggesting these models
have similar limitations [92]. Aneurysms induced by elastase perfusion do not form ILT,
which are a characteristic feature of human AAA [73, 90, 91]. Elastase perfusion, topical
elastase, calcium chloride and calcium phosphate induced aortic aneurysms do not cause
aortic rupture in mice [93, 102]. Aortic rupture is the primary cause of AAA-related death
in patients and the lack of ruptures in these models calls in to question the relevance of
these surgically induced aneurysms.
The topical elastase and oral BAPN (E-BAPN) model of aneurysm does not have many of
the limitations associated with the elastase perfusion, and topical elastase, calcium
chloride and calcium phosphate models. Aneurysms in the E-BAPN model have been
reported to continually expand for up to 100 days [93]. All layers of the aortic wall are
uniformly dilated and aneurysms contain ILT similar to human patients, and rupture rates
similar to those seen in the Ang II model [93, 94]. BAPN has also been reported to induce
dissecting aneurysm formation in both the thoracic and abdominal aorta of mice without
the presence of topical elastase, although at doses three times higher than that used in the
topical elastase model [106, 107]. The challenge with creating long term models of AAA
is that effective aneurysm induction and continued growth (as opposed to spontaneously
resolving aneurysms) is often accompanied by high rupture rates and deteriorating health.
Animal welfare is also a consideration for long term animal models when wellbeing is
compromised by illness. Currently only one study has been published using this model
which makes it difficult to thoroughly assess its strengths and limitations [93].
Each of aforementioned models have features that are and are not clinically relevant for
the study of AAA (Table 1.4). For this thesis, the Ang II infusion model will be used for
studies assessing prevention of AAA, and the E-BAPN model will be used for assessment
of longer term treatments in established aneurysms. These models were selected primarily
due to a combination of the presence of aortic rupture, feasibility for assessing longer
treatment duration and presence of thrombus.

17

Table 1.4. Presence of clinically relevant features in AAA models.
Model

Rupture

(Strain)

>28 days

Thrombus Infrarenal

Additional

True

aneurysm

aneurysm

risk factors

aneurysm

growth
Ang II

Y

Y

Y

N

Y

N

N

N

Y

Y

N

Y

N

N

N

Y

N

Y

Y

Y

Y

Y

N

Y

(ApoE-/-)
Elastase
perfusion
(C57BL/6J)
Topical
elastase,
Calcium
phosphate,
calcium
chloride
(C57BL/6J)
E-BAPN*
(C57BL/6J)
*Data based on one study. Y, yes. N, no. Dissecting aneurysms; tear in the intimal layer
of the vessel leading to a bleed between the intimal and medial layers. True aneurysms;
all layers of the blood vessel are dilated.
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1.4

Pre-clinical study design features and impact on translatability of results

Some study limitations are intrinsic to the animal models used. However, rigorous
attention to suitable experimental design is also important to improve power and reduce
the chance of false positive results. Currently, many drugs have had positive effects in
animal studies of AAA and IC, but almost none of these effects have been translated to
human studies [46, 108].
Anti-inflammatory and antioxidant agents [109-111], pro-angiogenic agents [112, 113],
anti-hypertensives [114], and stem cell and exosome therapies [115-117] have been
investigated in animal models of HLI. Increases in blood flow as a result of treatment
have been reported in each major drug category [110, 111, 113, 114, 116, 117]. Despite
this, there is minimal success or progress in the management strategies for IC, and
cilostazol remains the only treatment specifically approved for the treatment of IC. No
current animal studies have measured the effect of these interventions on exercise
performance, which is the main contributor to decreases in quality of life in patients.
Similarly, in AAA, anti-inflammatory agents [118-123], antiplatelet, antithrombotic and
anticoagulants [124-127], ACE inhibitors, beta-blockers and anti-hypertensives [128130], weight loss interventions [131], matrix metalloproteinase inhibitors [132-134], and
stem cell therapies [135-138] have been investigated. The effects of these treatments in
AAA have been reviewed in-depth previously [139]. Treatments from each of these
categories have had success in reducing aneurysm diameter in AAA mouse models [120,
121, 126, 128, 131, 133, 138]. However, clinical trials of therapeutic agents have yielded
insignificant and disappointing results thus far. Despite this, animal studies are an
important avenue to bridge the gap between in vitro and clinical research. Pre-clinical
studies require closer attention to detail for study design in order to increase the
likelihood of findings that have clinical relevance.
In a specific example, five out of six animal studies that investigated the effects of
doxycycline in AAA administered the drug prior to or at the same time as the model was
induced [134, 140-144]. Interestingly, the study that administered the drug after
establishment of the AAA model was the only study that found that doxycycline had no
positive effects, which was also the case in clinical trials [108, 134]. The clinical
relevance of administering drugs prior to model induction in animal models is
questionable, unless interventions will also be used prophylactically in the clinical setting.
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Rationale for the widespread use of drugs prior to induction of animal disease models
may include the short time frame of these models and their rapid induction, as well as
lower chances of getting a false negative result. Of course, prophylactic administration of
drugs also increases the chance of a false positive finding, which can cost significant time
and research funding. Additionally, many current animal studies do not include statistical
sample size calculations, drug dose rationale and translation calculations, and blinding of
outcome measures [145]. The Animal Research: Reporting of In vivo Experiments
(ARRIVE) guidelines are a set of criteria to improve the design and reporting of animal
studies [146]. The ARRIVE guidelines are supported by many journals however some
evidence suggests that this support has not led to improvement in study quality or
adherence of published studies to these guidelines [147].
1.5

Potential therapeutic interventions for IC and small AAA

As the population is living for longer, the prevalence of both IC and AAA are increasing,
and there is a need for pharmacological interventions which effectively treat these
diseases. Some success has been had in preventing PADs, however most patients seek
intervention after disease is already present and after quality of life is impacted. Research
must be conducted into finding both preventions, which can be encouraged from an early
age, and treatments for pre-existing disease. Interventions must be tolerable and feasible
for long term use in potentially vulnerable elderly patients, readily available and easily
accessible. The interventions proposed below for IC and AAA have been identified as
particularly promising based on results from current in vitro, in vivo and human studies.
The flavonoid quercetin as a potential treatment for IC
Quercetin, one of the most studied flavonoids, has been reported to influence a number of
processes that are implicated not only in the development but also the downstream
pathology of PAD [60, 148-151]. Quercetin is found in tomatoes, onions, lettuce, celery,
tea, olive oil and nuts [152]. Deficiencies of these foods have been linked to increased
primary and secondary occurrences of major adverse cardiovascular events, and use of
quercetin has been linked to improvements in exercise performance in healthy humans
[153, 154]. Prophylactic administration of quercetin can reduce atherosclerotic plaque
formation [145, 148], improve blood flow in ischemic muscle [60], reduce inflammatory
cytokines in skeletal muscle [149], and can reduce oxidative stress in the spinal cord
leading to reduced limb pain [151]. Importantly, quercetin has been reported to improve
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endurance capacity in healthy human subjects [150] and reduce pain due to decreased pH
in skeletal muscle in mice [149]. These findings are of particular relevance as the major
symptoms of IC and CLI are reduced exercise capacity and increased pain on exertion
due to ischemia and lactic acid build-up in the limbs. Based on these data,
supplementation with Quercetin may alleviate symptoms of pre-existing IC. The
following sections discuss the effects of quercetin on the aforementioned aspects of lower
limb PAD in depth.
1.5.1.1

Quercetin can reduce the development of atherosclerosis

Multiple studies have reported antiatherogenic effects following quercetin administration
in animal studies [145]. Specifically, in ApoE-/- mice, dietary administration of purified
quercetin significantly reduced atherosclerotic lesion area development in as little as six
weeks [155, 156]. This reduction in lesion area appears to be primarily due to the
antioxidant properties of quercetin reducing LDL-oxidation, a key step in atherogenesis
[155, 157]. Quercetin administration had an additive effect when combined with exercise
to further prevent increases in lesion area [148]. Although beneficial in prevention,
quercetin has minimal effects on reducing the size of established plaque lesions [158].
Although quercetin may not reduce the size of established plaques, studies have reported
quercetin administration can increase collagen content in atherosclerotic plaque lesions
[159-161]. Current research suggests quercetin can reduce the development of
atherosclerotic plaques as well as increase the stability of existing plaques, which may
serve to reduce the chance of plaque rupture [145].
1.5.1.2

Quercetin can improve blood flow and angiogenesis

Multiple studies have tested the effects of quercetin on blood flow and angiogenesis in
vivo and in vitro [60, 162-169]. Quercetin glucosides increased blood flow recovery and
capillary density in limbs of mice over four weeks in a model of unilateral HLI [60].
These effects were not observed in eNOS deficient mouse models [60], suggesting that
eNOS, which has endogenous antioxidant functions [170], is crucial for the observed
increases in blood flow. In vitro studies have also reported that quercetin can upregulate
eNOS in aortic endothelial cells [168]. Additionally, quercetin was reported to increase
hypoxia-inducible factor-1 (HIF-1) in normal oxygen conditions [169]. HIF-1 is normally
activated under hypoxic conditions and increases blood flow and angiogenesis (Figure
1.6) [169, 171]. Conversely, in vitro studies on human umbilical vein endothelial cells
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have reported that quercetin suppresses vascular endothelial growth factor (VEGF) and
has anti-angiogenic effects [164-167, 172]. Quercetin decreased VEGF in coronary
venular endothelial cells in vitro, while the quercetin metabolite, quercetin-3’-sulphate,
increased VEGF in the same experiment [162], and therefore in vivo effects of quercetin
on VEGF may depend on its pharmacokinetic profile. The effects of quercetin on blood
flow and angiogenesis may also depend on whether the endothelium has increased VEGF
expression or eNOS expression at baseline.

Figure 1.6. Summary of the potential involvement of quercetin in pathways relating
to blood flow and angiogenesis. Circles indicate mediators that have been directly
measured following quercetin administration. Blue arrows indicate stimulation.
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1.5.1.3

Quercetin can improve mitochondrial biogenesis and function

Growth and replication of mitochondria, known as mitochondrial biogenesis, is important
in increasing the aerobic efficiency and functional capacity of cells [173]. This is
particularly important in cells under high demand or hypoxic conditions, as with more
mitochondria, a larger fraction of the oxygen present in the blood can be utilized.
Quercetin was reported to increase mitochondrial biogenesis in skeletal muscle [174,
175], hippocampal neurons [176], and hepatocytes [177, 178] of healthy rats and mice.
This increase in mitochondrial biogenesis following oral quercetin administration was
blocked by the inhibition of heme oxygenase 1 (HO-1) [177, 178], which suggests
quercetin mediated mitochondrial biogenesis is due to HO-1 upregulation. HO-1 is a
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase inhibitor, therefore this
HO-1 mediated increase in mitochondrial biogenesis may be due to a reduction in
oxidative stress due to HO-1 mediated NADPH oxidase inhibition (Figure 1.7) [179,
180]. Oxidative stress caused by NADPH oxidase causes mitochondrial damage, as well
as inflammation which causes endothelial dysfunction and therefore exacerbates lower
limb PAD [181, 182].
Some evidence also suggests that quercetin increases AMP-activated protein kinase
(AMPK) activity, which can improve mitochondrial biogenesis and glucose uptake into
muscle [163, 168]. Increases in mitochondrial biogenesis were also linked to an increase
in Sirtuin 1 and peroxisome proliferator-activated receptor-gamma coactivator 1 alpha
(PGC1α) expression (Figure 1.7) [174, 176, 183, 184]. Sirtuin 1 and PGC1α are activated
downstream of AMPK activation, which further supports a role of quercetin in activating
this pathway.
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Figure 1.7. Summary of the potential involvement of quercetin in pathways relating
to blood flow and angiogenesis, mitochondrial biogenesis, inflammation, pain and
muscle damage. Circles indicate mediators that have been directly measured following
quercetin administration. Red arrows indicate inhibition, blue arrows indicate stimulation.
Conversely, decreases in mitochondrial biogenesis in skeletal muscle and cardiac muscle
have also been reported following administration of quercetin [185, 186]. The studies
showing beneficial effects on mitochondrial biogenesis administered quercetin orally at
doses between 10-100mg/kg/d [174, 176, 177]. The study reporting reduced
mitochondrial biogenesis administered quercetin intravenously at a dose of 50mg/kg/d.
This evidence suggests that higher doses may not be favourable for the treatment of lower
limb PAD [186].
1.5.1.4

Quercetin can improve exercise performance

Quercetin was reported to significantly increase voluntary wheel running and chronic
endurance capacity in sedentary mice [174, 187]. In mice with a cut sciatic nerve (lacking
mobilisation in the hind-limb) quercetin reduced disuse atrophy in the gastrocnemius
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muscle [175]. In obese sedentary mice, quercetin was reported to reduce muscle
inflammation and protect against muscle atrophy [188]. While quercetin has been
reported to increase performance and decrease atrophy in sedentary animals, decreased
superoxide dismutase and sirtuin 1 have been reported in exercised rats that were
administered quercetin compared with exercised controls [187-189]. Furthermore, an
increase in oxidative damage in both sedentary and exercised rats has been reported
following quercetin administration, as evidenced by an increase in protein carbonyl
content [187]. However, these studies which showed possible negative metabolic effects
did not measure functional changes in exercise output [187, 188].
Human studies report conflicting results on the effects of quercetin on exercise
performance in young healthy subjects. Quercetin was reported to reduce body fat
percentage, muscle damage, and increase total body water, basal metabolic rate, and total
energy expenditure [190, 191]. These changes were not associated with an increase in
exercise capacity, as measured by time to exhaustion and maximal oxygen uptake [190,
191]. In other studies, quercetin supplementation has been reported to increase ride time
to fatigue [150], increase distance achieved in a 12 minute time trial at 60% maximal
oxygen uptake [192], and increase time to exhaustion [193]. In other trials looking at
healthy male subjects, no improvements in 10 minute maximal effort cycling trials [194],
and 5km time trials [195] were reported. This inconsistency between studies suggests that
the perceived benefits of quercetin on exercise capacity in young healthy male subjects
may be marginal. Duration of intervention ranged from one week [150] to eight weeks
[193], at doses between 500mg/d [190, 191] and 1000mg/d [150, 192-195]. Effects do not
appear to correlate with duration of intervention or dose of quercetin used.
The effects of quercetin supplementation may be masked when combined with exercise
due to the significant impact exercise can have on mitochondrial biogenesis and function
[196]. This is supported by animal studies as it appears that sedentary animals, including
denervation [175] and obesity models [188], benefit more strongly from quercetin
supplementation compared with exercised animals [187-189]. Current human studies
have assessed the effects of quercetin supplementation on young and healthy male
subjects [150, 190-195]. The effects of quercetin on exercise performance may be more
noticeable in sedentary subjects, or patients with underlying pathophysiology which
affects muscle function and exercise capacity such as IC.
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1.5.1.5

Quercetin can reduce pain in mouse models

Pain during ischemia can arise due to a decrease in extracellular pH as a result of a buildup of lactate and other metabolic by-products [33]. Quercetin has been reported to
significantly reduce writhing in mice due to acetic acid injection when administered
orally [149] and intraperitoneally [197]. Furthermore, quercetin was reported to alleviate
mechanical hypersensitivity in rats with chronic constriction injury, a model of peripheral
neurological pain, when administered one hour prior to pain tests [198]. In normal and
diabetic mice, quercetin administered orally significantly reduced thermal hyperalgesia
[199]. Some evidence suggests quercetin may alleviate mechanical hypersensitivity
through an opioid dependent analgesic pathway, as evidenced by inhibition of quercetin
induced analgesia with the use of opioid receptor antagonist naloxone [200]. Pain can also
be activated by inflammation due to the presence of key cytokines including IL-1β, IL-6
and TNF-α, which are present in muscle in PAD patients [20, 38, 201]. Quercetin may
therefore also reduce pain through its inhibition of these cytokines [20, 38, 201]. There is
however no direct experimental evidence to support quercetin reducing pain through an
anti-inflammatory mechanism. The potential effects of quercetin on lower limb PAD
leading to IC are summarised in table 1.5 below.
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Table 1.5. The potential beneficial effects of quercetin on the pathophysiology of
lower limb PAD
Pathophysiology

Symptoms

Quercetin

Reduced blood flow

Reduced exercise

Improves blood flow [60]

performance [25-28]
Reduced mitochondrial

Reduced exercise

Increases mitochondrial

function

performance [29-32]

biogenesis, reduces muscle
atrophy [174, 175]

Build-up of lactic acid

Pain [33, 34]

and other metabolites

Reduces acid induced pain [33]
and reduces mechanical
hypersensitivity through an
opioid dependent pathway [200]

Oxidative stress and
Inflammation

Pain [20, 36-38]

Reduces inflammatory cytokines
including IL-1β, IL-6 and TNFα [20, 38, 201]

Based on current research, quercetin appears to have some beneficial effects that may
treat the multiple pathologies that impact PAD. There is evidence to suggest that
quercetin can reduce the chance of plaque rupture, improve blood flow and mitochondrial
efficiency, improve exercise performance and reduce muscle pain. Evidence suggests
increased blood flow is a result of elevated eNOS and HIF-1 activity. Increased
mitochondrial efficiency may be due to activation of the AMPK pathway and downstream
sirtuin 1 and PGC1α activation. Decreased pain signalling may be due to reduced
inflammatory mediators, including IL-1β, IL-6 and TNF-α, as a result of HO-1 mediated
antioxidant and anti-inflammatory pathways. Increased exercise performance may result
from a combination of increased blood flow, increased mitochondrial efficiency and
decreased muscle pain.
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Nut supplementation as a potential preventative for AAA
There is evidence to suggest that multiple different tree nuts may be beneficial in
reducing the risk of many cardiovascular diseases [153, 202-204]. A recent randomized
controlled trial, PREDIMED, reported that supplementation with a mixture of almonds,
hazelnuts and walnuts reduced the risk of developing lower limb PAD by 50%, compared
with control patients consuming a similar diet without nuts when consumed over a
median of 4.8 years [153]. In addition to findings of primary prevention from
PREDIMED, a higher consumption of nuts has also been associated with beneficial
effects in patients with pre-existing CVDs. Supplementation with pistachio nuts has been
associated with reduced total peripheral resistance, increased cardiac output and
decreased systolic blood pressure in patients with type 2 diabetes compared with controls
[202]. Walnuts have been reported to reduce peripheral vascular resistance and diastolic
blood pressure at rest and during stress in hypercholesterolemic patients [203]. Mixed tree
nut consumption has been shown to reduce concentrations of c-reactive protein (CRP)
and IL-6 [204], and walnuts have been shown to reduce non-HDL cholesterol and
apolipoprotein B in healthy subjects in randomized crossover trials [205].
The major constituents of almonds, hazelnuts, walnuts, macadamias and pecans are fatty
acids, a large proportion of which are monounsaturated fatty acids (MUFA), omega-3 (n3) and omega-6 (n-6) polyunsaturated fatty acids (PUFA) [206-209]. MUFA have been
reported to improve dyslipidemia, decrease inflammation, decrease pro-inflammatory
cytokines and reduce reactive oxygen species [210-213]. Importantly, it has been reported
that n-3 PUFA supplementation reduces Ang II-induced AAA formation in mice [214].
Despite evidence for beneficial effects of PUFA consumption, recent evidence suggests
only 20% of the Australian population consumes the recommended amount of n-3 PUFA
[215].
In addition to MUFA and PUFA, some types of nuts, including pecans, almonds,
hazelnuts and walnuts also have a high flavonoid content [206, 207]. The flavonoids have
been reported to suppress AAA development in an Ang II model of AAA [216].
Deficiencies of these foods have been linked to increased primary and secondary
occurrences of major adverse cardiovascular events [153, 154]. Based on these data, nut
supplementation may be a useful and readily available dietary supplement to help prevent
the development of AAA.
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Colchicine as a potential treatment for AAA
The development of new drugs and safety testing of new drugs is costly and takes a lot of
time [217]. Colchicine is a drug already clinically available for gout treatment, however
recent evidence suggests it may be beneficial in reducing cardiovascular mortality. A
cohort study recently reported patients with gout had lower all-cause cardiovascular
mortality when receiving colchicine compared with controls [218]. Further evidence
suggests it may be beneficial in treating metabolic disorders, improving insulin sensitivity
[219] and myocardial infarction [220], potentially due to its inhibition of microtubule
polymerization and therefore macrophage NACHT domain, leucine-rich repeat, and pyrin
domain-containing protein 3 (NLRP3) inflammasome assembly [219].
Macrophage inflammasome activation by NLRP3 and caspase 1 appear to be key in the
development of AAA in commonly used animal models including calcium phosphate and
Ang II-induced AAA [221]. Activation of the inflammasome allows caspase-1 mediated
cleavage of pro-interleukin-1-beta (proIL-1β) and pro-interleukin-18 (proIL-18) into
active IL-1β and IL-18 and is a key step in the initiation of the adaptive immune response
[222, 223]. The NLRP3 inflammasome can be activated by pathogens as well as other
inflammatory cytokines such as tumour necrosis factor alpha (TNF-α) [224-226].
Inhibition of NLRP3 has been associated with decreased aneurysm incidence, decreased
aneurysm diameter, decreased elastic lamina degradation and decreased metalloproteinase
activation in Ang II-infused mice [227]. Inflammasome activation increases macrophage
IL-1β release, mitochondria derived oxygen species, and leukocyte recruitment [221,
227]. Aortic NLRP3 gene expression has been reported to be elevated in human subjects
suffering from AAA compared with controls [228]. Additionally, activation of the
NLRP3/caspase-1 inflammasome has been associated with smooth muscle cell
degradation in human aortas [229]. This suggests targeting of the NLRP3 inflammasome
may reduce inflammation and smooth muscle cell apoptosis associated with developed
AAA.
As previously mentioned, NLRP3 gene expression is elevated in human subjects suffering
from AAA [228]. Activation of the NLRP3 inflammasome has been reported to increase
elastic lamina degradation and MMP activation [227], increase smooth muscle cell
apoptosis [229], directly increase IL-1β and leukocyte migration [221, 227], and
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accelerate arterial thrombosis [230] in mouse studies. Each of these factors are
individually involved in the pathogenesis of AAA. Inhibition of the NLRP3
inflammasome by colchicine may reduce the progression of AAA by reducing each of the
factors mentioned above.
Colchicine may have potentially beneficial effects in AAA due to its inhibition of the
NLRP3 inflammasome. Currently, however, there is minimal research available on the
direct effects of colchicine on AAA related pathology, and the effects of colchicine are
inferred due to its effects on the NLRP3 inflammasome. Older studies suggest that
colchicine reduces alveolar neutrophil elastase in chronic obstructive pulmonary disease
patients [231], and reduces the surface expression of adhesion molecules, destroys
microtubules and destroys surface microvilli in neutrophils and T cells [232-234].
However, no studies have directly measured the effects of colchicine on aortic IL-1β or
intraluminal thrombus formation.
1.6

Summary of thesis focus and aims

There are currently minimal pharmaceutical interventions that have been successful in
clinical trials for the treatment of PADs. Doxycycline has reduced AAA development in
many preclinical studies including multiple animal models but has amassed no clinical
evidence [108]. Cilostazol, the one agent that is approved for PAD patients has severe
side effects and is not currently recommended by the European guidelines [16]. Many
interventions have had promising effects in animal studies however there is a lack of
translatability of positive effects from animal models to patients. The positive effects seen
in many animal studies are largely due to specific intrinsic limitations of the animal
models used as well as experimental design that favours a positive effect. For example,
study designs where the drug is administered for weeks or months prior to model
induction are much more likely to produce a positive effect than studies that assess the
effects of drugs on pre-existing disease. Positive effects from these animal models are of
little relevance to patients unless the agent is also intended to be used long term as a
prevention in the clinical setting, as may be the case with dietary interventions.
Creating suitable disease models for interventions of pre-existing disease is difficult,
however. As discussed above, current PAD models do not allow for an experimental
duration long enough to assess the effects of interventions as opposed to preventions.
Animal models are of importance as there are no other alternatives to bridge the gap
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between in vitro and clinical work. Different available models have different strengths
and limitations and it is important to design experiments accordingly.
Further research must be conducted into dietary and pharmacological preventions and
interventions to reduce the need for surgery in vulnerable patients. Suitable animal
models and experimental design are imperative in order to avoid false positive results
which lead to failed clinical trials and wasted time and money.
The aims of this thesis are to utilise novel and clinically relevant animal models to
evaluate promising drug interventions for potential trial in patients with PADs.
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CHAPTER 2
GENERAL MATERIALS AND METHODS
This chapter describes general methods used for multiple chapters and methods for key
outcomes requiring reproducibility testing which are reported in chapter 3.
2.1

Animals

Animals were obtained from the Animal Resources Centre, Canning Vale, Western
Australia and housed in the small animal house in building 86, James Cook University,
Townsville and building 47, James Cook University, Townsville. In both buildings, mice
were housed in individually ventilated cages in the Techniplast digital ready green line
mouse rack system with 501cm2 floor area on corn starch bedding. Temperature was
maintained at 22°C, with a relative humidity of 55% and a 14/10h light dark cycle with
daylight hours of 6am to 8pm. Food and water was provided ad libitum during
acclimatization, aging and experiments except for two-hour fasting periods prior to tail
vein blood sampling, sacrifice, and situations mentioned in specific chapters. Cages were
cleaned weekly and mice were monitored twice daily during experimental periods. Ethics
approval was obtained for all experiments from the James Cook University Animal Ethics
Committee (A2352, A2353, A2574; Table 2.1).
Table 2.1. Details of all experimental mice used within the chapters of this thesis

2.2

Ethics

Mouse

Number

strain

A2352

ApoE-/-

A2353
A2574

Total mice

Age

Study

Route of

(weeks)

intervention

administration

48

22-24

Quercetin

Oral (diet)

ApoE-/-

34

10-12

Tree nuts

Oral (diet)

C57BL/6J

73

8

Colchicine

Oral gavage

Isoflurane anaesthesia

Isoflurane (ISOTHESIA, Henry Schein, Ohio) was used for all procedures requiring
general anaesthesia. Isoflurane was administered at 4% in oxygen at a flow rate of 1L/min
for a two-minute induction period or until mice were unconscious, as confirmed with a
toe pinch reflex test. Isoflurane was then administered at 3% to maintain anaesthesia for
the remainder of the procedures. Following all procedures using isoflurane, mice were
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allowed to recover individually in a recovery chamber with heat mat before being
returned to their cages.
2.3

Ultrasound assessment of aortic diameter

Mice were anaesthetised using isoflurane (Chapter 2.2) and depilatory cream (Veet,
France) was applied to the chest and abdominal regions. After one minute all cream was
removed using a cotton pad with phosphate buffered saline (PBS) followed by the
application of 70% ethanol. Mice were then scruffed to expose the chest and abdominal
regions for ultrasound measurements. Maximum diameters of SRA and IRA were
measured using a linear ultrasound transducer (Esaote, Italy) at 12 MHz with ultrasound
transmission gel (Aquasonic, Parker, USA) attached to a Mylab 30 ultrasound machine
(Esaote, Italy). The largest part of the SRA and IRA were located by imaging the aorta
longitudinally. Once the largest region was located, a cross section of the aorta was
captured. Measurements were always taken during late systole or early diastole when
lumen diameters were widest. Following measurements, mice were cleaned of excess gel
using cotton pads and returned to cages for recovery.
2.4

Tail cuff plethysmography for measurement of blood pressure

Blood pressure was measured using a non-invasive tail cuff blood pressure monitor (Kent
Scientific, USA) with an interval of 10 seconds and a deflation time of 15 seconds. The
blood pressure monitor consists of a medium occlusion cuff (OCC-M) and a medium
volume pressure sensor (VPR-M). Mice were restrained using a Perspex mouse restraint
(Kent Scientific, USA). The occlusion cuff was placed around the base of the tail, and the
volume pressure sensor was placed 1mm below the occlusion cuff. A heat pad (Kent
Scientific, USA) and heat lamp was used to provide adequate tail blood flow for blood
pressure measurements. Systolic, diastolic and mean arterial blood pressure were
measured 10 times for each mouse, and the three closest consecutive values were
averaged to provide the final blood pressure values for each mouse. Mouse restraints were
washed thoroughly between uses to reduce stress due to mouse scent. Measurements were
performed between 6am and 11am to minimize the effects of diurnal variation, as
previous mouse studies suggest blood pressures are most stable between 1am and 11am
[235].
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2.5

Laser Doppler perfusion imaging

Blood flow was measured in both hind limbs of mice using laser Doppler perfusion
imaging (LDPI; Moor Instruments, UK). Isoflurane was administered as described in
chapter 2.2. Hind feet were taped with the plantar surface of the foot facing downward on
a black background. The laser was located 26cm directly above the mouse hind limbs
when LDPI imaging was performed. The colour flux image produced by LDPI was
analysed to produce perfusion units using computer software (Laser Doppler Perfusion
Measure, V3.08, Moor Instruments, UK). These perfusion units were then normalised as
left/right hind limb ratios to allow comparison between groups.
2.6

Ex vivo morphometric assessment of aortic diameter

Entire aortas for each mouse were flushed with PBS, harvested from the aortic arch to the
iliac bifurcation and placed on a black background with a ruler. Photographs were taken
using a digital camera and analysed with ImageJ software (National Institutes of Health)
[18]. Diameters of the largest portion of the aortic arch, thoracic aorta, SRA and IRA
were measured.
2.7

Tail vein blood sampling

Blood samples were taken at different time points throughout the animal experiments
using tail vein blood sampling. Mice were fasted for two hours prior to blood sampling in
order to reduce the risk of postprandial effects interfering with chronic changes in content
of the plasma [236, 237]. Topical anaesthetic EMLA cream (AztraZeneca, Australia),
which contains 25mg/g Lignocaine and 25mg/g Prilocaine, was applied to the tail of mice
five minutes before blood samples were taken. Mice were placed in a cage supplied with
a heat lamp to allow sufficient warming and blood flow to the tail prior to sampling. Mice
were then transferred to a Perspex box with a cut-out which allowed access to the tail.
Tails were held firmly and a scalpel blade was used to make a small cut midway down the
tail vein. Six drops of blood (200µl) were added to a lithium-heparin lined tube (BD
Microtainer, USA), mixed, and placed on ice awaiting centrifugation. Light pressure was
applied to the tail vein to stop bleeding and riodine (Orion, Australia) was applied to
prevent infection. Mice were monitored after sampling to ensure no adverse events had
occurred.
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2.8

Cardiac puncture

Endpoint blood samples were taken using cardiac puncture to maximise the volume of
blood collected for analysis. Following euthanasia, the thoracic cavity was quickly
opened, and a 27 Gauge needle attached to 1mL syringe was inserted directly into the
right ventricle. Blood was withdrawn slowly to prevent closing of the ventricles. Blood
was added to a lithium-heparin lined tube and stored on ice awaiting centrifugation.
2.9

Blood centrifugation for plasma

Blood samples were stored on ice for no longer than 1 hour prior to being centrifuged at
4ºC, 2000 x g for 10 minutes. Supernatant was transferred to microcentrifuge tubes for
further centrifugation at 15000 x g for 10 minutes. Supernatant plasma was aliquoted into
microfuge tubes, snap frozen in liquid nitrogen and stored in -80ºC freezers. Cardiac
puncture end point blood samples were aliquoted to two microfuge tubes to allow easier
access to samples with minimal freeze thaw cycles.
2.10 Sacrifice/Dissection
Mice were sacrificed using carbon dioxide asphyxiation (5L/min, 2 minutes) and death
was confirmed by toe pinch prior to dissection. Following retrieval of blood and tissues,
mouse carcasses were disposed of in biohazard bins.
2.11 En face staining of aortic arch
Preparation of en face staining
Silicone elastomer base (Sylgard 184, Dow Corning) and curing agent (Sylgard 184, Dow
Corning) were mixed in a 9:1 ratio to prepare a silicone elastomer gel for the pinning of
aortic arches. The mixture was transferred to petri dishes which were filled to half
capacity and transferred to a 50ºC incubator for 24 hours to allow the elastomer to set.
Sudan IV staining solution was prepared by mixing a 50% mixture of 70% ethanol and
acetone with five grams of sudan IV (Sigma-aldrich). Aortic arches, stored in optimal
cutting temperature compound (OCT, Tissue-plus), were thawed and transferred to PBS
to remove OCT and peri-aortic fat tissue. Once cleaned, aortic arches were stored in 10%
neutral buffered formalin (Sigma-aldrich, HT501128-4L) at 4ºC for 24 hours. Arches
were then drained of formalin and submerged in PBS solution on an elastomer coated
petri dish for cutting and pinning. The first cut was made along the interior side of the
entire aortic arch. The base of the arch was then pinned and a second cut was made on the
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external side of the aortic arch, from the origin of the brachiocephalic artery to the aortic
root. This allowed aortic arches to be pinned open in the shape of a Y.
Sudan IV staining procedure
Pinned aortic arches were flushed with PBS twice to remove debris. Aortas were stained
for 15 minutes in Sudan IV (0.1%, dissolved in 1:1 acetone: 70% ethanol) staining
solution and decolourised with 80% ethanol solution until clear differentiation of
atherosclerotic and non-atherosclerotic tissue could be observed. Aortas were then
washed in PBS and photographed using a digital camera.
Sudan IV data analysis
Sudan IV stained aortic arch images were analysed in Adobe Photoshop CC 2015. The
aortic arch was traced using the lasso tool, and its total area was measured. The inverse of
the selected arch was deleted to leave the arch alone with a black background. A small
area of representative Sudan IV stained tissue was selected, and the select similar tool
was used to allow for automatic selection of all Sudan IV stained regions.
2.12 Histology
Fixing, processing and paraffin embedding
Following dissection from recently euthanized animals, tissues were fixed in 10%
formalin (Sigma-aldrich, HT501128-4L) and stored at 4ºC for 24 hours. Small samples,
such as brachiocephalic arteries, were fixed for the final four hours in 10% formalin with
eosin to help visualisation during processing and embedding. Tissues were then processed
in an automated Shandon excelsior ES processing machine (Thermo Electron
Corporation) through graded ethanol and xylene washes prior to embedding with paraffin
wax. Tissues embedded in paraffin wax were cooled on ice prior to sectioning to reduce
folding of paraffin sections. Tissues were first faced on a microtome at 20µm until a clear
cross sections of tissues could be observed. Tissues were then sectioned at 5µm. Prior to
staining tissues, slides containing paraffin embedded sections were deparaffinized by
washes in 2x 100% xylene for three minutes each, followed by 1:1 xylene:100% ethanol
for three minutes, followed by 100%, 95%, 70%, and 50% ethanol for three minutes each.
Storing and preparation of frozen sections
Following dissection from recently euthanized animals, tissues were placed in cryomolds
containing OCT, oriented, and allowed to acclimate for five minutes prior to freezing in
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2-methylbutane submerged in liquid nitrogen. Frozen tissues were faced in a cryostat at 25°C, and 5µm sections were added to slides. Slides were stored at -80°C until staining.
Prior to staining, frozen sections were allowed to reach room temperature for five
minutes, fixed in a 1:1 methanol:acetone solution for 15 minutes, and rinsed in trisbuffered saline (TBS).
Haematoxylin and Eosin staining
Mayer’s haematoxylin was filtered prior to use for tissue staining. Slides were submerged
in Mayer’s haematoxylin for four minutes. Following staining with haematoxylin, tissues
were submerged in tap water for four minutes with three changes, until all colour was
removed from the water. Slides were then washed in Scott’s tap water substitute for 30
seconds, followed by tap water for an additional two minutes. Slides were then
submerged in eosin for eight dips before again being washed in tap water for four minutes
with three changes. Slides were then dehydrated through 50%, 70%, 80%, 90% and 100%
ethanol washes, and xylene for four minutes with three changes. Slides were then
mounted with coverslips using vectamount permanent mounting medium (Vector
Laboratories, H-5000) and incubated for 24 hours at 37ºC.
Verhoeff Van Gieson’s elastin staining
Slides were incubated at 37ºC for 30 minutes prior to staining with Verhoeff Van
Gieson’s stain (ProSciTech, Australia). Paraffin embedded tissues were deparaffinised in
xylene for 20 dips with 2 changes, followed by distilled water for 20 dips with 2 changes.
Verhoeff solution was prepared by mixing 20mL 5% alcoholic haematoxylin, 8mL 10%
aqueous Ferric Chloride, and 8mL Ioidine solution (PolySciences, 25089A-C). Slides
were then stained with Verhoeff solution for one hour. Following staining, slides were
washed in tap water with 3 changes to remove excess Verhoeff solution. Slides were
differentiated using 2% aqueous Ferric Chloride. Each slide was examined individually
under a microscope to determine sufficient differentiation of tissue layers had occurred to
allow for differentiation of elastin and surrounding tissue. Slides were then washed in tap
water for 30 dips with 3 changes, treated with 5% Sodium Thiosulphate for 1 minute, and
washed in tap water for a further 5 minutes with 2 changes. Slides were then dehydrated
through 50%, 70%, 80%, 90% and 100% ethanol washes, and xylene for four minutes
with three changes. Slides were then mounted with coverslips using vectamount
permanent mounting medium and incubated for 24 hours at 37ºC.
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Picrosirius red staining
Prior to staining, slides were rinsed in tap water for two minutes. Slides were placed in
phosphomolybdic acid for two minutes and rinsed in distilled water for 30 seconds. Slides
were then placed in picrosirius red staining solution (Polysciences) for 60 minutes. Slides
were then transferred to 0.1M hydrochloric acid for two minutes. Slides were then
dehydrated through 50%, 70%, 80%, 90% and 100% ethanol washes, and xylene for four
minutes with three changes. Stained slides were mounted with coverslips using
vectamount permanent mounting medium and incubated for 24 hours at 37ºC.
2.13 Brachiocephalic artery atherosclerosis lesion area determination
Cross sections of brachiocephalic arteries were paraffin embedded (Chapter 2.12.1) and
stained with Verhoeff Van Gieson’s Elastin stain (Chapter 2.12.4) as described. Slides
were examined under a microscope (Nikon Eclipse 50i) and photographed under 100x
magnification using a CCD camera (DS-Fi1). Plaque lesion area was assessed in
brachiocephalic arteries by measuring the intima:media area ratio using a previously
reported protocol [238]. The tunica media area was calculated by subtracting the area
within the internal elastic lamina from the area within the external elastic lamina. The
tunica intima area was calculated by subtracting the luminal area from the area within the
internal elastic lamina. The ratio of intima:media area was calculated to normalise and
compare the degree of atherosclerosis between mice. Measurements were performed
using Adobe Photoshop CC 2015.
2.14 Protein extraction and quantification of aortic total protein concentration
IRA tissue was lysed in radio immunoprecipitation assay buffer (Thermo Fisher
Scientific, Australia) containing protease inhibitor (Sigma, Australia) and metal beads and
placed in a tissue homogeniser (Next Advance, USA) for 15 minutes. Samples were then
centrifuged at 14000xg for 20 minutes at 4ºC. Supernatants containing soluble protein
were transferred to new tubes and protein concentration of samples was determined using
a pierce bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific, Australia, Cat. No.
23225). BCA assay buffer (100µl) and 5µl of soluble protein from standards or samples
was added to each well. Plates were covered and incubated at 37ºC for 30 minutes. Plates
were then allowed to cool to room temperature and absorbance was measured at 562nm
on a plate reader (POLARstar Omega, Bmg Labtech, Australia). Sample total protein
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concentrations were determined using a standard curve modelled by linear regression
using 1000, 500, 400, 300, 200, 100, 50 and 0µg/mL total protein standards.
2.15 Statistical analyses
Data were tested for gaussian distribution using the D’Agostino and Pearson test.
Normally distributed data were expressed as mean ± standard error of mean (SEM), and
non-normally distributed data were expressed as median with interquartile range (IQR)
including all individual data points. End point measurements limited to two experimental
groups and one time point were compared using unpaired two-sample t-tests. MannWhitney U tests were used to compare data from two groups at one time point when data
were not normally distributed. Incidence of adverse outcomes was compared between
groups using Fisher’s exact test and deaths between groups were compared using MantelCox (Log-rank) test. Data measured at multiple time points throughout the studies were
compared using linear mixed effects (LME) models. LME models have some advantages
over the two-factor ANOVA. LME models allow for unequal sample sizes at different
time points, which is common in the current studies due to deaths from experimental
parameters. LME models also allow for relaxing of the assumption of equal variance
between experimental groups and different time points. Due to surgical and therapeutic
interventions occurring at different time points, variance in groups can change
significantly over time. The interaction of time and treatment was assessed in order to
determine statistical significance. The degree to which data met the assumptions of the
LME models was assessed by analysing qq-normal and residual versus fits plots as
previously described [15](see appendix B). In cases where qq-norm plots showed evident
shift from normal distribution, data were log transformed. Where potentially influential
outliers were identified, sensitivity analyses were conducted excluding these outliers. For
all statistical analyses, differences were considered statistically significant when p-values
were less than 0.05. Statistical analyses for all chapters were performed using graphpad
prism (version 6, GraphPad Software Inc), R Studio (R studio, PBC) and RevMan5
(Cochrane library).
Described in this chapter are general methods used for multiple chapters and methods for
key outcomes requiring reproducibility testing. Intra-observer and inter-observer
reproducibility measures of key outcomes, the methods of which are described above, are
presented in the following section.
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CHAPTER 3
REPRODUCBILITY OF OUTCOME MEASURES
3.1

Outline

Intra-observer and inter-observer reproducibility measurements were calculated for key
outcome measures where results are highly dependent on user input and technique. For
intra-observer analysis, outcomes were measured two times seven days apart. For interobserver analysis, the average of these results were compared with results of a second
person who is experienced in the technique. The coefficient of variation was calculated
for intra-observer and inter-observer variance by dividing the sum of all standard
deviations (SD) of duplicate measurements by the sum of all means of duplicate
measurements divided by total number of samples measured (depicted in the equation
below).
(𝑆𝑆𝑆𝑆(𝑋𝑋1 + 𝑋𝑋2) + ⋯ + 𝑆𝑆𝑆𝑆(𝑌𝑌1 + 𝑌𝑌2)/𝑛𝑛)
(𝑀𝑀(𝑋𝑋1 + 𝑋𝑋2) + ⋯ + 𝑀𝑀(𝑌𝑌1 + 𝑌𝑌2)/𝑛𝑛)

Where SD is standard deviation, M is mean, n is number of samples, and X and Y are
different samples each measured in duplicate. The coefficient of variation was expressed
as mean percentage plus or minus SEM. All intra-observer and inter-observer coefficients
of variation that are below 10% are considered ideal, while all coefficients of variation
below 20% are considered acceptable.
3.2

Ultrasound measurements of cross-sectional aortic diameter

Maximum diameters of the SRA and IRA were measured in vivo (Chapter 2.3). Intraobserver and inter-observer reproducibility measurements are reported based on
measurements from n=10 mice (Figure 3.1). Intra-observer and inter-observer
measurements were below 10% for both SRA and IRA measurements which are
considered ideal.
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Figure 3.1. Intra-observer and inter-observer reproducibility of maximum aortic
diameter measured by ultrasound.
3.3

Blood pressure

Blood pressure was measured using tail-cuff plethysmography (Chapter 2.4). Intraobserver reproducibility was calculated by measuring systolic, diastolic and mean arterial
blood pressure in the same mice one week apart (n=15, Figure 3.2). Intra-observer
variation is high in blood pressure measurements due to acclimatization and uncontrollable
physiological changes. Measurements were taken in the same environment, using the same
standard operating procedures, between 6am and 11am on both days. All blood pressure
measurements were taken by one observer. The reproducibility of these results are higher
than ideal however they are expected based on previously reported variation for tail cuff
plethysmography measurements [239].
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Figure 3.2. Intra-observer reproducibility of systolic, diastolic and mean arterial
blood pressure measured by tail-cuff plethysmography. SBP, systolic blood
pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure.
3.4

Blood flow measurements using laser Doppler perfusion imaging

Blood flow was measured in both limbs of mice using laser Doppler perfusion imaging
and values of ischemic limbs were normalised to non-ischemic limbs in the same mouse
(Chapter 2.5). Intra-observer and inter-observer reproducibility coefficients of variation
are reported based on measurements from n=20 mice (Figure 3.3). Intra-observer and
inter-observer measurements were below 10% for both SRA and IRA measurements
which are considered ideal.
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Figure 3.3. Intra-observer and inter-observer reproducibility of blood flow
measurements using laser Doppler perfusion imaging.
3.5

Ex vivo measurements of aortic diameter

Maximum diameters of the aortic arch, thoracic aorta, SRA and IRA were measured ex
vivo according to the methods outlined in general materials and methods (Chapter 2.6).
Intra-observer and inter-observer reproducibility measurements are reported based on
measurements from n=22 mice (Figure 3.4). The intra-observer reproducibility of aortic
diameter measurements are considered ideal, which the inter-observer reproducibility
measurements are acceptable but not ideal. Due to this, all aortic measurements were
performed by one person, to minimise variation between results.
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Figure 3.4. Intra-observer and inter-observer reproducibility of ex vivo maximum
aortic diameter measurements. TA, thoracic aorta.
3.6

Atherosclerosis lesion area in the brachiocephalic artery

Atherosclerosis lesion area was quantified from histological elastin van-gieson stained
images of brachiocephalic artery cross sections (Chapter 2.12.4 and 2.13). Intra-observer
and inter-observer reproducibility coefficients of variation are reported based on
measurements from n=19 mice (Figure 3.5). Intra-observer and inter-observer
measurements were below 10% for both SRA and IRA measurements which are
considered ideal.
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Figure 3.5. Intra-observer and inter-observer reproducibility of atherosclerosis
lesion area measurements in the brachiocephalic artery.
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CHAPTER 4
FLAVONOLS REDUCE AORTIC ATHEROSCLEROSIS
LESION AREA IN MICE: A SYSTEMATIC REVIEW AND
META-ANALYSIS
4.1

Introduction

Atherosclerosis and associated thrombosis are the main underlying cause of stroke,
myocardial infarction and peripheral artery disease which, collectively, are the leading
cause of death globally [240]. Much of the focus on the primary and secondary
prevention of CVD over the last few decades has been on drugs to manage cardiovascular
risk factors such as statins to lower cholesterol, blood pressure lowering medications and
anti-platelet agents [241-243]. Diet has been linked to the development and complications
of CVD for centuries [244]. However, it is only more recently that trials demonstrating
the benefits of dietary interventions in humans have been completed [245-247]. A recent
multicentre randomized controlled trial, which included 7447 participants, reported that
the Mediterranean diet with either extra virgin olive oil or nut supplementation reduced
the incidence of cardiovascular end points by 30%, compared to control subjects educated
on a low fat diet [248]. The beneficial effects of extra virgin olive oil and nuts have been
linked to their high phenolic content [249, 250], and reductions in blood pressure and
LDL oxidation have been reported for other foods high in phenols including dark
chocolate, green tea, apples, tomatoes, kale, lettuce and onions [251-253].
A subclass of phenols, known as the flavonoids, have been of particular interest in recent
research for their potent anti-oxidant and anti-atherosclerosis effects [254]. The most
studied flavonoids are the flavan-3-ols, the flavonols, and the flavonol glycosides (e.g.
enzymatically modified isoquercitrin; EMIQ) (Figure 4.1) [255, 256]. However, the
impact of consuming purified flavonoids on cardiovascular events have not been
examined in human clinical trials.
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Figure 4.1. Structural properties of the major flavonoid classes (examples in
brackets) used in atherosclerosis research in ApoE-/- mice. Catechin and epicatechin
are flavan-3-ols; Quercetin, Kaempferol and Isorhamnetin are flavonols; and EMIQ and
myricitrin are flavonol glycosides. R, glucose chain (n=3-9). Adapted from de PascualTeresa, Moreno [257].
ApoE-/- mice have been used to assess the effect of flavonoids on atherosclerosis,
however the overall effect of the flavonoids, and the effect of individual classes of
flavonoids on the severity of atherosclerosis remain unclear. The ApoE-/- mouse model is
particularly useful for studying atherosclerosis due to its quick and predictable
development of atherosclerosis [258, 259]. Furthermore, the model responds to lipid
lowering interventions which have been shown to reduce complications of atherosclerosis
in humans [258, 260, 261].The aim of this systematic review and meta-analysis was to
examine the effect of purified flavonoids on the severity of aortic atherosclerosis in ApoE/-

mice.

4.2

Materials and methods
Search strategy, inclusion and exclusion criteria

This review was prepared according to the 2009 Preferred Reporting Items of Systematic
Reviews and Meta-Analyses (PRISMA) statement. Literature searches were conducted to
identify pre-clinical studies testing the effects of flavonoids on atherosclerosis lesion area
in ApoE-/- mice. Medline, Pubmed, Science direct and Web of Science were searched
between 16th March 2016 and 27th May 2017. Studies published from all years were
included. Science direct searches were filtered to include only journal articles. The full
search strategy included the terms ("Apolipoprotein* E" OR ApoE) AND (Mice OR
Mouse) AND (Phenol* OR Flavonoid* OR Quercetin OR Catechin OR Glabridin OR
Kaempferol OR Epicatechin OR Baicalin OR Isorhamnetin) utilising both medical
subject headings and keyword searches. Resulting titles and abstracts from all years were
screened for relevance and all potentially eligible abstracts were assessed in full text.
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Reference lists of included studies were also screened for relevant articles. Controlled
studies which used purified flavonoids, or flavonoids with glucoside moieties such as
isoquercitrin, in an ApoE-/- mouse model were included. Of these, only studies which
included atherosclerosis lesion area as an outcome measure were included. Studies which
did not report atherosclerosis lesion area as a percentage or as lesion area out of total area
measured were excluded. Included studies were restricted to those published in English.
Reviews, editorials, books, letters, case reports, and clinical trials were excluded. Studies
where sample size could not be determined were excluded.
Data extraction and quality assessment tool
Full text articles eligible for data extraction were independently assessed by three authors,
JP, SMK and SMO, and results were later discussed in a consensus meeting. The data
extracted included mouse age, sex and diet, flavonoid purity and dose, duration of
treatment, control and treatment group sample sizes, location of atherosclerosis area
assessed, stain used for lesion assessment, lesion area as a percentage of total area,
plasma triglyceride (TG), LDL cholesterol (LDL-C), HDL cholesterol (HDL-C), total
cholesterol (TC) and measures of LDL-oxidation and reactive oxygen species. Data were
extrapolated from figures in 10 of the studies using Adobe Photoshop CS6. In cases of
missing data, corresponding authors were contacted. Authors of seven papers were
contacted [159, 262-267], and two responded [265, 266]. Study quality was assessed
using a quality assessment tool adapted from a previous preclinical systematic review
[268]. Questions focused on the reporting of study design, mouse age and sex, diet,
housing conditions, method of group allocation, ethics approval, justification of sample
sizes, justification of flavonoid dose, flavonoid purification processes, methods of lesion
area analysis and blinding procedures for outcome assessments. Each question was
assessed as a yes or no answer and the number of yes answers reported as a percentage
out of 17 questions, or out of 15 questions for studies that did not measure plasma lipids.
These percentage scores were used as an indication of overall study quality. Studies were
rated as poor (<50%), moderate (51-75%), good (76-90%), or excellent quality (91100%).
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Statistical analysis
A meta-analysis was used to assess the overall effects of the administration of purified
flavonoids on atherosclerosis lesion area in ApoE-/- mice. In four studies [155, 156, 160,
269], the same control group was used to compare multiple flavonoids or flavonoid doses.
In these instances, the number of control animals was divided by the number of
comparator groups to prevent an artificial increase in sample size in the meta-analysis.
Sub-analyses were performed to test the overall effect of the flavonols and flavan-3-ols
on atherosclerosis lesion area.
Heterogeneity in the data was expected due to the use of multiple flavonoids, at different
doses with different durations of treatment, and therefore random effects models were
used. Data were expressed as standardised mean difference with 95% confidence intervals
(CI). Sensitivity analyses were performed using the leave one out approach to test the
effect of each study on the standard mean difference (SMD). I2 values were used to assess
heterogeneity between studies. Heterogeneity above 30% was considered moderate, and
heterogeneity above 50% was considered substantial. Funnel plots were used to test for
publication bias. Statistical analyses were performed using RevMan 5.3, and tests were
considered significant when P values were <0.05.
4.3

Results
Study selection

Database searches identified a total of 1192 studies, of which 224 articles were duplicates
(Figure 4.2). The titles and abstracts of the remaining 968 articles were screened and 942
were excluded. The full text was assessed for the remaining 26 articles. Eight of these
studies were excluded because atherosclerosis lesion area was not reported and one study
was excluded because a crude extract rather than a purified flavonoid was administered.
After contacting corresponding authors, a further three studies were excluded because
sample sizes for lesion area measurements could not be obtained [262, 263, 266], and
three studies were excluded after no reply from authors because total area of the aorta
measured was not reported [264, 267, 270]. In total, eleven studies were included in the
current systematic review and meta-analysis.
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Figure 4.2. Preferred Reporting items of Systematic Review and Meta-analyses flow
diagram. A total of 1192 articles were identified from Science direct, Web of Science,
Pubmed and Medline. Of these, 26 full-text articles were assessed for eligibility and 11
articles were included in the review. Eight studies were excluded as they did not measure
atherosclerosis lesion area. One study was excluded as it administered a crude extract.
Three studies were excluded because sample sizes could not be retrieved, and three
studies were excluded because of insufficient data for lesion area comparison.
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Study characteristics
The characteristics of the eleven included studies are shown in table 4.1. Mice from all
included studies were male, except for one study in which the sex was not reported [155].
Mice received a standard chow diet in three studies [155, 160, 265]; a high fat diet in
seven studies containing either 20% fat and 0.3% cholesterol [271-273], 21% fat and
1.25% cholesterol [269], 47% carbohydrates, 21% fat and 20% protein [159], or 1.25%
cholesterol and 10% coconut oil [274, 275]; and the American Institute of Nutrition
(AIN) 93 diet, containing 4% fat, 73% carbohydrates, and 14% protein, in one study
[156]. The age of the mice when flavonoid administration was initiated was four weeks in
one study [155], six weeks in seven studies [156, 159, 265, 269, 271-273], eight weeks in
one study [275], nine weeks in one study [274], and 15 weeks in one study [160]. Six
studies administered the flavonoids via the intragastric route [160, 271-275], two studies
administered the flavonoids by adding it to the drinking water [155, 265], and three
studies administered the flavonoids by adding to the chow [156, 159, 269].
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Table 4.1. Characteristics of studies included in this meta-analysis.
Study

Flavonoid

Purity

Mouse

Mouse

Age

Sex

Diet

(weeks)

Study

Dose

length

(mg/kg/d)

Route

Lesion area

Staining

Analysis

measured

(weeks)

[274]

Baicalin

98%

9

Male

HCD

12

100

IG

Aortic root

Oil red O

CS

[275]

Baicalin

98%

8

Male

HFD

12

100

IG

Aortic root

Oil red O

CS

[155]

Catechin

?

4

?

SCD

6

~1.6

Water

Aortic arch

Osmium

CS

[156]

Epicatechin

98%

6

Male

AIN-

26

64

Chow

Aortic Sinus,

Sudan IV

CS

93M

Thoracic aorta

[265]

Glabridin

98%

6

Male

SCD

6

~0.6

Water

Aortic valves

Osmium

CS

[159]

EMIQ

?

6

Male

HFD

14

~30

Chow

Aortic sinus

Oil red O

CS

[271]

Isorhamnetin

98%

6

Male

HFD

8

20

IG

Aortic valves

Oil red O

CS

~ indicates dose was calculated based on average body weights and food consumption reported in previous ApoE-/- mouse studies. AIN,
American institute of Nutrition; HCD, high-cholesterol diet; HFD, high-fat diet; IG, Intragastric; M, maintenance; SCD, standard chow diet;
?, unknown; H&E, hematoxylin and eosin; CS, cross sectional.
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Table 4.1 (continued). Characteristics of studies included in this meta-analysis.
Study

Flavonoid

Purity

Mouse

Mouse

Age

Sex

Diet

(weeks)
[160]

Kaempferol

98%

15

Study

Dose

length

(mg/kg/d)

Route

Lesion area

Staining

Analysis

Sudan IV

En face

measured

(weeks)
Male

SCD

4

50 or 100

IG

Aortic root to
Iliac branches

[273]

Myricitrin

98%

6

Male

HFD

8

50

IG

Aortic root

Oil red O

CS

[272]

Myricitrin

98%

6

Male

HFD

6

50

IG

Aortic root

Oil red O

CS

[155]

Quercetin

?

4

?

SCD

6

~1.6

Water

Aortic arch

Osmium

CS

[156]

Quercetin

98%

6

Male

AIN-

26

64

Chow

Aortic Sinus,

Sudan IV

CS

H&E

CS

93M
[269]

Quercetin

98%

6

Male

HFD

Thoracic aorta
24

25-100

Chow

Aortic Sinus

~ indicates dose was calculated based on average body weights and food consumption reported in previous ApoE-/- mouse studies. AIN,
American institute of Nutrition; EMIQ, enzymatically modified isoquercitrin; HCD, high-cholesterol diet; HFD, high-fat diet; IG,
Intragastric; M, maintenance; SCD, standard chow diet; ?, unknown; H&E, hematoxylin and eosin; CS, cross sectional.
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The eleven included studies collectively measured the effects of nine unique flavonoids,
at multiple doses in a total of 18 comparisons, based on the outcome of atherosclerosis
lesion area. Quercetin was administered at 25, 50 and 100mg/kg/d for 24 weeks [269],
64mg/kg/d for 26 weeks [156] and 1.6mg/kg/d for six weeks [155]. Myricitrin was used
in two studies at 50mg/kg/d for six weeks [273] and eight weeks [272]. Baicalin was
administered at 100mg/kg/d for 12 weeks in two studies [274, 275]. Catechin was
administered at 1.6mg/kg/d for six weeks [155]. Epicatechin was administered at
64mg/kg/d for 26 weeks [156]. Glabridin was given at 0.6mg/kg/d for six weeks [265].
Isorhamnetin was administered at 20mg/kg/d for 8 weeks [271]. Kaempferol was given at
50 and 100mg/kg/d for 4 weeks [160]. EMIQ was administered at 30mg/kg/d for 14
weeks [159]. Three studies did not report dose per kilogram and gave no body weight
measurements [155, 159, 265], therefore an estimated dose assuming an average mouse
weight of 30g per mouse [276] and an average food intake of 3.45g/d [277] was
calculated. The purity of individual flavonoids was >98% in nine studies, as measured
through high performance liquid chromatography [156, 160, 265, 269, 271-275]. The
purification procedure was described but purity was not stated in one study [159], and no
flavonoid source or purification procedure was given for one study [155].
Atherosclerosis lesion area
Ten studies measured cross sectional aortic lesion area in mice receiving flavonoids and
controls [155, 156, 159, 265, 269, 271-275]. Of these, nine of the studies measured aortic
lesion area at the level of the aortic root, sinus or valves [156, 159, 265, 269, 271-275],
and one study also measured lesion area within the thoracic aorta [156]. One study
measured aortic lesion area only within the aortic arch [155]. One study measured
longitudinal aortic lesion area from the aortic root to the iliac branches (Table 4.2) [160].
All studies reported that the administered flavonoid significantly reduced atherosclerosis
lesion area compared with control mice, except one study testing epicatechin where no
significant difference was reported (Table 4.2) [156].
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Table 4.2. Effect of different flavonoids on atherosclerosis lesion area in ApoE-/- mice
and key aspects of the methods of the included studies.
[#]

Flavonoid

Lesion

(Dose, mg/kg/d)

area

P<

Sample

Blind

RM

SS

DJ

Size

decrease

C

E

(%)
[274]

Baicalin (100)

9.4 ± 5.7

0.05

10

10

N

N

N

N

[275]

Baicalin (100)

19.4 ± 3.3

0.01

5

5

N

N

N

N

[155]

Catechin (1.6)

2.1 ± 1.5

0.01

20

19

Y

N

N

N

[156]

Epicatechin (64)

5.3 ± 6.3

NS

20

19

N

N

Y

Y

[156]

Epicatechin (64)

5.4 ± 8.2

NS

20

19

N

N

Y

Y

[265]

Glabridin (0.6)

30.6 ± 7.7

0.01

14

14

N

N

N

N

[159]

EMIQ (30)

7.5 ± 4.3

0.01

8

7

N

N

N

N

[271]

Isorhamnetin (20)

19.2 ± 4.8

0.01

10

10

N

N

N

N

[160]

Kaempferol (50)

4.9 ± 1.1

0.05

10

10

N

N

N

N

[160]

Kaempferol (100)

8.8 ± 1.0

0.01

10

10

N

N

N

N

[273]

Myricitrin (50)

4.0 ± 5.0

0.05

10

10

N

N

N

N

[272]

Myricitrin (50)

8.1 ± 6.1

0.01

10

10

N

N

N

N

[155]

Quercetin (1.6)

2.4 ± 1.5

0.01

20

20

Y

N

N

N

[156]

Quercetin (64)

28.5 ± 4.6

0.05

20

18

N

N

Y

Y

[156]

Quercetin (64)

18.6 ± 8.3

0.05

20

18

N

N

Y

Y

[269]

Quercetin (25)

2.1 ± 1.9

NS

3

3

N

N

N

Y

[269]

Quercetin (50)

5.8 ± 1.9

NS

3

3

N

N

N

Y

[269]

Quercetin (100)

12.2 ± 2.0

0.05

3

3

N

N

N

Y

[#], study number; NS, not significant; C, control; E, experimental group receiving
flavonoid; Y, yes; N, no; RM, repeated measures; SS, sample size justification; DJ, dose
justification.
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Plasma lipids
Eight studies measured plasma [156, 159, 265, 271, 274] or serum [272, 273, 275] TC,
six studies measured plasma [159, 271, 273] or serum TG [272, 273, 275], six studies
measured plasma [155, 271, 274] or serum [272, 273, 275] LDL-C, and seven studies
measured plasma [155, 159, 271, 274] or serum [272, 273, 275] HDL-C. In all studies,
flavonoids were reported to have no significant effect on plasma or serum TC, TG, LDLC or HDL-C.
Oxidative stress
Three of the included studies measured the effects of flavonoids on indicators of
oxidative stress in mouse aortic tissue, including reactive oxygen species [160],
oxysterols [265], and F2 isoprostanes [156]. One study measured the effect of flavonoids
on serum oxidised LDL [273]. One study investigated the effects of flavonoids on
susceptibility of mouse LDL to oxidation ex vivo [155], and two studies measured
oxidation in cultured cells [269, 272], with one also testing NADPH oxidase activity
[269]. One study investigated human LDL oxidation in the presence of flavonoids ex vivo
[265]. Quercetin [155] and glabridin [265] were reported to reduce LDL-oxidation ex
vivo, while catechin was not [155]. Myricitrin was reported to significantly reduce serum
LDL-oxidation in ApoE-/- mice [273]. Kaempferol was reported to reduce aortic reactive
oxygen species [160], and epicatechin and quercetin were reported to reduce plasma
superoxide concentrations [156].
Quality assessment of included studies
The mean quality assessment score for all eleven studies was 59% (moderate quality),
with the highest score being 76% (good quality) (Table 4.3) [156] and the lowest scoring
being 20% (poor quality) [265] (Table 4.1). All studies failed to report intra- and interobserver repeatability testing and blinding of the outcome assessor during lesion area
analyses. All studies failed to justify the sample size and dose of flavonoids used, with the
exception of one study [156]. Only one study measured the concentration of the ingested
flavonoid in the plasma of mice [155]. Body weights were measured at the start and finish
of the experiments in five studies [156, 159, 269, 272, 273]. Of the eleven studies, three
did not confirm that study conditions were identical between the control and treatment
groups [155, 265, 273]. Ethics approval statements were missing from three studies [265,
275, 278]. Two studies neglected to report the sex of the mice [155, 265], however email
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correspondence confirmed the sex, starting age and diet in one of these studies [265]. One
study failed to report that animals were randomly allocated to control or intervention
groups [265]. One study did not report the purity of the flavonoid or the process of
extraction [155]. All eight studies which measured plasma lipids reported the source of
assay reagents and equipment used, however reproducibility testing for plasma lipid
analyses was reported for only one study [271].
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Table 4.3. Study quality assessment tool.
Study reference
Quality assessment questions (Part

[27

[15

[15

[26

[15

[27

[16

[27

[27

[27

[26

1 – Study design and

4]

5]

6]

5]

9]

1]

0]

3]

2]

5]

9]

Atherosclerotic lesion area)
Was there an ethics approval

Y

N

Y

N

Y

Y

Y

Y

Y

N

Y

Was there random group allocation?

Y

Y

Y

N

Y

Y

Y

Y

Y

Y

Y

Was the gender of mice reported?

Y

N

Y

N

Y

Y

Y

Y

Y

Y

Y

Was the age of mice when flavonoid

Y

Y

Y

N

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

N

Y

Y

Y

Y

Y

Y

Y

N

N

Y

N

Y

N

N

Y

Y

N

Y

Was the sample size justified?

N

N

Y

N

N

N

N

N

N

N

N

Were study conditions identical

Y

N

Y

N

Y

Y

Y

N

Y

Y

Y

Y

N

Y

Y

Y

Y

Y

Y

Y

Y

Y

N

N

Y

N

N

N

N

N

N

N

Y

statement?

administration began reported?
Was the diet during treatment
reported?
Was the body weight of mice
measured before and after treatment?

between control and treatment groups
with the exception of Flavonoid
intervention?
Was the purification of the flavonoid
clearly reported or purity stated?
Was the dose of the Flavonoid
justified?
Questions were answered with either yes, no or not applicable. Scores were expressed as a
percentage of yes answers out of the total questions for each study. NA, not applicable; Y,
yes; N, no, P, poor quality; M, moderate quality; G, good quality.
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Table 4.3 (Continued). Study quality assessment tool.
Study reference
Quality assessment questions (Part

[27

[15

[15

[26

[15

[27

[16

[27

[27

[27

[26

1 – Study design and

4]

5]

6]

5]

9]

1]

0]

3]

2]

5]

9]

Atherosclerotic lesion area)
Was the concentration of the

N

Y

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Did the authors report the stain used?

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Were the investigators blinded to

N

Y

N

N

N

N

N

N

N

N

N

1

2

3

4

5

6

7

8

9

10

11

Y

Y

Y

NA Y

Y

NA Y

Y

Y

NA

N

N

N

NA N

Y

NA N

N

N

NA

Score (%)

59

53

76

20

65

65

60

59

65

53

73

Study Quality

M

M

G

P

M

M

M

M

M

M

M

flavonoid measured in the plasma?
Was intra- and inter-observer
repeatability testing reported for
atherosclerotic lesion area analysis?
Was the method for location of
section and slide preparation
described in detail?

treatment groups during analysis?
Quality assessment questions (Part
2 – Plasma lipid analysis)
Was the source of assay reagents and
equipment included in the methods?
Was repeatability testing reported for
plasma lipid analysis?

Questions were answered with either yes, no or not applicable. Scores were expressed as a
percentage of yes answers out of the total questions for each study. NA, not applicable; Y,
yes; N, no, P, poor quality; M, moderate quality; G, good quality.
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Meta-analysis, sensitivity analyses and funnel plots
Eleven studies, including a total of 18 comparisons, tested the effects of flavonoids on
aortic atherosclerosis lesion area. A total of 208 flavonoid administered and 126 vehicle
control ApoE-/- mice were included in the overall meta-analysis (Figure 4.3). The overall
effect of the flavonoids was to significantly lower atherosclerosis lesion area compared
with controls (SMD 1.10, 95% CI 0.69, 1.51), however there was substantial
heterogeneity between the studies (I2=56%). Sub-group analyses were performed to
compare the effects of the flavonols and flavan-3-ols on atherosclerosis lesion area.
Administration of flavonols, including flavonol glycosides, led to a significant decrease in
atherosclerosis lesion area (SMD 1.31, 95% CI 0.74, 1.87) in a total of 122 experimental
mice (77 control were included). The flavan-3-ols did not significantly reduce
atherosclerotic lesion area (SMD 0.33, 95% CI -0.19, 0.85), based on data from a total of
57 experimental and 20 control mice.
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Figure 4.3. Forest plot showing the effects of flavonoids on atherosclerosis lesion
area. Sub-analyses were performed to test the effect of flavonols, flavan-3-ols,
isoflavones and flavone glycosides on atherosclerosis lesion area. The meta-analysis
included 11 studies and a total of 18 flavonoid comparisons. Comparisons were made
using standard mean differences and a random effects model. Std, standard; S, Aortic
Sinus; T, Thoracic Aorta.
Sensitivity analyses using the leave one out approach showed that all studies contributed
to the findings of the meta-analysis and the removal of individual studies did not change
the overall findings (Table 4.4). Funnel plots suggested evidence of publication bias
(Figure 4.4).
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Table 4.4. Leave one study out sensitivity analyses for the effects of flavonoids on
atherosclerosis lesion area.
Study removed

SMD (95% CI)

P value

I2 value
(%)

None

1.10 (0.69, 1.51)

0.00001

56

Liu, Liao et al. 2014 [274]

1.14 (0.70, 1.58)

0.00001

58

Hayek, Fuhrman et al. 1997 [155]

1.24 (0.77, 1.71)

0.00001

57

Loke, Proudfoot et al. 2010) [156]

1.17 (0.69, 1.65)

0.00001

56

Rosenblat, Belinky et al. 1999 [265]

1.08 (0.64, 1.51)

0.00001

57

Motoyama, Koyama et al. 2009 [159]

1.13 (0.69, 1.56)

0.00001

58

Luo, Sun et al. 2015 [271]

1.05 (0.63, 1.48)

0.00001

56

Xiao, Lu et al. 2011 [160]

0.91 (0.55, 1.26)

0.00001

40

Qin, Luo et al. 2015 [273]

1.16 (0.73, 1.60)

0.00001

56

Sun, Qin et al. 2013[272]

1.15 (0.71, 1.59)

0.00001

58

Wang, Liao et al. 2016 [275]

1.02 (0.63, 1.42)

0.00001

53

Xiao, Liu et al. 2017 [269]

1.07 (0.64, 1.50)

0.00001
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Figure 4.4. Funnel plot for assessment of publication bias of included studies
assessing the effects of flavonoids, flavonols and flavan-3-ols on atherosclerosis
lesion area.
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4.4

Discussion

The main finding of this meta-analysis was that aortic atherosclerosis lesion area was
significantly lower after administration of flavonoids compared with controls in ApoE-/mice. Findings were generally consistent between studies however differences were seen
in studies using flavonols compared with the flavan-3-ols. There was a high degree of
heterogeneity between studies in terms of the flavonoid examined, starting age, the dose
and diet administered, the duration of treatment and area of the aorta which lesion area
was measured. Mice in two studies were administered standard mouse chow with
experimental end points occurring at 10 [155] and 12 [265] weeks old. Previous studies
suggest there is minimal plaque development by 12 weeks of age [279]. Study duration
ranged from 4 weeks [160] to 26 weeks [156], and flavonoid doses ranged from
0.6mg/kg/d [265] to 100mg/kg/d [269, 274, 275]. Quality assessment revealed only two
studies justified the dosage of flavonoid used [156, 269]. Heterogeneity in study
methodology makes quantitative comparisons difficult for individual flavonoids and
flavonoid classes. Future studies involving nutraceuticals would benefit from a stronger
rationale for dose, mouse age and study duration, which are poorly justified in many
current studies.
All studies failed to report reproducibility testing for lesion area measurement, and only
one study reported blinding of the outcome assessor [155]. Furthermore, only one study
provided sample size calculations [156]. Multiple studies did not report body weight or
food consumption to allow for accurate conversion to per kilogram dosage. The funnel
plot suggested the possibility of publication bias which may suggest that a number of
negative studies have not been published.
Flavonoids have previously been proposed to influence atherosclerosis development
through multiple mechanisms including improved lipid profile, reduction in LDLoxidation, and reductions in a number of inflammatory cells and mediators [280]. At the
doses used in the included studies, purified flavonoids were reported to have no
significant effect on plasma TC, TG, LDL-C or HDL-C in ApoE-/- mice. However,
flavonoids were reported to have a significant effect on the oxidative stress parameters
measured in all individual studies, with the exception of one study which reported that
quercetin, but not catechin, reduced LDL-oxidation ex vivo [155]. Heterogeneity of
methods prevented quantitative comparison of the effects of flavonoids on oxidative
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stress, however. Direct in vitro antioxidant effects have been shown for multiple
flavonoids [281], however there is also evidence for an indirect antioxidant effect through
upregulation of HO-1 [271, 282]. Despite the integral role of LDL-oxidation in the
pathogenesis of atherosclerosis, only one of the nine included studies have measured the
effects of a flavonoid on LDL-oxidation in vivo [273].
In addition to antioxidant effects, flavonoids have been reported to reduce endothelial cell
apoptosis, increase aortic eNOS activity [156, 273] and decrease dendritic cell number
[274]. Flavonoids have also been reported to increase the collagen content of plaque
lesions [159], and decrease expression of CD44 [160], suggesting an ability to promote
atherosclerosis plaque stability [161].
The major classes of flavonoids which have been studied for their anti-atherosclerosis
effects are the flavonols and the flavan-3-ols. Both of these flavonoid classes contain
hydroxyl groups on carbon three of the heterocyclic ring, and are differentiated by
whether or not they contain a ketone functional group on carbon 4 (Figure 4.1). Flavonoid
glycosides were classed as flavonols due to evidence of metabolism to flavonols within
the body [255, 256]. The flavonols were the most studied flavonoid, included in seven of
the nine studies, while flavan-3-ols were included in two, and isoflavanes and flavone
glycosides were included in only one study each. In sub-analyses limited to the flavonoid
class, flavonols but not flavan-3-ols significantly reduced atherosclerosis lesion area. The
small sample size of the flavan-3-ol analysis (57 experimental mice compared with 113 in
the flavonol group) may possibly explain this finding. This finding may also be related to
key structural differences between the flavonols and flavan-3-ols, such as the presence of
a ketone functional group in the flavonols but not the flavan-3-ols. The latter may be
important in reducing LDL-oxidation, which was shown to occur after administering all
the flavonols tested [155, 265, 273] but not the flavan-3-ol catechin [155].
Reported beneficial effects of flavonoids on atherosclerosis severity and plaque stability
suggest they may be useful for prevention and treatment of atherosclerosis in humans. A
randomized crossover trial reported that quercetin, administered as quercetin-3-glycoside,
significantly decreased the inflammatory biomarkers soluble endothelial selectin and IL1β compared with placebo after four weeks supplementation [283]. However, no other
clinical trials have assessed the effects of quercetin and other flavonoids on markers of
atherosclerosis in humans. The antioxidant effects of the flavonoids are likely to have
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more impact on the formation of atherosclerosis as opposed to a decrease in size of preexisting plaques, which is a limitation of many newly discovered pharmacotherapies
[284]. Based on these results however, supplementation of flavonoids may be beneficial
for healthy patients to prevent or reduce the likelihood and severety of atherosclerotic
plaques forming. Modifications of markers of plaque stability may be a better indication
of clinically relevant benefits of flavonoids in terms of likelihood of reducing
cardiovascular events [285]. Currently, there is some animal research (as discussed
above) but no clinical research to support a role of flavonoids in increasing plaque
stability [159, 160]. Future animal studies should aim to measure the effects of flavonoids
in models of plaque stability, such as tandem stenosis models in order to better evaluate
possible clinical outcomes [286].
Quercetin is currently the most studied flavonoid in animal and human studies. In the
included studies, the highest dose of quercetin administered was 100mg/kg/d [269].
Previous clinical studies have administered quercetin orally at 15mg/kg/d, for up to eight
weeks, without observable side effects [195]. Based on body surface area calculations,
this dose translates to 185mg/kg/d in mice [287]. Therefore the doses used in these
preclinical models, which were found to have beneficial effects on lesion area and
atherosclerosis biomarkers, are the equivalent of relatively low doses in humans.
Furthermore, quercetin is inexpensive and readily available as a dietary supplement.
Based on the preclinical findings, dose tolerance, cost and availability of quercetin, future
clinical studies should aim to test the benefit of quercetin supplementation in combination
with currently used therapies on cardiovascular end points.
The current meta-analysis is limited by a number of factors. Firstly, none of the specific
flavonoids have been tested for their effects on lesion area in more than three separate
studies. Therefore statistical comparisons were performed between the most commonly
studied flavonoid classes, the flavonols and flavan-3-ols, and individual flavonoids were
not compared. Secondly, only one of the included studies measured plaque stability, and
only one measured LDL oxidation in vivo, both of which are important in atherosclerosis
pathology. Future animal studies should aim to assess the effects of flavonols on plaque
collagen content, as preliminary evidence suggests they may improve plaque stability,
which is a clinically relevant finding.
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In conclusion, this meta-analysis suggests that flavonoids reduced the severity of
atherosclerosis in ApoE-/- mice. The flavonoid subclass, the flavonols, appear to be the
most effective at reducing lesion area based on the studies available.
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CHAPTER 5
QUERCETIN DOES NOT IMPROVE EXERCISE
PERFORMANCE OR BLOOD FLOW IN A NOVEL MODEL
OF SUSTAINED HIND LIMB ISCHEMIA
5.1

Introduction

Peripheral artery disease (PAD) is a common cause of leg pain, walking impairment, low
physical activity and poor health-related quality of life [19, 288, 289]. Cilostazol is the
only currently available drug therapy for lower limb PAD but because of low efficacy is
not currently recommended by the European guidelines [16].
The flavonoids are a group of polyphenols found in some foods [152]. Prior reports
suggest that the flavonoid quercetin can improve limb blood flow recovery and capillary
density [60], reduce muscle atrophy [175, 188], and reduce oxidative stress and proinflammatory cytokines in skeletal muscle [149, 151] in animal models. Cytokines,
including IL-6 and TNF-α have been detected at high levels in skeletal muscle of PAD
patients [36]. High concentrations of these cytokines and low availability of NO have
been correlated with the most common and debilitating symptoms of PAD, i.e. poor
ambulatory performance [38] and muscle pain due to lactic acid build-up [36]. Quercetin
has been reported to improve exercise performance in healthy mice [174], and reduce
acid-induced pain stimulation [149]. This is potentially achieved through a reduction of
TNF-α and through increases in endothelial NO production [60]. These research findings
suggest that quercetin may be an effective treatment for PAD, however the relevance of
these prior studies to people with PAD is unclear.
Previous animal studies on PAD have a range of limitations, including the use of an acute
ischemia model in which blood supply rapidly recovers, investigating young rodent
strains with excellent angiogenesis ability, poor study design and employing outcome
measures unrepresentative of the clinical situation, as previously reviewed in detail [46].
A novel two-stage surgical HLI mouse model was previously developed in order to better
simulate human PAD [59]. This two-stage model has sustained HLI without spontaneous
recovery and impaired exercise performance [59]. The aim of this study was to test the
effect of quercetin supplementation on exercise performance, physical activity and blood
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supply within this novel rodent model through a well-designed randomised controlled
trial.
5.2

Materials and Methods
Mice

Mouse husbandry is described in detail in chapter 2.1. Briefly, male ApoE-/- mice aged
18-22 weeks were acclimatized for four weeks. Mice were housed one per cage in
individually ventilated techniplast cages. All conditions were kept constant between
experimental groups with the exception of quercetin being incorporated into the diet of
the intervention group. All procedures were approved by the James Cook University
Animal Ethics Committee (A2352).
Study design and outcome assessment
At 22-24 weeks old, mice were allocated to two experimental groups with equal exercise
performance and blood flow (Figure 5.1). The two groups were then randomly allocated
to receive a diet which contained quercetin (n=24) or an otherwise identical control diet
that did not contain quercetin (n=24). HLI was induced over 14 days through two
sequential operations as previously described [59]. Mice were allowed to recover from
surgery and 5 days later, they were fed either the diet containing quercetin or the control
diet until the end of the experiment (37 days after ischemia establishment). Research was
conducted in accordance with the ARRIVE guidelines [146]. Exercise performance was
tested on a treadmill at baseline (day 0), and on days 24, 34 and 44 (10, 20 and 30 days
after second HLI surgery). Physical activity was monitored through open field tests on
day 44, and limb pressure sensitivity was estimated on day 48. Hind limb blood flow was
measured at baseline (day 0), prior to the second surgery (day 13), the day after the
second surgery (day 15), and on days 28, 35 and 49 (Figure 5.2). Blood samples were
taken from the tail vein on day 0 (baseline), day 30 and cardiac puncture on day 51
(endpoint). Body weight was measured weekly. At the end of the experiments mice were
euthanized by carbon dioxide asphyxiation.
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Figure 5.1. Baseline limb perfusion and distance travelled on a treadmill for
intervention groups prior to randomised assignment of intervention.
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Figure 5.2. Study design and timing of quercetin dietary intervention and outcome
assessments.
Two-stage induction of HLI
Mice were anaesthetised (section 2.2) and depilatory cream was applied to the left hind
limb next to the left inguinal ligament to allow for clean surgical incision. The cream was
removed after one minute with cotton pads and PBS, the surface of the skin was lightly
cleaned with 70% ethanol, and riodine was applied. A 10mm vertical incision was made
to expose the inguinal ligament and allow access to the femoral neurovascular bundle.
Care was taken not to remove adipose and other tissue during the surgery. The femoral
artery was carefully separated from the femoral vein and femoral nerve using a
stereotactic microscope (Leica), and care was taken to maintain the integrity of the nerve
and vessels. Two hygroscopic ameroid constrictors with an internal diameter of 0.25mm
(Research instruments SW, Escondido) were placed on the femoral artery, one inferior to
the internal iliac artery branch, and one superior to the deep femoral artery branch. The
femoral vein and femoral nerve were repositioned next to the femoral artery and the
displaced adipose was placed over the vessels and stitched using dissolvable internal
sutures. The incision was closed using 6-0 silk sutures, riodine was applied, and the mice
were monitored until they had recovered from anaesthesia.
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Fourteen days later, following hair removal and application of riodine, a horizontal
incision was made at the same location as the first surgery and the femoral artery with
hygroscopic ameroid constrictors was exposed and separated from the femoral nerve and
femoral vein. The femoral artery was ligated using 6-0 silk sutures at two sites, one distal
to the distal ameroid constrictor, and one proximal to the proximal ameroid constrictor, so
that the vessel could be resected along with both ameroid constrictors. The displaced
adipose was placed over the vessels and stitched using dissolvable internal sutures. The
incision was closed using 6-0 silk sutures, riodine was applied and mice were monitored
until they had recovered from anaesthesia.
Experimental groups
Control mice received a diet containing 20% protein, 4.8% fat, 4.8% crude fibre, 0.80%
calcium, 0.70% phosphorous, 0.36% salt and 14MJ/kg digestible energy (Specialty feeds,
Glen Forrest, WA Australia). The intervention group received quercetin (Sigma Q4951,
Castle Hill, NSW Australia, 0.16% w/w) incorporated into a diet otherwise identical to
the control diet. This dose of quercetin equates to approximately 185mg/kg/d, based on an
average food consumption of 3.45g/d [277]. This dose was estimated to be equivalent to
the most commonly used dose in human patients (1000mg/d) based on body surface area
calculations [195, 290].
Assessment of exercise performance with a treadmill test
This was the primary outcome for the study. A treadmill test (TMT) was performed using
a six-lane treadmill (Columbus Instruments Excer3/6, Port Macquarie, NSW Australia) as
described previously [59]. Mice were acclimatised to the treadmill over a three day period
for 15 minutes each day before experiments took place. Over the first two days of the
acclimation period mice were allowed to get used to the treadmill with gentle
encouragement and shock grids turned off. On the third day mice were allowed to run
with shock grids turned on (0.75mA, 163V, 1Hz). Prior to each TMT, mice were fasted
for two hours to avoid postprandial effects. Over the first minute, speed was increased to
15m/min, and shock grids were turned on. Total distance travelled was recorded from the
start of running at 10m/min, and mice were considered fatigued once they had 10 separate
visits to the shock grid.
Assessment of physical activity with an open field test
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Mice were acclimatized in the building where open field experiments occurred three days
prior to recording. Mice were placed in an open field cube (40×40×40 cm, divided into an
outer field and a central field of 20×20 cm), and their movement was recorded for 20
minutes with a Logitech quick capture webcam. Analyses of open field recordings were
performed using TopScan Lite 2.0 software. Total distance travelled and total velocity
were recorded for each mouse, to allow for comparison between groups.
Assessment of pressure sensitivity from pressure application
Limb pressure sensitivity was measured using a pressure application measurement device
(PAM, Ugo Basile, VA Italy) as previously reported [59]. Mice were restrained in a
supine position and pressure was applied to the hind limb with a force transducer at a rate
of 20g/s. The point at which mice withdrew the limb, vocalised, or had twitching of
whiskers in response to the device was considered the endpoint. The peak force applied
immediately prior to the endpoint was considered the limb withdrawal threshold. The data
was normalised as the limb withdrawal threshold ratio of the left (ischemic) and right
(contralateral) hind limb, to allow comparison between groups.
Assessment of blood flow with laser Doppler perfusion imaging
Blood flow was measured in both hind limbs of mice using laser Doppler perfusion
imaging (Chapter 2.5).
Preparation of plasma samples
Blood samples were prepared according to the procedure detailed in the general materials
and methods (Chapter 2.9).
Total plasma nitrate and nitrite concentration
Total nitrate and nitrite concentrations were quantified in the plasma as a measure of NO
concentration. Analysis was performed on plasma samples from control and quercetin
treated mice at baseline and day 30 (16 days after HLI induction). The experimental
procedure was performed using a NO fluorometric assay kit (Abcam ab65327, Melbourne
VIC, Australia) according to the instructions for use. Fluorescence was measured at
Ex/Em 360/450nm and converted to mM concentrations using a standard curve.
Quantification of plasma cytokines
Plasma IL-6, IL-10, IL-12 and TNF-α were measured at baseline (day 0) and endpoint
(day 51) using a mouse cytokine magnetic bead panel (milliplex, MCYTOMAG-70K)
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according to instructions for use. Plasma samples (25µl) were incubated over night with
bead-antibody complexes at 4ºC to allow for binding of cytokines. Samples were
incubated with detection antibodies and streptavidin-phycoerythrin. The plate was washed
twice and 150µl of drive fluid (Millipore, Australia) was added to each well. The
MAGPIX machine (Luminex, Australia) was then run utilising 50µl drive fluid per run to
quantify cytokines. Median fluorescent intensity was converted into concentration
measurements using a 5-parameter logistic plot using MAGPIX xPONENT 4.2 software
(Luminex, Australia).
Sample size calculation
Sample size was estimated based on the effect size reported for quercetin improving
exercise performance in a TMT in healthy mice [174]. In that study, 16 mice were given
quercetin (25mg/kg/d) for seven days and achieved 37% ± 9.5% (mean ± SEM) longer
distance during the test than controls [174]. The sample size calculation was two-tailed,
power was set to 0.80 and the alpha value was set at 0.05. Based on these values, a
minimum required sample size of 20 mice per group was estimated. Sample size was
increased by 20% to account for potential drop-outs due to surgical complications or mice
welfare concerns.
Statistical analyses
Data were analysed as described in chapter 2.15. Specifically, open field distance and
velocity were compared between groups using unpaired two-tailed t-tests as data were
normally distributed. Limb withdrawal forces, total nitrate concentrations and cytokine
concentrations were compared between groups using Mann-Whitney U tests as these data
were not normally distributed. Plasma cytokine values that did not fall within the assay
detection range were excluded. Blood flow, distance travelled and body weight were
measured at multiple time points throughout the study and were compared between
groups using LME models. Blood flow, distance travelled, or body weight and time were
set as fixed effects, and variation between individual mice was set as a random effect.
Differences were considered statistically significant when p-values were <0.05.
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5.3

Results
Mice welfare

A total of 48 mice commenced the experiment (24 mice per group). Three mice (1 from
the intervention group and 2 controls) did not wake up from anaesthesia following HLI
induction. These mice were excluded from the data analysis as the intervention had not
commenced. At the experimental endpoint, 23 mice from the intervention group and 22
mice from the control group were sacrificed. Body weight of all mice did not change
significantly over the duration of the experiment (p=0.590) and were similar in both
groups (p=0.625, Figure 5.3). The exclusion of outliers identified in body weight data did
not change the statistical interpretations.

Figure 5.3. Body weight in mice receiving quercetin and controls throughout the
experimental period. Data are presented as means ± SEM. Data were analyzed using a
LME model.
Quercetin did not improve exercise performance, reduce pressure sensitivity
or improve physical activity
The distance travelled during the TMT increased significantly over time in both groups
(Figure 5.4A, p<0.001), but did not differ between interventional and control animals
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(p=0.785). There was no significant difference in the ratio of withdrawal force after
pressure application between groups (Figure 5.4B, p=0.866). Mean velocity (p=0.412)
and mean distance travelled (p=0.151) in an open field test were also not significantly
different between groups (Figure 5.4C, D).

Figure 5.4. The effect of quercetin on ambulatory performance, pressure sensitivity
and voluntary activity. (A) Distance travelled in a TMT. Data were analyzed using a
LME model. Data were log transformed during statistical analysis to conform to model
assumptions however raw values are shown. (B) Force applied to hind limb paw
immediately prior to limb withdrawal or signs of distress, expressed as a ratio of left
(ischemic) to right (contralateral) limb. Data are presented as medians with IQR. Data
were analyzed using a Mann-Whitney U test. (C) The average velocity at which mice
moved during an open field test in the whole area, and specifically within the exterior and
centre zones. (D) Distance travelled during an open field test in the whole area, and
specifically within exterior and centre zones. Open field data were compared using
unpaired two-tailed t-tests. Quercetin, n=23; controls, n=22. Data in A, C and D are
presented as means ± SEM. 1, surgical procedure to implant ameroid constrictors; 2,
surgical procedure to ligate femoral artery and establish HLI.
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Quercetin did not improve hind limb blood supply despite increase in plasma
total nitrates
In both groups, hind limb perfusion ratios decreased following the two-stage HLI model
(p<0.001), however quercetin administration did not influence severity of HLI (Figure
5.5A,B, p=0.954). There was no significant difference in total plasma nitrate and nitrite
concentration between groups at baseline (prior to quercetin consumption, p=0.272,
Figure 5.5C). Mice that consumed quercetin had significantly greater total plasma nitrate
and nitrite concentrations than controls 30 days after surgery (11 days after quercetin
consumption began, p=0.021, Figure 5.5D).
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Figure 5.5. The effect of quercetin on hind limb perfusion measured by LDPI and
plasma nitrate and nitrite concentrations. (A) Hind limb perfusion decreased following
surgery in both groups but did not differ between groups, quercetin, n=23; controls, n=22.
Data were presented as means ± SEM and analyzed using a LME model. (B)
Representative LDPI images of hind limb perfusion at baseline and day 28. (C) Total
plasma nitrate and nitrite concentration did not differ between groups at baseline,
quercetin, n=12; controls, n=12. Data are presented as median with IQR and analysed
using a Mann-Whitney test. (D) Total plasma nitrate and nitrite concentrations were
significantly higher in mice consuming quercetin on day 30; quercetin, n=12, controls,
n=12. * Significantly different from control (p<0.05). Data were presented as median
with IQR and analysed using a Mann-Whitney test. 1, surgical procedure to implant
ameroid constrictors; 2, surgical procedure to ligate femoral artery and establish HLI.
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Quercetin did not influence plasma cytokine concentrations
There was no significant difference in plasma TNF-α (p=0.619), IL-6 (p=0.565), IL-10
(p=0.704) or IL-12 (p=0.724) between experimental groups (Figure 5.6).

Figure 5.6. Plasma cytokine concentration at baseline before HLI or quercetin
administration, and at the endpoint following four weeks quercetin administration.
Plasma IL-6 (A), IL-10 (B), IL-12 (C) and TNF-α (D) were measured. All data are
presented as medians with IQR. Data were analyzed using Mann-Whitney U tests. IL-6,
interleukin 6; IL-10, interleukin 10; IL-12, interleukin 12; TNF-α, tumor necrosis factor
alpha; ns, not significant.
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5.4

Discussion

The current study found that administration of quercetin after HLI induction did not
improve exercise performance or increase physical activity in a novel model of lower
limb PAD with many patient relevant features.
It was previously reported that administration of isoquercitrin conjugated to glucose
moieties (a form of bioavailable quercetin) to mice improved hind limb blood supply
when started two weeks prior to induction of acute HLI [60]. Conversely, the current
study found that administration of quercetin after HLI induction did not improve limb
perfusion. Previous mouse studies reported that a dose of 185mg/kg/d of quercetin, which
was used in the current mouse study, was effective at improving exercise performance,
reducing muscle atrophy, and reducing inflammation [174-177, 185, 291]. This dose was
also estimated to equate to 1000mg/d in human subjects based on body surface area
calculations [287]. A dose of 1000mg/d has been tolerated in human subjects for up to
eight weeks with no reported side effects, and beneficial effects on exercise performance
in healthy subjects have been reported at this dose [195, 290]. In the current study,
quercetin administration increased total plasma nitrates (an indicator of NO) suggesting
that quercetin had a biological effect. NO has been critically implicated in improving
blood flow and increasing angiogenesis and is the suggested mechanism by which
quercetin has improved hind limb blood supply in previous studies [60, 292]. This study
suggests that the observed increase in NO was insufficient to improve perfusion in the
two-stage HLI model used.
The current study used old mice prone to atherosclerosis with sustained HLI in order to
model human PAD. Old mice are less responsive to interventions which stimulate
arteriogenesis, angiogenesis and mitochondrial biogenesis [293]. The two-stage surgical
model used in this study also limits changes in shear stress due to gradual occlusion and
abolishes collateral circulation that usually forms quickly after acute HLI [46, 58]. This
may explain why quercetin did not improve exercise performance and blood flow in the
current study, in contrast to the previously reported studies utilising other mouse models
[174].
Limb pain is a common symptom in patients with PAD but difficult to assess in animal
models. Quercetin has been previously reported to reduce pain from acetic acid injection
[149], however the effects of quercetin on pain has not been previously evaluated in HLI
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models. The current study assessed the effects of quercetin on hind limb hypersensitivity
to mechanical pressure and found no benefit. Furthermore, quercetin administered in the
diet did not appear to alter plasma IL-6, IL-10, IL-12 or TNF-α concentrations. The
findings suggest quercetin is unlikely to be beneficial for pain secondary to ischemia.
This study had a number of strengths and limitations. Strengths were the inclusion of key
design features, such as randomisation, adequate sample sizes and use of a clinically
relevant model. Quercetin was added to the diet to mimic human consumption through
the diet as opposed to direct administration through gavage. Body weight data suggest
mice in both groups were consuming diet equally. Supplementation may be modelled
through gavage in mice, and this route of administration may have shown better efficacy.
Quercetin was administered after sustained HLI was established, in order to reflect what
occurs clinically as patients seek treatment once symptoms are present. Quercetin was
tested over a 30 day-period and it is possible that a longer duration of administration may
have had a different effect. Male mice were used in the current study as the newly
developed model of sustained HLI has not yet been tested in female mice. It is of vital
importance that future studies utilise male and female mice as PAD is of equal or
potentially higher burden in women [294].
In conclusion this study suggests that quercetin does not improve exercise performance,
physical activity, blood supply or reduce pressure sensitivity when administered in a
model of sustained HLI described in the current study.
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CHAPTER 6
TREE NUT SUPPLEMENTATION REDUCES THE SEVERITY
OF ATHEROSCLEROSIS BUT NOT AAA IN MICE
6.1

Introduction

CVD is the leading cause of mortality and a major cause of morbidity worldwide, mainly
as a result of atherosclerosis and its associated complications [240]. Western diets high in
saturated fats and sugarsare widely believed to stimulate development and progression of
atherosclerosis. Studies within the last decade have strongly supported the benefit of a
diet enriched with tree nuts in limiting the development of atherosclerosis within
experimental models and also reducing the incidence of atherosclerosis-associated
cardiovascular events in patients [248, 296, 297].
AAA is an important cause of death in older adults due to aortic rupture [298]. The
pathological mechanisms implicated in AAA include marked transmural inflammation,
severe extracellular matrix remodeling leading to medial weakening and eventual aortic
rupture [299]. While atherosclerosis has been traditionally implicated in AAA
pathogenesis, has also been widely discussed that AAA is a distinct disease with different
pathological mechanisms and some distinct risk factors [300, 301]. Hypertension, obesity,
older age and cigarette smoking are important risk factors for both atherosclerosis and
AAA [300, 302]. Diabetes is an important risk factor for athero-occlusive disease but
negatively associated with AAA [300]. Due to these distinctions, interventions which are
effective against atherosclerosis-associated CVDs cannot be automatically assumed to
limit AAA development, growth and rupture.
Tree nuts consist mainly of unsaturated fatty acids, including n-3 PUFA, and polyphenols
[206-208]. Previous studies have reported that administrating n-3 PUFAs or polyphenols
can limit AAA development and severity within experimental animal models [214, 216].
Based on this previous experimental evidence it is possible that a diet enriched with tree
nuts may limit the development and severity of AAA (Chapter 1.5.2), however no
previously published experimental or clinical studies have investigated this hypothesis.
The aim of this study was to test the effect of a diet enriched with tree nuts on the
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development of AAA within a mouse model. It was hypothesised that a diet enriched with
tree nuts would limit the development and severity of AAA.
6.2

Materials and Methods
Mice

Mouse husbandry is described in detail in chapter 2.1. Briefly, male ApoE-/- mice aged 68 weeks sourced from the animal resources centre were acclimatized for four weeks. Mice
were housed 3-5 per cage in individually ventilated techniplast cages. Baseline
measurements and dietary interventions were initiated when mice were 10-12 weeks old.
All procedures were approved by the James Cook University Animal Ethics Committee
(A2353).
Study design
At 10-12 weeks old, mice were randomized to control or intervention diets. Allocated
diets were continued from the beginning (day 1) until the end of the experiment (day 56)
or mouse fatality. Subcutaneous micro-osmotic pumps were implanted (Model 1004,
Alzet, Australia) on day 28, which continuously infused Ang II (1.44mg/kg/d; Sigma) for
28 days to induce AAA formation [303]. The maximum diameter of the SRA was
measured on days 0, 23, 34, 41, 48 and 54 (Figure 6.1). Systolic and diastolic blood
pressures were measured on days 0, 24, 35 and 49. Body weight and food weight were
measured every two days. Outcome assessors were blinded to treatment groups at the
time of measurement for all end point analyses. At the end of the experiments mice were
euthanized with carbon dioxide asphyxiation.
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Figure 6.1. Animal study design from the beginning of the intervention with a diet
enriched with macadamia and pecan nuts through until sacrifice.
Micro-osmotic pump implantation
Hair was removed, riodine was applied and a small incision, approximately 5mm, was
made between the scapulae. Skin was blunt dissected from the subcutaneous tissue to
create a pocket using long-nosed haemostats, and pumps were inserted to the left at the
level of the rib cage. The skin was closed using 3/0 non-absorbable monofilament sutures,
and riodine was applied to the site.
Dietary interventions
The control mice (n=17) received standard mouse chow containing 20% protein, 4.8%
fat, 4.8% crude fibre, 0.80% calcium, 0.70% phosphorous, 0.36% salt and 14MJ/kg
digestible energy (Specialty feeds, Glen Forrest WA). The experimental mice
(intervention group, n=17) received the same standard mouse chow diet enriched with
2.5% macadamia nuts and 2.5% pecan nuts (Specialty feeds, Glen Forrest WA). The diets
were formulated to achieve a nut content of 5.75g/kg/d, which is estimated to translate to
an amount of 0.5g/kg/d body weight in humans based on body surface area calculations
[287]. This nut content equates to approximately 30g/d in humans; an amount which has
previously been reported to reduce cardiovascular endpoints [248]

Assessment of AAA severity
84

AAA severity was assessed by measuring the maximum diameter of the SRA from
ultrasound images (Chapter 2.3) and ex vivo morphometry (Chapter 2.6). Observers were
blinded to treatment groups at the time of analysis. Mice that died during the
experimental period were autopsied to confirm whether aortic rupture was the cause of
death. It has previously been reported that saline infused ApoE-/- mice do not have
external SRA diameters exceeding 1.5mm [20]. Therefore the diagnosis of AAA was
defined by a maximum SRA diameter of >1.5mm.
Assessment of blood pressure
Systolic and diastolic blood pressures were measured using a non-invasive tail cuff blood
pressure monitor (Chapter 2.4).
Quantification of atherosclerosis severity
Atherosclerosis lesion areas were quantified in the aortic arches of mice using en face
Sudan IV staining and in cross sections of the brachiocephalic arteries using elastic Van
Gieson’s staining. En face staining was performed in aortic arches harvested following
the 56-day experimental period (Chapter 2.11). Brachiocephalic arteries were paraffin
embedded (Chapter 2.12.1), stained with Van Gieson’s stain (Chapter 2.12.4), and
atherosclerotic lesion area was quantified using Adobe Photoshop CC 2015 (Chapter
2.13).
Sample size calculation
The required sample size was calculated based on results from a previous study in which
the effect of n-3 PUFA administration on Ang II-induced AAA was reported [214]. This
study reported a mean (± SD) SRA diameter normalized to adjacent aortas of 0.92±0.14
in mice receiving n-3 PUFA compared with 1.91±0.71 in controls [214]. From these
values, an effect size of 1.93 was calculated. The estimated effect size was reduced by
30% to account for relative lower amount of fatty acids present in the nuts administered
in the current study compared to the n-3 PUFA administered in the previous study. The
sample size was increased by an additional 30% to account for anticipated deaths due to
aortic rupture during Ang II infusion. The desired power was set to 0.9 and the alpha
value was set at 0.05. Based on these calculations a sample size of 17 mice per group was
required for this study. Calculations were performed using G Power 3.1.
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Statistical analyses
Data were analysed as described in chapter 2.15. Specifically, ex vivo aortic diameters
were compared using unpaired two-tailed t-tests as data were normally distributed.
Incidence of AAA development and AAA rupture were compared between groups using
Fisher’s exact test and Mantel-Cox (Log-rank) test, respectively. Aneurysm diameter
Data measured at multiple time points throughout the study were compared between
groups using LME models. Aortic diameter, blood pressure, body weight or food
consumption, and time were set as fixed effects, and variation between individual mice
was set as a random effect. Levene’s test was applied to test for unequal variance between
time points due to Ang II increasing the variance of many physiological parameters. Due
to the significant difference in variance between time points for systolic and diastolic
blood pressure (p<0.001), different SDs were allowed in the LME model before versus
after Ang II administration. Differences were considered statistically significant when pvalues were <0.05.
6.3

Results

Thirty-four mice commenced the experiment of which 17 were allocated to the nutenriched diet and 17 to the control diet. Thirteen (38%) mice died during the Ang II
infusion secondary to aortic rupture, and one (2.9%) mouse from the control group was
euthanised due to ethical considerations. Mice which died or were euthanised prior to the
experimental end point were included in continuous data up until the point of death. At
the experimental end point, 12 mice from the control group and 8 mice from the
intervention group were sacrificed. Body weight gain throughout the experimental period
was not significantly different between groups (p=0.064, Figure 6.2). Food consumption
over the 56-day period was not significantly different between the groups (p=0.972,
Figure 6.2).
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Figure 6.2. Body weight and food consumption from the beginning of the
intervention with a diet enriched with macadamia and pecan nuts through to
sacrifice. (A) Body weight, (B) Food consumption.
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A diet enriched with nuts did not influence Ang II-induced AAA incidence or
severity
The SRA diameters as measured by ultrasound changed similarly over time in the mice
receiving the nut enriched diet and controls (p=0.313, Figure 6.3A). At the end of the
experiment, ex vivo SRA diameters were similar in both groups (p=0.576, Figure 6.3B,
Figure 6.4). Additionally, there were no significant differences in the maximum diameters
of the IRA, aortic arch, or thoracic aorta between mice receiving a diet enriched with nuts
and controls (Figure 6.3B). At the end of the experiment AAAs were present in 7 (58%)
controls and 4 (50%) mice receiving the diet enriched with tree nuts (p=0.999, Figure
6.3C). Deaths due to aortic rupture occurred in 4 (25%) controls and 9 (53%) mice
allocated a diet enriched with nuts (p=0.509, Figure 6.3D). AAAs (>1.5mm) were present
in all mice that died from aortic rupture prior to the experimental endpoint.
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Figure 6.3. The effect of a diet enriched with tree nuts on Ang II-induced AAA
incidence and severity. (A) Maximum diameter of the SRA measured by ultrasound
throughout the experiment. Data are presented as means ± SEM and were analyzed using
a LME model of log transformed data. (B) Maximum diameter of the aortic arch, thoracic
aorta, SRA and IRA measured from images of harvested aortas of mice at the experiment
end point. Data are presented as means ± SEM, and data were analyzed using unpaired
two-sample t-tests. (C) AAA incidence in relation to dietary allocation. Data were
presented as number of mice and compared using a Fisher’s exact test. (D) Survival free
from aortic rupture in mice within the intervention and control group. Data were analyzed
using Mantel-Cox (Log-rank) test.
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Figure 6.4. All aortas from mice receiving a diet enriched with tree nuts and control
mice at experimental endpoint (day 56).
Ex vivo diameters of the SRA from mice that died from aortic rupture were not significantly
different between groups (p=0.148; Figure 6.5).
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Figure 6.5. Diameter of the SRAs of mice that died of aortic rupture prior to the
experimental end point (day 56). Data are presented as medians ± IQR, and were
analyzed using two-tailed Mann-Whitney U tests.
The diet enriched with nuts reduced the severity of atherosclerosis in the
brachiocephalic artery but not the aortic arch of ApoE-/- mice
The severity of atherosclerosis within the brachiocephalic artery as estimated by the
intima:media area ratio was less in mice in the intervention group compared with controls
(18±9.0% versus 53±12%; p=0.033; Figure 6.6A). There was no significant difference in
the severity of aortic arch atherosclerosis as assessed by Sudan IV staining between the
two groups (p=0.098, Figure 6.6B).
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Figure 6.6. The effect of a diet enriched with nuts on atherosclerosis lesion area.
Lesion area was assessed by histological assessment of cross sections of the
brachiocephalic artery (A) and Sudan IV staining of the aortic arch (B). Histologically
estimated intima:media area ratio was significantly less in mice receiving a diet enriched
with nuts by comparison to the control group (p=0.033). (C) Representative
photomicrographs of cross sections of the brachiocephalic artery from both groups. Scale
bar, 100µm. (D) Representative images of en face Sudan IV stained aortic arches from
both groups. Data are presented as medians ± IQR, and were analyzed using two-tailed
Mann-Whitney U tests. * Statistically significant difference between groups (p<0.05).
A diet enriched with nuts did not affect blood pressure
There was no significant difference in systolic (p=0.149) or diastolic blood pressure
(p=0.247) between intervention and control groups throughout the experiment (Figure
6.7). Additionally, Ang II did not cause an increase in systolic (p=0.117) or diastolic
(p=0.480) blood pressure throughout the experimental period.
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Figure 6.7. The effect of a diet enriched with nuts on blood pressure prior to and
following Ang II infusion. (A) Systolic blood pressure, (B) Diastolic blood pressure.
Data are presented as medians and IQR with all data points. Data were analysed using a
LME model allowing for unequal variance before (day 0, 24) vs. after (day 35, 49) Ang II
administration.
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6.4

Discussion

The main finding of this study was that dyslipidemic mice receiving a diet enriched with
nuts did not have a reduction in AAA severity following Ang II infusion. Additionally,
there was no significant difference in AAA incidence or rupture between the groups. The
diet enriched with nuts reduced cross sectional atherosclerosis plaque size within the
brachiocephalic artery of ApoE-/- mice, but not the amount of atherosclerosis within the
aortic arch.
Diets enriched with tree nuts have been previously reported to limit high fat feeding
induced aortic arch atherosclerosis in male ApoE-/- mice [297], and also spontaneous
aortic arch atherosclerosis development in female but not male ApoE-/- mice [304]. In this
study the dietary intervention reduced the severity of atherosclerosis in the
brachiocephalic artery, but not the extent of intimal atherosclerosis in the aortic arch in
male ApoE-/- mice. Many of the atherosclerotic lesions found in the aortic arch were likely
already present prior to dietary supplementation, as previously reported in 12 week old
ApoE-/- mice, which may explain the different findings between these outcomes [259]. It
is possible that a diet enriched with macadamia and pecan nuts may slow the progression
of atherosclerosis but it seems unlikely it would regress existing lesions, at least in the
time frame tested.
AAA has distinct pathological characteristics compared to atherosclerosis [300]. AAA are
characterised by weakening and dilation of the vessel wall, thought to be stimulated by
excessive extracellular matrix remodelling by proteases, such as MMPs [67, 68].
Inflammation and leukocyte recruitment have been implicated in the tissue destruction
and remodelling of the vessel wall [305], often accompanied by mural thrombus and
decreased smooth muscle cell density, compromising vessel wall structure and integrity
[71, 72].
n-3 PUFAs and polyphenols are the main constituents of tree nuts which are thought to be
beneficial against CVD [145, 206-208]. In addition to their effects on atherosclerosis, n-3
PUFA and polyphenols, such as quercetin, have both been reported to reduce AAA
severity in mouse models [214, 216]. Purified n-3 PUFA (5.75g/kg/d) has been reported
to reduce AAA severity in the Ang II mouse model by downregulating aortic expression
of metalloproteinases 2 and 9, and decreasing expression of pro-inflammatory cytokines
[214]. Purified polyphenols (60mg/kg/d) have also been reported to reduce AAA severity
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in a mouse model by downregulating aortic expression of MMP-2 and MMP-9
expression, as well as increasing expression of tissue inhibitors of metalloproteinases
[216].
The current study aimed to administer these active components through a dietary
intervention with nuts. It is possible that the amounts of n-3 PUFAs and polyphenols in
tree nuts were not high enough to induce the previously reported effects. In order to
achieve the previously reported beneficial n-3 PUFA dose of 5.75g/kg/d, mice would
have had to consume 50g/kg of macadamia and pecan nuts per day, which is estimated to
equate to 300g/d of macadamia and pecan nuts in humans [206, 207, 214, 216]. It is
unlikely that these doses would be tolerated in mice or people for long periods. To our
knowledge, no human study has supplemented tree nuts at doses greater than 100g/d
[306, 307]. The current study suggests that consumption of a diet enriched with tree nuts,
at clinically relevant doses (estimated to be 30g/d), does not positively or negatively
influence AAA development or severity in this mouse model. This finding does not
negate the substantial evidence that dietary intervention with tree nuts can limit the
severity of atherosclerosis. The absence of a deleterious effect of tree nuts on AAA
progression is important given that patients commonly have both atherosclerosis and
AAA [308]. Findings from the current study do not provide evidence to discourage
consumption of nuts in AAA patients although they suggest their intake is unlikely to
influence AAA progression.
The diet enriched with nuts did not significantly influence blood pressure in the current
study, and Ang II did not cause an increase in blood pressure. This result is consistent
with previous studies utilising the same dose of Ang II [82, 309]. No previous animal
studies have investigated the effects of a diet enriched with tree nuts on blood pressure,
but it has been reported that n-3 PUFA administration prevents Ang II-induced
hypertension in rats [310, 311]. n-3 PUFAs have been reported to have minimal effect on
blood pressure in non-hypertensive animals, however, and so it is not unexpected that a
diet enriched with nuts would also have no effect on blood pressure in the current study
[310, 311].
The current study has a number of strengths and limitations. Important experimental
design features were included in the study such as an estimation of the required sample
size, blinding of outcome assessors and the use of reproducible outcome measures. The
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required sample size was calculated based on the quantification of SRA diameter, which
was the primary outcome measure. Based on findings in a prior study a relatively large
effect size was used in the sample size calculation [214]. Losses of mice due to aortic
rupture were higher than anticipated (41% compared to a hypothesised rate of 30%). Due
to both these factors the study was not adequately powered to detect a small or moderate
treatment effect on the primary outcome. Thus a small or moderate effect of a diet
enriched with tree nuts on experimental AAA severity cannot be excluded. The study
used the most common method of inducing AAA (Ang II infusion) in male ApoE-/- mice.
It remains unclear how findings from rodent models translate to AAA patients. There is
evidence to suggest that the renin-angiotensin system is important in human AAA
pathogenesis supporting the use of the Ang II model [312]. Male mice were used in the
current study as they have a greater propensity for Ang II induced AAA formation [313315]. Findings from the current study may have no relevance to AAA in women. It is also
unclear whether results from rodent models can be directly translated to patients,
especially when nuts are consumed for long periods, and therefore the clinical relevance
of the current study should be interpreted with caution. Additionally, the mix of nuts used
in the current study included macadamias and pecans because they are inexpensive and
easily available but these specific nuts have been less thoroughly investigated than
almonds, hazelnuts and walnuts [248, 304]. There is growing evidence to suggest that
they have similar benefits to those of other tree nuts [236, 316-319]. The combination of
tree nuts used in this study provide MUFA, PUFA, and polyphenol content similar to the
tree nuts in the aforementioned animal and human studies, suggesting they were likely to
have similar beneficial cardiovascular effects [206, 207].
In conclusion this study suggested that a diet enriched with tree nuts does not limit the
incidence or severity of AAA development within a rodent experimental model. This was
despite reducing the severity of atherosclerosis as assessed by histological analysis of the
brachiocephalic artery. The data adds to other previous evidence suggesting that the
pathogenesis, and thus effective therapies, of AAA and atherosclerosis are distinct [300].
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CHAPTER 7
COLCHICINE DOES NOT REDUCE AAA GROWTH IN A
NOVEL E-BAPN INDUCED MOUSE MODEL
7.1

Introduction

Surgery is the only treatment currently available for AAAs (AAA) and the identification
of effective drugs to limit AAA progression and rupture is an area of intense investigation
[66]. In order to test potential treatment options for AAA, a number of rodent models
have been developed [78]. Most drug development research has focused on the Ang II
infusion, intra-luminal elastase or adventitial calcium chloride models [78]. These models
simulate some but not all aspects of human AAA and ILT are rare despite being present
in the majority of patients with AAA [78]. Since these models cause an acute injury to the
aorta they have been predominantly used to examine the ability of drugs to prevent AAA
development, however positive results from these studies have failed to translate into
clinical studies [320-322]. A novel AAA mouse model utilising E-BAPN has recently
been reported that has features that are more similar to human AAA (Chapter 1.3.4)[93].
Aneurysms in this model have been reported to grow slowly for at least 100 days with
some ruptures, allowing for assessment of more long term administration of interventions
after aneurysm induction [93]. AAAs formed in this mouse model are true aneurysms,
with many containing ILT, vascular smooth muscle cell apoptosis, extracellular matrix
degradation and aortic wall infiltration by neutrophils, CD68 macrophages and CD3+ T
cells [93, 323].
Inflammasomes are cytosolic multiprotein units that can trigger an inflammatory response
under certain conditions [222]. The NLRP3 inflammasome is a key pro-inflammatory
pathway that leads to activation of caspase-1, IL-1β and interleukin-18 (IL-18) [222,
223]. Aortic NLRP3 expression has been reported to be higher in patients with AAA
compared with autopsy controls that do not have aortic disease [228]. Blockade of the
NLRP3 inflammasome has been reported to inhibit AAA formation in the Ang II mouse
model [229, 324]. The effects of NLRP3 inflammasome blockade on the progression of
established AAA has not yet been tested however. Colchicine, an FDA approved drug
currently used for treating gout, inhibits macrophage NLRP3 inflammasome assembly
[219]. Colchicine has been proposed as an anti-NLRP3 inflammasome drug to reduce the
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risk of cardiovascular events and this is currently being tested in a number of clinical
trials in patients with coronary artery disease [218-220, 325].
The aims of this study were to test whether the NLRP3 inflammasome was also
upregulated in the new E-BAPN model of aneurysm, and secondly to assess whether
colchicine, an NLRP3 inhibitor may reduce aneurysm growth in this model.
7.2

Methods
Mice

Mouse husbandry is described in detail in chapter 2.1. Briefly, Seven week old male
C57BL/6J mice were acclimatised at James Cook University animal facilities for one
week prior to beginning of experiments. All procedures were approved by the James
Cook University Animal Ethics Committee (A2574).
Study design
When mice were eight weeks old, surgeries to induce AAAs and sham surgeries were
conducted [93]. The experiments were split into two parts. In part one mice receiving EBAPN (n=30) were compared to mice undergoing sham surgeries without E-BAPN
(Sham, n=13) in order to test the effect of the E-BAPN model on NLRP3 activity and
thrombus formation. In part two all mice received E-BAPN on the day of surgery (day 0,
Figure 7.1) Additionally, mice received colchicine (Sigma, C9754, 0.2mg/kg/d, n=30)
dissolved in water, or vehicle (n=30) via daily gavage from day 21 after surgery until the
end of the experiment (day 90). Mice were assigned to two groups with similar aortic
diameters (Figure 7.2) and these two groups were randomly allocated to receive vehicle
or colchicine. Body weight was measured weekly. Research was reported in accordance
with the ARRIVE guidelines [146].
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Figure 7.1. Timing of surgery, intervention and ultrasound measurements during
the animal study.

Figure 7.2. Maximum infrarenal aortic diameter in E-BAPN groups prior to
randomisation to colchicine or vehicle gavage. Data are presented as medians ± IQR
with individual measurements. Aortic diameters were not significantly different between
randomized groups prior to initiation of interventions.
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Induction of AAA
Mice were anaesthetised with isoflurane (Chapter 2.2) and hair was removed from the
abdomen with depilatory cream prior to surgical intervention. The abdomen was then
lightly cleaned with PBS followed by 70% ethanol and riodine. A 15mm vertical incision
was made into the skin and abdominal cavity and the aorta and vena cava were located.
The connective tissue sheath surrounding the aorta and vena cava were blunt dissected to
reveal the IRA. Elastase (Sigma, E1250; 20µL, 10.3mg/mL) was applied to a 5mm x
1.5mm portion of the IRA by placing a swab containing elastase directly onto the IRA for
six minutes. Elastase was not applied to the top one quarter (2mm below the left renal
artery), or the bottom 1mm (just above the femoral artery branches) of the IRA.
Following the application of elastase the exposed IRA was gently rinsed with PBS to
clear residual elastase, the abdominal muscle and skin incisions were closed using 4/0
nylon monofilament sutures (Riverlon, 662BL), and riodine and vapour permeable
surgical spray (Opsite, 66004978) were applied.
Intervention and vehicle control groups
The intervention group received colchicine dissolved in PBS via daily gavage at
0.2mg/kg, while control mice received PBS without colchicine as a daily gavage. Daily
oral gavage was chosen to mimic daily oral dosing in humans. This dose of colchicine in
mice translates to approximately a 1mg/d dose in humans, which is a currently acceptable
dose for use in the treatment of gout [326], and has been the most commonly used dose in
randomized controlled trials assessing the effects of colchicine on CVDs [327].
Ultrasound assessment of infrarenal aortic diameter
The maximum diameter of the IRA was measured using ultrasound as previously
described (Chapter 2.3). Diameters were measured at baseline (day 0), and 7, 21, 28, 42,
63 and 80 days after AAA induction (Figure 7.1). Observers were blinded to experimental
groups at the time of analysis.
Morphometric assessment of infrarenal aortic diameter
Ex vivo morphometry measurements were also performed to determine aortic diameters at
the experimental end point (Chapter 2.6). Observers were blinded to intervention groups
at the time of analysis.
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Aneurysm severity
Aneurysm severity was assessed based on a modified version of a previously described
protocol [93]. Briefly, aneurysms were classified into three different levels of severity as
follows. (I, no aneurysm) IRAs with maximum diameters below 200% of average nondiseased controls; (II) aortas between 200-300% of non-diseased controls; (III) >300% of
non-diseased controls.
Histological assessment of elastin degradation and collagen content
Frozen sections of the IRA were stained with Verhoeff van Giesons solution as
previously described (Chapter 2.12.2 and 2.12.4). Severity of elastin degradation was
graded according to the following criteria; I, no elastin degradation; II, mild
fragmentation or damage; III, moderate damage; IV, severe fragmentation with sections
of complete destruction of all elastic lamellae.
Additional frozen sections of IRA were stained with picrosirius red (Chapter 2.12.5).
Slides were imaged on a fluorescent microscope (Zeiss, NSW) using birefringence at
200x total magnification. Five images per slide were analysed using Adobe Photoshop
CC 2019. The total area of all picrosirius staining was expressed as a percentage of total
IRA area on the slide (area of collagen staining/total tissue area). Observers were blinded
to experimental groups at the time of analysis.
Measurement of tissue cytokines and caspase-1 activity
A sample of IRA tissue was lysed in radio immunoprecipitation assay buffer (Thermo
Fisher Scientific, Australia), homogenised using bead homogeniser and treated with
protease inhibitors (Sigma, Australia). IL-1β tissue fluorometric ELISA (Abcam,
ab229440) was performed according to manufacturer instructions with 50ng/µl total
protein per well. Relative caspase-1 activity was measured using a Caspase-Glo 1
Inflammasome Assay with 25ng/µl total protein from aortic samples per well (Promega,
G9951), performed according to manufacturer instructions.
A sample of IRA tissue was stored in RNA Later (Invitrogen, AM7021) prior to RNA
extraction. RNA extraction was performed using RNeasy mini kit (Qiagen, 74106)
according to manufacturers instructions. One-step RT-PCR was performed using SYBR
green kit (Qiagen, 204243, Australia). Five microliters of 2x QuantiTect SYBR Green
Master Mix, 0.4µl of primer, 0.1µl of QuantiTect RT Mix, and 4.5µl of RNase-free water
containing 15ng total sample RNA was added, to make a total reaction volume of 10µl.
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PCR was run on a Rotor-Gene Q (Qiagen, Australia) using cycling instructions as per
SYBR green kit instructions. A pilot was run using aortic samples from elastase-BAPN
treated mice that received colchicine as well as vehicle controls in order to identify a
housekeeping gene that did not change between interventions. One-step RT-PCR was run
using beta2-microglobulin (Qiagen, QT01149547) beta-actin (Qiagen, QT00095242), 18S
ribosomal RNA gene (Rn18s; Qiagen, QT02448075), and Glyceraldehyde 3-phosphate
dehydrogenase (Qiagen, QT01658692). Rn18s was chosen as the housekeeping gene as it
had the least variability between intervention groups. One-step RT-PCR was performed
using SYBR green kit (Qiagen, 204243) and IL-1β (QT01048355), TNF-α
(QT00104006), IFN- γ (QT01038821), and IL-18 (QT00171129) primers as previously
described in detail [328].
Immunofluorescence
Slides were washed in TBS plus 0.025% Triton X-100 to allow easier coverage of slides
with primary and secondary antibodies, and to reduce non-specific binding. An ImmEdge
hydrophobic barrier pen (Vector, H-4000) was used to outline tissue sections to allow
application of serum and antibodies. Tissues were blocked in 10% goat serum with 1%
bovine serum albumin in TBS for two hours prior to staining. Frozen sections were
incubated with anti-mouse CD3 (3µg/ml, Abcam, ab5690) or CD68 (5ug/ml, ab125212)
primary antibodies (Abcam, Vic) and visualised with Alexa-fluor 488 conjugated antiprimary secondary antibodies (Abcam, Vic) based on previously described protocols
[329]. Slides were mounted and coverslipped using slowfade gold antifade mountant with
4′,6-diamidino-2-phenylindole (DAPI, Invitrogen, Vic).Slides were imaged on a
fluorescent microscope (Zeiss, NSW) at 200x total magnification. Five images per slide
were analysed using Adobe Photoshop CC 2019. The total area of Alexa-fluor 488
staining was expressed as a percentage of total IRA area on the slide (area of CD3 or
CD68 staining/total tissue area). Observers were blinded to experimental groups at time
of analysis.
Sample size calculations
The objective of part 1 of the study was to assess NLRP3 inflammasome activation in the
late stages of the E-BAPN model and therefore the required sample size for sham mice
was estimated based on aortic tissue IL-1β in vehicle versus Ang II-infused AAA mice
(Vehicle 32 ± 14pg/100µg protein, Ang II 164 ± 115pg/100µg protein, mean ± SD) [227].
The power was set to 0.8 and alpha value was set to 0.05. Based on these values, 8 mice
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were required at experimental endpoint in order to detect a statistically significant
difference in aortic tissue IL-1β concentration. The sample size for intervention and
vehicle control mice was calculated in order to detect a clinically relevant intervention
effect of 20% aneurysm growth (based on control mice having 800 ± 160% aneurysms at
endpoint)[93, 330]. The desired power was set to 0.8 and the alpha value was set to 0.05.
Based on these values, a minimum required sample size of 17 mice per group was
estimated for control and intervention mice at endpoint. Sample sizes were increased by
30% to account for potential losses prior to endpoint.
Statistical analyses
Data were analysed as described in chapter 2.15. Specifically, ex vivo aortic diameter,
TNF-α, IFN- γ and IL-18 RNA expression were compared using two-tailed t-tests as data
were normally distributed. Aortic tissue IL-1β protein and RNA expression, Caspase-1
activity, and percentage of tissue stained with CD3, CD68 and picrosirius red were
compared using Mann-Whitney U tests as these data were not normally distributed.
Incidence of AAA development and ILT presence was compared using Fisher’s exact test
and AAA rupture was compared using Mantel-Cox (Log-rank) test. Ultrasound data was
analysed using LME models. Aortic diameter was set as a fixed effect, and variation
between individual mice was set as a random effect. Differences were considered
statistically significant when p-values were <0.05.
7.3

Results
Characteristics of the E-BAPN model

IRA diameters of mice receiving E-BAPN were significantly greater than those of sham
operated mice from day 7 (p=0.012) and onward (p<0.001) as measured by ultrasound;
and on day 90 measured by ex vivo morphometry (p<0.001, Figure 7.3A and B). After
100 days, AAAs were present in 22 (96%) mice receiving E-BAPN and no AAAs were
observed from the sham mice (Figure 7.3C, p<0.001). Aortic elastin degradation was
present in all (100%) mice receiving E-BAPN but no elastin degradation was detected in
sham mice (Figure 7.3D). 17 mice (23%) from the experimental groups died between the
start of the experiment and sacrifice. Six mice died due to rupture, including three in the
SRA and three in the IRA. In mice that had SRA rupture, aneurysms were still present in
the IRA as opposed to the SRA. 11 mice died due to causes unrelated to aneurysm rupture
(Table 7.1).
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Figure 7.3. The effect of E-BAPN on infrarenal aortic diameter and structure. (A)
Infrarenal aortic diameter in mice receiving E-BAPN and sham controls measured by
ultrasound. Data were log transformed during statistical analysis to conform to model
assumptions however raw values are shown. (B) Maximum infrarenal aortic diameter in
mice receiving E-BAPN and sham controls measured ex vivo at the experimental
endpoint. (C) Percentage of mice with different severity of aneurysm. I, no aneurysm; II,
aortas between 200-300% of non-diseased controls; III, >300% of non-diseased controls.
(D) Percentage of mice with different severity of aortic elastin degradation. I, no elastin
degradation; II, mild fragmentation or damage; III, moderate damage; IV, severe
fragmentation with sections of complete destruction of all elastic lamellae. * Mice
receiving E-BAPN had significantly larger infrarenal aortic diameters from day 7. ***
Mice receiving E-BAPN had significantly larger infrarenal aortic diameter from day 28
until the end of the experimental period (p<0.001), and significantly higher aneurysm
presence (p<0.001). E-BAPN n=23, sham n=10 on day 90.
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Table 7.1. Deaths during experimental period.
Day of

Group

death

AAA diameter

Rupture

(mm)

site

6

Not assigned

0.7

N/A

16

Not assigned

1.1

Infrarenal

17

Not assigned

1.4

Suprarenal

22

E + BAPN

1.6

Suprarenal

23

E + BAPN

1.6

N/A

40

E + BAPN

4.4

Infrarenal

59

Colchicine

4.6

N/A

61

Colchicine

1.6

N/A

62

Colchicine

2.5

N/A

64

Colchicine

4.7

N/A

67

Colchicine

5.6

Infrarenal

74

E+BAPN

4.5

N/A

77

E +BAPN

4.0

N/A

79

E +BAPN

5.1

Suprarenal

80

Sham

0.7

N/A

81

Sham

0.7

N/A

82

Colchicine

5.7

N/A

Values measured from ex vivo images of dissected aortas.
N/A; Death was not related to aortic rupture.
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Tissue Caspase-1 activity and IL-1β concentration
Aortic Caspase-1 activity was higher in mice receiving E-BAPN compared with sham
controls (p<0.001, figure 7.4A). Aortic concentrations of IL-1β were greater in mice
receiving E-BAPN compared with sham controls (p=0.048, figure 7.4B).

Figure 7.4. The effect of E-BAPN on the NLRP3 inflammasome. (A) Relative
Caspase-1 activity within the IRA of E-BAPN treated mice and sham controls. (B) IL-1β
protein concentration within the IRA of E-BAPN treated mice and sham controls. EBAPN treated mice had significantly higher infrarenal aortic Caspase-1 activity (p<0.001,
***) and IL-1β concentration (p<0.05, *) compared with sham controls. E-BAPN n=23,
sham n=10 on day 90. RLU, relative luminosity units.
Colchicine administration did not reduce the growth of established AAAs
There was no significant difference in AAA diameter increase in the mice administered
colchicine compared to controls (p=0.527, Figure 7.5A). There were no differences in ex
vivo AAA diameters between mice receiving colchicine and controls on day 90 (p=0.561,
Figure 7.5B, Figure 7.6). AAAs were present in 21 (95%) mice receiving colchicine
compared with 22 (96%) in the control group (Figure 7.5C, p=0.999). Elastin degradation
was present in all control mice and mice receiving colchicine (Figure 7.5D). Aneurysm
rupture occurred in one mouse from the colchicine group (4%) and three mice from the
control group (10%, p=0.394, Figure 7.5E). Of mice reaching experimental endpoint, ILT
were present in 14 of 23 (61%) control mice and 9 of 22 (41%) mice receiving colchicine
(Figure 7.5F, p=0.238).
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Figure 7.5. The effect of oral colchicine administration on AAA incidence, severity
and rupture rates. (A) Maximum infrarenal aortic diameter measured by ultrasound.
Data were log transformed during statistical analysis to conform to model assumptions
however raw values are shown. (B) Maximum diameter of the IRA as measured by
morphometry at the end of the experiment (day 90). (C) Percentage of mice with different
severity of AAA. I, no aneurysm; II, 200-300% normal diameter; III, >300% normal
diameter. (D) Percentage of mice with different severity of elastin degradation. I, no
elastin degradation; II, mild fragmentation or damage; III, moderate damage; IV, severe
fragmentation with sections of complete destruction of all elastic lamellae. E) Percentage
of mice free from aneurysm rupture. F) Percentage of mice with and without ILT. Control
n=23, colchicine n=22 on day 90.
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Figure 7.6. Ex vivo images of E-BAPN treated aortas from vehicle and colchicine
intervention groups.
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Colchicine administration reduced Caspase-1 activity but did not reduce tissue
inflammatory cytokine concentrations or RNA expression
Infrarenal aortic Caspase-1 activity was significantly lower in mice receiving colchicine
compared with vehicle controls (p=0.047, Figure 7.7A). Infrarenal aortic IL-1β protein
(p=0.174, figure 7.7B) and IL-1β (p=0.397), TNF-α (p=0.380), IFN- γ (p=0.346), and IL18 RNA expression (p=0.828, Figure 7.7C) were not reduced in mice receiving
colchicine. Infrarenal aortic CD3 T cells (p=0.406), CD68 macrophages (p=0.478) and
collagen (p=0.068, Figure 7.7D) were not significantly different between mice receiving
colchicine and controls.
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Figure 7.7. The effect of oral colchicine intervention on tissue cytokines and
inflammatory cell markers related to the NLRP3 inflammasome. (A) Relative
Caspase-1 activity within the IRA of mice receiving colchicine intervention compared
with controls. (B) IL-1β protein concentration within the IRA of mice receiving
colchicine intervention compared with controls. (C) IL-1β, TNF-α, IFN- γ and IL-18
RNA expression within the IRA in mice receiving colchicine compared with controls. (D)
Percentage of tissue stained with CD3, CD68 and picrosirius red birefringence (as
markers of T cells, macrophages and collagen, respectively). * Mice receiving colchicine
had significantly lower infrarenal aortic caspase-1 activity at experimental endpoint
(p<0.05). Control n=23, colchicine intervention n=22 on day 90. RLU, relative
luminometer units.

110

7.4

Discussion

The application of E-BAPN created continually growing and evolving aneurysms with
ILT, comparable to those published previously [93]. In this study it is shown that, similar
to other AAA mouse models and patients, activity of the NLRP3 inflammasome mediator
Caspase-1 is elevated leading to increases in IL-1β concentrations within aneurysmal
tissue. Treatment with colchicine, an inhibitor of NLRP3 inflammasome activation,
significantly reduced Caspase-1 activity however this did not result in downstream
decreases in aortic IL-1β concentration and did not reduce aneurysm growth.
Topical elastase application causes fragmentation of one or multiple layers of the elastic
lamina within the aorta, compromising aortic integrity and increasing lumen size as
occurs in patients [331, 332]. BAPN inhibits cross-linking of elastin and collagen fibers
which models the deterioration of aortic repair that occurs in aging human patients [93].
This reduces aortic wall thickness, stability and elasticity causing aortic expansion and an
increased risk of aortic rupture. Within this study elastase degraded IRA elastin layers in
all mice with varying severities. BAPN administration allowed for continual growth
throughout the 90 day experimental period similar to results reported previously [93].
Continual growth over a long time period allows the use of interventions on preestablished aneurysms to measure aneurysm growth which has been difficult with
previous animal models [78].
ILT are a key feature of AAA in patients and ILT presence and size has been correlated
with early rupture and increased AAA growth rates [75, 333, 334]. Most ILT associated
with AAA are comprised of three distinct layers with the luminal layer containing
migrating cytokines and inflammatory cells, primarily T cells and macrophages [94]. In
this study the presence of ILT within the E-BAPN model correlates with larger aneurysm
size. There is focal accumulation of CD3 (T cell) and CD68 (macrophages) primarily
within the ILT. The distinctive layers of the ILT appear to be indistinguishable.
The NLRP3 inflammasome is activated by interaction between NLRP3, apoptosisassociated speck-like protein containing a caspase recruitment domain (ASC), and procaspase-1 to produce activated caspase-1, which in turn leads to increased IL-1β and IL18 [222, 223]. The NLRP3 inflammasome is elevated in AAA patients and in other
mouse AAA models and blockade of the NLRP3 has been reported to reduce AAA
formation in the Ang II infusion mouse model [228, 229, 324]. Data from the current
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study suggest that inflammasome activation also occurs in the E-BAPN model as both
Caspase-1 activity and aortic IL-1β concentrations are elevated. The NLRP3 inhibitor
colchicine reduced Caspase-1 activity at experimental endpoint after 70 days of daily oral
gavage however it had no effect on downstream aortic IL-1β concentrations and did not
reduce aneurysm growth.
Low-dose colchicine (0.5-1mg/d, comparable to current study based on body surface
area translation) is currently being investigated in clinical trials as a preventative and
treatment for atherosclerosis as it reduces chronic inflammation [335]. This dose is
considerably lower than the doses used for acute gout (up to 4.8mg/d) due to diarrhoea
and vomiting that is caused by these high doses and the requirement of chronic
treatment for CVD [336]. It is possible that the dose used in the current study is too low
to significantly reduce tissue IL-1β concentrations in the E-BAPN mouse model and too
low to reduce aneurysm growth, despite causing a small but significant reduction in
caspase-1 activity. It is also possible that NLRP3-independent pathways may be
activated that can increase IL-1β concentrations.
This low dose of colchicine, effective in atherosclerosis, appears not to be effective in
reducing growth of AAA in an E-BAPN mouse model. This supports other studies that
highlight potential differences between atherosclerosis and AAA regarding risk factors
and effective treatments [14, 15].
The study and the E-BAPN model used has a number of patient relevant design features
that increase the strength of this study, as well as some notable limitations. Aneurysms
are true dilating aneurysms as opposed to dissecting aneurysms, can rupture, occur in the
IRA, contain ILT, T cells and macrophages, and have decreased smooth muscle cells and
collagen deposition all of which are features of human AAA [93, 94, 337]. Additionally
colchicine was administered 21 days after surgery allowing aneurysms to become
established prior to intervention. The current low dose of colchicine was chosen to
minimise side effects and did not significantly reduce tissue IL-1β concentrations. A
higher dose of colchicine may potentially supress IL-1B and have different effects. The
use of BAPN inhibits cross-linking of elastin and collagen and currently no intervention
has worked in this model [93, 338]. It is unclear whether this effect is too strong and
whether a drug that is not a direct antagonist to lysyl oxidase inhibitors can be effective.
Future studies may need to discontinue BAPN administration once aneurysms are
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established in order to lower the chance of false negatives. Aortic IL-1β concentration and
Caspase-1 activity were measured at the experimental endpoint in order to assess whether
there was long-term NLRP3 activation. In the original study, aortic IL-1β concentration
had decreased to baseline levels by 28 days after surgery as the acute inflammatory
response subsided. It is currently unclear when IL-1β and Caspase-1 levels increase
beyond day 28 and for how long beyond day 90 these may stay elevated.
The E-BAPN model shows evidence of NLRP3 inflammasome activation and
accumulation of inflammatory cells within the ILT as occurs in patients. Despite this,
intervention with colchicine, an inhibitor of the NLRP3 inflammasome, did not reduce
AAA diameter or inflammation in the E-BAPN model.
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CHAPTER 8
GENERAL DISCUSSION AND CONCLUSIONS
8.1

Summary of main findings

Diseases of the peripheral arteries are the cause of substantial and increasing mortality
and morbidity globally, however currently there are no effective pharmacological
treatments available. Multiple interventions have been reported to improve hind limb
ischemia and reduce aneurysm diameter in mouse studies, however these treatments have
failed to be translated in clinical trials (Chapter 1.4). Within this thesis multiple
therapeutic interventions were selected based on promising results from recent preclinical studies and were investigated in patient focused animal models. A systematic
review and meta-analysis revealed that the flavonoids, specifically the flavonol subclass,
were effective at reducing atherosclerosis lesion area (Chapter 4). Of these flavonols,
quercetin is the most commonly researched and previous studies suggest it may have
additional effects that make it beneficial in PAD (Chapter 1.5.1). However,
supplementation with quercetin did not improve blood flow or exercise performance in a
novel two-stage surgical model of HLI and IC, despite previously reported beneficial
effects on blood flow in acute HLI models [60] (Chapter 5). Prevention of AAA
development was not achieved with a diet of macadamia and pecan nuts, which are high
in polyphenol content including quercetin (Chapter 6). However, the diet did reduce
atherosclerotic plaque formation in the BCA, consistent with what was reported in
previous studies (Chapter 4) [248, 296, 297]. Treatment of pre-established aneurysm and
prevention of further growth was not achieved with oral administration of colchicine, an
FDA approved anti-inflammatory drug that has been reported to reduce atherosclerosis
severity in patients (Chapter 7) [218-220, 325]. The research conducted in this thesis
suggests that the three interventions studied may not be suitable in the disease models
tested despite prior in vitro and in vivo studies showing promising results. The findings
summarized above highlight that the specific method of disease induction, timing of
treatment and experimental design used can dictate whether an intervention is effective or
not and can therefore have a profound impact on clinical translatability of results.
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8.2

Impact of experimental design on study results and the importance of clinical
relevance

A key consideration within this thesis has been the impact of experimental design of
preclinical studies on the results, interpretations and translational potential of a study.
This consideration is important when assessing the aforementioned differences between
the response of interventions to atherosclerosis and other PADs as study design may be a
potential reason for these differences. Positive results for interventions in animal studies
are ubiquitous and yet minimal pharmaceutical interventions show any success in clinical
trials (Chapter 1.4). Positive results in animal studies can be beneficial to extend current
understanding of disease (to identify relevant pathways in a disease model) however these
results can become misleading when translated for clinical use. In this thesis it is argued
that animal studies with a patient relevant design may limit the rate of false positive
results, such as those highlighted above, and improve the success rate of clinical trials for
peripheral artery diseases.
Many experiment and model specific design considerations have been made for the
studies within this thesis in an attempt to improve the clinical relevance of the included
animal studies. These considerations may have reduced the efficacy of the interventions
used compared with previous studies. In chapter 5, elderly mice were used. Older mice
are less responsive to interventions that stimulate angiogenesis [293] and therefore
quercetin may have had a reduced effect on these mice compared with younger mice [60].
The two-stage HLI model reduced abrupt, pro-angiogenic changes in shear stress, making
recovery of blood flow more difficult [46, 58]. The aforementioned study design features
limit the potential for quercetin administration to have a beneficial effect, however these
factors are also a limitation for most patients. In chapter 7, a recently developed E-BAPN
AAA model was used to test colchicine intervention. The E-BAPN model produces large
non-resolving true infrarenal aneurysms that contain ILT, which are features common in
human AAA. The non-resolving aneurysms allow for longer term administration of
treatment interventions, compared with previous models which were more suitable to
study of preventions due to AAA that resolve early or cause other side effects that limit
duration of studies (Chapter 1.3.4). These studies within this thesis may potentially
provide a more accurate depiction of the effects of these drugs in PADs, and limit the
chance of false positive results.
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An example of the impact of experimental design on results is the finding that quercetin
pre-treatment has previously reduced acute HLI in young mice, however quercetin
treatment failed to reduce established and sustained HLI in elderly mice at similar doses
in the current study (Chapter 5). Similarly, NLRP3 knockout mice were reported to have
a reduced propensity to develop AAA and reduced AAA diameter following Ang II
administration [227], and pre-treatment with an NLRP3 inhibitor was reported to reduce
the severity of Ang II-induced AAA development [229]. However, inhibition of NLRP3
activation did not influence the growth rate of already developed AAAs (Chapter 7).
These data suggest that quercetin and colchicine treatment in patients may be insufficient
to treat PAD and AAA respectively in patients similar to the myriad of other drugs that
have failed clinical trials. The key design considerations leading to the disparity in results
above are the potency of treatment and the window of time that the treatment is
administered. Specifically, knockout models are potent and serve a role in mechanistic
studies to inform of whether blocking a pathway may influence disease, but these results
are rarely translatable. Pre-treatment models serve to test whether diseases can be
prevented and are potentially translatable provided that the treatment used is cheap,
readily available, easy to administer and can be taken for a long period of time without
negative side effects. A treatment model is the most translatable, as a large majority of
patients seek treatment once a disease is already established. Similar to clinical trials,
these studies rarely show positive effects due to the complications associated with treating
pre-established disease [339].
It is important to minimise false positive results in animal studies if they are to inform
potential drugs for use in clinical trials, however it is unclear whether the models within
this study may also be prone to more false negative results by consequence. That is, there
is a possibility that the drugs studied in this thesis may be beneficial in human studies
despite not having beneficial effects in these animal models. Currently it is difficult to
effectively test whether these disease models are prone to false negative results due to
there being a lack of treatments that are beneficial in patients to serve as a reference.
Exercise intervention is beneficial for patients with PAD [27] and the two-stage stable
HLI model has also been responsive to exercise [340]. This suggests that the novel HLI
model may indeed be receptive to at least some treatment interventions that are effective
in humans. The use of the lysyl oxidase inhibitor, BAPN, inhibits elastin and collagen
cross-linking which models the deterioration of aortic repair that occurs in aging human
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patients [93]. However, it is possible that this inhibition is too severe and it may limit the
likelihood that drugs may have an effect on aneurysm growth. No drugs have shown
efficacy in treating established AAA in patients and therefore it is not possible to
determine whether or not the E-BAPN model is prone to false negative results.
8.3

Thesis strengths and limitations

The systematic review and meta-analysis conducted in chapter 4 examined specific study
design features by utilising a quality assessment tool. This tool was modified from a
previously published quality assessment tool [268], and further developed based on
design features that are required for clinical studies, such as those outlined in the
Cochrane risk of bias assessment [341] and the ARRIVE guidelines for pre-clinical
studies [146]. Specifically, study design considerations such as randomized group
allocation, sample size calculations, justification of intervention dose, intra-observer and
inter-observer reproducibility measures, and blinding of treatment interventions were
assessed. The median score of studies included in the quality assessment in chapter 4 was
59%, suggesting a moderate study quality.
Many of the experimental design features identified as important in the study quality
assessment have been incorporated into the studies included within this thesis. All studies
within the thesis included ethics approval statements, randomized group allocation,
reporting of key study characteristics, sample size calculations and justification of the
drug dose used. Blinding to treatment groups at the time of analysis occurred for most
relevant outcome measures within the studies. Blinding to treatment groups for analysis
of the primary outcome occurred for chapter 6 and 7. Intra-observer and inter-observer
reproducibility measurements were performed for quantitative outcome measures where
analysis could be influenced by subjective bias. Training effects prevented reproducibility
measurements from being taken for distance travelled in a TMT and so these results were
supported with open field assessment of voluntary exercise [342] (Chapter 5).
The concentration of the drug administered was not measured in the plasma for any of the
studies included within the thesis. However, the doses of quercetin (Chapter 5), nuts
(Chapter 6) and colchicine (Chapter 7) used have previously been reported to have
pharmacological effects [153, 174-177, 185, 291, 335]. Indeed, the studies included
within the thesis found that quercetin increased plasma nitric oxide, nuts reduced

117

atherosclerosis lesion area and colchicine reduced caspase-1 activity, suggesting that
these drug doses were sufficient to have a pharmacological effect.
8.4

Implications and future research

There are a number of implications and potential avenues of future research brought up
by the results of this thesis. The interventions used in this thesis did not significantly alter
the primary outcome despite favorable results found in different disease models. It cannot
be excluded that the negative results are due to the specific animal models used despite
considerations taken in choosing these models and the robust study design used. There are
potentially major implications if this research is interpreted as concrete evidence for the
lack of efficacy of these drugs in light of a potential false negative result. If quercetin,
dietary intervention with nuts or colchicine are effective in their disease targets in humans
but not in the animal models examined, there is a risk of missing potentially life-altering
therapeutics. Conversely, if these results are ignored, large amounts of money, time and
resources may be wasted on drugs that may not be of any benefit to patients.
A pilot randomized controlled trial published shortly after the completion of the studies
utilising quercetin in the two-stage HLI model suggested that resveratrol, a related
polyphenol with similar sirtuin 1 activator properties, did not improve walking
performance in older patients with IC [343]. This is supportive of the results from chapter
5 and suggests that quercetin indeed may not be a beneficial treatment for IC, although it
is difficult to determine the likelihood beyond extrapolations from this related study. If
further animal studies are to be performed, a longer duration of treatment may be
required. This is potentially achievable with the current two-stage HLI model due to
reduced blood flow recovery, although this model has currently not been tested for longer
than 35 days after the two-stage surgical procedure (Chapter 5)[59].
The 56-day dietary intervention with tree nuts, including 28 days prior to Ang II
treatment, did not reduce AAA formation (Chapter 6). It is possible that a longer duration
of dietary intervention prior to Ang II treatment will have led to more beneficial effects,
although a longer duration was not required for nuts to reduce the formation of
atherosclerotic plaques (Chapter 6). Current clinical research supports dietary nut intake
for the prevention of lower limb PAD, myocardial infarction and hypertension [153, 202].
The results from this thesis therefore will not influence current recommendations for
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dietary nut intake as no negative consequences for nut supplementation in AAA were
identified.
Colchicine is an anti-inflammatory agent and appears to be beneficial for the treatment of
atherosclerosis [344, 345], and there are ongoing clinical trials assessing its efficacy in
this disease. AAA is a chronic inflammatory disease and therefore an anti-inflammatory
such as colchicine is a prime candidate for AAA treatment. Despite this, results from this
thesis suggest that colchicine has no significant effect on AAA growth (Chapter 7), not
unlike findings of from chapter 6 on the effects of dietary nut supplementation. The
animal experiments in chapter 7 did not test the effects of colchicine on atherosclerosis,
however, so it is not possible to conclude whether or not the dose regimen used would
have reduced severity or increased stability of atherosclerotic plaques. Due to the limited
data on the effects of colchicine and related drugs in AAA, and the evidence of the
involvement of the NLRP3 in human AAA [228], results from this one study are not
enough to rule out an effect of colchicine in AAA. Therapeutics have not been tested in
the elastase-BAPN mouse model previously, and it is difficult to discern how likely it is
for this model to respond to interventions. Therefore a similar colchicine regimen should
be tested in other similar animal models including the Ang II model to be interpreted
alongside this study.
8.5

Conclusions

Lower limb PAD and AAA are two often concurrent diseases that both reduce quality of
life and increase mortality. In this thesis, animal models of these PADs were used that
included clinically relevant design features in order to better determine whether
promising interventions may be worth investigating in clinical trials. The studies suggest
that, despite these interventions working in other in vitro and in vivo models, none
reduced disease severity in the animal models used. These results emphasise the impact of
experimental design and animal models on study results and their translatability to
patients.
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B.

LME model raw outputs

Below are summaries for all LME output. Full outputs and rationale for all LME model
analyses can be found on the Tropical Data Hub (https://tropicaldatahub.org/, DOI:
10.25903/5e2541346b21b)
1.
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

LME model analysis of suprarenal aortic diameter as measured by ultrasound in
mice receiving control diet or a diet enriched with tree nuts

Linear mixed-effects model fit by REML
Data: James.US.data
AIC
BIC
logLik
-147.6421 -105.8716 87.82105
Random effects:
Formula: ~1 | Mouse.number
(Intercept) Residual
StdDev: 0.02206586 0.1175192
Fixed effects: log.SRA ~ Time.f * Treatment
Value Std.Error DF
t-value p-value
(Intercept)
0.4446628 0.02900067 114 15.332843 0.0000
Time.f23
-0.0465863 0.04030875 114 -1.155735 0.2502
Time.f34
0.0077178 0.04167352 114 0.185196 0.8534
Time.f41
0.0439416 0.04339179 114 1.012670 0.3134
Time.f48
-0.0183617 0.04339179 114 -0.423160 0.6730
Time.f54
-0.0493740 0.04443008 114 -1.111274 0.2688
TreatmentT
-0.0022149 0.04101315 32 -0.054006 0.9573
Time.f23:TreatmentT -0.0481214 0.05700519 114 -0.844158 0.4003
Time.f34:TreatmentT 0.0220756 0.06179881 114 0.357218 0.7216
Time.f41:TreatmentT -0.0521528 0.06399056 114 -0.815007 0.4168
Time.f48:TreatmentT -0.0017302 0.06671329 114 -0.025935 0.9794
Time.f54:TreatmentT 0.0973844 0.06739196 114 1.445045 0.1512
Correlation:
(Intr) Tm.f23 Tm.f34 Tm.f41 Tm.f48 Tm.f54 TrtmnT
Time.f23
-0.695
Time.f34
-0.672 0.484
Time.f41
-0.646 0.464 0.451
Time.f48
-0.646 0.464 0.451 0.436
Time.f54
-0.630 0.454 0.441 0.426 0.426
TreatmentT
-0.707 0.491 0.475 0.456 0.456 0.446
Time.f23:TreatmentT 0.491 -0.707 -0.342 -0.328 -0.328 -0.321 -0.695
Time.f34:TreatmentT 0.453 -0.326 -0.674 -0.304 -0.304 -0.297 -0.641
Time.f41:TreatmentT 0.438 -0.315 -0.306 -0.678 -0.295 -0.289 -0.619
Time.f48:TreatmentT 0.420 -0.302 -0.293 -0.283 -0.650 -0.277 -0.594
Time.f54:TreatmentT 0.416 -0.299 -0.291 -0.281 -0.281 -0.659 -0.588
T.23:T T.34:T T.41:T T.48:T
Time.f23
Time.f34
Time.f41
Time.f48
Time.f54
TreatmentT
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##
##
##
##
##
##
##
##
##
##
##
##

Time.f23:TreatmentT
Time.f34:TreatmentT
Time.f41:TreatmentT
Time.f48:TreatmentT
Time.f54:TreatmentT

0.461
0.445
0.427
0.423

0.415
0.398
0.393

0.387
0.382

0.368

Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-2.78994218 -0.56353271 0.04935935 0.63057577

Max
2.50258277

Number of Observations: 158
Number of Groups: 34

anova(mouse.US.lme3)
##
##
##
##
##

(Intercept)
Time.f
Treatment
Time.f:Treatment

numDF denDF
F-value p-value
1
114 1789.2240 <.0001
5
114
2.4574 0.0373
1
32
0.0656 0.7994
5
114
1.2011 0.3132

#LME model was performed on Log transformed data as this greatly improved
the qqnorm plot and residual versus fit of the models
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2.
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

LME model analysis of systolic blood pressure in mice receiving control diet or a
diet enriched with tree nuts

Linear mixed-effects model fit by REML
Data: James.BP.data
AIC
BIC
logLik
830.8527 859.8347 -404.4263
Random effects:
Formula: ~1 | Mouse.number
(Intercept) Residual
StdDev:
4.074523 6.848228
Variance function:
Structure: Different standard deviations per stratum
Formula: ~1 | AngII.Effect
Parameter estimates:
FALSE
TRUE
1.000000 2.768527
Fixed effects: BP.Systolic ~ Time.f * Treatment
Value Std.Error DF t-value p-value
(Intercept)
89.91900 1.987796 71 45.23554 0.0000
Time.f24
3.12021 2.394468 71 1.30309 0.1968
Time.f35
17.93535 5.542767 71 3.23581 0.0018
Time.f49
6.19055 5.552359 71 1.11494 0.2686
TreatmentT
3.82609 2.772476 32 1.38003 0.1771
Time.f24:TreatmentT -2.47315 3.354238 71 -0.73732 0.4634
Time.f35:TreatmentT -19.45527 8.356151 71 -2.32826 0.0228
Time.f49:TreatmentT -2.38143 8.896915 71 -0.26767 0.7897
Correlation:
(Intr) Tm.f24 Tm.f35 Tm.f49 TrtmnT T.24:T T.35:T
Time.f24
-0.625
Time.f35
-0.266 0.221
Time.f49
-0.271 0.225 0.099
TreatmentT
-0.717 0.448 0.191 0.194
Time.f24:TreatmentT 0.446 -0.714 -0.158 -0.160 -0.617
Time.f35:TreatmentT 0.176 -0.147 -0.663 -0.066 -0.246 0.203
Time.f49:TreatmentT 0.169 -0.140 -0.062 -0.624 -0.233 0.193 0.082
Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-1.9484134 -0.5298036 -0.1322914 0.4827106

Max
2.6270456

Number of Observations: 111
Number of Groups: 34

anova(mouse.BP.lme1s)
##
##
##
##
##

(Intercept)
Time.f
Treatment
Time.f:Treatment

numDF denDF F-value p-value
1
71 7662.280 <.0001
3
71
2.034 0.1168
1
32
0.710 0.4057
3
71
1.832 0.1492
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#Log transformation of data and exclusion of outliers did not markedly imp
rove the qqnorm or residual versus fit of the data. Model fit was improved
most by allowing for different standard deviations per stratum, due to the
difference in variation between mice receiving Ang II versus mice not rece
iving Ang II.
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3.
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

LME model analysis of diastolic blood pressure in mice receiving control diet or a
diet enriched with tree nuts

Linear mixed-effects model fit by REML
Data: James.BP.data
AIC
BIC
logLik
820.846 849.828 -399.423
Random effects:
Formula: ~1 | Mouse.number
(Intercept) Residual
StdDev:
2.500323 7.15849
Variance function:
Structure: Different standard deviations per stratum
Formula: ~1 | AngII.Effect
Parameter estimates:
FALSE
TRUE
1.000000 2.483678
Fixed effects: BP.Diastolic ~ Time.f * Treatment
Value Std.Error DF t-value p-value
(Intercept)
69.25738 1.894895 71 36.54945 0.0000
Time.f24
3.23281 2.497446 71 1.29445 0.1997
Time.f35
12.81476 5.252723 71 2.43964 0.0172
Time.f49
1.21599 5.257573 71 0.23128 0.8178
TreatmentT
4.17399 2.640591 32 1.58070 0.1238
Time.f24:TreatmentT -3.11517 3.502276 71 -0.88947 0.3768
Time.f35:TreatmentT -15.69855 7.900781 71 -1.98696 0.0508
Time.f49:TreatmentT -0.15056 8.396411 71 -0.01793 0.9857
Correlation:
(Intr) Tm.f24 Tm.f35 Tm.f49 TrtmnT T.24:T T.35:T
Time.f24
-0.681
Time.f35
-0.322 0.244
Time.f49
-0.324 0.246 0.118
TreatmentT
-0.718 0.489 0.231 0.233
Time.f24:TreatmentT 0.486 -0.713 -0.174 -0.175 -0.674
Time.f35:TreatmentT 0.214 -0.162 -0.665 -0.079 -0.298 0.225
Time.f49:TreatmentT 0.203 -0.154 -0.074 -0.626 -0.282 0.212 0.097
Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-1.84677300 -0.57878818 -0.06922858 0.55420846

Max
2.71868717

Number of Observations: 111
Number of Groups: 34

anova(mouse.BP.lmedbps)
##
##
##
##
##

(Intercept)
Time.f
Treatment
Time.f:Treatment

numDF denDF F-value p-value
1
71 5988.529 <.0001
3
71
0.832 0.4807
1
32
1.089 0.3045
3
71
1.409 0.2472
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#Log transformation of data and exclusion of outliers did not markedly imp
rove the qqnorm or residual versus fit of the data. Model fit was improved
most by allowing for different standard deviations per stratum, due to the
difference in variation between mice receiving Ang II versus mice not rece
iving Ang II.
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4.
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

LME model analysis of body weight in mice receiving control diet or a diet
enriched with tree nuts

Linear mixed-effects model fit by REML
Data: James.BW.data
Subset: divsd.resids1 > -2 & divsd.resids1 < 2
AIC
BIC
logLik
1614.317 1879.752 -749.1586
Random effects:
Formula: ~1 | Mouse.number
(Intercept) Residual
StdDev:
1.725751 0.5509257
Fixed effects: BW ~ Time.f * Treatment
Value Std.Error
(Intercept)
25.424766 0.4421801
Time.f3
0.462660 0.1981260
Time.f5
0.581116 0.1954181
Time.f7
0.492881 0.1954181
Time.f9
0.804646 0.1954181
Time.f11
1.298763 0.1954181
Time.f13
1.368910 0.1981260
Time.f15
1.363469 0.1954181
Time.f17
1.658927 0.1983935
Time.f19
1.828175 0.1954181
Time.f21
1.954072 0.1983934
Time.f23
1.581116 0.1954181
Time.f25
2.069352 0.1954181
Time.f27
1.307535 0.1983876
Time.f29
2.239022 0.1984783
Time.f31
2.661509 0.2019057
Time.f33
2.094267 0.2015465
Time.f35
2.734937 0.2099502
Time.f37
2.859685 0.2147549
Time.f39
3.611348 0.2100201
Time.f41
3.447506 0.2148310
Time.f43
3.511348 0.2100201
Time.f45
3.827115 0.2264737
Time.f47
3.573525 0.2264686
Time.f49
3.334425 0.2100201
Time.f51
3.680579 0.2100201
Time.f53
3.283921 0.2148321
Time.f55
3.475588 0.2148321
TreatmentT
0.981116 0.6233510
Time.f3:TreatmentT
0.231457 0.2737920
Time.f5:TreatmentT
0.389472 0.2718389
Time.f7:TreatmentT
0.874071 0.2739865
Time.f9:TreatmentT
0.718884 0.2718389
Time.f11:TreatmentT 0.524291 0.2739689
Time.f13:TreatmentT 0.660502 0.2737920
Time.f15:TreatmentT 0.690835 0.2739689
Time.f17:TreatmentT 0.529308 0.2739856
Time.f19:TreatmentT 0.626129 0.2739689

DF
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
686
32
686
686
686
686
686
686
686
686
686

t-value p-value
57.49866 0.0000
2.33518 0.0198
2.97371 0.0030
2.52219 0.0119
4.11756 0.0000
6.64608 0.0000
6.90929 0.0000
6.97719 0.0000
8.36180 0.0000
9.35520 0.0000
9.84948 0.0000
8.09094 0.0000
10.58936 0.0000
6.59081 0.0000
11.28094 0.0000
13.18194 0.0000
10.39098 0.0000
13.02660 0.0000
13.31604 0.0000
17.19525 0.0000
16.04753 0.0000
16.71910 0.0000
16.89872 0.0000
15.77934 0.0000
15.87669 0.0000
17.52489 0.0000
15.28599 0.0000
16.17816 0.0000
1.57394 0.1253
0.84538 0.3982
1.43273 0.1524
3.19020 0.0015
2.64452 0.0084
1.91369 0.0561
2.41242 0.0161
2.52158 0.0119
1.93188 0.0538
2.28540 0.0226
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##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

Time.f21:TreatmentT 0.810634
Time.f23:TreatmentT 0.713001
Time.f25:TreatmentT 0.630648
Time.f27:TreatmentT 0.605061
Time.f29:TreatmentT 0.318134
Time.f31:TreatmentT 0.443070
Time.f33:TreatmentT 0.874502
Time.f35:TreatmentT 0.405813
Time.f37:TreatmentT 0.945877
Time.f39:TreatmentT 0.694214
Time.f41:TreatmentT 0.238056
Time.f43:TreatmentT 0.625379
Time.f45:TreatmentT 0.375554
Time.f47:TreatmentT 0.329425
Time.f49:TreatmentT 0.399346
Time.f51:TreatmentT 0.390433
Time.f53:TreatmentT 0.071248
Time.f55:TreatmentT -0.107918

0.2739855
0.2718389
0.2718389
0.2760911
0.2761824
0.2810292
0.2943332
0.3107090
0.3083733
0.3050949
0.3084263
0.3266227
0.3289879
0.3374350
0.3379402
0.3379402
0.3210849
0.3210849

686 2.95867
686 2.62288
686 2.31993
686 2.19153
686 1.15190
686 1.57660
686 2.97113
686 1.30609
686 3.06731
686 2.27540
686 0.77184
686 1.91468
686 1.14154
686 0.97626
686 1.18171
686 1.15533
686 0.22190
686 -0.33611

Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-4.42824903 -0.51286072 0.02922378 0.61075966

0.0032
0.0089
0.0206
0.0287
0.2498
0.1153
0.0031
0.1920
0.0022
0.0232
0.4405
0.0559
0.2540
0.3293
0.2377
0.2484
0.8245
0.7369

Max
4.35480859

Number of Observations: 774
Number of Groups: 34

anova(mouse.BW.lme2)
##
##
##
##
##

(Intercept)
Time.f
Treatment
Time.f:Treatment

numDF denDF F-value p-value
1
686 8945.688 <.0001
27
686 102.571 <.0001
1
32
6.464 0.0160
27
686
1.459 0.0636

#Best model fit was achieved after exclusion of outliers of + or – 2 stand
ard deviations

148

5.
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

LME model analysis of food consumption in mice receiving control diet or a diet
enriched with tree nuts

Linear mixed-effects model fit by REML
Data: James.Food.data
AIC
BIC
logLik
-64.93848 122.7656 88.46924
Random effects:
Formula: ~1 | Mouse.number
(Intercept) Residual
StdDev:
0.1185192 0.1201745
Fixed effects: log.Consumption
Value
(Intercept)
1.2898925
Time.f5
0.0060499
Time.f7
-0.0711737
Time.f9
-0.0081305
Time.f11
-0.0071024
Time.f13
-0.0301239
Time.f15
-0.0062747
Time.f17
0.0128573
Time.f19
0.0751426
Time.f21
0.0099272
Time.f23
0.1178015
Time.f25
0.1308587
Time.f27
0.1241286
Time.f29
0.0048332
Time.f31
0.2115292
Time.f33
0.1753570
Time.f35
0.0628546
Time.f37
0.1215065
Time.f39
0.2027796
Time.f41
0.2275993
Time.f43
0.1091302
Time.f45
0.1936745
Time.f47
0.0169342
Time.f49
0.1180535
Time.f51
0.1156309
Time.f53
0.1355269
Time.f55
0.0825683
TreatmentT
0.0627124
Time.f5:TreatmentT -0.0324361
Time.f7:TreatmentT
0.0024031
Time.f9:TreatmentT -0.0344672
Time.f11:TreatmentT -0.0778900
Time.f13:TreatmentT 0.0205445
Time.f15:TreatmentT -0.0001971
Time.f17:TreatmentT -0.0251009
Time.f19:TreatmentT -0.0090513
Time.f21:TreatmentT 0.0112175
Time.f23:TreatmentT -0.0366283
Time.f25:TreatmentT -0.0636479

~ Time.f *
Std.Error
0.06965094
0.07600502
0.07600502
0.07600502
0.07600502
0.07600502
0.07600502
0.07600502
0.07600502
0.07600502
0.07600502
0.07600502
0.07600502
0.07600502
0.07600502
0.07600502
0.07844356
0.07377773
0.07377773
0.07377773
0.07377773
0.07377773
0.07377773
0.07377773
0.07377773
0.07377773
0.07377773
0.10358301
0.11400753
0.11400753
0.11400753
0.11400753
0.11400753
0.11400753
0.11400753
0.11400753
0.11400753
0.11400753
0.11400753

Treatment
DF
t-value p-value
198 18.519384 0.0000
198 0.079598 0.9366
198 -0.936434 0.3502
198 -0.106974 0.9149
198 -0.093446 0.9256
198 -0.396340 0.6923
198 -0.082557 0.9343
198 0.169164 0.8658
198 0.988653 0.3240
198 0.130612 0.8962
198 1.549917 0.1228
198 1.721711 0.0867
198 1.633163 0.1040
198 0.063590 0.9494
198 2.783095 0.0059
198 2.307176 0.0221
198 0.801271 0.4239
198 1.646927 0.1012
198 2.748521 0.0065
198 3.084932 0.0023
198 1.479176 0.1407
198 2.625108 0.0093
198 0.229530 0.8187
198 1.600124 0.1112
198 1.567287 0.1186
198 1.836962 0.0677
198 1.119150 0.2644
13 0.605431 0.5553
198 -0.284508 0.7763
198 0.021078 0.9832
198 -0.302324 0.7627
198 -0.683201 0.4953
198 0.180203 0.8572
198 -0.001729 0.9986
198 -0.220169 0.8260
198 -0.079392 0.9368
198 0.098393 0.9217
198 -0.321279 0.7483
198 -0.558278 0.5773
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##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

Time.f27:TreatmentT
Time.f29:TreatmentT
Time.f31:TreatmentT
Time.f33:TreatmentT
Time.f35:TreatmentT
Time.f37:TreatmentT
Time.f39:TreatmentT
Time.f41:TreatmentT
Time.f43:TreatmentT
Time.f45:TreatmentT
Time.f47:TreatmentT
Time.f49:TreatmentT
Time.f51:TreatmentT
Time.f53:TreatmentT
Time.f55:TreatmentT

-0.0309241
-0.1532232
-0.1516728
-0.1081485
-0.0211188
-0.0532492
-0.0102640
-0.0850806
-0.0345069
-0.0830427
-0.0549836
-0.2056301
-0.0479623
-0.0524931
-0.1531251

0.11400753
0.11400753
0.11400753
0.11400753
0.11564751
0.10959483
0.10959483
0.10959483
0.10885587
0.10885587
0.11036723
0.11036723
0.11036723
0.11036723
0.11036723

198
198
198
198
198
198
198
198
198
198
198
198
198
198
198

-0.271246
-1.343974
-1.330375
-0.948608
-0.182614
-0.485873
-0.093654
-0.776320
-0.316996
-0.762868
-0.498188
-1.863145
-0.434571
-0.475622
-1.387414

Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-2.23408607 -0.41435881 -0.02724344 0.37390832

0.7865
0.1805
0.1849
0.3440
0.8553
0.6276
0.9255
0.4385
0.7516
0.4464
0.6189
0.0639
0.6643
0.6349
0.1669

Max
5.41553764

Number of Observations: 265
Number of Groups: 15

anova(mouse.Food.lme3)
##
##
##
##
##

(Intercept)
Time.f
Treatment
Time.f:Treatment

numDF denDF
F-value p-value
1
198 1819.3895 <.0001
26
198
3.7804 <.0001
1
13
0.0018 0.9664
26
198
0.5296 0.9716

#Log transforming data greatly improves the qqnorm plot and fit of the mod
el.
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6.
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

LME model analysis of distance travelled measured by treadmill test in mice
receiving control diet or a diet containing quercetin

Linear mixed-effects model fit by REML
Data: James.TMT.data
AIC
BIC
logLik
535.8661 567.3411 -257.9331
Random effects:
Formula: ~1 | Mouse.number
(Intercept) Residual
StdDev:
0.6985269 0.8575158
Fixed effects: log.Distance ~ Time.f * Treatment
Value Std.Error DF
t-value p-value
(Intercept)
4.307168 0.2358036 129 18.265914 0.0000
Time.f10
0.501639 0.2585508 129 1.940196 0.0545
Time.f20
1.026995 0.2585508 129 3.972122 0.0001
Time.f30
1.084197 0.2585508 129 4.193363 0.0001
TreatmentT
0.140787 0.3298320 43 0.426845 0.6716
Time.f10:TreatmentT 0.159205 0.3616497 129 0.440220 0.6605
Time.f20:TreatmentT -0.039674 0.3616497 129 -0.109703 0.9128
Time.f30:TreatmentT -0.212081 0.3616497 129 -0.586427 0.5586
Correlation:
(Intr) Tm.f10 Tm.f20 Tm.f30 TrtmnT T.10:T T.20:T
Time.f10
-0.548
Time.f20
-0.548 0.500
Time.f30
-0.548 0.500 0.500
TreatmentT
-0.715 0.392 0.392 0.392
Time.f10:TreatmentT 0.392 -0.715 -0.357 -0.357 -0.548
Time.f20:TreatmentT 0.392 -0.357 -0.715 -0.357 -0.548 0.500
Time.f30:TreatmentT 0.392 -0.357 -0.357 -0.715 -0.548 0.500 0.500
Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-2.82486898 -0.50913474 0.06043225 0.63378506

Max
1.64397887

Number of Observations: 180
Number of Groups: 45

anova(mouse.TMT.lme1b)
##
##
##
##
##

(Intercept)
Time.f
Treatment
Time.f:Treatment

numDF denDF
F-value p-value
1
129 1688.4381 <.0001
3
129
13.4650 <.0001
1
43
0.2317 0.6327
3
129
0.3556 0.7852

#Log transformation drastically improved qqnorm and residuals vs fit plots
.
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7.

LME model analysis of blood flow measured by laser Doppler perfusion imaging in
mice receiving control diet or a diet containing quercetin

## Linear mixed-effects model fit by REML
## Data: James.LDI.data
##
AIC
BIC
logLik
##
-105.7584 -56.12595 66.87922
##
## Random effects:
## Formula: ~1 | Mouse.number
##
(Intercept) Residual
## StdDev: 0.06162658 0.1646556
##
## Fixed effects: BFR ~ Time.f * Treatment
##
Value Std.Error DF
t-value p-value
## (Intercept)
1.0569587 0.03832083 213 27.581833 0.0000
## Time.f2
-0.4185054 0.05028118 213 -8.323301 0.0000
## Time.f3
-0.4349669 0.05028118 213 -8.650691 0.0000
## Time.f4
-0.6183156 0.05028118 213 -12.297159 0.0000
## Time.f5
-0.5462005 0.05028118 213 -10.862922 0.0000
## Time.f6
-0.6024650 0.05028118 213 -11.981918 0.0000
## TreatmentT
-0.0005823 0.05357577 43 -0.010869 0.9914
## Time.f2:TreatmentT -0.0203797 0.07031152 213 -0.289848 0.7722
## Time.f3:TreatmentT 0.0251659 0.07031152 213
0.357921 0.7208
## Time.f4:TreatmentT -0.0075077 0.07031152 213 -0.106778 0.9151
## Time.f5:TreatmentT -0.0287410 0.07031152 213 -0.408766 0.6831
## Time.f6:TreatmentT -0.0397070 0.07031152 213 -0.564730 0.5729
## Correlation:
##
(Intr) Tim.f2 Tim.f3 Tim.f4 Tim.f5 Tim.f6 TrtmnT T.2
:TT
## Time.f2
-0.673
## Time.f3
-0.673 0.513
## Time.f4
-0.673 0.513 0.513
## Time.f5
-0.673 0.513 0.513 0.513
## Time.f6
-0.673 0.513 0.513 0.513 0.513
## TreatmentT
-0.715 0.481 0.481 0.481 0.481 0.481
## Time.f2:TreatmentT 0.481 -0.715 -0.367 -0.367 -0.367 -0.367 -0.672
## Time.f3:TreatmentT 0.481 -0.367 -0.715 -0.367 -0.367 -0.367 -0.672 0.
512
## Time.f4:TreatmentT 0.481 -0.367 -0.367 -0.715 -0.367 -0.367 -0.672 0.
512
## Time.f5:TreatmentT 0.481 -0.367 -0.367 -0.367 -0.715 -0.367 -0.672 0.
512
## Time.f6:TreatmentT 0.481 -0.367 -0.367 -0.367 -0.367 -0.715 -0.672 0.
512
##
T.3:TT T.4:TT T.5:TT
## Time.f2
## Time.f3
## Time.f4
## Time.f5
## Time.f6
## TreatmentT
## Time.f2:TreatmentT
## Time.f3:TreatmentT
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##
##
##
##
##
##
##
##
##
##

Time.f4:TreatmentT
Time.f5:TreatmentT
Time.f6:TreatmentT

0.512
0.512
0.512

0.512
0.512

0.512

Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-2.2796770 -0.6244929 -0.1083635 0.4732391

Max
3.7931751

Number of Observations: 268
Number of Groups: 45

anova(mouse.LDI.lme1)
##
##
##
##
##

numDF denDF
F-value p-value
(Intercept)
1
213 2006.5694 <.0001
Time.f
5
213
88.2091 <.0001
Treatment
1
43
0.2117 0.6478
Time.f:Treatment
5
213
0.2204 0.9535

#Transformation of data and exclusion of outliers did not improve
qqnorm or residual versus fit plots. Original LME was accepted.
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8.
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

LME model analysis of body weight of mice receiving control diet or a diet
containing quercetin

Linear mixed-effects model fit by REML
Data: James.BW.data
Subset: divsd.resids1 > -3 & divsd.resids1 < 3
AIC
BIC
logLik
703.607 743.886 -339.8035
Random effects:
Formula: ~1 | Mouse.number
(Intercept) Residual
StdDev:
1.828009 0.8008082
Fixed effects: BW ~ Time.f * Treatment
Value Std.Error DF t-value p-value
(Intercept)
29.409091 0.4254897 169 69.11822 0.0000
Time.f1
-0.227273 0.2414528 169 -0.94127 0.3479
Time.f14
0.174672 0.2449870 169 0.71299 0.4768
Time.f21
0.318182 0.2414528 169 1.31778 0.1894
Time.f35
-0.045455 0.2414528 169 -0.18825 0.8509
TreatmentT
0.286561 0.5951568 43 0.48149 0.6326
Time.f1:TreatmentT -0.033597 0.3377338 169 -0.09948 0.9209
Time.f14:TreatmentT -0.259405 0.3425686 169 -0.75724 0.4500
Time.f21:TreatmentT 0.073123 0.3377338 169 0.21651 0.8289
Time.f35:TreatmentT 0.287042 0.3400500 169 0.84412 0.3998
Correlation:
(Intr) Tim.f1 Tm.f14 Tm.f21 Tm.f35 TrtmnT T.1:TT
Time.f1
-0.284
Time.f14
-0.280 0.493
Time.f21
-0.284 0.500 0.493
Time.f35
-0.284 0.500 0.493 0.500
TreatmentT
-0.715 0.203 0.200 0.203 0.203
Time.f1:TreatmentT
0.203 -0.715 -0.352 -0.357 -0.357 -0.284
Time.f14:TreatmentT 0.200 -0.352 -0.715 -0.352 -0.352 -0.280 0.493
Time.f21:TreatmentT 0.203 -0.357 -0.352 -0.715 -0.357 -0.284 0.500
Time.f35:TreatmentT 0.201 -0.355 -0.350 -0.355 -0.710 -0.282 0.497
T.14:T T.21:T
Time.f1
Time.f14
Time.f21
Time.f35
TreatmentT
Time.f1:TreatmentT
Time.f14:TreatmentT
Time.f21:TreatmentT 0.493
Time.f35:TreatmentT 0.489 0.497
Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-3.27058640 -0.50434041 0.04525939 0.54097929
Number of Observations: 222
Number of Groups: 45
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Max
3.53976064

anova(mouse.BW.lme1a)
##
##
##
##
##

(Intercept)
Time.f
Treatment
Time.f:Treatment

numDF denDF
F-value p-value
1
169 11359.967 <.0001
4
169
3.242 0.0136
1
43
0.294 0.5902
4
169
0.654 0.6250

#Large improvement in qqnorm and residual versus fit plots when outliers >
3 standard deviations are excluded.
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9.
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

LME model analysis of infrarenal aortic diameter as measured by ultrasound in
mice undergoing sham surgery or mice undergoing elastase surgery with oral BAPN

Linear mixed-effects model fit by REML
Data: James.US.data
AIC
BIC
logLik
28.43573 76.38503 -0.217863
Random effects:
Formula: ~1 | Mouse.number
(Intercept) Residual
StdDev: 0.08544664 0.2116567
Fixed effects: log.IRA ~ time.f * Treatment
Value Std.Error DF
t-value p-value
(Intercept)
-0.3222824 0.04167320 185 -7.73356 0.0000
time.f7
0.2201651 0.05464952 185
4.02867 0.0001
time.f28
0.5244373 0.05694238 185
9.20997 0.0000
time.f42
0.9008413 0.05695337 185 15.81717 0.0000
time.f63
1.6119979 0.05695337 185 28.30382 0.0000
time.f80
1.9011336 0.05760902 185 33.00062 0.0000
TreatmentS
-0.0066016 0.07387870 42 -0.08936 0.9292
time.f7:TreatmentS -0.2550198 0.09991249 185 -2.55243 0.0115
time.f28:TreatmentS -0.5374702 0.09961359 185 -5.39555 0.0000
time.f42:TreatmentS -0.8754869 0.09961988 185 -8.78828 0.0000
time.f63:TreatmentS -1.5398900 0.09961988 185 -15.45766 0.0000
time.f80:TreatmentS -1.7376846 0.10336631 185 -16.81094 0.0000
Correlation:
(Intr) tim.f7 tm.f28 tm.f42 tm.f63 tm.f80 TrtmnS
time.f7
-0.656
time.f28
-0.629 0.480
time.f42
-0.629 0.480 0.467
time.f63
-0.629 0.480 0.467 0.469
time.f80
-0.622 0.474 0.461 0.463 0.463
TreatmentS
-0.564 0.370 0.355 0.355 0.355 0.351
time.f7:TreatmentS
0.359 -0.547 -0.262 -0.262 -0.262 -0.259 -0.636
time.f28:TreatmentS 0.360 -0.274 -0.572 -0.267 -0.267 -0.264 -0.638
time.f42:TreatmentS 0.360 -0.274 -0.267 -0.572 -0.268 -0.265 -0.638
time.f63:TreatmentS 0.360 -0.274 -0.267 -0.268 -0.572 -0.265 -0.638
time.f80:TreatmentS 0.347 -0.264 -0.257 -0.258 -0.258 -0.557 -0.615
t.7:TS t.28:T t.42:T t.63:T
time.f7
time.f28
time.f42
time.f63
time.f80
TreatmentS
time.f7:TreatmentS
time.f28:TreatmentS 0.475
time.f42:TreatmentS 0.475 0.478
time.f63:TreatmentS 0.475 0.478 0.479
time.f80:TreatmentS 0.461 0.461 0.462 0.462
Standardized Within-Group Residuals:
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##
Min
Q1
Med
## -3.615006425 -0.317850935 0.004396393
##
## Number of Observations: 239
## Number of Groups: 44

Q3
0.381744207

Max
2.779703707

anova(mouse.US.lme3)
##
##
##
##
##

numDF denDF F-value p-value
(Intercept)
1
185 150.0152 <.0001
time.f
5
185 253.6157 <.0001
Treatment
1
42 373.5833 <.0001
time.f:Treatment
5
185 91.8336 <.0001

#Log transforming data greatly improved the qqnorm plot and residual versu
s fit of the model
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10.

##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

LME model analysis of infrarenal aortic diameter as measured by ultrasound in
mice undergoing elastase surgery with oral BAPN and either vehicle or colchicine
gavage

Linear mixed-effects model fit by REML
Data: James.US.data
AIC
BIC
logLik
154.7719 207.3523 -63.38595
Random effects:
Formula: ~1 | Mouse.number
(Intercept) Residual
StdDev: 0.07298233 0.2693436
Fixed effects: log.IRA ~ time.f * Treatment
Value Std.Error DF
t-value p-value
(Intercept)
-0.3222824 0.05094847 258 -6.325654 0.0000
time.f7
0.2201651 0.06954422 258 3.165828 0.0017
time.f28
0.5255064 0.07232692 258 7.265710 0.0000
time.f42
0.9020352 0.07233152 258 12.470844 0.0000
time.f63
1.6131918 0.07233152 258 22.302748 0.0000
time.f80
1.9016724 0.07313996 258 26.000455 0.0000
TreatmentT
-0.0284417 0.07205202 58 -0.394738 0.6945
time.f7:TreatmentT -0.0014799 0.09880226 258 -0.014979 0.9881
time.f28:TreatmentT 0.0601250 0.10125084 258 0.593822 0.5532
time.f42:TreatmentT 0.1496256 0.10175223 258 1.470490 0.1426
time.f63:TreatmentT 0.0333287 0.10125414 258 0.329159 0.7423
time.f80:TreatmentT -0.0484155 0.10470680 258 -0.462391 0.6442
Correlation:
(Intr) tim.f7 tm.f28 tm.f42 tm.f63 tm.f80 TrtmnT
time.f7
-0.682
time.f28
-0.656 0.481
time.f42
-0.656 0.481 0.465
time.f63
-0.656 0.481 0.465 0.467
time.f80
-0.649 0.475 0.460 0.462 0.462
TreatmentT
-0.707 0.483 0.464 0.464 0.464 0.459
time.f7:TreatmentT
0.480 -0.704 -0.338 -0.338 -0.338 -0.335 -0.679
time.f28:TreatmentT 0.469 -0.343 -0.714 -0.333 -0.333 -0.329 -0.663
time.f42:TreatmentT 0.466 -0.342 -0.331 -0.711 -0.332 -0.328 -0.660
time.f63:TreatmentT 0.469 -0.343 -0.333 -0.333 -0.714 -0.330 -0.663
time.f80:TreatmentT 0.453 -0.332 -0.322 -0.322 -0.322 -0.699 -0.641
t.7:TT t.28:T t.42:T t.63:T
time.f7
time.f28
time.f42
time.f63
time.f80
TreatmentT
time.f7:TreatmentT
time.f28:TreatmentT 0.484
time.f42:TreatmentT 0.482 0.472
time.f63:TreatmentT 0.484 0.475 0.473
time.f80:TreatmentT 0.468 0.459 0.457 0.459
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##
##
##
##
##
##

Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-4.27955460 -0.38697308 0.03040771 0.48831630

Max
2.53587130

Number of Observations: 328
Number of Groups: 60

anova(mouse.US.lme3)
##
##
##
##
##

(Intercept)
time.f
Treatment
time.f:Treatment

numDF denDF F-value p-value
1
258 762.4905 <.0001
5
258 426.7133 <.0001
1
58
0.0102 0.9199
5
258
0.8333 0.5270

#Log transforming data greatly improved the qqnorm plot and residual versu
s fit of the model
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