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ABSTRACT

Stroke is one of the leading causes of mortality and long-term disability in Canada. While men
have a higher incidence of stroke than women, women have higher mortality and disability rates.
Carotid atherosclerotic plaque instability is a key cause of ischemic strokes. Current guidelines
recommend surgical intervention (carotid endarterectomy or carotid artery stenting) for stroke
prevention based solely on the degree of carotid artery stenosis. However, stenosis alone is an
incomplete determinant of a patient’s stroke risk as it does not entirely reflect how unstable a
plaque truly is and its likelihood to rupture. Instead it has been increasingly recognized that plaque
composition plays a critical role in defining plaque instability. Another major concern in carotid
disease management is the lack of sex-specific guidelines, which has led to suboptimal prevention
and treatment of strokes particularly in women. Therefore, it is imperative to identify the potential
mechanisms involved in carotid plaque instability in women and in men. Adiponectin is the most
abundantly secreted adipokine with vasculoprotective and anti-inflammatory properties that
interacts with two transmembrane receptors, AdipoR1 and AdipoR2. A series of ex vivo and in
vitro experiments were conducted in the development of this thesis. To achieve this, our large
ongoing bio-bank of human carotid plaque specimens and blood samples were used to determine:
(1) the contribution of the adiponectin-AdipoR pathway in carotid atherosclerotic plaque
instability, (2) the effect of modulating this pathway in the monocyte-macrophage lineage, and (3)
sex-specific signatures associated with the adiponectin-AdipoR pathway and plaque instability.

Firstly, our results demonstrated that intraplaque expression of adiponectin plays a more
important role in the context of plaque instability than circulating levels of total adiponectin.
Moreover, we identified a novel association between decreased adiponectin-mediated signalling
through the AdipoR2 pathway and greater plaque instability. This may impair the atheroprotective
actions of adiponectin in the plaque and cause adiponectin resistance, thereby contributing to the
accumulation of adiponectin observed in more vulnerable lesions.

Secondly, we demonstrated that adiponectin can affect the reverse cholesterol transport
pathway, known to be a major protective system against the development of ‘unstable’
atherosclerotic plaques. We contributed evidence suggesting that adiponectin may significantly

improve the efficiency of the rate-limiting step of the cholesterol efflux process and promote



nascent high-density lipoprotein biogenesis from macrophages via activation of both the AdipoR1
and AdipoR2 receptors.

Thirdly, although statins are widely used for the primary and secondary prevention of
cardiovascular disease, intensive statin therapy was found to compromise the expression and
function of adiponectin and its receptors in the monocyte-macrophage lineage. These findings may
partly explain the residual cardiovascular risk in individuals treated with statins, which stresses the
need for new therapies aimed specifically at stabilizing atherosclerotic plaques.

Lastly, we demonstrated that men and women who underwent a carotid endarterectomy
exhibit clear differences not only at the level of the plaque (i.e., plaque composition) but also at
the level of the circulation (i.e., adipokine, lipid, and immune profiles). Specifically, we identified
that a decrease in the high molecular-weight to total adiponectin ratio was independently
associated with greater plaque instability specifically in women but not in men. Moreover, we have
developed a comprehensive method to measure sex hormones using liquid chromatography-
tandem mass spectrometry that will be used in the future to identify sex-specific signatures related
to plaque instability in men and women.

The results of these studies taken together, have provided evidence for the adiponectin-
AdipoR pathway as a: (a) novel mechanism of plaque instability, (b) potential therapeutic target
for plaque stabilization and ultimately, stroke prevention, and (c) probable sex-specific marker of
plaque instability. Overall, our novel findings might be a stepping stone with the potential to
ultimately lead to improvements in the identification, management, and treatment of ‘unstable’

carotid atherosclerosis.



RESUME

L'accident vasculaire cérébral est l'une des principales causes de mortalité¢ et d'invalidité au
Canada. Alors que les hommes ont une incidence d'accidents vasculaires cérébraux plus élevée
que les femmes, les taux de mortalité et d'invalidité des femmes sont plus ¢élevés. L'instabilité de
la plaque d’athérome au niveau de la carotide est I'une des principales causes d'accident vasculaire
cérébral ischémique. Les recommandations actuelles conseillent une intervention chirurgicale
(endartériectomie carotidienne ou endoprothése carotidienne) pour la prévention des accidents
vasculaires cérébraux basées uniquement sur le degré de sténose de 1'artéere carotide. Cependant,
le degré de sténose est a lui seul insuffisant pour prédire le risque d'accident vasculaire cérébral,
car il ne refléte pas entierement l'instabilité d'une plaque ni son risque de rupture. Au lieu de cela,
il est de plus en plus reconnu que la composition de la plaque joue un réle essentiel dans la
définition de I’instabilité¢ de la plaque. Une autre préoccupation majeure dans la gestion de cette
maladie est I’absence de directives spécifiques au sexe, ce qui a conduit a une prévention et a un
traitement sous-optimaux des accidents vasculaires cérébraux, en particulier chez les femmes. Par
conséquent, il est impératif d'identifier les mécanismes potentiels impliqués dans l'instabilité de la
plaque carotidienne chez les femmes et les hommes. L'adiponectine est l'adipokine la plus
abondamment sécrétée, dotée de propriétés antiathérogeénes et anti-inflammatoires, interagit avec
deux récepteurs transmembranaires : AdipoR1 et AdipoR2. Une série d’expériences ex vivo et in
vitro ont été conduites dans 1’élaboration de cette thése. Pour y parvenir, notre grande banque
biologique de spécimens de plaques carotidiennes humaines et d'échantillons de sang ont été
utilisées afin de determiner : (1) la contribution de la voie adiponectine-AdipoR dans l'instabilité
de la plaque athéromateuse carotidienne, (2) l'effet de la modulation de cette voie dans la lignée
des monocytes et des macrophages, et (3) les signatures spécifiques au sexe associées a la voie
adiponectine-AdipoR et a 'instabilité de la plaque.

Premierement, nos résultats ont démontré que le niveau d’expression de I’adiponectine au
sein de la plaque joue un role plus important que les niveaux circulants d’adiponectine totale dans
I’instabilit¢ de la plaque. De plus, nous avons identifi¢ une nouvelle association entre une
diminution de la signalisation induite par I'adiponectine par la voie AdipoR2 et une instabilité

accrue de la plaque. Cela peut altérer les actions athéroprotectrices de I'adiponectine et provoquer



une résistance a 1'adiponectine, contribuant ainsi a I'accumulation d'adiponectine observée dans les
1ésions plus vulnérables.

Deuxi¢mement, nos résultats démontrent que 1’adiponectine peut affecter la voie de
transport inverse du cholestérol, connue pour étre un systéme de protection majeur contre le
développement de plaques athéromateuses « instables ». Nous avons apporté des preuves
suggérant que l'adiponectine peut considérablement améliorer I’efficacité de I’étape limitante du
processus d’efflux de cholestérol et favoriser la biogenese des lipoprotéines de haute densité a
partir des macrophages par l'activation des récepteurs AdipoR1 et AdipoR2.

Troisiémement, bien que les statines soient largement utilisées pour la prévention primaire
et secondaire des maladies cardiovasculaires, il a été démontré qu'un traitement intensif aux
statines compromettait l'expression et la fonction de 'adiponectine et de ses récepteurs de la lignée
des monocytes et des macrophages. Ces résultats pourraient expliquer en partie le risque
cardiovasculaire résiduel chez les personnes traitées avec des statines, ce qui souligne la nécessité
de nouveaux traitements visant spécifiquement a stabiliser les plaques athéromateuses. Enfin, nous
avons démontré que les hommes et les femmes ayant subi une endartériectomie carotidienne
présentaient des différences nettes non seulement au niveau de la plaque (sa composition), mais
¢galement au niveau de la circulation (profils d'adipokine, de lipides et de cellules immunitaires).
Plus précisément, nous avons identifié¢ que la diminution du rapport entre 1’adiponectine de haut
poids moléculaire et l'adiponectine totale était indépendamment associée a une instabilité accrue
de la plaque, en particulier chez les femmes mais pas chez les hommes. De plus, nous avons
développé une méthode de mesure des hormones sexuelles a I'aide de la spectrométrie de masse
qui sera utilisée a I'avenir pour identifier les signatures spécifiques au sexe liées a l'instabilité de
la plaque chez les hommes et les femmes.

Les résultats de ces études ont fourni des preuves sur la voie de I'adiponectine-AdipoR
comme étant : (a) un nouveau mécanisme d'instabilité de la plaque, (b) une cible thérapeutique
potentielle pour la stabilisation de la plaque et la prévention des accidents vasculaires cérébraux,
et (c) un marqueur spécifique au sexe de l'instabilité de la plaque. En somme, nos nouvelles
découvertes pourraient éventuellement conduire a des améliorations dans 1’identification, la

gestion et le traitement de 1’athérosclérose carotidienne « instable ».
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1.1 Preface
Stroke due to carotid atherosclerotic disease is a major health problem for the society at large.
Despite advances in prevention and management, it remains a leading cause of mortality and long-
term disability worldwide. In Canada alone, every 9 minutes someone suffers a stroke, placing
physical, emotional, and financial constraints not only on those affected but also on their family
and friends. Furthermore, stroke imposes an immense economic burden on the health-care system.

Unstable atherosclerotic plaques that develop in the internal carotid artery are major
etiological factors known to cause strokes. Current clinical practice guidelines recommend carotid
endarterectomy (CEA) for stroke prevention in patients with carotid atherosclerotic plaques based
solely on the degree of carotid artery stenosis, i.e. typically when stenosis >70% in general, and
50-69% in selected patients. However, despite these guidelines, many plaques causing moderate-
to high-grade stenoses remain stable and asymptomatic, whereas other plaques causing low-grade
stenoses are unstable and increase the risk of disabling and life-threatening strokes. Hence, it is
increasingly recognized that stenosis alone is an incomplete feature of stroke risk, as it does not
entirely reflect how unstable a plaque truly is. As a result, many people with unstable plaques go
undiagnosed or untreated. Another major concern in carotid disease management is the lack of
sex-specific guidelines, which have led to suboptimal prevention and/or treatment of strokes
particularly in women. Unfortunately, in cardiovascular research, women have been under-
represented for many years leading to an under-appreciation of sex differences. However, recently
there is increasing awareness that sex differences do exist in atherosclerosis development, plaque
morphology and composition, and stroke risk. Thus, it is a research priority to understand the
mechanisms that underlie the atherosclerotic process and contribute to plaque instability in men
and in women, as it may lead to more accurate patient risk stratification and may pave the way for
the identification of novel therapeutic targets aiming to stabilize vulnerable plaques. Over the past
few years, we have created a large, prospective bio-bank of human blood and carotid plaque
specimens, which we have used herein, to address the current knowledge gaps pertaining to
atherosclerotic plaque instability.

Adipose tissue is a source of adipokines, which mediate the crosstalk between adipose
tissue, the immune system, and the vascular wall. Adiponectin is the most abundantly secreted
adipokine with both anti-inflammatory and vasculoprotective properties. Experimental evidence

suggests that by interacting with its receptors, AdipoR1 and AdipoR2 (defined as AdipoR),
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adiponectin can exert a protective effect in all stages of atherosclerotic plaque development,
particularly through its actions on the macrophage, a major effector cell in plaque instability, and
on its precursor in the blood, the monocyte. We hypothesize that dysregulation in these interactions
may have numerous pro-atherosclerotic effects on the arterial wall. Thus, herein, we performed a
series of studies that sought to unravel in humans 1) the contribution of adiponectin and the
adiponectin receptor pathway in carotid atherosclerotic plaque instability and 2) the effect of
modulating this pathway in the monocyte-macrophage lineage. Moreover, we aimed to identify
sex-specific signatures associated with the adiponectin-AdipoR pathway and plaque instability.

The five studies presented herein (Chapters 3-7) were performed in partial fulfillment of
the requirements for my doctoral degree and constitute original work. Below I present a general
background of stroke epidemiology, risk factors and types of strokes, the etiology of ischemic
strokes, the stages in the development of atherosclerotic plaques, screening and management of
carotid artery disease, histological characterization of atherosclerotic plaques, the adipo-vascular
axis, and the role of adiponectin and the AdipoR pathway in atherosclerosis development.
Furthermore, I present two systematic reviews and meta-analyses that I have performed to
comprehensively assess the association between adiponectin and the full spectrum of carotid artery
disease, from carotid intima-media thickness (cIMT), to plaque presence, to ischemic stroke risk,
to risk of mortality in an ischemic stroke population. I then present methodology common to
multiple chapters (Chapter 2), the original studies in Chapters 3-7, followed by a general
discussion (Chapter 8).

1.2 Stroke Epidemiology

Stroke along with ischemic heart disease remain the leading causes of mortality and disability
world-wide, accounting for a combined 15 million deaths in 2016°. Stroke alone represents
approximately 40% of these deaths®. While 62,000 new strokes occur in Canada each year (one
stroke every nine minutes), stroke kills approximately 13,000 Canadians yearly®. Furthermore, the
Heart & Stroke Foundation’s 2017 Stroke Report revealed that over 400,000 Canadians live with
long-term disability from stroke and that this number will double in the next 20 years due to the
increasingly aging population’. The impact of stroke on these survivors can be devastating; in
addition to suffering from functional impairments, aphasia, memory loss, depression, and fatigue,

stroke survivors remain at a high annual risk of recurrent cerebrovascular events and mortality’.
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Stroke also causes a deep burden on the health care system, costing the Canadian economy an

estimated $3.6 billion in direct and indirect costs each year®.

1.3 Risk Factors of Stroke
Stroke is associated with several risk factors, which are generally categorized as (1) non-
modifiable or (2) modifiable. A brief summary of some well-documented risk factors (also referred

to as the “traditional” Framingham risk factors) are listed below.

1.3.1 Non-modifiable risk factors
Age
It is well-established that the risk of stroke strongly increases with age. In fact, the incidence of
stroke nearly doubles every 10 years after the age of 557. With increasing age, the wall of large
arteries becomes increasingly thicker and less elastic, resulting in an increase in pulse wave
velocity, which is an important parameter of arterial stiffness™!?. Arterial stiffness, a composite
indicator of arterial health, is considered to be an independent predictor (over and above traditional
risk factors) of several cardiovascular outcomes, including stroke, and is strongly associated with
atherosclerosis at various sites of the arterial tree!!"3.

Even though 80% of all strokes occur over the age of 60, stroke in younger adults (aged
20-59) is rising drastically’. According to the Framingham Heart Study, the lifetime risk of stroke
in middle-aged adults was estimated to be 1 in 6'*. However, due to the presence of other co-
morbidities among older stroke patients, their recovery following a stroke is slower and more

challenging than younger stroke patients’.

Sex

Sex differences in stroke incidence, mortality, and outcomes exist!'>. Although men are known to
have a higher incidence of stroke than women among most age groups, after the age of 85 years,
significantly more women suffer from strokes than men due at least in part to the longer life
expectancy in women!®!7, Furthermore, it has been reported that women have worse recovery and
higher mortality and disability rates than men post-stroke!'>!'”. In fact, according to the Heart &
Stroke Foundation of Canada, one-third more women die of stroke than men, where women are

35% more likely to die within one year of a stroke compared with men'®. Much of this excess
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mortality in women is believed to be caused by baseline differences between men and women (i.e.,
age, comorbidities, stroke severity)!>. However, even after controlling for these factors, women
continue to have worse functional outcomes after stroke than men!®-?°. Nonetheless, age remains a
powerful risk factor for women when it comes to stroke. During the first 10 years after menopause,
the risk of stroke nearly doubles in women, as natural estrogen levels drop and the risk of

developing comorbidities increases (i.e., hypertension, hypercholesterolemia)?!.

Family history

Family history of stroke is recognized as an independent risk factor for stroke. A meta-analysis
demonstrated that a positive family history of stroke can significantly increase the risk of stroke in
an individual by 30% (odds ratio [OR]: 1.3; 95% confidence interval [CI]: 1.2-1.5; P<0.00001)*2.
Interestingly, positive sibling history of stroke has been shown to be more strongly associated with
incidence and severity of stroke than a positive maternal or paternal history?>**, Family history of
stroke has been associated with age; younger stroke patients (aged 60 years or younger) are more

likely to have a family history of stroke than older stroke patients>.

1.3.2 Modifiable risk factors

Blood pressure

There exists an independent and strong relationship between systolic and diastolic blood pressure
and stroke risk; an increase in blood pressure is associated with an increase in the risk of stroke
and stroke mortality?>-2, In a meta-analysis of 61 prospective observational studies including
patients aged 40-89 years without known cardiovascular disease (CVD) at baseline, each 20
mmHg increase in systolic blood pressure (or equivalently 10 mmHg in diastolic blood pressure)
was associated with more than a two-fold increase in the stroke mortality rate?’. Clinical trials
evaluating the efficacy of anti-hypertensive medications have demonstrated that treatment of
hypertension is highly effective in the prevention of strokes?¢. In a meta-analysis combining data
from 23 clinical trials, anti-hypertensive drug treatment was associated with a 32% reduction in
the risk of stroke (95% CI: 0.61-0.76; P=0.004) compared with no drug treatment®’. Among
various anti-hypertensive therapies used as first-line agents, low-dose diuretics were observed to

be the most effective in preventing the occurrence of stroke?, while the combination of

35



angiotensin-converting-enzyme inhibitor (i.e., perindopril) and long-acting diuretic (i.e.,

indapamide) was noted to be effective in preventing recurrent strokes?°.

Low-density lipoprotein cholesterol
While high concentrations of low-density lipoprotein cholesterol (LDL-C) were established by the

Framingham Heart Study to be a strong risk factor for coronary heart disease’!-3

, epidemiological
associations between LDL-C and stroke risk were reported to be inconsistent or weak>*3S,
Nevertheless, statin therapy aimed at lowering LDL-C levels, has consistently been shown to be
beneficial in reducing stroke risk for both primary and secondary prevention®’-*, A meta-analysis
of randomized trials of statins, including more than 165,000 individuals at high risk for stroke,
showed that for each 1 mmol/L decrease in LDL-C there was a 21.1% relative risk reduction for
stroke (95% CI: 6.3-33.5; P=0.009)*. Furthermore, statin therapy also significantly reduced the
risk of recurrent strokes®. Greater lipid lowering by more intensive statin therapy (to an LDL-C
level <2.1 mmol/L) was reported to achieve significantly greater benefit in reducing stroke risk
than moderate statin dosing>’4°, While statin therapy has demonstrated clear benefits on the risk

of stroke, the benefits of other LDL-C lowering interventions and therapies were observed to be

small or not statistically significant*!.

Type 2 diabetes mellitus

People with type 2 diabetes mellitus (T2DM) have an increased prevalence of cardiovascular risk
factors, such as hypertension, dyslipidemia, and obesity, and an increased vulnerability in
developing atherosclerosis**+. Individuals with T2DM are also at an increased risk for stroke; in
fact, it has been reported that T2DM more than doubles the risk for stroke in women and in men*-
49 Furthermore, the duration of diabetes was independently associated with stroke risk, where the
risk increased 3% each year and more than tripled with a duration of >10 years*. Even in
individuals without diagnosed T2DM, high fasting plasma glucose levels (= 6.1 mmol/L) were
associated with a higher risk of age-adjusted fatal, nonfatal, or total stroke events®. These

associations remained significant even when levels were below the T2DM threshold>’.
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Obesity

Obesity is associated with various comorbidities, such as hypertension, dyslipidemia, and
T2DM?3'2 as well as an increased risk of stroke®*>*. The independent and positive relationship
between obesity and stroke risk was observed to be graded>*¢. In women, higher body mass index
(BMI >27 kg/m?) was significantly associated with a greater risk of ischemic stroke, with relative
risks of 1.75 (95% CI: 1.17-2.59) for BMI of 27-28.9 kg/m?, 1.90 (95% CI: 1.28-2.82) for BMI of
29-31.9 kg/m?, and 2.37 (95% CI: 1.60-3.50) for BMI >32 kg/m?, as compared with those with a
BMI<21 kg/m? (P<0.001).>> Furthermore, collaborative analyses of 57 prospective studies
demonstrated that in the BMI range of 25 to 50 kg/m?, each 5 kg/m? increase in BMI was associated
with about 40% higher stroke mortality>®. However, several studies have reported that abdominal
body fat, measured as the waist-to-hip ratio, is a stronger predictor of stroke risk than BMI°"-%,
For example, a study examining the association of BMI and abdominal obesity with stroke
incidence in men aged 40-75 years without a history of CVD or stroke, observed that men in the
extreme quintiles of waist-to-hip ratio had an age-adjusted relative risk of stroke of 2.33 (95% CI:
1.25-4.37), while the association with BMI was weak and non-significant®®. Although there is
ample evidence that increased weight is associated with an increased incidence of stroke, there is
no clear and compelling evidence that weight loss reduces the risk of stroke. While weight loss
through bariatric surgery has been associated with a significant reduction in stroke’, randomized
controlled clinical trials assessing the independent effects of weight reduction (controlling for any
concomitant risk factors) in overweight or obese individuals on stroke incidence and mortality are

urgently needed.

Smoking

Smoking is considered a strong behavioural risk factor for stroke®®!. A meta-analysis of 32 studies
demonstrated that cigarette smoking is associated with an overall relative risk of stroke of 1.51
(95% CI: 1.45-1.58)%2. A graded dose-response relationship was noted between the number of
cigarettes smoked per day and the relative risk of stroke®®623, Heavy smokers (>40 cigarettes per
day) had an approximate doubling in stroke risk than light smokers (<10 cigarettes per day)®.
Interestingly, second-hand exposure to tobacco smoke has also been established as a risk factor
for stroke and the relative risk associated with this relationship approached similar values as those

observed among active smokers®*®>, Stroke risk is reduced with smoking cessation and this
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reduction can occur in a relatively short period. Significant reductions in stroke risk were observed
as little as two years after discontinuation of cigarette smoking®%-66,

Smoking likely contributes to increased stroke risk due to rises in heart rate, blood pressure,
and arterial wall stiffness, as well as long-term effects related to atherosclerosis development®”-68,
Active smoking was associated with a 50% increase in the progression of atherosclerosis over 3

ears, while past smoking was associated with a 25% increase, compared to non-smokers®®.
y s

1.4 Types of Strokes

A stroke occurs when the blood flow to a particular brain region is interrupted or reduced, resulting
in damage and death to surrounding brain cells’. The severity of the stroke depends on various
factors, such as the stroke type, the region of the brain affected by the stroke, the extent of the
damaged area, and the duration in the interruption of blood flow to the affected brain region’.
Strokes can be classified into four types: (1) ischemic stroke, (2) hemorrhagic stroke, (3) transient
ischemic attack (TIA), or (4) covert stroke®’. The vast majority of strokes are caused by cerebral
ischemia, accounting for 87% of all stroke cases!¢. These strokes occur as a result of reduced blood
flow to a particular region of the brain. When loss in blood supply leads to a transient episode of
neurologic dysfunction without causing permanent tissue injury, it is referred to as a ‘mini stroke’
or TIA%, while an ischemic stroke is defined based on clinical evidence of permanent brain injury.
Often times symptoms associated with a TIA (i.e., difficulty speaking, facial drooping, weakness
on one side of the body) will resolve within the first hour of their initiation®. When blood flow to
the ophthalmic arteries is blocked, this results in transient monocular blindness usually lasting
seconds to minutes and is specifically referred to as an amaurosis fugax (AF)’. A TIA is often a
warning sign of future ischemic strokes. Unfortunately, many people who suffer a TIA do not
receive proper treatment, and as a result 10-20% of people will have an ischemic stroke within 3
months of their TIA®.

Other types of strokes occur when a blood vessel in the brain leaks or ruptures, spilling
blood into the surrounding tissues (known as hemorrhagic strokes), or when a small blood vessel
in the brain becomes permanently blocked (known as covert strokes or ‘silent’ strokes)S’.
Although covert strokes do not result in overt clinical symptoms, they do cause damage to the cells
in the affected brain region, particularly in the brain’s white matter that controls executive function,

rather than specific functions, including movement, speech, and vision®.
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1.5 Etiology of Ischemic Strokes

Ischemic cerebrovascular events are caused by the thrombotic or embolic occlusion of a cerebral
artery, and can be classified into the following categories: (1) large artery atherosclerosis (LAA),
(2) cardioembolism, (3) small vessel occlusion, (4) stroke of other determined etiology, and (5)

stroke of undetermined etiology’!72.

1.5.1 Large artery atherosclerosis

LAA is one of the most common causes of ischemic cerebrovascular events. Atherosclerotic
plaques can cause cerebral ischemia mainly by rupturing and causing a thrombus that can interrupt
blood flow locally or that can embolize and lodge in distal arteries. However, in certain cases non-
ruptured plaques can also cause strokes by directly reducing cerebral perfusion (generally
associated with plaques that exhibit high-grade stenoses) or by surface erosion’!-’2, These plaques
mainly form in any major cerebral artery and are common at areas of low shear stress or disturbed
laminar flow, particularly at the carotid bifurcation. Other regions frequently affected are the
internal carotid artery, the M1 segment of the middle cerebral artery, the first and fourth segments
of the vertebral artery, and the first segment of the basilar artery’!. Furthermore, aortic arch
atherosclerotic plaques are another common cause of ischemic strokes’!’*. However, the carotid
artery is the most common site of atherosclerotic plaque formation, causing 15-20% of all ischemic

strokes’”. This thesis will focus specifically on carotid atherosclerotic disease.

1.5.2 Cardioembolism

Atrial fibrillation, the most common type of cardiac arrhythmia affecting about 33.5 million
individuals world-wide (representing 0.5% of the world’s population)’®77, is associated with a 4-
to 5-fold increased risk of ischemic stroke?®. In fact, an estimated 10% of all ischemic strokes are
a result of atrial fibrillation?¢. Stroke (or TIA) due to atrial fibrillation is believed to be the result
of an embolization of intra-cardiac thrombi, which most commonly originate from the left atrial
appendage and then travel to the brain’!. Interestingly, atrial fibrillation has been associated with
more severe ischemic strokes than emboli due to carotid atherosclerotic disease’®. Furthermore,
patients with atrial fibrillation who suffer an ischemic stroke also have greater disability and a

higher mortality rate”.
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Ischemic cerebrovascular events can also occur in the first weeks following a myocardial infarction
(MI), where the majority are believed to be embolic, arising from left ventricular wall mural
thrombi’!. Approximately 1-3% of all MI will lead to an ischemic stroke®’. Additionally, embolism
from diseased native valves or prosthetic valves or thrombus travelling through a patent foramen

ovale are other causes of ischemic cerebrovascular events’!.

1.5.3 Small vessel occlusion
Lacunar infarcts are mainly caused by the occlusion of small penetrating arteries (<200 pum)
affected by lipohyalinosis or microatheromas and typically occur in the subcortical regions of the

brain’!:72,

1.5.4 Stroke of other determined etiology
Rare causes of ischemic stroke can be associated with non-atherosclerotic vasculopathies,

hypercoagulable states, or hematologic disorders’.

1.5.5 Stroke of undetermined etiology
Ischemic strokes of undetermined etiology are not uncommon; in fact, >30% of all ischemic

strokes have no identifiable etiology’>.

1.6 Stages in the Development of Atherosclerotic Plaques

Atherosclerosis is a progressive and chronic inflammatory disease of the arterial wall that can be
converted into an acute clinical event upon plaque rupture and thrombus formation. It is considered
a spatially nonrandom process that affects lesion-prone areas of the arterial tree, particularly
regions in which laminar flow is disturbed by bends or branch points®'. Atherosclerotic plaques
have complex morphology and composition, characterized by the accumulation of fatty
substances, cholesterol, inflammatory cells, smooth muscle cells (SMCs), and cellular waste

products that build up over time in the innermost layer of the artery, the intima®>%?,

1.6.1 Endothelial dysfunction and lesion initiation
Atherosclerosis is triggered by an interplay between endothelial dysfunction and the

subendothelial retention of apolipoprotein B (apoB)-containing lipoproteins®*. The healthy
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vascular endothelium functions as a selectively permeable barrier between the blood and tissue
that plays a crucial role in regulating vascular tone, inflammation, and coagulation. However, the
endothelium is exposed to various chemical, mechanical, or immunological insults, which can
affect its morphology and integrity. Thus, atherogenesis is perceived to be initiated as a response
to injury made to the endothelium, in the form of increased circulating lipoproteins, low shear
stress, free radicals from smoking, high blood pressure, or diabetes, or other vascular risk factors®*.
As a result of endothelial dysfunction, the endothelium displays impaired barrier function and
exhibits a phenotype that is proinflammatory and proatherogenic. The endothelium increases
permeability to LDL, which accumulates, and forms aggregates in the subendothelial matrix of the
intima due to interactions with matrix components®>. Trapped LDL can undergo various
modifications. One of the modifications most significant for early lesion formation is lipid
oxidation, which triggers an inflammatory response within the intima and promotes foam cell

formation®®.

1.6.2 Inflammation
Atherosclerosis is characterized by the recruitment of monocytes and to a lesser degree,

lymphocytes, from the circulation to sites of lesion formation®*%3

. Leukocyte recruitment is
triggered by the accumulation of oxidized LDL, which stimulates the endothelial cells to produce
a number of chemotactic proteins (i.e., monocyte chemoattractant protein-1 [MCP-1]) and growth
factors (i.e., macrophage colony-stimulating factor) that interact with receptors on the surface of
leukocytes®?#387, Furthermore, endothelial cells increase their expression of cell surface adhesion
molecules via activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB) pathway, which mediate the adhesion and entry of leukocytes into the arterial wall. Selectins
(e.g., P-selection, E-selectin), expressed by endothelial cells, are responsible for initiating
leukocyte adhesion to the endothelium, where leukocytes are described to ‘roll” along the inflamed
endothelial surface®®. On the other hand, the firm adhesion of monocytes and lymphocytes to the
endothelium and subsequent transendothelial migration of leukocytes are mediated by the
interaction of integrins (e.g., CD11/CD18, VLA-4) on leukocytes with immunoglobulin-like
adhesion molecules on endothelial cells (e.g., vascular cell adhesion molecule-1 [VCAM-1],

intercellular adhesion molecule-1 [ICAM-1])*. Once monocytes are recruited into the arterial

wall, they accumulate, and differentiate into macrophages®°2. Indeed, studies have shown that
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resident plaque macrophages arise predominantly from the continuous recruitment of circulating
monocytes®*2, An animal study using labeled monocytes showed the lesion size to increase in
proportion with local monocyte accumulation®®®2, In the plaque, macrophages are known to
orchestrate the inflammatory response by secreting pro-inflammatory and cytotoxic proteins (i.e.,
interleukin 1 beta [IL-1B] and tumor necrosis factor alpha [TNF-a]), which enhance local
inflammation, promoting plaque growth. Macrophages also alter the extracellular matrix of the
vessel by releasing proteolytic enzymes, such as matrix metalloproteinases (MMPs), which

predispose the plaque to rupture”>-.

1.6.3 Foam cell formation

Once LDL is modified it can be ingested by macrophages via scavenger receptors, scavenger
receptor class A (SR-A) and CD36, to form foam cells’®. Mice lacking either receptor showed a
significant reduction in atherosclerotic lesion development®”?®, Scavenger receptor expression is
upregulated by the presence of cytokines in the plaque, such as TNF-a and interferon-gamma®?.
Environmental factors in the plaque can promote the apoptosis and necrosis of macrophages and
foam cells, as well as SMCs”. When foam cells die their lipid content, along with other cellular
debris, is released into the extracellular space. Defective efferocytosis contributes to advanced
lesion progression and the formation of a lipid-rich necrotic core!*!1°!, Necrotic cells release
damage-associated molecular patterns, which cause an amplification of the inflammatory response
in the lesion. A vicious cycle develops where additional macrophages are recruited to the area,
transform into foam cells, and die, contributing to further accumulation of cellular and lipid
material in the plaque and further growth of the necrotic core®?#3.

Macrophages respond to excess cholesterol accumulation by promoting their own removal
of cholesterol via the “reverse cholesterol transport” (RCT) pathway. This pathway is a major
protective system against the development of atherosclerotic plaques, as it is responsible for
carrying excess cholesterol from the periphery to the liver for excretion via the bile!%>1%, Although
the RCT pathway is considered the major cholesterol elimination route, transintestinal cholesterol
excretion (TICE) is also considered a significant alternative route to the hepatobiliary pathway!'%4.
TICE contributes to ~33% of total fecal sterol loss, suggesting a potential anti-atherogenic role for
TICE!'®. However, evidence is lacking in this domain, and thus, we will focus particularly on the

RCT pathway and macrophage-mediated cholesterol efflux herein.
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Cholesterol efflux is the initial step in the RCT pathway by which excess free cholesterol in
macrophages is exported and subsequently packaged into high-density lipoprotein (HDL)
particles!%1%7, Cholesterol efflux capacity is an important measure of HDL functionality, which
has been shown by our group to have strong inverse associations with carotid artery stenosis and

108 Furthermore, cholesterol efflux capacity is inversely associated

advanced plaque morphology
with coronary artery disease (CAD), independently of HDL-C levels, and with incident
cardiovascular events among apparently healthy individuals'®-''%, ATP-binding cassette
transporters A1 (ABCA1), G1 (ABCG1), and scavenger receptor class B type I (SR-BI) are the
three most important cellular cholesterol transporters/receptors implicated in cholesterol efflux and
are all highly expressed in human and murine macrophages!'%. Studies of macrophage-mediated
cholesterol efflux have demonstrated that both apolipoprotein Al (apoA-I) and ABCA1 play
pivotal roles in initiating RCT!'!"!!4, The initial rate-limiting step of the RCT pathway is the
formation of nascent HDL particles, which are made up primarily (approximately 65-70%) of
apoA-I''115 This step involves the interaction between ABCA1 and monomeric lipid-poor or
lipid-free apoA-I, which acts as the primary acceptor of cholesterol. ABCA1 and ABCG1 efflux
is sequential, where lipid release via ABCGI occurs following ABCA1-mediated generation of
nascent HDL particles!!>. ABCGl is responsible for mediating the efflux of cellular cholesterol
to lipidated (nascent or mature) HDL particles. Similarly, to ABCG1, SR-BI in peripheral cells

can also promote cholesterol efflux to mature HDL particles!!S.

1.6.4 Fibrous cap formation and lesion progression

In response to cytokines and growth factors released by immune cells in the plaque, SMCs undergo
phenotypic switching from contractile to synthetic SMCs that undergo proliferation and
migration'!”. These SMCs have been reported to lose their expression of key SMC markers such
as smooth muscle a-actin and smooth muscle myosin heavy chain!!’. SMCs from the medial layer
of the artery are stimulated to migrate into the intima, where they proliferate and increase their
production of extracellular matrix proteoglycans, collagen, and elastin, giving rise to a fibrous cap
that forms over the lipid-rich necrotic core®?#3, The fibrous cap, composed primarily of vascular
SMCs embedded in a matrix that contains type 1 and 3 collagen fibers, provides a ‘protective

barrier’ between platelets in the bloodstream and prothrombotic material in the plaque. While
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maintaining the integrity of the plaque, it causes the lesion to grow and expand outwards into the

lumen of the artery.

1.6.5 Plaque rupture and thrombosis

Plaques that rupture typically have thin, collagen-poor fibrous caps with few SMCs!'!8, An
imbalance between collagen synthesis and breakdown can lead to fibrous cap thinning, which
renders the cap susceptible to rupture. Immune cells, which infiltrate the fibrous cap of the plaque,
are responsible for promoting the cap’s degradation. Macrophages secrete proteolytic enzymes,
such as MMPs, that cause matrix breakdown and promote plaque instability®*. T lymphocytes also
contribute to plaque instability by stimulating protease production by macrophages and by
producing interferon-gamma, which results in impaired collagen synthesis by SMCs!'!®. Upon
rupture of the fibrous cap, the highly thrombogenic necrotic core becomes exposed to coagulation
proteins in the circulation!?’. The thrombogenicity of the necrotic core is likely dependent on the
presence of tissue factor, a key protein in the initiation of the coagulation cascade. The major
source of tissue factor is the macrophage; upon apoptosis of macrophages, microparticles
containing tissue factor are released into the lipid core making it highly thrombogenic!?!. Once the
lipid core content comes into contact with the circulation, activation of the clotting cascade along

with platelet adhesion, activation, and aggregation triggers the formation of a thrombus®>%3,

1.6.6 The role of sex hormones in atherosclerosis development
It is well recognized that men develop atherosclerosis earlier in life'?2. On the other hand,
premenopausal women are more resistant to atherosclerotic disease as its prevalence is lower in

these women compared to post-menopausal women or men'??

. It is believed that menopause due
to a decrease in estrogen levels, diminishes the ‘protection’ in women and contributes to an adverse
impact on cardiovascular risk variables. Experimental evidence suggests that sex steroid
hormones, including estrogens and androgens, have a direct impact on the vascular system,
affecting various mechanisms (i.e., vascular reactivity, inflammation, lipoprotein metabolism) that
contribute to plaque instability and subsequently stroke risk!?*. These sex hormones have
pleiotropic effects on various cell types involved in the atherosclerotic process, particularly the

endothelium, SMCs, and macrophages, with estrogens believed to exert more stabilizing and

atheroprotective actions than androgens!?*. However, the role of estrogen in atherosclerosis
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development is not clearly defined. While experimental and epidemiological studies have shown
estrogen to be beneficial, various trials on hormone replacement therapy have yielded contrasting
results, demonstrating an excess of thrombotic events with estrogen treatment!?*!2%, The timing of
hormone initiation relative to menopause, and the dose and duration of hormone exposure play a
significant role in the discrepancies observed. According to the timing hypothesis, estrogen is
believed to slow the progression of early atherosclerosis if treatment is initiated soon after
menopause when the vascular endothelium is relatively healthy!®. However, if commenced several
years after menopause when the vessel wall is already diseased, estrogen may instead exert adverse
inflammatory and pro-atherogenic effects!>. Interestingly, a recent large study demonstrated that
total circulating levels of estradiol were associated with the presence of unstable carotid plaques
as well as an increased risk of stroke in women, while no such associations were noted with total
testosterone levels in either sex!26. However, a great limitation to this study was that estradiol and
testosterone were measured by different methods (immunoassay vs mass spectrometry). Analysis
of estrogens in biological samples has been commonly performed using immunoassays for many
years. However, this method is suboptimal, as it includes cross-reactivity with similar analytes and
has moderate specificity and sensitivity, especially when it comes to detecting estrogen levels in
men and in post-menopausal women, where circulating levels are extremely low. Therefore, it has
become cumbersome and impractical to study the implication of this hormone in the
atherosclerotic process and in other fields due to the lack of a highly sensitive and specific assay

to measure estradiol levels.

1.7 Carotid Artery Disease

Carotid artery disease, also known as carotid stenosis, is the progressive narrowing of the carotid
arteries, which supply 80% of the blood to the brain. This narrowing is due to the formation of
atherosclerotic plaques that form preferentially along the outer wall of the carotid bifurcation and
in the proximal internal carotid artery (Figure 1.1)!?. It is believed that the anatomy of the carotid
artery influences local hemodynamic forces and plays a role in the site-specific development of
atherosclerosis!'?’-1°, Straight regions of the carotid arterial tree are exposed to steady laminar
blood flow and sustained high shear stress, which protect against atherosclerosis'?’-'?°. On the

other hand, disturbed laminar blood flow and low shear stress occur in arterial segments with
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geometric irregularities, such as curvatures, branches, and bifurcations, predisposing these areas

to plaque formation due to oxidative and inflammatory changes in the vascular endothelium'?71%,

internal carotid artery /

AN

external carotid artery

carotid bifurcation

a= atherosclerotic plaque
b= proximal internal carotid artery lumen
c= distal internal carotid artery lumen

common carotid artery

Figure 1.1 Site-specific formation of atherosclerotic plaques in the carotid arteries. Plaques (a)
are most likely to form along the outer wall of the carotid bifurcation (where the common carotid
artery divides into the internal and external carotid arteries) or in the proximal internal carotid
artery (b) due to disturbed laminar flow and low shear stress that occurs particularly in these
regions. Atherosclerosis is less likely to form in the distal internal carotid artery (c) where the

shear stress is high and laminar flow is steady.

1.7.1 Screening for carotid artery disease
Carotid artery disease results in clinical consequences in the form of an AF!3°, TIA, or ischemic

stroke!3!

. In fact, 15-20% of all ischemic strokes are attributable to carotid artery disease’.
Imaging of the carotid artery is recommended in all symptomatic patients presenting with signs
and symptoms of retinal and/or cerebral ischemia!3?-134, A Doppler ultrasound is typically used to
screen for carotid artery stenosis in these symptomatic patients!32-134, Despite some estimated 5-
10% of individuals over the age of 65 years living with asymptomatic carotid artery disease!*,
screening of the general population for asymptomatic carotid stenosis is not currently indicated, as

the magnitude of benefit is believed to be small to none and would unlikely be cost-effective!3*-

134, The benefit is limited by the low overall prevalence of disease in asymptomatic individuals
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and that revascularization procedures may be associated with greater risks in this population. A
Doppler ultrasound may be performed only when there is a high index of suspicion for carotid
artery disease due to the presence of a carotid bruit and/or multiple risk factors, such as
hypertension, smoking, CAD, and family history of stroke!3*!34. The prevalence of asymptomatic
carotid artery stenosis (>50%) was observed to be >14% in individuals aged >60 years and who
had two or more vascular risk factors!3®,

High-resolution real-time B-mode ultrasound with Doppler flow imaging is the imaging
modality of choice in diagnosing carotid artery disease, as it is non-invasive, reliable, safe, and

relatively inexpensive to use!3>-134

. A systematic review evaluating the diagnostic value of duplex
ultrasonography for the diagnosis of 70-99% carotid artery stenosis reported a pooled sensitivity
of 86% (95% CI: 84-89) and a pooled specificity of 87% (95% CI: 84-90), compared to
conventional digital subtraction angiography'?’. Furthermore, for recognizing complete artery
occlusion, carotid Doppler ultrasound yielded a sensitivity of 96% (95% CI, 94 to 98) and a
specificity of 100% (95% CI, 99 to 100)!37. While its main utility is for evaluation of the severity
of carotid artery stenosis, it can also be used to help characterize the morphology of carotid
plaques!'3>!3*, However, other imaging modalities, such as magnetic resonance imaging and
computed tomography can characterize the morphology and specific features of the carotid plaque
more reliably than Doppler ultrasound!3?134, Unfortunately, despite their better resolution and their
widespread applications, their use remains limited in clinical practice for the diagnosis and
monitoring of carotid artery disease, mostly due to limited availability, and high-cost, as well as

radiation associated with computed tomography.

1.7.2 Management of patients with carotid artery disease

The ultimate goal of treatment is to reduce the risk of stroke. Cerebrovascular symptomatic status
and the degree of carotid artery stenosis are crucial in determining the choice of treatment in
patients with carotid artery disease. Therefore, it is important to make a clear distinction between
asymptomatic and symptomatic carotid artery disease as non-invasive (medical) and invasive

(surgical) management will differ.
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Medical management

Optimal medical management is important for the treatment of all patients with carotid artery
disease, regardless of the degree of stenosis and whether surgical intervention is planned. It is often
considered as the first-line therapy for asymptomatic patients. Treatment includes lifestyle
modifications as well as control of traditional vascular risk factors. This comprises anti-
hypertensive therapy aimed at reducing blood pressure to a target <140/90 mmHg, lipid-lowering
agents such as statins to decrease LDL-C levels to reach a target <2 mmol/L in all patients with
carotid artery disease or a more aggressive target <1.8 mmol/L in patients who recently suffered
an ischemic stroke or TIA, effective smoking cessation strategies, and a healthy balanced
diet!32134138 “While T2DM is strongly associated with ischemic stroke risk, the tight control of
serum glucose levels in diabetic patients to nearly normoglycemic levels (target glycosylated
hemoglobin Aic <7%) was not observed to reduce the risk of stroke!3>134138, Nonetheless, diet,
exercise, and glucose-lowering drugs are recommended in patients with diabetes and carotid artery
disease!32134138  Furthermore, considering that patients with diabetes often have multiple risk
factors, it is important to achieve control of these other risk factors to reduce their risk of stroke.
Since stroke is an atherothrombotic complication, antiplatelet agents, such as aspirin (75 to 325
mg daily), clopidogrel, and dipyridamole, are highly recommended for secondary prevention of
recurrent stroke in patients who had a non-cardioembolic ischemic stroke or TIA!32134138 There
is insufficient evidence to demonstrate a similar benefit with antithrombotic therapy in reducing
stroke risk in asymptomatic patients with carotid artery disease!3>!3+138, However, in these patients
antithrombotic therapy can be used to help reduce overall cardiovascular morbidity. Anticoagulant
therapy, on the other hand, is not indicated in symptomatic patients with carotid artery disease,

unless there is evidence that the symptoms are cardioembolic in nature!3>134138,

Statins

Statins remain the first-choice lipid modification therapy for the primary and secondary prevention
of CVD?*-*7-40_ The major therapeutic action of statins is the reduction in circulating levels of LDL-
C as a result of inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase
activity mainly in hepatocytes, which is the rate-limiting step in endogenous cholesterol
biosynthesis'*® (Figure 1.2). HMG-CoA inhibition leads to a decreased concentration of

cholesterol within the cell, which then (1) stimulates the synthesis of LDL receptors on the surface
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of the cell membrane, promoting the uptake of LDL-C from the circulation, and (2) decreases the
secretion of lipoproteins from the cell into the circulation!3®. There exist various types of statins,
which differ in their potency and efficacy in lowering LDL-C levels. Atorvastatin and rosuvastatin
are known to be the most effective and potent statins!#.

Beyond cholesterol lowering, statins also possess pleiotropic actions on a multitude of
different cell types (Figure 1.2), which can lead to the improvement of vascular endothelial
function, modulation of immune activation, and reduction of platelet activation/aggregation and
thrombus formation'4"-'4?, Furthermore, statins have direct favorable effects on atherosclerotic
plaque burden by promoting plaque regression'*»!#*, Various randomized controlled trials
demonstrated the effect of statins on plaque regression to be associated with intensive statin
therapy!#-1%°. In the REVERSAL trial, intensive lipid-lowering treatment with atorvastatin (80
mg) stabilized the progression of coronary atherosclerosis (percentage change in atheroma volume:
-0.4%; 95% CI -2.4% to 1.5%; P =0.98) over an 18-month period, while moderate lipid-lowering
treatment with pravastatin (40 mg) led to a 2.7% increase in atheroma volume (P =0.001) compared
with baseline!*. In the SATURN trial, treatment with rosuvastatin (40 mg) resulted in a decrease
in percent atheroma volume by 1.22% (95% CI -1.52% to -0.90%; P =0.17)!43, Statins have also
been shown to possess anti-inflammatory and immunomodulatory effects which can affect the
plaque by 1) inhibiting the adhesion and migration of monocytes to the arterial wall by reducing
the expression of various adhesion molecules'*®, 2) reducing macrophage accumulation in the
plaque!¥’, and 3) inhibiting the production of MMPs by activated macrophages!#’. Statins can also
exert inhibitory effects on vascular SMC migration and proliferation'#®, These non-lipid related
effects of statins are believed to be mediated by the concurrent inhibition of protein isoprenylation,
a process responsible for a variety of cellular responses downstream of the mevalonate pathway!3?
(Figure 1.2). While a wide range of patients benefit greatly from statin therapy due to statins’ lipid
and extra-lipid effects, many statin-treated patients continue to suffer from life-threatening
vascular events, due to an issue termed ‘residual cholesterol risk’ (LDL-C levels remain above
target) or ‘residual inflammatory risk’ (C-reactive protein [CRP] levels remain above target)'#.
Furthermore, various adverse effects have been associated with statin use, such as hepatotoxicity,
rhabdomyolysis, intracerebral haemorrhage, nephrotoxicity, cognitive impairment, and new-onset

T2DM, which mainly accompany long-term statin treatment and higher doses!.
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Figure 1.2 Statins’ mechanism of action and pleiotropic effects. A) Statins’ inhibition of the
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Isoprenylation

HMG-CoA reductase enzyme leads to inhibition of the mevalonate pathway products. Mevalonate
is not only a precursor for cholesterol but also for many isoprenoids, which are important for
various cellular functions. Thus, inhibition of this pathway not only affects endogenous cholesterol
biosynthesis but can also lead to many pleiotropic effects. B) Statins possess actions beyond lipid-

lowering that may be associated with its beneficial effects on atherogenesis and clinical outcomes.

Surgical management

Surgical management for stroke prevention in individuals with carotid artery disease includes
either CEA or carotid artery stenting (CAS). Indications for surgical intervention are based solely
on cerebrovascular symptomatic status and the degree of carotid artery stenosis!**!3%. The risk of
stroke is known to be higher in patients with a history of carotid artery related ischemic events.
Furthermore, the degree of carotid artery stenosis is a strong determinant of stroke risk; studies
have demonstrated that the risk of developing cerebral ischemic symptoms increased with

150,151

increased severity of carotid artery stenosis . More stenotic carotid plaques are also more

likely to be associated with the presence of unstable histological features such as ulceration,

intraplaque hemorrhage, and thrombus formation!>?

. Therefore, current guidelines recommend
CEA or CAS (plus medical treatment) for stroke prevention in both neurologically symptomatic
and asymptomatic patients with carotid plaques, when stenosis is >50% or >60%

respectively!34138,
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Carotid Endarterectomy

CEA is an invasive surgical procedure that involves the removal of carotid plaques from the carotid
artery. It is the gold standard treatment for severe symptomatic carotid artery stenosis and
recommended in selected asymptomatic patients. Its benefit in reducing the risk of ischemic stroke
was demonstrated by large clinical trials, the North American Symptomatic Carotid
Endarterectomy Trial (NASCET) and the European Carotid Surgery Trial (ECST) in symptomatic
individuals and the Asymptomatic Carotid Atherosclerotic Study (ACAS) and the Asymptomatic
Carotid Surgery Trial (ACST) in asymptomatic individuals!>%!151:133-155 The evidence presented in
these trials firmly established CEA as the treatment of choice for patients with severe carotid
stenosis and thus, CEA has become a widely accepted intervention throughout the surgical
community.

Original NASCET findings showed that in symptomatic patients with 70-99% stenosis,
CEA was beneficial with a significant 2-year stroke absolute risk reduction of 17+3.5% compared
to medical therapy alone!>°. The ‘number needed to treat’ by surgery was reported to be six patients
in order to prevent one adverse event by 24 months'>°. Later findings by the same group also
evaluated the benefit of CEA in symptomatic individuals with moderate-grade blockage of 50-
69% stenosis; CEA reduced the risk of stroke by 6.5% over a 5-year period compared to those
treated medically (P=0.045)'%3. On the other hand, no benefit was observed in patients with <50%
stenosis'*3. In fact, in these individuals CEA was associated with increased morbidity compared
with medical management. The ECST identified results comparable to those of the NASCET
group, despite each trial using different methods of measurement for the degree of stenosis. The
NASCET method is known to underestimate the degree of stenosis compared with the ECST
method, such that stenoses reported to be 70-99% or 50-99% by the NASCET method were
equivalent to 80-99% or 70-99%, respectively, by ECST'¢. On this note, ECST identified a
significant 11.6% reduction in major stroke or death at 3 years in symptomatic individuals with
>80% stenosis (‘number needed to treat’ = 9 patients), which was consistent with the 10.1%
reduction in major stroke or death at 2 years reported for patients in NASCET with >70 stenosis!>.

The ACST and ACAS also demonstrated that CEA is effective at reducing stroke rates in
asymptomatic individuals with >60% stenosis (as measured by the NASCET method)!*!:1%5, A
meta-analysis pooling estimates from these trials (plus the Veterans Affairs Cooperative Study)

identified the absolute reduction in stroke or death to be 3.5% over 5 years for patients undergoing
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CEA compared with those receiving medical therapy alone!®’

. However, the strength of these
conclusions has been questioned, considering that the medical management used in those trials is
now outdated'*8. Therefore, the benefit of CEA in reducing stroke risk is expected to be smaller
with the use of contemporary optimal medical management. Furthermore, many argue that the
risks associated with CEA may negate the small benefit observed in asymptomatic individuals'>”-
159, A 30-day stroke or death rate after CEA of 2.4% was reported, which was 1.9% greater than

the stroke or death rate observed in the medical therapy alone group'’

. The ongoing Carotid
Revascularization Endarterectomy versus Stenting Trial (CREST)-2 trial comparing CEA or CAS
plus current intensive medical management to intensive medical management alone, may provide
important data for future recommendations on what may be the best method of preventing strokes

in asymptomatic individuals with severe carotid artery stenosis!¢’.

Carotid Artery Stenting

CAS is a minimally invasive technique that involves placing a self-expanding stent through the
carotid lesion to reopen the arterial lumen. Large trials as well as meta-analyses of randomized
trials comparing CAS and CEA for prevention of stroke in patients with symptomatic or
asymptomatic carotid stenosis found CAS to be inferior to CEA as it was associated with a higher
risk of periprocedural stroke!®!-165 In CREST, there were no differences between the two methods
of revascularization for the combined outcome of stroke, MI, or death!62. However, periprocedural
stroke was observed to be significantly more frequent with CAS, while the risk of perioperative
MI was higher in the CEA group'®. While CEA remains the preferred method for carotid
revascularization, CAS may be superior to CEA in certain patient groups who are considered high-
risk surgical candidates due to technical, anatomical, or medical reasons. Therefore, CAS may be
offered to patients who have clinically significant cardiac disease, severe pulmonary disease, and
who have neck anatomy that is unfavourable for surgery (i.e., contralateral carotid artery occlusion,

prior radiation therapy to the neck, or previous ipsilateral carotid artery surgery)!32134138,

Current Recommendations

Current Canadian guidelines for surgical management of carotid artery disease are largely shaped
by the above-mentioned clinical trials'*8. Symptomatic patients at average or low surgical risk

(<6% risk of perioperative stroke or mortality) with >50% stenosis (NASCET criteria) are
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recommended to undergo CEA. The timing of carotid endarterectomy is essential in the prevention
of secondary stroke. Ideally CEA should be performed within 48 hours following the ischemic
event or within 14 days of ischemic event onset if patients were not clinically stable for surgery in
the first few days'®. For neurologically symptomatic patients with stenosis <50%, optimal medical
therapy is indicated rather than surgical intervention. Furthermore, CEA is also suggested for
selected asymptomatic patients with >60% stenosis and a low surgical risk (<3% risk of
perioperative stroke or death), while patients with stenosis <60% should receive aggressive
medical management of risk factors instead. It is important to emphasize that selection of
asymptomatic patients for carotid revascularization should include careful consideration of life
expectancy, age, sex, and comorbidities!®®. In most patients with carotid stenosis who are
candidates for surgical intervention, CEA is preferred to CAS, particularly in patients aged >70
years of age. On the other hand, CAS may be considered for high-risk patients who are not

operative candidates for technical, anatomical, or medical reasons, as mentioned above.

1.7.3 Sex differences in carotid artery disease management

Unfortunately, there exists no reliable evidence of benefit of surgical intervention (CEA or CAS)
in women with symptomatic or asymptomatic carotid stenosis, as women have been under-
represented in carotid stenosis trials, which has led to major uncertainty about the optimal
management of carotid artery disease in women. In the majority of these trials, women comprised
<30% of the total population causing any sex-specific analyses to be under-powered. Thus, there
is a dire need for trials with a more representative percentage of women that will properly inform
the guidelines for the optimal management of carotid disease, specifically in women. The CREST-
2 trial will ideally enrol a more representative percentage of women (>40%) in order to ensure that
clinicians have adequate information on the risk and benefit ratio of CEA and CAS for women
with asymptomatic stenosis specifically!®’.

Overall, previous evidence suggests that women benefit less from surgical intervention

than men, particularly those with asymptomatic carotid disease!®’-168

. Although women with
symptomatic carotid stenosis >70% had a similar 5-year absolute risk reduction in stroke as men
following CEA (15.1% vs. 17.3%), when stenosis was between 50-69%, CEA was not observed
to be beneficial in women (absolute risk reduction [ARR]=3.0%, P=0.94), while it was in men

ARR=10.0%, P=0.02)'*". In women with asymptomatic carotid stenosis, a Cochrane Systematic
ymp
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Review reported that the stroke relative risk reduction following CEA was significantly lower
compared to that in men; only 4% in women compared to 51% in men (P=0.008)!¢%, Differences
in plaque morphology and composition may help explain why women benefit less from carotid
revascularization than men'?>!%°, Evidence not only points toward minimal benefit in women, but
also increased perioperative stroke risk. The ACAS trial was the first to suggest that asymptomatic
women had an increased perioperative stroke and death rate (3.6%) associated with CEA compared
to asymptomatic men (1.7%), although the difference was not significant!>>. Other asymptomatic
trials, including ACST, later confirmed these results'>!. Pooled data from ECST and NASCET
demonstrated that the periprocedural risk for stroke was also higher in women with symptomatic
carotid stenosis who underwent a CEA compared to men (8.7% vs. 6.8%)'%°. It is speculated that
women may be at greater operative risk than men because their carotid arteries are 40% smaller
than men, making CEA technically more difficult!”’.

Timing of surgery for symptomatic carotid stenosis is even more crucial in women than in
men, where women were observed to benefit most when CEA was performed within 2 weeks of
their last cerebrovascular event'’!. As time increased from most recent event, a decline in benefit
was observed in women but not in men!’!. For women with stenosis >70%, the ARR in stroke
dropped from 41.7% when CEA was conducted within two weeks to only 6.6% when surgery was

conducted between two to four weeks'’!

. After four weeks, surgery was found to be harmful, with
an ARR of -2.2%!'"!. In clinical reality, women are not only less likely to undergo CEA than men,
but they also receive treatment much later, even in the setting of severe symptomatic stenosis!”2.
One study identified that the time from event to CEA was significantly different between men and
women, where the median time to CEA was 18 days in men and 35 days in women (P=0.03)!72,

Sex differences are not only observed with surgical intervention but also with medical
management. Although women with severe carotid stenosis have been shown to benefit from
appropriate medical treatment, they are less likely to receive medical therapy (i.e., statins, anti-
hypertensive medication) than men for the primary and secondary prevention of stroke!s.
Furthermore, the rates of administration of thrombolytic therapy (tissue plasminogen activator) to
treat patients with acute ischemic stroke were significantly lower in women compared with

men'>!'73, This may be due to the atypical presentations seen often times in women presenting with

stroke, which leads to delays in the identification of stroke patients.
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1.7.4 Knowledge gaps

The current guidelines for carotid disease management in individuals with symptomatic or
asymptomatic carotid stenosis are the same for men and women despite the existence of sex
disparities in stroke presentation, treatment, and care. Women have been shown to derive less
benefit from surgical intervention than men - especially when it is performed outside the 14-day
window post-event - and they are also at a higher risk of perioperative complications. As a result,
this has led to uncertainty among physicians in deciding which treatment may be appropriate for
the management of carotid disease in women. Thus, it is imperative that more carotid trials are
performed with greater representation of women in order to put in place sex-specific guidelines
for carotid disease management.

All carotid surgical intervention recommendations in patients with symptomatic or
asymptomatic carotid disease are based solely on the degree of carotid artery stenosis. Although
stenosis is a reasonable predictor of stroke risk, as portrayed by the large carotid stenosis trials, it
has also been proven to be an incomplete determinant of a patient’s stroke risk (particularly of
asymptomatic individuals or women) as it does not entirely reflect how unstable a plaque truly is
and its likelihood to rupture. Many plaques causing high-grade stenoses remain stable and
asymptomatic, while unstable and potentially dangerous lesions often cause moderate or even low-
grade stenoses. In fact, Saam et al. evaluated the lesion type according to the American Heart
Association (AHA) histological classification in 175 CEA patients and noted that 16.5% of AHA
type VI lesions (most advanced and complicated lesion with intraplaque hemorrhage and/or
ruptured fibrous cap) occurred in patients with <50% carotid stenosis'’#. This indicates that a large
proportion of vulnerable patients may have low-grade carotid stenosis. Furthermore, over 20% of
arteries with high-grade stenosis did not have type VI lesions!’*. As a result, the current guidelines
for carotid disease management may overlook patients with lower stenosis who have unstable
plaques and may misclassify many patients as high-risk when their plaque is stable. The latter
group of patients are referred for perhaps unnecessary/premature surgery, imposing unjustified

risk and a burden to the health care system.
1.8 Histological Characterization of Atherosclerotic Plaques

Plaque morphology and composition are increasingly recognized as more accurate indicators of

plaque instability and better predictors of clinical outcome than the severity of stenosis. Currently,
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the gold standard method or the reference method to investigate plaque instability can be
performed through histological assessment of the plaque specimen after surgical removal. In this
regard, histological classifications of human atherosclerotic lesions have been developed and are
used as ‘gold standard’ scales for the identification of plaque features and the categorization of
plaques as stable or unstable: (1) Stary ef al.’s AHA plaque classification!”>!7® and (2) Lovett ef

al.’s semi-quantitative scale of plaque instability!”7!78,

1.8.1 American Heart Association plaque classification

The AHA’s Committee on Vascular Lesions developed a plaque classification that characterizes
lesions from their early development to their more advanced progression (types I to VIII) based
on their histological composition and structure (Table 1.1)!7>!76, Lesions type I to III are identified
as initial, fatty streak, and intermediate lesions, respectively, and develop during the early phases
of life. They are always small and clinically silent, while lesions type IV to VIII are considered
advanced atherosclerotic lesions, which can be clinically silent or associated with clinical
manifestations. The initial (type I) lesion is characterized by a few scattered macrophage foam
cells. On the other hand, type II lesions consist primarily of layers of macrophage foam cells as
well as lipid-laden SMCs. Type III lesions have similar characteristics as that of type II lesions,
but with the addition of isolated pools of extracellular lipids. These lesions typically form the
bridge between early and advanced lesions. Type IV, also known as atheroma, is the first lesion
considered advanced in the AHA’s classification due to severe disruption of intimal structure and
the presence of a lipid core. This core of extracellular lipid is more advanced than the small lipid
pools observed in the type III lesions. Although considered an advanced lesion, type IV lesions
often fail to narrow the vascular lumen. Thus, surgical plaque specimens obtained following a
CEA are not typically representative of type IV lesions, but rather of types V-VIII, as these lesions
significantly occlude the lumen. Type V, VII, and VIII plaques are characterized by the increased
formation of fibrous connective tissue. Lesions that have a lipid core (or multiple lipid cores) and
thick layers of fibrous connective tissue are known as type V lesions, or fibroatheromas. Largely
calcified fibro-lipid lesions are referred to as type VII (calcific) plaques, while lesions that consist
mainly of fibrous connective tissue and little or no lipid core are referred to as type VIII (fibrotic)
plaques. Type VII and VIII plaques usually form following lipid regression from Type IV or V

lesions. Clinical manifestations and fatal outcomes are often associated with type VI lesions. Type

56



V1 is a complicated or unstable lesion that generally has the underlying morphology of a Type IV
or V lesion but is also characterized by the presence of a surface defect (VIa), a hematoma or

hemorrhage (VIb), a thrombus (VIc), or a combination of these features (i.e., VIabc).

1.8.2 Semi-quantitative scale of plaque instability

While the AHA classification describes how advanced/complicated a lesion is based on its overall
histological composition and structure, semi-quantitative scales were developed to characterize
and refine important histological features of the plaque that help determine plaque stability. Lovett
et al. produced a semi-quantitative scale that classified individual features of the plaque on a 3- or
4-grade scale, including intraplaque haemorrhage, surface thrombus, foam cells, lipid core size,
proportion of fibrous tissue, neovascularization, calcification, cap rupture, overall inflammation,
and infiltration of the fibrous cap with inflammatory cells (Table 1.2)!"7. Inflammation was graded
according to the number of macrophages and lymphocytes present. Based on the presence of a
combination of these features, the overall instability of the plaque was characterized as definitely

stable, probably stable, probably unstable, or definitely unstable (Table 1.2)!77.

1.8.3 Features of an unstable plaque

According to the ‘traditional concept of plaque vulnerability’, unstable plaques are either ruptured
or rupture-prone, and generally characterized by a large lipid-rich necrotic core, a thin inflamed
fibrous cap, thrombosis, and intraplaque hemorrhage, while stable plaques have a thick fibrous
cap, which protects them from rupturing, and small or no lipid core®. A large lipid core is the
hallmark of a vulnerable plaque as its expansion can 1) erode the fibrous cap of the plaque, 2)
increase the thrombogenicity of the plaque material, and 3) provide an environment that is
conducive to macrophage activation. Typically, there is a greater abundance of inflammatory cells
in unstable plaques than in stable plaques®®. Macrophages, in particular, are major cellular effectors
of the initiation, progression, and complication of atherosclerotic lesions. They are central
contributors to plaque instability, as they produce MMPs, which are important in plaque
remodeling and erosion of the fibrous cap, causing its rupture®**>. In one of the largest studies of
symptomatic carotid plaque histology, dense macrophage infiltration into the plaque was
associated with a 3.4-fold increased risk of cap rupture!”. The stability of atherosclerotic lesions

may also be influenced by calcification and neovascularization, which are common features of
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advanced lesions. Generally, unstable lesions have increased neovascularization, which provide a
conduit for entry of inflammatory cells, and less calcification than stable lesions®.

However, this concept of plaque vulnerability may be challenged in the future due to
temporal changes in plaque composition observed over the past decade, which are partly believed
to be associated with improvements in risk factor management and secondary prevention

strategies!8%181,

Interestingly, plaques obtained from recent CEAs possessed less unstable
histological features that are causally associated with symptomatic events (i.e., large lipid core,
thrombosis, inflammation) than plaques obtained about a decade ago, despite no reduction in the

proportion of CEAs performed on symptomatic subjects!'8!.

Table 1.1 American Heart Association’s histological classification of atherosclerotic lesions

Lesion Type Description
Type I — Initial lesion Isolated macrophage foam cells
Type II — Fatty streak Multiple layers of macrophage foam cells
Type III — Intermediate lesion Type II changes + small isolated extracellular lipid pools
Type IV — Atheroma Severe disruption of intimal structure + extracellular lipid core

Thick layers of fibrous connective tissue + lipid core

Type V — Fibroatheroma (or multiple lipid cores)

Type VI — Complicated lesion Surface defect, hematoma-hemorrhage, thrombus
Type VII — Calcific lesion Calcification predominates
Type VIII — Fibrotic lesion Fibrous tissue predominates

*Adapted from Arterioscler Thromb Vasc Biol. 2000,20:1177-1178"7

The evolution of atherosclerotic lesions from type I to type IV is sequential. However, after type IV lesions have developed, the pathway towards further
plaque progression may vary. For example, a type IV lesion may develop type VI changes without passing first through a type V stage. Other type IV lesions
may develop into type V plaques, which later progress into either type VII or VIII plaques, instead of developing type VI changes. Furthermore, remodeling

of Type VI lesions may result in the conversion to type V plaques

58



Table 1.2 Semi-quantitative scale of plaque instability

Histological Feature

Grade 1 Grade 2

Grade 3

Grade 4

Hemorrhage No hemorrhage = Small hemorrhage Large hemorrhage -
Thrombus No thrombus Small thrombus Large thrombus -
.. .. .. Large lipid core
Lipid core No lipid core Small lipid core (>25% total area) -
. . Very little fibrous ~50% fibrous Predominantly
Fibrous tissue . : -
tissue tissue fibrous
Foam cells None <50 cells At least 50 cells -
Neovascularization None <10 per section At least‘ 10 per -
section
Calcification None Stippling only Calcified nodules -
Occasional cells >5 groups of >50
tInflammatory cells None or one group of 23 groclglalssof =30 cells or one group
>50 cells >500 cells
tCap infiltration None <10 cells in cap 10-50 cells in cap >50 cells in cap
Probably intact Probably ruptured
(artefactual break  (site of rupture not .
Cap rupture Intact cap in cap created clear but thrombus Definitely ruptured
during surgery) present)
Definitely stable Probably stable Probably unstable = Definitely unstable
y (presence of one
(predominantly (presence of (presence of
. o feature of . . .
Overall instability fibrous, few . o inflammation, thin  rupture, thrombus,
. instability, such as
inflammatory cap, and large core  large hemorrhage,

small hemorrhage

cells, intact cap) or inflamed cap)

but no rupture)

thin inflamed cap)

*Adapted from Circulation. 2004,110:2190-2197""7
t Inflammation graded according to the number of macrophages and lymphocytes present
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1.8.4 Sex differences in plaque morphology and composition

There exists compelling evidence demonstrating differences in plaque morphology and
composition between men and women. While carotid artery stenosis and carotid plaque area
increase with age in both men and women, women have been reported to have greater carotid

182 Histological analysis

artery stenosis than men, while men have greater plaque area than women
of carotid plaque specimens collected from patients following a CEA showed that men had a higher
prevalence of unstable plaques than women, with high-risk plaque features such as a larger
hemorrhage and larger necrotic lipid core!'®®. Furthermore, men’s plaques were characterized by a
greater presence of inflammatory cells, particularly macrophages and foam cells. On the other
hand, women had higher rates of stable fibrocalcific plaques than men. As assessed by magnetic

resonance carotid plaque imaging, these sex differences in plaque features remained apparent even

in plaques with less than 50% stenosis!®3.

1.9 The Adipo-Vascular Axis

1.9.1 Adipose tissue — an active endocrine organ

White adipose tissue (WAT) in humans is mainly located beneath the skin (subcutaneous adipose
tissue) and around the intra-abdominal organs (visceral adipose tissue). Other common sites of
adipose tissue accumulation include the bone marrow, the heart (epicardial adipose tissue), and the
adventitia of blood vessels (i.e., periadventitial adipose tissue)!84!85 In addition to adipocytes,
which represent the greatest percentage of cells within the adipose tissue, other cell types are also
present, including adipocyte precursor cells, capillary endothelial cells, fibroblasts, and
inflammatory cells, that are collectively termed the stromal vascular fraction!84185,

WAT is the largest site in the body for storing dietary energy mainly in the form of
triglycerides, and it releases free fatty acids into the circulation during the fasting state. The
continuous storage and hydrolysis of triglycerides (i.e., a process known as lipolysis) is essential
to maintaining body weight homeostasis'®**. In addition, adipose tissue plays a role in thermo-
insulation and mechanical protection of internal organs. Although WAT was traditionally
perceived to act simply as a storage depot for excess energy, recently it has also been recognized
to act as a highly dynamic endocrine organ that is involved in the regulation of insulin sensitivity,
glucose and lipid metabolism, as well as cardiovascular homeostasis. These functions are mediated

by WAT’s ability to produce and secrete bioactive substances termed adipokines, which may act

60



)184,186-1 88 The term

both locally (autocrine/paracrine interactions) and systemically (endocrine
adipokine is used to describe soluble factors that are mainly but not exclusively produced by
adipose tissue.

Adipsin was the first adipokine to be discovered in 1987'%°, However, it was the discovery
of leptin in 1994 that redefined WAT as an endocrine organ'*!°!, In the following decades, several
hundreds of adipokines have been identified, such as adiponectin, chemerin, resistin, visfatin, and
omentin. Adiponectin and leptin are the most abundantly produced adipokines. Leptin has been

190,191, while

found to play an important role in the regulation of food intake and energy expenditure
adiponectin is an insulin-sensitizer that possesses anti-inflammatory properties'®*1%2, In addition
to adipokines, WAT, because of its diversity of cells, can also produce cytokines and chemokines
(TNF-a, IL-6, and MCP-1), mediators of the coagulation cascade (plasminogen-activator inhibitor
type 1), and complement factors!*!%3, Adipokines not only modulate the activity of adipocytes,
but they also mediate the cross-talk between WAT and other organs to regulate their metabolism
(i.e., the liver, the muscle, the pancreas, and the central nervous system)'*194, Since they possess
both pro- and anti-inflammatory properties, adipokines play a critical role in integrating systemic

metabolism with immune function!®>. Furthermore, WAT expresses numerous receptors that allow

it to respond to various hormonal stimuli.

1.9.2 Adipose tissue dysfunction

As a consequence of excess weight, the normal function of adipose tissue is disturbed, i.e., adipose
tissue dysfunction, which is characterized by an increase in adipocyte size, infiltration of the
adipose tissue by inflammatory cells, and dysregulation in the production and secretion of
adipokines!8+1%,

Obesity is viewed as a state of chronic, low-grade inflammation, as several studies have
pointed out an increase in the number of immune cells infiltrating the adipose tissue of obese
individuals and mouse models of obesity!*”!°®. Particularly, macrophages play a significant role
in augmenting the inflammatory response in adipose tissue. In fact, the accumulation of
macrophages in adipose tissue has been shown to rise proportionally with increased BMI,
adipocyte hypertrophy, and insulin resistance!'®’. Specifically, in obese patients, the macrophage
content in WAT has been reported to be ~ 50% of the total number of cells, in comparison to ~5-

198

10% in lean individuals According to bone marrow transplant studies performed in
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macrophage-deficient mice, macrophages that infiltrate the adipose tissue are proposed to derive
from the bone marrow!*®. However, the signals that induce macrophage recruitment to the adipose
tissue of obese individuals are not well understood. Macrophages are hypothesized to be recruited
to the dysfunctional adipose tissue in response to hypertrophic adipocyte necrosis, in order to carry
out their scavenger function. This theory has been partly proven in studies where mice were treated
with an exogenous drug that induces apoptosis specifically in adipocytes!®. Furthermore,
hypertrophic adipocytes secrete large amounts of the chemo-attractant, MCP-1, which can enhance
macrophage infiltration in WAT of obese mice and humans??*2°! . Upon recruitment to the adipose
tissue, macrophages form aggregates surrounding the dead adipocytes, termed ‘“‘crown-like
structures”™%2, Since macrophages are secretory cells, their cross-talk with adipocytes contributes
significantly to the production of inflammatory factors, such as TNF-a, IL-6, and MCP-1 that act
locally as well as systemically?*®. Thus, this vicious cycle of leukocyte recruitment and release of
pro-inflammatory adipokine and cytokine synthesis by adipocytes and macrophages contributes
not only to local inflammation, but also to a chronic systemic state of low-grade inflammation.
Under conditions of normal metabolic status, adipose tissue is known to produce an array
of adipokines/cytokines including adiponectin, leptin, TNF-a, IL-6, resistin, omentin, visfatin,
chemerin and many others, resulting in a balance in the secretion of pro- and anti-inflammatory
adipokines'*>. However, this balance shifts to favor pro-inflammatory mediators as adipose tissue
expands during the development of obesity!*>>%* (Figure 1.3). In fact, IL-6 and TNF-a are among
the pro-inflammatory cytokines that are consistently found to be increased in obesity, both at the
local level (i.e., in the WAT) and systemically (i.e., in the bloodstream)?%>. On the other hand, anti-
inflammatory mediators, including adiponectin and IL-10 are found to be reduced in obese
individuals?**. Furthermore, microarray studies have been performed in humans and animal
models, comparing gene expression profiles of obese versus lean adipose tissue. Most studies
noted an alteration in gene profiling with obesity, particularly an up-regulation in inflammatory-

related genes?06-208

. Thus, an imbalance in the production of pro- and anti-inflammatory factors
associated with obesity is believed to form the link between adipose tissue dysfunction and the

development of insulin resistance, CVD, and many other pathological conditions.
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Normal Metabolic Status Adipose Tissue Dysfunction

Adiponectin 1
Adiponectin |

Leptin | \ /
Leptin 1
Resistin | \ /

\ Energy intake 1 . Resistin 1
Omentin f «— . . _ /
Omentin |
TNF-at |« — —
Energy expenditure 1
6] — . . Nt

ot “// . §: IL-6 1

Visfatin | / \ IL-10 |
Chemerin | / \ Visfatin 1

Free fatty acids | \ Chemerin 1

Free fatty acids 1

Figure 1.3 The secretory profile of adipose tissue under normal and obese states.

1.9.3 The role of adipose tissue dysfunction in the development of atherosclerosis

Factors secreted by adipose tissue can influence vessel wall homeostasis either by working through
the liver or directly at the vessel wall?®-219 At the liver, adipose-tissue derived factors can
influence systemic lipid and lipoprotein metabolism, as well as changes in inflammatory and
clotting system components, which can then impact the environment of the vessel wall??210,
Furthermore, adipokines can directly affect the function of the major cell types present in the
arterial wall, including endothelial cells, SMCs, and macrophages®*2!?, Excess adipose tissue can
adversely affect the vasculature by causing a dysregulation in the production of these adipose-
tissue derived factors. In fact, obesity is known to accelerate atherosclerosis and has been
associated with increased rates of cardiovascular death?!!-212,

The regional distribution of body fat is an important determinant of an individual’s cardio-
metabolic risk. Numerous epidemiological studies have pointed out that individuals with central
obesity (i.e., accumulation of fat in visceral depots) are at higher risk for developing T2DM, CVD,
and cancer than those with peripheral obesity (i.e., accumulation of fat in subcutaneous depots)?!3-
215 Visceral adiposity, rather than subcutaneous adiposity, is believed to contribute to increased
comorbidity risk due to a) its anatomical site and b) its unique adipokine/cytokine gene and

secretory  profile?!6217,

In comparison to subcutaneous fat, many pro-inflammatory
adipokines/cytokines are predominantly secreted by visceral adipose tissue, under obese

conditions, whereas adiponectin’s (anti-inflammatory adipokine) expression is highly
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reduced?!®2!. These factors derived from visceral adipose tissue have favored access to the liver
through the portal circulation and can accelerate atherosclerosis development by mechanisms
related or not directly related to lipids??°. For example, increased release of free fatty acids from
adipose tissue can increase the synthesis and secretion of LDL, apoB, and triglycerides from the
liver, while they can also activate inflammatory processes, induce endothelial cell apoptosis, and
impair nitric oxide (NO) production and endothelium-dependent vasodilation??!-224,

In addition to visceral fat, perivascular adipose tissue (PVAT) is also a crucial adipose
tissue depot that can play a direct role in atherosclerosis development??®-?2>, Most major arteries
that are typically affected by atherosclerosis such as the aorta, the coronary arteries, and the carotid
arteries are surrounded by PVAT?%6, Originally it was thought that PVAT was simply a structurally
supportive tissue for the vasculature, however more recently it has been shown that it can influence
vascular homeostasis??®. Adipokines secreted from PVAT have direct access to the adjacent
arterial wall by diffusion. Due to this direct contact, factors derived from PVAT are believed to
have more potent effects on the vasculature than factors released from other adipose tissue depots.
PVAT also expands with obesity and displays a dysfunctional adipokine profile. In fact, PVAT
surrounding atherosclerotic lesions or mechanically-injured arteries displayed pro-inflammatory
adipokine profiles and reduced adiponectin expression?2”-228, On the other hand, removal of healthy
PVAT enhanced neointimal formation®?’. Thus, under healthy conditions, PVAT has beneficial
effects on vessel function. However, under conditions of obesity, in addition to having
vasoconstrictive effects, PVAT becomes dysfunctional leading to the release of elevated levels of
pro-inflammatory adipokines that can contribute to endothelial dysfunction, atherosclerotic plaque
development, and plaque rupture?9-225:226.229,

Many adipokines and cytokines mediate the cross-talk between adipose tissue and the
vasculature in the “adipo-vascular axis’. The altered release of these factors by dysfunctional
visceral or PVAT can have direct effects on the vessel wall and promote atherosclerotic plaque
development. For instance, resistin and leptin levels are increased in obese individuals and are
positively associated with coronary atherosclerosis and other cardiovascular complications in
humans?*%-233, Resistin can affect the atherosclerotic process by promoting the upregulation of
vascular endothelial adhesion molecules, increasing the production of pro-inflammatory cytokines
by endothelial cells (i.e., endothelin-1, MCP-1) and macrophages (i.e., TNF-a), and inducing foam

cell formation?**23¢, Similarly, leptin can increase the production of MCP-1 and endothelin-1 in
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endothelial cells?*7238

. Furthermore, leptin plays a role in neo-intimal formation in response to
endothelial damage by promoting the migration, proliferation, and hypertrophy of vascular
SMCs*¥. Elevated levels of IL-6 and TNF-o can promote endothelial dysfunction by decreasing
the production of endothelial nitric oxide synthase (eNOS) and causing a decrease in the
availability of NO*%24!_ With increased plasma concentrations of adipocyte-derived cholesteryl
ester transfer protein associated with obesity, the levels of small, dense atherogenic LDL particles
also increase**?. Small, dense LDL particles can easily enter the vascular wall, where they are
susceptible to oxidative transformation and can promote endothelial damage and macrophage-to-

foam cell transformation*3.

Furthermore, high levels of plasminogen activator inhibitor-1
produced by adipocytes under the influence of TNF-a and free fatty acids, can contribute to
atherosclerotic plaque progression by promoting atherothrombosis and inhibiting plasminogen-
induced migration of vascular SMCs from the medial layer of the arterial wall to the intima?**,
This promotes the formation of unstable plaques with thin fibrous caps that are prone to rupture®*.
Other pro-inflammatory adipokines that may be associated with the progression of atherosclerotic
plaques are chemerin, visfatin, and apelin, which are increased in response to obesity-induced
elevation of IL-6 and TNF-a production®*®. On the other hand, some adipokines, like adiponectin,

have a protective role in the vasculature and down-regulation of its levels can play a significant

contribution to atherosclerosis development, which will be discussed in detail below.

1.10 The Role of Adiponectin and the Adiponectin Receptor Pathway in Atherosclerosis

Development

1.10.1 Adiponectin biosynthesis and structural properties
In 1995-1996, both murine and human forms of adiponectin (also termed adipocyte complement-
related protein of 30 kDa, AdipoQ, adipose most abundant gene transcript 1, and gelatin-binding

protein of 28 kDa) were discovered and isolated by four independent groups?4’-2>

. Originally,
adiponectin was thought to be exclusively synthesized and secreted by adipose tissue and fully
differentiated adipocytes. However, it was later determined that various other cells or tissue can
also produce adiponectin but to a lower degree than adipose tissue, such as osteoblasts, myocytes,
epithelial cells, and placental tissue. Adiponectin is considered the most abundantly secreted
adipokine, accounting for about 0.01% of total serum protein, with high levels present in the

circulation of healthy individuals (5-30 pg/mL)**!. However, women have significantly higher
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adiponectin levels than men, as testosterone is believed to have direct effects on modulating
adiponectin production, complex formation, secretion, and clearance?>2,

Human adiponectin is a 244-amino acid polypeptide consisting of four domains: an amino-
terminal signal sequence, a hypervariable domain, a collagenous domain comprising 22 Gly-XY
repeats, and a carboxy-terminal complement 1g-like globular domain®33. In the circulation, it exists
as oligomeric complexes with different molecular weights (Figure 1.4). Its full-length monomer
form (which has not been observed in circulation and appears to be confined to the adipocyte) can
establish interactions via the collagenous domain to generate three multimeric complexes: a low
molecular-weight multimer (LMW, trimer), a middle molecular-weight multimer (MMW,
hexamer), and a high molecular-weight multimer (HMW, 12- to 18-mer)?>*2¢, A smaller form of
adiponectin also exists in the circulation (but in negligible amounts due to a very short half-life);
it consists simply of its globular domain, which is generated from the full-length protein by

257

proteolytic cleavage*’. Leukocyte elastase secreted by activated monocytes and neutrophils may

be responsible for the generation of globular adiponectin?>®

. These isoforms are suggested to
possess different biological activities, but evidence in this domain is still quite limited. However,
it is strongly suggested that HMW adiponectin, which makes up 50% of the total adiponectin in
the circulation, is the major biologically active isoform?*23¢, Post-translational modifications,
such as hydroxylation and subsequent glycosylation, are important for the assembly, secretion, and
bioactivity of the HMW isoform?*. Wang ef al. demonstrated that mutations in all 4 highly
conserved lysine residues within adiponectin’s collagenous domain that are crucial for
hydroxylation and glycosylation, completely abolish the assembly and secretion of HMW
adiponectin®’. Furthermore, several endoplasmic reticulum-associated proteins also play an
important role in the oligomerization and secretion of higher-order adiponectin complexes?®’.
Adiponectin is highly expressed by functional adipocytes that are found in lean and healthy
individuals. However, its expression is paradoxically lower in obese individuals (Figure 1.3)>!.
This is in contrast with other adipokines, whose levels are increased with increased body fat mass.
Adipogenic master transcription factor, C/EBPa, and the nuclear hormone receptor, peroxisome
proliferator-activated receptor (PPAR)-y, play an important role in controlling adiponectin

transcription?®?

. In obese states, increased expression of pro-inflammatory adipocytokines, such as
TNF-a and IL-6, can down-regulate the production and secretion of adiponectin by reducing its

gene transcription?®®, They can reduce adiponectin mRNA stability, as well as decrease the activity
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of C/EBPa and PPAR-y. The dysregulation of adiponectin production is strongly believed to
contribute to the onset of several obesity-related complications, as hypoadiponectinemia (i.e., low
levels of circulating adiponectin) has been found to be associated with insulin resistance, T2DM,

dyslipidemia, and atherosclerosis?>!-264-266,
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Figure 1.4 Oligomeric isoforms of human adiponectin. The trimer is the basic building block of
oligomeric adiponectin. Disulfide bond formation is crucial for the assembly and stabilization of
adiponectin oligomers. Two trimers self-associate via a disulfide-linkage (S-S) mediated by
cysteine residue 39 at the hypervariable region to form a hexamer, which further assembles into

a bouquet-like HMW multimeric complex that consists of 12 to 18 monomers.

1.10.2 Adiponectin’s pleiotropic functions
Adiponectin acts as a ‘‘pleiotropic cytokine’’ linked not only to adipocyte metabolism and
homeostasis, but also exhibits a wide range of diverse effects in many different organs and tissues,
including WAT, the liver, the skeletal muscle, the heart, the central nervous system, and the
vasculature (Figure 1.5).

In 2001, three independent groups identified for the first time the important physiological
role of adiponectin as an endogenous insulin sensitizer, whereby it modulates glucose and lipid

257,267,268

metabolism in insulin-sensitive tissues in both animals and humans . Fruebis et al. first

pointed out that acute administration of adiponectin in obese mice significantly decreased free
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fatty acid and glucose levels in the blood and increased fatty acid oxidation in skeletal muscle®®’.

Berg et al. demonstrated effects directly at the level of the liver whereby adiponectin decreased
basal glucose levels by inhibiting the expression of hepatic gluconeogenic enzymes and the rate of
endogenous glucose production®®. Later, clinical studies also supported the idea that lower levels
of circulating adiponectin are associated with insulin resistance and a higher incidence of
T2DM?264:269.270 Eyrthermore, human genetic studies on single nucleotide polymorphisms of the
adiponectin gene (located on chromosome 3q27) have pointed out numerous genetic susceptibility

271-273  However, in addition to its anti-diabetic effects,

loci for T2DM and metabolic syndrome
adiponectin has also been proven to inhibit endothelial dysfunction and foam cell formation, and
suppress atherosclerosis development, as well as modulate lipoprotein remodeling, inflammatory
pathways, food intake, and whole-body energy homeostasis?>’#?7®, Recently, adiponectin has even
been suggested to slow the progression of various cancers as it can limit cellular proliferation and

induce apoptosis?”’.

Insulin-sensitizing/
anti-diabetic

Anti-atherogenic Anti-inflammatory

Increases cholesterol . . Promotes vasodilation and
efflux and suppresses Adlponectln nitric oxide production

foam cell formation
. \

Involved in lipoprotein Regulates food intake
remodelling and whole-body energy
homeostasis

Limits cellular
proliferation and
induces apoptosis

Figure 1.5 Pleiotropic effects of adiponectin. Adiponectin displays a variety of pleiotropic effects
on a multitude of different cell types.

1.10.3 Adiponectin’s vasculoprotective and anti-atherogenic properties
Over the years, adiponectin has attracted much attention because of its anti-inflammatory,

vasculoprotective, and anti-atherogenic properties, as it may have the potential to act as a
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biomarker and/or therapeutic target for CVD and its complications. Numerous epidemiological
studies have identified an association between low circulating levels of adiponectin and CAD,
cIMT, and carotid atherosclerosis?®>278-280, These associations indicate that adiponectin may have
a protective role in the prevention of CVD. Low levels of adiponectin were also found to be
associated with plaque vulnerability; plasma adiponectin was identified as the strongest predictive
factor of the presence of thin-cap fibroatheroma, as assessed by virtual histology intravascular
ultrasound in men with stable CAD?3!. Furthermore, evidence suggests that circulating adiponectin
is an independent and inverse predictor of cardiovascular events and mortality. Individuals with
adiponectin levels in the highest quintile have been shown to have a reduced risk for MI?%2. In the
Framingham Offspring Study, elevated plasma adiponectin levels were highly protective of future
coronary heart events in men?*3. To comprehensively assess the association between adiponectin
levels and the full spectrum of carotid artery disease, from subclinical atherosclerosis (cIMT), to
atherosclerotic plaque presence, to ischemic stroke risk, to risk of mortality in an ischemic stroke
population, we performed two systematic reviews and meta-analyses, which are presented in
sections 1.11 and 1.12 of Chapter 1284285,

Animal studies have also demonstrated that adiponectin protects against the development
and progression of atherosclerosis. Adenoviral-mediated overexpression of adiponectin in
apolipoprotein-E knockout (apoE”) mice resulted in a reduction in atherosclerotic lesion
formation in the aortic sinus by 30% compared with non-treated apoE”" mice?®®. Interestingly,
adenovirus-derived adiponectin accumulated in the fatty streak lesions of the apoE” mice, which

are predominantly composed of macrophages and foam cells?3¢

, suggesting that adiponectin
mediates its beneficial effects directly at the level of the vasculature. Similarly, globular
adiponectin transgenic apoE”" mice had significantly smaller aortic lesions than control apoE”
mice?®”. On the other hand, adiponectin deficiency in mice led to increased vascular SMC
proliferation and enhanced neointimal thickening of arteries in response to vascular injury?$%289,
However, this injury-induced neointimal formation was attenuated upon supplementation of mice
with adiponectin®®’.

Adiponectin’s atheroprotective effects have been established in vivo and in vitro in all
stages of atherosclerotic plaque development, from endothelial dysfunction, plaque initiation and
progression, to plaque rupture and thrombosis**® (Figure 1.6). Adiponectin has the ability to

attenuate atherogenesis through its direct actions on all major cell types present in the vasculature,
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including vascular endothelial cells, macrophages, and SMCs!*2. Adiponectin maintains
endothelial function by stimulating the activation of eNOS through 5' adenosine monophosphate-
activated protein kinase (AMPK)-dependent phosphorylation of this enzyme and subsequent
production of NO in the vascular endothelium?!. In fact, adiponectin treatment of rat aortic
segments protected the endothelium against hyperlipidemic injury, by promoting eNOS activity?*2.
Furthermore, adiponectin suppresses the NF-kB inflammatory signalling pathway, decreasing the
endothelial inflammatory reaction and reducing TNF-a-induced expression of adhesion molecules,
such as ICAM-1, VCAM-1, and E-selectin in endothelial cells?’+2%32%4, This attenuates leukocyte
attachment to the vascular wall and their migration into atherosclerotic plaques.

Adiponectin can also modulate macrophage function by decreasing its accumulation of

cholesterol, thereby suppressing macrophage-to-foam cell transformation®.

Proposed anti-
atherogenic mechanisms by which adiponectin achieves lower intracellular cholesterol levels are
by (1) decreasing cholesterol uptake and (2) promoting an increase in cholesterol efflux capacity.
Through suppression of macrophage SR-A (but not CD36), adiponectin has the ability to markedly
decrease the uptake of oxidized LDL by macrophages®. Also, there has been recent interest in
adiponectin’s ability to enhance ABCA1-mediated cholesterol efflux?®>. Mutations in ABCA1

297 Individuals with these

gene cause Tangier disease and other familial HDL deficiency disorders
diseases are at increased risk for atherosclerotic disease partly due to an over-accumulation of
cholesterol in macrophages. Further details concerning adiponectin’s effects on cholesterol efflux
are presented in section 1.10.5 of Chapter 1. Adiponectin also promotes the polarization of human
monocytes into alternative anti-inflammatory M2 macrophages as opposed to the classically
activated M1 phenotype, leading to a decrease in M1 markers and a suppression in the release of
pro-inflammatory cytokines, such as TNF-o and MCP-12%%2%°, Adiponectin has also been shown
in mice to regulate peritoneal macrophage polarization towards a M2 phenotype*. An increase in
the ratio of M1:M2 macrophages present in the plaque is believed to influence/promote
atherogenesis. Lastly, adiponectin can also prevent fibrous cap rupture by inducing the expression
of tissue inhibitor of metalloproteinase-1 (TIMP-1) by macrophages®®. In addition to its effects
on endothelial cells and macrophages, adiponectin inhibits growth factor-induced SMC

proliferation and migration as well as platelet aggregation and thrombus formation3?!-3%4,
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Figure 1.6 Adiponectin’s atheroprotective effects in all stages of atherosclerotic plaque
development. Adiponectin’s atheroprotective effects are suggested to be mediated via interaction
with its transmembrane receptors, AdipoR1 and AdipoR2, leading to the activation of the AMPK
and PPAR-o. signalling pathways, respectively.

1.10.4 Adiponectin receptors

Adiponectin exerts its main biological effects via two transmembrane receptors, AdipoR1 and
AdipoR2 (AdipoR), which were discovered in 2003 by expression cloning*®. AdipoR1 and
AdipoR2 are encoded by genes situated on chromosomes 1 and 12, respectively, and they display
66.7% homology at the protein level**. Despite containing seven transmembrane domains, these
receptors are structurally and functionally distinct from the classical G protein-coupled receptors;
AdipoR1 and AdipoR2 have an inverted membrane topology with a cytoplasmic N-terminus and
an extracellular C-terminal domain’®®®. Furthermore, they are not coupled with G-proteins and
activate their own unique set of signalling molecules, as detailed below. In fact, determination of
the crystal structures of AdipoR1 and AdipoR2 revealed that the AdipoRs represent an entirely
novel class of receptors®®®. Scatchard plot analyses demonstrated that AdipoR1 is a high-affinity
receptor for globular adiponectin (but it can also bind full-length adiponectin with low-affinity),

which mainly leads to activation of AMPK signalling, which is an energy-sensing enzyme3?°. On
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the other hand, AdipoR2 has intermediate affinity for both globular adiponectin and its full-length
variants (i.e., HMW adiponectin), which mainly leads to stimulation of PPAR-a signalling, which
is a key transcription factor in metabolic regulation®%. Other signalling pathways activated by the
interaction between adiponectin and its receptors include IRS1/2, p38 MAPK, Rab5, Akt, and

ceramide signaling’?7-308

. Recent studies have shown that an adaptor protein called adaptor protein,
phosphotyrosine interacting with PH domain and leucine zipper 1 (APPL1), interacts with the
intracellular domains of both receptors, in order to help mediate adiponectin’s downstream
signalling®®. T-cadherin has been identified as an additional receptor (or binding protein) for
adiponectin that specifically binds the higher-order complexes (hexameric and HMW adiponectin)
but not globular adiponectin®!®, Tt is highly expressed in cardiac myocytes where it plays an
important role in mediating the cardioprotective actions of adiponectin®!!. Tts structure differs to
that of AdipoR1 and AdipoR2 as it is attached to the plasma membrane via a glycosyl
phosphatidylinositol anchor’!®, Since it has no intracellular domain it is believed to require the
help of other co-receptors, which to date remain unidentified, to mediate its intracellular signalling.

Both AdipoR1 and AdipoR2 are ubiquitously expressed; in mice, AdipoR1 is
predominantly expressed in skeletal muscle, while AdipoR2 is most abundantly present in the
liver. In humans, however, both AdipoR1 and AdipoR2 are highly expressed in skeletal muscle
and the liver. Similar to circulating adiponectin levels, AdipoR expression was significantly
decreased particularly in the skeletal muscle, liver, and adipose tissue of mouse models (ob/ob or
db/db mice) of insulin resistance and obesity, as well as of individuals with obesity and T2DM?3!2-
315 Several gain- and loss-of-function studies have been performed, which have demonstrated that
AdipoR1 and AdipoR2 play fundamental roles in glucose and lipid metabolism, inflammation, and
oxidative stress’*>313, Yamauchi et al. demonstrated that adenovirus-mediated overexpression of
AdipoR1 in db/db mice caused a reduction in liver gluconeogenesis via AMPK activation, while
overexpression of AdipoR2 enhanced glucose uptake, reduced oxidative stress, as well as
decreased the expression of pro-inflammatory cytokines and chemokines, such as TNF-a and
MCP-1, via stimulation of the PPAR-a pathway!3. Both receptors had a significant effect on
increasing fatty acid oxidation. On the other hand, systemic disruption of both receptors resulted
in abrogation of adiponectin binding and actions, leading to increased glucose production,

313

impaired glucose tolerance, and insulin resistance’'~. Administration of adiponectin to AdipoR1

and AdipoR2 double knockout mice was not sufficient to offset these deleterious effects,
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suggesting that these two receptors are responsible for the majority of adiponectin’s physiological
actions’!3,

Adiponectin receptors have been noted by others as well as our group to be expressed in
human carotid atherosclerotic plaques as well as in the healthy vascular wall*'%3!7, However, their
expression was observed to be higher in the lesion area compared to the non-diseased carotid zone.
Analysis of AdipoR expression levels in specific cells of the vasculature determined that both
AdipoR1 and AdipoR2 are expressed in macrophages, along with smooth muscle cells, and
endothelial cells®!”. Moreover, AdipoR are expressed abundantly (93%) in circulating monocytes,

as opposed to other circulating cells?!®

. Interestingly, AdipoR1 expression decreased upon
monocyte differentiation into macrophages, while AdipoR2 expression was not affected during
the differentiation process®'”. Nonetheless, AdipoR1 expression remained higher than AdipoR2
expression in monocytes as well as in fully differentiated macrophages!’. Ultrastructural
localization of adiponectin protein by immunoelectron microscopy in the healthy and diseased
vasculature of mice was revealed to be similar to that of the AdipoRs, further suggesting that
adiponectin mediates its atheroprotective actions via these receptors®!?.

While AdipoR1 and AdipoR2 are well known for their involvement in the metabolic action
of adiponectin, their role in the vasculature still remains unclear (Figure 1.6). One study
determined that both AdipoR1 and AdipoR2 are crucial for mediating adiponectin’s actions to
suppress lipid accumulation and inhibit macrophage-to-foam cell transformation®?°. On the other
hand, these receptors exhibited differential effects in regulating genes that are important for lipid
metabolism and inflammation in human macrophages, where AdipoR1 showed greater potency in
reducing the levels of pro-inflammatory cytokines, while AdipoR2 had greater potency in
suppressing the expression of the scavenger receptor, SR-AI*?°, It was recently noted that AdipoR2
deficiency (but not AdipoR1) led to a reduction in the size of brachiocephalic atherosclerotic
plaques in apoE”" mice; however, these plaques contained a higher degree of macrophages, less
collagen content, and no clear fibrous cap, compared with AdipoR2"*apoE”~ mice®*!. This
evidence suggests that AdipoR2 may be protective against atherosclerotic plaque instability.
Further investigation is clearly needed to determine the contribution of each receptor in mediating
adiponectin’s actions in the vasculature, in order to highlight their true potential as therapeutic

targets for the treatment and/or prevention of atherosclerotic disease.
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1.10.5 Adiponectin’s effects on cholesterol efflux

Clinical and fundamental evidence suggests that adiponectin may play a critical atheroprotective
role in promoting cholesterol efflux via activation of the PPAR-y/liver X receptor (LXR)-a
signalling pathways. AdipoR1 and AdipoR2 are suggested to be implicated in this process,

however the data are conflicting and insufficient to establish any firm conclusions.

Clinical evidence

The link between adiponectin and CVD could be partly mediated by adiponectin’s effects on lipid
metabolism; several studies indicate that the inverse association between adiponectin and CAD is
significantly attenuated after adjustments for lipids, particularly HDL-C?82322, In fact, a strong
correlation between plasma HDL-C and circulating adiponectin concentrations exists in both
healthy and diseased populations (i.e., with obesity, metabolic syndrome, T2DM, or CVD), where
HDL-C and adiponectin levels are observed to be significantly lower compared to healthy
individuals®?3-24, Despite this well-documented association, the mechanisms involved have been
poorly investigated.

Several studies demonstrated circulating adiponectin levels to be a robust and independent
predictor of cellular cholesterol efflux capacity in humans®*3323-327, One study showed plasma
adiponectin levels to be strongly associated with efflux in healthy adults older than 18 years,
independently of age, sex, BMI, glucose, blood pressure, and markers of inflammation and liver
function®?>. Moreover, low serum adiponectin levels were also highly correlated with impaired
cholesterol efflux capacity in diabetic subjects, and positively associated with low cholesterol
efflux to total isolated HDL in subjects with established coronary heart disease**>32°, Stepwise
regression analyses demonstrated that adiponectin accounted for 10.7% of the variance in
cholesterol efflux, a value higher than that for apoA-I, which accounted for only 3.9% of the
variance?®,

Clinical evidence also demonstrated that adiponectin may play a direct role in HDL
catabolism. A strong and negative correlation was observed between adiponectin levels and the
HDL-apoA-I fractional catabolic rate (FCR), in various populations, such as in obese subjects,
subjects with metabolic syndrome, or in healthy individuals®?®-33°, Verges et al. determined that
plasma adiponectin, on its own, can explain 43% of the variance of HDL-apoA-I FCR3%, In

addition, plasma adiponectin concentrations were also significantly and positively associated with
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triglyceride-rich lipoprotein (VLDL-apoB) catabolism, and negatively with triglyceride
levels3?833%, Thus, low circulating adiponectin levels may not only enhance the catabolism of

HDL-apoA-I but also reduce the clearance rate of VLDL, apoB-related particles, and triglycerides.

Fundamental evidence
Fundamental evidence also supports the notion that adiponectin plays a key role in promoting
HDL/apoA-I cholesterol efflux at various steps throughout the RCT pathway?%>-331-341,
Adiponectin has been shown to contribute to this process mainly at the level of the liver and the
macrophage.

A co-culture model of adipocytes and hepatocytes revealed a direct involvement of adipose

tissue in hepatic cholesterol metabolism, mainly via adiponectin’?

. In HepG2 liver cells,
adiponectin treatment (1, 5, 10 pg/ml) increased the synthesis and secretion of apoA-I in a dose-
dependent manner and enhanced the cellular expression of ABCA1, while having no effect on
ABCG]1 and SRB-I expression*S. This suggests that in the liver adiponectin might increase HDL
assembly specifically through ABCA1. Animal studies, using an adiponectin knock-out mouse
model, also demonstrated the importance of adiponectin in regulating apoA-I levels in the plasma
and ABCAL expression in the liver33>-338:341,

While the liver is central to the regulation of cholesterol levels in the body, RCT from
macrophages is defined as a critical step in protecting against atherosclerotic plaque development.
In vitro studies indicate that adiponectin treatment might protect against atherosclerosis by
significantly enhancing apoA-I-mediated cholesterol efflux from macrophages through an
ABCA1-dependent pathway?*2340, Adiponectin is believed to modulate cellular cholesterol efflux
at various doses (1, 5, 10 pg/ml) in murine and human macrophages by positively affecting
ABCA1 mRNA and protein expression?3%33%-349 Furthermore, human macrophage-derived foam
cells designed to express the adiponectin gene, resulted in a significant reduction in intracellular
cholesterol accumulation, an upregulation in ABCA1 and SR-BI protein expression, and increased
HDL-mediated cholesterol efflux, compared to control macrophage foam cells not expressing
adiponectin®°. Furthermore, adiponectin knock-out mice were observed to have decreased
macrophage ABCA1 expression and apoA-I-mediated cholesterol efflux compared with wild-type

mice, and they exhibited apparent aortic atherosclerotic lesions and large lipid deposition in vessel

walls*#034!1 While most reports focused on studying ABCA 1-mediated cholesterol efflux, there is
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little evidence suggesting that adiponectin may also affect cholesterol efflux through the ABCG1

transporter?,

Potential mechanisms of adiponectin’s effects on cholesterol efflux

Various proteins have been suggested to be implicated in adiponectin’s effects on ABCA1- and
ABCG1-mediated cholesterol efflux, namely PPAR-y and LXR-02-332339340 Tian et al. was the
first to report that activation of the PPAR-y/LXR-a signalling pathways may be necessary for
adiponectin’s attenuation of lipid accumulation in macrophage-derived foam cells. Activation of
LXR-a and PPAR-y by adiponectin, resulted in an increase in ABCA1 expression. Other studies
also demonstrated that treatment of macrophages with adiponectin increased LXR-o expression
and activation, while LXR-a siRNA completely abolished the promotion effects of adiponectin on
ABCAI1 expression and cholesterol efflux?93-332:340,

Adiponectin’s effects on cholesterol efflux may also be mediated by the same receptors
(AdipoR1 and AdipoR2) that transduce its other cellular signals?*>3*!. Overexpression and
downregulation of AdipoR1 and AdipoR2 in HEK293T human kidney cells provided the first
evidence that both receptors are involved in the cholesterol efflux process via upregulation of
ABCAI1 expression and activity**!. However, there exists conflicting evidence concerning the
importance of each receptor in macrophage lipid metabolism. In macrophages isolated from
diabetic patients, adiponectin increased macrophage cholesterol efflux and upregulated ABCG1
and LXR-o expression in the presence of intact AdipoR signalling®>. However, these effects were
blunted in macrophages lacking an AdipoR1 signalling pathway but not AdipoR2%. Instead, Li
et al, found that knockdown of AdipoR2 in human THP-1 macrophages resulted in reduced cellular
lipid accumulation, enhanced apoA-I and HDL-mediated cholesterol efflux, and increased
expression of PPAR-y, LXR-0, ABCAI, and ABCG1?*. Further investigation is needed to
elucidate the distinct effects of AdipoR1 and AdipoR2 in macrophage lipid metabolism, including

cholesterol efflux capacity, and atherosclerosis development.

1.10.6 Therapeutic modulation of adiponectin and its receptors
Modulation of adiponectin and its receptors is a promising therapeutic strategy for the prevention

and/or treatment of cardiometabolic disorders.
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Adiponectin
Adiponectin levels are reduced in subjects who suffer from obesity and cardiometabolic disorders.
Thus, an important therapeutic approach would be to pharmacologically restore the capacity of
adipose tissue to produce and secrete adiponectin, as well as raise circulating adiponectin levels.
Thiazolidinediones (TZDs), such as rosiglitazone and pioglitazone, are anti-diabetic
therapeutic agents that improve systemic insulin sensitivity and glucose tolerance in obese
individuals, T2DM patients, and in animal models of insulin resistance and diabetes***-3#4, Since
adiponectin is an insulin-sensitizing adipokine, it is believed that TZDs partly mediate their anti-
diabetic properties via upregulation of plasma adiponectin levels*®. A low-dose treatment of
pioglitazone led to an amelioration of insulin resistance in ob/ob mice but not in 0ob/ob mice that
were adiponectin deficient, suggesting that pioglitazone-mediated reduction in the severity of
insulin resistance is partly due to an adiponectin-dependent pathway>#6. A meta-analysis confirmed
that administration of TZDs led to an increase in endogenous adiponectin levels in patients with
insulin resistance and T2DM?3*". Interestingly, HMW adiponectin is the predominant form of

adiponectin upregulated by TZDs*#

. TZDs are agonists of PPAR-y, a transcription factor that acts
as a master regulator of adipocyte differentiation and adipocyte gene transcription. Thus, TZDs
are known to raise adiponectin levels by stimulating the transcription of the adiponectin gene via
activation of PPAR-y*%3% Combs et al. reported circulating levels of adiponectin to be reduced
by 5-fold in patients with dominant-negative PPAR-y mutations, highlighting the importance of
PPAR-y in the regulation of adiponectin synthesis®**. In addition to improving insulin sensitivity,
TZD therapy in association with enhanced adiponectin levels has also been shown to ameliorate
the stability of atherosclerotic plaques in patients with T2DM by reducing the necrotic core
component of coronary plaques*>'.

Other therapeutic agents have also been identified to raise adiponectin levels, such as anti-
hypertensive drugs (i.e., angiotensin II receptor antagonists, angiotensin-converting-enzyme
inhibitors, and B: receptor blockers) and lipid-lowering agents (i.e., fenofibrate, statins)*>2-333, A
meta-analysis reported a significant elevation in circulating adiponectin levels following statin
therapy, particularly in cases where statins were used for a duration >12 weeks®>. However,
subgroup analyses demonstrated that statin-induced augmentation of adiponectin was dependent
on the type of statin used*>>. Along with increasing the cholesterol efflux process, apoA-I mimetic

peptides (such as L-4F) have also been found to increase adiponectin concentrations®>¢.
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Adiponectin Receptors

Under conditions of adiponectin resistance, more useful therapeutic strategies would be to enhance
the action of adiponectin by increasing the expression and/or activation of the adiponectin
receptors, rather than upregulate circulating adiponectin levels.

AdipoR expression has been reported, particularly in adipose tissue and in
monocytes/macrophages, to be transcriptionally induced by nuclear hormone receptors; PPAR-a/y
can positively regulate AdipoR2 expression, while LXRs can stimulate both AdipoR1 and
AdipoR23!7:357 Thus, AdipoR expression can be modulated therapeutically by various nuclear
hormone receptor agonists to enhance the actions of adiponectin. In fact, induction of AdipoR2
via PPAR-a activation was capable of potentiating adiponectin’s actions in macrophages by having
an additive effect on reducing intracellular cholesterol ester content’!’. Furthermore, dual
activation of PPAR-a and PPAR-y had a greater effect on improving insulin resistance in obese
diabetic KKAy mice than single drug treatment due to increases in both adiponectin levels and
AdipoR expression®>’.

Activation of AdipoRs using small-molecule agonists that can mimic the effects of
adiponectin may also act as an important therapeutic approach for the prevention/treatment of
cardiometabolic disorders. Through screening of compound chemical libraries, Okada-Iwabu et
al. identified the first orally-active synthetic small molecule (named AdipoRon) to bind and
activate both AdipoR1 and AdipoR23%8. Its effects are similar to those of adiponectin, where
AdipoRon was reported to activate AMPK and PPAR-a signalling pathways to ameliorate insulin

358

resistance, dyslipidemia, and glucose intolerance in obese diabetic mice”>°. Furthermore, in vitro

and in vivo studies have demonstrated that AdipoRon possesses anti-inflammatory, anti-oxidative,
and anti-apoptotic properties, in addition to attenuating vascular SMC proliferation®>-3¢0,
However, its direct and beneficial effects on lipid metabolism and atherosclerosis development
have yet to be investigated. Overall, these findings suggest that AdipoRon may be a promising
new therapeutic agent for the treatment of obesity-related disorders, but its efficacy and safety
have yet to be tested in humans. With the recent crystallization of the AdipoR structure, this can

help optimize the interaction between AdipoRon and AdipoR as well as identify novel agonists of

the AdipoR pathway>®,
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1.11 Circulating Adiponectin and Carotid Intima-media Thickness: A Systematic Review

and Meta-analysis

Adapted from: *Gasbarrino K, *Gorgui J, Nauche B, Coté¢ R, Daskalopoulou SS. Metabolism.
2016;65(7):968-986284

*Share co-first authorship

1.11.1 Abstract

Background: Adiponectin is an adipokine with insulin-sensitizing, anti-inflammatory, and
vasculoprotective properties. Hypoadiponectinemia has been linked with disease states, such as
obesity, T2DM, and CVD. cIMT is a strong and independent predictor of both coronary and
cerebrovascular events and has been used as a surrogate marker of subclinical atherosclerosis. The
aim of this report is to systematically review the evidence on the relationship between adiponectin
and cIMT in a wide range of individuals.

Materials and methods: Medline, Embase, Biosis, Scopus, Web of Science, and Pubmed were
searched for published studies and conference abstracts. The “sign test” and “vote count” methods
were used to estimate the direction and significance of the relationship between adiponectin and
cIMT. The quality of the eligible studies was evaluated using an adapted version of the New Castle
Ottawa quality assessment scale.

Results: Fifty-five articles fulfilled the inclusion criteria, comprised of only cross-sectional
studies, including healthy subjects, general population, and individuals with metabolic,
inflammatory, or other chronic diseases. Most associations between adiponectin and cIMT
followed a negative direction in the healthier and general populations, and also in cohorts with
metabolic disorders and other chronic diseases, but not in those with inflammatory diseases (sign
test). These associations were generally found to be weak or non-significant among all cohort
groups studied (vote count).

Conclusion: Our results are suggestive but not conclusive for an inverse association between

adiponectin levels and cIMT in diseased and non-diseased populations.
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1.11.2 Introduction
Atherosclerosis is the main underlying cause of CVD, leading to the occurrence of MI and
ischemic stroke. Large epidemiological studies, such as The Atherosclerosis Risk in Communities
study and The Cardiovascular Healthy Study, have established cIMT to be a strong and
independent predictor of cerebral ischemic and coronary events in individuals free of overt
CVD?31:362 In particular, increased cIMT has been demonstrated to predict the occurrence of
ischemic stroke events, independent of the traditional risk factors represented in the Framingham
Stroke Risk Score®®®. Thus, cIMT has become widely used as an imaging surrogate marker of
subclinical atherosclerosis, as well as a surrogate end-point for clinical vascular outcomes*¢4,
Adiponectin, the most abundant adipose tissue-secreted adipokine, circulates at high
concentrations in healthy individuals. Experimental evidence has shown adiponectin to possess
insulin-sensitizing, anti-inflammatory, and anti-atherogenic properties®®>-*%®. In humans, low
circulating levels of adiponectin are associated with obesity, T2DM, as well as with
CVD?1.264366.367  However, in relation to cIMT, conflicting results have been reported, with
studies demonstrating either a significant or non-significant association between
hypoadiponectinemia and severity of cIMT?7%-368, These disagreements may in part be the result of
heterogeneity in the studied populations. Therefore, the objective of our systematic review and
restricted meta-analysis was to summarize and critique the existing evidence (observational
studies) with regards to the association between circulating adiponectin levels and cIMT
(subclinical atherosclerosis) in a wide range of populations, including healthy subjects of varying
ages, individuals from the general population, and subjects with metabolic, inflammatory, or other

chronic diseases.

1.11.3 Methods

General Search Strategy

A general search strategy was developed by a librarian (BN) for Ovid Medline (1946 to Present)
including Ovid Medline In-Process & Other Non-Indexed Citations and Ovid OLDMedline, Ovid
Embase Classic and Embase (1947 to Present), Ovid Biosis Previews (1969 to Present), Wiley
Cochrane Library, Scopus, Web of Science and PubMed. Search strategies were peer-reviewed by
a second librarian. The search strategy was designed to answer four specific research questions

relating adiponectin levels to (a) cIMT, (b) carotid atherosclerotic plaques, (c) ischemic stroke,
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and (d) mortality due to ischemic stroke. Herein, the results pertaining to the first research question
are presented. Results were restricted to human and adult (>19 years old) studies. No language
restrictions were applied. See Appendix A for Ovid Medline search strategy details. The searches
were run May 23™, 2013. Conference abstracts were retrieved via Embase and congresses not
covered by Embase between 2008 and 2012 were searched manually for “adiponectin” in June
2013. Two trial registries were also searched (clinicaltrials.gov and the WHO International
Clinical Trials Registry Platform) along with grey literature sources. On February 8% 2016 the full
search strategy was re-run to retrieve new studies published since the initial search. Reference lists
of eligible studies were also hand-searched, from which no additional studies were identified; thus
validating our search strategy. In addition, investigators were contacted through email for missing

baseline population data or clarifications on adiponectin values and units.

Eligibility Criteria

Original studies reporting on the association between circulating adiponectin levels and cIMT were
considered eligible. No restriction in regard to population cohort was applied. Abstracts prior to
2011 or abstracts resulting in published work were excluded. Although the search strategy did not
restrict articles based on language, at the screening level of potentially eligible articles, we included

only English or French records.

Selection Process

A flow—chart illustrating the review process is presented in Figure 1.7. From the initial 3565
studies retrieved (after duplicate removal), 111 original articles and abstracts were independently
identified and evaluated in detail by the two first authors (KG and JG), of which 72 pertained to
cIMT as an outcome. Discrepancies were resolved through consensus with the corresponding
author (SSD). Of those, 26 were excluded due to reasons outlined in Figure 1.7, while 9 more
articles were included following the updated search, resulting in 55 included articles. All of these

articles were written in the English language.
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8068 records identified through
database searching
Embase: 2601
Medline: 1269
Scopus: 1260
Biosis: 1215
WoS: 814
Cochrane: 99
PubMed: 68
Grey litterature: 651
Clinical trials: 46
Conference abstracts: 45

4’{ 4503 Duplicates removed

3454 Excluded

3565 Potentially relevant articles evaluated

(a) Adiponectin concentration was not the exposure or cIMT/plaque
presence/ischemic stroke/mortality was not the outcome
(b) Non-human study (animal study, in vitro study)
(¢) Genetic study
111 Articles evaluated in detail including overlap| (d) Conference abstracts dated prior to 2011
between research questions (e) Written in a language other than English or French

72 cIMT articles evaluated in detail* H 27 plaque articles evaluated in detail* ‘ ‘ 34 stroke articles evaluated in detail* HS mortality articles evaluated in detail*

26 Excluded
5 Analyses include pooled population
(study population + control population)
2 Discrepancy in reported results
1 Duplicate data
7 Non-relevant analysis
11 Insufficient data

¥

46 cIMT articles included }—" 55 cIMT articles includedt

*Numbers do not add up to 111, as study outcomes overlap
1 Following a re-run of the full search strategy, 9 additional cIMT articles were included, resulting in a total of 55 included articles

Figure 1.7 Flow-chart of review process for circulating adiponectin and carotid intima-media

thickness.**

Data Extraction

Our systematic review and restrictive meta-analysis was performed in accordance with the
MOOSE (Meta-analysis of Observational Studies in Epidemiology) guidelines. Data extraction
was performed independently (KG and JG). Table I of Appendix B illustrates a summary of the
baseline population characteristics for each included study (country, population, sample size,
percent men, age, body mass index, and cIMT measurements). The population from the different
studies were categorized into five groups (healthy subjects, general population, and individuals
with metabolic, inflammatory, or other chronic diseases). Healthy subjects were defined as having
no medical history of disease, while the general population were representative of subjects with
and without comorbidities or disease. Data extraction included parameter effect estimates and

covariates used for multivariate analyses (Table II of Appendix B).
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Data-analysis Methods

The “sign test” and “vote count” methods were used to provide a crude estimation of the general
trend of results for the total population and analyzed by the different population subgroups. The
“sign test” allowed us to estimate the proportion of negative versus positive associations,
regardless of their significance. The “vote count” method counts the number of significant
negative/positive associations with two-sided p-value <0.05%6°37!, The results of these analyses

are presented in Table 1.3.

Quality Assessment Score

The quality of the included studies was evaluated independently by KG and JG based on an adapted
version of the 9-item New Castle Ottawa Quality Assessment Scale for cohort and case-control
studies®’?. Since eligible studies were derived from cross-sectional analyses and to ensure quality
comparison among studies, the cohort subscale of the New Castle Ottawa Quality Assessment
Scale was used, following exclusion of questions 4 (from ‘population selection’), 8 (from
‘comparability of results’), and 9 (from ‘ascertainment of outcome’). Abstracts were not given a
quality score. Studies were considered of good quality if the total score was >5. However, no

studies were excluded from data-analysis, based on the quality score grading.

1.11.4 Results

A systematic review of the literature yielded 52 original articles and 3 conference abstracts
assessing the relationship between circulating adiponectin levels and cIMT measurements. Fifty-
six of the 67 performed associations were negative (sign test P<0.001), 27 of the negative
associations had a P<0.05 (vote count, P=0.894), while no positive associations had a P<0.05 (vote
count, P=0.001). Included studies were conducted in various populations, which have been
grouped herein as healthy subjects with a wide age range, general population, and subjects with
metabolic, inflammatory, and other chronic disorders. A summary of relevant results for each
study is presented in Table II of Appendix B. Vote-counting and sign-test analyses for each

population are presented in Table 1.3.
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Population Description

Pooled population baseline characteristics are presented in Table III of Appendix B. A total of
30,281 (47.26% men) subjects were included, of whom 12,810 were healthy, 9381 represented the
general population, 2813 had a metabolic disease, 555 had an inflammatory disease, and 576 had
other chronic but non-inflammatory and non-metabolic disorders. The representation of men
among the different cohorts was above 40%, except for the inflammatory disease population,
where only 18.4% of subjects were men. The mean age (and standard deviation [SD]) of the total
population was 53.77+6.15 years. However, the mean age was higher in diseased groups than in
their healthy counterparts (healthy population: 50.55+6.05 years; general population: 63.39+5.46
years; metabolic disorders: 54.60+8.48 years; inflammatory diseases: 58.5543.50 years; other
chronic diseases: 57.10+8.77 years). The mean BMI of the total population was 25.85+3.25 kg.m"
2, which was similar across the population groups. Furthermore, the mean cIMT of the total
population was 0.74+0.12 mm, and the mean adiponectin level was 9.58+2.23 pg/mL. Among all
the different subgroups, subjects with metabolic and other chronic diseases, as well as the general
population had the greatest cIMT measurements, while subjects with metabolic diseases and
inflammatory diseases had the lowest adiponectin levels compared with the healthy subjects.
Interestingly, subjects with other chronic disorders had significantly higher adiponectin levels than

their healthy counterparts.

cIMT Measurements in Healthy Cohorts

In healthy cohorts, 16 of the 17 associations were negative (sign test, P<0.001), 8 of the negative
associations had a P<0.05 (vote count, P=1.000), while no positive associations had a P<0.05 (vote
count, P=1.000).

Several studies performed in healthy cohorts demonstrated a significant inverse association
between adiponectin and cIMT, following adjustments for metabolic and cardiovascular risk
factors, such as age, smoking, blood pressure, BMI, and lipid profile*’*=37°, Nishida et al. found a
similar association in men, but not in women3*. Additionally, Yoon et al. found that in a healthy
Korean cohort, cIMT measurements were significantly higher in the lowest tertile of adiponectin
in men and women, separately®®!. However, a few studies found no significant relationship

between adiponectin levels and cIMT?68:382-384,
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Particularly, a significant inverse association was found between adiponectin levels and cIMT in
younger individuals with a mean age of 31.7+5 years, which was maintained in sub-analyses
according to weight and sex following adjustments for cardiovascular and metabolic
confounders®’®. In addition, in a young female population, cIMT measurements were significantly
higher in the lowest adiponectin quartile (<8.3 pg/mL) when compared with the highest (> 13.9
ng/mL)3#,

However, the majority of studies performed in older populations (mean age: 70.2+0.2
years) found no significant relationship between adiponectin levels and cIMT?863%7, Nevertheless,
Lim et al. found a significant inverse association between adiponectin levels and cIMT in an older

population with a mean age of 76.0+8.7 years®’®.

cIMT Measurements in General Population

In studies representing the general population, all 8 associations were negative (sign test, P=0.008),
6 of the negative associations had a P<0.05 (vote count, P=0.688).

Most studies have demonstrated a significant inverse association between adiponectin
levels and cIMT, including cohorts in a multi-ethnic community, members of a German primary
health care service, and Japanese outpatients®*®3%, However, no significant association was
observed in a Japanese cohort with a high prevalence of T2DM?*%, while other studies in the

397

general population®®’, or in subjects with increased CV risk?** demonstrated a significant inverse

association in men but not in women.

cIMT Measurements in Subjects with Metabolic Disorders

In cohorts with various metabolic disorders, 19 of the 23 associations were negative (sign test,
P=0.003), 7 of the negative associations had a P<0.05 (vote count, P=0.359), while no positive
associations had a P<0.05 (vote count, P=0.125). In the control counter-parts, all of the 8
associations were negative (sign test, P=0.008), 4 of these associations had a P<0.05 (vote count,
P=1.000).

While some studies found no significant association between adiponectin and cIMT
measurements in populations with the metabolic syndrome, obesity, and hypothyroidism3*%-42,

other studies involving similar populations, as well as subjects with type 1 diabetes, reported a

significant inverse association?’*49-407 n subjects with varying degree of glucose tolerance,
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ranging from normal glucose tolerance, to impaired glucose tolerance, to T2DM, low adiponectin
levels were significantly associated with high ¢cIMT measurements?’*07-4°  However, in the
majority of studies reporting parameter estimates in the subjects with T2DM alone, this negative
association was not found to be significant**®#'4, Dullart et al. and Gardener et al. were the only
studies to note an independent inverse association between adiponectin levels and cIMT in both
subjects with T2DM and their healthy non-T2DM counterparts?’*#%7. Of interest, Yano et al. noted

that in hypertensive subjects, HMW adiponectin was positively associated with cIMT#!3,

cIMT Measurements in Subjects with Inflammatory Disease

No significant association between adiponectin levels and cIMT was noted in studies with subjects
with rheumatoid arthritis. Three of the 4 associations were positive (sign test, P=0.625), no
negative associations had a P<0.05 (vote count, P=1.000), and no positive associations had a
P<0.05 (vote count, P=0.250)*'¢41 In the control counter-parts, both associations were positive

(sign test, P=0.500), while none had a P<0.05 (vote count, P=0.500).

cIMT Measurements in Subjects with Chronic Disease

In cohorts with other chronic disorders, 4 of the 5 associations were negative (sign test, P=0.375),
2 of the negative associations had a P<0.05 (vote count, P=1.000), while no positive associations
had a P<0.05 (vote count, P=1.000).

A significant negative association between adiponectin levels and cIMT was reported in
populations undergoing coronary artery bypass, and in those with severe chronic renal
disease*?#2! Although the univariate analysis in Wang et al. demonstrated a significant inverse
association between adiponectin levels and cIMT, significance was not maintained following
adjustments for cardiovascular and metabolic confounders*??. Interestingly, Hayashi ef al. reports
significantly higher cIMT measurements in the low adiponectin group (<12.3 pg/mL) compared
with the high adiponectin group (>12.3 ug/mL) in patients with chronic kidney disease*?. Others,

on the other hand, have not found significant associations in similar populations*>4423,
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Table 1.3 Overview of the association between adiponectin levels and cIMT measurements within population type®®

Number of associations between adiponectin levels and cIMT measurements

Positive Negative
Population type Significant*  Non-Significant  Vote-count Significant®* Non-Significant Vote-count Sign test
Healthy 0 1 1.000 8 9 <0.05 <0.001
General 0 0 - 6 2 0.688 0.008
Metabolic disorders
Cases 0 4 0.125 7 12 0.359 0.003
Controls 0 0 - 4 4 1.000 0.008
Inflammatory Disease
Cases 0 3 0.250 0 1 1.000 0.625
Controls 0 2 0.500 0 0 - 0.500
Other chronic disease 0 1 1.000 2 2 1.000 0.375
Overall 0 11 0.001 27 29 0.894 <0.001

*Associations were considered significant if the P-value was below 0.05
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1.11.5 Discussion

An Inverse Association Between Adiponectin and cIMT

This systematic review and restricted meta-analysis synthesize the results assessing the
relationship between adiponectin levels and cIMT in various populations. Results were pooled
from larger cohorts grouping healthy subjects or individuals representing the general population,
as well as smaller cohorts of diseased subjects (metabolic, inflammatory and other chronic
diseases). Mean adiponectin levels were relatively similar across the healthy, general, metabolic,
and inflammatory disease population groups, with slightly lower levels observed in the subjects
with metabolic and inflammatory diseases. Interestingly, subjects with other chronic diseases had
significantly elevated adiponectin levels than the other populations. The majority of studies
involving subjects with other chronic diseases include disorders such as chronic kidney disease
and end-stage renal disease. Since adiponectin is primarily eliminated from the circulation by the
kidneys, adiponectin’s accumulation in the circulation of subjects with chronic kidney and end-
stage renal disease may be due to impaired biodegradation and elimination by the kidneys*?.

As a general trend, mostly observed in the larger cohorts, studies demonstrated that subjects
with adiponectin levels in the lowest quartile or tertile had significantly greater cIMT than subjects

381,385,395,397.423 © According to the performed sign test, most

with higher adiponectin levels
associations between adiponectin and cIMT (significant or not) followed a negative direction in
the larger, healthier, and general populations. The sign test also demonstrated the direction of the
association to be inverse in cohorts with metabolic disorders and their control counterparts, and
with other chronic diseases, but not in subjects with inflammatory diseases. Results were highly
variable among the smaller and more diseased cohorts possibly due to the presence of
cardiovascular risk factors (i.e. T2DM, dyslipidemia, higher BMI, increased inflammatory
markers). Although the majority of the studies reported an inverse association between adiponectin
and cIMT, based on vote counting these associations were generally found to be weak or non-
significant among all cohort groups studied.

The inverse association between adiponectin and subclinical atherosclerosis identified
herein is in line with previous clinical and experimental findings. Adiponectin is an adipose tissue-
secreted anti-inflammatory protein that circulates at low concentrations in individuals suffering

from obesity, T2DM, and CAD?* 1264366367 Experimental evidence suggests that adiponectin can

play a protective role against the initiation and development of atherosclerosis. Particularly,
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adiponectin can regulate endothelial function by up-regulating the activity of the eNOS and
increasing NO production®%¢#?7, Animal studies have also highlighted the anti-atherogenic

properties of adiponectin in a preclinical in vivo model?86-428,

Diabetes and Adiponectin

Insulin resistance is an established risk factor for CVD*?. Subjects with T2DM have greater cIMT
than non-diabetics***. Furthermore, decreased adiponectin levels are significantly associated with
insulin resistance and T2DM?3!:264:366_In fact, experimental evidence exists to strongly support
adiponectin’s role as an endogenous insulin-sensitizer**!*32. Although it has been hypothesized
that lower adiponectin levels may be partly involved in enhanced subclinical atherosclerosis in
T2DM, interestingly, this was not confirmed in our systematic review. On the other hand,
adiponectin levels were significantly and inversely associated with cIMT in healthy individuals
and in subjects with varying degree of glucose tolerance. Thus, in relatively healthy subjects,
adiponectin seems to play a role in the early pathophysiological changes associated with
atherosclerosis. However, since T2DM is a complex disorder and is governed by a variety of
atherogenic risk factors**?, this may partly explain lack of a significant association between
adiponectin and cIMT in subjects with T2DM. In addition, medications for T2DM can affect both
adiponectin levels and cIMT measurements**7#34433 potentially contributing further to the lack of
a relationship between adiponectin and cIMT. Particularly, TZDs (PPAR-y agonists) have been
reported to cause regression of cIMT and elevation of adiponectin levels in the circulation347:434:435,
Interestingly, a significant correlation between increased adiponectin levels and reduced cIMT
measurements was noted in subjects with T2DM following TZD treatment, despite observing no

correlation between the two factors at baseline prior to the initiation of TZD therapy*!°.

Age-and Sex-Specific Results

Age has been acknowledged as an important risk factor for CVD and it has been noted that older

subjects have increased cIMT#*. On the other hand, adiponectin levels have been shown to be

437

positively associated with increased age™’. Among the studies included in this systematic review,

only Dessein et al. performed age-stratified analyses, evaluating the association between
adiponectin and cIMT in subjects >55 years old and <55 years old*'®. Interestingly, no significant

418

association was observed for either age category*'®. The pooled mean age across all population
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groups ranged from 50-63 years old. However, particularly in the healthy cohort, studies with a
younger and older population than the pooled mean age have been included. Studies including
younger individuals (mean age: 31.7+£5 years) demonstrated a stronger association between
adiponectin and cIMT than studies with older subjects (mean age: 70.2+0.2 years)376-378:383-387,
Sex is also another critical variable in the consideration of cardiovascular risk**¢. Some of
the studies included in the systematic review were sex-stratified allowing the assessment of
potential sex differences. Although limited evidence is available, we noted that this inverse
association between adiponectin levels and cIMT was maintained in men but not in women
following adjustments. However, this was mainly observed in the healthy and general populations
and not in the diseased populations. Interestingly, studies including subjects with inflammatory
diseases predominantly consisted of women; only 18.4% of subjects included were men. Thus, the

lack of an inverse association between adiponectin and cIMT among the inflammatory disease

population may be partly explained by the over-representation of women in this population.

cIMT: A Surrogate Marker of CVD and Outcome of Early Atherosclerosis

Atherosclerosis is a progressive disease that can remain asymptomatic for years before manifesting
as a major cardiovascular event. Understanding the relationship between adiponectin and cIMT is
clinically relevant as cIMT is a known surrogate marker for generalized atherosclerosis and clinical
vascular outcomes***. cIMT is also an outcome on its own as it represents subclinical
atherosclerosis and early stages of atherosclerotic disease. It can be determined non-invasively by
using a B-mode ultrasound, which allows for direct visualization of the carotid arterial wall***. The
results obtained herein are suggestive but not conclusive of an inverse association between cIMT

and adiponectin in non-diseased and diseased populations.

Adiponectin and cIMT Progression (longitudinal evidence)

Hypoadiponectinemia was noted to independently predict the early progression of carotid
atherosclerosis. Post-menopausal women with baseline adiponectin levels in the lowest quartile
(5.1 pg/mL) had a 3-fold risk of cIMT progression over 1 year when compared to women with
adiponectin levels in the higher quartiles (>5.2 pg/mL)***. Furthermore, in a 5-year prospective
study of a population-based cohort free of overt CVD at baseline, adiponectin was inversely

associated with a greater increase in cIMT, independently of traditional cardiovascular risk
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factors®!. Thus, adiponectin has the potential to serve as a marker of cIMT progression and help
identify early on those individuals who are at high risk of developing carotid atherosclerotic

disease.

Limitations/Strengths

It is noteworthy that only 18 of all studies assessed herein had performed adjustments for at least
two covariates. If all studies had systematically adjusted for all relevant risk factors when
appropriate, we may have been able to describe the relationship between adiponectin and cIMT
more adequately. A number of articles performed stratified analyses to describe associations
according to disease severity, however without further adjustments.

To counteract the lack of adjustments in the extracted results, we presented our results
divided by population cohort. This allowed us to minimize the heterogeneity of the population and
the presence of potential confounding factors namely age, medication use, and past medical history
of CVD. By comparing relatively similar population groups, we aimed to mimic a stratification of
confounding parameters in order to be able to at least estimate the direction and significance of the
association between plasma adiponectin and cIMT within specific population cohorts through the
‘sign’ and ‘vote’ counting methods. Furthermore, cIMT measurement methods have been
performed using manual calculations in some studies, while others performed automated software
applications, which could have led to disparate results. However, as comparison studies using both
cIMT measurement methods were not performed, we cannot quantify (or adjust for) the potential
discrepancy between these two methods.

Given that it was difficult to obtain subject level data from this large number of studies,
and that their performed analyses were mainly correlations or associations (presented as point
estimates without 95% CIs), we were unable to perform an extensive meta-analysis of pooled
results. Since we could not transform our data and pool them to reflect sample and effect size, we
used the “sign test” and “vote counting” meta-analysis methods, which allowed us to report the
total number of studies showing negative, positive or no association between adiponectin levels
and cIMT measurements. These methods are not without limitations. The “sign test” allowed us
to determine how many studies are going in one direction or the other, and if this is significant
based on the number of studies. However, it does not take the significance of results for each study

into account. To assess the significance of the results we used the “vote counting” method. This
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method is limited by the fact that it places equal weight to all studies without considering the
population size. It will only reflect the probability of an association in a positive or negative
direction, and if these results were significant or not. In systematic reviews, publication bias is a
concern, however in our study publication bias is unlikely for two main reasons: a) many studies
had associations that were not significant and b) many of these results were simple correlations
that were reported in descriptive tables, in which case, results would be published regardless of
significance.

As described in the methodology section, we used the Newcastle-Ottawa scale to assess
the quality of included studies®’?. No studies were excluded based on these grading scores. The
overall grading for quality assessment of the articles included in our systematic review is 4.40/6.
Only 48% of the selected articles received a score of >5, which we consider to be of good quality.
Points were lost mainly in the categories of “representativeness of the exposed cohort” and
“comparability of cohorts on the basis of the design or analysis, including adjustments for potential
covariates”. This could be contributing to the weak or non-significant associations observed in
smaller cohorts, and in the overall results.

Due to the abundance of data obtained from our search strategy, only the association
between adiponectin levels and cIMT was presented herein. The relationship between adiponectin
levels and carotid plaques, as well as risk of ischemic stroke and mortality will be presented in a

future systematic report.

1.11.6 Conclusion

Following a systematic review of the literature to evaluate the relationship between circulating
adiponectin levels and cIMT measurements, we have outlined an inverse association between these
two variables in healthy subjects, individuals from the general population, in subjects with
metabolic disorders, and in other chronic diseases, but not in those suffering from inflammatory
diseases. Discrepant results observed among the majority of the studies focusing on the diseased
populations may be the result of the relatively smaller number of patients and presence of
confounding cardiovascular risk factors that may govern these complex disorders. Our study did
not demonstrate a significant and strong inverse relationship between adiponectin levels and cIMT
possibly due to the cross-sectional design of the selected studies, the heterogeneity of the

populations, small sample size of some studies, and the lack of appropriate analyses or adjustments
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for potential covariates. Future population studies using a prospective design and appropriate
methodology, as well as animal studies, are needed to provide more definitive conclusions for the

association between adiponectin levels and cIMT.

1.11.7 Translational potential

Considering the large amount of knowledge that exists underlining adiponectin’s anti-
inflammatory and vasculo-protective properties, our study aimed to synthesize the evidence that
supports the popular belief that adiponectin has a protective role in the early development of
atherosclerosis. Herein, despite the methodological limitations, overall an association was noted
between low adiponectin levels and high cIMT measurements, suggesting that adiponectin is a
potential risk factor for subclinical atherosclerosis. However, associations were not observed
among all populations studied, particularly including subjects with inflammatory diseases. Thus,
adiponectin may provide cardio-protective benefits in selected populations, which needs to be

addressed in future, properly designed studies.

1.12 Circulating Adiponectin Levels in Relation to Carotid Atherosclerotic Plaque Presence,

Ischemic Stroke Risk, and Mortality: Systematic Review and Meta-analyses

Adapted from: *Gorgui J, *Gasbarrino K, Georgakis MK, Karalexi MA, Petridou ET,
Daskalopoulou SS. Metabolism. 2017;69:51-662%

*Share co-first authorship

1.12.1 Abstract

Background: Low circulating levels of adiponectin, an anti-inflammatory and vasculoprotective
adipokine, are associated with obesity, T2DM, and atherosclerotic disease. Presence of unstable
plaques in the carotid artery is a known etiological factor causing ischemic strokes. Herein, we
systematically reviewed the association between circulating adiponectin and progression of carotid
atherosclerotic disease, particularly evaluating the occurrence of (1) carotid atherosclerotic

plaques, (2) ischemic stroke, and (3) mortality in subjects who suffered a previous ischemic stroke.
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Methods: Medline, Embase, Biosis, Scopus, Web of Science, and Pubmed were searched for
published studies and conference abstracts. The effect size and 95% ClIs of the individual studies
were pooled using fixed-effect or random-effect models. The quality of the eligible studies was
evaluated using the Newcastle—Ottawa quality assessment scale. Sensitivity, subgroup, and meta-
regression analyses were performed to address the impact of various risk factors on the association
between adiponectin and ischemic stroke risk.

Results: Twelve studies fulfilled the inclusion criteria for 3 independent meta-analyses. The
association of increasing circulating adiponectin levels (5 pg/mL-increment) with presence of
carotid plaque was not conclusive (n = 327; OR: 1.07; 95% CI: 0.85-1.35; 2 studies), whereas
high adiponectin levels showed a significant 8% increase in risk of ischemic stroke (n = 13,683; 7
studies), with a more sizable association observed among men compared to women. HDL was
observed to have a marginal effect on the association between adiponectin and ischemic stroke,
while other evaluated parameters were not found to be effect modifiers. A non-significant
association of adiponectin with mortality was yielded (n = 663; OR: 2.58; 95% CI: 0.69-9.62; 3
studies). Although no publication bias was evident, there was significant between-study
heterogeneity in most analyses.

Conclusion: It appears that the direction of the relationship between adiponectin and carotid
atherosclerotic plaque presence is dependent on the duration, severity, and nature of the underlying
disease, while increased adiponectin levels were associated with an increase in risk for ischemic
stroke. Lastly, the results from the mortality meta-analysis remain inconclusive. Future properly
designed studies are necessary to further elucidate the role of adiponectin on atherosclerotic plaque

development, and its related outcomes.

1.12.2 Introduction

Atherosclerotic disease is characterized by plaque formation within the arterial wall. The presence
of unstable atherosclerotic plaques in the carotid artery is a known etiological factor causing
cerebrovascular events, such as an ischemic stroke, TIA, or AF+°. Thus, carotid atherosclerotic
plaque represents an important disease burden, as stroke is one of the leading causes of death
worldwide and a major cause of long-term disability*°.

Adiponectin is the most abundantly secreted adipokine from adipose tissue that circulates

at high concentrations in healthy individuals mainly as 3 isoforms: LMW trimer, MMW hexamer,

94



and as a HMW 12-18 mer. The HMW multimer accounts for approximately 50% of the total
adiponectin in humans*!, and has been shown to be the active form**?-#%, Adiponectin is known
to possess insulin-sensitizing, anti-inflammatory, and anti-atherogenic properties**>*%¢, In humans,
it has been consistently shown that low circulating levels of adiponectin are associated with
obesity, T2DM, as well as with CVD?31:264.366.367 ‘Eyrthermore, given that inflammatory processes
play a fundamental role in cerebrovascular events and ischemic stroke occurrence, circulating
adiponectin has been noted to be lower in people with carotid and coronary

atherosclerosis?8+442:443

. However, given that studies performed in different populations have
shown controversial results it is important to analyze the evidence and synthesize it. In fact, we
have previously demonstrated in a systematic review and meta-analysis that circulating
adiponectin levels are inversely associated with cIMT, a strong and independent predictor of both
coronary and cerebrovascular events, in diseased and non-diseased populations?®*,

In the current systematic review and meta-analysis we, therefore, aimed to systematically
review and quantitatively synthesize existing evidence regarding the association between
circulating adiponectin levels and the progression of carotid artery disease, particularly evaluating

the occurrence of carotid atherosclerotic plaques, ischemic stroke, and cerebrovascular mortality,

as well as all-cause mortality in subjects who suffered an ischemic stroke.

1.12.3 Methods

Search Strategy

The search strategy is detailed in section 1.11.3. The search strategy was designed to investigate
the following research objectives regarding the potential association of adiponectin levels with (1)
carotid atherosclerotic plaque presence, (2) ischemic stroke, and (3) mortality (cerebrovascular

and all-cause) among patients with history of ischemic stroke.

Eligibility Criteria

Cohort, case-control, and cross-sectional studies involving adults (> 19 years) and exploring the
association between circulating adiponectin levels (all isoforms) and (1) carotid atherosclerotic
plaque presence, (2) ischemic stroke, and (3) mortality within an ischemic stroke population
(cerebrovascular-related and all-cause mortality) were considered eligible. No restrictions on

language or study design were initially applied. To standardize the definition of carotid
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atherosclerotic plaques, studies not describing plaque presence, according to the Mannheim plaque
consensus, were excluded*?. Studies with a strict outcome of ischemic stroke were included,
whereas studies pertaining to undetermined or non-carotid sources of ischemic symptoms, such as
cardio-embolic causes, intracerebral hemorrhage, intracranial disease, lacunar infarction, and
aortic arch disease were excluded. To standardize the definition of ischemic stroke, the outcome
had to be ascertained by a medical team through the review of medical charts, hospital/death
records, or neuroimaging reports (i.e., computed tomography scans, magnetic resonance imaging).
Abstracts prior to 2011 or abstracts resulting in published work were excluded. Although the
search strategy did not initially restrict articles based on language, at the screening level of
potentially eligible articles, we included only English or French records. Authors of studies not
quantifying the association of interest were contacted through email to provide appropriate
analyses, potential clarifications, or missing data.

For the 3 independent meta-analyses, the included studies were those that reported an effect
measure of risk between adiponectin levels (continuous or binary) and 1) carotid plaque presence,
2) first-ever ischemic stroke, 3) mortality. Studies including populations with prevalent CVD were
excluded from the ischemic stroke meta-analysis. Cross-sectional studies were also excluded from
the ischemic stroke meta-analysis because of the acute nature of ischemic stroke; adiponectin
levels had to be measured prior to the ischemic stroke event. This criterion was not applied to the
plaque meta-analysis because plaque development is a chronic process and occurs over a long
period of time; thus, it would not influence adiponectin levels abruptly in the same way as an
ischemic event would. All studies not involving a population that previously suffered an ischemic

stroke were excluded from the mortality meta-analysis.

Selection Process

A flow chart illustrating the review process is presented in Figure 1.8. From the initial 3565 studies
retrieved, 111 original articles and abstracts were independently and blindly identified and
evaluated in detail by two authors (KG and JG), out of which 27 pertained to carotid atherosclerotic
plaque presence, 34 to ischemic stroke, and 5 to mortality. Disagreements were resolved through
team consensus. Nineteen plaque, 18 ischemic stroke, and 2 mortality studies were excluded due
to specific reasons as outlined in Figure 1.8. Following a re-run of the full search strategy on

October 26, 2016, 2 additional plaque and 6 additional ischemic stroke studies were included in
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the systematic review, resulting in the inclusion of a total of 10 plaque?80-418:422:446-452 197 jschemic
stroke**47* and 3 mortality studies*’>#77. All included articles were full-length original articles
written in the English language. Twelve of these studies (2 for plaque, 7 for ischemic stroke, and

3 for mortality) also fulfilled the inclusion criteria for the 3 independent meta-analyses.

8068 records identified through
database searching
Embase: 2601
Medline: 1269
Scopus: 1260
Biosis: 1215
WosS: 814
Cochrane: 99
PubMed: 68
Grey litterature: 651
Clinical trials: 46
Conference abstracts: 45

4{ 4503 Duplicates removed

3454 Excluded

(a) Adiponectin concentration was not the exposure or cIMT/plaque
presence/ischemic stroke/mortality was not the outcome

(b) Non-human study (animal study, in vitro study)

(c) Genetic study

(d) Conference abstracts dated prior to 2011

(¢) Written in a language other than English or French

‘ 3565 Potentially relevant articles evaluated

111 Articles evaluated in detail including overlap|
between research questions

72 cIMT articles evaluated in detail* | [27 plaque articles evaluated in detail* | [ 34 IS articles evaluated in detail* ][5 mortality articles evaluated in detail”]

19 Excluded 18 Excluded 2 Excluded
1 Analyses include pooled 5 Duplicate data 1 Analyses not performed strictly in
Ls| population (study population + [y 10 Ischemic stroke not well defined || anischemic stroke population
control population) (other stroke types included in 1 Mortality part of a pooled
2 Discrepancy in reported results analyses) outcome.
6 Appropriate analyses not 2 Tschemic stroke part of a pooled
performed clinical outcome
5 Insufficient data 1 Insufficient data
5 Inappropriate definition of
plaque presence

[ 8 plaque articles included | [ 161 articles included | 3 mortality articles included

[ 10 plague articles included | [ 22 1S articles included; |
2 articles 7 articles All articles
included in included in included in
quantitative analysis quantitative analysis quantitative analysis

¢IMT, carotid intima-media thickness; IS, ischemic stroke
* Numbers do not add up to 111, as study outcomes overlap

1 Following a re-run of the full search strategy, 2 additional plaque articles and 6 additional IS articles were included, resulting in a total of 10 and 22 included articles,
respectively

Figure 1.8 Flow-chart of review process for circulating adiponectin and carotid atherosclerotic

plaque presence, ischemic stroke risk, and mortality *®

Data Extraction

This systematic review and meta-analysis was performed in accordance with the MOOSE (Meta-
analysis of Observational Studies in Epidemiology) guidelines*’8. Data extraction was performed
independently by two authors (KG and JG). Table IV of Appendix B illustrates study
characteristics (year, country, design, study period, and duration of follow-up) and characteristics
of study participants (type of population, sample size, percentage of men, age, BMI, percentage of
plaque prevalence, and ischemic stroke /mortality outcome). For each study included, parameter

effect estimates and covariates used for multivariate analyses are presented in Tables V-VIII
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(Appendix B) for studies pertaining to carotid plaque presence, ischemic stroke, and mortality,

respectively.

Quality Assessment Score

The quality of the included studies was evaluated independently by KG and JG based on the 9-
item Newcastle-Ottawa Quality Assessment Scale for cohort and case-control studies®’2. Three
parameters were evaluated: (1) population selection, (2) comparability of results, and (3)
ascertainment of exposure (case-control) or outcome (cohort studies or cross-sectional studies).
For the studies that had a cross-sectional design, the cohort subscale of the Newcastle-Ottawa
Quality Assessment Scale was used, following exclusion of questions 4 (from ‘population
selection’), 8 (from ‘comparability of results’), and 9 (from ‘ascertainment of outcome’). For
comparability reasons, age was set as the most important matching or adjustment factor, while the
cut-off point for follow-up time was set at 1 year. Studies were considered of high quality if the
total score was >5/6 (for cross-sectional) or >7/9 (for cohort and case-control studies). However,

no studies were excluded based on the quality score grading.

Statistical Analyses

The ORs or hazard ratios (HRs) and 95% CIs of the individual studies were pooled using fixed-

480 Between-studies

effect (Mantel-Haenszel)*” or random-effect (DerSimonian—Laird) models
heterogeneity was measured by > and Cochran Q*!; significance level was set at P<0.10. In case
of statistically significant between-studies heterogeneity, random-effects models were applied*®!.
For the overall effect, the statistical significance level was set at P<0.05. Analyses were conducted
separately for the 3 dependent variables of interest, namely risk of carotid plaque presence, risk of
ischemic stroke, and risk of mortality, whereas the independent variable, namely levels of
circulating adiponectin, was assessed as continuous with 5 pg/ml increments. Studies reporting
only category-specific ORs and their 95% ClIs were also included after estimation of the log-linear
trend, using the generalized least squares approach*®?. This method was feasible in all studies,
since the number of cases and controls by category of exposure and the presence of at least 3 levels
of exposure (baseline included) were available. Sensitivity and subgroup analyses were performed

for the ischemic stroke meta-analysis, stratifying studies by study design (prospective cohort and

nested case-control), population under study (community-based or patient-based), level of
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adjustment, and sex (men and women). Meta-regression analysis was performed to assess the
effect of confounding variables on the relationship between adiponectin levels and ischemic stroke
(i.e., age, sex, hypertension, T2DM, current smoking status, HDL-C levels, triglyceride levels,
BMI, follow-up duration). Publication bias was assessed by Egger’s formal statistical test in
analyses including at least 9 study arms*3. Statistical significance level was set at P<0.05. All
statistical analyses for meta-analysis were performed using STATA Software, version 11.1

(STATA Corporation, College Station, TX, USA).

1.12.4 Results

Circulating Adiponectin and Carotid Atherosclerotic Plaque Presence

A total of 2 cross-sectional studies were included in the meta-analysis assessing the association
between circulating adiponectin levels and carotid atherosclerotic plaque presence?8043,
According to the Mannheim guidelines, presence of carotid atherosclerotic plaques was assessed
using validated ultrasonography techniques*#*. Carotid atherosclerosis was generally defined as a
focal structure (plaque) encroaching the arterial lumen of at least 50% of the surrounding cIMT
value or a cIMT value > 1.5 mm*¥, Following meta-analysis of individual effect estimates (Figure
1.9), the association of circulating adiponectin with the presence of carotid plaque was not
conclusive (n=327; summary OR: 1.07; 95% CI: 0.85-1.35; heterogeneity I’= 70.6%; P = 0.065).
Publication bias was not assessed as less than 9 studies were included, which could potentially
hamper the power of this test.

All studies in the meta-analysis included a population with chronic inflammatory disease.
Dessein et al. showed that low adiponectin is an independent predictor of carotid atherosclerosis;
specifically demonstrating for the first time that both HMW and total adiponectin levels were
independently associated with reduced carotid plaque prevalence in a large cohort of rheumatoid

418

arthritis subjects with abdominal obesity*'®. However, similar associations were not observed in

rheumatoid arthritis patients without abdominal obesity*!®

. Contrary to the previous findings,
systemic lupus erythematosus patients with carotid plaques had higher levels of adiponectin than
those without plaques. In fact, Reynolds et al. reported an 80% increased risk for plaque per 10-
unit increase in adiponectin (95% CI: 1.1-3.0)%°, Although the results were not included in the
meta-analyses, Gronwall et al. also observed a similar positive association between adiponectin

levels and ischemic stroke.
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Two studies not included in the meta-analysis (due to no reported effect measure of risk between
adiponectin levels and carotid plaque presence) found subjects with carotid atherosclerosis to have
lower circulating levels of HMW and total adiponectin than those without carotid plaques, in a
cohort consisting of middle-aged Japanese men without cardiovascular risk factors and in patients
with ambulatory peritoneal disease, respectively**”#2, On the other hand, five studies with cohorts
including middle-aged subjects, subjects with systemic lupus erythematosus, T2DM and stable
peritoneal disease, failed to find a relationship between adiponectin levels and carotid

atherosclerosis*?2:448-451

Study %

Iv] ES (85% ClI) Weight
Cross-sectional studies

Dessein, 2014 —~——i— 0.9G (0.84, 1.09) 57.02
Reynolds, 2010 ——s—————— 1.22(1.00, 1.55)42.98

Subtotal (l-squared = 70 6%, p = 0.065) {::} 1.07 (0.85, 1.35) 100.00
Overall (l-sguared = 70.8%, p = 0.085) {::} 1.07 (0.85, 1.35) 100.00

MOTE: Weights are from random effects analysis

in -
o

T
B45 1 1.58

Figure 1.9 Forest plot describing the association of adiponectin levels and risk for carotid
plaque presence (2 studies). Circulating adiponectin levels were assessed as continuous with 5
ug/mL increments. ORs of individual studies are indicated by the data markers, shaded boxes
around data markers reflect the statistical weight of the study; 95% Cls are indicated by the error

bars; summary-effect estimates with its 95% Cls are depicted as a diamond.*®

Circulating Adiponectin and Ischemic Stroke Risk

Overall analysis: A total of 7 eligible studies examining the association between adiponectin levels
and first-ever ischemic stroke risk were included, of which 3 were prospective cohort studies and
4 were nested case-control studies with prospective follow-up*33433:462:463.470-472 "Tgchemic stroke
was confirmed on the basis of neuroimaging techniques, such as computed tomography or

magnetic resonance imaging. Pooled population characteristics are presented in Table IX
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(Appendix B). A total of 13,683 (33.3% men) study subjects were included (mean age+SD:
56.9+8.3 years, mean BMI: 26.24+2.8 kg.m, and mean total adiponectin levels: 10.95+1.54
pg/mL), with cases presenting higher mean adiponectin levels compared to controls.

Pooling of individual effect estimates of the 9 study arms (Figure 1.10), which
corresponded to 7 studies (due to analyses being split by sex, 2 of the studies had 2 study arms
each), showed a marginally significant association of increasing circulating adiponectin (per 5
pg/mL) with ischemic stroke risk (n= 13,683; summary OR: 1.08; 95% CI: 1.00-1.18;
heterogeneity I’= 66.7%; P= 0.002), which was strengthened when using the most adjusted
estimates (n=13,683; summary OR: 1.15; 95% CI: 1.03-1.28; heterogeneity /= 71.2%; P=0.002).
No publication bias was noted (P = 0.06, Egger test).

Study %
] ES (95% CI) Weight
l
Prospective cohort studies (presenting HRs) 1
Arregui (2014) _— 131 (1.04, 165) 858
I
Bidulescu, women (2013) ;—.— 1.49 (1.05,2.11) 468
I
Bidulescu, men (2013) - 130 (0.69, 2.42) 170
Kizer (2013) e 1.08 (1.00, 1.18) 18.82
Subtotal (~squared = 41.0%, p = 0.168) O 121 (1.03,1.42) 3378
|
I
I
I
Nested case-control studies (presenting ORs)
Matsumoto (2008) _ 0.92 (0.68, 1.25) 593
|
Prugger (2013) 1 —_— 141 (115, 1.74) 9.82
I
Rajpathak (2011) - 1.01 (0.97, 1.04) 2228
Soederberg , men (2004) 1.00 (0.85, 1.18) 1233
]
Soederberg , women (2004) —_— : 0.93 (0.82, 1.04) 15.85
Sublotal (-squared = 67.8%, p=0.014) <> 1.03 (0.93, 1.15) 66.22
i
Overall (l-squared = 66.7%, p = 0.002) <> 1.08 (1.00, 1.18) 100.00
NOTE: Weights are from random effects anafysis
T : T

414

242

Figure 1.10 Forest plot describing the association of adiponectin levels and risk for ischemic
stroke (9 study arms). Circulating adiponectin levels were assessed as continuous with 5 ug/mlL
increments. ORs of individual studies are indicated by the data markers; shaded boxes around
data markers reflect the statistical weight of the study,; 95% Cls are indicated by the error bars,

summary-effect estimates with its 95% Cls are depicted as a diamond.*®*
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Study design analysis: Analyses by study design highlighted a significant association between
adiponectin levels and ischemic stroke among prospective cohort studies (n = 10,016; summary
HR: 1.21; 95% CI: 1.03—1.42; heterogeneity I° = 41.0%, P = 0.17) but not in nested case—control
studies (n = 3667; summary OR: 1.03; 95% CI: 0.93—-1.15; heterogeneity I = 67.9%, P = 0.01).
This discrepancy may be due to the fact that prospective cohort studies had a larger sample size

and were less heterogeneous as opposed to the nested case-control studies (Table 1.4).

Sex-specific analysis: Analyses by sex indicated a men-specific significant association of high
adiponectin levels with risk of ischemic stroke (n= 3174; summary OR: 1.15; 95% CI: 1.02-1.30;
heterogeneity I’= 54.1%; P = 0.09) but not among women (n= 6623; summary OR: 1.07; 95% CI:
0.94-1.23; heterogeneity = 71.8%; P= 0.01) (Table 1.4). In a large European cohort (EPIC-
Potsdam), adjustments including metabolic confounders (e.g., HDL, high-sensitivity CRP,
triglycerides, T2DM) yielded a HR of 1.30 (95% CI, 1.02-1.67) for ischemic stroke risk per 5
pg/mL increase in adiponectin in women**3, which was not observed in men. Lack of adjustment
or adjustments excluding metabolic confounders resulted in non-significant HRs for both men and
women*>. In the largest community-based cohort of African Americans, a 1 SD increase in
adiponectin levels was associated with a significant increase of 41% in risk for ischemic stroke in
women, but not in men, following adjustments for various confounders*>. In contrast, 2 studies
using the same cohort of post-menopausal women (HaBPs) demonstrated that total adiponectin
but not its HMW isoform was inversely associated with the risk of ischemic stroke, following

adjustments for age and ethnicity**%4"!

. However, after accounting for obesity and other
cardiovascular confounders, no independent association was found**®47!. A Swedish case-control
study failed to demonstrate a significant association between adiponectin and ischemic stroke risk
in men and in women*2. In contrast, the PRIME study, including European middle-aged men,
yielded a hazard ratio of 2.78 (95% CI, 1.74-4.44) for ischemic stroke risk per 1 SD increase in

plasma adiponectin levels after adjustments for similar metabolic and cardiovascular confounders

as above?’?.
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Table 1.4 (A) Sensitivity and subgroup analyses by study and population characteristics for the effect of
circulating adiponectin levels on the risk of ischemic stroke. (B) Meta-regression analysis on the modifying effect
of study population characteristics on the association between adiponectin levels and risk of ischemic stroke’

Analysis by 5 pg/mL-increment of serum adiponectin levels Ischemic stroke
(A) Sensitivity and subgroup analyses K © 5]018 cI Heterlcz),g;neity

Overall analysis 9 1.08 (1.00-1.18) 66.7%, 0.002
Study design

Prospective cohort studies 4 1.21 (1.03-1.42) 41.0%, 0.17

Nested case-control studies 5 1.03 (0.93-1.15) 67.9%, 0.01
Community-based studies* 9 1.08 (1.00-1.18) 66.7%, 0.002
Adjusted effect sizes** 7 1.15 (1.03-1.28) 71.2%, 0.002
Sex

Men 4 1.15 (1.02-1.30) 54.1%, 0.09

Women 4 1.07 (0.94-1.23) 71.8%, 0.01

(B) Meta-regression analyses i Expoigﬁt(itz(})cgzgﬁdem S

Mean age (1-year increment) 8 0.95 (0.87-1.05) 0.27
Male sex (5%-increment of males) 9 1.01 (0.99-1.02) 0.43
Hypertension (5%-increment) 8 1.02 (0.94-1.09) 0.64
Diabetes mellitus (5%-increment) 6 0.90 (0.69-1.19) 0.37
Current smoking (5%-increment) 7 1.02 (0.98-1.05) 0.34
HDL cholesterol levels (5 mg/dL-increment) 7 0.88 (0.78-1.00) 0.05
Triglycerides levels (5 mg/dL-increment) 6 0.98 (0.96-1.01) 0.10
BMI (5 kg/m*-increment) 8 1.24 (0.88-1.74) 0.17
Mean study follow-up duration (1-year increment) 7 1.01 (0.92-1.10) 0.89

ES: effect size, HDL: high-density lipoprotein, BMI: body mass index.

$Number of study arms.

*All studies were community-based.

**All studies, besides the study by Soderberg et al. (2004) adjusted their analyses at least for age, gender, hypertension (blood pressure levels, presence

of hypertension, use of antihypertensive medications), diabetes mellitus, or measurements of insulin resistance, dyslipidemia, and current smoking status.

*** Higher exponentiated coefficient values indicate that increase of the examined factor strengthens the association between increasing adiponectin levels and risk of ischemic
stroke.
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Meta-regression analysis: Results from the meta-regression analyses for age, sex, hypertension,
T2DM, current smoking status, HDL, triglycerides, BMI, follow-up duration, are presented in
Table 1.4. HDL was the only variable to have a marginal effect on the association between
adiponectin levels and ischemic stroke (exponentiated coefficient = 0.88; 95% CI: 0.78-1.00; P =
0.05). The other evaluated parameters are not to be considered as effect modifiers for the

association studied herein.

Changes in Circulating Adiponectin Post-Ischemic Stroke

Fifteen studies were retrieved from the systematic review process, but not included in the meta-
analysis, as they all were of cross-sectional design, whereby circulating adiponectin levels were
assessed post- ischemic stroke##436-461:463.464.466-469.473.474 " The majority of these studies reported
significantly lower adiponectin levels in subjects who suffered an ischemic stroke in comparison

454,457,459-461,463,464,474

to age- and sex-matched controls , as well as following stratification based on

T2DM*7, except for 2 studies yielding non-significant differences in adiponectin levels between
ischemic stroke subjects and non-matched controls*>6-4%8,

Marousi et al. conducted a case-control study matching each ischemic stroke case with a
control subject for cardiovascular risk factors (i.e., hypertension, T2DM, ischemic heart disease,
atrial fibrillation, hyperlipidemia) and found a significant association between low adiponectin
levels and risk for ischemic stroke (OR: 0.87; 95% CI: 0.78-0.97)**, Interestingly, when analyses
were performed separately for men and women, significant associations remained solely in men-
specific analysis, revealing a potential male contribution to the overall cohort effect***. Increasing
levels of adiponectin were also found to be significantly protective against ischemic stroke in Chen
et al’s, with the results remaining unchanged after multiple adjustments for metabolic and
cardiovascular confounders (OR: 0.83; 95% CI: 0.78-0.88)*7. Others have also found similar
results between adiponectin levels and risk for ischemic stroke (OR: 0.56; 95% CI: 0.32-0.98)%!,

Additionally, a study found that with increasing levels of ischemic stroke, the proportion
of LAA strokes (subtype of ischemic stroke) decreased (P<0.01)*!. Following adjustments for
metabolic and cardiovascular confounders, it was demonstrated that a 1 pg/mL increase in
adiponectin levels significantly decreased the risk of LAA strokes (OR: 0.79; 95% CI: 0.64-
0.98)%!. Similarly, an inverse association was identified between reduced levels of adiponectin

and LAA stroke risk, even after adjustments for age, sex, and other confounders*’*. On the other
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hand, others only reported a significant correlation between adiponectin levels and LAA strokes
in men (P=0.003), but not in women*®,

Interestingly, studies assessing circulating adiponectin levels in subjects with high-grade
carotid artery stenosis found no significant differences between symptomatic (ischemic stroke,
TIA, AF) and asymptomatic subjects*¢646746°  Given that both groups (symptomatic versus
asymptomatic) have severe carotid atherosclerosis, these non-significant results do not necessarily
oppose an association between adiponectin and ischemic stroke risk, but rather demonstrate no
association between adiponectin and plaque rupture.

Marousi ef al. detected no significant changes between samples obtained at 0-24h, 24-48h,
or 48-72h after ischemic stroke onset***. In addition, samples measured at 6 months after ischemic
stroke did not differ from their acute phase values, suggesting marked stability over time. This
implies that adiponectin levels are suppressed at the early stages of stroke and remain suppressed
during the course of the disease. In contrast, Kuwashiro et al. showed a progressive yet temporary
decrease in adiponectin levels during the first 7 days after atherothrombotic stroke onset*®3,
However, during the time frame between 14 and 90 days post-ischemic stroke, adiponectin
returned to its baseline level (day 0) after ischemic stroke, while at 90 days, adiponectin levels

were higher than those during the acute phase*®?.

Additionally, adiponectin levels were
significantly lower in the atherothrombotic stroke subjects compared with age- and sex-matched

controls at 0, 3, 7 and 14 days after ischemic stroke onset, but not at 90 days*®3.

Circulating Adiponectin and Mortality Risk in Ischemic Stroke Populations

Three studies were included in the meta-analysis referring to the association between circulating
adiponectin levels and overall mortality, among patients who suffered a previous ischemic stroke
475-477 A total of 663 (63.5% men) subjects were included with mean age of 69.0 years (SD: +11.9),
mean BMI of 27.9 kg.m2 (SD: +5.2), and mean total adiponectin levels of 9.96 ug/mL (SD: +7.14)
(Table VIII - Appendix B). Non-significant associations of circulating adiponectin with mortality
(Figure 1.11) were yielded (n= 663; summary OR: 2.58; 95% CI: 0.69-9.62; heterogeneity I* =
84.8%; P=0.001).

A higher probability of all-cause 5-year mortality has been observed in first-ever ischemic
stroke patients with adiponectin levels <4 pg/mL*"°, There was a significant 8-fold and 4-fold

increase in the relative risk for death within 5 years following a first-ever ischemic stroke when
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the lowest and middle tertiles were compared with the highest tertile of adiponectin levels,

respectively*””. In a study with a shorter post-ischemic stroke observation window of 6 months, no

476

associations were found between adiponectin levels and vascular mortality*’°. In contrast,

Nagasawa et al. found a significant 6-fold increase in stroke mortality with higher levels of

adiponectin, but no significant associations with all-cause mortality*’.
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Figure 1.11 Forest plot describing the association of adiponectin levels and overall mortality
among patients with history of ischemic stroke (3 studies). Circulating adiponectin levels were
assessed as continuous with 5 ug/mL increments. ORs of individual studies are indicated by the
data markers, shaded boxes around data markers reflect the statistical weight of the study; 95%
ClIs are indicated by the error bars; summary-effect estimates with its 95% Cls are depicted as a

diamond.*®>

1.12.5 Discussion

This is the first systematic review and meta-analysis focused on the association between
adiponectin levels and progression of carotid artery disease from carotid atherosclerotic plaque
presence, to ischemic stroke risk, to risk of mortality within an ischemic stroke population. This

review comes as a continuation to our previously published systematic review and meta-analysis
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assessing the association between adiponectin levels and subclinical atherosclerosis (cIMT), thus

providing an overview of the full spectrum of carotid artery disease in relation with adiponectin.

Adiponectin and Carotid Atherosclerotic Plague Presence

Through the meta-analysis, we aimed to assess the association between carotid atherosclerotic
plaque presence and circulating adiponectin levels, which yielded a non-significant association.
All included studies in the meta-analysis referred to subjects with a high inflammatory profile
(rheumatoid arthritis and systemic lupus erythematosus)?*%#¥, These subjects are known to have
higher levels of adiponectin at baseline due to their disease state compared with healthy controls.
However, in the presence of carotid plaque, adiponectin levels were shown to be higher than in
their non-plaque counterparts. Thus, we believe that plaque presence contributes to the elevation
in adiponectin levels. On the other hand, studies not included in the meta-analysis demonstrated
an inverse association between adiponectin levels and carotid plaque presence. These studies
included relatively healthy subjects without cardiovascular risk factors or subjects with peritoneal

disease*7432

. In these populations, plaque presence may contribute to a decrease in adiponectin
levels. The overall direction of these results mirrors those observed in our previous review and
meta-analysis assessing the association between adiponectin levels and cIMT, a surrogate for
subclinical atherosclerosis?®*. Thus, these results suggest that adiponectin is a marker of
inflammation rather than a precursor of plaque presence. However, plaque presence seems to lead

to changes in adiponectin levels depending on the duration, severity, and nature of the underlying

disease.

Paradoxical Increase in Adiponectin Levels in Relation to Ischemic Stroke

The meta-analysis of published studies focusing on first-ever ischemic stroke showed a significant
association of high adiponectin levels at baseline and risk for ischemic stroke occurrence during
prospective follow-up, whereas fully adjusted individual analyses for cardiovascular and
metabolic confounders strengthened the aforementioned association*3433462470 - Similar results
have been previously reported regarding the association of adiponectin and risk for total stroke
(including hemorrhagic stroke) or coronary heart disease*>*%*; yet, the previously published

results remain overall contradictory, since numerous studies have pointed to a protective effect of

high adiponectin levels against vascular disease.
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Several plausible mechanisms have been proposed to explain the paradoxical association of high
adiponectin levels with adverse cardiovascular outcomes. High adiponectin levels may reflect the
phenomenon of adiponectin resistance (decreased signalling efficacy) in response to
atherosclerotic disease progression. Furthermore, high levels of adiponectin may also be attributed
to a progressive compensatory response to vascular inflammation in the ischemic stroke subgroup
in order to offset this deleterious process*®*%7. Indeed, in studies including data on the
inflammatory state at baseline (5-10 years pre- ischemic stroke), higher levels of inflammatory
markers (i.e., E-selectin, CRP, IL-6, and RANTES) were noted in the ischemic stroke group
compared to non-ischemic stroke subjects*>*7, Lastly, adiponectin may also possess pro-
inflammatory properties in individuals at high-risk for ischemic stroke regardless of its well-
known protective actions*®,

There are several limitations in the designs/protocols of the included studies, which prevent
us from drawing clear conclusions. The studies comprising the meta-analysis were either nested
case-control or prospective cohort studies with a follow-up ranging from 5 to 10 years. Study
designs were robust, however, relevant information on plaque presence at the time of recruitment
was missing. As we know, atherosclerotic plaque development occurs over the course of several
years, and thus, the process may have been initiated for some subjects before adiponectin levels
were measured. Additionally, none of the studies reported time to event (time between
recruitment/baseline and ischemic stroke occurrence/diagnosis). These variables could be potential

effect modifiers.

Sex-specific Associations between Adiponectin and Ischemic Stroke Risk

Given that circulating adiponectin and ischemic stroke risk are independently associated with sex,
it was not surprising to find our overall results pointing to a sex-specific effect of adiponectin on
ischemic stroke risk. In particular, subgroup analyses showed a significant association between
high adiponectin levels and increased risk (14%) for ischemic stroke solely in men, but not in
women. Although the 2 largest studies included in the women-only meta-analysis reported an
increased risk for ischemic stroke with higher adiponectin®4%, these estimates have a high

variance, which in turn decreased the weights they were assigned.
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Adiponectin Levels Post-Ischemic Stroke

Adiponectin levels measured 5-10 years prior to ischemic stroke occurrence were higher in the
ischemic stroke subgroup compared to their non- ischemic stroke counterparts**+°462. However,
when adiponectin levels were measured in the acute phase following ischemic stroke, the majority
of studies showed that adiponectin levels were lower*>#436,:457.:439-461.464

Although adiponectin is known for its’ anti-inflammatory and vasculoprotective properties,
and can suppress various pro-inflammatory cytokines, these cytokines can in turn modulate
adiponectin levels resulting in a deleterious state of hypoadiponectinemia’®#3°4%_ Particularly,
the transient increase in TNF-a and IL-6 is thought to be a distinctive feature of the acute
inflammatory response to ischemic stroke**#1-4%3, Thus, the elevation of these markers could be
contributing to the observed decrease of adiponectin levels directly following ischemic stroke
compared with non-ischemic stroke controls. Furthermore, considering that carotid plaques are
crucial and major determinants of cerebrovascular disease, the low levels in adiponectin observed
among the ischemic stroke subjects may also be due to the contribution of plaque (as mentioned
above in the plaque meta-analysis), since the presence of carotid atherosclerotic plaques was not
determined in the non-ischemic stroke controls.

Interestingly, these results were not observed when symptomatic (carotid atherosclerotic
plaque related symptoms) and asymptomatic patients with high-grade carotid artery stenosis were
compared?*66-46749 Tn fact, adiponectin levels remained similar between these 2 groups*66-467-46% Tt
should be noted that in this comparison, we are observing two populations that have the same
potential for ischemic stroke development (or associated symptomatology) triggered by the rupture
of the carotid atherosclerotic plaque*, unlike in the findings above where adiponectin levels were
compared between subjects who had ischemic stroke and relatively healthy non-ischemic stroke
controls. Thus, these results are not representative of an association between adiponectin and
ischemic stroke risk but rather portray the lack of association between adiponectin and plaque

rupture.

Adiponectin Isoforms

Although the HMW isoform of adiponectin is known to have strong vasculoprotective and insulin-

sensitizing properties and is believed to be the most biologically active form of adiponectin*!-444,

the majority of studies measured total circulating adiponectin levels; only 2 plaque studies*!3+
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and 3 ischemic stroke studies assessed HMW adiponectin levels*#462:468 Nonetheless the
relationships observed with HMW adiponectin reflected those seen with total adiponectin,
suggesting that total and HMW levels may be highly correlated. However, stronger associations

were detected with total adiponectin and not with HMW adiponectin.

Discrepancy Among Mortality Studies

Given the paucity of published studies, no robust conclusions can be drawn between adiponectin
levels post-ischemic stroke and vascular or all-cause mortality*’>#’7, The significant between-
study heterogeneity might explain the discrepancies observed, mostly owing to: (1) differences in
adiponectin measurements; of note, in 2 studies, bloods were drawn acutely between 24 and 72

475,476

hours post-admission for ischemic stroke , whereas in Nagasawa et al., bloods were drawn 2

weeks post-ischemic stroke 477; and, (2) different follow-up periods ranging from 1-60 months.

Overall Strengths and Limitations

The assessment of the association of adiponectin strictly with the ischemic stroke subtype allowed
us to draw more robust conclusions regarding the potential underlying inflammatory-mediated
mechanisms; this is considered the major shortcoming of previous meta-analyses focused on the
association between adiponectin and all stroke types combined*>*#%4, Despite the extensive search
strategy in order to pool all relevant studies, certain limitations should be acknowledged. Of note
is the significant between-study heterogeneity in most analyses, possibly attributed to differences
in study designs (cohort or case-control versus cross-sectional), levels of adjustment, and study
populations. Furthermore, scarce were the studies prospectively assessing changes in adiponectin
levels throughout atherosclerotic plaque development, to occurrence of ischemic stroke, and
ultimately, mortality in an ischemic stroke population.

As described in the methodology section, we used the Newcastle-Ottawa scale to assess
the quality of included studies®’?. No studies were excluded based on the grading scores. Quality
assessment demonstrated a higher grading score among articles included in the meta-analyses than
those that were not included. Particularly, an overall score of 94.4% and 90.5% was given to
articles included in the plaque and ischemic stroke meta-analyses, respectively, compared to 72.2%
and 65.5% for the non-included plaque and stroke studies, respectively. All mortality studies were

included in the meta-analysis and given an overall score of 88.9%. The high score assigned to the
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articles included in the meta-analyses suggest that these studies were well designed, and their
findings can be interpreted with some certainty.

In order to evaluate the contribution of various modifiable and non-modifiable risk factors,
we first created a directed acyclic graph illustrated in Figure 1.12. This directed acyclic graph
demonstrates the complex relationship between adiponectin (exposure), carotid plaque presence
(outcome 1), and ischemic stroke (outcome 2), with known risk factors. Furthermore, adding to
the strength of our review, we performed extensive sensitivity, subgroup, and meta-regression
analyses, which showed these parameters to be confounding variables and not effect modifiers.
However, these analyses could only be performed for the ischemic stroke outcome due to the
limitation in the number of studies available for plaque presence and mortality. These analyses
justified the importance of including these parameters in adjusted models assessing the relationship
between adiponectin and carotid plaque or ischemic stroke, without biasing the estimate. While
the majority of included studies primarily adjusted for metabolic risk factors (i.e., hypertension,
T2DM, obesity, dyslipidemia) as well as age and sex, inflammatory markers were not properly
considered, which we believe to be a major limitation of the included studies. We hypothesize
through the results obtained in this review that these markers are important contributors (and
potential colliders) to the relationship between adiponectin and the full spectrum of carotid

atherosclerotic disease.

Knowledge Gaps

Further prospective studies are needed to assess the levels of adiponectin at various time-points
throughout the follow-up time period, in order to recognise potential variations in adiponectin
levels over time. Furthermore, future datasets should comprise clinical data on cIMT
measurements and morphological characteristics of plaques via ultrasonic investigations, in order
to assess plaque progression over time, in relation to adiponectin levels. Lastly, adiponectin levels
measured at time-points later than 6 months following ischemic stroke could help determine if

adiponectin levels remain suppressed in the long term.
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Figure 1.12 Directed acyclic graph describing the complex relationship between adiponectin
(exposure), carotid plaque presence (outcome 1), and ischemic stroke (outcome 2), with known
risk factors. Risk factors (shown in red) are ‘confounding variables’ as they are associated with
both the exposure and the outcome (red biasing paths) and should be included in the adjusted
models. On the other hand, inflammatory markers (shown in gray) can be potential ‘colliders’,
which would introduce ‘collider bias’ if not properly taken into consideration in the analyses. APN

indicates adiponectin.*®®

1.12.6 Conclusion

These systematic review and meta-analyses along with our previously published review on cIMT
constitute the first comprehensive assessment of the association between adiponectin and the full
spectrum of carotid artery disease, from subclinical atherosclerosis (cIMT), to plaque presence, to
ischemic stroke risk, to risk of mortality in an ischemic stroke population. We previously observed
an association between low adiponectin levels and high cIMT measurements, thus suggesting that
adiponectin is a potential risk factor for subclinical atherosclerosis. However, this inverse
association was not observed among all studied populations, particularly including those with

inflammatory diseases. These results mirror those observed in the assessment of adiponectin and
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plaque presence herein. In fact, it appears that the direction of the relationship between adiponectin
and carotid atherosclerotic plaque presence is dependent on the duration, severity, and nature of
the underlying disease. Indeed, increased adiponectin levels were linked to patients with a highly
inflammatory disease status, contrary to lower levels among patients with obesity-related
disorders, reflecting a lower degree of inflammation. Furthermore, increased levels of adiponectin
were associated with an 8% increase in risk for ischemic stroke in subjects without clinically
manifested CVD, with a more sizable association observed among men compared to women.
However, adiponectin levels were noted to be suppressed at the acute phase of ischemic stroke and
remained suppressed up to 6 months post-ischemic stroke. It remains to be investigated whether
changes in adiponectin levels pre- and post-ischemic stroke could be used as a clinical marker of
ischemic stroke. Lastly, the results from the mortality meta-analysis remain inconclusive. Our
findings, overall, stress the need for future studies to address the limitations identified in this
review in order to reach definite conclusions regarding the association between circulating

adiponectin levels and carotid atherosclerotic disease-related outcomes.

1.13 Research Objectives

Despite tremendous efforts to understand and treat carotid atherosclerotic disease, its management
remains suboptimal in women and in men and the mechanisms leading to plaque instability and
ultimately stroke are poorly defined. Recently, it has been demonstrated that adipose tissue can
participate in the regulation of vascular function via the secretion of immunomodulatory proteins,
such as adiponectin. We hypothesized that adiponectin and its receptors are associated with carotid
atherosclerotic plaque instability and that impairment in this pathway, particularly in the
monocyte-macrophage lineage will contribute to plaque instability. Hence, the primary goal of this
thesis was to 1) determine the contribution of the adiponectin-AdipoR pathway in carotid
atherosclerotic plaque instability and 2) explore the effect of modulating this pathway in the
monocyte-macrophage lineage. Moreover, we aimed to identify sex-specific signatures associated
with the adiponectin-AdipoR pathway and plaque instability. More specifically, as outlined below,

four major objectives were pursued herein,

Objective 1 — To determine the association between carotid atherosclerotic plaque instability and

the adiponectin—AdipoR pathway at the level of the circulation and at the level of the plaque
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(Chapters 3 and 4),

Objective 2 — To study the role of the adiponectin-AdipoR pathway in macrophage-mediated
cholesterol efflux and HDL biogenesis to promote plaque stability (Chapter 5),

Objective 3 — To investigate whether statin therapy can modulate adiponectin-AdipoR expression

and function in the monocyte-macrophage lineage (Chapter 6),

Objective 4 — To identify sex-specific adiponectin-AdipoR signatures in men and women with

stable versus unstable carotid atherosclerotic plaques (Chapter 7).
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CHAPTER 2: GENERAL METHODOLOGY
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A large ongoing bio-bank of human blood and carotid plaque specimens has been created and used
in the majority of the studies presented herein, to act as a translational platform optimized to
address the current knowledge gaps pertaining to carotid plaque stabilization. General
methodology concerning patient recruitment, blood sample and carotid plaque specimen collection

and processing is presented below (Figure 2.1).
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Figure 2.1 Schematic diagram of the patient recruitment and sample collection process.

2.1 Patient Recruitment

Consecutive eligible, neurologically symptomatic and asymptomatic patients with moderate- to
high-grade carotid artery stenosis (=50%), scheduled for a CEA due to clinical indications, were
recruited from the Vascular Surgery pre-operative clinics at the McGill University Health Centre
and the Jewish General Hospital. In the preoperative clinics, to confirm that carotid artery disease
was the cause of stroke in symptomatic patients, other potential etiologies of cerebrovascular

events were assessed and ruled out through systematic clinical assessments. The degree of carotid
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artery stenosis severity was determined according to the NASCET criteria'*°. Exclusion criteria

for CEA (as per clinical indications) include non-carotid sources of ischemic symptoms, such as

cardioembolic causes (e.g., atrial fibrillation, recent MI [<3 months], endocarditis), hemorrhagic

strokes, intracranial disease, lacunar infarction, and aortic arch disease. Excluded from the study

were patients who have had previous interventions on the same carotid artery undergoing surgery
(i.e., CEA or CAS), as the histopathology of the re-stenotic plaque may be altered*>#°°. The
McGill University’s Institutional Review Board granted ethics approval (A12-M145-09B), and

written informed consent was obtained from all study participants.

2.2 Clinical Information and Anthropometric Measurements

Patient demographics and clinical information (cerebrovascular symptomatology, past medical
and family history, medication use, and lifestyle habits) were obtained and cross-matched through
various sources: 1) patient interview, 2) questionnaire, and 3) medical records. Appropriate clinical
examinations were performed in the preoperative clinics, to assess the symptomatic status of
patients. Patients were defined as ‘symptomatic’ if they had recently (<6 months prior to CEA)
developed cerebrovascular symptomatology (i.e., ischemic stroke, TIA, AF) ipsilateral to the
internal carotid artery stenosis. Patients who never reported neurological symptoms of cerebral
ischemia from the left or right carotid vascular territories or who experienced symptoms >6 months
prior to CEA were classified as ‘asymptomatic’!>!. Using resources from the outpatient clinics,
brachial blood pressure (HEM-705CP, Omron Corp.) was measured according to guidelines*”’,
and anthropometric measurements (height and weight) were obtained to calculate BMI (kg/m?),

using standardized methods.

2.3 Blood Collection and Measurements

A total of 60 mL of fasting blood was drawn from each patient pre-operatively on the day of the
CEA. The blood samples (30 mL) were centrifuged at 3000 rpm for 10 min at 4°C to obtain plasma
and serum and rapidly stored at —80°C in 0.5mL aliquots for subsequent analysis. Serum lipid
profile (total cholesterol, HDL-C, triglycerides, apoA-I, apoB), high-sensitivity CRP, and glucose
levels, as well as complete blood count (including white blood cell counts, red blood cell counts,

hemoglobin and hematocrit levels, and platelet counts) were measured in the McGill University
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Health Centre central biochemistry labs. LDL-C levels were calculated using the Friedewald

equation**8, The remaining blood (30 mL) was used for monocyte extraction.

2.4 Peripheral Blood Monocyte Isolation

Whole blood was diluted with an equal volume of phosphate buffered saline (PBS) + 0.5% bovine
serum albumin (BSA). Peripheral blood mononuclear cells (PBMCs) were then isolated from the
diluted blood sample using Ficoll-Paque density gradient centrifugation (1800 rpm for 33 min at
room temperature, with brake off). The interphase layer containing the PBMCs was collected and
washed twice with PBS + 0.5% BSA (3000 rpm for 8 min at 4°C). Total monocytes were then
isolated from the PBMCs by positive selection with CD14" Human MicroBeads (Miltenyi Biotec,
Germany), using a Magnetic Activated Cell-Sorting technique (autoMACS Pro Separator,
Miltenyi Biotec). This method of isolation yielded a monocyte population with a purity of >98%,
as assessed by flow cytometry staining for CD14. For subsequent RNA extraction, isolated

monocytes were centrifuged and flash-frozen with liquid nitrogen.

2.5 Plaque Processing
Human carotid atherosclerotic plaque specimens were obtained from each patient immediately
following surgical resection. Plaques were dissected into transverse segments of approximately 3-

4 mm in thickness (Figure 2.2).

A

Figure 2.2 Representative longitudinal (A-C) and cross-sectional (D-F) images of fresh carotid

plaque specimens obtained from patients who underwent a carotid endarterectomy.
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Plaque segments with the area of maximal stenosis and largest plaque burden were dedicated to

histological/immunohistochemical and RNA/protein analyses. For

histology/immunohistochemistry, plaque segments were fixed in 10% formalin, decalcified
(Surgipath Decalcifier I, Leica Microsystems Inc., Buffalo Grove, IL, USA), and then processed

for paraffin embedment. For RNA/protein analyses, plaque segments were flash-frozen with liquid

nitrogen.

2.6 Histological Assessment of Plaque Stability

A 4-um section from the plaque segment was stained with hematoxylin and eosin. In addition, four
other consecutive 4-pm sections were immunostained for markers of lymphocytes, macrophages,
SMCs, and neovascularization (CD3, CD68, a-SMC actin, von Willebrand factor, respectively).
Two vascular pathologists independently performed the histological assessments of the plaque
specimens. In case of disagreement, a consensus was reached. The pathologists were blinded to
patient clinical information and study outcomes. The plaques were characterized according to two
gold-standard classifications of plaque instability: 1) AHA histological classification by Stary et
al'’® (Table 1.1 — Chapter 1), and 2) semi-quantitative scale by Lovett et al'’”-!"® (Table 1.2 —
Chapter 1). The AHA classification ranges from Type I, an initial endothelial lesion, to Type VIII,
a predominantly fibrotic plaque!’®. Type VI is the most complicated lesion, which is characterized
by the presence of a hematoma, haemorrhage, or thrombus. Clinical outcomes are most often
associated with type V and type VI plaques, while plaques beyond type VI represent more fibrotic
and calcific lesions that mainly occur following lipid regression. The specimens obtained from the
CEAs were all representative of advanced atherosclerotic lesions (Type V-VIII). According to the
semi-quantitative scale, individual features of the plaque were classified on a 3- or 4-grade scale,
including presence/absence of intraplaque haemorrhage, thrombus, foam cells, lipid core size,
proportion of fibrous tissue, neovascularization, calcification, cap rupture, overall inflammation,
and infiltration of the fibrous cap with inflammatory cells (inflammation graded according to the
number of macrophages and lymphocytes present)!’”:!7®, Based on the presence of a combination
of these features, the overall instability of the plaque was characterized as definitely stable,
probably stable, probably unstable, or definitely unstable (Figure 2.3). Generally, unstable plaques
were either ruptured or rupture-prone, with a large lipid core and thin inflamed cap, while stable

plaques had a thick fibrous cap, which protects them from rupturing, and small or no lipid core.
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Figure 2.3 Representative photomicrographs of carotid atherosclerotic plaques. Hematoxylin
and eosin staining show A) a definitely stable plaque, B) a probably stable plaque, C) a probably
unstable plaque, and D) a definitely unstable plaque. Images were photographed at x20 original

magnification.
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CHAPTER 3: CIRCULATING CHEMERIN, BUT NOT ADIPONECTIN, IS
ASSOCIATED WITH CAROTID PLAQUE INSTABILITY, WHEREAS RESISTIN IS
RELATED TO CEREBROVASCULAR SYMPTOMATOLOGY

Karina Gasbarrino, Christos Mantzoros, Jessica Gorgui, John P. Veinot, Chi Lai, Stella S.
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3.1 Abstract

Objective: The rupture of unstable carotid atherosclerotic plaques is one of the main causes of
cerebrovascular ischemic events. There is need for circulating markers that can predict plaque
instability and risk of stroke. Pro-inflammatory chemerin, leptin, and resistin, along with anti-
inflammatory adiponectin, are adipokines with direct influence on vascular function. We
investigated the association of circulating adipokines with carotid plaque instability and
cerebrovascular symptomatology.

Approach and Results: Neurologically symptomatic and asymptomatic patients (n=165)
scheduled for CEA were recruited. Fasting blood samples were collected pre-operatively;
adiponectin and leptin levels were determined by radioimmunoassay, chemerin and resistin levels
were measured by enzyme-linked immunosorbent assays. The instability of plaque specimens was
assessed using gold-standard histological classifications. Chemerin was significantly associated
with plaque instability. The fully adjusted model, accounting for age, sex, BMI, high-sensitivity
CRP, T2DM, and circulating adiponectin, leptin, and resistin, yielded an OR of 0.991 (95% CI:
0.985-0.998) for plaque instability per unit increase in chemerin. High leptin levels were
significantly associated with presence of specific features of plaque instability. In subjects with
T2DM, resistin levels were significantly elevated in symptomatic when compared to asymptomatic
subjects (P=0.001) and increased the risk of cerebrovascular symptomatology (adjusted OR:
1.264, 95% CI: 1.004-1.594).

Conclusions: Low chemerin and high resistin levels were associated with carotid disease severity,
suggesting that these adipokines may act as potential markers for plaque instability and stroke risk.

Future studies are needed to assess causation between circulating adipokines and plaque instability.
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3.2 Introduction
The development of unstable atherosclerotic plaques, primarily in the internal carotid artery, but
also in the common carotid artery, is a major etiological factor known to cause ischemic strokes*°.
According to the ‘traditional concept of plaque vulnerability’, histologically, an unstable plaque is
characterized by a large lipid-rich core, a thin fibrous cap with dense inflammatory cell infiltration,
ulceration, thrombosis, and intraplaque hemorrhage®®. The degree of carotid artery stenosis is a
well-established risk factor of plaque instability, and forms the basis for the guidelines for CEA, a
common surgical procedure recommended for stroke prevention'*’. However, more recently,
carotid artery stenosis has proven to be an incomplete determinant of plaque instability, since even
moderate or low-grade stenoses can be unstable and produce potentially life-threatening
strokes!"*4°, Although several circulating markers (e.g., high-sensitivity CRP and IL-6) have
emerged as tools for stroke risk assessment in patients with severe carotid atherosclerosis, their
ability to reliably and specifically predict plaque instability is suboptimal®®%, Thus, there is a
need for novel markers that can accurately identify plaque instability and risk of stroke***-3%,
Adipose tissue is a dynamic endocrine organ, which directly regulates vascular function
through the secretion of immunomodulatory proteins, termed adipokines?*. Adipokines, such as
chemerin, leptin, and resistin, correlate positively with markers of subclinical atherosclerosis, such
as cIMT, and may exert actions that are potentially atherogenic?**4%2, In contrast, adiponectin, the
most abundantly secreted adipokine, exhibits anti-inflammatory and vasculo-protective properties,
and is inversely associated with ¢cIMT, CAD, and carotid plaque presence?6>-280.363.366.402 " A g 4
result, adipokines may serve as potential markers of carotid atherosclerotic disease presence.
However, their relationship with plaque instability remains questionable. Therefore, the primary
objective of this study was to evaluate the association between circulating levels of adiponectin,
chemerin, leptin, and resistin, and carotid plaque instability in patients with moderate- to high-
grade carotid artery stenosis scheduled for CEA. As a secondary objective, we evaluated the
association between these adipokines and cerebrovascular symptomatology. We hypothesize that
adiponectin will be inversely associated with carotid plaque instability and cerebrovascular
symptomatology, while the pro-inflammatory adipokines, chemerin, leptin, and resistin, will have

a direct association with both of these outcomes.
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3.3 Methods

3.3.1 Study population

Consecutive neurologically symptomatic and asymptomatic patients with moderate- to high-grade
carotid artery stenosis (=50%) scheduled for CEA were recruited from the Vascular Surgery pre-
operative clinics at the McGill University Health Centre and the Jewish General Hospital,

Montreal, Canada!®®

. Using a Philips iU22 (Andover, United States) Doppler ultrasound machine
and a linear 9-3 MHz probe, the degree of carotid artery stenosis was determined according to
NASCET criteria'°.

Exclusion criteria comprised non-carotid sources of ischemic symptoms, such as
cardioembolic causes, previous interventions on the same carotid artery, intracerebral hemorrhage,
intracranial disease, lacunar infarction, and aortic arch disease!®®. The McGill University’s
Institutional Review Board granted ethics approval (A12-M145-09B), and written informed
consent was obtained from all study participants.

Patient demographics and clinical information (cerebrovascular symptomatology, past
medical history, medication use, and lifestyle habits) were obtained and cross-matched through

108 Patients were

various sources: 1) patient interview, 2) questionnaire, and 3) medical records
defined as ‘symptomatic’ if they had recently (<6 months prior to CEA) developed cerebrovascular
symptomatology (i.e., stroke, TIA, AF) ipsilateral to the internal carotid artery stenosis. Patients
who never experienced symptoms of cerebral ischemia from the left or right carotid vascular
territories or who experienced symptoms >6 months prior to CEA were classified as
‘asymptomatic’>!. All subjects with T2DM were diagnosed prior to the CEA. No subjects with
newly diagnosed diabetes were identified. Diagnosis was confirmed during the pre-operative
evaluation, based on anti-diabetic treatment or blood tests of fasting glucose and/or glycated
hemoglobin (HbAc) values®®!. Using resources from the outpatient clinics, brachial blood

pressure  (HEM-705CP, Omron Corp.) was measured according to guidelines®’, and

anthropometric measurements (height and weight) were obtained to calculate BMI (kg/m?).

3.3.2 Laboratory assays

Fasting blood samples were collected from each participant the morning of the CEA immediately
prior to the surgical intervention. The blood samples were centrifuged to obtain plasma and serum
and rapidly stored at —80°C for subsequent analysis. Serum lipid profile (triglycerides, total
cholesterol, LDL-C, and HDL-C) and high-sensitivity CRP levels were measured in the central
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biochemistry laboratories of the McGill University Health Centre using standardized methods and
protocols. Glycated hemoglobin A1C (HbAic) was measured using high-performance liquid
chromatography. Total adiponectin and leptin plasma levels were determined by

d>2, while

radioimmunoassay (EMD Millipore, Billerica, MA, USA), as previously describe
chemerin, and resistin plasma levels were measured by enzyme-linked immunosorbent assays
(Human Chemerin ELISA, Biovendor, Brno, Czech Republic, Human Resistin ELISA, EMD
Millipore, MA, USA). The lower limits of detection were 0.9375 ng/mL for adiponectin, 0.1
ng/mL for chemerin, and 0.02 ng/mL for resistin. All samples were run in duplicate with quality
controls, and inter- and intra-assay coefficients of variation were <10%. Profiling of collected sera
for pro-inflammatory, cytokine, chemokine, angiogenesis, and vascular injury markers was
performed using the V-PLEX Human Biomarker 40-Plex Kit (MSD, Rockville, MD, USA) in a
representative subset of our participants. Selected markers that are related to carotid atherosclerotic
disease are presented herein (IL-4, -6, -10, -13, TNF-a, interferon-y, macrophage inflammatory
protein-1 o (MIP-1a), vascular endothelial growth factor, serum amyloid A)*%3->%, The lower limits
of detection for these markers were 0.010, 0.026, 0.017, 0.292, 0.023, 0.137, 1.110, 0.369, and

19.100 pg/mL, respectively. Inter-assay coefficients of variation were <15%, while intra-assay

coefficients of variation were <7%.

3.3.3 Surgical specimens

Human carotid atherosclerotic plaques were obtained immediately after surgical resection. Plaques
were dissected into transverse segments of approximately 3-4 mm in thickness, fixed in 10%
formalin, decalcified (Surgipath Decalcifier I, Leica Microsystems Inc., Buffalo Grove, IL, USA),

and then processed for paraffin embedment, as previously described!%.

3.3.4 Histological characterization of carotid atherosclerotic plaques

The plaque segment with the area of maximum stenosis or with the largest plaque burden (if
different from the area of maximum stenosis) was used for histological analysis. A 4-um section
from this segment was stained with hematoxylin and eosin. In addition, four other consecutive 4-
um sections were immunostained for markers of lymphocytes, macrophages, SMCs, and
neovascularization (CD3, CD68, a-SMC actin, von Willebrand factor, respectively). Two vascular
pathologists (JV and CL) independently performed the histological assessments of the plaque

specimens. In case of disagreement, a consensus was reached. The pathologists were blinded for
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patient clinical information and study outcomes. The plaques were characterized according to two
gold-standard classifications of plaque instability: 1) AHA histological classification by Stary et
al'’®, and 2) semi-quantitative scale by Lovett et al'’”!'’®. The AHA classification ranges from
Type 1, an initial endothelial lesion, to Type VIII, a predominantly fibrotic plaque!’®. Type VI is
the most complicated lesion, which is characterized by the presence of a hematoma, haemorrhage,
or thrombus. Clinical outcomes are most often associated with type V and type VI plaques, while
plaques beyond type VI represent more fibrotic and calcific lesions that mainly occur following
lipid regression. The specimens obtained from the CEAs were all representative of advanced
atherosclerotic lesions (Type V-VIII). According to the semi-quantitative scale, individual features
of the plaque were classified on a 3- or 4-grade scale, including presence/absence of intraplaque
haemorrhage, thrombus, foam cells, lipid core size, proportion of fibrous tissue,
neovascularization, calcification, cap rupture, overall inflammation, and infiltration of the fibrous
cap with inflammatory cells (inflammation graded according to the number of macrophages and
lymphocytes present)!’”-178, Based on the presence of a combination of these features, the overall
instability of the plaque was characterized as definitely stable, probably stable, probably unstable,
or definitely unstable. Generally, unstable plaques were either ruptured or rupture-prone, with a
large lipid core and thin inflamed cap, while stable plaques had a thick fibrous cap, which protects
them from rupturing, and small or no lipid core. Table 3.1 summarizes the prevalence of

histological features of the plaque according to plaque instability.

3.3.5 Statistical analyses

The definitely stable and probably stable plaque groups, classified by the vascular pathologists,
were combined and labelled as ‘stable’, while the probably unstable and definitely unstable plaque
groups were combined and labelled as ‘unstable’ to be used in the statistical analyses. In addition
to being clinically relevant, combining instability groups led to increased statistical power. Chi-
square (y?), independent sample t-test (parametric test) or Mann-Whitney (non-parametric test), as
appropriate, were performed to assess the differences in baseline characteristics between patients
with stable and unstable plaques. Mann-Whitney was also performed to evaluate the differences
in adipokine levels between patient groups based on plaque instability, AHA plaque classification,
carotid artery stenosis, and cerebrovascular symptomatology, while the Kruskal-Wallis test was
used to assess differences in adipokine levels among the types of cerebrovascular symptomatology.

Partial Spearman rank correlation coefficients were used to assess correlations between circulating
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adipokine levels, clinical variables, and inflammatory and vascular markers. Step-wise logistic
regression analyses were performed to estimate the association between adipokine levels and
plaque instability (stable versus unstable), carotid artery stenosis (50-79% versus 80-99%), AHA
plaque classification (Type VII/VII versus Type V), cerebrovascular symptomatology
(asymptomatic versus symptomatic), and specific features of plaque instability (plaque
inflammation, presence of lipid core, and cap infiltration). ORs are presented with 95% Cls.
Multivariate analyses for carotid plaque instability and cerebrovascular symptomatology were
presented as 6 adjusted models: a partially adjusted model for age, sex, and BMI (Model 1), a
model additionally adjusted for high-sensitivity CRP and T2DM (Model 2), and models (Model
3, Model 4, Model 5, and Model 6 [fully-adjusted model]) adjusting for adiponectin, chemerin,
leptin, and resistin, respectively. Traditional risk factors included in the regression models (age,
sex, BMI, high-sensitivity CRP, and T2DM) were chosen based on their significance in univariate
analyses, their well-established role in plaque instability and symptomatology, and their ability to
affect/confound the exposure of interest (circulating adipokines). Extensive modelling was
performed including various other variables, such as smoking, hypertension,
hypercholesterolemia, and plasma levels of triglycerides and HDL. However, since these variables
did not affect the estimates, they were excluded from the adjusted models. Thus, the risk factors
included in the multivariate analyses were age, sex, BMI, high-sensitivity CRP, and T2DM.

In a sub-analysis, differences in associations between circulating adipokines, inflammatory
markers, and histological parameters of instability were examined in patients who had a CEA
within one month versus greater than one month from the cerebrovascular event. This was
performed to evaluate whether plaque remodeling modified the overall observed associations.

All statistical analyses were performed in SPSS, Version 20 (IBM, Armonk, New York,
United States). Values of P<0.05 (2-tailed) were considered significant. The degree of significance
for the correlation matrix was adjusted using Bonferroni correction. The Bonferroni adjusted alpha

level used was P<0.003.
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Table 3.1 Prevalence of histological features of the plaque according to plaque instability!

Total Patients Patients with Stable Patients with Unstable

Population Characteristic (n=165) Plaque Phenotype Plaque Phenotype *P-Value
(n=48) (n=117)

AHA Plaque Classification <0.001
Type V, % 18.2 2.1 24.8
Type VI, % 33.9 6.2 453
Type VII, % 34.5 54.2 26.5
Type VIII, % 13.3 37.5 3.4

Haemorrhage 0.023
No hemorrhage, % 80.6 93.8 75.2
Small hemorrhage, % 18.8 6.2 23.9
Large hemorrhage, % 0.6 0.0 0.9

Thrombus <0.001
No thrombus, % 81.2 100.0 73.5
Small thrombus, % 17.6 0.0 24.8
Large thrombus, % 1.2 0.0 1.7

Lipid Core <0.001
No lipid core, % 20.0 60.4 34
Small lipid core, % 19.4 35.4 12.8
Large lipid core, % 60.6 4.2 83.8

Fibrous Tissue <0.001
Very little fibrous tissue, % 55 0.0 7.7
~50% fibrous tissue, % 55.2 2.1 76.9
Predominantly fibrous, % 39.4 97.9 15.4

Foam Cells <0.001
None, % 43.6 83.3 27.4
<50 cells, % 17.6 8.3 21.4
At least 50 cells, % 38.8 8.3 51.3

New Vessels 0.919
None, % 7.3 6.2 7.7
<10 per section, % 40.6 39.6 41.0
At least 10 per section, % 52.1 542 51.3

Calcification 0.009
None, % 10.3 10.4 10.3
Stippling only, % 20.0 6.2 25.6
Calcified nodules, % 69.7 83.3 64.1

Inflammatory Cells <0.001
None, % 5.5 16.7 0.9
Occasional cells, % 32.1 60.4 20.5
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2-5 groups of >50 cells, % 55.8 22.9 69.2
>5 groups of >50 cells, % 6.7 0.0 9.4
Cap Infiltration
None, % 25.5 70.8 6.8
<10 cells in cap, % 17.6 12.5 19.7
10-50 cells in cap, % 32.1 12.5 40.2
>50 cells in cap, % 24.8 4.2 333
Rupture
Intact cap, % 77.6 95.8 70.1
Probably intact, % 3.0 4.2 2.6
Probably ruptured, % 12.7 0.0 17.9
Definitely ruptured, % 6.7 0.0 9.4
Overall Instability
Definitely stable, % 13.3 - -
Probably stable, % 15.8 - -
Probably unstable, % 51.5 - -
Definitely unstable, % 194 - -

<0.001

0.001

AHA, American Heart Association

*P-value indicates significance between patients with stable and patients with unstable plaques

3.4 Results
A total of 165 subjects were recruited. Baseline characteristics of the total study population, and
of the subjects with stable and unstable plaques, separately are presented in Tables 3.2 and 3.3.
Subjects with unstable plaques were more likely to be men (76.1%) than subjects with stable
plaques (52.1%, [¥*]=9.17, P=0.002; Table 3.2). No other significant differences in terms of
patient demographics, clinical variables, adipokine levels (Table 3.2), and levels of inflammatory
and vascular markers were noted between patients with stable and unstable plaques (Table 3.3).
In the non-adjusted Spearman correlation model, age was positively correlated with
adiponectin (P=0.002) and resistin levels (P<0.001), while BMI correlated negatively with
adiponectin (P<0.001) and positively with leptin (P<0.001) (Table 3.4A-B). When the correlation
model was adjusted for age, sex, and BMI, adiponectin was positively correlated with HDL and
chemerin was positively correlated with high-sensitivity CRP and negatively with HDL (Table
3.5A). No significant correlations were found between levels of adiponectin and the other
adipokines. However, chemerin was correlated positively with leptin and resistin (Table 3.5B).
Correlations between circulating adipokines and inflammatory and vascular markers are reported

in Table 3.6. Most of the above correlations were weak to moderate.
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Table 3.2 Population demographic and clinical characteristics'

Patients with Stable Patients with Unstable

Population Characteristic Tot(z:llzllz;tbi;nts Plaque Phenotype Plaque Phenotype Viﬁ,;e
(n=48) (n=117)
Age,y 69.81£9.48 69.46+8.60 69.9549.85 0.764
Sex, % men 69.1 52.1 76.1 0.002
BMI, kg/m? 26.87+4.40 27.1844.14 26.74+4.51 0.591
Ever Smoker, % 80.2 78.7 80.9 0.756
o ey Stenosis, 30- 22.6/77.4 22.9/77.1 22.4/77.6 0.944
Cerebrovascular Symptomatology, % 72.7 64.6 76.1 0.132
Amaurosis Fugax, % 20.2 233 19.1 0.617
Transient Ischemic Attack, % 39.5 50.0 36.0 0.174
Stroke, % 40.3 26.7 44.9 0.078
CAD, % 40.6 45.8 38.5 0.381
Systolic Blood Pressure, mmHg 138+18 139420 137+18 0.678
Diastolic Blood Pressure, mmHg 70+10 70+8 70+11 0.875
Hypertension, % 83.6 85.4 82.9 0.692
Antihypertensive medication, % 80.0 81.2 79.5 0.797
THbAIc, % 6.00 [5.70-6.70] 6.10 [5.68-6.58] 5.95 [5.70-7.05] 0.763
T2DM, % 32.7 31.2 333 0.796
Antihyperglycemic medication, % 273 29.2 26.5 0.726
Insulin Injections, % 26.7 35.7 22.6 0.356
Biguanides, % 82.2 78.6 83.9 0.667
Sulphonylureas, % 48.9 57.1 45.2 0.457
Thiazolidinedione, % 2.2 7.1 0.0 0.132
Hypercholesterolemia, % 83.6 79.2 85.5 0.320
Statin use, % 69.1 70.8 68.4 0.756
Total cholesterol, mmol/L 3.38 [2.85-3.88] 3.41 [2.87-3.94] 3.28 [2.83-3.85] 0.509
HDL, mmol/L 0.95[0.75-1.14] 0.9310.71-1.12] 0.95[0.77-1.17] 0.870
LDL, mmol/L 1.69 [1.29-2.21] 1.64 [1.30-2.27] 1.71 [1.28-2.12] 0.799
Triglycerides, mmol/L 1.51[1.08-1.87] 1.63 [1.28-2.08] 1.45[1.03-1.80] 0.090
hsCRP, mg/L 1.4510.62-3.41] 1.27 [0.69-2.89] 1.63[0.58-3.47] 0.550
Adiponectin, pg/mL 10.40 [5.25-15.35] 10.16 [5.81-15.94] 10.42 [5.11-15.27] 0.838
Chemerin, ng/mL 209.64 [178.54-255.53]  227.17 [192.60-264.83] 206.5 [173.19-253.44] 0.100
Leptin, ng/mL 9.88 [4.55-17.05] 9.51 [4.58-23.05] 10.08 [4.45-16.08] 0.986
Resistin, ng/mL 12.53 [9.66-17.16] 11.97 [9.84-16.96] 12.59 [9.48-17.34] 0.782

Normally distributed data: values represent mean+SD; Non-normally distributed data: values represent median [interquartile range]
BMI indicates body mass index; CAD, coronary artery disease; HbA1C, glycated hemoglobin; HDL, high-density lipoprotein; hsCRP, high sensitivity C-reactive protein; LDL, low-

density lipoprotein; T2DM, type 2 diabetes mellitus.

*P-value indicates significance between patients with stable and patients with unstable plaques.
tData for HbA c is reported for n=64 subjects (n=14 subjects with stable phenotype and n=50 subjects with unstable phenotype).
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Table 3.3 Circulating inflammatory and vascular markers'

Patients with Stable Patients with Unstable

Totz(lllli’;t‘l)ents Plaque Phenotype Plaque Phenotype V?l)l-le
(n=22) (n=32)

IL-4 (pg/mL) 0.014 [0.004-0.022] 0.012 [0.007-0.018] 0.015[0.002-0.025] 0.955
IL-6 (pg/mL) 0.54 [0.29-1.00] 0.35[0.28-0.76] 0.57[0.32-1.12] 0.238
IL-10 (pg/mL) 0.13 [0.08-0.21] 0.13 [0.09-0.19] 0.12 [0.05-0.21] 0.433
IL-13 (pg/mL) 0.28 [0.16-0.48] 0.20 [0.09-0.53] 0.29 [0.15-0.48] 0911
TNF-a (pg/mL) 1.73 [1.39-2.03] 1.73 [1.41-2.14] 1.72 [1.24-1.95] 0.283
IFN-y (pg/mL) 3.58 [1.81-5.77] 4.29 [1.79-5.90] 3.37[1.81-5.65] 0.379
MIP1-a (pg/mL) 10.16 [8.01-13.16] 8.88 [7.96-12.96] 10.64 [8.24-13.62] 0.313
VEGF (pg/mL)  171.19[99.04-379.60] 171.69 [93.89-397.47]  171.19 [103.86-366.48] 0.888
SAA (pg/mL) 3.36 [1.66-6.63] 3.16 [1.92-6.68] 3.44 [1.62-6.66] 0.958

IFN indicates interferon; IL, interleukin; MIP, macrophage inflammatory protein; SAA, serum amyloid A; TNF, tumor necrosis factor; VEGF, vascular
endothelial growth factor.
*P-value indicates significance between patients with stable and patients with unstable plaques

When adipokine levels were analyzed according to sex and T2DM status, circulating adiponectin
and leptin were significantly higher in women than in men (13.10 [7.72-18.36] ug/mL vs. 10.31
[4.74-14.02] pg/mL, P=0.011; 24.37 [4.19-44.11] ng/mL vs. 12.72 [4.57-14.49] ng/mL, P=0.038,
respectively). T2DM subjects, when compared to non-diabetics, had decreased adiponectin levels
(9.25 [3.77-13.28] pg/mL vs. 12.11 [6.15-17.93] pg/mL, P=0.007) and increased chemerin levels
(250.96 [198.25-283.75] ng/mL vs. 213.32 [169.62-240.70] ng/mL, P=0.002). HbA . (glycated
hemoglobin) levels were found to be significantly and positively associated with chemerin
(r=0.345, P=0.005) but not adiponectin (r=-0.140, P=0.270). However, following adjustments for
HbA\, the associations between diabetes, and adiponectin and chemerin remained significant
(P=0.019 and P=0.007, respectively), suggesting that these associations are not dependent on the

levels of glucose.
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Table 3.4 A) Non-adjusted spearman correlation coefficients between circulating
adipokines and metabolic and cardiovascular risk factors’

Adiponectin Chemerin Leptin Resistin

r P-value r P-value r P-value r P-value
Age 0.24 0.002 0.16  0.038 0.04 0.625 035 <0.001
BMI -0.31 <0.001 0.13 0.119 035 <0.001 -0.13 0.117
hsCRP -0.15 0.055 0.25 0.001 0.15 0.058 0.17  0.025

Total Cholesterol 0.27  <0.001 -0.09 0.244 0.07 0.348 -0.13  0.096
Triglycerides -0.30 <0.001 0.26 0.001 0.28 <0.001 0.08 0.301

HDL 044  <0.001 -0.23 0.003 -0.002 0979 -0.15 0.064
LDL 0.21 0.009 -0.13 0.098 -0.01 0913 -0.11 0.182
SBP 0.12 0.160  -0.04 0.634 0.05 0.566 0.06  0.448
DBP -0.08 0316 -0.20 0.016 0.04 0.660 -0.06  0.435

BMI, body mass index; hsCRP, high sensitivity C-reactive protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SBP,
systolic blood pressure; DBP, diastolic blood pressure

Table 3.4 B) Non-adjusted spearman correlation coefficients among circulating
adipokines'

Adiponectin Chemerin Leptin Resistin

r P-value r P-value r P-value r P-value
Adiponectin - - -0.06  0.440 -0.11 0.170  0.09  0.230
Chemerin -0.06 0.440 - - 0.10 0.216 034 <0.001
Leptin -0.11 0.170 0.10  0.216 - - 0.03 0.723
Resistin 0.09 0.230 0.34 <0.001 0.03 0.723 - -

Table 3.5 A) Adjusted spearman partial correlation coefficients between circulating
adipokines and metabolic and cardiovascular risk factors’

Adiponectin Chemerin Leptin Resistin

r P-value r P-value r P-value r P-value
hsCRP -0.04 0.694 0.32 <0.001 0.08 0.390 0.23 0.011
Total Cholesterol ~ 0.15 0.102 -0.13  0.137 -0.08 0389 -0.09 0.319
Triglycerides -0.24 0.007 0.20 0.023 0.07 0.434 0.04 0.626
HDL 0.32 <0.001 -0.31 <0.001 -0.08 0368 -0.20 0.026
LDL 0.14 0.118 -0.12 0.189 -0.08 0356 -0.05 0.569
SBP 0.11 0.235 -0.05 0.541 0.01 0.899 0.04 0.676
DBP 0.06 0.500 -0.15 0.083 0.01 0935 -0.01 0.953

DBP indicates diastolic blood pressure; HDL, high-density lipoprotein; hsCRP, high sensitivity C-reactive protein; LDL, low-density
lipoprotein; SBP, systolic blood pressure.
Adjustments were performed for age, sex, and body mass index
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Table 3.5 B) Adjusted spearman partial correlation coefficients among circulating
adipokines'

Adiponectin Chemerin Leptin Resistin

r P-value r P-value r P-value r P-value
Adiponectin - - -0.03 0.701 -0.02 0.801 0.06 0.534
Chemerin -0.03 0.701 - - 0.32 <0.001 0.53 <0.001
Leptin -0.02 0.801 0.32 <0.001 - - 0.21 0.016
Resistin 0.06 0.534 0.53 <0.001 0.21 0.016 - -

Adjustments were performed for age, sex, and body mass index

Table 3.6 Spearman correlation coefficients between circulating adipokines and
inflammatory and vascular markers’

Adiponectin Chemerin Leptin Resistin

r P-value r P-value r P-value r P-value
IL-4 0.39 0.013 0.08 0.630 0.04 0.815 0.21 0.187
IL-6 -0.16 0242  0.28 0.040 0.28 0.042 0.17 0.234
IL-10 0.39 0.006  0.29 0.040 0.05 0.761 0.21 0.149
IL-13 -0.09 0.670  0.41 0.055 -0.03 0.909 0.51 0.013
TNF-a -0.14 0.327  0.36 0.008 0.12 0.378 0.22 0.109
IFN-y -0.04 0.790  0.23 0.101 0.27 0.048 -0.25 0.071
MIPl-o  0.08 0.620  0.50 0.001 0.02 0.898 0.24 0.114
VEGF  -0.09 0.527  0.31 0.022 0.12 0.408 0.14 0.299
SAA -0.32 0.019  0.33 0.016 0.36 0.008 0.02 0.894

IFN indicates interferon; IL, interleukin; MIP, macrophage inflammatory protein; SAA, serum amyloid A; TNF, tumor necrosis factor;
VEGF, vascular endothelial growth factor.

3.4.1 Association of circulating adipokines and carotid plaque instability
Adiponectin, leptin, and resistin were not significantly associated with plaque instability, neither
in the univariate nor in the multivariate models (Table 3.7). Regarding chemerin, the model
accounting for age, sex, BMI, CRP, and T2DM, yielded an OR of 0.942 (95% CI: 0.895-1.000)
for plaque instability per 10 ng/mL increase in chemerin levels, which corresponds to a 5.8%
decrease in the odds of having an unstable plaque. The c-statistic associated with this model is
0.685. This association remained significant even following adjustments for circulating adipokine
levels, increasing the c-statistic to 0.705. Furthermore, in the fully adjusted model (Model 6), there
was also a significant 3.0-fold decrease in the OR for plaque instability when the highest tertile of

chemerin levels was compared with the lowest (Table 3.7).
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Table 3.7 Univariate and multivariate logistic regression analyses of carotid plaque instability (stable [n=48] vs. unstable [n=117]) for
each circulating adipokine'

.. Multivariate
Univariate
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Adiponectin (ng/mL)

Continuous

Tertile 1

Tertile 2

Tertile 3

Chemerin (ng/mL)

Continuous

Tertile 1

Tertile 2

Tertile 3

Leptin (ng/mL)

Continuous

0.997 (0.948-
1.049)

Reference

0.863 (0.359-
2.074)

1.094 (0.442-
2.706)
0.997 (0.993-
1.001)

Reference

0.637 (0.257-
1.578)

0.543 (0.220-
1.341)

0.996 (0.977-
1.016)

1.002 (0.944-
1.064)

Reference

1.145 (0.440-
2.981)

1.372 (0.498-
3.783)
0.997 (0.992-
1.001)

Reference

0.700 (0.276-
1.778)

0.492 (0.191-
1.269)

1.008 (0.984-
1.031)

1.005 (0.944-
1.068)

Reference

1.059 (0.396-
2.835)

1.369 (0.481-
3.901)
0.994 (0.989-
1.000)

Reference

0.662 (0.256-
1.714)

0.376 (0.133-
1.060)

1.006 (0.982-
1.029)
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0.994 (0.989-
1.000)

Reference

0.667 (0.257-
1.730)

0.374 (0.133-
1.057)

1.006 (0.982-
1.029)

1.008 (0.947-
1.072)

Reference

1.595 (0.483-
5.270)

3.521 (0.462-
26.833)

1.017 (0.992-
1.043)

1.009 (0.948-
1.074)

Reference

1.438 (0.429-
4.827)

3.001 (0.385-
23.410)
0.993 (0.987-
0.999)

Reference

0.663 (0.255-
1.726)

0.352 (0.122-
1.013)

1.007 (0.945-
1.073

Reference

1.388 (0.408-
4.721)

2.858 (0.354-
23.059)
0.991 (0.985-
0.998)

Reference

0.667 (0.257-
1.736)

0.332 (0.114-
0.967)

1.017 (0.990-
1.044)



Tertile 1

Reference Reference Reference Reference Reference - Reference
Tertile 2 1.071 (0.449- 1.045 (0.428- 1.082 (0.437- 1.100 (0.440- 0.989 (0.388- - 1.079 (0.417-
2.557) 2.550) 2.676) 2.750) 2.518) 2.787)
Tertile 3 1.120 (0.463- 1.504 (0.561- 1.468 (0.548- 1.491 (0.551- 1.633 (0.588- i 1.647 (0.583-
2.710) 4.032) 3.937) 4.036) 4.535) 4.651)
Resistin (ng/mL)
Continuous 1.033 (0.970- 1.028 (0.962- 1.024 (0.954- 1.024 (0.954- 1.065 (0.985- 1.062 (0.981- -
1.099) 1.099) 1.100) 1.099) 1.152) 1.149)
Tertile 1 Reference Reference Reference Reference Reference Reference B
Tertile 2 0.680 (0.286- 0.740 (0.301- 0.772 (0.308- 0.775 (0.307- 0.809 (0.315- 0.850 (0.327- -
1.614) 1.818) 1.937) 1.957) 2.077) 2.210)
Tertile 3 0.993 (0.397- 0.868 (0.328- 0.854 (0.316- 0.852 (0.315- 1.307 (0.439- 1.271 (0.424- -
2.481) 2.299) 2.303) 2.300) 3.888) 3.806)

CI indicates confidence interval; OR, odds ratio.
Continuous values are presented as per unit increase
Adiponectin: Tertile 1 =4.09 [3.25-5.25] pg/mL; Tertile 2 = 10.40 [8.54-11.76] ng/mL; Tertile 3 = 18.37 [15.24-20.78] pg/mL
Chemerin: Tertile 1 = 163.19 [140.77-178.65] ng/mL; Tertile 2 = 209.64 [200.91-226.79] ng/mL; Tertile 3 = 282.21 [255.12-346.24] ng/mL
Leptin: Tertile 1 =3.74 [2.81-4.58] ng/mL; Tertile 2 = 9.88 [7.95-12.08] ng/mL; Tertile 3 =31.47 [16.57-47.44] ng/mL
Resistin: Tertile 1 = 8.11 [6.60-9.72]; Tertile 2 = 12.53 [11.56-13.37] ng/mL; Tertile 3 = 19.44 [17.14-24.21] ng/mL

Model 1 = Adjusted for age, sex, and body mass index
Model 2 =Model 1 + type 2 diabetes mellitus, and high-sensitivity C-reactive protein

Model 3 = Model 2 + adiponectin
Model 4 = Model 3 + chemerin
Model 5 =Model 4 + leptin
Model 6 = Model 5 + resistin
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No significant associations were found between adipokine levels and AHA plaque classification
(Type V vs. Type VIvs. Type VII vs. Type VIII) (Table 3.8). However, decreased chemerin levels
increased the odds of having a Type V (fibroatheroma with a large lipid core) versus a Type
VII/Type VII (predominantly fibrotic/calcific) plaque following adjustments in Model 1 (Table
3.9). This association remained significant after additional adjustments for adiponectin, leptin and

resistin levels (Table 3.9).

Table 3.8 Circulating adipokine levels between Type V, Type VI, Type VII, and Type VIII plaques
according to the American Heart Association classification’

AHA Plaque Classification (n=165)

Type V(n=31) Type VI (n=56) Type VII Type VIII *P-
(n=56) (n=22) value
Adiponectin (ug/mL)  9.70 [4.95-14.80]  9.48 [4.97-14.98] 11.73 [5.84-17.73] 10.34 [4.50-14.67]  0.455
Chemerin (ng/mL) 198.29 [152.91- 210.35 [179.70- 22243 [181.12- 200.25 [175.19- 0.251
236.26] 271.63] 254.42] 240.11]
Leptin (ng/mL) 7.09 [4.51-13.10] 10.60[4.92-27.26] 9.98 [3.58-16.44]  12.77[5.15-28.48]  0.535
Resistin (ng/mL) 12.53 [9.96-17.14] 12.53[9.14-16.20] 12.52[9.82-18.37] 13.56 [8.58-18.05]  0.917

AHA, American Heart Association
*P-value indicates significance among all AHA classifications

Table 3.9 Univariate and multivariate logistic regression analyses for the association of chemerin with
the American Heart Association plaque classification (fibrotic/calcific plaques [Type VII/VIII] [n=78]
vs. fibroatheroma plaques [Type V] [n=31])"

Multivariate
Univariate
Model 1 Model 2 Model 3 Model 4
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Chemerin (ng/mL)
Continuous 0.993 (0.986- 0.991 (0.982- 0.991 (0.982- 0.991 (0.982- 0.991 (0.982-
1.001) 0.999) 0.999) 0.999) 1.000)
Tertile 1 Reference Reference Reference Reference Reference
Tertile 2 0.833 (0.301- 0.937 (0.313- 0.903 (0.298- 0.848 (0.275- 0.848 (0.275-
2.309) 2.803) 2.742) 2.614) 2.616)
Tertile 3 0.436 (0.132- 0.270 (0.071- 0.287 (0.075- 0.284 (0.073- 0.292 (0.073-
1.440) 1.033) 1.099) 1.107) 1.165)

OR, odds ratio; CI, confidence interval

Tertile 1: 163.19 [140.77-178.65], Tertile 2: 209.64 [200.91-226.79], Tertile 3: 282.21 [255.12-346.24]
Model 1 = Adjusted for age, sex, and body mass index

Model 2 = Model 1 + adiponectin

Model 3 =Model 2 + leptin

Model 4 = Model 3 + resistin

Adipokine levels were not associated with the degree of carotid artery stenosis (Table 3.10) or
with plaque inflammation (data not shown). However, in the multivariate logistic regression
models (Models 1-6), increased leptin levels were significantly associated with lipid core presence

and with increased presence of inflammatory cell cap infiltration (Table 3.10).
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Table 3.10 Univariate and multivariate logistic regression analyses for the association of
adipokine levels with cerebrovascular symptomatology (asymptomatic [n=46] vs. symptomatic
[n=119]), carotid artery stenosis (moderate-grade [50-79%] [n=37] vs. high-grade [80-99%]
[n=127] stenosis), and features of plaque instability (no lipid core presence [n=33] vs. lipid core

presence [n=132] and low cap infiltration [n=71] vs. high cap infiltration [n=94])!

Svmptomatolo Carotid Artery Lipid Core High Cap
ymp 8y Stenosis Presence Infiltration
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Adiponectin
Univariate 1.006 (0.955-1.059) 0.976 (0.925-1.030) 1.007 (0.951-1.066) 1.044 (0.993-1.097)
Model 1 0.966 (0.907-1.029) 0.988 (0.930-1.050) 1.019 (0.951-1.092) 1.028 (0.971-1.088)
Model 2 *0.969 (0.908-1.034)  10.988 (0.929-1.050) 11.035(0.961-1.114)  §1.033 (0.973-1.098)
Model 3 - - - -
Model 4 0.969 (0.908-1.034) 0.987 (0.929-1.049) 1.033 (0.960-1.112) 1.033 (0.972-1.098)
Model 5 0.968 (0.906-1.034) 0.987 (0.929-1.049) 1.034 (0.960-1.114) 1.037 (0.976-1.103)
Model 6 0.967 (0.904-1.033) 0.987 (0.929-1.049) 1.034 (0.960-1.114) 1.037 (0.975-1.103)
Chemerin
Univariate 1.002 (0.997-1.007)  1.001 (0.996-1.005)  1.000 (0.995-1.005)  1.000 (0.996-1.004)
Model 1 1.002 (0.997-1.006)  1.001 (0.996-1.006)  1.000 (0.995-1.005)  1.000 (0.996-1.004)
Model 2 *1.000 (0.995-1.006)  11.001 (0.996-1.007)  $0.997 (0.991-1.003)  §1.000 (0.995-1.006)
Model 3 1.000 (0.995-1.006)  1.001 (0.996-1.007)  0.997 (0.992-1.003)  1.000 (0.995-1.005)
Model 4 - - - -
Model 5 1.002 (0.996-1.008) 1.001 (0.996-1.007) 0.995 (0.988-1.002) 0.998 (0.992-1.003)
Model 6 1.001 (0.995-1.008) 1.002 (0.996-1.008) 0.995 (0.988-1.003) 0.998 (0.992-1.004)
Leptin
Univariate 1.000 (0.980-1.021) 1.006 (0.983-1.030) 1.012 (0.986-1.038) 1.013 (0.993-1.033)
Model 1 0.990 (0.966-1.015) 1.002 (0.974-1.031) 1.038 (1.005-1.072) 1.031 (1.005-1.059)
Model 2 *0.987 (0.963-1.012)  §1.002 (0.974-1.031) 11.033 (1.000-1.067)  §1.032 (1.004-1.060)
Model 3 0.988 (0.964-1.012) 1.002 (0.974-1.031) 1.034 (1.000-1.068) 1.032 (1.005-1.061)
Model 4 0.984 (0.957-1.011) 1.001 (0.972-1.031) 1.036 (1.003-1.070) 1.036 (1.007-1.065)
Model 5 - - - -
Model 6 0.982 (0.955-1.010) 1.002 (0.972-1.032) 1.037 (1.003-1.071) 1.036 (1.007-1.065)
Resistin
Univariate 1.048 (0.980-1.120) 0.978 (0.925-1.035) 1.022 (0.956-1.094) 1.031 (0.976-1.089)
Model 1 1.024 (0.960-1.092) 0.991 (0.934-1.052) 1.015 (0.944-1.091) 1.013 (0.959-1.071)
Model 2 *1.015 (0.945-1.091)  $0.995 (0.936-1.058) 10.998 (0.922-1.081)  §1.022 (0.955-1.093)
Model 3 1.018 (0.946-1.094) 0.996 (0.936-1.058) 0.997 (0.920-1.080) 1.020 (0.953-1.091)
Model 4 1.018 (0.941-1.103) 0.984 (0.917-1.056) 1.010 (0.928-1.100) 1.021 (0.950-1.097)
Model 5 1.027 (0.947-1.114) 0.983 (0.916-1.056) 0.992 (0.906-1.087) 1.006 (0.936-1.080)
Model 6 - - - -

OR, odds ratio; CI, confidence interval
ORs from logistic regression analysis per unit increase in adipokine levels

Model 1 = Adjusted for age, sex, and body mass index
Model 2 = *Model 1 + type 2 diabetes mellitus, and high-sensitivity C-reactive protein

tModel 1 + high-sensitivity C-reactive protein

iModel 1 + high-sensitivity C-reactive protein

§Model 1 + type 2 diabetes mellitus, high-sensitivity C-reactive protein, and coronary artery disease
Model 3 = Model 2 + adiponectin
Model 4 = Model 3 + chemerin
Model 5 =Model 4 + leptin
Model 6 = Model 5 + resistin
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3.4.2 Association of circulating adipokines and cerebrovascular symptomatology
In the total population, symptomatic subjects were significantly older (71.49+9.74 vs. 65.31+7.06
years, P<(0.001) and had higher CRP levels (3.63 [0.69-3.92] vs. 1.91 [0.48-2.00] mg/L, P=0.021)
than asymptomatic subjects. In addition, there was a strong trend toward significance for higher
resistin levels in symptomatic (12.87 [9.96-17.87] ng/mL) versus asymptomatic subjects (11.16
[7.80-15.76] ng/mL; P=0.056; Table 3.11 and 3.12). No association was noted between adipokine
levels and cerebrovascular symptomatology in the univariate and multivariate regression analyses
in the total population (Table 3.10). However, among subjects with T2DM, resistin levels were
significantly elevated in symptomatic versus asymptomatic subjects (P=0.001; Table 3.11) and
increased the risk of cerebrovascular symptomatology by 29% (95% CI: 1.072-1.561; Table 3.13).
Resistin remained significantly associated with cerebrovascular symptomatology (OR: 1.264, 95%
CIL: 1.004-1.594), in subjects with T2DM but not in subjects without T2DM, even following
adjustments for age, sex, BMI, and chemerin levels (Table 3.13). However, significance was lost
after additional adjustment for leptin (Table 3.13). Furthermore, resistin levels were also noted to
be marginally associated with types of cerebrovascular events (P=0.05; Table 3.12), particularly
in subjects without T2DM, with highest levels present in patients who suffered from a stroke and
lowest levels in those who had an AF (P=0.014; Table 3.12).

When comparing patients who underwent CEA within one month (14.0 [7.0-21.0] days),
versus greater than one month (63.0 [42.0-100.5] days) from the cerebrovascular event, no
significant differences were observed between circulating adipokines, inflammatory markers, and

histological parameters of instability (data not shown).

Table 3.11 Circulating resistin levels in relation to cerebrovascular symptomatology’

Symptomatic Status

Asyrz:lllt:(lsl)latlc Syglllltlolngl;ltlc *P_value
Resistin (ng/mL)
Total Subjects (n=165) 11.16 [7.80-15.76] 12.87[9.96-17.87] 0.056
With T2DM (n=54) 10.43 [7.15-12.88] 14.21[11.13-20.39] 0.001
Without T2DM (n=111) 12.76 [8.45-16.69] 12.49 [9.42-16.60] 0.936

T2DM indicates type 2 diabetes mellitus
*P-value indicates significance between asymptomatic and symptomatic subjects
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Table 3.12 Circulating resistin levels in relation to types of cerebrovascular symptomatology*

Types of Symptomatology

AF (n=24) TIA (n=47)

Stroke (n=48)

*P-
value

Resistin (ng/mL)

Total Subjects (n=119)  10.74[9.10-15.37]  12.52[10.21-18.14]
With T2DM (n=37) 14.24[10.63-23.48]  13.11[10.71-21.90]
Without T2DM (n=82)  9.80[7.79-12.82]  12.52[9.48-17.14]

13.87 [11.45-25.37] 0.054
14.19 [12.72-20.01] 0.887
113.59[10.22-19.28]  0.050

AF indicates amaurosis fugax; T2DM, type 2 diabetes mellitus; TIA, transient ischemic attack
*P-value indicates significance among all types of cerebrovascular symptomatology

FTukey’s multiple comparison test demonstrates a significance among resistin levels between non-diabetics with AF and with stroke (P=0.014)

Table 3.13 Univariate and multivariate logistic regression analyses for the association of
resistin with cerebrovascular symptomatology (asymptomatic vs. symptomatic) in subjects

with or without type 2 diabetes mellitus’

Multivariate
Univariate
Model 1 Model 2 Model 3
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Resistin (per ng/mL
increase)

With T2DM 1.293 (1.072- 1.260 (1.034- 1.265 (1.004- 1.251 (0.989-

(n=54) 1.561) 1.534) 1.594) 1.583)

Without T2DM 0.991 (0.927- 0.979 (0.914- 0.973 (0.894- 0.978 (0.898-

(n=111) 1.059) 1.049) 1.059) 1.065)

CI indicates confidence interval; OR, odds ratio; T2DM, type 2 diabetes mellitus.
Model 1 = Adjusted for age, sex, and body mass index

Model 2 = Model 1 + chemerin

Model 3 =Model 2 + leptin

3.5 Discussion

In this study including subjects with moderate- to high-grade carotid artery stenosis scheduled for

CEA, we observed that low plasma chemerin levels were associated with increased odds of having

an unstable carotid plaque. This association was independent of potential cardiovascular and

metabolic confounders. Although not associated with overall plaque instability, leptin levels were

increased with the presence of specific histological instability features. Furthermore, in T2DM

subjects, high resistin levels were significantly associated with cerebrovascular symptomatology.

In contrast, no such associations were observed with the anti-inflammatory protein, adiponectin.
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3.5.1 Dual action of chemerin

Chemerin is a pro-inflammatory adipokine, whose circulating levels are associated with
inflammation and the metabolic syndrome>%+3%, In line with others, we found high chemerin levels
to correlate with T2DM and low HDL3%-%, Furthermore, a positive correlation was observed
between chemerin and MIP-1a, which is known to be involved in atherogenesis®®. Although
chemerin is less studied than other adipokines in atherosclerosis, a positive and independent
association was noted between chemerin and CAD>"’. Furthermore, a recent study by Zhao et al.
demonstrated in a Chinese population, that subjects with acute ischemic stroke had higher
circulating levels of chemerin than those without stroke, and that high levels of chemerin were

508

associated with carotid plaque instability>”*. However, in this smaller study (n=70), carotid plaque

instability was determined using Doppler ultrasound. On the other hand, our study, which used the

gold-standard histological plaque classifications!7®-178

, 1s the first to show an independent inverse
association between circulating chemerin and carotid plaque instability in CEA subjects with
severe carotid stenosis, and no significant association with cerebrovascular symptomatology.
Although this finding seems to be in contrast with our hypothesis and with previous evidence>?7%,
it could be partly explained by the dual action (pro-inflammatory and anti-inflammatory) of
chemerin. In addition to adipose tissue, chemerin is also expressed by a number of cell types
involved in innate and adaptive immunity and serves as a chemoattractant promoting recruitment

of immune cells to sites of injury®®’

. However, beyond its pro-inflammatory role, chemerin also
possesses anti-inflammatory properties, by inhibiting the production of inflammatory mediators
and preventing monocyte adhesion to the vascular endothelium>!°. Chemerin requires cleavage by
serine (secreted by neutrophils) or cysteine proteases (released by activated macrophages) to
generate a potent and active pro-inflammatory or anti-inflammatory peptide, respectively>!%>1!,
Since neutrophils are the first acting cells at sites of injury or infection, it is likely that pro-
inflammatory chemerin is generated prior to its anti-inflammatory counterpart. Plaque instability
is governed by an increased presence of activated macrophages**. Thus, anti-inflammatory
chemerin may be produced to control the severity of inflammatory responses associated with
unstable plaques, while pro-inflammatory chemerin may be involved in the initial formation and

development of atherosclerotic plaques.
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3.5.2 Leptin’s pro-inflammatory effects on vascular cells

Leptin has been demonstrated in experimental studies to play a pathogenic role in atherosclerotic
plaque development?*®, Nevertheless, several large prospective epidemiological studies have
either demonstrated moderate associations between leptin and coronary heart disease or failed to

show an association with incident cardiovascular events?33-12

. Herein, although circulating leptin
levels were not significantly associated with cerebrovascular symptomatology, we reported a
positive association between leptin levels and lipid core presence and increased inflammatory cell
cap infiltration. In support of this finding, leptin can lead to the up-regulation of inflammatory
markers, as well as induce the expression of endothelial adhesion molecules, which promote the

I°3. Furthermore,

recruitment, adhesion, and transmigration of leukocytes into the vascular wal
leptin can facilitate the formation of lipid-laden foam cells, which are major contributors of the

lipid core’'4,

3.5.3 Proatherogenic actions of resistin

Evidence links elevated resistin levels with atherosclerotic disease. Not only is resistin positively
associated with severity of CAD and calcification, but can also independently predict major
cardiovascular events, including ischemic stroke and cardiovascular mortality?*!51>-17, Herein, as
expected, we identified a significant and independent association between increased resistin levels
and cerebrovascular symptomatology. However, this relationship was observed only among
T2DM subjects. The positive link between resistin and T2DM has previously been suggested>'®-
520 where T2DM has been reported to strengthen the association between increased ischemic
stroke risk and high resistin levels®?!*?2, Resistin was marginally associated with types of
cerebrovascular events, particularly in subjects without T2DM and not in subjects with T2DM,
where differences were driven by the AF group, with highest resistin levels present in stroke
subjects and lowest in patients who suffered from an AF. Considering that we are the first to report
resistin levels among subjects who have suffered an AF, it is difficult to explain the differences
observed among diabetics and non-diabetics. Since resistin is secreted by macrophages in
atherosclerotic plaques, it mediates its pro-atherogenic effects directly on various cells present in
the arterial wall by promoting the expression of inflammatory cytokines and adhesion molecules

in the endothelium?23-323,
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3.5.4 Adiponectin’s vasculoprotective properties

Adiponectin plays an important role in lipid and glucose metabolism, improving insulin
sensitivity?>!. Furthermore, adiponectin is involved in inflammatory regulation and possesses anti-
atherosclerotic and vasculoprotective properties®¢>-*%®. In this context, we found an inverse
association between adiponectin and BMI, and detected lower levels of circulating adiponectin in
T2DM versus non-T2DM subjects. Although we expected to observe a similar association between
adiponectin and plaque instability in our patient population, as reported in two smaller studies
(n<50)281:526 we instead noted no differences in adiponectin levels between patients with stable
and unstable carotid plaques. Sawada et al. suggested that low adiponectin was the strongest
predictor of thin-cap fibroatheroma in men with CAD?®!, while Shido et el. showed that subjects
with vulnerable carotid plaques had significantly lower adiponectin compared to subjects with
stable plaques?®. In both studies, plaque vulnerability was assessed by imaging methods, and not
by using the ‘gold-standard’ histological classifications as in our study. In the circulation,
adiponectin forms a trimer, a hexamer, and a HMW isoform; the latter is suggested to be the
biologically active form, and thus, its measurement may provide a more valuable assessment of
the association between adiponectin and plaque instability***. Nonetheless, there are several
studies that have failed to demonstrate the superiority of HMW over total adiponectin in predicting
insulin resistance or atherosclerotic disease™?’->28,

Along with others, we also detected no significant differences in adiponectin levels
between symptomatic versus asymptomatic subjects with moderate- to high-grade carotid artery
stenosis®?*>3, Interestingly, it was recently reported that perivascular adiponectin expression,
rather than circulating adiponectin, is significantly associated with symptomatology in patients
undergoing CEA. PVAT surrounding symptomatic carotid plaques expressed 1.9-fold higher
levels of adiponectin than asymptomatic plaques>°. This suggests that it may be essential to study
adiponectin’s local tissue expression rather than its circulating levels in the context of carotid

plaque instability and symptomatology.

3.5.5 Traditional concept of plaque vulnerability

The definition of plaque instability used herein, where macrophage-rich plaques characterized by
a thin fibrous cap and large lipid-rich core are associated with plaque rupture and subsequent
ischemic events, is increasingly becoming recognized as the ‘traditional” concept of vulnerability.

This is due to evidence demonstrating changes in the morphology and phenotype of the plaque
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over the past decade!®%!3!, Interestingly, atherosclerotic plaques obtained from recent CEAs were
observed to possess more stable features, such as more fibrous tissue and less inflammation, than
plaques obtained over a decade ago, despite the significant increase in the proportion of CEAs
performed on symptomatic subjects!8!. These changes are partly believed to be associated with
improvements in risk factor management. In our own study, plaque instability was not associated
with cerebrovascular symptomatology; a relatively high proportion of stable plaques were found
to be symptomatic (64.6%), only about 10% lower than unstable plaques (76.1). This cannot be
attributed to the timing of the CEA, given that the vast majority of the subjects (60.7%) underwent
a CEA within the first month after the event (14.0 [7.0-21.0] days). Of note, most subjects who
had symptomatic stable plaques experienced symptoms caused by a TIA, while a greater majority
of subjects who had symptomatic unstable plaques suffered from a stroke rather than a TIA.
Nevertheless, it is important to keep in mind for future studies that the current concept of plaque
vulnerability may need to evolve with the recent observed changes in the histopathologic features

of plaques.

3.5.6 Limitations

Our study has certain limitations. Due to the cross-sectional design of this study, the direction of
causality between the circulating adipokines and plaque instability or cerebrovascular
symptomatology cannot be inferred. However, since specimens are necessary for the assessment
of plaque instability, we need to obtain tissue from patients with moderate- to high-grade carotid
artery stenosis, which can only be obtained at a single time-point, at the time of CEA. While we
acknowledge that the lack of prospective data limits the establishment of the true diagnostic
potential of circulating chemerin and resistin in predicting plaque instability or stroke risk, our
study acts as the first phase (proof-of-concept phase) in the evaluation of novel biomarkers.

Thus, in the future, it would be necessary to perform prospective studies following patients
with early carotid plaques to determine whether circulating adipokines are associated with the
development of unstable carotid plaques. Furthermore, in our study we only assessed the
independence of individual adipokines in predicting plaque instability and cerebrovascular
symptomatology. However, the identification of a panel of markers may provide greater predictive
value and reliability than a single marker***>%, Secondly, although not the aim of our study, we
did not provide any insights into the biological significance of the adipokines in question, in

relation to atherosclerotic lesions, which would have greatly increased the impact of the study.
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However, our next steps will focus on addressing potential mechanisms in a future experimental
study. Lastly, the semi-quantitative analysis of the carotid plaques as stable or unstable is a

176-178 \were used

limitation of the study. However, Stary and Lovett’s histological classifications
since they are validated scales that are widely established and represent the gold-standard for
classifying the instability of atherosclerotic plaques. Classifications using quantitative image
analysis are promising methods for categorization of plaque instability, however, they need to be

validated for wide-spread use against the gold-standard methods used herein.

3.6 Conclusion

To the best of our knowledge, this study including a large number of CEAs was the first to assess
the relationship between circulating adipokine levels and carotid plaque instability as evaluated
via ‘gold standard’ histological classifications. Our study highlights an association between
chemerin and plaque instability in CEA subjects with moderate- to high-grade carotid artery
stenosis, while high leptin levels were associated with certain histological instability features.
Although no relationship was observed between resistin and plaque instability, among T2DM
subjects, high resistin levels were associated with cerebrovascular symptomatology. Future studies
are needed to elucidate the additive role of chemerin and resistin to that of traditional risk factors
and the degree of carotid artery stenosis in the prediction of plaque instability and in the
development of cerebrovascular symptomatology. Furthermore, assessment of the local plaque
expression of these adipokines may provide evidence on the human pathophysiological

mechanisms linking adipokines and plaque instability.
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Connecting Text

Through the work done in the previous chapter, no significant associations were observed between
circulating levels of adiponectin and plaque instability and cerebrovascular symptomatology.
Considering the large amount of evidence that exists highlighting adiponectin’s anti-inflammatory
and vasculo-protective properties, we hypothesized that total levels of adiponectin would be
inversely associated with carotid plaque instability and cerebrovascular symptomatology.
However, despite adiponectin’s known beneficial and protective effects, there still remains
contradictory data surrounding this adipokine. We have performed two systematic reviews and
meta-analyses, as outlined in the introduction section of the thesis, which evaluated existing
evidence with regards to the association between circulating adiponectin levels and cIMT
(subclinical atherosclerosis) and the risk of carotid plaque presence and ischemic stroke risk?842%3,
Interestingly, an adiponectin paradox was identified where depending on the population studied,
either a negative or positive association was noted between adiponectin and cIMT and carotid
plaque presence. A negative association was observed in obesity-associated inflammatory
conditions (i.e., subjects with T2DM, metabolic syndrome, or CVD), while a positive association
was noted in classic chronic inflammatory/autoimmune conditions (i.e., subjects with rheumatoid
arthritis or systemic lupus erythematosus). However, these associations were either weak or non-
significant. Furthermore, adiponectin was found to be an independent and direct predictor of
ischemic stroke risk in subjects without clinically manifest CVD, while its levels were suppressed
in the acute stage following an ischemic stroke. Thus, explanations remain to be identified in order
to fully understand this paradox.

Interestingly, it was recently reported that adiponectin’s expression in PVAT, rather than
circulating adiponectin, is significantly associated with cerebrovascular symptomatology in
patients undergoing a CEA>%. Since adiponectin is almost exclusively produced and secreted by
adipose tissue, the type of adipose tissue from which adiponectin in the plasma and adiponectin in
the tissue (i.e., blood vessel or atherosclerotic plaque) is derived from may be of importance.
Subcutaneous and visceral adiposity are known to be important determinants of circulating
adiponectin levels in humans, which can be influenced by various systemic factors. On the other
hand, PVAT is the most likely source of adiponectin in blood vessels or plaques. While visceral
adiposity can adversely affect the vasculature by causing a dysregulation in the production of
adiponectin, PVAT may play a more direct role in atherosclerosis development as it envelopes the

blood vessel. Therefore, we believe that adiponectin’s expression in plaques may provide better
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evidence of a possible link between adiponectin and plaque instability and cerebrovascular
symptomatology than circulating levels of adiponectin. The following chapter investigates

whether the plaque expression of adiponectin and its receptors is associated with atherosclerotic

plaque instability.
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4.1 Abstract

Background and Purpose: Adiponectin, the most abundantly secreted anti-inflammatory
adipokine, protects against all stages of atherosclerotic plaque formation by acting on its receptors,
adiponectin receptor 1 (AdipoR1) and adiponectin receptor 2 (AdipoR2). Through binding of
AdipoR1, adiponectin leads to the activation of the AMPK pathway, whereas stimulation of
PPAR-a is attributed to the binding of AdipoR2. However, the role of adiponectin and its receptors
in plaque instability remains to be characterized. Thus, we aimed to investigate whether the
adiponectin—AdipoR pathway is associated with carotid atherosclerotic plaque instability.
Methods: The instability of plaque specimens obtained from patients who underwent a CEA
(n=143) was assessed using gold standard histological classifications.

Results: Using immunohistochemistry, we showed that adiponectin and AdipoR1/AdipoR2 are
expressed in human carotid plaques and that their expression was localized most abundantly in
areas of macrophage and foam cell accumulation. Unstable plaques expressed more adiponectin
protein (Western blot, P<0.05) and less AdipoR2 mRNA (2.11-fold decrease, P<0.05) than stable
plaques, whereas AdipoR1 expression remained similar between stable and unstable plaques.
Beyond AdipoR1/AdipoR2 expression, a graded decrease in PPAR-a protein levels was observed
in relation to carotid plaque instability (P<0.001), whereas AMPK phosphorylation was increased
(P<0.05). Our in vitro model of plaque instability, involving the induction of foam cells from
human Tamm-—Horsfall protein 1 (THP-1) macrophages treated with acetylated LDL, supported
our in vivo conclusions.

Conclusions: An overall abundance of adiponectin with a decrease in AdipoR2 expression and
activity was observed in unstable plaques, suggesting that reduced signaling through the AdipoR2
pathway, and not through AdipoR 1, may contribute to plaque instability.
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4.2 Introduction

Carotid atherosclerotic plaque rupture is a major cause of acute cerebrovascular ischemic events,
such as stroke*. Plaque morphology and composition, in addition to progressive stenosis of the
vessel lumen, are major determinants for plaque instability and rupture**.

Adipokines, immunomodulatory proteins secreted by adipose tissue, can regulate vascular
homeostasis!®®. The majority of adipokines are pro-inflammatory and exert adverse effects on the
vasculature. However, the most abundantly secreted adipokine is adiponectin, which is widely
recognized for its anti-inflammatory, anti-atherogenic, and vascular protective properties!s%2,
Hypoadiponectinemia is associated with obesity, T2DM, CAD, and progression of carotid
atherosclerosis?6%-266-26% The atheroprotective effects of adiponectin have been demonstrated at all
stages in atherosclerotic plaque formation, from endothelial dysfunction, plaque initiation and
progression, to plaque rupture and thrombosis; these effects are attributed to adiponectin’s actions
on all major cell types present in the vasculature, including macrophages, endothelial, and
SMCs*?. Adiponectin exerts its effects via two transmembrane receptors, adiponectin receptor 1
(AdipoR1) and adiponectin receptor 2 (AdipoR2)**, which play a key role in glucose and energy
metabolism through potentially distinct pathways?!>>!. Adiponectin mainly leads to the activation
of the AMPK pathway through binding of AdipoR1, whereas AdipoR2 stimulates the PPAR-a
pathway>!3. However, the precise physiological role of these receptors in the vasculature and in
plaque infiltrating cells remains to be clarified.

Due to its anti-atherosclerotic activities, it is reasonable to hypothesize that a decrease in
plaque adiponectin-mediated signalling through the AdipoR1/AdipoR2 pathways may reflect
plaque instability in humans. Therefore, the aim of this study was to investigate whether the

adiponectin-AdipoR pathway is associated with plaque instability in humans.

4.3 Methods

4.3.1 Study population

Consecutive patients with high-grade carotid stenosis, scheduled for a CEA, were recruited from
the Vascular Surgery pre-operative clinics at the McGill University Health Centre and the Jewish
General Hospital in Montreal, Canada, as described previously'. Patients were excluded from
participation in the study if they had previous interventions on the same carotid artery (CEA and/or
CAS). Patient demographics and clinical information (cerebrovascular symptomatic status, past

medical history, medication use, and lifestyle habits) were obtained from all recruited subjects who
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underwent a CEA. The information collected was confirmed through various sources: 1) patient
interview, 2) a detailed questionnaire, and 3) medical records. Blood pressure (HEM-705CP,
Omron Corp.) and anthropometric measurements (height and weight) were obtained. BMI (kg/m?)
was calculated.

The McGill University’s Institutional Ethics Review Board and Transplant Quebec granted
ethics approval (A12-M145-09B) for this study. All subjects provided written informed consent

prior to study participation.

4.3.2 Blood collection, processing, and measurements

Fasting blood samples were collected from each subject the day of the CEA before surgical
intervention. Plasma and serum were obtained from whole blood and rapidly stored at —80°C for
subsequent analysis. Measurements for serum lipid profile (total cholesterol, triglycerides, and
HDL-C) and high-sensitivity CRP were performed in the central biochemistry laboratories of the
McGill University Health Centre. LDL-C was calculated using the Friedewald formula**®. Plasma
total adiponectin levels were determined by radioimmunoassay (Human Adiponectin RIA Kit,
EMD Millipore, Billerica, MA, USA). The intra- and inter-assay coefficients of variation ranged
from 1.78-3.59% and 6.90-9.25%, respectively, and the lower limit of detection was 0.94 ng/mL.

4.3.3 Surgical sample collection and processing

Human carotid atherosclerotic plaques were obtained immediately after surgical resection and
processed. To serve as healthy control tissue, carotid artery specimens free of atherosclerosis
(termed herein as healthy carotid arteries) were obtained from recently deceased organ transplant
donors, who consented for research through Transplant Quebec.

Human carotid atherosclerotic plaques were dissected into transverse segments of
approximately 3-4 mm in thickness. Plaque segments with the area of maximal stenosis and largest
plaque burden were dedicated to histological/immunohistochemical and RNA/protein analyses, as
described below. In order to mirror the same layers present in the carotid plaques and to avoid
contamination of tissue expressing adiponectin, PVAT and adventitia was carefully removed
surrounding the healthy donor carotid arteries. Once removed of their surrounding adventitial and
adipose tissue layers, the healthy carotid arteries then underwent the same

histological/immunohistochemical and RNA/protein analyses as the carotid plaque specimens.
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4.3.4 Staining procedures

Histology

Consecutive 4-pm sections from paraffin-embedded plaque segments were stained with
hematoxylin and eosin. Two vascular pathologists (JV and CL) independently characterized the
instability of the plaques, according to gold-standard histological classifications: 1) AHA
classification by Stary er al'’®, and 2) semi-quantitative scale by Lovett et a/'””!"8, They were
blinded to the patients’ clinical status. In case of disagreement, a consensus was reached.
Accordingly, plaques were defined as: definitely stable, probably stable, probably unstable, and
definitely unstable. Furthermore, individual features of the plaque were classified on a 3- or 4-
grade scale, including presence/absence of intraplaque hemorrhage, thrombus, foam cells, lipid
core size, proportion of fibrous tissue, neovascularization, calcification, cap rupture, overall
inflammation, and infiltration of the fibrous cap with inflammatory cells (inflammation graded

according to the number of macrophages and lymphocytes present)!””178,

Immunohistochemistry

Four um sections from the maximal area of the plaque and from the healthy carotid arteries were
stained with rabbit anti-human antibodies for adiponectin (1:200, ab25891, abcam, Cambridge,
MA, USA), AdipoR1 (1:500, H-001-44, Phoenix Pharmaceuticals, Burlingame, CA, USA), or
AdipoR2 (1:500, H-001-23, Phoenix Pharmaceuticals), for 30 minutes at 37°C. Staining was
performed using the EnVisiont+ System-HRP kit (Dako, Carpinteria, CA, USA). Plaque and
healthy carotid artery sections were also stained with specific antibody markers to represent
macrophages, SMCs, and endothelial cells (CD68, a-SMC actin, and von Willebrand factor,

respectively).

Immunofluorescence

Double immunofluorescence staining was performed. Sections were incubated with either rabbit
anti-human AdipoR1 (1:100; Phoenix Pharmaceuticals) and mouse anti-human CD68 (1:50;
ab955, abcam), or anti-AdipoR2 (1:100; Phoenix Pharmaceuticals) and anti- CD68 (1:50; ab955,
abcam) antibodies. Donkey anti-rabbit IgG conjugated Alexa 594 (1:100; Life Technologies Inc,
Burlington, ON, Canada) and goat anti-mouse IgG conjugated Alexa 488 (1:100; ab150117,

abcam) were used as secondary antibodies. Cell nuclei were counterstained with DAPI (Life
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Technologies Inc). Olympus BX61VS microscope equipped with a VS110 slide scanner linked to

OlyVia image viewer software was used for image analysis.

4.3.5 RNA and protein isolation

Total RNA and protein were simultaneously extracted from the whole plaque area and healthy
carotid arteries using the miRNeasy Mini Kit (Qiagen, Valencia, CA, USA), and treated with
RNase-free DNase I (RNase-Free DNase Set, Qiagen) to remove contamination with genomic
DNA. Total RNA concentration was measured by absorbance at 260 nm using a spectrophotometer
(Ultrospec 2100 pro, GE Healthcare Life Sciences) and its quality and purity were determined
using the ratio of absorbance 260/280 and 260/230, respectively. Total protein concentration was

measured using the Bradford Protein Assay (Bio-Rad, Hercules, CA, USA).

4.3.6 Quantitative real-time polymerase chain reaction

cDNA was synthesized from 1 pg of total RNA by the Eppendorf Mastercycler RT system using
a High-Capacity cDNA Reverse Transcription Kit with RNase inhibitor (Life Technologies Inc).
The resulting cDNA samples were then used to assess mRNA expression of adiponectin, AdipoR1,
and AdipoR2, via SYBR Green-based quantitative real-time polymerase chain reaction (qQRT-
PCR). All samples were run in triplicate with the StepOnePlus Real Time PCR System (Applied
Biosystems, Foster City, CA, USA), using PerfeCTa SYBR Green SuperMix (QUANTA
Biosciences Inc., Gaithersburg, MD, USA). Primer sequences for the targets (adiponectin,
AdipoR1, and AdipoR2) as well as the reference gene (3-actin) were designed using NCBI/Primer-
Blast. The following designed primer sets (Alpha DNA, Montreal, QC, Canada) were used:
human adiponectin — reverse 5’-TGGGGATAGTAACGTAAGTCTCC-3’ and forward 5°-
GGCTTTCCGGGAATCCAAGG-3’;

human AdipoR1 —reverse 5’-GGTTGGCGATTACCCGTTTG-3’ and forward 5’-
TCCTGCCAGTAACAGGGAAG-3’;

human AdipoR2 —reverse 5’-TGGGCTTGTAAGAGAGGGGAC-3’ and forward 5°-
CTGGATGGTACACGAAGAGGT-3’;

human B-actin — reverse 5’-TAGAAGCATTTGCGGTGGACGATGGA-3’ and forward 5°-
GGCACCCAGCACAATGAAGATCAA-3".

The resultant quantitative cycle (Cq) values for the target genes were normalized to the respective

B-actin values. Relative mRNA abundance was calculated using the 2-24¢4 method.
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4.3.7 Western blot analysis

Homogenate protein extracts from healthy carotid arteries were pooled at the same concentration
and served as a standard control across all gels. An optimum of 14 pg of protein obtained from
definitely stable and definitely unstable plaques were mixed with an equal volume of 1x SDS
sample buffer (10% 2-mercaptoethanol), boiled for 10 minutes at 95°C, and analyzed in duplicate
by 8-28% SDS-PAGE. Samples were transferred to 0.45 pm nitrocellulose membrane (Bio-Rad)
and immunoblotted overnight at 4°C by rabbit polyclonal anti-human adiponectin (1:1500,
ab25891, abcam), PPAR-a (1:1000, ab3484), AMPK-phosphorylated (1:1000, ab131357, abcam),
or AMPK-total (1:4000, ab32047). Membranes were stripped and re-probed by rabbit anti-f-actin
(1:2500, ab75186, abcam), as a loading-control. Bands were visualized by enhanced
chemiluminescence (ZmTech Scientifique, Montreal, QC, Canada) and band densities were
evaluated with Alphalmager HP Imaging Densitometer with the Multi-Analyst software (Alpha
Innotech Corporation, USA). To correct for inter-assay variation across all gels, the pooled control

standard was included on each gel in triplicate and used for normalization of test sample values.

4.3.8 In vitro model of plaque instability
We developed an in vitro model of plaque instability, using THP-1 cells, a human monocytic cell
line (American Type Tissue Culture Collection, Camden, NJ), to confirm our in vivo findings.
These cells were first differentiated into macrophages and then transformed into foam cells using
human acetylated LDL.

THP-1 cells were plated in a 6 well-plate at a density of 0.5 x 10° cells/0.5mL in RPMI-
1640 medium supplemented with 100 IU/mL of penicillin/streptomycin, 50 pmol/L (-
mercaptoethanol, and 10% fetal bovine serum (FBS) and differentiated into macrophages by the
addition of 200 nM phorbol myristyl acetate (PMA) for 72 hours>2. Over an additional period of
72 hours, macrophages were transformed into foam cells by labeling with *[H]-cholesterol (2
uCi/mL) in the presence of 100 pg/mL of acetylated LDL in serum-free RPMI-1640 medium
containing 1% BSA. Following foam cell formation, cells were incubated for 24 hours with 5
pg/mL of human recombinant adiponectin (R&D Systems, Minneapolis, MN, USA). The
oligomeric structure of recombinant adiponectin was explored by native-PAGE gel analysis
(Figure 4.1).

Cells were lysed at 4°C in the presence of protease inhibitors (Roche Diagnostic, Basel,

Switzerland) with buffer containing 20 mmol/L Tris, 5 mmol/L EDTA, 5 mmol/L. EGTA, and
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0.5% n-dodecylmaltoside. AdipoR1, AdipoR2, and their respective signaling proteins (AMPK,
PPAR-a) were analyzed by SDS-PAGE (8-28%)).

[kDa] Figure 4.1 Characterization of the oligomeric structure of
human recombinant adiponectin. Recombinant adiponectin
(20ug/ml) was separated by non-denaturing gradient gel
electrophoresis (4-15%). Adiponectin oligomers were detected by

| 669 adiponectin antibody. A representative immunoblot demonstrates

440 that the recombinant adiponectin used in the in vitro study is

composed of the hexameric (~180kDa) and HMW multimers
—232  (>360kDA).>

— 140

- 66

4.3.9 Foam cell formation

Acetylated Low-density Lipoprotein Preparation

Acetylated LDL was prepared according to Basu et al°*. LDL (density 1.019 to 1.063 g/ml) was
isolated from pooled normolipidemic plasma obtained from healthy subjects by sequential
ultracentrifugation. LDL preparation was desalted by extensive dialysis using 0.15 mol/L NaCl
and 0.3 mmol/L EDTA, pH 7.4, and final protein concentrations were determined by Bradford
protein assay (Bio-Rad). Dialyzed LDL was added to an equal volume of saturated sodium acetate.
Then small aliquots of acetic anhydride (2 pL) were added over the course of 1 hour with
continuous stirring, leading to the addition of a total mass of acetic anhydride equal to 1.5 times
the mass of LDL protein used. The resulting solution was then dialyzed with 0.15 mol/L NaCl and
0.3 mmol/L EDTA, pH 7.4, for 24 hours at 4 °C. Native agarose gel electrophoresis (0.8%), stained
with Sudan black, was applied for quality control analysis of the prepared acetylated LDL>*
(Figure 4.2).
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Figure 4.2 Migration pattern of low-density lipoproteins. Detection of LDL by native agarose gel
electrophoresis stained with Sudan black (lipid stain). 40 uL of native LDL or acetylated LDL
were stained at 4°C overnight with 20 uL of 1% Sudan black previously diluted in 30% ethanol.
Samples were then loaded onto a 0.8% agarose gel with Tris glycine buffer (pH 8.3), thereby
allowing visualization of lipid components as black bands. HMW protein mixture (GE Healthcare,
UK) was run as a standard on the gel. Molecular weight markers were revealed by Coomassie

Blue stain. Following acetylation, acetylated LDL has a LMW than native LDL.*

The identity of transformed foam cells was quantitatively and qualitatively validated by:

1) Quantification of Intracellular Lipid Content: Lipids were extracted from the protein lysates

using Folch solution (chloroform: methanol, 2:1, vol./vol.). Samples were loaded in triplicate onto
Silica Gel (Analtech, Newark, DE, USA) thin layer chromatography plates’2. Bands

corresponding to *[H]-cholesterol ester were located by exposure to iodine vapour and were
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scraped off the plate into liquid scintillating vials and assayed for radioactivity. Transformed foam
cells were observed to have greater accumulation of intracellular cholesterol ester content than

macrophages (P<0.05; Figure 4.3A).

2) Oil Red O Staining: Cells were fixed with 4% paraformaldehyde for 30 minutes and stained
with Oil Red O dye (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 30 minutes. After removing

dye, the cells were washed with PBS and counter-stained with hematoxylin. Representative images
were obtained using the Zeiss Imager Microscope. Transformed foam cells were observed to have

greater Oil Red O staining of lipid droplets than macrophages (Figure 4.3B).
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Figure 4.3 Confirmation of in vitro foam cell formation in human THP-1 cells. THP-1 cells
were incubated for 3 days in growth medium containing 2uCi of 3[H]-free cholesterol with or
without the presence of acetylated LDL (100 ug/mL), resulting in the formation of foam cells or
macrophages, respectively. A) Cholesterol ester content within foam cells and macrophages was
quantified using thin layer chromatography. Samples were analyzed in triplicate. Analysis
comparing the cholesterol ester content within foam cells and macrophages was determined by
independent T-test (P<0.05). B) Representative photomicrographs demonstrating Oil Red O
Staining in foam cells and macrophages fixed in 4% paraformaldehyde. Images were

photographed at magnification x400.

4.3.10 Statistical analyses

Two vascular pathologists graded the instability of the carotid plaques according to gold-standard
histological classifications!'’%!7® (details above) and classified them into 4 groups: 1) ‘definitely
stable’, 2) ‘probably stable’, 3) ‘probably unstable’, and 4) ‘definitely unstable’. The ‘probably

stable’ and ‘probably unstable’ plaque groups were combined and labelled as ‘intermediate stable’
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group to be used in the statistical analyses. In addition to being clinically relevant, combining these
instability groups led to increased statistical power. Descriptive statistics were performed as
appropriate to summarize the baseline characteristics between patients with definitely stable,
intermediate stable, and definitely unstable plaques. Partial Spearman rank correlations were
performed between adiponectin circulating levels, AdipoR1, AdipoR2, and clinical variables.
Parametric (independent T-test, ANOVA) and non-parametric tests (Mann-Whitney, Kruskal-
Wallis) were used, as appropriate, to analyze differences in adiponectin circulating levels, plaque
adiponectin, AdipoR1, AdipoR2, PPAR-a, and AMPK expression, between definitely stable,
intermediate stable, and definitely unstable plaques. Post-hoc analyses were performed following
significance with the ANOVA or Kruskal-Wallis test. All statistical analyses were executed using
SPSS, version 20.0 (IBM Corporation). A P-value of <0.05 (2-tailed) was considered significant.
The degree of significance for the correlation matrix was adjusted using Bonferroni correction.

The Bonferroni adjusted alpha level used was P<0.005.

4.4 Results

4.4.1 Patient characteristics
Demographic, clinical, and biological parameters of the total CEA population (n=143), as well as
of the population split according to the plaque instability classification (definitely stable,
intermediate stable, and definitely unstable) are presented in Table 4.1. The total population had
a mean age (£ SD) of 69.149.0 years, was predominantly male (70.6%), and had a median
circulating adiponectin level of 8.54 [4.28-13.92] ug/mL. The proportion of patients with CAD
differed significantly across all plaque groups (P=0.044), with the definitely stable group having
the greatest proportion of patients with CAD than the intermediate stable and definitely unstable
group. Differences in sex and ever smoker status were approaching significance (P=0.058 and
P=0.056, respectively), with a greater proportion of women (52.9%) within the definitely stable
group and a greater proportion of ever smokers (96.7%) within the definitely unstable group.
Circulating adiponectin levels did not differ significantly among the plaque groups (Table
4.1). However, adiponectin was positively correlated with HDL-C (r=0.413, P<0.001), and
negatively with BMI (r=-0.366, P<0.001), and triglycerides (r=-0.286, P=0.001).
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4.4.2 Symptomatology and plaque instability

The overall relationship between cerebrovascular symptomatology and plaque stability was not
significant (Table 4.1, P=0.246), suggesting that symptomatology is not a good indicator of the
stability of a plaque. In addition, the nature of the cerebrovascular event (AF, TIA, or stroke) as
well as the average time between the cerebrovascular event and the CEA, did not differ
significantly in relation to plaque stability (Table 4.1).

Among the CEA patients who experienced a cerebrovascular ischemic event (AF, TIA, or
stroke), 23% had their CEA within the acute phase (<7 days). The time since event ranged from 1
to 169 days, with an average time of 5.0 [3.0-6.0] days for subjects who underwent a CEA within
the acute phase (<7 days) and 30.0 [20.0-60.5] days for subjects who underwent a CEA following
the acute phase (>7 days). However, the nature of the event (AF versus TIA versus stroke)
remained similar between the two groups (acute: 13%/52.5%/34.8%; non-acute:
20.8%/41.6%/37.7%; P=0.591). In addition, the stability of the plaque (definitely stable versus
intermediate stable versus definitely unstable) in relation to acute and non-acute cerebrovascular
ischemic events did not differ (acute: 8.7%/69.6%/21.7%; non-acute: 9.1%/66.2%/24.7%;

P=0.953), even when the relationship was assessed according to the nature of the event.

4.4.3 Graded expression of adiponectin in carotid atherosclerotic plaques in relation to plaque
instability
Using qRT-PCR, adiponectin mRNA was not detected in carotid plaques or in healthy carotid
arteries, suggesting that adiponectin mRNA transcripts are not produced by cells present in the
plaque or in the intimal and medial layer of the healthy vasculature (Figure 4.4). In contrast, using
Western Blot, adiponectin protein was detected in both atherosclerotic plaques and in healthy
carotid arteries and a graded increase in adiponectin expression was noted from healthy carotid
arteries, to definitely stable plaques, to definitely unstable plaques (P=0.023; Figure 4.5).

The associations between plaque adiponectin protein expression and plaque instability,
according to specific clinical covariates (sex, smoking, diabetes, CAD, hypertension,
symptomatology, and statin use), are presented in Table 4.2. Furthermore, Table 4.3 presents

differences in plaque adiponectin protein levels in relation to these clinical variables.
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Table 4.1 Population demographic and clinical characteristics’

Definitely

Intermediate

Definitely

I()?(l)llz)ll:?ctti::';s tic Tot(z:llzl’lit?::nts Stable Patients  Stable Patients  Unstable Patients Vzll)l-l
(n=17) (n=94) (n=32)
Age,y 69.1£9.0 69.2+8.4 69.4+9.0 68.5£9.4 0.897
Sex, % men 70.6 47.1 75.5 68.8 0.058
BMI, kg/m? 27.0£4.7 28.543.9 26.6+4.3 27.445.9 0.310
Ever Smoker, % 82.2 82.4 77.3 96.7 0.056
CAS, 50-79%/80-99% 23.1/76.9 18.8/81.2 23.3/76.7 25.0/75.0 0.892
Neurologically 69.9 52.9 71.3 75.0 0.246
Symptomatic, %
AF/TIA/Stroke, % 19.0/44.0/37.0 22.2/44.4/33.4 19.4/43.3/37.3 16.7/45.8/37.5 0.996
Timing (Event-CEA), 22.5[9.3-49.3] 15.0 [7.5-32.5] 21.0 [8.0-47] 28.0 [10.5-72.5] 0.513
days
CAD, % 39.6 64.7 389 28.1 0.044
SBP, mmHg 138+19 14624 13718 13518 0.136
DBP, mmHg 71+10 73+10 71+10 7311 0.519
Hypertension, % 80.6 94.1 81.1 71.9 0.169
Anti-hypertensive 77.7 88.2 78.9 68.8 0.267
medication, %
Diabetes mellitus, % 36.0 29.4 34.4 43.8 0.535
Anti-hyperglycemic 30.9 235 31.1 344 0.735
medication, %
Hypercholesterolemia, % 84.9 82.4 86.7 81.2 0.727
Statin use, % 70.5 70.6 71.1 68.8 0.969
Total cholesterol, mmol/L 3.24[2.80-3.81] 3.24[2.79-4.08] 3.22[2.78-3.79] 3.29[2.95-3.81] 0.715
LDL, mmol/L 1.64[1.19-2.08] 1.73[1.19-2.24] 1.63[1.18-2.54] 1.61[1.21-2.23] 0.921
HDL, mmol/L 0.95[0.75-1.13] 1.06[0.81-1.15] 0.95[0.74-1.12] 0.96[0.73-1.18] 0.649
Triglycerides, mmol/L 1.55[1.06-1.89] 1.55[1.10-1.81] 1.55[0.99-1.84] 1.57[1.08-2.00] 0.808
hs-CRP, mg/L 1.45[0.58-3.51] 0.91[0.48-1.61] 1.65[0.66-3.64] 1.09[0.39-5.39] 0.130
Adiponectin, pg/mL 8.54[4.28-13.92] 10.19[5.94-15.06]  8.32 [4.25-14.46] 8.47 [2.93-13.34] 0.563

Normally distributed data: values represent mean+SD; Non-normally distributed data: values represent median [interquartile range]
BMI, body mass index; CAS, carotid artery stenosis; AF, amaurosis fugax; TIA, transient ischemic attack; CEA, carotid endarterectomy; CAD, coronary
artery disease; SBP, systolic blood pressure; DBP, diastolic blood pressure; LDL, low-density lipoprotein HDL, high-density lipoprotein; hsCRP, high-

sensitivity C-reactive protein.

*P-value indicates significance among the three instability groups: definitely stable, intermediate unstable, definitely unstable (analysis was performed by
ANOVA or Kruskall-Wallis, as appropriate).
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Figure 4.4 Adiponectin mRNA expression in various tissues. Adiponectin mRNA was not
expressed in healthy carotid arteries or in carotid atherosclerotic plaques. PVAT that was
surrounding the healthy carotid arteries was used as a positive control, demonstrating 1100-fold

higher adiponectin mRNA expression than in healthy carotid arteries and in carotid plaques.?
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~30 kDa

B-actin - c—— ———— ~42 kDa

P=0.023

Adiponectin protein expression
Fold Change

(relative to healthy carotid arteries)

1_j
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Healthy Carotid Arteries (n=6) Definitely Stable Plaques Definitely Unstable Plaques
(n=13) (n=15)

Figure 4.5 Western Blot analyses of plaque adiponectin in relation to plaque instability.
Representative Western Blot showing expression of adiponectin in human healthy carotid arteries
(n=6) and carotid atherosclerotic plaques (definitely stable [n=13] and definitely unstable
plaques [n=15]). Changes in adiponectin protein expression were determined by normalizing
against the densitometric intensity of p-actin. Data represent mean = SD. Analysis comparing
groups was performed by ANOVA. *P<0.05 (Tukey’s multiple comparisons test between definitely
unstable plaques and definitely stable plaques, and between definitely unstable plaques and

healthy carotid arteries).?
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Table 4.2 Adiponectin protein and AdipoR2 mRNA levels in relation with plaque instability according to specific clinical covariate analyses’

Characteristics Adiponectin protein AdipoR2 mRNA
Definitely Stable  Definitely Unstable +P- Definitely Stable Intermediate Definitely Unstable +P-
(IN], fold (IN], fold value  ([N], 2644C9 & SD) Stable (IN], 26€9 1 SD)  value
change + SD) change + SD) ’ (IN], 2¢2AC) + SD) ’
All [13], 1.77+0.40 [15],4.31£1.90 0.028 [17], 0.96+0.40 [94], 0.57+0.43 [32], 0.46+0.39 0.019
Sex
Men [7], 1.93+£0.43 [12],5.10+2.11 0.057 [8], 1.03+0.49 [71], 0.61£0.41 [22], 0.40+0.36 0.035
Women [6], 1.59+0.38 (3], 3.13+0.32 0.042 [9], 0.90+0.33 [23], 0.48+0.53 [10], 0.59+0.46 0.134
Smoking
Yes [10], 1.81+0.45 [14], 4.36+1.88 0.060 [14], 1.08+0.42 [68], 0.57+0.41 [29], 0.46+0.37 0.017
No [3], 1.66+0.19 [1], 9.78+(-) - [3], 0.55+0.34 [20], 0.58+0.45 [1], 0.30+(-) 0.737
Diabetes
Yes [4], 1.57+0.37 [7], 4.28+1.67 0.132 [5], 0.99+0.36 [31], 0.74+0.47 [14], 0.46%0.40 0.118
No [9], 1.86+0.42 [8], 5.08+2.18 0.128 [12], 0.95+0.40 [59], 0.51+0.41 [18], 0.45+0.37 0.072
Coronary Artery
Disease
Yes [9], 1.71+0.38 [6], 7.59+2.43 0.057 [11],0.83+0.36 [35], 0.63+0.48 [9], 0.41+0.55 0.150
No [4], 1.88+0.49 [9], 2.80+0.92 0.463 [6], 1.24+0.52 [55], 0.55+0.40 [23], 0.47+0.34 0.089
Symptomatology
Yes [7], 1.90+0.38 [12], 4.94+2.01 0.056 [9], 1.04+0.41 [69], 0.55+0.45 [25], 0.43+0.38 0.034
No [6], 1.61+0.44 [3], 3.80+1.67 0.446 [8], 0.87+0.38 [25], 0.64+0.39 [71, 0.54+0.37 0.594
Hypertension
Yes [12], 1.67+0.38 [11], 5.69+2.08 0.024 [16], 1.02+0.41 [73], 0.59+0.41 [23], 0.46+0.52 0.018
No [11, 2.98+(-) [4], 2.02+0.35 - [1], 0.36+(-) [17], 0.53+0.49 [9], 0.43+0.22 0.867
Statin Use
Yes [10], 1.92+0.33 [10], 3.83+1.24 0.078 [12], 1.00+0.39 [64], 0.61+0.42 [22], 0.54+0.42 0.129
No [3], 1.27+0.62 [5], 6.48+2.86 0.169 [5], 0.86+0.41 [26], 0.52+0.43 [10],0.31+0.34 0.117

SD, standard deviation

For adiponectin levels, the fold change is relative to healthy control arteries

202409 yalues presented are normalized to healthy control arteries
tP-value indicates significance between the stability groups
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Table 4.3 Adiponectin protein and AdipoR2 mRNA levels in relation to patient characteristics

2

Characteristics Adiponectin protein AdipoR2 mRNA
[N], mean£SD (AU)  P-value [N], AACq=SD (AU) P-value

Sex

Men [19], 1.63%£1.79 [101]; 0.79+1.34

Women [9], 0.87+0.47 0.096 [42], 0.79+1.16 0.983
Smoking

+1. JI8=El.

Yes [24], 1.36%1.54 0.841 [111],0.78+1.35 0.825

No [4], 1.53+1.69 [24], 0.84£1.15
Diabetes

Yes [11], 1.37£1.43 [50], 0.59£1.22

No [17]. 1.40+1.63 0.958 [89], 0.881.34 0.212
Coronary Artery
Disease

Yes [15], 1.69£1.93 [55], 0.68+1.15

No [13], 1.04£0.81 0.250 [84], 0.84+1.40 0.497
Symptomatology

Yes [19], 1.59+1.71 [103], 0.86+1.26

No 9], 0.97+1.01 0.328 [40], 0.60+1.36 0.278
Hypertension

Yes [23], 1.49+1.67 [112],0.71+1.26

4 2

No [5], 0.92+0.35 0457 [27], 1.04£1.48 0.239
Statin Use

Yes [20], 1.19+0.97 [98], 0.67£1.27

No [8], 1.88+2.46 0466 [41], 1.04£1.36 0.119

SD, standard deviation; AU, arbitrary units

4.4.4 Differential expression of AdipoR1/AdipoR?2 in carotid atherosclerotic plaques in relation to
plaque instability

AdipoR1 and AdipoR2 mRNA transcripts were present in both human atherosclerotic lesions and
healthy carotid arteries. AdipoR1 expression did not differ between atherosclerotic plaques and
healthy arteries (1.092+0.270 arbitrary units [AU] versus 1.000+£0.158 AU, respectively, P=0.870;
Figure 4.6A), while there was a trend for a 1.73-fold reduction of AdipoR2 expression in
atherosclerotic plaques compared to healthy carotid arteries (0.578+0.349 AU versus 1.000+0.305
AU, respectively, P=0.293; Figure 4.6B). AdipoR1 expression remained similar across all grades
of instability (P=0.659; Figure 4.6C), whereas AdipoR2 differed significantly (P=0.019; Figure
4.6D). Specifically, there was a graded decrease in AdipoR2 expression from definitely stable to
intermediate stable to definitely unstable plaques. When compared to definitely stable plaques,

there was a 1.68-fold and a 2.11-fold decrease in AdipoR2 expression in intermediate stable
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(0.596+0.345 AU versus 1.000+0.382 AU; P=0.068) and definitely unstable plaques (0.474+0.342
AU versus 1.000+0.382 AU; P=0.014), respectively. Furthermore, in plaques that had a high
presence of foam cells (=50 cells), AdipoR2 mRNA expression decreased significantly by 1.37-
fold compared to plaques with a lower presence of foam cells (<50 cells) (0.729+0.332 AU versus
1.000+0.364 AU, respectively, P=0.033; Figure 4.7). Table 4.4 presents AdipoR1 and AdipoR2
mRNA expression in relation to other plaques features, including infiltration of inflammatory cells
in the cap, which was found to be trending in association with lower AdipoR2 expression.
Circulating adiponectin levels were negatively correlated with AdipoR1 mRNA expression
in the plaque (r=-0.243, P=0.004) but not with AdipoR2 mRNA (r=-0.056, P=0.508). Neither
AdipoR1 nor AdipoR2 mRNA were correlated with clinical variables (Table 4.3). Table 4.2
presents the association between plaque AdipoR2 mRNA expression and plaque instability,
according to specific clinical covariates (sex, smoking, diabetes, CAD, hypertension,

symptomatology, and statin use).
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Figure 4.6 Quantitative real-time polymerase chain reaction analyses of plaque AdipoR1 and
AdipoR?2 in relation to plaque instability. Bar graphs illustrate gqRT-PCR data for AdipoR1 and
AdipoR2 mRNA levels in relation to plaque instability (n=143). Data represent mean = SD. A and

B, Analysis comparing carotid plaques to healthy carotid arteries was performed by independent
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t test. C and D, Analysis comparing groups of instability was performed by ANOVA. Post-hoc
analysis was performed when overall trend was found to be significant. *P=0.068 between
intermediate stable plaques and definitely stable plaques. 7P=0.014 between definitely unstable
plaques and definitely stable plaques.?

1.6 7
P=0.033
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Low number of foam cells in plaque (n=75) High number of foam cells in plaque (n=68)

Figure 4.7 Quantitative real-time polymerase chain reaction analyses of plaque AdipoR?2 in
relation to foam cell presence. Bar graph illustrates qRT-PCR data for AdipoR2 mRNA levels in
relation to foam cell presence (n=143). Data represent mean + SD. Analysis comparing high (=50

cells) versus low presence of foam cells (<50 cells) was performed by independent t test.>

169



Table 4.4 AdipoR mRNA levels in relation with histological features of the plaque’

Histological Features AdipoR1 AdipoR2

#2CAMC) AU §P-value  ¥2(ACD AU $P-value

Hemorrhage

None (n=112) 1.08+0.40 0.62+0.42

Small (n=29 1.05+0.37 0.45+0.37

Large (n=2) 3.17+0.66 0.259 0.53+0.90 0.216
Thrombus

None (n=109) 1.11+0.38 0.57+0.42

Small (n=32) 1.00+£0.48 0.62+0.36

Large (n=2) 2.06+0.36 0.547 0.56+0.97 0.875
Lipid Core

None (n=21) 0.96+0.35 0.71+£0.40

Small (n=30) 0.99+0.43 0.55+0.37

Large (n=92) 1.16+£0.40 0.550 0.56+0.42 0.516
Fibrous Tissue

<50% (n=93) 1.15+0.40 0.56+0.42

>50% (n=50) 0.99+0.39 0.345 0.70+0.38 0.554
Foam Cells

<50 (n=75) 1.05+0.39 0.67+0.38

>50 (n=68) 1.14+0.40 0.565 0.49+0.46 0.033
New Vessels

None (n=16) 1.18+0.33 0.49+0.45

<10 (n=53) 0.97+£0.42 0.55+0.37

>10 (n=74) 1.17+£0.39 0.497 0.62+0.43 0.571
Calcification

None (n=20) 0.92+0.48 0.47+0.38

Stippling only (n=76) 1.06+0.40 0.57+0.40

Calcified nodules (n=47) 1.24+0.36 0.448 0.65+0.44 0.386
tInflammatory Cells

<5 groups of >50 cells (n=50)  1.14+0.36 0.62+0.41

>5 groups of >50 cells or 1

group >500 cells (n=93) 1.07£0.41 0.680 0.56+0.41 0471
1Cap Infiltration

None 1.13+0.34 0.68+0.43

<50 cells in cap 1.05+0.41 0.63+0.38

>50 cells in cap 1.13+£0.41 0.912 0.45+0.49 0.078
Rupture

Intact cap (n=105) 1.01+0.43 0.60+0.42

Probable rupture (n=29) 1.36+0.32 0.49+0.36

Definite rupture (n=9) 1.34+0.38 0.241 0.61+0.40 0.498

AU, arbitrary units

*)(A4C yalyes presented are normalized to healthy controls

+P-value indicates significance across all groups within a specific histological feature
fInflammation graded according to the number of macrophages and lymphocytes present
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4.4.5 Adiponectin-mediated signalling in relation to plaque instability

A graded decrease in PPAR-a protein levels was observed in relation to carotid plaque instability
(P<0.001; Figure 4.8B). A 1.92- and 1.84-fold reduction in PPAR-a was noted in definitely
unstable plaques when compared to healthy carotid arteries and definitely stable plaques,
respectively (P<0.001; Figure 4.8B), while AMPK phosphorylation (activity) was significantly
increased in definitely unstable plaques (P<0.05; Figure 4.8C).

4.4.6 Cellular localization of adiponectin, AdipoR1, and AdipoR2

Healthy carotid arteries. Using immunohistochemistry, adiponectin was highly detected in the
endothelial layer and to a lower extent in the SMCs. AdipoR1 and AdipoR2 were also found
expressed in endothelial cells and SMCs (Figure 4.9).

Carotid atherosclerotic plaques. Adiponectin, AdipoR1, and AdipoR2 were expressed in
endothelial cells (Figure 4.10) and vascular SMCs (Figure 4.11). Importantly, expression of
adiponectin, AdipoR1, and AdipoR2 was most abundant in macrophage and foam cell-rich areas
in the fibrous cap and surrounding the lipid core (Figure 4.12). Immunofluorescence staining
demonstrated colocalization of AdipoR1 and AdipoR2 with CD68 (Figures 4.13 and 4.14), a
marker for macrophage/foam cells, indicating that both receptors are expressed on

macrophages/foam cells in human atherosclerotic plaques.

4.4.7 In vitro model of plaque instability

THP-1 macrophages upon treatment with adiponectin resulted in a significant up-regulation in
AdipoR2 and PPAR-a protein expression (P<0.01; Figure 4.15B) compared with non-treated
macrophages, while no change in expression was observed among foam cells treated with
adiponectin (Figure 4.15C). However, adiponectin treatment of both macrophages and foam cells
did not result in a significant change in AdipoR1 expression or activity (AMPK phosphorylation)
(Figure 4.15B and 4.15C). Figure 4.15D presents the absolute change in expression of AdipoR1,
AdipoR2, AMPK-phosphorylated, and PPAR-a between treated and non-treated macrophages and
foam cells. Furthermore, in the presence of adiponectin, foam cells had significantly lower
AdipoR2 and PPAR-a expression than macrophages (P<0.001; Figure 4.15E), while in the
absence of adiponectin, foam cells and macrophages demonstrated comparable AdipoR2 and
PPAR-a protein levels than macrophages (Figure 4.15F). However, AMPK phosphorylation was

observed to be significantly higher in foam cells treated with adiponectin when compared to
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macrophages treated with adiponectin (P<0.05; Figure 4.15E), whereas no significant change in
AdipoR1 was observed. We noted a similar significant increase in AMPK phosphorylation in foam
cells not treated with adiponectin when compared to macrophages not treated with adiponectin
(P<0.05; Figure 4.15F), with no observed changes in AdipoR1 expression. A summary diagram

of these results is presented in Figure 4.16.
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Figure 4.8 Western Blot analyses of adiponectin-mediated signalling pathways. A)
Representative Western Blot showing expression of PPAR-0, AMPK-phosphorylated, and AMPK-
total in human healthy carotid arteries (n=>5) and carotid atherosclerotic plaques (definitely stable
[n=12] and definitely unstable plaques [n=12]). B) Changes in PPAR-o. protein expression were
determined by normalizing against the densitometric intensity of f-actin. Data represent mean +
SD. Analysis comparing groups was performed by ANOVA. *P<0.001 (Tukey’s multiple
comparisons test between definitely stable plaques and healthy carotid arteries). 7P<0.001
(between definitely unstable plaques and definitely stable plaques, and between definitely unstable
plaques and healthy carotid arteries). C) Changes in AMPK activity were determined using the
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ratio of AMPK-phosphorylated to AMPK-total protein expression. Data represent mean + SD.
Analysis comparing groups was performed by ANOVA. *P<0.05 (Tukey’s multiple comparisons
test between definitely unstable plaques and definitely stable plaques, and between definitely

unstable plaques and healthy carotid arteries).?

Figure 4.9 Cellular localization of adiponectin, AdipoR1, and AdipoR2 in sections of healthy
human carotid arteries. Representative photomicrographs demonstrating immunohistochemical
staining for adiponectin, AdipoR1, and AdipoR2, visualized with 3,3'-diaminobenzidine
tetrahydrochloride (DAB, brown). Images were photographed at magnification x400. Inlets:
close-up images were taken at magnification x400. A) Left panel = a-SMC actin (SMC marker),
right panel = von Willebrand factor (endothelial cell marker); Inlet represents negative control,;
B) adiponectin; C) AdipoR1; D) AdipoR2. Black arrows represent positive staining on endothelial

cells; red arrows represent positive staining on SMCs. Scale bar represents 20um.?
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Figure 4.10 Cellular localization of adiponectin, AdipoR1, and AdipoR2 in human carotid
atherosclerotic plaques — endothelial staining. Representative photomicrographs demonstrating
IHC staining on endothelial cells for adiponectin, AdipoR1, and AdipoR?2 in sections of human
carotid atherosclerotic plaques, visualized with 3,3'-diaminobenzidine tetrahydrochloride (DAB,
brown). Images were photographed at magnification x400. A) von Willebrand factor (endothelial
cell marker), inlet represents negative control; B) adiponectin; C) AdipoR1; D) AdipoR2. Red

arrows represent positive staining on endothelial cells. Scale bar represents 20um.?
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Figure 4.11 Cellular localization of adiponectin, AdipoR1, and AdipoR2 in human carotid
atherosclerotic plaques — smooth muscle cell staining. Representative photomicrographs
demonstrating IHC staining on vascular smooth muscle cells for adiponectin, AdipoRI, and
AdipoR2 in sections of human carotid atherosclerotic plaques, visualized with 3,3'-
diaminobenzidine tetrahydrochloride (DAB, brown). Images were photographed at magnification
x400. A) a-smooth muscle cell actin (smooth muscle cell marker), inlet represents negative
control; B) adiponectin; C) AdipoRI1; D) AdipoR2. Red arrows represent positive staining on

smooth muscle cells. Scale bar represents 20um.?
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Figure 4.12 Cellular localization of adiponectin, AdipoR1, and AdipoR2 in human carotid
atherosclerotic plaques — macrophage/foam cell staining. Representative photomicrographs
demonstrating immunohistochemical staining for adiponectin, AdipoR 1, and AdipoR2, visualized
with 3,3"-diaminobenzidine tetrahydrochloride (DAB, brown). Images were photographed at
magnification x400. A) CD68 (macrophage/foam cell marker); inlet represents negative control,;
B) adiponectin; C) AdipoR1; D) AdipoR2. Black arrows represent positive staining on

macrophages, red arrows represent positive staining on foam cells. Scale bar represents 20um.?
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Figure 4.13
Colocalization of
AdipoR1 and CD68
(yellow).

Representative
immunofluorescent
micrographs
demonstrating staining for
AdipoR1 (orange) and
CD68 — macrophage
marker (green) with DAPI-
stained nuclei (blue) in
carotid atherosclerotic
plaques. Images were
photographed at
magnification x200, x400,
or x630.%
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Figure 4.14
Colocalization of
AdipoR2 and CD68
(yellow).
Representative
immunofluorescent
micrographs
demonstrating staining
for AdipoR?2 (orange)
and CD68 —
macrophage marker
(green) with DAPI-
stained nuclei (blue) in
carotid atherosclerotic
plaques. Images were
photographed at
magnification x200,
x400, or x630.2
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Figure 4.15 In vitro model of plaque instability. A) Representative Western Blot showing
expression of AdipoR1, AdipoR2, AMPK-phosphorylated, AMPK-total, and PPAR-a, in THP-1
macrophages or THP-1 derived foam cells incubated in the presence or absence of adiponectin.
Samples were analyzed in duplicate. The dividing lines illustrate the grouping of images from
different parts of the same gel. B) Comparing changes in protein expression between macrophages

treated and non-treated with adiponectin, which were determined by normalizing against the
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densitometric intensity of p-actin. Changes in AMPK activity were determined using the ratio of
AMPK-phosphorylated to AMPK-total protein expression. Data represent mean = SD. Analysis
comparing treatment versus non-treatment groups was determined by independent t test. *P<0.01.
C) Comparing changes in protein expression between foam cells treated and non-treated with
adiponectin. Data represent mean + SD. Analysis comparing treatment versus non-treatment
groups was determined by independent t test. D) Bar graphs represent absolute changes in protein
expression between adiponectin treated and non-treated macrophages and foam cells. Data
represent mean = SD. E) Comparing changes in protein expression between foam cells and
macrophages treated with adiponectin. Data represent mean = SD. Analysis comparing foam cells
versus macrophages was determined by independent t test. F) Comparing changes in protein
expression between foam cells and macrophages not treated with adiponectin. Data represent

mean = SD. Analysis comparing foam cells versus macrophages was determined by independent t

test. *P<0.001; +P<0.05.%
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Figure 4.16 Summary diagram for in vitro model of plaque instability. In panel A, the black
arrows depict the direction in the change of expression for AdipoR1/AdipoR2 and its downstream
signalling factors, AMPK/PPAR-a, following the transformation of macrophages into foam cells

in the absence of adiponectin. The number of arrows represents the strength of the change in
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expression. AdipoR1 and AdipoR2 expression did not differ, while there was a slight decrease in
PPAR-o and a significant increase in AMPK phosphorylation. In panel B, the black arrows depict
the direction in the change of expression for AdipoRI1/AdipoR2 and its downstream signalling
factors, AMPK/PPAR-o, following the transformation of macrophages into foam cells in the
presence of adiponectin. No change in expression was observed for AdipoR1, while a significant
decrease was noted for AdipoR2 expression and PPAR-o. and an increase for AMPK
phosphorylation. The red arrows depict the direction in the change of expression for
AdipoR1/AdipoR2 and its downstream signalling factors, AMPK/PPAR-a, on macrophages or
foam cells upon treatment with adiponectin. The number of arrows represents the strength of the
change in expression. Adiponectin treatment of macrophages led to a significant increase in
AdipoR2 and PPAR-o expression, a slight increase in AdipoRI, and no change in AMPK
phosphorylation. On the other hand, adiponectin treatment of foam cells resulted in no change in

expression of AdipoR1, AdipoR2, AMPK, or PPAR-a.?

4.5 Discussion
This study represents an essential step in identifying a novel association between decreased
adiponectin-mediated signaling through the AdipoR2 pathway and plaque instability. We
identified that definitely unstable plaques express more adiponectin and less overall AdipoR2 than
definitely stable plaques, while AdipoR1 expression remained similar among all groups of plaque
instability. In parallel, we noted a decrease in AdipoR2 activity, specifically through PPAR-q, in
definitely unstable plaques, whereas an up-regulation was observed in AMPK phosphorylation,
which is a downstream target of AdipoR1. Furthermore, we created an in vitro model of plaque
instability, using human THP-1 macrophages, which supported our in vivo hypotheses.
Adiponectin exerts atheroprotective and anti-inflammatory effects on the vasculature?®. It
can attenuate monocyte attachment and migration into the intima, suppress macrophage
transformation into foam cells, and induce the expression of TIMP-1, ultimately reducing the risk
of a rupture in the fibrous cap?*-#°%3%_Tts deficiency, both clinically and experimentally, plays a
significant role in the development of various vascular complications. Hypoadiponectinemia is
associated with endothelial dysfunction, CAD, and progression of carotid atherosclerosis. In

animal models, adiponectin deficiency enhances neointimal formation in response to acute

vascular damage and impaired endothelium-dependent vasodilation, whereas treatment with
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adiponectin decreases atherosclerotic lesion formation in apoE”~ mice and in a rabbit model of
abdominal aortic atherosclerosig?6-266.286.288.535,536

Adiponectin protein has been detected in the vasculature of normal and atherosclerotic
mice’!. We demonstrated that adiponectin protein is also present in healthy human carotid arteries,
as well as human carotid atherosclerotic plaques. Interestingly, we noted a lack of adiponectin
mRNA in healthy arteries (comprised of only the intimal and medial layer) and carotid plaques.
This indicates that adiponectin protein in the plaque area or in the intimal and medial layer of
healthy vasculature is not because of de novo cellular expression. Instead, adiponectin must enter
these layers from outside sources? 319330 Indeed, one murine study assessing the ultrastructural
localization of adiponectin within endothelial cells of the aortic wall, observed the presence of
adiponectin in endocytic vesicles, suggesting that adiponectin undergoes endocytosis from the
circulation into the endothelial cells; however the mechanism through which adiponectin
endocytosis occurs is currently unknown?!?. Others have suggested that adiponectin in the vascular
wall is derived from the adventitia and surrounding PVAT, an abundant producer and secretor of
adiponectin®!->3°, Herein, we have confirmed the abundant expression of adiponectin in PVAT
(surrounding healthy carotid arteries), using qRT-PCR and immunohistochemical analyses

(Figures 4.4 and 4.17).
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Figure 4.17 Adiponectin protein expression in human perivascular adipose tissue.
Representative photomicrographs demonstrating immunohistochemical staining on adipocytes
from PVAT (that was removed from healthy carotid arteries). A) Immunohistochemical staining
for adiponectin, B) Negative control. Staining was visualized with 3,3'-diaminobenzidine

tetrahydrochloride (DAB, brown). Red arrows represent adipocytes.?
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Furthermore, in our study, immunohistochemical staining of healthy carotid arteries demonstrated
that adiponectin protein is highly localized to the endothelial layer and to a lower extent on SMC:s,
whereas in carotid plaques, adiponectin was mainly detected in areas of high macrophage and foam
cell abundance. Differences in the localization pattern of adiponectin have also been detected

319 We are the first to observe an

within the aortic wall of normal versus atherosclerotic mice
increase in adiponectin expression within atherosclerotic plaques that exhibit unstable features
when compared to definitely stable plaques or healthy arteries. Lending support to the hypothesis
that the origin of adiponectin in the plaque may be derived from the surrounding PVAT, a recent
study demonstrated higher adiponectin expression in the PVAT of neurologically symptomatic
patients versus asymptomatic patients who underwent a CEA>°. Our findings, along with previous

experimental evidence?*%>37

, suggest that adiponectin may accumulate in unstable lesions or in the
damaged vascular wall as a protective mechanism in response to injury, or because of increased
endothelial permeability that is associated with vascular damage and atherosclerotic lesion
progression’8,

The beneficial effects of adiponectin are mediated through its receptors, AdipoR1 and
AdipoR23%3313 'which we observed to be expressed most abundantly on macrophages/foam cells,
and to a lower extent on endothelial and SMCs in atherosclerotic plaques. An overall decrease in
AdipoR2 expression was noted in definitely unstable plaques. Furthermore, AdipoR2 signaling
through PPAR-a was significantly impaired in definitely unstable plaques, suggesting not only a
decrease in AdipoR2 expression but also in its activity. In contrast, AdipoR1 expression remained
unchanged between definitely stable and definitely unstable plaques. However, a significant up-
regulation in AMPK-phosphorylated activity was observed in association with greater plaque
instability. Although PPAR-a and AMPK are main downstream signaling components of AdipoR1
and AdipoR2, respectively, they are not limited to these receptors, and can also be triggered by
other factors present in carotid lesions>**>%°, Thus, we used the in vitro model of foam cell
formation (a critical process of plaque instability), to confirm our in vivo observations.

Upon treatment with recombinant adiponectin, a significant up-regulation in AdipoR2 and
PPAR-a protein expression was observed in macrophages but resulted in no change in AdipoR1
expression and AMPK activity. The recombinant adiponectin used was primarily composed of the
HMW isoforms of adiponectin (Figure 4.1), thus, it was not surprising to observe significant
changes in the AdipoR2 pathway but not in AdipoR1 since AdipoR1 possesses lower affinity than
AdipoR2 for the HMW isoforms of adiponectin®®®. AdipoR2 or PPAR-o expression was not up-
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regulated in adiponectin-treated foam cells, suggesting impairment in the response of AdipoR2 to
its ligand and a resulting loss in its downstream signaling activity. The baseline values (i.e., in the
absence of adiponectin) of AdipoR2 and PPAR-o remained unchanged following the
transformation of macrophages into foam cells. However, the response of foam cells to adiponectin
was impaired upon transformation from macrophages, resulting in decreased AdipoR2 expression
and activity (through PPAR-a) compared with adiponectin-treated macrophages (summary
diagram, Figure 4.18), which mirrors the decrease in expression noted between definitely unstable
plaques (i.e., contains greater presence of foam cells), definitely stable plaques, and healthy carotid
arteries. We hypothesize that decreased signaling downstream of AdipoR2 may impair the
atheroprotective actions of adiponectin and cause adiponectin resistance, thereby contributing to
plaque instability and an accumulation of adiponectin in vulnerable lesions. In contrast, AMPK
activity was up-regulated in adiponectin-treated foam cells compared to macrophages, whereas no
changes in AdipoR1 were noted, as similarly observed in definitely unstable versus definitely
stable plaques. However, this increase in AMPK activity was also noted between foam cells and
macrophages not treated with adiponectin. Thus, we think that the increase in AMPK activity
associated with foam cell induction, as well as plaque instability, is independent of the adiponectin-
AdipoR1 pathway.

Interestingly, previous evidence supports a differential role of the two receptors. In mice,
the two receptors demonstrated opposite effects on glucose tolerance and energy expenditure,
where AdipoR2 deficiency promoted diabetes> !4, However, sufficient evidence remains lacking
to elucidate their independent role in atherosclerotic disease.

Our study has several strengths, including the use of human carotid arteries, pointing to its
translational aspect, the combination of in vivo and in vitro experiments to unravel the observed
associations, and the novelty of the topic in the area of atherosclerotic disease. We acknowledge
that our study also contains limitations. No causative associations can be determined; since the
study analyzed carotid specimens, a cross-sectional design was inevitable. Furthermore, as we
used human data, adiponectin and its receptors can be influenced by several factors. However,
since the stable and unstable patient groups were similar in terms of patient comorbidities and
clinical characteristics, and analyses performed according to specific clinical covariates did not
affect the significance of the results, we are confident that the observed differences are not because
of inter-individual variability. Furthermore, our in vitro experiments led support to our in vivo

findings.
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Additionally, although beyond the scope of this study, another limitation is that the origin of
adiponectin in the plaque could not be determined, as it is not feasible to collect PVAT from our
CEA subjects. A recently published article demonstrated higher adiponectin expression in the
PVAT (surrounding the carotid plaques) of neurologically symptomatic patients versus
asymptomatic patients who underwent a CEA>°, thus mirroring the elevation in adiponectin
protein levels we observed in unstable versus stable carotid plaques versus healthy carotid arteries.
To provide some supporting evidence, we performed qRT-PCR analysis on the removed PVAT
that was surrounding the healthy carotid arteries and demonstrated that the adiponectin mRNA
expression was a 1100-fold higher than in healthy carotid arteries and in carotid plaques (Figure
4.4), confirming that adiponectin is highly expressed by PVAT and not by plaque tissue or the
healthy vasculature that has been stripped of its surrounding adventitial and adipose tissue layers.
We also performed immunohistochemical analyses of the removed PVAT, which demonstrated

adiponectin protein to be expressed by the adipocytes (Figure 4.17).
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Figure 4.18 Summary model of the adiponectin-AdipoR1 and -AdipoR?2 signaling pathway in
an unstable carotid plaque. To summarize, unstable carotid plaques had less AdipoR2 expression
than stable plaques, while AdipoR1 expression remained similar. Furthermore, a graded decrease
in PPAR-a protein levels was observed in relation to carotid plaque instability, while AMPK
phosphorylation was increased. Adiponectin, and AdipoR1/R2 protein expression was mainly

detected in endothelial cells, intimal SMCs, and macrophages and foam cells.?
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4.6 Conclusion

Our findings suggest that a decrease in AdipoR2 signaling in unstable plaques may define a state
of adiponectin resistance, which partly explains the compensatory elevation in adiponectin levels
observed in unstable plaques. This study including a large number of carotid plaque specimens
provided human evidence that AdipoR2 may be a key player in the context of plaque instability,
while the adiponectin-AdipoR1 pathway plays no significant role (summary model in Figure
4.18). However, as this is a relatively untapped area of research, investigations are ongoing to

further elucidate the distinct effect of AdipoR2 on plaque instability.
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Connecting Text

Our results from Chapter 4 demonstrated that the local presence of adiponectin at the level of the
plaque plays a more important role in the context of plaque instability than circulating levels of
adiponectin (as noted in Chapter 3), as greater plaque adiponectin expression was observed in more
unstable vs stable plaques. Furthermore, we identified a novel association between decreased
adiponectin-mediated signalling through the AdipoR2 pathway and plaque instability. These in
vivo observations and in vitro findings led us to hypothesize that defective signalling downstream
of AdipoR2 may impair the atheroprotective actions of adiponectin and cause adiponectin
resistance, thereby contributing to an accumulation of adiponectin in more vulnerable lesions.
Since the expression of adiponectin and its receptors were observed in our study to be highly
expressed in plaque macrophages, we also hypothesized that the impairment in adiponectin-
AdipoR2 activity in unstable plaques occurs at the level of the macrophage.

To test these hypotheses, our next chapter investigates how modulation of the adiponectin-
AdipoR pathway in the monocyte-macrophage lineage can affect the response of macrophages to
adiponectin and promote plaque stability/instability. Specifically, this will be achieved by
determining the role of the adiponectin-AdipoR pathway in macrophage-mediated cholesterol
efflux and HDL biogenesis, under conditions that enhance or impair AdipoR activity in monocyte-
derived macrophages. We have selected to use cholesterol efflux and HDL biogenesis as a proxy
mechanism of plaque stability, as removal of excess cholesterol from peripheral cells (i.e.,
macrophages) via the RCT pathway is known to be a major protective system against the
development of atherosclerotic plaques. We have previously shown in our lab that cholesterol
efflux capacity is inversely associated with more severe carotid stenosis and more unstable carotid
plaque morphology, suggesting that cholesterol efflux capacity may be a biomarker for
atherosclerotic plaque severity and instability!%8. Importantly, circulating adiponectin levels have

been strongly associated with increased cholesterol efflux capacity®”

, while in vitro adiponectin
treatment of human monocyte-derived macrophages has led to an increase in apoA-I-mediated
cholesterol efflux by up-regulating ABCAI1 expression, with similar findings observed in
mice??3332340 To further expand knowledge in this domain, our study (presented in the following

chapter) aims to provide evidence to link these associations with the AdipoR pathway.
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CHAPTER 5: ADIPONECTIN-ADIPOR PATHWAY STIMULATES CHOLESTEROL
EFFLUX EFFICIENTLY IN HUMAN MACROPHAGES AND MODULATES HDL-
APOA-I BIOGENESIS

Karina Gasbarrino, Anouar Hafiane, Huaien Zheng, Stella S. Daskalopoulou

Preliminary work

Data concerning adiponectin’s effects on cholesterol efflux kinetics and HDL biogenesis were
presented at Arteriosclerosis, Thrombosis, and Vascular Scientific Sessions 2016, and abstract was

published in Arterioscler Thromb Vasc Biol 36,1 Suppl: A28, 2016)?
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5.1 Abstract

Introduction: Adiponectin is an anti-inflammatory and anti-atherogenic adipokine that is strongly
and positively correlated with circulating HDL levels. Adiponectin exerts its effects through two
receptors, AdipoR1 and AdipoR2, which are found highly expressed on macrophages. Recently,
we demonstrated that decreased adiponectin-AdipoR activity is associated with atherosclerotic
plaque instability. However, the role of this pathway in macrophage-mediated cholesterol efflux,
a crucial process in atherogenesis, remains poorly investigated. Herein, we examined the effect of
the adiponectin-AdipoR pathway on cholesterol efflux from human THP-1 macrophages,
elucidated its kinetics, and investigated its role in HDL biogenesis.

Methods: Adiponectin dose-dependent (0.5 to 60 ug/mL) and time-dependent (0.5 to 24 hours)
cholesterol efflux studies were performed in 3[H]-cholesterol labeled human THP-1 macrophages
in the presence of apoA-I. Intracellular cholesterol species were measured by thin layer
chromatography. Following efflux studies, the HDL fractions within media were concentrated
(10kDa cut-off filter) and subjected to analytical fast-performance liquid chromatography (FPLC)
and 2D-PAGE analysis to reveal HDL species. Lentiviral short hairpin RNA (shRNA) experiments
were performed to determine the contribution of the adiponectin receptors in promoting cholesterol
removal.

Results: Adiponectin, in the presence of apoA-I, stimulated a specific increase in macrophage-
mediated cholesterol efflux in a dose-dependent and time-dependent manner. Kinetics analysis
revealed that increased doses of apoA-I incubated in the presence of adiponectin resulted in higher
cholesterol efflux with greater velocity than apoA-I alone. This was associated with a significant
decrease in intracellular free cholesterol and cholesterol ester content in THP-1 macrophages in
the presence of adiponectin and apoA-I when compared to apoA-I alone. The FPLC cholesterol
profiles and 2D-PAGE analysis demonstrated that in the presence of adiponectin and apoA-I there
was increased generation of nascent HDL particles (pre-p and a-HDL species), compared to apoA-
I alone. Activation of the adiponectin receptor pathway via treatment with AdipoRon, led to a
similar significant increase in apoA-I-mediated cholesterol efflux as adiponectin. On the other
hand, downregulation of AdipoR1 or AdipoR2 expression resulted in significant reductions in
cholesterol efflux in macrophages incubated in the presence of both apoA-I and adiponectin.
Conclusions: In addition to promoting the rate-limiting step of the cholesterol efflux process,
adiponectin can modulate HDL-apoA-I biogenesis, by increasing the generation of nascent HDL

particles. AdipoR1 and AdipoR2 both play major contributions in mediating adiponectin’s effects
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on cholesterol efflux and HDL biogenesis. These findings suggest that combining adiponectin and
apoA-I may be of potential therapeutic value in modulating HDL’s protective role in
atherosclerosis. Moreover, the AdipoR pathway may serve as a novel target for promoting

cholesterol efflux activity.

5.2 Introduction

Atherosclerosis is a disease of the arterial wall that is characterized by the progressive
accumulation of lipids, chronic inflammation, cellular debris, and fibrous connective tissue. The
rupture and/or erosion of unstable atherosclerotic plaques often leads to the formation of a
thrombus that can cause acute occlusion of blood flow resulting in clinical complications such as
a MI or stroke. The RCT pathway is a multi-step process that plays a critical role in protecting
against the development of atherosclerotic plaques. It involves the removal of excess cholesterol
from peripheral tissues and orchestrates its return, via HDL particles, to the liver for excretion in
the bile!%196:107 Qur group has previously demonstrated cholesterol efflux, the initial step in the
RCT pathway, to have strong, inverse associations with increased carotid artery stenosis and
advanced plaque morphology in patients with severe carotid atherosclerosis!%8.

Macrophages are major cellular effectors of the initiation, progression, and complication
of atherosclerotic lesions®*. Following excess cholesterol uptake and intracellular cholesterol ester
accumulation, macrophages can transform into foam cells, which serve as a hallmark of
atherosclerotic lesion formation. However, macrophage-specific cholesterol efflux is an

103 Macrophages

atheroprotective process, which can retard and/or reverse foam cell formation
express a variety of lipid transporters implicated in cholesterol efflux, such as ABCA1, ABCGI,
and SR-BI!'!. ABCA1 preferentially interacts with lipid-poor or lipid-free apoA-I, which absorbs
the excess lipids, to form small nascent HDL particles!!!!!°, This interaction is defined as the
initial rate-limiting step of the RCT pathway. On the other hand, ABCGI and SR-BI are
responsible for mediating cholesterol efflux to already lipidated HDL particles'!®. There are a
number of studies linking impaired macrophage cholesterol efflux with cardiometabolic diseases.
Thus, modification/enhancement of this process may serve as a novel therapeutic approach for the
prevention of atherosclerosis and its associated complications.

Adiponectin is an anti-inflammatory and anti-atherogenic adipokine that exerts its effects

through two receptors, AdipoR1 and AdipoR2, which are found highly expressed on macrophages

in the plaque. We have previously demonstrated that decreased adiponectin-AdipoR activity is
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associated with atherosclerotic plaque instability?. Experimental evidence suggests that
adiponectin can significantly decrease cholesterol accumulation in macrophages, thereby
suppressing macrophage-to-foam cell transformation®>. A proposed mechanism by which
adiponectin attains lower intracellular cholesterol levels is by promoting an increase in cholesterol
efflux capacity. Circulating adiponectin has been reported to be a strong and independent predictor

of high circulating HDL levels and increased cholesterol efflux capacity?®>-323-327

. Importantly,
adiponectin has been previously shown to affect the RCT pathway both at the level of the liver and
of the macrophage. In adiponectin knock-out mice the expression levels of apoA-I and ABCA1 in
the liver were reduced®®. Furthermore, in vitro treatment of human monocyte-derived
macrophages with adiponectin led to a significant increase in apoA-I-mediated cholesterol efflux
by up-regulating ABCA1 expression®32*#°, However, there remains limited knowledge concerning
the efficiency and therapeutic potential of combining adiponectin with apoA-I to promote
cholesterol efflux and HDL biogenesis. Moreover, AdipoR’s contribution to adiponectin’s effects
on the RCT system remains unclear. Thus, herein, we aimed to examine the role of the adiponectin-

AdipoR pathway in macrophage-mediated cholesterol efflux and HDL biogenesis, and elucidate

the kinetics associated with this process.

5.3 Materials and Methods

THP-1 monocytes were purchased from the American Type Culture Collection (ATCC, Camden,
NJ, USA). The following materials were used: 3[H]-free cholesterol (Perkin Elmer, Waltham, MA,
USA); human recombinant adiponectin (R&D Systems, Minneapolis, MN, USA); human
recombinant apoA-I (Meridian Life Science, Cincinnati, OH, USA); AdipoRon (Cayman
Chemical, Ann Arbor, MI, USA); polyclonal antibodies against human apoA-I (1:1000, K45252P,
Meridian Life Science), AdipoR1 (1:1000, ab126611, abcam, Cambridge, MA, USA), AdipoR2
(1:650, ab113538, abcam), PPAR-a (1:1000, ab3484, abcam), AMPK-phosphorylated (1:1000,
ab131357, abcam), AMPK-total (1:4000, ab32047, abcam), and B-actin (1:2500, ab75186,
abcam); PMA (InvivoGen, San Diego, CA, USA); scintillation liquid (MP Biomedicals, Santa
Ana, CA, USA); Silica Gel thin layer chromatography plates (Analtech, Newark, DE, USA);
miRNeasy Mini Kit (Qiagen, Valencia, CA, USA); High-Capacity cDNA Reverse Transcription
Kit with RNase inhibitor (Thermo Fisher Scientific, Waltham, MA, USA); Human AdipoR1
PrimePCR SYBR Green Assay (Unique Assay ID: qHsaCID0018245, Bio-Rad Laboratories,
Hercules, CA, USA); Human AdipoR2 PrimePCR SYBR Green Assay (Unique Assay ID:
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qHsaCID0011851, Bio-Rad Laboratories), and Human B2M PrimeTime qPCR Primers
(Hs.PT.58v.18759587, Integrated DNA Technologies, Coralville, [A, USA).

5.3.1 Cell culture systems
Human THP-1 monocytes were grown as previously described, in RPMI-1640 medium containing
100 IU/mL of penicillin/streptomycin, 10% FBS, and 50 pmol/L B-mercaptoethanol, and
maintained at 37°C in a humidified atmosphere of 5% CO% Prior to cholesterol efflux
experiments, monocytes were fully differentiated into macrophages by the addition of 200 nM
PMA for 48-72 hours in RPMI-1640 medium supplemented with 100 IU/mL of
penicillin/streptomycin and 1% FBS.

THP-1 monocytes were stably transduced with lentiviral vectors containing shRNA
constructs against AdipoR1 or AdipoR2, or mock-transduced with a lentiviral vector containing
scrambled shRNA (used as a negative control). Prior to experiments, transduced monocytes were

also differentiated into macrophages, as detailed above.

5.3.2 Lentiviral shRNA vector production against AdipoR1 and AdipoR?2
293FT cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with
10% FBS and 100 IU/mL of penicillin/streptomycin. 293FT cells were 85-95% confluent at the
time of transfection. TRC shRNA constructs against human AdipoR1 (#TRCN0000063046;
mature antisense: AAACAGCACGAAACCAAGCAG) and AdipoR2 (#TRCN0000060570;
mature antisense: TAGGAATGATTCCACTCAGGC) expressed in pLKO.1 HIV-based lentiviral
expression plasmids (Figure 5.1) were obtained from Dharmacon, Inc. (Lafayette, CO, USA).
Transfection of 293T cells (with lentiviral expression plasmids plus packaging plasmids) was
accomplished using Lipofectamine 2000 reagent (Thermo Fisher Scientific). Two days following
transfection, the viral supernatant was collected and used to infect THP-1 monocytes. To increase
the efficiency of the infection, a spinoculation step was performed to concentrate the virus at the
surface of the cell (900g for 1.5 hours at 32°C). Infection occurred over a period of 12-14 hours.
Four days after infection, successfully infected cells were selected by culturing in 1 pg/mL
puromycin (Sigma-Aldrich, St. Louis, MO, USA) until the non-transduced negative cells have
died, as determined by Trypan Blue staining.

To determine successful down-regulation of AdipoR1 and AdipoR2 expression, total RNA
and protein was extracted from mock-, sShRNA AdipoR1-, and shRNA AdipoR2-transduced THP-
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1 macrophages using the miRNeasy Mini Kit (Qiagen, Valencia, CA, USA). mRNA expression of
AdipoR1 and AdipoR2 was assessed via SYBR Green-based qRT-PCR, using the CFX384
Touch™ Real-Time PCR Detection System (Bio-Rad Laboratories). All measurements were
performed in duplicate and Cq values obtained were normalized to the housekeeping gene, [3-2
microglobulin. Relative mRNA abundance was calculated using the 224¢9 method. Protein
expression of AdipoR1 and AdipoR2 was determined by SDS-PAGE (10%), as previously

described?. B-actin was used as a loading control.

— U6 —hPGK

shRNA
RRE (AdipoR1/
AdipoR2

pLKO.1

~— ULINIS.£

( RSV/5'LTR

pUC ori AmpR SV40 ori
Figure 5.1 The pLKO.1 vector backbone used. The lentiviral vectors used contain shRNA
constructs against AdipoR 1 or AdipoR2 under the human U6 (RNA polymerase I1I) promoter, and
a puromycin resistance gene (Puro®; mammalian selection marker), under the human
phosphoglycerate kinase promoter (hPGK). The vector also contains a Rev response element
(RRE), a Psi packaging sequence (¥), an RSV promoter/5 long terminal repeat (RSV/5'LTR), a 3’
self-inactivating long terminal repeat (3 SIN LTR), and an ampicillin resistance gene (Amp*;

bacterial selection marker).

5.3.3 Cholesterol efflux assays

Studies were carried out on standard 24-well plates (0.5 x 10° cells/well). Human THP-1
macrophages (transduced, or non-transduced) were labelled with 2 pCi/mL of *[H]-free cholesterol
in the presence of 1% FBS and incubated for 72 hours. Cells were washed gently (2-3x) with PBS
before exposure to cholesterol efflux acceptors (i.e., apoA-I, adiponectin, and/or AdipoRon) in
medium supplemented with 0.1% essentially fatty-acid free BSA. Various doses of acceptor at

various time-points were tested. Media were collected, centrifuged at 1500g for 10 min at room
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temperature to remove cellular debris, and then counted for radioactivity by beta-scintillation.
Cells were lysed in 0.5 mL of 0.1N NaOH overnight at room temperature with constant shaking.
Cell associated-*[H]-cholesterol was measured the following day by liquid scintillation counting.
Cholesterol efflux was calculated according to the following formula as the percentage of *[H]-
cpm medium/(C[H]-cpm medium + 3[H]-cpm cells) x 100%°*?. Percent efflux from cells in the
absence of the acceptor was subtracted from % efflux in the presence of the acceptor to determine

the % specific efflux.

5.3.4 Thin layer chromatography

To measure intracellular cholesterol levels following the cholesterol efflux process, lipids were
extracted from THP-1 macrophages using a mixture of hexane and isopropanol (HIP; 3:2
vol./vol.). Lipid extracts were dried under N> gas and then reconstituted in Folch solution
(chloroform: methanol, 2:1, vol./vol.). Samples were loaded in triplicate onto Silica Gel thin layer
chromatography plates, as previously reported®. Bands corresponding to *[H]-free cholesterol and
3[H]-cholesterol ester were located by exposure to iodine vapor and were scraped off the plate into

liquid scintillating vials and assayed for radioactivity by beta-scintillation.

5.3.5 Fast-performance liquid chromatography (FPLC) analysis

HDL species released into the media during the efflux process were characterized using FPLC
separation with a Superose 6B size-exclusion column (GE Healthcare, Madison, WI). Media
containing *[H]-cholesterol was collected and centrifuged (1500g, 10min, room temperature) to
remove cellular debris. HDL particles within the media were concentrated by ultrafiltration using
a 10 kDa centrifugal filter (Amicon Ultra Centrifugal Filter Unit, MilliporeSigma, Burlington,
MA, USA), loaded onto the column, and eluted with 50 mM Tris, 0.15 M NaCl, pH 7.4 at a
constant flow rate of 0.35 mL/min. Radioactivity associated with each fraction eluted was

determined by beta-scintillation.

5.3.6 Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)

FPLC fractions 30-60, corresponding to elution peaks, were pooled and analyzed by 2D-PAGE to
determine the integrity and quality of apoA-I-containing HDL particles. Samples (50 uL of pooled
FPLC fractions) were separated in the first dimension according to their isoelectric point (0.75%

agarose gel electrophoresis, horizontal axis, 100V, 3 hours, 4°C) and in the second dimension
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according to their molecular weight (5% to 15% polyacrylamide gradient gel electrophoresis,
vertical axis, 125V, 24 hours, 4°C). Samples were then transferred onto nitrocellulose membranes
(30V, 24 hours, 4°C). Membranes were incubated with goat polyclonal anti-human apoA-I
antibody. Bands were detected by chemiluminescence using the SuperSignal West Pico substrate
(Thermo Fisher Scientific) and band densities were quantified using ImageStudioLite software
(LI-COR Biosciences, Lincoln, NE, USA). High molecular weight protein mixture (4-17 nm; GE
Healthcare, UK) was run as a standard on each gel. Molecular weight markers were revealed by

Ponceau S sodium salt.

5.3.7 Statistical analysis

Data are presented as mean + SD. Results were compared statistically by independent-samples t-
test. In order to determine the kinetic parameters for cholesterol efflux, we used the Michaelis-
Menten equation (K, = Michealis constant; V.. = maximum velocity, Vu./K, = relative catalytic
efficiency). All statistical analyses were executed using Graph-Pad Prism 6 software (GraphPad

Software, Inc. La Jolla, CA). A P-value of <0.05 (2-tailed) was considered significant.

5.4 Results

5.4.1 Effect of adiponectin treatment on apoA-I-mediated cholesterol efflux and HDL biogenesis

Cholesterol efflux studies were performed in 3[H]-cholesterol labeled human THP-1 macrophages
in the presence of apoA-I. Adiponectin, in the presence of apoA-I, stimulated a specific increase
in macrophage-mediated cholesterol efflux in a dose-dependent and time-dependent manner
(Figure 5.2). When increased doses of adiponectin were incubated for 6 hours with an optimal and
fixed dose of apoA-I (10 pg/mL), apoA-I-mediated cholesterol efflux was stimulated with high-
efficiency in a dose-dependent manner with a Michaelis-Menten constant (K, value of 0.26+0.24
pg/mL and a Viyar of 7.25+0.78 %efflux/6h (Figure 5.2A). Adiponectin reached saturation or its
maximal effect on efflux at a rather low dose of about 5 pg/mL; further increasing adiponectin
concentrations against a fixed dose of apoA-I did not result in any further increase in cholesterol
efflux. Thus, 5 pg/mL of adiponectin was chosen as its’ optimal dose for the following
experiments. Importantly, adiponectin, without the presence of apoA-I, was unable to stimulate
cholesterol efflux. The level of adiponectin efflux on its own was similar to the level of diffusional
or passive efflux when macrophages were incubated without the presence of any acceptor (media

alone). Furthermore, adiponectin and apoA-I combined stimulated cholesterol efflux in a time-
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dependent manner, generating greater efflux than apoA-I alone, across all time-points after ~3
hours of incubation (Figure 5.2B). Adiponectin + apoA-I-mediated cholesterol efflux reached
saturation after 24 hours of incubation, while apoA-I-mediated cholesterol efflux reached
saturation more rapidly at ~16 hours of incubation. Kinetics analysis revealed that when increased
concentrations of apoA-I were incubated in the presence of a fixed dose of adiponectin (5 pg/mL)
for 24 hours, this resulted in higher cholesterol efflux with increased kinetic efficiency (Viua/Km)
and greater velocity (K,=1.76+0.80 ug/mL, Vux=9.76+1.17 %efflux/24h) when compared to
apoA-I alone (K,=4.32+1.41 pg/mL, V;ux=8.54+0.98 %eftlux/24h) (Figure 5.3A). The kinetic
efficiency of adiponectin + apoA-I in promoting cholesterol efflux from THP-1 macrophages was
2.8-fold higher than apoA-I alone. This significant increase in specific apoA-I-mediated
cholesterol efflux in the presence of adiponectin (P<0.05; Figure 5.3B) was associated with a
significant decrease in intracellular free cholesterol (P<0.01) and cholesterol ester content
(P<0.05), as measured by thin layer chromatography, in macrophages incubated for 24 hours in
the presence of both adiponectin and apoA-I when compared to apoA-I alone (Figure 5.3C and

D, respectively).

5 pg/mL
adiponectin

. -

&

Specific YH-cholesterol efflux
(% cpm)

Specific JH-cholesterol efflux
(% cpm)

T T T T T T T T T T T L]
5 10 15 20 25 30 35 40 45 50 55 60 0 2 4 6 8 10 12 14 16 18 20 22 24
Adiponectin concentration (ng/mL) Time (hours)

—=— adiponectin (5 pg/mL) + apoA-I (10 pg/mL)

—#— adiponectin + apoA-I (10 pg/mL) —+ apoA-L alone (10 pg/mL)

-e-. adiponectin alone -e - adiponectin alone (5 pg/mL)

Figure 5.2 Adiponectin promotes apoA-I-mediated cholesterol efflux in a dose-dependent and

time-dependent manner. A) Dose-dependent macrophage cholesterol efflux: 3[H]-cholesterol-

labeled THP-1 macrophages were incubated for 6 hours with increased doses of adiponectin (0,
0.5, 1, 2.5, 5, 10, 20, 30, 55, 60 ug/mL) in the absence (dotted black line) or presence (red line) of
a fixed dose of apoA-I (10 ug/mL). Medium- and cell-associated *[H]-radioactivity was counted.

Specific cholesterol efflux was calculated and expressed as % cpm. Each data-point represents the
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mean of triplicates = SD. Kinetic parameters for adiponectin + apoA-I-mediated cholesterol efflux
are as follows: Kn = 0.26+£0.24 ug/mL, Vi = 7.25%0.78 %efflux/6h, and relative catalytic
efficiency (Vma/Kn) = 27.88. B) Time-course activity of macrophage cholesterol efflux to 1)
adiponectin (5 ug/mL) + apoA-I (10 ug/mL), 2) apoA-I alone (10 ug/mL), or 3) adiponectin alone
(5 ug/mlL). Specific cholesterol efflux, expressed as % cpm, was determined at the indicated time-
points (0, 30 min, 1, 2, 4, 7, and 24 hours). Each data-point represents the mean of triplicates +
SD.
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Figure 5.3 Effect of adiponectin treatment on cholesterol efflux kinetic parameters and on
intracellular cholesterol species. A) °[H]-cholesterol-labeled THP-1 macrophages were
incubated for 24 hours with increased doses of apoA-I (0, 0.5, 1, 2, 3, 5, 10, 15, 20 ug/mL) in the
absence (blue line) or presence (black line) of a fixed dose of adiponectin (5 ug/mL). Medium- and
cell-associated *[H]-radioactivity was counted. Specific cholesterol efflux was calculated and

expressed as % cpm. Each data-point represents the mean of triplicates + SD. Kinetic parameters

199



for cholesterol efflux to: adiponectin + apoA-1: K, = 1.76£0.80 ug/mL, Vyaxr = 9.76x1.17
Yoefflux/24h, and relative catalytic efficiency (Vma/Km) = 5.55; apoA-I alone: K, = 4.32+1.41
ug/mL, Vipax = 8.54+0.98 %efflux/24h, and relative catalytic efficiency (Vma/Km) = 1.98. B) 3[H]-

cholesterol-labeled THP-1 macrophages were incubated for 24 hours with 1) adiponectin (5
ug/mL) + apoA-I (10ug/mL), 2) apoA-I alone (10 ug/mL), and 3) adiponectin alone (5 ug/mL).
Bar graphs represent specific cholesterol efflux expressed as % cpm. Data presented as mean +
SD. *P<0.001 vs. macrophages treated with apoA-I alone (independent-samples t-test). Results
shown are representative of three independent experiments. C) Bar graphs represent intracellular
free cholesterol measured by thin layer chromatography. Radioactivity (°[H]-free cholesterol) was
measured by beta-scintillation, divided by cellular protein content (cpom/ug), and expressed as a
percentage of control (100%, in the absence of acceptor). Data presented as mean = SD. *P<(.01
vs. macrophages treated with apoA-I alone; 7P<0.01 vs. control macrophages; [P<0.0001 vs.
control macrophages (independent-samples t-test). Results shown are representative of three
independent experiments. D) Bar graphs represent intracellular cholesterol ester measured by
thin layer chromatography. Radioactivity (°[H]-cholesterol ester) was measured by beta-
scintillation, divided by cellular protein content (cpm/ug), and expressed as a percentage of
control (100%, in the absence of acceptor). Data presented as mean = SD. *P<(0.05 vs.
macrophages treated with apoA-I alone; 7P<0.05 vs. control macrophages; fP<0.01 vs. control
macrophages (independent-samples t-test). Results shown are representative of three independent

experiments.

5.4.2 Effect of adiponectin treatment on HDL biogenesis

The cholesterol content within HDL particles generated in the cell culture media during the
cholesterol efflux process was characterized by FPLC analysis (Figure 5.4A-C). The FPLC
elution profiles of 3[H]-cholesterol are shown in Figure 5.4A. Upon treatment of macrophages
with adiponectin + apoA-I for 24 hours, larger elution peaks were produced between fractions ~30-
60 compared to treatment with apoA-I alone, demonstrating a significant increase in lipidated
nascent HDL particle formation (pre-f and a-HDL species) during the process of cholesterol efflux
that occurred in the presence of adiponectin (Figures 5.4A-C). The nature of the apoA-I-
containing HDL species generated during the cholesterol efflux process was further investigated
by 2D-PAGGE analyses, where bands were detected in the pre-f3 and a regions both in the presence

and absence of adiponectin (Figure 5.4D). However, in the presence of adiponectin + apoA-I, an
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increase was found in pre-§ HDL by 19.7% and in a-HDL by 49.8% compared to HDL particles

formed in the presence of apoA-I alone.
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Figure 5.4 Characterization of lipidated nascent HDL species generated in the cell culture
media during apoA-I-mediated cholesterol efflux in the presence or absence of adiponectin. A)
Representative FPLC elution profiles of 3[H]-cholesterol. 3[H]-cholesterol-labeled THP-1
macrophages were incubated for 24 hours with 1) adiponectin (5 ug/mL) + apoA-I (10 ug/mL),
2) apoA-I alone (10 ug/mlL), 3) adiponectin alone (5 ug/mL), 4) no acceptor (media alone). Media
was collected, concentrated by ultrafiltration, and then subjected to FPLC separation, using a
Superose 6B size-exclusion column where larger molecules are eluted first. Radioactivity (*[H]-
cholesterol) associated with each fraction was determined and expressed as cpm. B) Bar graphs
represent *[H]-cholesterol within FPLC fractions ~30-55 corresponding to the a-HDL peak. Data
presented as mean £ SD. *P<0.0001 vs. macrophages treated with apoA-I alone (independent-
samples t-test); 1P<0.0001 vs. control macrophages. Results shown are representative of three
independent experiments. C) Bar graphs represent *[HJ]-cholesterol within FPLC fractions ~56-
60 corresponding to the pre-f HDL peak. Data presented as mean = SD. *P<(.05 vs. macrophages

201



treated with apoA-I alone; 7P<0.001 vs. control macrophages; }P<0.0001 vs. control
macrophages (independent-samples t-test). Results shown are representative of three independent
experiments. D) Representative Western blot of native 2D-PAGE of apoA-I containing nascent
HDL species generated by incubation of THP-1 macrophages with apoA-I in the absence or
presence of adiponectin. FPLC fractions ~30-60 corresponding to the elution peaks were pooled
and analyzed by 2D-PAGE. Molecular weight markers were revealed by Ponceau S. Molecular

size markers are indicated (diameter in nm and kDa).

5.4.3 Modulation of adiponectin receptors and its effect on apoA-I-mediated cholesterol efflux
AdipoRon is a synthetic small-molecule that binds to and activates the adiponectin receptors, as
demonstrated by a dose-dependent increase in the expression of AMPK and PPAR-a, which are
well-known downstream signalling pathways of AdipoR1 and AdipoR2, respectively (Figure
5.5A). Treatment of THP-1 macrophages with AdipoRon demonstrated similar effects in
stimulating apoA-I-mediated cholesterol efflux as treatment with adiponectin (Figure 5.5B).
AdipoRon, on its own, acted as a poor acceptor, generating a passive efflux of <1%. However, in
the presence of apoA-I, AdipoRon promoted an increase in cholesterol efflux in a dose-dependent
manner. Treatment with higher doses of AdipoRon (5 and 10 uM) significantly increased apoA-I-
mediated cholesterol efflux compared to treatment in the absence of AdipoRon (P<0.05, Figure
5.5B).

Lentiviral shRNA experiments were performed to determine the contribution of each
adiponectin receptor in promoting cholesterol removal from macrophages. Following infection of
THP-1 macrophages with shRNA constructs against AdipoR1 or AdipoR2, the expression levels
of AdipoR1 and AdipoR2 mRNA and protein were significantly decreased in shRNA AdipoR1-
and AdipoR2-transduced macrophages, respectively, relative to mock-transduced macrophages
(Figure 5.6A-D). Following knockdown of AdipoR1 or AdipoR2 expression, apoA-I-mediated
cholesterol efflux in the presence of adiponectin was significantly decreased by 66.48% and
55.73% in shRNA AdipoR1- and AdipoR2-transduced macrophages, respectively, compared to

mock transduction (Figure 5.6E).
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Figure 5.5 Activation of adiponectin receptors via treatment with AdipoRon stimulates apoA-I-
mediated cholesterol efflux in a dose-dependent manner. A) Representative Western blot
showing expression of AMPK-phosphorylated, AMPK-total, and PPAR-a, in THP-1 macrophages
treated and non-treated with increasing doses of AdipoRon. Three independent determinations
were performed, and similar results were observed. Samples were analyzed in duplicate. Bar
graphs represent changes in protein expression between macrophages treated and non-treated
with AdipoRon. Data presented as fold change + SD. Protein expression was determined by
normalizing against the densitometric intensity of p-actin. Changes in AMPK activity were
determined using the ratio of AMPK-phosphorylated to AMPK-total protein expression. *P<0.05
vs. untreated macrophages (independent-samples t-test). B) 3[H]-cholesterol-labeled THP-1
macrophages were incubated for 24 hours with increased doses of AdipoRon (1, 5, 10 uM) in the
absence or presence of a fixed dose of apoA-I (10 ug/mL). Macrophages were also treated with
adiponectin (5 ug/mL) + apoA-I (10 ug/mL) or with apoA-I alone (10 ug/mL). Bar graphs
represent specific cholesterol efflux expressed as % cpm. Data presented as mean + SD. *P<(.01
vs. macrophages treated with apoA-I alone; 1P<0.05 vs. macrophages treated with apoA-I alone;,
IP<0.01 vs. macrophages treated with adiponectin + apoA-I; #P<0.05 vs. macrophages treated
with adiponectin + apoA-I (independent-samples t-test). Results shown are representative of two

independent experiments.
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Figure 5.6 AdipoR1 and AdipoR?2 expression and apoA-I-mediated cholesterol efflux in mock,
shRNA AdipoR1-, and shRNA AdipoR2-transduced THP-1 macrophages. Comparing changes
in the levels of A) AdipoR1 and B) AdipoR2 mRNA between shRNA AdipoR - or shRNA AdipoR2-
transduced THP-1 macrophages and mock-transduced macrophages. Bar graphs represent gRT-
PCR data for AdipoR1 and AdipoR2 mRNA levels in macrophages. Data presented as fold change
+ SD. *P<0.001 vs. mock macrophages; 1P<0.001 vs. shRNA AdipoRI- or shRNA AdipoR2-
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transduced macrophages (independent-samples t-test). Comparing changes in the levels of C)
AdipoR1 and D) AdipoR2 protein between shRNA AdipoRI- or shRNA AdipoR2-transduced THP-
1 macrophages and mock-transduced macrophages. Representative Western Blot images are
shown for AdipoR1 and AdipoR?2. Three independent determinations were performed, and similar
results were observed. Samples were analyzed in duplicate. Protein expression was determined by
normalizing against the densitometric intensity of f-actin. Data presented as fold change + SD.
*P<0.01 vs. mock macrophages; 7P<0.01 vs. shRNA AdipoR2-transduced macrophages
(independent-samples t-test). E) 3[H]-cholesterol-labeled mock-, shRNA AdipoR1-, and shRNA
AdipoR2-transduced THP-1 macrophages were incubated for 24 hours with adiponectin (5
ug/mL) + apoA-I (10 ug/mL). Bar graphs represent specific cholesterol efflux expressed as %
cpm. Data presented as mean = SD. *P<(.01 vs. mock macrophages (independent-samples t-test).

Results shown are representative of two independent experiments.

5.5 Discussion

Our work revealed that treatment of macrophages with apoA-I in combination with adiponectin
results in efficient stimulation of cholesterol efflux and greater HDL particle formation than
treatment with apoA-I alone. Moreover, we demonstrated that adiponectin’s effects on cholesterol
efflux and HDL biogenesis are mediated via its receptors, AdipoR1 and AdipoR2. Activation of
the adiponectin receptor pathway via treatment with AdipoRon, led to a similar significant increase
in apoA-I-mediated cholesterol efflux as adiponectin, while downregulation of AdipoR1 or
AdipoR2 expression resulted in significant reductions in cholesterol efflux in macrophages

incubated in the presence of both apoA-I and adiponectin.

5.5.1 Adiponectin’s effects on cholesterol efflux and HDL biogenesis

Epidemiological studies have consistently demonstrated that low plasma HDL levels are
associated with increased risk of CVD>#. However, these associations have failed to translate into
clinical evidence that raising HDL levels pharmacologically can reduce the risk of cardiac and
stroke events and prevent CVD>*-3%_ Tt has been suggested that measures of HDL functionality,
rather than its absolute cholesterol mass, may be more accurate indicators of cardiovascular risk!%°.
HDL particles possess a variety of pleiotropic effects; they are known to mediate cellular
cholesterol efflux, have antioxidant properties, and modulate vascular inflammation and

106,547

vasomotor function and thrombosis . Thus, perhaps more relevant to human physiology
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would be to develop efficacious drugs as well as novel approaches not only to raise HDL levels
but more importantly to modulate and increase its pleiotropic functions. Our group has previously
reported that patients with more severe carotid artery stenosis and more advanced/unstable carotid
plaque morphology have significantly lower cholesterol efflux from macrophages than patients

108 “Therefore, cholesterol efflux,

with less severe and more stable atherosclerotic plaque burden
particularly from macrophages, serves as an important protective mechanism against
atherosclerosis development and severity and as a potential target for novel therapies.

Previous evidence has shown that adiponectin, an adipose tissue secreted adipokine with
anti-inflammatory and vasculo-protective properties, affects the RCT pathway at the level of the
liver and of the macrophage, by increasing ABCA1 expression and enhancing HDL/apoA-I
mediated cholesterol efflux?3>338340 In line with previous evidence, herein, we have shown that
adiponectin requires the presence of apoA-I (which is the primary acceptor of cholesterol and the
preferred substrate of ABCAL1) to stimulate an increase in macrophage-mediated cholesterol efflux
in a dose-dependent and time-dependent manner. Importantly, adiponectin specifically promotes
active efflux, without affecting the level of diffusional or passive efflux (efflux without the
presence of any acceptor). It is critical that the level of passive efflux remains low, as higher levels
can cause cell lysis and toxicity. Even at elevated doses, adiponectin does not exhibit unwanted
toxicity, thereby depicting its therapeutic utility. Moreover, our study expands on previous
knowledge, by demonstrating that the kinetics associated with the interaction between adiponectin
and apoA-I in promoting cholesterol efflux was highly efficient (relative catalytic efficiency was
almost 3-fold higher) compared to apoA-I alone. This suggests that therapeutically combining
adiponectin with apoA-I may help improve the cholesterol efflux process in patients with advanced
atherosclerotic disease, where this system may be impaired.

We are the first to demonstrate that adiponectin modulates HDL-apoA-I biogenesis, by
increasing the generation of nascent HDL particles in an apoA-I-dependent process. HDL is a
collection of subspecies with different compositions and properties. The impact of adiponectin on
HDL subspecies remains elusive. However, our data showed that adiponectin can increase the
generation of both pref and a-HDL species. Pref-HDL is an immature form of HDL, which acts
as both a product and substrate in the ABCA 1-mediated cholesterol efflux process>*. On the other
hand, a-HDL species represent more mature forms of HDL and high levels of the larger a-species
are associated with decreased cardiovascular risk!'!'*. Our findings suggest that adiponectin is

efficient in maintaining cholesterol efflux by promoting the generation of a continuous pool of
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HDL particles that act as acceptors, while also promoting HDL maturation. Our future work will
focus on elucidating the functional properties of these HDL particles generated in the presence of
both adiponectin and apoA-I, particularly its effects on mediating ABCG1-dependent cholesterol

efflux, as well as effects on inflammation and oxidation.

5.5.2 Contribution of the AdipoR pathway

To date, there exists limited studies investigating the potential involvement of the adiponectin
receptors (AdipoR1 and AdipoR2) in mediating adiponectin’s effects on apoA-I-dependent
cholesterol efflux and HDL biogenesis. Overexpression and downregulation of AdipoR1 and
AdipoR2 in HEK293T human kidney cells provided the first evidence that both receptors are
positively involved in the cholesterol efflux process via upregulation of ABCA1 expression and
activity®’!. However, there exists conflicting evidence concerning the importance of each receptor
in macrophage lipid metabolism. Downregulation of the AdipoR1 signalling pathway (but not
AdipoR2) blunted adiponectin’s effects on cholesterol efflux in macrophages isolated from
diabetic patients?>>. On the other hand, Li et al. demonstrated that small interfering RNA-mediated
downregulation of AdipoR2 in THP-1 macrophages enhanced apoA-I- and HDL-mediated
cholesterol efflux, while the contribution of the AdipoR1 pathway was not investigated**.
However, Li’s efflux experiments were performed in the absence of adiponectin. Therefore, a firm
conclusion regarding the direct impact of AdipoR2 gene silencing on adiponectin’s effects on
cholesterol efflux cannot be established. In fact, the upregulation observed in cholesterol efflux
may be attributed to off-target effects of downregulating AdipoR2 on the expression of ABCAI,
ABCGI1, LXR-a, PPAR-y. In light of these conflicting results, herein, we performed AdipoR
activation and silencing experiments to clarify the existing evidence and further elucidate whether
the adiponectin-induced effects on cholesterol efflux were AdipoR-dependent. Treatment of THP-
1 macrophages with AdipoRon, a synthetic small-molecule AdipoR agonist, replicated the effects
of adiponectin on increasing apoA-I-mediated cholesterol efflux, while 94% reduction in the
AdipoR1 gene (42% in protein) and 80% reduction in the AdipoR2 gene (28% in protein) led to a
significant 66.48% and 55.73% decrease, respectively, in cholesterol efflux in the presence of both
apoA-I and adiponectin. These results suggest that both receptors are needed for adiponectin to
fulfill its role on cellular cholesterol efflux and that the expression of one receptor is not sufficient
to compensate for lack of the other. One major limitation of the study is that the percentage of

AdipoR1/R2 protein downregulation was not efficient enough to determine the precise
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contribution that each receptor plays. Knock-out strategies using CRISPR-Cas9 technology may
prove to be a more successful approach than shRNA-mediated gene silencing. It is suggested that
AdipoR1 and AdipoR2 play a key role in mediating adiponectin’s effects on lipid metabolism by
inducing a cascade of signalling pathways particularly involving the AMPK and PPAR-a
molecules®®, which in turn may activate PPAR-y and LXR-a, i.e., major pathways through which

d550,551

ABCA1 and ABCGI transporter expression can be upregulate . Future studies are needed to

confirm the role and interaction of these pathways in the efflux system.

5.6 Conclusion

Our study provided preliminary evidence that adiponectin can improve the efficiency of the rate-
limiting step of the cholesterol efflux process and promote nascent HDL biogenesis via activation
of both the AdipoR1 and AdipoR2 receptors. Moreover, our study suggests that combining
adiponectin and apoA-I may have therapeutic potential in modulating HDL’s protective role in
atherosclerosis. Since adiponectin, on its own, exerts beneficial effects leading to increased insulin
sensitivity, decreased inflammation, as well as vasculo-protection, we expect that adiponectin in
combination with apoA-I will result in “super-HDL” particles with greater functionality than those
generated from apoA-I alone therapies that are currently under investigation. Therefore, combining
adiponectin and apoA-I therapeutically may serve as a promising HDL-targeted therapy for the
prevention and treatment of atherosclerotic disease and for the stabilization of plaques.
Alternatively, specific activation of the AdipoR pathway may serve as a novel and potent
therapeutic strategy in enhancing the action of adiponectin and promoting cholesterol efflux

activity without the need to target/increase adiponectin levels.
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Connecting Text

Stabilization of a vulnerable plaque is the ultimately clinically relevant goal. The results from the
previous chapter provided preliminary evidence supporting the adiponectin-AdipoR pathway as a
potential therapeutic target for plaque stabilization. A therapy aimed at modulating specifically
AdipoR expression and/or activity may have the potential to promote a more stable macrophage
phenotype, and ultimately more plaque stability by increasing cholesterol efflux and HDL
biogenesis.

In the following chapter (Chapter 6) we aimed to determine whether currently used cardio-
metabolic medications can positively modulate the adiponectin-AdipoR pathway in the monocyte-
macrophage lineage. We took a particular interest in statin therapy since it is widely used for the
primary and secondary prevention of CVD and there is evidence for off-target anti-inflammatory
effects, where it can modulate immune responses by altering cytokine levels and affect the function
of cells involved in both innate and adaptive responses®2>33, Moreover, statins have been shown
to promote plaque regression and decrease atherosclerotic plaque burden!43:144,

A meta-analysis reported a significant elevation in circulating adiponectin levels following
statin therapy>>>. However, this statin-induced augmentation of adiponectin was dependent on the
type of statin used®>. Herein, through a comprehensive approach, including in vivo (cross-
sectional and longitudinal) and in vitro (in human THP-1 monocyte-derived macrophages) studies,
we assessed the effects of various doses of statins as well as the duration of statin use on the
expression and function of the adiponectin-AdipoR pathway, which has not been previously
explored. We focused on specifically testing the impact of atorvastatin and rosuvastatin on the
adiponectin-AdipoR pathway, as these are known to be the most effective, widely used, and

clinically relevant statins.
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CHAPTER 6: INTENSIVE STATIN THERAPY COMPROMISES THE ADIPONECTIN-
ADIPOR PATHWAY IN THE HUMAN MONOCYTE-MACROPHAGE LINEAGE

Karina Gasbarrino, Anouar Hafiane, Huaien Zheng, Stella S. Daskalopoulou
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6.1 Abstract

Statins are widely used for primary and secondary prevention of CVD through cholesterol
lowering and anti-inflammatory effects. Adiponectin, an anti-inflammatory adipokine, acts via two
receptors, AdipoR1 and AdipoR2, to exert protective effects on the vasculature. We aimed to
investigate whether statins can modulate the adiponectin-AdipoR pathway in the human
monocyte-macrophage lineage. AdipoR1 and AdipoR2 mRNA expression on circulating
monocytes from patients with severe carotid atherosclerosis, was significantly lower by 1.36- and
1.17-fold, respectively, in statin users vs. statin-naive patients. Specifically, patients on high doses
of atorvastatin (40-80 mg) or rosuvastatin (20-40 mg), had significantly lower AdipoR expression
compared to statin-naive patients. Similarly, in a longitudinal in vivo study, longer treatment of
atorvastatin or rosuvastatin (=5 months following statin initiation) in patients with cardiovascular
risk factors resulted in lower AdipoR1 and AdipoR2 expression on circulating monocytes
compared to pre-statin levels. /n vitro, THP-1 macrophages were treated with increasing doses of
atorvastatin or rosuvastatin for 24 or 72 hours. Higher statin doses and longer exposure resulted in
a greater decrease in AdipoR mRNA expression and signalling through AMPK and PPAR-a, and
greater macrophage secretion of pro-inflammatory cytokines, IL-1f, IL-6, and TNF-a. High doses
of statins also significantly reduced adiponectin’s capacity to suppress intracellular cholesterol
ester levels in oxidized LDL-loaded macrophages, with rosuvastatin exhibiting higher potency
than atorvastatin. Our in vivo (cross-sectional and longitudinal) and in vitro studies identified a
novel pleiotropic property of statins in modulating the adiponectin-AdipoR pathway in the human
monocyte-macrophage lineage, where intensive statin therapy compromised the expression and

function of adiponectin and its receptors.
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6.2 Introduction

Atherosclerosis is a chronic and progressive inflammatory disease of the arterial wall that is
characterized by the cross-talk between excessive inflammation and lipid accumulation.
Circulating monocytes, which migrate to the arterial wall, and tissue-resident macrophages are
instrumental in the development of human atherosclerotic plaques and are heavily involved in their
progression and destabilization®.

Statins are widely used for primary and secondary prevention of CVD?*>4. Beyond lowering
cholesterol levels, which is their main beneficial effect, statins also possess pleiotropic actions,
including the improvement of endothelial function, modulation of immune activation, and
reduction of platelet aggregation and thrombus formation'#!14?, Furthermore, statins have direct
favorable effects on atherosclerotic plaque burden by promoting plaque regression!**!#4, They
possess anti-inflammatory effects which can affect the plaque by 1) decreasing monocyte
recruitment to the plaque!#, 2) reducing macrophage accumulation in the plaque!*’, and 3)
inhibiting the production of MMPs by activated macrophages'#’, which are enzymes that degrade
and destabilize the fibrous cap of the plaque.

Adiponectin, an abundant adipose tissue-secreted protein, is involved in glucose
regulation, promotes insulin sensitivity, and possesses anti-inflammatory, anti-atherogenic, and

vasculo-protective properties?’

. In humans, low levels of circulating total and HMW adiponectin
are associated with cardiovascular risk factors, such as obesity, diabetes, hypertension, and low
levels of HDL-C, as well as a higher prevalence of CAD?%>26%35  Adiponectin acts via two
receptors, AdipoR1 and AdipoR2, to reduce inflammation and exert protective effects on the
vasculature by 1) decreasing the expression of adhesion molecules on the surface of the vascular
endothelium, resulting in an attenuation of monocyte attachment to endothelial cells and their
migration into the intimal layer of the arterial wall*®?, and 2) suppressing foam cell formation®®.
Recently, we demonstrated that adiponectin receptors are highly expressed on macrophages
present in the plaque and that decreased AdipoR2 expression and signalling is associated with
atherosclerotic plaque instability in patients with moderate-to-high-grade carotid artery stenosis?.

Both statins and adiponectin share several beneficial effects on inflammation and
atherosclerosis, thus reducing cardiovascular risk. While several studies have reported an increase
in circulating adiponectin levels following statin therapy, others have demonstrated a decrease,

which could be dependent on the type of statin used®*>. We hypothesize that along with changes

in adiponectin levels, statins can also affect AdipoR activity, which may be a novel pleiotropic
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action of statins. Thus, the aim of this study was to investigate whether statins can modulate the

adiponectin-AdipoR pathway in the human monocyte-macrophage lineage.

6.3 Methods

6.3.1 Cross-sectional study population

Consecutive patients with severe carotid atherosclerosis, scheduled for a CEA, were recruited from
the Vascular Surgery pre-operative clinics at the McGill University Health Centre and the Jewish
General Hospital in Montreal, Canada, as previously described?>>°.

Clinical information concerning statin use (statin type and dose prescribed) prior to CEA
was obtained and cross-matched through various sources: 1) patient interview, 2) a detailed
questionnaire, and 3) medical records. Subjects who were only prescribed statins following their
CEA were considered to be statin-naive. Sociodemographic and other clinical information (i.e.,
cerebrovascular symptomatic status, carotid artery stenosis, past medical history, other medication
use, and lifestyle habits) were also obtained.

Fasting blood samples were collected from each subject the day of the CEA prior to
surgical intervention. Blood samples were used for obtaining plasma and serum for subsequent
biochemical analyses, and for peripheral blood monocyte isolation. Carotid plaque specimens were

obtained immediately following surgical resection.

6.3.2 Longitudinal study population

Patients with various cardiovascular risk factors, including hypercholesterolemia, were recruited
from the Vascular Health Clinic at the McGill University Health Centre. All subjects had clinical
indication for statin therapy, were statin naive, and were prescribed a low dose statin at the baseline
visit, which was titrated until LDL levels were at target (<2 mmol/L). Blood samples were
collected from each patient on the day of recruitment (baseline visit [pre-statins]) and at each
follow-up (f/u) visit (early f/u: <5 months after baseline, late f/u: >5 months after baseline) for
biochemical analyses and peripheral blood monocyte isolation. Sociodemographic and clinical

information were obtained from each patient as detailed in section 6.3.1.
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6.3.3 Ethics approval
The cross-sectional and longitudinal studies fully comply with the Declaration of Helsinki; the
McGill University’s Institutional Ethics Review Board granted ethics approval (A12-M145-09B)

and all subjects provided written informed consent prior to inclusion in the study.

6.3.4 Blood laboratory assays

Serum lipid profile (total cholesterol, HDL-C, triglycerides, apoA-I, apoB, high-sensitivity CRP,
and glucose levels, as well as white blood cell count were measured at the McGill University
Health Centre central labs. LDL-C levels were calculated using the Friedewald equation*?. Plasma
total and HMW adiponectin levels were determined by enzyme-linked immunosorbent assays
(Human Total Adiponectin/Acrp30 Quantikine ELISA Kit, R&D Systems, Minneapolis, MN,
USA; Human HMW Adiponectin/Acrp30 Quantikine ELISA Kit, R&D Systems). All samples
were run in duplicate and the lower limits of detection were 0.891 ng/ml for total adiponectin and
0.989 ng/mL for HMW adiponectin. Inter-assay coefficients of variation were <7% and <9% for

total and HMW adiponectin, respectively, while intra-assay coefficients of variation were <5%.

6.3.5 Histological assessment of carotid atherosclerotic plaque instability

The carotid plaque segment (approximately 3-4 mm in thickness) with the area of maximal stenosis
and largest plaque burden was processed for histological assessment, as described previously?>%,
Two vascular pathologists (JV and CL) independently and blindly (unaware of patients’ clinical
status) characterized the instability of the plaques, according to two gold-standard classifications:
1) AHA classification by Stary et al.!’®, and 2) semi-quantitative scale by Lovett et al'’"!78,
According to the AHA classification, plaques in our study were either classified as a Type V
(fibroatheroma with a large lipid or necrotic core), Type VI (complex plaque with possible surface
defect, hemorrhage, or thrombus), Type VII (calcified plaque), or Type VIII plaque (fibrotic
plaque without lipid core), with Type V and VI plaques considered unstable!’®. According to the
semi-quantitative scale, individual features of the plaque (i.e., inflammation, lipid core size,
fibrous tissue content, etc.) were graded on a scale of 3 or 4. Based on the presence of a
combination of these features, the overall instability of the plaque was defined as: definitely stable,

probably stable, probably unstable, or definitely unstable!””-!78,
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6.3.6 Peripheral blood monocyte isolation

PBMCs were isolated from whole blood using Ficoll gradient centrifugation. Total monocytes
were then isolated from PBMCs by positive selection with CD14" Human MicroBeads (Miltenyi
Biotec, Germany), using a Magnetic Activated Cell-Sorting technique (autoMACS Pro Separator,
Miltenyi Biotec).

RNA Isolation

Total RNA was extracted from monocytes using the miRNeasy Mini Kit (Qiagen, Valencia, CA,
USA), and treated with RNase-free DNase I (RNase-Free DNase Set, Qiagen) to remove
contamination with genomic DNA. Total RNA concentration was measured by absorbance at 260
nm using the BioDrop pLITE spectrophotometer (Montreal Biotech Inc., Dorval, QC, Canada)
and its quality and purity were determined using the ratio of absorbance 260/280 and 260/230,

respectively.

Quantitative Real-Time Polymerase Chain Reaction

cDNA was synthesized from total RNA using the High-Capacity cDNA Reverse Transcription Kit
with RNase inhibitor (Thermo Fisher Scientific, Waltham, MA, USA), as described previously?.
mRNA expression of AdipoR1 (Human AdipoR1 PrimePCR SYBR Green Assay, Unique Assay
ID: qHsaCID0018245, Bio-Rad Laboratories, Hercules, CA, USA) and AdipoR2 (Human
AdipoR2 PrimePCR SYBR Green Assay, Unique Assay ID: qHsaCID0011851, Bio-Rad
Laboratories) was assessed via SYBR Green-based qRT-PCR, using the CFX384 Touch™ Real-
Time PCR Detection System (Bio-Rad Laboratories). All measurements were performed in
duplicate and Cq values obtained were normalized to the housekeeping gene, -2 microglobulin
(Human B2M PrimeTime qPCR Primers, Hs.PT.58v.18759587, Integrated DNA Technologies,
Coralville, IA, USA). Relative mRNA abundance was calculated using the 2-24¢9 method.

6.3.7 In vitro statin treatment of human macrophages

THP-1 cells, a human monocytic cell line (American Type Tissue Culture Collection, Camden,
NJ, USA) were differentiated into macrophages by the addition of 200 nM PMA (InvivoGen, San
Diego, CA, USA) for 48 hours in RPMI-1640 medium supplemented with 100 IU/mL of
penicillin/streptomycin and 1% FBS. Macrophages were then treated with atorvastatin or

rosuvastatin to determine their effects on cell viability, AdipoR expression, cytokine secretion, and
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adiponectin-mediated signalling and function, as detailed below. In accordance with our
longitudinal and cross-sectional in vivo studies, atorvastatin and rosuvastatin were chosen to test
in vitro; these statins are the most clinically relevant and widely used in patients at risk for CVD

as well as in patients with established CVD.

Cell Viability Assay

To determine the effect of various statin doses on cell viability, an MTS (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)-based assay was used
(CellTiter 96® AQueous One Solution Cell Proliferation Assay kit, Promega Corporation, Madison,
WI, USA).

RNA Analyses
THP-1 monocytes were seeded in a 24 well-plate at a density of 1.0 x 10° cells/mL. Following

differentiation into macrophages, cells were treated in triplicate with atorvastatin or rosuvastatin
(Cayman Chemical, Ann Arbor, MI, USA) at increased doses (1 uM, 10 uM, 60 uM) for either 24
or 72 hours, in serum-free RPMI-1640 medium containing 0.5% BSA. Following statin treatment,
the cells were collected for RNA extraction and the culture media for cytokine profiling. Total
RNA was extracted using the miRNeasy Mini Kit (Qiagen, Valencia, CA, USA) and qRT-PCR
analysis of AdipoR1 and AdipoR2 mRNA expression was performed as above.

Cytokine Profiling

Cell culture media were profiled for macrophage secretion of various cytokines, IL-1, IL-6, IL-
10, and TNF-a, using a V-PLEX Human custom-made kit (MSD, Rockville, MD, USA). A 5-fold
dilution of samples was performed, and all samples were run in duplicate. The lower limits of
detection for IL-1PB, IL-6, IL-10, and TNF-o were 0.035, 0.045, 0.030, and 0.094 pg/mL,

respectively. Inter- and intra-assay coefficients of variation were <15% and <7%, respectively.

Protein Analyses — THP-1 monocytes were seeded in a 6 well-plate at a density of 1.0 x 10°

cells/mL. Following differentiation into macrophages, cells were incubated for 24 hours with
5 pg/mL of human recombinant adiponectin (R&D Systems, Minneapolis, MN, USA) in serum-
free RPMI-1640 medium containing 0.5% BSA. Cells were then treated in triplicate with

atorvastatin or rosuvastatin at various doses (10 uM and 60 uM) for either 24 or 72 hours.
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Following treatment, cells were lysed at 4°C with RIPA Lysis Buffer (Alpha Diagnostic
International, San Antonio, TX, USA) in the presence of protease inhibitors. AMPK and PPAR-a
were analyzed by SDS-PAGE, as described previously?. Fifteen ug of protein isolated from in
vitro statin-treated monocyte-derived macrophages was mixed with an equal volume of Laemmli
sample buffer (2X), boiled for 10 minutes at 95°C, and analyzed in duplicate by 10% SDS-PAGE.
Samples were transferred to 0.45 pm nitrocellulose membrane, blocked with 5% non-fat milk in
Tris-buffered saline (TBS) for 1 hour at room temperature and then incubated overnight at 4°C
with rabbit polyclonal anti-human PPAR-a (1:1000 in 1% non-fat milk, ab3484, abcam,
Cambridge, MA, USA), AMPK-phosphorylated (1:1000 in 1% non-fat milk, ab131357, abcam),
or AMPK-total (1:4000 in 1% non-fat milk, ab32047, abcam). Rabbit anti-B-actin (1:2500 in 1%
non-fat milk, ab75186, abcam) was used as a loading control. After washing in 0.1% Tween 20-
TBS, membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:6000 in 1% non-fat milk; Jackson ImmunoResearch, West Grove, PA, USA) for 2 hours at
room temperature. Bands were detected by chemiluminescence using the SuperSignal West Pico
substrate (Thermo Fisher Scientific) and band densities were quantified using ImageStudioLite

software (LI-COR Biosciences, Lincoln, NE, USA).

Oxidized Low-density Lipoprotein Loading

THP-1 monocyte-derived macrophages (seeded in a 24 well-plate at a density of 1.0 x 10°
cells/mL) were treated in duplicate for 24 hours in the presence of 5 pg/mL of human recombinant
adiponectin and 60 uM of statin (atorvastatin or rosuvastatin) in serum-free RPMI-1640 medium
containing 0.5% BSA. Following treatment, cells were loaded for 48 hours with oxidized LDL-
containing radiolabeled cholesterol. Oxidized LDL-containing radiolabeled cholesterol was
prepared by incubating 100 pg/mL of oxidized LDL (Alfa Aesar, Haverhill, MA, USA) with 4
uCi/mL of 3[H]-free cholesterol (PerkinElmer, Waltham, MA, USA) at 37°C for 4 hours. The *[H]-
cholesterol-oxidized LDL mixture was separated from the unconjugated *[H]-free cholesterol by
using a 100 kDa centrifugal filter (Amicon Ultra-15 Centrifugal Filter Unit, MilliporeSigma,
Burlington, MA, USA). Following oxidized LDL loading, cells were either used for 1) the
visualization of intracellular neutral lipid droplets by fluorescent microscopy or 2) the

quantification of intracellular cholesterol ester content by thin layer chromatography.
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Visualization of Intracellular Neutral Lipids

Cells were stained using the neutral lipid droplet-specific fluorophore 4,4-difluoro-1,3,5,7,8-
pentamethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY™ 493/503, Thermo Fisher Scientific) as
described by Qiu er al’*’. Cells were incubated with 4uM BODIPY staining solution for 15 min at
37°C. Cell nuclei were counterstained with DAPI (Thermo Fisher Scientific). Bodipy fluorescence

was visualized using the Zeiss Axio Imager M2 imaging system (Carl Zeiss Canada Ltd).

Quantification of Intracellular Cholesterol Ester Content

Lipids were extracted from cells using a mixture of hexane and isopropanol (HIP; 3:2 vol./vol.).
Lipid extracts were dried under N> gas and then reconstituted in Folch solution (chloroform:
methanol, 2:1, vol./vol.). Samples were loaded in triplicate onto Silica Gel (Analtech, Newark,
DE, USA) thin layer chromatography plates, as previously reported®*2. Bands corresponding to
3[H]-cholesterol ester were located by exposure to iodine vapour and were scraped off the plate
into liquid scintillating vials and assayed for radioactivity by beta-scintillation. The results were

normalized to total cellular protein content.

6.3.8 Statistics

Descriptive statistics were performed as appropriate to summarize the baseline characteristics
between statin-naive patients and statin users. Pearson and Spearman correlations were performed,
as appropriate, between circulating adiponectin levels, circulating monocyte AdipoR1 and
AdipoR2 mRNA expression, and clinical and biochemical variables. Parametric (independent T-
test or ANOVA) and non-parametric tests (Mann-Whitney or Kruskal-Wallis) were used, as
appropriate, to analyze differences in circulating adiponectin levels, other biochemical variables,
and AdipoR1 and AdipoR2 mRNA expression on circulating monocytes between statin-naive
patients and statin users. Following significance with the ANOVA or Kruskal-Wallis test, post-
hoc analyses were performed. Sub-analyses were performed based on the type and dose of statin
used. For the in vitro analyses, independent-samples t-test was performed to determine changes in
AdipoR expression, cytokine secretion, adiponectin-mediated signalling, and cholesterol ester
content between monocyte-derived macrophages treated and non-treated with varying doses of
atorvastatin and rosuvastatin. All statistical analyses were executed using SPSS, version 20.0 (IBM
Corporation). A P-value of <0.05 (2-tailed) was considered significant. The degree of significance

for the correlation matrix was adjusted using Bonferroni correction. The Bonferroni adjusted alpha
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level used was P<0.003.

6.4 Results

6.4.1 Cross-sectional study results

Patient Characteristics and Lipid Profiles

Eighty-one percent of the patients recruited to undergo a CEA were statin users (n=157), where a
majority of the population was either on atorvastatin (67.5%) or rosuvastatin therapy (26.8%). The
remaining patients were either taking simvastatin (3.2%), pravastatin (1.9%), or fluvastatin (0.6%).
Demographic and clinical parameters of 1) all statin users, 2) patients on atorvastatin therapy, 3)
patients on rosuvastatin therapy, and 4) statin-naive patients are presented in Table 6.1, while
biochemical variables are presented in Table 6.2. A significantly greater proportion of patients on
statin therapy (41.0%), specifically on atorvastatin (45.3%), had a history of CAD compared to the
statin-naive group (18.9%). Differences in the degree of carotid artery stenosis were approaching
significance, with a smaller proportion of statin users (62.8%) having severe 80-99% stenosis than
statin-naive patients (80.0%).

Patients on atorvastatin or rosuvastatin therapy had significantly lower circulating levels
of total cholesterol, LDL-C, HDL-C, apoA-I, apoB, and high-sensitivity CRP than statin-naive
patients (Table 6.2). Generally, greater reductions were observed with higher doses of statins used
(atorvastatin: 40-80 mg; rosuvastatin: 20-40 mg) than low doses (atorvastatin: 10-20 mg;

rosuvastatin: 5-10 mg) (Table 6.3).

Total and HMW Adiponectin Levels in Relation to Statin Use

Patients on rosuvastatin, but not atorvastatin, had significantly lower total and HMW adiponectin
levels than statin-naive patients (P<0.05; Table 6.2). Significantly lower adiponectin levels were
observed in patients on high doses of rosuvastatin (20-40 mg) but not on low doses (5-10 mg)
(Table 6.3).

Significant correlations were observed between circulating adiponectin levels and various
clinical and biochemical variables; total and HMW adiponectin was highly and positively
correlated with HDL-C (r=0.454, P<0.001; r=0.432, P<0.001) and apoA-I (r=0.342, P<0.001;
r=0.337, P<0.001) and negatively correlated with BMI (r=-0.249, P=0.002; r=-0.263, P=0.001),
triglycerides (r=-0.428, P<0.001; r=-0.411, P<0.001), and glucose levels (r=-0.236, P=0.001;
r=-0.225, P=0.002).
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Table 6.1 Cross-sectional Study: Population demographic and clinical characteristics in relation to statin use

Population Characteristic Statin-naive (n=37) *Statin users (n=157) Atorvastatin (n=106) Rosuvastatin (n=42)
Values P-value Values P-value Values P-value
Age,y 71.549.2 71.319.2 0.895 71.4£9.2 0.948 71.319.0 0.905
Sex, % men 59.5 72.0 0.137 71.7 0.168 76.2 0.111
BMI, kg/m? 26.244.5 27.614.6 0.135 27.9+5.0 0.100 27.2+3.9 0.386
Ever smoker, % 75.7 64.3 0.188 59.6 0.081 78.0 0.804
CAS, 50-79%/80-99% 20.0/80.0 37.2/62.8 0.054 36.6/63.4 0.070 37.5/62.5 0.097
Cerebrovascular symptomatology, % 81.1 79.6 0.842 80.2 0.906 78.6 0.782
AF/TIA/stroke, % 20.0/40.0/40.0 19.5/43.1/37.4 0.951 20.5/38.6/41.0 0990  15.2/54.5/30.3 0.514
CAD, % 18.9 41.0 0.012 453 0.005 31.7 0.196
SBP, mmHg 140+19 138421 0.691 138422 0.649 139£19 0.827
DBP, mmHg 77£10 75£10 0.470 75+11 0.568 7619 0.800
Hypertension, % 73.0 85.9 0.057 86.8 0.053 85.4 0.176
Anti-hypertensive medication, % 85.2 94.8 0.072 94.6 0.105 943 0.229
T2DM, % 243 31.6 0.386 33.0 0.324 34.1 0.342
Anti-diabetic medication, % 88.9 95.9 0.381 94.3 0.567 100.0 0.202
Hypercholesterolemia, % 27.0 94.9 <0.001 94.3 <0.001 95.1 <0.001

Values are either represented as mean + standard deviation (for continuous data) or as percentages (for nominal data).

BMI indicates body mass index; CAS, carotid artery stenosis; AF, amaurosis fugax; TIA, transient ischemic attack; CAD, coronary artery disease; SBP, systolic blood pressure; DBP, diastolic blood pressure; T2DM, type 2
diabetes mellitus.

*Includes patients on all types of statin therapy (atorvastatin [n=106], rosuvastatin [n=42], simvastatin [n=5], pravastatin [n=3], and fluvastatin [n=1])

P-value indicates comparison between statin-naive patients and statin users (all types, atorvastatin, or rosuvastatin) (analysis was performed by independent-samples t-test, or Chi-square ()2), as appropriate).
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Table 6.2 Cross-sectional Study: Biochemical analyses in relation to statin use

Biochemical Analyte

Statin-naive (n=37)

*Statin users (n=157)

Atorvastatin (n=106)

Rosuvastatin (n=42)

Values P-value Values P-value Values P-value
Total cholesterol, mmol/L 3.86 [3.29-4.34] 3.05[2.69-3.47] <0.001 3.09[2.69-3.43] <0.001 2.93][2.50-3.45] <0.001
LDL-C, mmol/L 2.01[1.62-2.43] 1.37[1.04-1.69] <0.001 1.40[1.06-1.68] <0.001 1.23[0.89-1.53] <0.001
HDL-C, mmol/L 1.08 [0.92-1.37] 0.93 [0.80-1.11]  0.004 0.96[0.82-1.13] 0.013  0.87[0.77-1.08]  0.002
Triglycerides, mmol/L 1.23 [0.93-1.62] 1.42[1.09-1.85] 0.116  1.36[0.98-1.71] 0.370  1.57[1.28-1.95] 0.011
ApoA-I, g/l 1.2440.26 1.13+0.19 0.018 1.1340.18 0.021 1.12+0.21 0.031
ApoB, g/ 0.80+0.22 0.67£0.18 <0.001 0.66+0.18 <0.001 0.67£0.15 0.002
Glucose, mmol/L 6.10 [5.35-6.90] 5.70 [5.10-6.80] 0.195  5.70[5.35-6.90] 0.192  5.80[5.10-7.10]  0.585
hsCRP, mg/L 3.20 [1.65-9.00] 1.60 [0.90-4.25]  0.006 1.55[0.90-4.09] 0.005 2.10[0.68-4.63] 0.037
Total adiponectin, pg/mL 5.64 [3.60-9.91] 4.85[3.21-7.68] 0.142  5.01[3.47-7.78] 0.308  4.10[2.60-6.27]  0.017
HMW adiponectin, pg/mL 3.82 [1.87-6.49] 3.03[1.83-4.45] 0.175 3.11[2.02-4.58] 0.334  2.51[1.23-4.05] 0.035
HMW:Total adiponectin 0.57+0.14 0.58+0.16 0.685 0.59+0.15 0.518 0.56+0.17 0.838

Normally distributed data: values represent mean + standard deviation; non-normally distributed data: values represent median [interquartile range].

LDL-C indicates low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; ApoA-I, apolipoprotein AI; ApoB, apolipoprotein B; hsCRP, high-sensitivity C-reactive protein; HMW, high-

molecular weight.

*Includes patients on all types of statin therapy (atorvastatin [n=106], rosuvastatin [n=42], simvastatin [n=5], pravastatin [n=3], and fluvastatin [n=1])

P-value indicates comparison between statin-naive patients and statin users (all types, atorvastatin, or rosuvastatin) (analysis was performed by independent-samples t-test or Mann-Whitney U test, as

appropriate).
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Table 6.3 Cross-sectional Study: Biochemical analyses in relation to statin dose

Biochemical Analyte

Statin-naive (n=37)

Atorvastatin (n=104)

Rosuvastatin (n=42)

10-20 mg

40-80 mg

5-10 mg

20-40 mg

(n=38) (n=66) P-value (n=18) (n=24) P-value
Total cholesterol, mmol/L.  3.86[3.29-434] 320 [2.64-3.59]f 3.05[2.69-343]f <0.001 3.04[2.64-3.53]* 288 [2.48-339]f <0.001
LDL-C, mmol/L 201[1.62-243] 146 [115-169]F 1.33[1.01-1.69]f <0.001 133 [1.05-1.75]* 1.08[0.81-1.41]F <0.001
HDL-C, mmol/L 1.08[092-137]  0.95[0.82-122]  0.97[0.84-1.12]  0.060  0.85[0.73-1.18]  0.91[0.78-1.04]*  0.008
Triglycerides, mmol/L 123[093-162]  136[1.04-168]  133[0.93-176] 0753  1.44[128-189] 1.67[1.24-2.14]%  0.033
ApoA-L, gL 1.24+0.26 1.1540.26 L1350.16* 0026 111025 1135019 0.09
ApoB, g/L 0.80+0.22 0.67+0.17+ 0.64:021f  0.001  0.70£0.14 0.64+0.15t  0.006
Glucose, mmol/L 6.10[5.35-6.90]  5.60[5.10-6.58]  5.80[5.10-6.60] 0355  6.60[540-875]  545[4.93-670]  0.054
hsCRP, mg/L 320[1.65-9.00] 150 [0.98-338]% 1.55[0.88-453% 0.017  257[1.05-4.63]  2.01[0.53-4.60]  0.089
Total adiponectin, pg/mL.  5.64[3.60-991]  4.53[3.49-7.88]  5.58[3.68-7.82] 0473  393[252:697] 443 [271-586]*  0.018
HMW adiponectin, ug/mL ~ 3.82[1.87-649]  3.11[2.07-425]  3.14[2.07-493]  0.643  248[1.13-533] 2.51[1.26-3.60]*  0.025
HMW Total adiponectin 0.57+0.14 0.62+0.16 058£0.14 0312 0.594021 054:0.13 0574

Normally distributed data: values represent mean + standard deviation; non-normally distributed data: values represent median [interquartile range].
LDL-C indicates low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; ApoA-I, apolipoprotein Al; ApoB, apolipoprotein B; hsCRP, high-sensitivity C-reactive protein; HMW, high-molecular weight.
Atorvastatin 30 mg (n=2) was excluded from the statin dose analyses, as the dose did not fall within the low (10-20 mg) or high (40-80 mg) atorvastatin dose groups.
P value indicates overall significance among atorvastatin high and low dose groups and statin-naive group or among rosuvastatin high and low dose groups and statin-naive group (analysis was performed by ANOVA or Kruskal—

Wallis, as appropriate).

1P<0.001 (Tukey multiple comparisons test between atorvastatin/rosuvastatin dose groups and statin-naive group)
+P<0.01 (Tukey multiple comparisons test between atorvastatin/rosuvastatin dose groups and statin-naive group)
*P<0.05 (Tukey multiple comparisons test between atorvastatin/rosuvastatin dose groups and statin-naive group)
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AdipoR Expression on Circulating Monocytes in Relation to Statin Use

Total circulating white blood cell count, as well as absolute number and proportion of monocytes
in the circulation, did not differ between statin users and statin-naive patients (Table 6.4).

AdipoR1 and AdipoR2 mRNA expression on circulating monocytes was significantly
lower in patients on statin therapy compared to statin-naive patients (AdipoR1: 0.733+0.263 AU
versus 1.000+0.174 AU; AdipoR2: 0.856+£0.196 AU versus 1.000+0.110 AU; Figure 6.1A); this
difference was specifically driven by rosuvastatin. Patients on high doses of atorvastatin (40-80
mg) had significantly lower AdipoR1 and AdipoR2 levels (by 1.51- and 1.23-fold, respectively)
compared to statin-naive patients, as well as significantly lower AdipoR2 expression compared to
patients on low doses of atorvastatin (10-20 mg, P<0.05; Figure 6.1B). Similarly, high doses of
rosuvastatin (20-40 mg) resulted in significantly lower AdipoR1 and AdipoR2 expression (by
1.80- and 1.28-fold, respectively) compared to statin-naive patients (P<0.05; Figure 6.1B).

AdipoR1 and AdipoR2 mRNA expression profiles on circulating monocytes were not
significantly correlated with circulating total and HMW adiponectin levels but were positively
correlated with the HMW to total adiponectin ratio (r=0.345, P<0.001; r=0.209, P=0.003,
respectively). In terms of other clinical and biochemical variables, serum concentrations of CRP
were significantly correlated with monocyte AdipoR2 mRNA levels (r=0.216, P=0.002).
Furthermore, AdipoR1 and AdipoR2 mRNA expression did not differ according to the following
clinical covariates (smoking, carotid artery stenosis, cerebrovascular symptomatology, CAD,
hypertension, T2DM, and carotid plaque stability; data not shown).

Carotid plaque specimens were characterized as either ‘stable’ or ‘unstable’. There were
no observed differences in carotid plaque instability and in histological features of the plaque
between statin users and statin-naive subjects (Table 6.5). Among subjects with stable carotid
plaques, AdipoR1 and AdipoR2 mRNA expression did not differ significantly between those
taking versus not taking statins (Figure 6.1C). However, among subjects with unstable plaques,
AdipoR1 and AdipoR2 mRNA levels were significantly lower in statin users versus statin-naive
subjects (1.80- and 1.55-fold lower, respectively; P<0.05; Figure 6.1D); this difference was
specifically driven by rosuvastatin (2.39- and 1.49-fold lower, respectively; P<0.05; Figure 6.1D).
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Table 6.4 White blood cell count and differential in relation to statin use

Statin-naive (n=34) *Statin users (n=148) Atorvastatin (n=102) Rosuvastatin (n=38)
Values P-value Values P-value Values P-value
WBCs, 10°/L 7.31[6.07-9.32] 8.14 [6.73-9.88] 0.069 8.14 [6.70-9.84] 0.109 7.75[6.40-9.67] 0.169
Lymphocytes, 10°/L 1.61[1.27-2.12] 1.88 [1.37-2.30] 0.098 1.80 [1.30-2.25] 0.351 1.90 [1.45-2.58] 0.032
Lymphocyte:WBC, % 21.88 [17.80-26.58] 23.18 [18.30-29.05] 0.385  22.40[16.28-28.56] 0.900  23.91[20.18-29.55]  0.083
Monocytes, 10°/L 0.61 [0.45-0.80] 0.65[0.53-0.82] 0.137 0.66 [0.55-0.82] 0.125 0.62 [0.50-0.82] 0.364
Monocyte:WBC, % 7.99 [6.26-9.68] 8.19 [6.78-10.00] 0.575 8.33[7.02-10.01] 0.423 8.31[6.32-10.25] 0.791
Neutrophils, 10°/L 4.77 [4.01-5.67] 5.22 [4.20-6.39] 0.250 5.34 [4.22-6.60] 0.193 4.75 [4.10-6.27] 0.817
Neutrophil: WBC, % 66.89 [60.16-70.76] 64.67 [59.21-71.29]  0.571 65.75 [59.40-72.76]  0.980  63.00 [58.85-69.69]  0.172
Eosinophils, 10°/L 0.16 [0.09-0.24] 0.17 [0.10-0.25] 0.491 0.17 [0.10-0.26] 0.604 0.18 [0.10-0.24] 0.270
Eosinophil:WBC, % 2.14 [1.08-3.67] 2.19[1.24-3.13] 0.977 2.23[1.18-3.17] 0.930 2.36 [1.59-2.96] 0.648
Basophils, 10°/L 0.02 [0.00-0.06] 0.04 [0.00-0.09] 0.356 0.03 [0.00-0.08] 0.515 0.04 [0.00-0.09] 0.503
Basophil: WBC, % 0.22 [0.00-0.91] 0.50[0.00-0.93] 0.551 0.36 [0.00-0.89] 0.709 0.58 [0.00-0.95] 0.645

Values are represented as median [interquartile range].

WBC indicates white blood cell.

*Includes patients on all types of statin therapy (atorvastatin [n=102], rosuvastatin [n=38], simvastatin [n=4], pravastatin [n=3], and fluvastatin [n=1])

P-value indicates comparison between statin-naive patients and statin users (all types, atorvastatin, or rosuvastatin) (analysis was performed by Mann-Whitney U test).
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Table 6.5 Prevalence of histological features of the plaque according to statin use

Histoi;)eg;:l?;el;laque Statin-naive (n=37) *Statin users (n=157) Atorvastatin (n=106) Rosuvastatin (n=42)
Values P-value Values P-value Values P-value
Overall Instability 0.429 0.537 0.145
Definitely Stable, % 16.2 24.8 27.4 16.7
Probably Stable, % 40.5 29.9 31.1 26.2
Probably Unstable, % 18.9 14.6 17.0 9.5
Definitely Unstable, % 243 30.6 24.5 47.6
AHA Plaque Classification 0.694 0.795 0.360
Type V, % 35.1 26.1 27.4 19.0
Type VI, % 29.7 36.9 34.9 45.2
Type VII, % 27.0 29.9 31.1 26.2
Type VIII, % 8.1 7.0 6.6 9.5
Hemorrhage 0.931 1.000 0.440
No hemorrhage, % 56.8 54.1 56.6 45.2
Small hemorrhage, % 243 242 24.5 23.8
Large hemorrhage, % 18.9 21.7 18.9 31.0
Thrombus 0.940 0.815 0.744
No thrombus, % 78.4 80.3 83.0 71.4
Small thrombus, % 18.9 17.8 15.1 26.2
Large thrombus, % 2.7 1.9 1.9 24
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Lipid Core
No lipid core, %
Small lipid core, %
Large lipid core, %

Fibrous Tissue

Very little fibrous tissue, %

~50% fibrous tissue, %

Predominantly fibrous, %
Foam Cells

None, %

<50 cells, %

At least 50 cells, %
New Vessels

None, %

<10 per section, %

At least 10 per section, %
Calcification

None, %

Stippling only, %

Calcified nodules, %
Inflammatory Cells

None, %

18.9
27.0
54.1

16.2
62.2
21.6

27.0
324
40.5

35.1
324
324

243

243

51.3

243

14.0
45.2
40.8

8.9
62.4
28.7

38.2
38.9
22.9

38.9
36.9
242

14.0

28.7

57.4

28.0

0.130

0.352

0.086

0.587

0.434

0.209

228

15.1
42.5
42.5

10.4
60.4
29.2

37.7
36.8
25.5

40.6
34.9
245

17.9

25.5

56.6

34.0

0.252

0.500

0.205

0.638

0.587

0.168

14.3
50.0
35.7

4.8
64.3
31.0

333
45.2
21.4

28.6
45.2
26.2

7.1

38.1

54.8

11.9

0.111

0.201

0.179

0.508

0.169

0.231



Occasional cells, %

2-5 groups of >50 cells, %

>5 groups of >50 cells, %
Cap Infiltration

None, %

<10 cells in cap, %

10-50 cells in cap, %

>50 cells in cap, %
Rupture

Intact cap, %

Probably intact, %

Probably ruptured, %

Definitely ruptured, %

35.1
324
8.1

43.2
27.0
16.2
13.5

54.1

27.0
13.5
5.4

48.4
18.5
5.1

55.6
20.9
11.1
12.4

53.9
26.6
14.9
4.5

0.568

0.993

443
17.0
4.7

543
21.0
11.4
13.3

56.2
28.6
10.5
4.8

0.661

0.961

57.1
23.8
7.1

51.3
25.6
12.8
10.3

50.0
17.5

27.5
5.0

0.898

0.446

AHA indicates American Heart Association.

Plaque and cap inflammation were graded according to the number of macrophages and lymphocytes present.
*Includes patients on all types of statin therapy (atorvastatin [n=106], rosuvastatin [n=42], simvastatin [n=5], pravastatin [n=3], and fluvastatin [n=1]).

P-value indicates comparison between statin-naive patients and statin users (all types, atorvastatin, or rosuvastatin) (analysis was performed by Chi-square [y2]).
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Figure 6.1 Cross-sectional study: AdipoRI1 and AdipoR2 gene expression on circulating
monocytes in relation to statin use and dose. Bar graphs represent gRT-PCR data for AdipoR1
and AdipoR2 mRNA levels on circulating monocytes. Data presented as mean = SD. A) Analysis
comparing CEA patients on 1) all types of statin therapy (atorvastatin [n=106], rosuvastatin
[n=42], simvastatin [n=>5], pravastatin [n=3], and fluvastatin [n=1]), 2) atorvastatin therapy, or
3) rosuvastatin therapy, to statin-naive patients was performed by independent-samples t-test.
*P<0.05. B) Analysis comparing patients on 1) low and high doses of atorvastatin (low: 10-20
mg, high: 40-80 mg) or 2) low and high doses of rosuvastatin (low: 5-10 mg, high: 20-40 mg), to
statin-naive patients was performed by ANOVA. *P<0.05 (Tukey multiple comparisons test
between patients on high doses of atorvastatin and statin-naive patients, and between patients on
high doses of rosuvastatin and statin-naive patients). C) Analysis comparing subjects with stable
plaques on 1) all types of statin therapy (atorvastatin [n=62], rosuvastatin [n=18], simvastatin
[n=4], pravastatin [n=1], and fluvastatin [n=1]), 2) atorvastatin therapy, or 3) rosuvastatin
therapy, to statin-naive subjects with stable plaques was performed by independent-samples t-test.
*P<0.05. D) Analysis comparing subjects with unstable plaques on 1) all types of statin therapy
(atorvastatin [n=44], rosuvastatin [n=24], simvastatin [n=1], and pravastatin [n=2]), 2)
atorvastatin therapy, or 3) rosuvastatin therapy, to statin-naive subjects with unstable plaques was

performed by independent-samples t-test. *P<0.05.
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6.4.2 Longitudinal study results

Patient Characteristics, Lipid Profiles, and Circulating Adiponectin Levels

The baseline demographic and clinical characteristics of the 17 subjects initiated on statin therapy
(atorvastatin or rosuvastatin) are presented in Table 6.6. All subjects were hypercholesterolemic
at the baseline visit (pre-statins) and presented with additional cardiovascular risk factors, such as
smoking (46.7%), hypertension (64.7%), and T2DM (23.5%). At the early and late f/u visits after
statin initiation, total cholesterol, LDL-C, and apoB levels were significantly lower compared to
pre-statin levels (all P<0.001, Table 6.7 and Figure 6.2C). Atorvastatin and rosuvastatin
significantly reduced total cholesterol and LDL-C levels at both the early and late f/u visits (Figure
6.2D). Circulating total and HMW adiponectin levels were not significantly different before and
after statin initiation, although there was a trend towards lower levels following rosuvastatin

therapy (but not atorvastatin therapy), particularly at the late f/u visit (Table 6.8).

Table 6.6 Longitudinal Study: Baseline population demographic
and clinical characteristics

Population Characteristic Baseline visit (n=17)
Age,y 74.1£17.0
Sex, % men 46.7
BMI, kg/m? 28.54+4.6
Ever smoker, % 46.7
Carotid artery disease, % 353
Cerebrovascular symptomatology, % 59
CAD, % 12.5
SBP, mmHg 127£19
DBP, mmHg 7419
Hypertension, % 64.7
T2DM, % 23.5
Hypercholesterolemia, % 100.0

Values are either represented as mean + standard deviation (for continuous data) or as percentages (for
nominal data).

BMI indicates body mass index; CAD, coronary artery disease; SBP, systolic blood pressure; DBP,
diastolic blood pressure; T2DM, type 2 diabetes mellitus.
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Table 6.7 Longitudinal Study: Lipid and inflammatory profile before and after statin use

Pre-Statins Early f/u, <5 Mo. Late f/u, =25 Mo.

Biochemical Analyte (n=17) (n=17) (n=17) P-Value
Total cholesterol, mmol/L 5.77+0.64 *4.23+0.42 *3.83+0.51 <0.001
LDL-C, mmol/L 3.77+0.56 *2.26+0.38 *11.93+0.26 <0.001
HDL-C, mmol/L 1.48+0.50 1.45+0.42 1.38+0.44 0.680
Triglycerides, mmol/L 1.0510.81-1.23] 1.00[0.78-1.41] 0.9210.71-1.34] 0.613
ApoA-1, g/L 1.68+0.37 1.67+0.40 1.63+0.56 0.780
Apo-B, g/L 1.14+0.15 *0.80+0.15 *0.73+0.07 <0.001
hsCRP, mg/L 3.2542.59 3.09+2.83 3.454+2.83 0.842

Normally distributed data: values represent mean + standard deviation; non-normally distributed data: values represent median [interquartile range]

f/u indicates follow-up; Mo., months; LDL-C, low density lipoprotein-cholesterol; HDL-C, high density lipoprotein-cholesterol; ApoA-I, apolipoprotein Al; Apo-B,
apolipoprotein B; hsCRP, high-sensitivity C-reactive protein

P-value indicates significance among the three measurement groups: pre-statins, early f/u, late f/u (analysis was performed by one-way ANOVA with repeated measures
or Friedman test, as appropriate, depending if data were normally distributed)

*P<0.001 vs. pre-statins

P<0.05 vs. early f/u

Table 6.8 Longitudinal Study: Circulating adiponectin levels before and after statin use

Pre-Statins Early f/u, <5 Mo. Late f/u, =25 Mo. P-Value

Statins combined (n=17)

Total adiponectin, pg/mL 9.28 [4.01-17.55] 8.64 [3.98-19.97] 6.63 [3.38-9.15] 0.273

HMW adiponectin, pg/mL 6.66 [1.84-12.39] 6.52 [1.93-13.67] 4.31 [2.73-6.38] 0.368

HMW:Total adiponectin 0.67+0.18 0.64+0.11 0.67+0.12 0.410
Atorvastatin alone (n=9)

Total adiponectin, pg/mL 5.38 [3.18-9.28] 6.61 [3.20-11.91] 6.22 [4.11-7.48] 0.779

HMW adiponectin, pg/mL 3.24 [1.46-6.66] 3.90 [1.50-8.58] 4.22 [2.47-4.65] 0.936

HMW:Total adiponectin 0.61+0.13 0.63+0.12 0.64+0.12 0.910
Rosuvastatin alone (n=8)

Total adiponectin, pg/mL 13.06 [7.59-20.35] 15.75[6.93-21.46] 7.98 [3.04-16.71] 0.311

HMW adiponectin, pg/mL  10.51 [6.23-14.91] 9.44 [5.33-15.14] 5.35[2.29-12.58] 0.115

HMW:Total adiponectin 0.74+0.21 0.66+0.11 0.69+0.13 0.379

Normally distributed data: values represent mean + standard deviation; non-normally distributed data: values represent median [interquartile range]

HMW indicates high-molecular weight

P-value indicates significance among the three measurement groups: pre-statins, early f/u, late f/u (analysis was performed by one-way ANOVA with repeated measures or
Friedman test, as appropriate, depending if data were normally distributed)
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AdipoR Expression on Circulating Monocytes Before and After Statin Use

AdipoR1 and AdipoR2 mRNA expression on circulating monocytes was decreased at the late f/u
visit (>5 months after statin initiation) (AdipoR1: 0.64+0.19 AU versus 1.00+0.19 AU; AdipoR2:
0.83+0.17 AU versus 1.00+0.16 AU; Figure 6.2A), while no differences were observed at the
early f/u visit. This was consistent regardless of the type of statin used (atorvastatin or rosuvastatin)
(Figure 6.2B). AdipoR1 and AdipoR2 mRNA expression profiles on circulating monocytes were
not correlated with the changes observed in total and LDL-C levels at the early and late f/u visits

(data not shown).
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Figure 6.2 Longitudinal study: AdipoR1 and AdipoR2 gene expression on circulating
monocytes and lipid profiles before and after statin use. A-B) Data represent gRT-PCR data for
AdipoR1 and AdipoR2 mRNA levels on circulating monocytes and are presented as mean + SD.
Analysis comparing expression levels at early f/u and late f/u visits to pre-statin levels was
performed by one-way ANOVA with repeated measures. A) AdipoR1: P<0.01; AdipoR2: P=0.084.
*P<0.05 vs. pre-statins and early f/u. B) AdipoR1 - Atorvastatin: P<0.05; AdipoR2 - Atorvastatin:
P>0.05; AdipoRI - Rosuvastatin: P<0.05; AdipoR2 - Rosuvastatin: P>0.05. *P<0.05 vs. pre-
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statins and early f/u. C-D) Data represent circulating total and LDL-C levels and are presented
as mean = SD. Analysis comparing levels at early f/u and late f/u visits to pre-statin levels was
performed by one-way ANOVA with repeated measures. C) Total cholesterol: P<0.001; LDL-C:
P<0.001. *P<0.001 vs. pre-statins, 7P<0.05 vs. early f/u. D) Total cholesterol - Atorvastatin:
P<0.001; LDL-C - Atorvastatin: P<0.001; Total cholesterol - Rosuvastatin: P<0.001; LDL
cholesterol - Rosuvastatin: P<0.001. *P<0.001 vs. pre-statins; 7P<0.05 vs. early f/u.

6.4.3 In vitro statin treatment of human monocyte-derived macrophages
Treatment of monocyte-derived macrophages with atorvastatin or rosuvastatin for 24 and 72 hours
did not affect cell viability compared to untreated macrophages. The cell viability remained >95%

for 1 uM, 10 uM, and 60 pM of atorvastatin and rosuvastatin tested (Figure 6.3).

Statins’ Effect on AdipoR Expression

When human monocyte-derived macrophages were treated for 24 hours with varying doses of
atorvastatin and rosuvastatin, lower doses (1 uM and 10 pM) resulted in a significant upregulation
in AdipoR2 but not AdipoR1 mRNA expression in comparison to no statin treatment, with the 10
uM dose having the greatest effect (Figure 6.4A). In contrast, 60 uM atorvastatin led to a
significant 1.27-fold reduction in AdipoR1 expression. AdipoR1 expression was also decreased
with 60 uM rosuvastatin but non-significantly (Figure 6.4A). Following 72-hour statin treatment,
AdipoR1 levels were reduced significantly by 10 and 60 pM atorvastatin (by 1.22- and 1.39-fold,
respectively), as well as 60 pM rosuvastatin (by 1.40-fold), compared to no statin treatment
(Figure 6.4B). Furthermore, 60 pM rosuvastatin also led to a significant reduction in AdipoR2
(Figure 6.4B). Overall, longer exposure of macrophages to atorvastatin or rosuvastatin resulted in

lower AdipoR expression levels at all doses tested than 24-hour statin treatment (Figure 6.5).
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Figure 6.3 Statins’ effect on cell viability. THP-1 monocyte-derived macrophages were seeded
into 96-well plates at a density of 1.5*10* per well (100 uL). Cells were treated in triplicate with
increasing doses (1.25, 2.5, 5, 10, 20, 40, 60, and 120 uM) of atorvastatin and rosuvastatin in
serum-free RPMI-1640 medium containing 0.5% BSA for A) 24 hours and B) 72 hours. 20 uL of
MTS reagent was added into each well and cells were incubated for 2 hours at 37°C in a
humidified, 5% CO: atmosphere. The absorbance at 490 nm was recorded using an ELISA plate
reader. Each point represents the mean + SD of 3 replicates and is expressed as % live cells
relative to non-treated group. Background absorbance was measured from control wells

containing medium without cells and subtracted from these data.
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Figure 6.4 Effects of in vitro statin treatment on AdipoR expression and cytokine secretion in
monocyte-derived macrophages. A-B Comparing changes in AdipoR1 and AdipoR2 gene
expression between macrophages treated and non-treated with increasing doses of atorvastatin
and rosuvastatin (1 uM, 10 uM, and 60 uM) for A) 24 or B) 72 hours. Bar graphs represent qgRT-
PCR data for AdipoR 1 and AdipoR2 mRNA levels on macrophages. Data presented as mean + SD.
*P<0.05, 1P<0.01 vs. untreated macrophages (independent-samples t-test). Experiment was
repeated three times. C-F Comparing changes in IL-10, IL-6, IL-1f3, and TNF-o. cytokine secretion
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from macrophages treated and non-treated with increasing doses of atorvastatin and rosuvastatin
(1 uM, 10 uM, and 60 uM) for C & E) 24, or D & F) 72 hours. Data presented as mean + SD.
*P<0.05, 1P<0.01, [P<0.001 vs. untreated macrophages (independent-samples t-test).

Experiment was repeated three times.
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Figure 6.5 Differences in AdipoR1 and AdipoR2 gene expression between different time
exposures. Bar graphs represent the change in AdipoR expression on monocyte-derived
macrophages treated with increasing doses of atorvastatin and rosuvastatin between different time

exposures (72-hour minus 24-hour statin treatment).

Statins’ Effect on Cytokine Secretion

Twenty-four-hour treatment of monocyte-derived macrophages with 60 puM atorvastatin or
rosuvastatin led to a significant increase in the secretion of the anti-inflammatory cytokine, IL-10,
and pro-inflammatory cytokines, IL-6, IL-18, and TNF-a (Figures 6.4C and 6.4E). However,
treatment with 10 uM rosuvastatin only led to a significant increase in IL-10 secretion (P<0.001;

Figure 6.4C). Long-term treatment (72 hours) with 60 uM atorvastatin or rosuvastatin resulted in
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a significant reduction in IL-10 levels, while increasing doses of atorvastatin or rosuvastatin
promoted a progressive and significant increase in IL-6, IL-18, and TNF-a secretion (Figures 6.4D
and 6.4F). Overall, 24- and 72-hour treatment with rosuvastatin had a greater effect on cytokine

secretion than atorvastatin.

Statins’ Effect on Adiponectin-mediated Signalling

Adiponectin binding to AdipoR1 and AdipoR2 triggers the activation of AMPK and PPAR-a

signalling, respectively. Following 24-hour treatment with 10 uM atorvastatin or rosuvastatin,
AMPK activity was significantly increased in adiponectin-treated macrophages, while 60 uM
rosuvastatin led to a significant decrease in its activity, compared to control macrophages (treated
only with adiponectin) (Figure 6.6B). Similarly, PPAR-o expression in adiponectin-treated
macrophages was significantly increased with a 10 uM dose of rosuvastatin and decreased when
a higher dose (60 uM) was used (Figure 6.6B). Seventy-two-hour statin treatment of macrophages
with atorvastatin or rosuvastatin had no effect on adiponectin-mediated AMPK activity, but

significantly reduced PPAR-a expression when 60 pM dose was used (Figure 6.6C).

Statins’ Effect on Adiponectin’s Capacity to Suppress Cholesterol Ester Formation in Oxidized

LDIL .-loaded Human Monocyte-derived Macrophages

Adiponectin has the capacity to significantly reduce cholesterol ester formation in oxidized LDL-
loaded macrophages, thereby suppressing foam cell formation (P<0.001, Figure 6.7). We
investigated whether intensive statin therapy can antagonize adiponectin’s beneficial effects on
lipid accumulation. Following the various treatment conditions, lipid droplet accumulation was
visualized using BODIPY 493/503 (Figure 6.7A). Statin-treated oxidized LDL-loaded
macrophages exhibited more neutral lipid droplets than oxidized LDL-loaded macrophages alone
or those treated with adiponectin (Figure 6.7A). Furthermore, oxidized LDL-loaded macrophages
treated with both adiponectin and 60 uM atorvastatin or rosuvastatin had significantly higher levels
of intracellular cholesterol ester content, compared to oxidized LDL-loaded macrophages treated
only with adiponectin (P<0.001, Figure 6.7B). Rosuvastatin demonstrated higher potency than
atorvastatin in raising intracellular cholesterol ester levels (3.52-fold vs. 1.98-fold increase,
respectively). Moreover, cholesterol ester levels within oxidized LDL-loaded macrophages treated
with both adiponectin and statins were significantly lower compared to levels within oxidized

LDL-loaded macrophages treated with statins alone (P<0.05, Figure 6.7B). These results suggest
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that statin therapy did not fully abolish adiponectin’s capacity to suppress cholesterol ester

formation, but rather mitigated its protective effects.
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Figure 6.6 Effects of in vitro statin treatment on adiponectin-mediated signalling in monocyte-
derived macrophages. A) Representative Western blot showing expression of AMPK-
phosphorylated, AMPK-total, and PPAR-a. in macrophages treated and non-treated with 10 uM
and 60 uM atorvastatin and rosuvastatin. All macrophages treated or non-treated with statins
were pre-treated with 5 ug/mL of adiponectin. Samples were analyzed in duplicate. Comparing
changes in protein expression between macrophages treated and non-treated with atorvastatin
and rosuvastatin for B) 24 or C) 72 hours. Protein expression was determined by normalizing
against the densitometric intensity of f-actin. Changes in AMPK activity were determined using
the ratio of AMPK-phosphorylated to AMPK-total protein expression. Data presented as mean +
SD. *P<0.05 vs. untreated macrophages (independent-samples t-test). Experiment was repeated

three times.
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Figure 6.7 Statin treatment of oxidized LDL-loaded human monocyte-derived macrophages
mitigated adiponectin’s capacity to suppress cholesterol ester formation. A) Cells under the
following treatment conditions: (a) 0.5% BSA (control), (b) native LDL, (c) oxidized LDL, (d)
adiponectin + oxidized LDL, (e) atorvastatin + oxidized LDL, (f) rosuvastatin + oxidized LDL, (g)
atorvastatin + adiponectin + oxidized LDL, (h) rosuvastatin + adiponectin + oxidized LDL, were
stained with 4 uM BODIPY 493/503 (green) to label intracellular neutral lipid droplets. Nuclei
were stained with DAPI (blue). Scale bar, 20 um. B) Bar graphs represent cholesterol ester
content measured by thin layer chromatography. Radioactivity (*[H]-cholesterol ester) was
measured by beta-scintillation and divided by cellular protein content (cpm/ug). Data presented
as mean £ SD. *P<0.01 vs. control macrophages loaded with native LDL; 1P<0.001 vs. oxidized
LDL-loaded macrophages; }P<0.001 vs. oxidized LDL-loaded macrophages treated with
adiponectin, #P<0.05 vs. oxidized LDL-loaded macrophages treated with statins (independent-

samples t-test). Experiment was repeated three times.

6.5 Discussion

Our study identified a novel pleiotropic property of statins in modulating the adiponectin-AdipoR
pathway in the human monocyte-macrophage lineage. We demonstrated that intensive statin
therapy can compromise the expression and function of adiponectin and its receptors (see
Graphical Abstract — Figure 6.8). In vivo, patients on high doses of atorvastatin or rosuvastatin

resulted in significantly lower AdipoR expression on circulating monocytes than statin-naive
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patients. Furthermore, >5 months of statin treatment resulted in lower AdipoR1 and AdipoR2
expression compared to pre-statin levels. In vitro, higher doses and longer exposure of
macrophages to atorvastatin or rosuvastatin resulted in a greater decrease in AdipoR mRNA
expression and signalling through AMPK and PPAR-a, and greater secretion of pro-inflammatory
cytokines. Furthermore, statins reduced adiponectin’s capacity to suppress intracellular cholesterol

ester formation.

(1). Increased pro-inflammatory
cytokine secretion
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(2). Decreased formation
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Statin (60uM), 72 hours

Figure 6.8 Graphical abstract. Intensive statin therapy (high dose, long-term treatment) was
observed both in vivo and in vitro to compromise the expression and function of the adiponectin-

AdipoR pathway in the monocyte-macrophage lineage and to promote a more pro-inflammatory

profile.

6.5.1 Statins’ effect on atherosclerotic plaques

Statins significantly reduce cholesterol biosynthesis via inhibition of the HMG-CoA reductase
enzyme. Additionally, statins possess anti-inflammatory, immune-modulatory, and
atheroprotective pleiotropic properties. Evidence suggests that statins can promote plaque
regression by reducing plaque volume!4*!44 However, as demonstrated in a meta-analysis, this
decrease in plaque volume is due to a significant reduction in fibrous tissue but no changes in
fibro-fatty/necrotic tissue volumes; thereby statins may not significantly alter the instability

features of the plaque®?®

. Likewise, our study demonstrated no differences in plaque instability
between statin users and statin-naive patients. To this end, our in vitro experiments showed that
oxidized LDL-loaded macrophages treated with high doses of statins can promote intracellular

cholesterol ester accumulation. These results are in accordance with studies showing that statins
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reduce macrophage-mediated cholesterol efflux®>?->¢!

. These adverse properties of statins may
partly explain the associated ‘residual cholesterol risk” and ‘residual inflammatory risk’!4. Indeed,
despite statin therapy, patients in our cohort had similar incidence and severity of cerebrovascular

events compared to statin-naive patients.

6.5.2 Statins and the adiponectin-AdipoR pathway

Adiponectin and the AdipoR pathway exert several protective effects on monocytes/macrophages
in the vasculature leading to a reduction in atherosclerotic plaque development and instability?.
Herein, we observed that intensive statin treatment decreased the expression and function of the
adiponectin-AdipoR pathway in vivo and in vitro.

While we are the first to demonstrate an effect of statins specifically on the adiponectin-
AdipoR pathway in the monocyte-macrophage lineage, others have evaluated the effects of statin
therapy on circulating adiponectin levels. The association between statin therapy and adiponectin
levels is dependent on statin type®*>. A meta-analysis demonstrated pitavastatin to be the only
statin to significantly increase plasma adiponectin concentrations, particularly when used for >12
weeks, while atorvastatin and rosuvastatin either showed no effect or significantly reduced
adiponectin levels, respectively®. Similarly, we demonstrated that patients on high doses of
rosuvastatin had significantly lower circulating adiponectin levels than statin-naive patients.

We identified that statins’ effect on lowering AdipoR expression was dose- and time-
dependent. In our cross-sectional in vivo study, we showed that patients on high doses of
atorvastatin or rosuvastatin, but not on low doses, had significantly lower AdipoR1 and AdipoR2
gene expression on their monocytes compared to statin-naive patients. Interestingly, this
significant lowering in AdipoR expression by statins was specifically present only in CEA patients
with unstable plaques. This suggests that unstable plaques create a microenvironment that triggers
the AdipoR pathway to respond to statin modulation. Through our longitudinal in vivo study, we
assessed the effect of statin duration on AdipoR expression. We observed that longer treatment
with statins resulted in lower AdipoR1 and AdipoR2 expression on circulating monocytes
compared to pre-statin levels, while a shorter duration in treatment did not affect expression levels.
This observation was independent of the changes in total and LDL cholesterol levels observed at
the early and late f/u visits. In our in vitro study we further assessed the effects of various doses of
statins and shorter (24 hrs) and longer (72 hrs) statin treatment on the AdipoR pathway. In line
with the in vivo results, high doses of statins (60 uM) and longer treatment led to lower AdipoR
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expression, as well as decreased adiponectin-mediated signalling via the AMPK and PPAR-a
pathways, and promoted pro-inflammatory cytokine IL-6, TNF-a, and IL-1f secretion. On the
other hand, lower statin doses had more favorable effects on the AdipoR pathway and on cytokine
secretion.

Statins are widely considered to be anti-inflammatory; they can skew immune responses
toward an anti-inflammatory phenotype and reduce the production and secretion of CRP%2,
Furthermore, several studies suggest a positive interplay between statins and the nuclear
transcription factors, PPARs, which may mediate the anti-inflammatory effects of stating®63-364,
However, it is noteworthy that these observations were mainly seen with low statin doses (<10
uM) for an incubation length up to 24 hours. A series of studies, including our own, have
demonstrated that statins can promote in a dose-dependent manner, an increase in pro-
inflammatory IL-1p secretion from macrophages, which is characteristic of NOD-like receptor
family, pyrin domain containing 3 (NLRP3) inflammasome pathway activation®®>>6¢ TL-1p
contributes critically to atherosclerosis and its stimulation can in turn promote the expression and
secretion of other pro-inflammatory cytokines, such as IL-6 and TNF-q>67-5,

We also demonstrated that a reduction in AdipoR expression and downstream signalling
upon treatment with high doses of statins may be associated with a significant decrease in

adiponectin’s capacity to suppress foam cell formation. This suggests that statins atheroprotective

properties may not be mediated through the adiponectin-AdipoR pathway.

6.5.3 Atorvastatin versus rosuvastatin

In our longitudinal in vivo study and in vitro experiments, we focused on specifically testing the
impact of atorvastatin and rosuvastatin on the adiponectin-AdipoR pathway, as these are known
to be the most effective and clinically relevant statins and were the most widely used among our
CEA population (in our cross-sectional in vivo study). Rosuvastatin’s effects were more potent
than atorvastatin in modulating the adiponectin-AdipoR pathway. Furthermore, unlike
atorvastatin, rosuvastatin was associated with lower circulating adiponectin levels compared to
statin-naive patients. Rosuvastatin, a third-generation hydrophilic statin, is considered the most
effective in lowering LDL-C and total cholesterol levels®’®. However, despite its hydrophilicity
and its high selectivity for hepatocytes, rosuvastatin also exerts potent pleiotropic actions>’’. For
example, the SATURN study, which compared the effects of rosuvastatin versus atorvastatin on

the progression of coronary atherosclerosis, demonstrated that a higher percentage of rosuvastatin-
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treated patients (68.5%) showed plaque regression than atorvastatin-treated patients (63.2%)'4.

Rosuvastatin’s higher potency compared to atorvastatin and other statins, may be explained by its
greater number of binding interactions with HMG-CoA reductase due to its molecule containing
an unique polar methyl sulfonamide group that facilitates interaction with the enzyme>’!. Thus, no
matter which cell it enters it will exhibit a higher affinity for the enzyme’s active site. Furthermore,
rosuvastatin has greater systemic bioavailability than atorvastatin due to its slow metabolism and
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longer half-life

6.5.4 Adverse effects of statins

Statins can elicit severe adverse effects, which are often associated with long-term treatment and
higher doses. Interestingly, statins can elevate lipoprotein(a) levels, an independent risk factor for
CVD and calcific aortic valve stenosis, possibly contributing partly to the ‘residual risk’ observed

372 Furthermore, statins have been associated with T2DM

among statin-treated individuals
development®’®, According to a large meta-analysis, statins have been linked with a significant 9%
increase in new-onset T2DM>74, while another demonstrated that this increased risk of T2DM is
associated with higher statin doses®’>. One possible mechanism linking statin therapy to T2DM
risk is activation of the NLRP3 inflammasome pathway, due to statin inhibition of the mevalonate
pathway>’6. NLRP3 inflammasome activation leads to IL-1B production, which is involved in the
inhibition of insulin signalling, thereby contributing to insulin resistance. In contrast, the
adiponectin-AdipoR pathway plays a positive role in insulin sensitivity, and adiponectin
production has previously been observed to be decreased by IL-13*277. Thus, statins’ negative

effects on the expression and function of the adiponectin-AdipoR in our study may be the result

of statins’ activation of the inflammasome-IL-1f pathway.

6.5.5 Strengths and limitations

Using a combination of both clinical and experimental data, our study was the first to

comprehensively explore the modulation of the adiponectin-AdipoR pathway by statin therapy.

The cross-sectional component of our study provided the opportunity to assess the effect of various

doses of statins, while the longitudinal component provided insight on the effects of statin duration.

Our in vitro experiments were then able to dissect further the associations observed in humans.
While our study has various strengths, we acknowledge that it also contains limitations.

The statin dose employed for the in vitro experiments appear to be higher than the mean statin
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concentration in human serum?’®

. However, humans are not subjected only to a single dose of
statins but rather continuous dosing over long periods of time. Thus, in this context, treating in
vitro with higher concentrations may assimilate the low and sustained circulating levels of statins
in vivo. Furthermore, the intracellular statin concentration in monocytes or macrophages is

unknown and its accumulation may be higher than what is present in the circulation.

6.6 Conclusion

Both statins and the adiponectin-AdipoR pathway share several beneficial effects on inflammation,
endothelial dysfunction, and atherosclerosis, thus reducing cardiovascular risk. However, our
study demonstrated that statins’ known atheroprotective properties may not be mediated through
the adiponectin-AdipoR pathway, as intensive statin therapy was observed in vivo and in vitro to
be associated with a significant reduction in the expression and function of this pathway. Although
statins remain the mainstay of lipid management for cardiovascular risk reduction and its benefits
are indisputable, they do not fully abolish the cardiovascular risk. Our discovery provides some
insight into the potential mechanisms associated with statins’ adverse effects. Moreover, our
findings may partly explain the residual cardiovascular risk in individuals treated with statins,
which stresses the need for new therapies, potentially those that can positively modulate the

adiponectin-AdipoR pathway.
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Connecting Text

For decades there has been a long-standing lack of representation of women in stroke research,
which has shaped current guidelines for carotid disease management and stroke prevention that
are widely being used for both sexes. Fortunately, we have reached an era where the scientific and
medical community has realized that this ‘one size fits all’ approach has led women to be under-
diagnosed, under-treated, under-supported, and under-aware. The Heart and Stroke’s 2018 report
sheds light on the importance of women-specific research in the context of CVD and states that
“women’s hearts are victims of a system ill-equipped to diagnose, treat, and support them™>”.

In our recruited study population of men and women who underwent a CEA, we performed
analyses looking at the association between patient demographic and clinical characteristics and
plaque stability. We consistently demonstrated that a significantly greater proportion of men have
unstable plaques than women, while more women have stable plaques (presented in Chapter 3 —
Table 3.2 and Chapter 4 — Table 4.1). Considering that women benefit less from CEA than men
and are at an increased risk for periprocedural stroke following a CEA, the degree of carotid artery
stenosis may be a poor indicator of plaque instability and an incomplete determinant of stroke risk
specifically in women. This suggests that the current guidelines for carotid disease management
should not be based solely on the degree of carotid artery stenosis. Thus, our results, along with
the pressing need for more sex-specific research on stroke, sparked interest in exploring circulating
markers that can reflect sex-specific differences in the plaque for better prediction of stroke risk in
women and in men. Among various lipid and immune markers, we also investigated sex-specific

adiponectin-AdipoR signatures in men and women with stable versus unstable carotid plaques.
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CHAPTER 7: SEX DIFFERENCES IN THE ADIPOKINE, LIPID, AND IMMUNE
PROFILES OF MEN AND WOMEN WITH SEVERE CAROTID ATHEROSCLEROSIS
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Part of the data was presented at the Organization for the Study of Sex Differences in 2017 and
at the International Symposium of Atherosclerosis in 2018, and abstract was published in
Atherosclerosis Suppl. 32:13-14, 2018)*
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7.1 Abstract

Introduction: Despite men exhibiting greater atherosclerotic plaque instability, women have
increased mortality risk due to stroke. This paradox points towards a lack in a sex-specific
approach for carotid disease management. Thus, circulating markers that reflect sex-specific
features in the plaque should be explored for better prediction of stroke risk in women and in men.
Herein we investigated sex differences in the adipokine, lipid, and immune profiles of patients
with severe carotid atherosclerosis.

Methods: Pre-operative plasma/sera samples were collected from consecutive men and women
scheduled for a CEA, to perform adipokine, lipid, and immune profiling. Peripheral blood
monocytes were isolated from whole blood and their adiponectin and sex hormone receptor
(AdipoR1/AdipoR2, estrogen receptor [ER]-a, ER-S, G protein-coupled estrogen receptor 1
[GPER], androgen receptor) gene expression was assessed via qRT-PCR. Plaque stability was
determined by two gold-standard histological classifications. A new method was developed to
measure a panel of sex hormones using liquid chromatography tandem mass spectrometry (LC-
MS/MS).

Results: Twice as many men underwent a CEA compared to women (70.5 vs. 29.5%). Men had
more unstable plaques than women (P<0.001), exhibiting greater plaque hemorrhage, less fibrous
tissue, larger lipid core, and greater number of foam cells and inflammation (P<0.001). Men also
had a greater proportion of circulating monocyte to white blood cell counts, as well as significantly
higher levels of pro-inflammatory cytokines and chemokines, IL-6, TNF-a, MIP1-0, and sVCAM-
1 (P=0.031), compared to women. HDL-C, apoA-I, and total and HMW adiponectin levels were
significantly higher in women than in men (P<0.001). With regards to plaque stability, women
with stable plaques had significantly higher HMW:total adiponectin ratio, and higher AdipoR1
and ER-o gene expression on circulating monocytes compared to men with stable plaques.
However, in cases of unstable plaques, no significant differences were observed between men and
women in HMW:total adiponectin ratio and AdipoR1 expression, while ER-a was higher in men
versus women.

Conclusion: Our study demonstrated that men and women who underwent a CEA based on current
guidelines, exhibited clear differences at the level of the plaque and at the level of the circulation,
with women exhibiting more favourable adipokine, lipid, and immune profiles compared to men.
Furthermore, our study revealed that decreased HMW:total adiponectin ratio may contribute or act

as a potential marker of plaque instability specifically in women. Measurement of circulating sex
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hormones using our newly developed method will provide insight on how these hormones can
influence the adipokine, lipid, and immune profiles of men and women with stable vs unstable
plaques and may help identify sex-specific signatures associated with atherosclerotic plaque

instability.

7.2 Introduction
Stroke remains one of the leading causes of mortality and disability worldwide®. Although stroke
incidence rates are higher among men than women, it has been reported that women have worse

recovery and higher mortality and disability rates than men post-stroke!>-!”

. The vast majority of
strokes are caused by cerebral ischemia, which can result from the rupture of unstable
atherosclerotic plaques that form in the internal carotid artery that feeds blood to the brain.
Unstable plaques are characterized by a large lipid-rich core, a thin fibrous cap, ulceration,
thrombosis, and intraplaque hemorrhage, as well as an abundance of inflammatory cells®. It is
well established that differences in plaque morphology and composition exist among men and
women, where men are more likely to develop unstable and complex plaques with more
inflammatory features than women, while women’s plaques are characterized by more stable
histological features and a higher-grade stenosis'®-1#3, Although these sex disparities have led to
an increased interest in understanding the mechanisms underlying the atherosclerotic process in
women versus men, gaps in optimal clinical practice still exist, such as the lack of sex-specific
guidelines for carotid atherosclerotic disease management.

Current guidelines recommend a CEA for stroke prevention in patients with symptomatic
and asymptomatic moderate-to-high-grade carotid artery stenosis!3*!3%, However, these guidelines
were based off of studies where women were under-represented, and the evidence was mainly
extrapolated from research performed in men. As a result, women were reported to benefit less
from having a CEA than men, as their stroke relative risk reduction following a CEA was
significantly lower compared to that in men (only 4% in women compared to 51% in men)!®8,
Thus, there is a need to explore circulating markers that reflect sex-specific features in the plaque
for better prediction of stroke risk in women and in men. The aim of this study is to investigate
differences in the lipid, immune, and adipokine circulating profiles of men and women with stable
versus unstable atherosclerotic plaques. A better understanding of differences between men and
women with severe carotid atherosclerosis will allow for more appropriate and tailored prevention,

diagnosis, and treatment for women and men.
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7.3 Methods

7.3.1 Study population
Consecutive men and women with moderate- to high-grade carotid artery stenosis (=50%) and
who were scheduled to undergo a CEA, according to current guidelines, were recruited from the
preoperative clinics of the McGill University Health Centre and the Jewish General Hospital, as
described previously!2. In the preoperative clinics, extensive assessments were performed to rule
out non-carotid causes of cerebrovascular events in symptomatic patients. Our study complies with
the Declaration of Helsinki. Ethics approval has been granted by the McGill University’s
Institutional Ethics Review Board (A12-M145-09B), and all study participants provided written
informed consent. All women included in the study were post-menopausal and not currently on
hormone replacement therapy.

Sociodemographic and clinical patient information (i.e., cerebrovascular symptomatic
status, carotid artery stenosis, past medical history, medication use, and lifestyle habits) were
obtained and cross-matched through various sources: 1) patient interview, 2) a detailed

questionnaire, and 3) medical records.

7.3.2 Blood collection/measurements

Blood sample collection and analysis methods have been previously reported!2. Fasting blood
samples were collected from each subject preoperatively on the morning of the CEA and were
partly used for obtaining plasma and serum for subsequent biochemical analyses, and partly for

peripheral blood monocyte isolation.

Biochemical Analyses

Serum lipid profile (triglycerides, total cholesterol, HDL-C, apoA-I, and apoB), high-sensitivity
CRP, and glucose levels, as well as a complete blood count (including white blood cell counts, red
blood cell counts, hemoglobin and hematocrit levels, and platelet counts) were measured at the
McGill University Health Centre central labs. LDL-C levels were calculated using the Friedewald
formula. Circulating plasma leptin levels were measured by radioimmunoassay (EMD Millipore,
Billerica, MA, USA), while chemerin, resistin, and total and HMW adiponectin levels were
determined by enzyme-linked immunosorbent assays (Human Chemerin ELISA, Biovendor, Brno,
Czech Republic; Human Resistin ELISA, EMD Millipore; Human Total Adiponectin/Acrp30
Quantikine ELISA Kit, R&D Systems, Minneapolis, MN, USA; Human HMW
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Adiponectin/Acrp30 Quantikine ELISA Kit, R&D Systems). All samples were run in duplicate
and the lower limits of detection were 0.1 ng/mL for chemerin, 0.02 ng/mL for resistin, and 0.891
ng/mL and 0.989 ng/mL for total and HMW adiponectin, respectively. Inter- and intra-assay
coefficients of variation were <10%. Profiling of collected sera for pro-inflammatory, cytokine,
chemokine, angiogenesis, and vascular injury markers was performed using the V-PLEX Human
Biomarker 40-Plex Kit (MSD, Rockville, MD, USA) in a representative subset of our participants.
Inter-assay coefficients of variation were <15%, while intra-assay coefficients of variation were

<7%.

Monocyte Isolation and mRNA Analyses

Whole blood was used to isolate PBMCs by Ficoll gradient centrifugation. Total monocytes were
then isolated from PBMCs by positive selection with CD14" Human MicroBeads (Miltenyi Biotec,
Bergisch Gladbach, Germany), using a Magnetic Activated Cell-Sorting technique (autoMACS
Pro Separator, Miltenyi Biotec). Total RNA was extracted from monocytes, as previously
described, using the miRNeasy Mini Kit (Qiagen, Valencia, CA, USA). cDNA was synthesized
from total RNA using the High-Capacity cDNA Reverse Transcription Kit with RNase inhibitor
(Thermo Fisher Scientific, Waltham, MA, USA). SYBR Green-based qRT-PCR was performed,
using the CFX384 Touch™ Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules,
CA, USA) to determine the mRNA expression of AdipoR1 (Human AdipoR1 PrimePCR SYBR
Green Assay, Unique Assay ID: qHsaCID0018245, Bio-Rad Laboratories), AdipoR2 (Human
AdipoR2 PrimePCR SYBR Green Assay, Unique Assay ID: qHsaCID0011851, Bio-Rad
Laboratories), ER-o (Human ESRI1 PrimePCR SYBR Green Assay, Unique Assay ID:
qHsaCED0033920, Bio-Rad Laboratories), ER-f (Human ESR2 PrimePCR SYBR Green Assay,
Unique Assay ID: qHsaCED0044944, Bio-Rad Laboratories), GPER (Human GPER PrimePCR
SYBR Green Assay, Unique Assay ID: qHsaCEP0033079, , Bio-Rad Laboratories), and androgen
receptor (Human AR PrimePCR SYBR Green Assay, Unique Assay ID: qHsaCID0007155, Bio-
Rad Laboratories). All measurements were performed in duplicate and Cq values obtained were
normalized to the housekeeping gene, -2 microglobulin (Human B2M PrimeTime qPCR Primers,
Hs.PT.58v.18759587, Integrated DNA Technologies, Coralville, IA, USA). Relative mRNA

abundance was calculated using the 2444 method.
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7.3.3 Histological classification of carotid atherosclerotic plaques

Carotid plaque specimens were obtained immediately following surgical resection and were
processed for histological analyses, as previously described'?. Four micrometer sections from the
plaque segment with the area of maximal stenosis and largest plaque burden were stained with
hematoxylin and eosin, and for markers of lymphocytes, macrophages, SMCs, and neovessels
(CD3, CD68, a-SMC actin, von Willebrand factor, respectively). Plaque morphology and
composition were characterized by vascular pathologists (JV and CL), according to two gold-
standard classifications of plaque instability: 1) AHA classification by Stary et al.!’6, and 2) semi-
quantitative scale by Lovett et al'’7-!78, as previously described!-?. The pathologists were blinded

to the patient’s cerebrovascular symptomatic status.

7.3.4 Sex hormone measurements
Serum levels of total testosterone, androstenedione, estradiol (E2), and dehydroepiandrosterone

(DHEA) will be measured using liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Preparation of Calibration Standards and Internal Standards for LC-MS/MS

Primary stock solutions of 1 mg/mL of testosterone, androstenedione, E2, and DHEA were
prepared in ethanol. Sub-stock solutions of 10 pug/mL were also prepared in ethanol. Working
calibration solutions were prepared in 10/90 ethanol/0.1% formic acid to a final concentration of
100 ng/mL, 10 ng/mL, and 1 ng/mL. From the working solutions a series of calibration standards
were prepared in 1 mL 10/90 ethanol/0.1% formic acid at concentrations 0.025-5 ng/mL for
testosterone, 0.025-5 ng/mL for androstenedione, 0.025-2.5 ng/mL for E2, and 0.025-2.5 ng/mL
for DHEA, and spiked with 10 pL of 100 ng/mL of deuterated internal standard (for a final
concentration of 1 ng/mL). The analytical curve was spiked into solution because of elevated levels
of steroid hormones detected in commercial blank human serum. Unacceptable levels of steroid
hormones were also detected in lots of commercial charcoal stripped human serum as well as
steroid hormone depleted commercial human serum. However, inclusion of deuterated steroids
(d3-testosterone, d7-androstenedione, d4-E2, and d6-DHEA [C/D/N Isotopes Inc., Pointe-Claire,
QC, Canadal]) as internal standards enabled absolute quantification of the steroid hormones by
correcting for procedural losses or ion suppression caused by matrix effects. A blank solvent was

injected after the highest calibrant to evaluate carryover potential of the method.
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Serum Sample Preparation

Aliquots of 100 puL of patient serum were extracted with 0.5 mL of methyl fert-butyl ether
(MTBE). The aqueous layer was extracted a second time with 0.5 mL of MTBE. The two organic
layers were combined and then evaporated at room temperature using a SpeedVac. The dried
residues were reconstituted with derivatizing agent (1,2-dimethylimidazole-5-sulfonyl chloride
[DMIS] for E2 or Girard’s P Reagent for DHEA) and then incubated in a heating block at 70°C
for 30-45 minutes. Following incubation and evaporation, 100 pL of 10/90 ethanol/0.1% formic
acid was added to each sample and then mixed with 10 pL of 10 ng/mL of deuterated internal
standard (for a final concentration of 1 ng/mL) prior to analysis by LC-MS/MS. In the case of
testosterone and androstenedione, where no derivatizing agent was needed, dried residues were
immediately reconstituted in 10/90 ethanol/0.1% formic acid plus deuterated internal standard
prior to analysis. Testosterone and androstenedione were analyzed together by LC-MS/MS, while

E2 and DHEA were analyzed separately due to differing derivatization protocols.

LC-MS/MS Conditions

The analytical instrumentation consisted of a Thermo Scientific™ ISQ Quantiva™ Triple
Quadrupole Mass Spectrometer (Thermo Fisher Scientific) incorporating a heated electrospray
ionization (HESI) source coupled with a Thermo Scientific UltiMate™ 3000 UHPLC system
(including an UltiMate™ 3000 RS autosampler with cooled tray holder). The MS instrument was
operated in selected reaction-monitoring, positive ion detection mode at optimized collision
energies. Mass transitions were monitored for each target analyte and its internal standard in

extracted human serum and are presented in Table 7.1.

UHPLC Parameters for Testosterone, Androstenedione, and DHEA Analysis: The
chromatography was resolved by gradient elution of a binary solvent system using an Agilent
Eclipse Plus™ C-18 analytical column (50 mm X 2.1 mm) with high-resolution 1.8 um particles
(Agilent Technologies, Santa Clara, CA, USA). The mobile phase for the separation consisted of
water plus 0.1% formic acid (bottle A) and acetonitrile plus 0.1% formic acid (bottle B). The
mobile phase was delivered at a flow rate of 200 pL/min with a Reverse Phase elution gradient:
95% A + 5% B for 0.5 minutes, linear gradient to 95% B between 0.5 and 5 minutes, step gradient
to 95% B between 5.1 and 8 minutes, followed by column re-equilibration to initial conditions

(95% A + 5% B) after 8 minutes.
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UHPLC Parameters for E2 Analysis: The chromatography was resolved by gradient elution of a
binary solvent system using a Thermo Hypersil GOLD PFP HPLC column (150 mm X 2.1 mm)
with high-resolution 3 pm particles (Thermo Fisher Scientific). The mobile phase for the
separation consisted of 5 mM NH4OAc (bottle A) and 100% MeOH (bottle B). The mobile phase
was delivered at a flow rate of 200 uL/min with a Reverse Phase elution gradient: 70% A + 30%
B for 0.5 minutes, linear gradient to 90% B between 0.5 and 9 minutes, step gradient to 90% B
between 9.1 and 10 minutes, followed by column re-equilibration to initial conditions (70% A +

30% B) after 10 minutes.

Table 7.1 Mass Spectrometer parameters

Polarity! Precursor| Product Collision
(m/z)? (m/z)> | Energy (V)*
Testosterone + 289.2 97.1 20.7
d3-Testo (IS) + 292.2 97.0 21.4
Androstenedione + 287.2 97.2 19.7
d7-Andro (IS) + 294.21 113.2 21.4
E2-DMIS + 431.2 96.1 34
+ 431.2 367.1 27
d4-E2 (IS) + 435.2 96.1 33
+ 435.2 371.2 28
DHEA-GP + 422.1 343.1 222
+ 422.1 253.2 26.6
d6-DHEA (IS) + 428.1 349.2 23.5
+ 428.1 259.2 31.2

'Ton Detection Mode: the mass spectrometer was operated in Positive Ion Detection Mode (analyzing singly
charged, positive ions).

“Precursor lons: represented by the symbol [M+H]" meaning the protonated molecule mass of an analyte of
interest plus the mass of a proton and described using the mass to charge ratio (m/z).

3Product Ions: protonated mass of the ion fragments of an analyte of interest also described using the mass to
charge ratio (m/z).

“Collision Energy: represents the amount of energy in the collision cell used to fragment analytes of interest
measured in volts

E2-DMIS = Estradiol derivatized with 1,2-dimethylimidazole-5-sulfonyl chloride (DMIS).

DHEA-GP = DHEA derivatized with Girard’s P Reagent (GP).
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Data Analysis

The Thermo Xcalibur Quantitative Analysis Software Version 3.0 (Thermo Fisher Scientific) was
employed for data acquisition and peak-area integration of analyte and internal standard. Using
linear regression, calibration standard curves for each analyte were constructed by plotting the
peak area ratio of the target analyte to its internal standard versus the concentration of the target
analyte. The standard curve was used for the quantification of the target analyte in unknown serum
samples. The lower limit of quantification (LLOQ) was determined as the lowest concentration at
which chromatographic peaks of the analytes were present, distinct, and chromatographically
resolved at the expected retention times with a signal/noise ratio >3. The LLOQ was 0.025 ng/mL
for testosterone, androstenedione, DMIS-derivatized E2, and Girard’s P-derivatized DHEA
representing 0.25 pg on column with a 10 pL injection volume. Typical standard curves for
testosterone, androstenedione, E2, and DHEA are illustrated in Figure 7.1 along with
representative selected reaction monitoring ion chromatograms of each target analyte and its

internal standard from an extracted patient serum sample.
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Figure 7.1 Representative calibration standard curves and selected reaction monitoring ion
chromatograms of each target analyte and its internal standard from an extracted patient serum
sample. (A) testosterone and d3-testo, (B) androstenedione and d7-andro; (C) DMIS-derivatized
E2 and d4-E2; (D) Girard’s P-derivatized DHEA and d6-DHEA. The general retention time of

testosterone was tg = 5.53 min, androstenedione tr = 5.85 min, E2 tr = 8.08 min, and DHEA tr =

4.38 min.

7.3.5 Statistical analyses

Chi-square (32), independent sample t-test (parametric test) or Mann-Whitney (non-parametric
test), were used as appropriate, to assess the differences in clinical characteristics, plaque stability,
cerebrovascular symptomatology, histological features of the plaque, circulating lipid, immune,
and adipokine markers, blood count parameters, and adiponectin and sex hormone receptor
expression on circulating monocytes between men and women with carotid plaques who
underwent a CEA. Sub-analyses were performed based on the stability of the plaques. The
definitely stable and probably stable plaque groups, classified by the vascular pathologists
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according to Lovett’s semi-quantitative scale, were combined and labeled as ‘stable’, while the
probably unstable and definitely unstable plaque groups were combined and labeled as ‘unstable’
to be used in the statistical analyses. In addition to being clinically relevant, combining instability
groups led to increased statistical power.

Logistic regression analyses were performed to estimate the association between sex and
plaque instability (stable versus unstable), as well as between HMW:total adiponectin ratio and
plaque instability (stable versus unstable). ORs are presented with 95% Cls. Multivariate models
were adjusted for BMI, history of smoking, CAD, and carotid artery stenosis. All statistical
analyses were performed in SPSS, Version 20 (IBM, Armonk, New York, United States). Values

of P<0.05 (2-tailed) were considered significant.

7.4 Results

7.4.1 Sex differences in clinical characteristics

In our study population over twice as many men underwent a CEA than women (29.5%
women/70.5% men). Table 7.2 summarizes the baseline clinical characteristics of the study
population between men and women. Age, BMI and blood pressure were similar between men and
women. Both men and women suffered from a high presence of comorbidities, such as
hypertension, hypercholesterolemia, and T2DM. However, a greater proportion of men had a
history of smoking and CAD than women (P<0.05). Medication use (statins, anti-hypertensive and
anti-hyperglycemic medication) did not differ between men and women. Table 7.3 summarizes
the baseline clinical characteristics of men and women who underwent a CEA based on their
plaque stability. No differences in clinical characteristics were observed between men and women
with stable plaques, while women with unstable plaques had a significantly smaller BMI than men
with unstable plaques. Furthermore, women with unstable plaques were significantly thinner than

women with stable plaques (BMI: 25.84+4.3 kg/m? vs. 27.8+5.2 kg/m?; P= 0.039).
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Table 7.2 Sex-specific differences in patient clinical characteristics

Clinical Characteristics szﬁeg; (nhz/[2e;17) P-value

Age,y 70.7+£8.9 70.4+10.1 0.798
BMI, kg/m? 26.9+4.9 27.3+4.3 0.484
Ever smoker, % 65.5 76.1 0.033
CAD, % 31.0 42.2 0.039
Carotid Artery Stenosis, 50-79%/80-99% 24.6/75.4 31.2/68.8 0.192
SBP, mmHg 138422 138+18 0.869
DBP, mmHg 71£11 73+10 0.076
Hypertension, % 82.8 84.0 0.762

Antihypertensive medication, % 95.8 94.8 0.695
Glucose, mmol/L 6.36 [5.50-7.65] | 6.30 [5.50-7.60] 0.900
T2DM, % 28.7 33.8 0.324

Antihyperglycemic medication, % 97.0 89.2 0.177
Hypercholesterolemia, % 83.6 84.0 0.926
Statin use, % 75.9 76.8 0.840
hsCRP, mg/L 1.7310.70-4.62] | 1.79 [0.90-4.30] 0.958

Values represented as mean + standard deviation or median [interquartile range] (for continuous data) or as percentages (for nominal data).
BMI indicates body mass index; CAD, coronary artery disease; SBP, systolic blood pressure; DBP, diastolic blood pressure; T2DM, type 2

diabetes mellitus; hsCRP, high-sensitivity C-reactive protein.

P-value indicates comparison between women and men (analysis was performed by independent-samples t-test, Mann-Whitney U test, or

Chi-square ()2), as appropriate).

Table 7.3 Sex-specific differences in patient clinical characteristics in relation to plaque stability

Stable Plaques P- Unstable Plaques P-
Clinical Characteristics

Women (n=68) | Men (n=96) | Value | Women (n=48) | Men (n=181) | value

Age,y 71.4+8.2 70.749.1 0.593 69.8+9.7 70.3+10.7 0.737
BMI, kg/m? 27.845.2 26.9+3.7 0.272 *25.8+4.3 27.5+4.6 0.029
Ever smoker, % 59.7 70.5 0.152 73.9 79.1 0.449
CAD, % 32.4 46.9 0.062 29.2 39.7 0.182
Carotid Artery Stenosis, 50-79%/80-99% 27.3/72.7 30.9/69.1 0.625 20.8/79.2 31.4/68.6 0.154
SBP, mmHg 140+23 138+18 0.661 136+21 137£19 0.605
DBP, mmHg 72+10 74410 0.374 70+12 73+10 0.071
Hypertension, % 82.4 87.5 0.358 83.3 82.1 0.845
Antihypertensive medication, % 96.4 96.4 1.000 95.0 93.9 0.789
Glucose, mmol/L 6.00 [5.30-7.26] | 6.20 [5.40-7.40] | 0.759 | 6.60[5.54-7.71] | 6.39[5.51-7.65] | 0.483
T2DM, % 313 37.5 0.417 25.0 31.8 0.360
Antihyperglycemic medication, % 100.0 94.4 0.272 91.7 86.0 0.594
Hypercholesterolemia, % 79.4 85.4 0.314 89.6 83.2 0.280
Statin use, % 72.1 82.3 0.119 81.2 73.9 0.292
hsCRP, mg/L 1.65 [0.73-4.54] 1.54[1.00-4.17] 0.943 1.99 [0.61-4.75] 2.00[0.79-4.35] 0.973

Values represented as mean + standard deviation or median [interquartile range] (for continuous data) or as percentages (for nominal data).

BMI indicates body mass index; CAD, coronary artery disease; SBP, systolic blood pressure; DBP, diastolic blood pressure; T2DM, type 2 diabetes mellitus; hsCRP, high-

sensitivity C-reactive protein.

P-value indicates comparison between women and men (analysis was performed by independent-samples t-test, Mann-Whitney U test, or Chi-square ()2), as appropriate).
*P<0.05 vs. women with stable plaques (independent-samples t-test).
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7.4.2 Sex differences in plaque stability and clinical presentation

According to Lovett’s semi-quantitative scale of plaque instability, women had a significantly
greater proportion of definitely stable and probably stable plaques, while men had a greater
proportion of definitely unstable and probably unstable plaques (P<0.001; Figure 7.2A).
Classifying plaques according to the AHA histological classification further confirmed these
results; women had a significantly greater proportion of Type VII and VIII plaques than men,
while men had a greater proportion of Type V and Type VI plaques (P<0.001; Figure 7.2B).
Univariate logistic regression analyses demonstrated that being a man increased the odds of having
an unstable plaque by 167% (OR [95% CI]: 2.67 [1.71-4.17]; P<0.001) compared to women. This
association remained significant after adjustments for BMI, history of smoking and CAD, and
carotid artery stenosis (1.97 [1.20-3.23]; P=0.007). Looking at the individual features of the
plaque, men’s plaques were significantly characterized by more unstable histological features than
women, such as a larger hemorrhage, less fibrous tissue, more foam cells, a larger lipid core, and
more inflammation (macrophage and lymphocyte infiltration) overall in the plaque as well as in
the fibrous cap of the plaque (Table 7.4). However, despite these differences in plaque
composition, a similar proportion of men and women were symptomatic and experienced similar

types of ischemic events (Figure 7.2C-D).

7.4.3 Sex differences in circulating lipid, immune, and adipokine profiles

Tables 7.5-7.7 summarize the differences in lipid, immune and adipokine markers, and blood
count parameters between men and women. Total cholesterol levels were significantly higher in
women compared with men, which was mainly driven by the significantly higher HDL-C levels
also observed among women (Table 7.5). As a result of these higher HDL-C levels, apoA-I levels
were also significantly higher among women compared to men (Table 7.5). Whether plaques were
classified as stable or unstable, total cholesterol, HDL-C, and apoA-I levels remained significantly
higher in women compared to men (Table 7.6).

The total white blood cell count was observed to be significantly higher in men versus
women when plaques were stable (Table 7.6). However, the opposite was true when plaques were
classified as unstable. Interestingly, the total white blood cell count was significantly increased in
women with unstable vs stable plaques (P=0.017) but was decreased in men with unstable vs stable
plaques (P<0.001) (Table 7.6). Women were characterized by a significantly greater proportion

of lymphocyte to white blood cell counts, while men had a greater proportion of monocyte to white
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blood cell counts (Table 7.5 and 7.6). Furthermore, men had significantly higher levels of
circulating pro-inflammatory cytokines and chemokines, and vascular injury markers, IL-6, TNF-
o, MIP1-a, and sVCAM-1 than women (Table 7.7). The total red blood cell count, along with
hemoglobin and hematocrit levels were significantly higher in men compared with women (Table
7.5). This difference remained significant whether plaques were classified as stable or unstable
(Table 7.6). The platelet count, on the other hand, was significantly higher among women with
unstable plaques compared with men with unstable plaques but remained similar among men and
women with stable plaques (Table 7.6). Interestingly, men with unstable plaques had significantly
lower total platelet counts versus men with stable plaques (P=0.002), while no differences were
observed among women with unstable versus stable plaques (Table 7.6).

Women had significantly higher circulating leptin and total and HMW adiponectin levels
compared with men, while chemerin and resistin levels remained similar (Table 7.5). The
proportion of HMW to total adiponectin levels was also higher among women than men (Table
7.5). HMW and total adiponectin levels remained significantly different between men and women
when their plaques were categorized as stable or unstable (Table 7.6). On the other hand, while
the proportion of HMW to total adiponectin was significantly higher in women versus men with
stable plaques, no significant difference in the ratio was observed between men and women who
had unstable plaques (Table 7.6). Interestingly, women with unstable plaques had significantly
lower HMW:total adiponectin than women with stable plaques (Table 7.6). Logistic regression
analyses revealed a significant association specifically in women but not in men between decreased

HMW:total adiponectin ratio and greater plaque instability (Table 7.8).

263



507 o 379 379
(| I Women
45
o B Women 357 & Men
404 el [ Men 314
304
35 336 27.6
26.0
IS § =
< <
) 250 253 & 20.7
g 25 23 8 20
g =
5 19:5 £
& 18.1 S . —
15.2
154
10
10
o & 47
o r T T r o T T T
Definitely Probably Probably Definitely TypeV Type VI Type VII Type VIII
Stable Plaque Stable Plaque Unstable Plaque  Unstable Plaque (n=88) (n=137) (0=131) (0=37)
(n=71) (n=93) (n=138) (n=91)
American Heart Association Classification
Semi-quantitative Scale of Plaque Stability
T =T *)
Men
] Men &l 441 -
904 415
wl 81.0 . 404 38.6
] 35 344
Q I
S 60 s
o @
) g s
8 504 = 21.5
g 8 198
£ 40 5 20
= A
15
30 243
78 19.0 10
N . |
T T L . .
Asymptomatic Symptomatic Amaurosis Fugax  Transient Ischemic Attack Ischemic Stroke
@®=89) @®=303) @=sD) @=127) @=112)
Cerebrovascular Symptomatology Type of Ischemic Event

Figure 7.2 Sex-specific differences in plaque stability and cerebrovascular symptomatology in
CEA population. A) Bar graphs represent the percentage of women and men with stable or
unstable plaques according to Lovett’s semi-quantitative scale of plaque stability, P<0.001 (Chi-
square test). B) Bar graphs represent the percentage of women and men with Type V, VI, VII, or
VIII plaques according to the AHA classification, P<0.001 (Chi-square test). C) Bar graphs
represent the percentage of women and men who were symptomatic or asymptomatic, P=0.252
(Chi-square test). D) Bar graphs represent the percentage of symptomatic women and men

according to the type of cerebrovascular event they suffered, P=0.780 (Chi-square test).
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Table 7.4 Sex-specific differences in the prevalence of histological features of
the plaque

Histological Plaque Women Men
Features N (n=116) (n=277) P-value

Hemorrhage, %

No hemorrhage 261 76.7 62.1

Small hemorrhage 87 18.1 23.8

Large hemorrhage 45 5.2 14.1 0.009
Thrombus, %

No thrombus 320 82.8 80.9

Small thrombus 65 16.4 16.6

Large thrombus 8 0.9 2.5 0.562
Fibrous tissue, %

Very little fibrous tissue 32 52 9.4

~50% fibrous tissue 235 422 67.1

Predominantly fibrous 126 52.6 235 <0.001
Foam cells, %

None 150 50.0 33.2

<50 cells 105 24.1 27.8

At least 50 cells 138 259 39.0 0.005
New vessels, %

None 92 26.7 22.0

<10 per section 147 31.0 40.1

At least 10 per section 154 422 379 0.229
Calcification, %

None 51 7.8 15.2

Stippling only 240 60.4 61.4

Calcified nodules 102 31.9 23.5 0.097
Lipid core, %

No lipid core 65 30.2 10.8

Small lipid core 118 34.5 28.2

Large lipid core 210 353 61.0 <0.001
Inflammatory cells, %

None 62 24.1 12.3

Occasional cells 155 43.1 37.9

2-5 groups of >50 cells 152 30.2 422

>5 groups of >50 cells 24 2.6 7.6 0.003
*Cap infiltration, %

None 156 54.3 34.1

<10 cells in cap 74 15.5 20.5

10-50 cells in cap 84 13.8 24.9

>50 cells in cap 75 16.4 20.5 0.002
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*Cap rupture, %

Intact cap 252 68.1 63.4
Probably intact 66 16.4 17.2
Probably ruptured 50 12.9 12.8
Definitely ruptured 21 2.6 6.6 0.434

Plaque and cap inflammation were graded according to the number of macrophages and lymphocytes present.
*N=389 (for cap infiltration and cap rupture) because plaque had no detectable cap.
P-value indicates comparison between women and men (analysis was performed by Chi-square [y2]).

Table 7.5 Sex-specific differences in circulating lipid and adipokine markers,
and blood count parameters

Circulating Markers Women Men P-value
Lipid Markers
Total cholesterol, mmol/L 116, 3.44 [2.96-4.08] 277, 3.13 [2.70-3.68] <0.001
HDL cholesterol, mmol/L 116, 1.09 [0.91-1.23] 277,0.91 [0.74-1.07] <0.001
LDL cholesterol, mmol/L 116, 1.62 [1.23-2.28] 277, 1.53[1.15-1.92] 0.055
Triglycerides, mmol/L 116, 1.41 [1.10-1.80] 277, 1.45[1.07-1.88] 0.928
ApoAl, g/L 116, 1.26 [1.12-1.46] 277,1.12[0.99-1.27] <0.001
ApoB, g/L 116, 0.70 [0.59-0.86] 277, 0.67 [0.56-0.79] 0.056
Blood Count Parameters
WBCs, 10°/L 104, 7.96 [6.23-9.58] 244,7.80 [6.44-9.49] 0.661
Lymphocyte:WBC, % 104, 24.96 [19.84-30.58] 244,22.27[17.08-27.93] 0.001
Monocyte:WBC, % 104, 7.39 [6.12-8.54] 244, 8.38 [6.82-9.97] 0.001
Neutrophil: WBC, % 104, 63.57 [58.46-69.72] 244, 65.40 [59.38-71.97] 0.092
Eosinophil: WBC, % 104, 2.23 [1.25-3.19] 244,2.36 [1.40-3.55] 0.206
Basophil: WBC, % 104, 0.00 [0.00-0.87] 244, 0.00 [0.00-0.93] 0.296
RBCs, 10'%/L 104, 4.24 [3.98-4.54] 244, 4.55 [4.15-4.90] <0.001
Hemoglobin, g/L 104, 131.50 [119.25-141.00] 244, 139.00 [126.00-150.00] <0.001
Hematocrit, L/L 104, 0.39 [0.36-0.42] 244, 0.42 [0.38-0.45] <0.001
Platelets, 10%/L 104, 247.50 [196.25-291.75] 244, 200.00 [171.00-249.75] <0.001
Adipokine Markers
Chemerin, ng/mL 49, 219.62 [182.39-244.44] 114, 208.64 [177.19-260.23] 0.654
Leptin, ng/mL 49, 13.81 [4.39-45.07] 114, 9.43 [4.56-14.49] 0.031
Resistin, ng/mL 49, 12.46[10.01-16.08] 114, 12.88 [9.69-17.63] 0.947
Total adiponectin, pg/mL 116, 8.01 [5.42-12.01] 277, 5.19 [3.36-8.85] <0.001
HMW adiponectin, pg/mL 116, 4.48 [3.02-6.99] 277,2.86 [1.58-4.65] <0.001
HMW:Total adiponectin 116, 0.58+0.12 277,0.52+0.14 <0.001

HMW indicates high-molecular weight; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ApoA1, apolipoprotein
Al; ApoB, apolipoprotein B; WBC, white blood cell; RBC, red blood cell; SBP, systolic blood pressure; DBP, diastolic blood
pressure; T2DM, type 2 diabetes mellitus.

Data is presented as N, median [interquartile range] or N, mean + standard deviation

P-value indicates comparison between women and men (analysis was performed by independent-samples t-test or Mann-
Whitney U test, as appropriate).
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Table 7.6 Sex-specific differences in circulating lipid and adipokine markers, and blood count parameters, in relation to plaque stability

Stable Plaques Unstable Plaques
Circulating Markers P-value P-value
Women Men Women Men
Lipid Markers
Total cholesterol, mmol/L 68, 3.44 [2.94-4.15] 96, 3.12 [2.74-3.64] 0.003 48, 3.43 [3.10-3.93] 181, 3.16 [2.66-3.69] 0.023
HDL cholesterol, mmol/L 68, 1.09 [0.92-1.31] 96, 0.92 [0.75-1.11] <0.001 48, 1.07 [0.87-1.18] 181, 0.91 [0.74-1.06] 0.001
LDL cholesterol, mmol/L 68, 1.55 [1.21-2.28] 96, 1.42 [1.13-1.77] 0.058 48, 1.66 [1.25-2.25] 181, 1.58 [1.16-2.00] 0.230
Triglycerides, mmol/L 68, 1.41 [1.12-1.79] 96, 1.51 [1.16-1.88] 0.562 48,1.421.07-1.82] 181, 1.43 [0.99-1.87] 0.882
ApoAl, g/L 68, 1.25 [1.10-1.43] 96, 1.12 [1.01-1.26] <0.001 48,1.26 [1.12-1.50] 181, 1.12 [0.98-1.27] <0.001
ApoB, g/L 68, 0.70 [0.58-0.87] 96, 0.64 [0.56-0.76] 0.075 48,0.71 [0.61-0.83] 181, 0.68 [0.56-0.81] 0.248
Blood Count Parameters
WBCs, 10%/L 62,7.52 [6.07-9.02] 85, 8.30[7.09-10.13] 0.009 *42,8.50 [7.38-10.06] 1159, 7.33 [6.00-8.94] 0.003
Lymphocyte:WBC, % 62, 24.48 [19.92-30.00] 85,22.05[16.28-26.82] 0.020 42,26.01 [19.55-31.88] 159,22.38 [17.38-28.71] 0.018
Monocyte:WBC, % 62, 7.33 [6.07-8.86] 85, 8.07 [6.57-9.46] 0.120 42,7.53 [6.58-8.46] 159, 8.58 [6.92-10.19] 0.008
Neutrophil: WBC, % 62, 64.06 [58.99-70.50] 85, 65.89 [60.87-73.73] 0.160 42, 62.87 [57.86-68.74] 159, 65.32 [59.23-71.38] 0.141
Eosinophil: WBC, % 62, 2.08 [1.22-3.00] 85, 1.96 [1.17-3.24] 0.913 42,2.45[1.45-3.74] 1159, 2.49 [1.67-3.84] 0.452
Basophil: WBC, % 62, 0.00 [0.00-0.75] 85, 0.55 [0.00-0.94] 0.004 42, 0.00 [0.00-0.94] 159, 0.00 [0.00-0.093] 0.355
RBCs, 10'?/L 62,4.31 [3.98-4.55] 85,4.59 [4.19-4.90] 0.001 42,4.20 [3.96-4.51] 159, 4.51 [4.15-4.90] 0.004
Hemoglobin, g/L 62, 132.00 [118.00-141.25] 85, 140.00 [128.50-151.00] 0.001 42,129.00 [119.75-139.50] 159, 139.00 [125.00-150.00] 0.004
Hematocrit, L/L 62, 0.40 [0.36-0.42] 85, 0.42 [0.38-0.45] 0.001 42,0.38 [0.36-0.41] 159, 0.41 [0.37-0.44] 0.003
Platelets, 10°/L 62, 239.50 [192.75-289.25] 85, 223.00 [189.00-266.50] 0.283 42, 249.50 [196.75-300.00] 1159, 192.00 [163.00-239.00] <0.001
Adipokine Markers
Chemerin, ng/mL 23, 225.85 [181.02-255.12] 25,230.60 [199.91-273.72] 0.516 26,210.84 [182.88-241.53] 89, 202.41 [165.19-257.56] 0.552
Leptin, ng/mL 23,9.61 [3.53-44.11] 25, 9.41 [5.49-15.02] 0.741 26, 13.96 [7.26-46.21] 89, 9.45 [4.36-14.53] 0.011
Resistin, ng/mL 23,12.78 [10.21-15.68] 25,10.84 [9.60-18.16] 0.657 26, 12.22 [9.44-18.19] 89, 13.05 [9.71-17.58] 0.792
Total adiponectin, pg/mL 68, 7.87 [5.66-12.30] 96, 4.94 [3.09-7.81] <0.001 48, 8.20 [5.04-10.40] 181, 5.57 [3.61-9.25] 0.002
HMW adiponectin, pg/mL 68, 4.70 [3.26-7.50] 96, 2.85 [1.38-4.29] <0.001 48, 4.37[2.60-6.25] 181, 2.89 [1.75-4.89] 0.002
HMW:Total adiponectin 68, 0.60+0.12 96, 0.53+0.15 0.001 *48, 0.54+0.11 181, 0.52+0.13 0.233

HMW indicates high-molecular weight; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ApoAl, apolipoprotein Al; ApoB, apolipoprotein B; WBC, white blood cell; RBC, red blood cell; SBP, systolic
blood pressure; DBP, diastolic blood pressure; T2DM, type 2 diabetes mellitus.
Data is presented as N, median [interquartile range] or N, mean + standard deviation
P-value indicates comparison between women and men (analysis was performed by independent-samples t-test or Mann-Whitney U test, as appropriate).
*P<0.05 vs. women with stable plaques (Mann-Whitney U test)
+P<0.05 vs. men with stable plaques (Mann-Whitney U test)
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Table 7.7 Sex-specific differences in circulating pro-inflammatory, cytokine,
chemokine, angiogenesis, and vascular injury markers

Circulating Markers Women Men P-value
Pro-inflammatory Markers
IFN-y, pg/mL 28,3.47 [1.81-6.16] 46, 3.61 [1.99-5.42] 0.973
IL-4, pg/mL 28, 0.01 [0.00-0.02] 46, 0.01 [0.00-0.03] 0.250
IL-6, pg/mL 28,0.31 [0.26-0.93] 46, 0.62 [0.33-1.15] 0.039
IL-8, pg/mL 28, 7.55[5.95-13.37] 46, 7.90 [6.60-11.75] 0.850
IL-10, pg/mL 28,0.13 [0.08-0.18] 46, 0.09 [0.06-0.21] 0.613
IL-12p70, pg/mL 28, 0.04 [0.02-0.07] 46, 0.03 [0.01-0.08] 0.400
IL-13, pg/mL 28, 0.30 [0.15-0.50] 46, 0.30 [0.18-0.49] 0.938
TNF-a, pg/mL 28, 1.65[1.17-1.96] 46, 1.79 [1.47-2.51] 0.041
Cytokines
GM-CSF, pg/mL 28,0.03 [0.01-0.08] 46, 0.05 [0.02-0.07] 0.356
IL-5, pg/mL 28,0.13 [0.05-0.86] 46, 0.24 [0.07-0.52] 0.636
IL-7, pg/mL 28, 11.12 [8.41-17.59] 46, 14.00 [10.59-18.84] 0.084
IL-12/IL-23p40, pg/mL 28,99.11 [48.53-125.75] 46, 79.67 [49.21-157.81] 0.860
IL-15, pg/mL 28, 1.22 [1.03-1.53] 46, 1.27 [1.10-1.62] 0.422
IL-16, pg/mL 28, 137.15[104.06-188.04] | 46, 168.03 [126.85-188.85] 0.084
IL-17A, pg/mL 28,0.43 [0.32-1.01] 46, 0.51 [0.31-0.89] 0.730
TNF-B, pg/mL 28,0.10[0.07-0.13] 46, 0.09 [0.07-0.13] 0.828
Chemokines
Eotaxin, pg/mL 28, 84.15 [68.02-154.31] 46, 87.39 [65.97-122.95] 0.677
Eotaxin-3, pg/mL 28, 3.92 [2.56-5.70] 46, 4.68 [2.59-8.35] 0.313
TARC, pg/mL 28,241.03 [158.05-460.85] | 46,205.67 [117.23-324.91] 0.430
IP-10, pg/mL 28, 174.57 [90.28-230.57] 46, 160.30 [120.66-262.24] 0.567
MIP-1a, pg/mL 28,9.64+3.54 46, 12.98+5.51 0.009
MIP-1B, pg/mL 28, 84.74+45.18 46, 80.19+29.40 0.656
MCP-1, pg/mL 28,296.43 [228.16-346.01] | 46,297.07 [235.78-363.00] 0.362
MCP-4, pg/mL 28, 119.48 [88.52-162.37] 46, 114.31 [80.75-147.10] 0.678
MDC, pg/mL 28, 956.29+388.28 46, 794.14+350.24 0.088
Angiogenesis Markers
VEGF-A, pg/mL 28,228.80 [101.85-406.70] | 46, 185.86 [121.47-308.85] 0.600
VEGF-C, pg/mL 28,230.27[177.45-361.07] | 46,230.45[187.33-323.01] 0.929
VEGF-D, pg/mL 28,617.55[416.50-766.31] | 46, 428.81 [344.08-525.18] 0.033
TIE-2, pg/mL 28, 2132.18+439.83 46, 2157.11+£502.80 0.829
FLT-1, pg/mL 28, 41.66 [32.14-54.94] 46, 44.39 [37.41-51.99] 0.397
PIGF, pg/mL 28, 12.87+3.01 46, 13.34+2.56 0.478
FGF, pg/mL 28, 1.62 [0.90-2.36] 46, 1.45[0.78-2.29] 0.902
Vascular Injury Markers
SAA, pg/mL 28,269.90 [166.37-738.43] | 46,349.55[151.84-678.78] 0.858
sICAM-1, ng/mL 28,326.49 [252.60-392.86] | 46, 328.87 [299.45-453.23] 0.275
sVCAM-1, ng/mL 28,570.14 [491.19-686.64] | 46, 673.00 [572.43-797.09] 0.031

IFN indicates interferon; IL, interleukin; TNF, tumor necrosis factor; GM-CSF, granulocyte-macrophage colony-stimulating
factor; TARC, thymus and activation-regulated chemokine; IP, interferon gamma-inducible protein; MIP, macrophage
inflammatory protein; MCP, monocyte chemoattractant protein; MDC, monodansylcadaverine; VEGF, vascular endothelial
growth factor; TIE, tyrosine kinase with immunoglobulin-like and EGF-like domains; FLT, fms related tyrosine kinase; PIGF,
placental growth factor; FGF, fibroblast growth factor; SAA, serum amyloid A; sSICAM, soluble intercellular adhesion molecule;

sVCAM, soluble vascular cell adhesion molecule
Data is presented as N, median [interquartile range] or N, mean + standard deviation
P-value indicates comparison between women and men (analysis was performed by independent-samples t-test or Mann-

Whitney U test, as appropriate).
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Table 7.8 Logistic regression analyses for the association of HMW:total
adiponectin with carotid plaque instability

Univariate *Multivariate

OR (95% CI) OR (95% CI)
All patients 0.114 (0.025-0.526) 0.159 (0.026-0.968)
Men only 0.459 (0.076-2.764) 0.739 (0.092-5.923)
Women only 0.009 (0.000-0.343) 0.003 (0.000-0.307)

OR indicates odds ratio; CI, confidence interval
ORs from logistic regression analysis per unit increase in marker levels
* Adjustments for body mass index, history of smoking, coronary artery disease, and carotid artery stenosis

7.4.4 Sex differences in adiponectin and sex hormone receptor expression on circulating
monocytes

AdipoR1 gene expression on circulating monocytes was observed to be significantly lower (1.58-
fold lower, P<0.01) in men with stable plaques versus women with stable plaques (Figure 7.3A).
However, this difference was not apparent when men and women with unstable plaques were
compared. Although the effect was attenuated, AdipoR2 followed a similar pattern of expression
as AdipoR1; in this case a trend for lower AdipoR2 gene expression was only noted between men
and women with stable plaques (Figure 7.3B). Interestingly, men with unstable plaques had
significantly greater AdipoR1 expression (1.44-fold higher, P<0.05) than their counterparts with
stable plaques, while no difference in expression was observed between women with stable versus
unstable plaques (Figure 7.3A). ER-a gene expression on circulating monocytes was 1.57-fold
lower in men versus women when their plaques were stable but 1.88-fold higher in men when
plaques were unstable (P<0.05, Figure 7.3C). Women with unstable plaques had significantly
lower ER-a expression (1.75-fold lower) than women with stable plaques (P<0.05, Figure 7.3C).
The opposite was reported in men who had 1.66-fold higher ER-a expression when their plaques
were unstable versus when their plaques were stable (P<0.05, Figure 7.3C). Although no
significant differences were observed, GPER followed a similar pattern of expression as ER-a
(Figure 2D). ER-f was expressed to such a low degree on circulating monocytes that differences
among patients were non-quantifiable (Figure 7.4). Androgen receptor, on the other hand, was not

found to be expressed on circulating monocytes (Figure 7.4).
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Figure 7.3 Sex-specific differences in AdipoR1, AdipoR2, ER-a, and GPER gene expression on
circulating monocytes in CEA population. Bar graphs represent qRT-PCR data. Data presented
as mean + SD. A) P-values represent analysis comparing AdipoR1 gene expression on circulating
monocytes between women and men with stable or unstable plaques (independent-samples t-test).
*P<0.05 vs. men with stable plaques (independent-samples t-test) B) P-values represent analysis
comparing AdipoR2 gene expression on circulating monocytes between women and men with
stable or unstable plaques (independent-samples t-test). C) P-values represent analysis comparing
ER-a gene expression on circulating monocytes between women and men with stable or unstable
plaques (independent-samples t-test). *P<0.05 vs. men with stable plaques (independent-samples
t-test); TP<0.05 vs. women with stable plaques (independent-samples t-test). D) P-values represent
analysis comparing GPER gene expression on circulating monocytes between women and men

with stable or unstable plaques (independent-samples t-test).
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Figure 7.4 ER-/£ and androgen receptor mRNA expression in various cell types. ER-/ mRNA
was expressed to a low degree in human isolated circulating monocytes (Cq value = ~35), while
androgen receptor was not expressed in monocytes (no Cq value detectable). Human isolated
circulating lymphocytes and THP-1 monocyte-derived macrophages were used as a positive
control, where ER-fmRNA was observed to be expressed in lymphocytes, while androgen receptor
was expressed in both lymphocytes and monocyte-derived macrophages. Cq > 35 defined as no

expression.

7.5 Discussion

Our study provided a comprehensive characterization of sex differences that exist between men
and women with severe carotid atherosclerosis who underwent a CEA based on the current
guidelines for carotid disease management. We demonstrated that men and women exhibited clear
differences not only at the level of the plaque but also at the level of the circulation, with women
displaying more favourable adipokine, lipid, and immune profiles compared to men. These

favourable profiles among women may partly explain why women possessed more histologically
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stable plaques than men. Furthermore, our study was the first to reveal that a decrease in the
HMW:total adiponectin ratio may contribute or act as a potential marker of plaque instability
specifically in women but not in men. Lastly, we presented a newly developed and optimized
method to measure a panel of sex hormones using LC-MS/MS, which will overcome the

limitations of currently used assays that lack sensitivity and specificity.

7.5.1 Sex differences in plaque instability and cerebrovascular symptomatology

In our study, sex was observed to be a strong and independent determinant of plaque instability,
where men exhibited more unstable plaques than women, predominantly composed of a large lipid
core, intraplaque hemorrhage, and a greater presence of inflammation and cap infiltration, while
women exhibited stable plaques which were composed predominantly of fibrous tissue. Our
findings support other lines of evidence demonstrating clear differences in plaque morphology and
composition between men and women regardless of the degree of carotid artery stenosis, where
men possessed higher risk carotid plaque features than women'®-!83, It is suggested that these
differences in plaque composition may help explain why women benefit less from carotid

k153.167.168 -~ A5 3 result, less

revascularization than men and have increased perioperative stroke ris
women are selected to undergo a CEA than men as there exists much uncertainty in deciding which
treatment may be appropriate for the management of carotid disease in women. In our own study,
women comprised only 30% of the total CEA population, who are consecutively recruited
(acceptance rate: 99%). Thus, clinical selection bias represents a limitation of our study, as the
vascular surgeons are more likely to select, based on the current guidelines, women who they
believe represent the most severe cases to be operated on and are the most likely to benefit from
surgical intervention. In the majority of cases, these are women who suffered a symptomatic event.
This explains why a similar proportion of men and women were observed to be symptomatic in
our study population, and experienced similar types of ischemic events, despite stroke incidence
being higher among men than women in the general population. Interestingly, despite the majority
of women being symptomatic, their plaques exhibited minimal features of plaque instability. This
may partly be due to delays in surgical treatment. Although not directly assessed in our study, the
duration from event to CEA has been reported to be longer in women compared to men (median
time to CEA: 18 days in men and 35 days in women), providing sufficient time for the plaque to
remodel and stabilize!’>!”, Secondly, it has been suggested that thrombi overlying fibrotic

atherosclerotic plaques in women may likely form due to surface endothelial erosion, rather than
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rupture of the fibrous cap®®. Thrombosis in such cases are often triggered by an enhanced systemic
thrombogenic state promoted by traditional risk factors, such as hypertension, smoking, and

hypercholesterolemia’®!,

7.5.2 Sex differences in circulating lipid, immune, and adipokine profiles

Significant sex differences observed at the level of the plaque led us to hypothesize that significant
differences between men and women would also be observed at the level of the circulation.
Therefore, we explored various circulating lipid, immune, and adipokine markers that could
potentially reflect the sex-specific features in the plaque. Women had a more anti-atherogenic
plasma lipid profile than men. Specifically, higher concentrations of circulating HDL-C and apoA-
I were detected in women compared to men. Although these findings have been consistently
documented in other studies, particularly when comparing premenopausal women to age-matched
men, the mechanism for this sex-specific difference remains not well understood®®?. It is suggested
that women may have a greater HDL-apoA-I synthesis rate than men, which is associated with
enhanced cholesterol efflux capacity”®3.

Sex is also a biological variable that affects the functions of the immune system®**. Men
were observed to have a greater presence of inflammation in their circulation than women,
reflecting the larger abundance of inflammation also observed at the level of their plaques.
Specifically, men had more innate immune activation than women, where a greater proportion of
circulating monocyte to white blood cell counts was detected along with higher levels of pro-
inflammatory cytokines, chemokines, and soluble adhesion molecules, such as IL-6, TNF-alpha,
MIP1-alpha, and sVCAM-1. These factors are crucial for the development of atherosclerosis; they
are either expressed by monocytes or promote monocyte adhesion to the vascular endothelium and
their migration into the atherosclerotic plaque®®®. Sex hormones are believed to regulate the
phenotypic and functional differences in innate immune cells documented between men and
women’%®. Sex hormones mediate their effects through various estrogen (ER-0, ER-f, GPER) and
androgen receptors. Interestingly, in our study, only ER-a and GPER gene expression were
detected in circulating monocytes, while androgen receptor was expressed in fully differentiated
macrophages. ER-a expression on monocytes was significantly lower in women with unstable
versus stable plaques, while in contrast, its expression was significantly higher in men with
unstable versus stable plaques. This resulted in men having significantly higher ER-a expression

than women when plaques were unstable, while the opposite held true when plaques were stable.
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These findings suggest that estrogens might differentially affect the function of innate immune
cells in women and in men, where its actions may be protective in women yet deleterious in men.

Sex differences in adipose tissue biology also exist, with respect to the release of
adipokines. In our study population, women had significantly higher circulating total and HMW
adiponectin levels than men, as well as higher HMW:total adiponectin ratio. These findings are in
line with multiple studies that have established higher circulating adiponectin levels among women
compared to men®¥’->%% However, we are the first to report that a decrease in the HMW:total
adiponectin ratio, also referred to as the adiponectin sensitivity index, is a strong and independent
predictor of greater plaque instability specifically in women but not in men. Therefore, this ratio
may have the potential to be used as a marker that may help identify women (with ‘unstable’
profiles similar to men) who may be better suited for surgical intervention. Adiponectin is the most
abundantly secreted adipose tissue-derived protein, which exerts insulin-sensitizing, anti-
inflammatory, and vasculoprotective properties. The HMW isoform is considered the biologically
active form of adiponectin and its secretion has been reported to be selectively inhibited by
testosterone®*2. Adiponectin is known to mediate its actions via two transmembrane receptors,
AdipoR1 and AdipoR2. Herein, we are the first to report a sexual pattern in the distribution of the
adiponectin receptors on circulating monocytes, where men with stable plaques had lower AdipoR
gene expression than women with stable plaques. Thus, lower circulating HMW adiponectin and
less adiponectin receptor expression may partially explain why men have a higher risk of

developing atherosclerotic disease than women.

7.5.3 Sex hormones

As mentioned above, we believe that sex hormones play a crucial role in delineating the differences
observed herein between men and women at the level of the plaque and at the level of the
circulation, as estrogens and androgens have been suggested to have a direct impact on the vascular
system and on the cells of which it is comprised. Exposure to high levels of estrogens are believed
to retard the atherogenic process in premenopausal women placing these women at decreased risk
for CVD or stroke compared to men of similar age'?>2. Menopause due to a decrease in estrogen
levels, diminishes the ‘protection’ in women and contributes to an adverse impact on
cardiovascular risk variables?!. Interestingly, in our study population, women were observed to
have more favorable lipid, immune, and adipokine profiles than men despite being post-

menopausal for many years (mean age: 70.7 years). These findings suggest that ‘residual’
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protective effects of estrogens may persist even after menopause. Therefore, measurement of sex
hormones will provide insight on how these hormones (including E2) can influence the adipokine,
lipid, and immune profiles of men and women with stable versus unstable plaques. Currently, there
exists lack of a highly sensitive and specific assay to measure circulating sex hormones, thus
making it cumbersome and impractical to study these hormones in their entirety and their
implication in the atherosclerotic process and plaque instability. Analysis of estrogens and
androgens in biological samples has been commonly performed using immunoassays for many
years>®, However, these methods are suboptimal, as they include cross-reactivity with similar
analytes and have moderate specificity and sensitivity, especially when it comes to detecting
estrogen levels in men and in post-menopausal women, where circulating endogenous levels are
extremely low>”. Thus, mass spectrometry—based methods are becoming the preferred method for
measurement of these sex hormones because of better specificity, more sensitivity, and the
potential for simultaneous detection of multiple analytes within the same assay>*->*°. Herein, we
developed a method for the measurement of endogenous concentrations of various important sex
hormones (i.e. E2, testosterone, androstenedione, DHEA), using LC-MS/MS. Thus, 1) allowing
comparability between hormones since the same method of measurement is used and 2) detecting
levels below the normal limits of detection when using immunoassays. Our future work will focus
on using our newly developed method to measure the endogenous levels of sex hormones in our
CEA population. In women and in men, we will be able to evaluate the association of these
hormone levels with lipid, immune, and adiponectin-AdipoR pathway markers to identify sex-

specific signatures of plaque instability.

7.6 Conclusion

To conclude, our study provided much-needed evidence that sex differences do exist in carotid
atherosclerosis. These findings place importance on the fact that the ‘one size fits all” approach
should not be applied in carotid disease management and that there is a dire need for sex-specific
guidelines. Unfortunately, the current guidelines are lacking sex-specific orientation and are based
solely on the degree of carotid artery stenosis, which has been proven to be an incomplete
determinant of plaque instability, especially in women who tend to have plaques causing higher
stenoses. Since women have more favorable adipokine, lipid, and immune profiles, the severity of
their disease may be masked, resulting in women being mis-classified or not properly selected for

a CEA or even for medical management, based on the current guidelines; this may be contributing
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to the higher stroke death rates reported among women compared to men. Therefore, we need to
do a better job at screening and identifying those women who are at risk of having a stroke and
providing them with the proper treatment they need. Herein, we identified the HMW:total
adiponectin ratio as a potential marker of plaque instability specifically in women. With the
measurement of circulating sex hormones using our newly developed assay, our future work will
encompass both a translational and mechanistic approach, to determine the best predictive models
of plaque instability specifically in men and women with carotid atherosclerotic disease and to
understand the sex-specific mechanisms associated with the adiponectin-AdipoR pathway and

plaque instability.
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CHAPTER 8: GENERAL DISCUSSION AND CONTRIBUTIONS TO KNOWLEDGE
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Atherosclerotic disease and its thrombotic complications remain one of the leading causes of
morbidity and mortality worldwide®. The acute rupture of atherosclerotic plaques causes local
thrombosis, leading to partial or total occlusion of the affected artery as well as embolism to distal
arteries resulting in clinical manifestations, such as a stroke’!:’2, Plaque instability is an important
causative factor of these complications. Stroke alone kills ~ 13,000 Canadians per year, while over
400,000 stroke survivors in Canada are living with its disabling effects®’. However, in addition to
its huge impact at the level of the patient, stroke also causes a deep burden on the health care
system, costing the Canadian economy $3.6 billion per year®. Thus, the exploration and
identification of novel strategies that can improve our ability to detect, prevent, and treat carotid
atherosclerotic disease would prove to be of clinical and economical benefit to our society at large.

Management of carotid atherosclerosis involves aggressive medical therapy and surgical
intervention (i.e., CEA or CAS). Accurate stratification of patients’ stroke risk is clinically relevant
as it can guide appropriate disease management. However, the current guidelines used to inform
decision for surgical intervention in patients with symptomatic or asymptomatic carotid disease
are limited in stratifying patients’ stroke risk as they are based solely on the degree of carotid artery
stenosis!3*13 While carotid stenosis is a strong predictor of stroke risk, as portrayed by large
carotid stenosis trials, it has also been proven to be an incomplete determinant of a patient’s risk
as it does not entirely reflect how unstable a plaque truly is and its likelihood to rupture!3%-151.153-
155,174 " As a result, many people with unstable plaques remain undiagnosed or untreated. Women
in particular have suffered from suboptimal prevention and/or management of strokes. Since
women have been reported to benefit less from carotid revascularization than men and have
increased risk for perioperative stroke and death!>>!67:168 'mych uncertainty exists in deciding
which treatment may be appropriate for the management of carotid disease in women. Thus, there
is a dire need for sex-specific guidelines to properly inform these clinical decisions. Optimal
medical management can lead to large reductions in primary and secondary stroke-related events,
and therefore is important for the treatment of all patients with carotid artery disease, regardless of
the degree of stenosis and whether surgical intervention is planned. Treatment includes lifestyle
modifications as well as pharmacological interventions that either prevent thrombosis, as do
antiplatelet regimens, or target individual vascular risk factors, such as anti-hypertensive therapy

132,134,138

or lipid-lowering agents . Some of these agents, such as statins, may also possess

141-144

pleiotropic properties that help reduce atherosclerotic plaque burden However, a

considerable amount of ‘residual risk’ still exists among these patients despite aggressive medical
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treatment'*, The problem lies in the fact that the majority of these drugs target the risk
factors/mediators and not the actual atherosclerotic disease. Thus, major limitations exist in the
current guidelines for carotid disease management: 1) effective methods to accurately identify
vulnerable patients with unstable plaques who are at high risk for stroke are lacking, 2) there are
no therapies aimed at specifically targeting and stabilizing atherosclerotic plaques, and 3) there is
need for inclusion of sex-specific recommendations into clinical guidelines. Despite tremendous
efforts to understand atherosclerotic plaque development, there still remain major knowledge gaps
in what causes certain plaques (even highly stenotic ones), to remain stable and others to become
unstable and rupture. Thus, it is imperative to identify potential mechanisms that underlie the
atherosclerotic process and contribute to plaque instability in men and in women, as it may lead to
more accurate patient risk stratification, may pave the way for novel therapeutic targets aiming to
stabilize vulnerable plaques, and may help improve the current recommendations for carotid
disease management.

The overarching aims of the series of studies presented in this thesis were to address current
knowledge gaps and investigate a potential and novel mechanism of carotid atherosclerotic plaque
instability that involves the adiponectin-AdipoR pathway and to explore the effect of modulating
this pathway in the monocyte-macrophage lineage. The majority of human studies have defined
plaque instability based on cerebrovascular symptomatology. However, symptomatology is in fact
a poor proxy of plaque instability as it is a binary outcome that does not reflect the broad spectrum
of the disease. Instead, our approach overcomes these limitations by defining plaque instability
based on plaque morphology and composition, according to gold-standard histological

classifications!”>-178

, which are recognized as more accurate and reliable indicators of plaque
instability. This was made possible by creating a large ongoing bio-bank of human blood and
carotid plaque specimens from patients undergoing a CEA. Unfortunately, the understanding of
mechanisms leading to atherosclerotic plaque destabilization has been greatly impeded by the lack
of a single, reliable, gold-standard animal model of plaque instability/plaque rupture that mimics
the process in humans®!. Therefore, following the associations and relationships we observed in
humans, we decided to test/confirm these mechanistic hypotheses in a controlled in vitro manner,
enhancing the translational, patient-centred nature of the project. By combining ex vivo
observations and in vitro experiments, we determined the contribution of the adiponectin-AdipoR

pathway in carotid atherosclerotic plaque instability, which led to its identification as a novel target

for plaque stabilization and as a potential sex-specific marker of plaque instability.
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+ Adiponcctin protein expression (but not mRNA) was present in human carotid atherosclerotic plaques
+ Decrease in AdipoR2 expression in unstable vs stable plaques, no change in AdipoR1 expression
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+ Adiponectin may significantly improve the efficiency of the rate-limiting step of the cholesterol efflux process (apoA-I-
mediated cholesterol efflux) in macrophages

+ Adiponectin may significantly promote nascent HDL biogenesis (both prep and a-HDL species)

* Adiponectin’s effects on macrophage-mediated cholesterol efflux are AdipoR-dependent
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Improve the identification, management, and treatment
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Figure 8.1 Summary diagram of knowledge gaps, aims, novel findings, and contributions to knowledge.
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8.1 Contribution 1 — Adiponectin-AdipoR pathway as a novel mechanism of carotid
atherosclerotic plaque instability
Traditionally, adipose tissue was recognized simply as a storage depot for excess energy, however
more recently it has emerged as a highly dynamic endocrine organ, which produces and secretes a
variety of adipokines and cytokines that can influence vascular function!84186-188 Since PVAT
surrounds blood vessels, it may affect the pathogenesis of atherosclerosis more severely than other
adipose tissue depots??%?23226. Under physiological conditions, healthy PVAT possesses anti-
atherogenic properties. On the contrary, under pathological conditions, such as obesity,
dysfunctional PVAT leads to an imbalance in the production and release of adipokines, thereby
promoting the development of atherosclerosis??%-22°-226229 " Although various studies have tried to
disentangle the role of these adipokines in atherosclerosis, in Chapter 3, we were the first to
investigate the relationship between circulating adipokine levels (chemerin, resistin, leptin, and
adiponectin) and carotid atherosclerotic plaque instability in humans'. We observed low levels of
chemerin to be associated with the increased odds of having an unstable plaque, leptin levels to be
increased with the presence of specific histological instability features, and high resistin levels to
be associated with cerebrovascular symptomatology. In contrast, no such associations were
observed with adiponectin. The latter seemed paradoxical considering the strong experimental
evidence (in vitro and animal studies) that exists highlighting adiponectin’s anti-inflammatory and
vasculoprotective properties. However, we performed meta-analyses evaluating the existing
clinical evidence with regards to the association between circulating adiponectin levels and cIMT
(subclinical atherosclerosis) and the risk of carotid plaque presence and ischemic stroke risk, which
demonstrated that the relationship between circulating adiponectin and carotid atherosclerotic
disease in humans is conflicting and complex?®#+?85, This may be due to the fact that various
isoforms of adiponectin exist, which contribute to total adiponectin levels in the circulation?>#2%,
While HMW adiponectin is believed to be the most active form of adiponectin, the precise
biological role of these differing isoforms remains to be identified®**2°. Moreover, circulating
adiponectin, which is mainly derived from subcutaneous and visceral adipose tissue, can be
influenced by various systemic factors, disease states, and therapeutic agents. Therefore, to
understand the true contribution of adiponectin in the context of plaque instability, it may be more
important to study the expression of adiponectin in the plaque rather than in the circulation.
While adiponectin protein has been detected in the vasculature of normal and

atherosclerotic mice, in Chapter 4 we were the first to show that adiponectin protein expression
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(but not mRNA) is also present in healthy human carotid arteries as well as in human carotid
atherosclerotic plaques®. Moreover, we observed an increase in adiponectin expression within
atherosclerotic plaques that exhibit unstable features when compared to stable plaques or healthy
arteries. This suggests that adiponectin’s presence in the vascular wall and plaque is derived from
an outside source, most likely the surrounding PVAT, and that greater plaque instability may
trigger an increase in its production and release. Interestingly, these observations are in support
with a study that demonstrated higher adiponectin expression in the PVAT of neurologically
symptomatic patients versus asymptomatic patients who underwent a CEA33°, Moreover, our
meta-analysis revealed adiponectin to be an independent and direct predictor of ischemic stroke
risk?®>. Therefore, overproduction of adiponectin in these cases may serve as a protective
mechanism in response to vascular injury>®2. To further understand the elevation in adiponectin
levels in unstable vs. stable lesions, we also investigated the expression of the AdipoR pathway.
In contrast to adiponectin, a decrease in AdipoR2 expression was noted in unstable vs stable
plaques, while no change in AdipoR1 expression was observed. Furthermore, AdipoR2 signaling
through PPAR-a was significantly impaired in unstable plaques, indicating not only a decrease in
AdipoR2 expression but also in its activity. These human in vivo observations were confirmed
using an in vitro model of plaque instability. Decreased signaling downstream of AdipoR2 may
impair the atheroprotective actions of adiponectin and cause adiponectin resistance, thereby
contributing to plaque instability and an accumulation of adiponectin in vulnerable lesions. While
previous evidence does point towards an important involvement of both AdipoR1 and AdipoR2 in
processes related to atherosclerosis development®?’, our own evidence reveals that AdipoR2 may
also play a crucial role at the plaque destabilization stage. Interestingly, it was recently noted that
AdipoR2 deficiency (but not AdipoR1) led to a reduction in the size of brachiocephalic
atherosclerotic plaques in apoE”" mice; however, these plaques contained a higher degree of
macrophages, less collagen content, and no clear fibrous cap, compared with AdipoR2"*apoE-"-
mice*!. Therefore, this evidence also suggests that AdipoR2 may be protective against
atherosclerotic plaque instability.

Overall, Chapter 4 not only contributed evidence of a novel mechanism of atherosclerotic
plaque instability but also highlighted the importance of performing studies that focus on
investigating the interactions between the PVAT and the vasculature. While adiponectin itself is

the most abundantly-secreted adipokine, there exists a multitude of immunomodulatory proteins
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secreted by PVAT, which can positively or negatively influence the vessel wall, atherosclerosis

development, and plaque instability. This will be a future direction of this study.

8.2 Contribution 2 — Adiponectin-AdipoR pathway in the monocyte-macrophage lineage as

a potential therapeutic target for plaque stabilization

Macrophages are major effector cells of plaque development, progression, and instability due to
their influence on intra-plaque cholesterol homeostasis, inflammation, necrotic core initiation and

expansion, and fibrous cap degradation®->.

Adiponectin’s atheroprotective effects on
macrophages have been established in vivo and in vitro and include suppression of macrophage-
to-foam cell transformation®®>, promotion of macrophage polarization towards an anti-

inflammatory M2 macrophage phenotype?*%2%°

, and stimulation of the production of TIMP-1 by
macrophages, which helps prevent fibrous cap thinning and rupture®®. Therefore, our observation
that adiponectin and its receptors are highly expressed in plaque macrophages relative to other
vascular cells in human carotid atherosclerotic plaques falls in line with this previous evidence
(Chapter 4)2. This led us to hypothesize that the impairment observed in adiponectin-AdipoR2
activity in unstable plaques (Chapter 4) occurs most importantly at the level of the macrophage.
In Chapter 5 we performed in vitro experiments where we used macrophage-mediated
cholesterol efflux and HDL biogenesis as a proxy mechanism of plaque stability to explore how
modulation of the adiponectin-AdipoR pathway in macrophages can affect the response of
macrophages to adiponectin and promote plaque stability/instability. In a previous study we have
shown that cholesterol efflux from macrophages is decreased/impaired in patients with more
severe carotid artery stenosis and more advanced/unstable carotid plaque morphology compared
to patients with less severe and more stable atherosclerotic plaque burden!®®. Chapter 5 presents
preliminary results suggesting that the adiponectin-AdipoR pathway might serve as a potential
therapeutic target for plaque stabilization that will be further studied in our lab. The preliminary
evidence we generated indicates that adiponectin may improve the efficiency of the rate-limiting
step of the cholesterol efflux process and promote nascent HDL biogenesis via activation of both
the AdipoR1 and AdipoR2 receptors. Specifically, we demonstrated that the kinetics associated
with the interaction between adiponectin and apoA-I in promoting cholesterol efflux was highly
efficient (relative catalytic efficiency was almost 3-fold higher) compared to apoA-I alone.
Secondly, we are the first to demonstrate that adiponectin modulates HDL-apoA-I biogenesis, by

increasing the generation of both pref and a-HDL species in an apoA-I-dependent process. Our
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findings suggest that adiponectin is efficient in maintaining cholesterol efflux by promoting the
generation of a continuous pool of HDL particles that act as acceptors, while also promoting HDL
maturation. If these results are proven further, therapeutically combining adiponectin with apoA-
I may help improve the cholesterol efflux process in patients with advanced atherosclerotic
disease, where this system may be impaired, and may help serve as a promising therapy for the
stabilization of atherosclerotic plaques. Future work may focus on testing this combination therapy
in an animal model of atherosclerotic disease. The route of administration of adiponectin would
be an important factor to consider. As we pointed out in Chapter 3, circulating levels of adiponectin
were not associated with plaque stability. Thus, raising circulating levels of adiponectin may not
directly affect the stabilization of the plaque. Instead, adiponectin at the plaque level, may better
protect the plaque from becoming unstable.

However, under conditions of adiponectin resistance, upregulating the local plaque
expression of adiponectin may not be a useful therapeutic strategy without also enhancing the
expression and/or activation of its receptors. In Chapter 4 we identified that decreased adiponectin-
mediated signalling through the AdipoR2 pathway in unstable lesions is associated with
adiponectin resistance and an over-accumulation of adiponectin in the plaque?. In Chapter 5, we
demonstrated that the adiponectin-induced effects on macrophage-mediated cholesterol efflux
were AdipoR-dependent and that impairments in AdipoR1 or AdipoR2 expression on
macrophages via shRNA-mediated gene silencing, resulted in significant reductions in cholesterol
efflux in the presence of both apoA-I and adiponectin. Thus, specific activation of the AdipoR
pathway in macrophages may serve as a useful and novel therapeutic strategy in enhancing the
action of adiponectin and promoting cholesterol efflux activity without having to target/increase
adiponectin levels. Through screening of compound chemical libraries, Okada-Iwabu et al.
identified the first orally-active synthetic small molecule (named AdipoRon) to bind and activate
both AdipoR1 and AdipoR2*8. Ongoing investigations have shown that AdipoRon may be used

for the treatment of obesity-related disorders®>®

. However, we are the first to provide evidence that
AdipoRon may also exert direct and beneficial effects on atherosclerosis development and promote
a more stable macrophage phenotype by mimicking the effects of adiponectin on increasing apoA-
I-mediated cholesterol efflux in macrophages (Chapter 5). While AdipoRon may act as a
promising new therapeutic agent for plaque stabilization, in a future study we will perform high-

content screening”®?, with a small diversity set of compounds that uses antibodies against the two
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receptors, to identify other novel agonists that may have a more specific and potent effect on
modulating the AdipoR1 or AdipoR2 pathways in macrophages.

Following the identification of the adiponectin-AdipoR pathway as a potential therapeutic
target for plaque stabilization, we aimed to determine whether currently used cardio-metabolic
medications, like statins, can positively modulate the adiponectin-AdipoR pathway in the
monocyte-macrophage lineage (Chapter 6). A particular interest was taken in statin therapy since
it is widely used for the primary and secondary prevention of CVD and there is evidence for oftf-
target anti-inflammatory effects>>>>3. Moreover, statins have been shown to promote plaque
regression and decrease atherosclerotic plaque burden!#*!44. Although our in vivo (cross-sectional
and longitudinal) and in vitro studies identified a novel pleiotropic property of statins in
modulating the adiponectin-AdipoR pathway in the human monocyte-macrophage lineage, in
contrary to our hypotheses, intensive atorvastatin and rosuvastatin therapy compromised the
expression and function of adiponectin and its receptors. Our findings may partly explain the
residual cardiovascular risk observed among individuals treated with statins'#°. Despite its many
pleiotropic actions, the limitation of statins (and of many other pharmacological interventions for
CVD) is that they primarily target the individual vascular risk factors (i.e., hypercholesterolemia)
rather than the actual established disease (i.e., atherosclerosis). Therefore, our study further
stresses the need to develop novel therapies or strategies aimed at specifically targeting and
stabilizing atherosclerotic plaques, potentially those that can positively modulate the adiponectin-
AdipoR pathway.

In our last chapter (Chapter 7), we were the first to report a sexual pattern in the distribution
of the adiponectin receptors on circulating monocytes. While these were simply preliminary
analyses and further work is needed to disentangle the sex-specific mechanisms associated with
the adiponectin-AdipoR pathway and plaque instability, these results may have implications for
future adiponectin-AdipoR targeted therapy in women and in men. Since women and men may
respond differently to such therapies, it is important to obtain sex-specific information concerning
pharmacodynamics and pharmacokinetics, in order to include sex-specific recommendations into

clinical practice guidelines.
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8.3 Contribution 3 — Adiponectin-AdipoR pathway as a sex-specific marker of plaque
instability

The degree of carotid artery stenosis is a well-established risk factor of plaque instability and forms
the basis for the guidelines for carotid disease management and stroke prevention'3*138, To date,
measurement of stenosis via Doppler ultrasound is the only widely used method in clinical practice
to detect ‘vulnerable’ patients who are at increased risk of having a stroke. However, more
recently, carotid artery stenosis has been proven to be an inadequate predictor of plaque instability,
since even moderate or low-grade stenoses can be unstable and produce potentially life-threatening
strokes, and it is increasingly recognized that plaque composition plays a pivotal role in plaque
instability!’*. Although several circulating markers (e.g., high-sensitivity CRP and IL-6) have
emerged as potential tools for stroke risk assessment in patients with severe carotid atherosclerosis,
their ability to reliably and specifically predict plaque instability is suboptimal, stressing a need
for novel markers that can accurately identify plaque instability and risk of stroke**%, CRP for
example, is an acute phase protein produced and secreted by liver, and thus represents a marker of
systemic inflammation that increases in response to various types of injury, infection, and
inflammatory stimuli.

In Chapter 3 we aimed to evaluate the association between circulating levels of total
adiponectin and carotid plaque instability in patients with moderate- to high-grade carotid artery
stenosis scheduled to undergo a CEA!. However, despite adiponectin’s well-known anti-
inflammatory and vasculoprotective properties, no differences in total adiponectin levels were
observed between patients with stable and unstable carotid plaques. However, given that sex
disparities exist in atherosclerosis development, plaque morphology and composition, stroke risk,
and adiponectin production and secretion, we re-explored the relationship between adiponectin
and plaque instability in a sex-specific manner. In Chapter 7, we demonstrated that women and
men who underwent a CEA, exhibit clear differences not only at the level of the plaque (i.e., plaque
composition) but also at the level of the circulation (i.e., adipokine, lipid, and immune profiles).
Specifically, we identified that a decrease in the HMW to total adiponectin ratio was independently
associated with greater plaque instability specifically in women but not in men. This ratio, also
referred to as the adiponectin sensitivity index, appeared to be a better predictive measure than
circulating levels of HMW and total adiponectin levels independently, as the ratio takes into
account changes in the levels of HMW adiponectin (considered to be the bioactive form) relative

to changes in the levels of total adiponectin.
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We believe that the HMW to total adiponectin ratio may have the potential to be used as a clinically
useful marker that may help identify women (with ‘unstable profiles’ similar to men) who may be
better suited for surgical intervention, as its measurement is minimally invasive (blood test), not
complex, and cost-effective. According to a well-established framework for biomarker
development, as outlined by Hlatky et al., there exists different phases of evaluation of a novel

biomarker>??

. The first phase, proof-of-concept, aims to investigate whether novel marker levels
differ between participants with and without the outcome of interest. The following phases consist
of prospective validation studies (where the predictive value of the novel marker is assessed) and
studies involving comparisons with already established biomarkers. Our study, proposed herein,
was designed as the key first step in exploring associations between sex-specific adiponectin-
AdipoR signatures and carotid plaque instability, an investigation that has never been performed
before. Although using human tissue as a measure of plaque instability is a strength of our study,
we also acknowledge the limitations of performing a study with a cross-sectional design, as it
limits the establishment of the true diagnostic potential of the HMW to total adiponectin ratio in
predicting plaque instability/stroke risk in women. However, we believe that our study acts as the
first phase (proof-of-concept phase) in the evaluation of novel biomarkers and justifies our next
step, which is to validate our results in a large prospective follow-up study. We are aware that the
development of unstable atherosclerotic plaques is a complex process, thus a combination of
factors, rather than a single marker, will likely improve our ability to not only predict, but also
ultimately, to prevent strokes. As we continue the exploration of other potential and novel markers
that can reflect the sex-specific features in the plaque and plaque instability (i.e., measurement of
circulating sex hormones using our newly developed LC-MS/MS method), future studies will then
be needed to elucidate the additive role of these novel markers to traditional risk factors and the
degree of carotid artery stenosis to generate the best predictive model for plaque instability and

stroke risk specifically in women and in men.

8.4 Conclusion

Through the series of studies presented herein, we have contributed to many novelties that will
advance the field of atherosclerosis and will direct our future studies: provided evidence for the
adiponectin-AdipoR pathway as a (a) novel mechanism of plaque instability, (b) potential
therapeutic target for plaque stabilization and ultimately, stroke prevention, and (c) probable sex-

specific marker of plaque instability. Given the knowledge gaps and limitations that exist
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surrounding the current guidelines for carotid disease management, we hope that our efforts will
serve as a stepping-stone for future work aimed at improving the identification, management, and
treatment of carotid atherosclerotic plaque instability that will benefit the society, as well as the

health care systems in Canada and world-wide.
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RELATIONSHIP BETWEEN ADIPONECTIN LEVELS AND CAROTID
ARTERY DISEASES - SYSTEMATIC REVIEW SEARCH STRATEGIES

Designed and run by Bénédicte Nauche (MUHC librarian), May 23, 2013

Medline and Embase search strategies have been reviewed by Tara Landry
(MUHC librarian).

Database: Ovid MEDLINE(R), Ovid MEDLINE(R) In-Process & Other Non-
Indexed Citations, Ovid MEDLINE(R) Daily and Ovid OLDMEDLINE(R) <1946 to
Present>

Search Strategy:

Adiponectin/ (7419)

adiponectin$.mp. (11227)

(apm1 or "apm 1").mp. (132)

(adipo$ adj5 abundant gene$).mp. (19)

(adipo$ adj5 protein adj3 "30").mp. (33)

(acrp30 or "acrp 30").mp. (107)

adipoq.mp. (1422)

(adipo$ adj3 collagen).mp. (143)

(gelatin adj3 protein adj3 "28").mp. (9)

10 (gbp28 or "gbp 28").mp. (18)

11 or/1-10 (11476)

12 exp carotid arteries/ (47911)

13 carotid artery diseases/ or carotid artery thrombosis/ or carotid stenosis/ (30286)
14  Carotid Intima-Media Thickness/ (806)

15 tunica intima/ (9736)

16 tunica media/ (4002)

17  (intima$ or media$1 or arter$ or aort$).tw. (1398270)

18 15o0r16or 17 (1399225)

19  ultrasonography.fs. (186637)

20 ultrasonography/ or ultrasonography, Doppler/ (72034)

21 (ultrasonogra$ or "ultra sonogra$" or doppler or echotomogra$ or "echo tomogra$"
or ultrasonic or "ultra sonic" or echogra$ or "echo gra$" or echoscop$ or "echo scop$" or
echosound or "echo sound" or sonogra$ or tomogra$ or ultrasound).tw. (513889)

22 19 or 20 or 21 (598898)

23 18 and 22 (140729)

24 12 or 13 or 14 or 23 (192337)

25 Plaque, Atherosclerotic/ (1849)

26  exp Atherosclerosis/ (19455)

27 arteriosclerosis/ or arteriosclerosis obliterans/ (58333)
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28  stroke/ (52258)

29  brain ischemia/ or Hypoxia-Ischemia, Brain/ or brain infarction/ or cerebral
infarction/ (55708)

30 exp "intracranial embolism and thrombosis"/ (17885)

31 Ischemic Attack, Transient/ (17099)

32 brain/ (366915)

33 blood supply.fs. (293126)

34 32 and 33 (23863)

35 25o0r26o0r27or28 or29 or 30 or 31 or 34 (220470)

36 ischemia/ (41726)

37  Amaurosis Fugax/ (212)

38 blindness/ (16196)

39 vision disorders/ (20990)

40  carotid.tw. (85996)

41  ((aort$ or arter$) adj2 thickness).tw. (1206)

42  ((intimamedia$ or (intima$ adj3 media$)) adj4 thickness).tw. (7399)

43 cIMT.tw. (1129)

44  (ather?sclero$ or ather$ sclero$).tw. (103286)

45  (ather?genes$ or ather$ genes$).tw. (10297)

46  (arteri?sclero$ or arteri$ sclero$).tw. (14140)

47  (fibroatheroma* or atheroma*).tw. (9092)

48  (fatty adj2 arter$).tw. (127)

49  stroke$.tw,in. (144946)

50 (cerebrovascular adj2 (accident$ or event$ or isch?emi$ or infarct$ or occlusion$ or
obstruction$ or insult or insufficien$ or attack$ or arrest or disturb$ or lesion$ or
circulation or failure$)).tw. (11601)

51  ((neural or brain or cerebr$) adj2 (blood or vascul$ or vessel$1 or arter$) adj2
(accident$ or event$ or isch?emi$ or infarct$ or occlusion$ or obstruction$ or insult or
insufficien$ or attack$ or arrest or disturb$ or lesion$ or circulation or failure$ or supply$
or flow)).tw. (36886)

52 ((neural or brain or cerebr$ or hemispher$) adj2 (isch?emi$ or infarct$ or seizure$
or insult or attack$ or occlusion$ or circulation)).tw. (57575)

53 (isch?emi$ adj2 (seizure$ or attack$)).tw. (9955)

54  ((intracranial or cranial or cerebr$ or brain$) adj3 (thromb$ or embol$ or
angiopath$ or vasculopath$ or phlebothromb$)).tw. (13194)

55 apoplex$.tw. (2443)

56 (cvaor cvas).tw. (1809)

57  ((transien$ adj2 isch?emi$) and (encephal$ or brain$ or cerebr$ or neural or cranial
or intracranial)).tw. (8214)

58 (Tia or tias).tw. (5528)

59 (amauros$ adj2 fuga$).tw. (729)

60  ((transien$ or transit$) adj3 blind$).tw. (451)

61 or/36-60 (471133)

62 24 or35o0r6l1 (650871)

63 11 and 62 (1550)

64  limit 63 to humans (1264)
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65
66
67
68
69
70
71
72

limit 63 to animals (384)

63 not (64 or 65) (122)

64 or 66 (1386)

limit 67 to "all adult (19 plus years)" (762)
limit 67 to "all child (0 to 18 years)" (116)
67 not (68 or 69) (563)

68 or 70 (1325)

remove duplicates from 71 (1269)
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Database: Embase ClassictEmbase <1947 to 2013 May 22>

adiponectin/ (16728)

adiponectin$.mp. (18284)

(apml or "apm 1").mp. (161)

(adipo$ adj5 abundant gene$).mp. (22)

(adipo$ adj5 protein adj3 "30").mp. (40)

(acrp30 or "acrp 30").mp. (164)

adipoq.mp. (477)

(adipo$ adj3 collagen).tw,kw,ot. (179)

(gelatin adj3 protein adj3 "28").mp. (10)

10 (gbp28 or "gbp 28").mp. (24)

11 or/1-10 (18571)

12 exp carotid artery/ (72468)

13 carotid artery disease/ (10675)

14 carotid atherosclerosis/ (2612)

15 carotid artery obstruction/ or carotid artery thrombosis/ or internal carotid artery
occlusion/ (25577)

16  brain infarction/ or brain infarction size/ (38620)

17  brain ischemia/ or hypoxic ischemic encephalopathy/ or transient ischemic attack/
(91893)

18 cerebrovascular accident/ or cardioembolic stroke/ (57797)

19  Hypophysis apoplexy/ (1025)

20  brain embolism/ (5842)

21  occlusive cerebrovascular disease/ or middle cerebral artery occlusion/ (17516)
22 atherosclerosis/ or atherogenesis/ or atheroma/ or atheromatosis/ or atherosclerotic
cardiovascular disease/ or atherosclerotic plaque/ (133690)

23 arteriosclerosis/ or artery intima proliferation/ (51266)

24 arterial wall thickness/ (7326)

25  or/12-24 (415927)

26  intima/ or tunica media/ or artery wall/ (20838)

27  (intima$ or media$1 or arter$ or aort$).tw,kw. (2069558)

28 26 0r 27 (2071456)

29  echography/ or doppler echography/ or gray scale echography/ or intravascular
ultrasound/ (255938)

30 (ultrasonogra$ or "ultra sonogra$" or doppler or echotomogra$ or "echo tomogra$"
or ultrasonic or "ultra sonic" or echogra$ or "echo gra$" or echoscop$ or "echo scop$" or
echosound or "echo sound" or sonogra$ or tomogra$ or ultrasound).tw,kw. (680376)
31 29 0r30(766847)

32 28 and 31 (182289)

33 transitional blindness/ (1363)

34 carotid.tw,kw. (124225)

35  ((aort$ or arter$) adj2 thickness).tw,kw. (1680)

36 ((intima$ or media$1 or arter$) adj4 thickness).tw,kw. (15663)

37  cIMT.tw,kw. (1969)

O 00 1IN DN b W=
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38 (ather?sclero$ or ather$ sclero$).tw,kw. (150520)

39 (ather?genes$ or ather$ genes$).tw,kw. (13648)

40 (arteri?sclero$ or arteri$ sclero$).tw,kw. (27166)

41  (fibroatheroma* or atheroma*).tw,kw. (14687)

42  (fatty adj2 arter$).tw,kw. (184)

43 stroke$.tw,kw. (202268)

44  (cerebrovascular adj2 (accident$ or event$ or isch?emi$ or infarct$ or occlusion$ or
obstruction$ or insult or insufficien$ or attack$ or arrest or disturb$ or lesion$ or
circulation or failure$)).tw.kw. (19146)

45  ((neural or brain or cerebr$) adj2 (blood or vascul$ or vessel$1 or arter$) ad;2
(accident$ or event$ or isch?emi$ or infarct$ or occlusion$ or obstruction$ or insult or
insufficien$ or attack$ or arrest or disturb$ or lesion$ or circulation or failure$ or supply$
or flow)).tw,kw. (51495)

46  ((neural or brain or cerebr$ or hemispher$) adj2 (isch?emi$ or infarct$ or seizure$
or insult or attack$ or occlusion$ or circulation)).tw.kw. (84877)

47  (isch?emi$ adj2 (seizure$ or attack$)).tw,kw. (14057)

48  ((intracranial or cranial or cerebr$ or brain$) adj3 (thromb$ or embol$ or
angiopath$ or vasculopath$ or phlebothromb$)).tw.kw. (20092)

49  apoplex$.tw,kw. (3817)

50 (cvaor cvas).tw,kw. (3325)

51  ((transien$ adj2 isch?emi$) and (encephal$ or brain$ or cerebr$ or neural or cranial
or intracranial)).tw,kw. (11368)

52 (circulatory adj2 epilepsy).tw,kw. (4)

53  (tia or tias).tw,kw. (9538)

54  (amauros$ adj2 fuga$).tw,kw. (1004)

55  ((transien$ or transit$) adj3 blind$).tw,kw. (669)

56  or/33-55 (572485)

57 25o0r 32 or 56 (820156)

58 1l and 57 (3115)

59 limit 58 to animals (310)

60 limit 58 to humans (2422)

61 58 not (59 or 60) (383)

62 60 or 61 (2805)

63  limit 62 to (adult <18 to 64 years> or aged <65+ years>) (1008)

64 limit 62 to (embryo <first trimester> or infant <to one year> or child <unspecified
age> or preschool child <1 to 6 years> or school child <7 to 12 years> or adolescent <13
to 17 years>) (177)

65 62 not (63 or 64) (1679)

66 63 or 65 (2687)

67 limit 66 to conference abstract (556)

68 66 not 67 (2131)

69 remove duplicates from 68 (2045)

70  remove duplicates from 67 (556)
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PubMed

(((carotid[Title/Abstract]) OR (wall thickness[Title/Abstract]) OR (arter*[Title/Abstract]
AND thickness[Title/Abstract]) OR (media*[Title/Abstract] AND
thickness[Title/Abstract]) OR (intima*[Title/Abstract] AND thickness|[Title/Abstract])
OR (((intima*[Title/Abstract] OR media*[Title/Abstract] OR arter*[Title/Abstract] OR
aort*[Title/Abstract])) AND (echogra*[Title/Abstract] OR ultrasonogra*[Title/Abstract]
OR echotomogra*[Title/Abstract] OR ultrasonic[Title/Abstract] OR
echoscop*[Title/Abstract] OR echosound|[Title/Abstract] OR sonogra*[Title/Abstract]
OR tomogra*[Title/Abstract] OR ultrasound[Title/Abstract] OR doppler[Title/Abstract]
OR echo[Title/Abstract])) OR (cimt[Title/Abstract]) OR (atherosclero*[Title/Abstract]
OR (athero[Title/Abstract] AND sclero*[Title/Abstract])) OR
(atherogenes*[Title/Abstract] OR (athero[Title/Abstract] AND genes*[Title/Abstract]))
OR (arteriosclero*[Title/Abstract] OR (arter*[Title/Abstract] AND
sclero*[Title/Abstract])) OR (fibroatheroma*[Title/Abstract] OR
atheroma*[Title/Abstract]) OR (fatty[Title/Abstract] AND and arter*[Title/Abstract]) OR
(stroke*[Title/Abstract]) OR ((((((((((((((((accident*| Title/Abstract]) OR
event®*[Title/Abstract]) OR ischemi*[Title/Abstract]) OR ischaemi*[Title/Abstract]) OR
infarct*[ Title/Abstract]) OR occlusion*[Title/Abstract]) OR obstruction*[Title/Abstract])
OR insult[Title/Abstract]) OR insufficien*| Title/Abstract]) OR attack*[Title/Abstract])
OR arrest[Title/Abstract]) OR disturb*[Title/Abstract]) OR lesion*[Title/Abstract]) OR
circulation[ Title/Abstract]) OR failure*|[Title/Abstract]) AND cerebr*[Title/Abstract])
OR ((accident*[Title/Abstract]) OR event*[Title/Abstract] OR ischemi*[Title/Abstract]
OR ischaemi*[Title/Abstract] OR infarct*[Title/Abstract] OR occlusion*|[Title/Abstract]
OR obstruction*[Title/Abstract] OR insult[ Title/Abstract] OR
insufficien*[Title/Abstract] OR attack*[Title/Abstract] OR arrest[Title/Abstract] OR
disturb*[Title/Abstract] OR lesion*[Title/Abstract] OR circulation|[ Title/Abstract] OR
failure*[Title/Abstract] OR supply[Title/Abstract] OR flow[Title/Abstract] AND
(neural[Title/Abstract] OR brain*[Title/Abstract]) AND (blood|[Title/Abstract] OR
vascul*[Title/Abstract] OR vessel*[Title/Abstract] OR arter*[Title/Abstract])) OR
((neural[Title/Abstract] OR brain*[Title/Abstract] OR cerebr*[Title/Abstract] OR
hemispher*[Title/Abstract]) AND (ischemi*[Title/Abstract] OR
ischaemi*[Title/Abstract] OR infarct*[Title/Abstract] OR seizure*[Title/Abstract] OR
insult OR attack*[Title/Abstract] OR occlusion*[Title/Abstract] OR

circulation[ Title/Abstract])) OR ((ischemi*[Title/Abstract] OR
ischaemi*[Title/Abstract]) AND (seizure*[Title/Abstract] OR attack*[Title/Abstract]))
OR ((intracranial[ Title/Abstract] OR cranial[Title/Abstract] OR cerebr*|Title/Abstract]
OR brain*[Title/Abstract]) AND (thromb*[Title/Abstract] OR embol*[Title/Abstract]
OR angiopath*[Title/Abstract] OR vasculopath*[Title/Abstract] OR
phlebothromb*[Title/Abstract])) OR (apoplex*[Title/Abstract]) OR (cva[Title/Abstract]
OR cvas|[Title/Abstract]) OR (transien*[Title/Abstract] AND (ischemi*|Title/Abstract]
OR ischaemi*[Title/Abstract]) AND (encephal*[Title/Abstract] OR
brain*[Title/Abstract] OR cerebr*[Title/Abstract] OR neural[Title/Abstract] OR
cranial[ Title/Abstract] OR intracranial|[ Title/Abstract])) OR (circulatory[Title/Abstract]
AND epilepsy[Title/Abstract]) OR (tia[Title/Abstract] OR tias[Title/Abstract]) OR
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(amauros*[Title/Abstract] AND fuga*[Title/Abstract]) OR ((transien*[Title/Abstract]
OR transit*[Title/Abstract]) AND blind*[Title/Abstract]))) AND
((((adiponectin*[Title/Abstract]) OR (apm1[Title/Abstract]) OR ("apm
1"[Title/Abstract]) OR (adipose most abundant gene[ Title/Abstract]) OR (adipocyte
complement related[ Title/Abstract]) OR ((adipocyte*|Title/Abstract]) AND protein
30*[Title/Abstract]) OR (acrp30[Title/Abstract]) OR ("acrp 30"[Title/Abstract]) OR
(adipoq[Title/Abstract]) OR ((adipocyte*|Title/Abstract]) AND collagen[Title/Abstract])
OR (((gelatin[Title/Abstract]) AND protein[ Title/Abstract]) AND 28[Title/Abstract]) OR
(gbp28[Title/Abstract]) OR ("gbp 28"[Title/Abstract]))) AND ((publisher[sb] NOT
pmcbook) OR (pubmednotmedline[sb]) OR (oldmedline[sb])))
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Database: BIOSIS Previews <1969 to 2013 Week 24>

adiponectin$.mp,hw. (12464)

(apm1 or "apm 1").mp,hw. (195)

(adipo$ adj5 abundant gene$).mp,hw. (20)

(adipo$ adj5 protein adj3 "30").mp,hw. (43)

(acrp30 or "acrp 30").mp,hw. (155)

adipog.mp,hw. (390)

(adipo$ adj3 collagen).mp,hw. (198)

(gelatin adj3 protein adj3 "28").mp,hw. (9)

(gbp28 or "gbp 28").mp,hw. (26)

10 or/1-9 (12869)

11 carotid.mp,hw. (73193)

12 ((aort$ or arter$) adj2 thickness).mp,hw. (1292)

13 ((intimamedia$ or (intima$ adj3 media$)) adj4 thickness).mp,hw. (7540)

14 cIMT.mp,hw. (759)

15 ((intima$ or media$1 or arter$ or aort$) and (ultrasonogra$ or "ultra sonogra$" or
doppler or echotomogra$ or "echo tomogra$" or ultrasonic or "ultra sonic" or echogra$ or
"echo gra$" or echoscop$ or "echo scop$" or echosound or "echo sound" or sonogra$ or
tomogra$ or ultrasound)).mp,hw. (101958)

16  (ather?sclero$ or ather$ sclero$).mp,hw. (119557)

17  (ather?genes$ or ather$ genes$).mp,hw. (12813)

18  (arteri?sclero$ or arteri$ sclero$).mp,hw. (64272)

19 (fibroatheroma$ or atheroma$).mp,hw. (7768)

20 (fatty adj2 arter$).mp,hw. (130)

21  stroke$.mp,hw,in. (126604)

22 (cerebrovascular adj2 (accident$ or event$ or isch?emi$ or infarct$ or occlusion$ or
obstruction$ or insult or insufficien$ or attack$ or arrest or disturb$ or lesion$ or
circulation or failure$)).mp,hw. (7923)

23 ((neural or brain or cerebr$) adj2 (blood or vascul$ or vessel$1 or arter$) ad;2
(accident$ or event$ or isch?emi$ or infarct$ or occlusion$ or obstruction$ or insult or
insufficien$ or attack$ or arrest or disturb$ or lesion$ or circulation or failure$ or supply$
or flow)).mp,hw. (54194)

24 ((neural or brain or cerebr$ or hemispher$) adj2 (isch?emi$ or infarct$ or seizure$
or insult or attack$ or occlusion$ or circulation)).mp,hw. (78032)

25  (isch?emi$ adj2 (seizure$ or attack$)).mp,hw. (9887)

26  ((intracranial or cranial or cerebr$ or brain$) adj3 (thromb$ or embol$ or
angiopath$ or vasculopath$ or phlebothromb$)).mp,hw. (14415)

27  apoplex$.mp,hw. (1067)

28 (cvaor cvas).mp,hw. (1527)

29  ((transien$ adj2 isch?emi$) and (encephal$ or brain$ or cerebr$ or neural or cranial
or intracranial)).mp,hw. (11790)

30 (Tia or tias).mp,hw. (4543)

31 (amauros$ adj2 fuga$).mp,hw. (520)

32 ((transien$ or transit$) adj3 blind$).mp,hw. (274)

O 00 1IN DN b W=
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33 or/11-32 (460325)

34 10and 33 (1619)

35 limit 34 to human (1323)

36  limit 34 to animals (1572)

37 34 not (35 or 36) (47)

38 350r37(1370)

39 limit 38 to (adult or aged or "aged/80 and over" or middle age) (707)

40  limit 38 to (adolescent or blastula or child or egg or embryo or fetus or gastrula or
immature or infant or larva or neonate or newborn or preadolescent or preschool or seed
or seedling or spore or zygote) (100)

41 38 not (39 or 40) (599)

42 39 o0r41 (1306)

43 remove duplicates from 42 (1243)

44  (meeting or meeting abstract or meeting paper).pt. (5095093)

45 43 and 44 (428)

46  article.pt. (15044677)

47 43 and 46 (787)
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ID

#1

#2

#3

#4

#5

#6

#7

#8

#9

#10

#11

#12

#13

#14

#15

#16

Cochrane Library

Search

Hits

adiponectin®:ti,ab

745

adipoq:ti,ab

8

(apm1 or "apm 1"):ti,ab

2

(adipo* near/5 abundant gene*):ti,ab

0

(adipo* near/5 protein near/3 "30"):ti,ab
0

(acrp30 or "acrp 30"):ti,ab

0

(adipo™* near/3 collagen):ti,ab

2

(gelatin near/3 protein near/3 "28"):ti,ab
0

(gbp28 or "gbp 28"):ti,ab

2

594-#9

KZQSH descriptor: [Carotid Arteries] this term only

ls\/fe}SH descriptor: [Carotid Artery Diseases] this term only

iie?SH descriptor: [Carotid Artery Thrombosis] this term only

ll\ZeSH descriptor: [Carotid Stenosis] this term only

15\/i)GSSH descriptor: [Carotid Intima-Media Thickness] this term only
11\ZeSH descriptor: [Tunica Intima] explode all trees and with qualifiers:

[Ultrasonography - US]

#17

192
MeSH descriptor: [Tunica Media] this term only and with qualifiers:

[Ultrasonography - US]

#18

99
(intima* or media? or arter* or aort™):ti,ab and (ultrasonogra* or (ultra next

sonogra*) or doppler or echotomogra* or (echo next tomogra*) or ultrasonic or "ultra
sonic" or echogra* or (echo next gra*) or echoscop* or (echo next scop*) or echosound
or "echo sound" or sonogra* or tomogra* or ultrasound):ti,ab

5820

339



#19 MeSH descriptor: [Plaque, Atherosclerotic] this term only
27
#20 MeSH descriptor: [Atherosclerosis] explode all trees
501
#21 MeSH descriptor: [Arteriosclerosis] this term only
894
#22 MeSH descriptor: [Arteriosclerosis Obliterans] this term only
72
#23 MeSH descriptor: [Stroke] this term only
3812
#24 MeSH descriptor: [Brain Ischemia] this term only
911
#25 MeSH descriptor: [Hypoxia-Ischemia, Brain] this term only
104
#26 MeSH descriptor: [Brain Infarction] this term only
40
#27 MeSH descriptor: [Cerebral Infarction] this term only
475
#28 MeSH descriptor: [Intracranial Embolism and Thrombosis] explode all trees
239
#29 MeSH descriptor: [Ischemic Attack, Transient] this term only
489
#30 MeSH descriptor: [Brain] this term only and with qualifiers: [Blood supply - BS]
455
#31 MeSH descriptor: [Ischemia] this term only
764
#32 MeSH descriptor: [Amaurosis Fugax] this term only
1
#33 MeSH descriptor: [Blindness] this term only
148
#34 MeSH descriptor: [Vision Disorders] this term only
497
#35 carotid:ti,ab
3199
#36 ((aort® or arter*) near/2 thickness):ti,ab
71
#37 ((intimamedia* or (intima* near/3 media*)) near/4 thickness):ti,ab
623
#38 cimt:ti,ab
122
#39 (ather?sclero* or (ather® next sclero*)):ti,ab
4187
#40 (ather?genes* or (ather* next genes*)):ti,ab
234
#41 (arteri?sclero* or (arteri* next sclero*)):ti,ab
369
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#42 (fibroatheroma* or atheroma*):ti,ab

212

#43 (fatty near/2 arter®):ti,ab
3

#44 stroke*:ti,ab
15678

#45 (cerebrovascular near/2 (accident™® or event* or isch?emi* or infarct® or occlusion™®
or obstruction*® or insult or insufficien* or attack™ or arrest or disturb* or lesion* or
circulation or failure*)):ti,ab

692
#46 ((neural or brain or cerebr*) near/2 (blood or vascul* or vessel? or arter*) near/2
(accident™ or event* or isch?emi* or infarct® or occlusion® or obstruction* or insult or
insufficien* or attack™ or arrest or disturb* or lesion* or circulation or failure* or supply*
or flow)):ti,ab

1723
#47 ((neural or brain or cerebr* or hemispher*) near/2 (isch?emi* or infarct* or
seizure* or insult or attack™® or occlusion* or circulation)):ti,ab

2040
#48 (isch?emi* near/2 (seizure* or attack™)):ti,ab

229
#49 ((intracranial or cranial or cerebr* or brain*) near/3 (thromb* or embol* or
angiopath* or vasculopath* or phlebothromb*)):ti,ab

441

#50 apoplex*:ti,ab
194

#51 (cva or cvas):ti,ab
106

#52 ((transien* near/2 isch?emi*) and (encephal* or brain* or cerebr* or neural or
cranial or intracranial)):ti,ab

98

#53 (Tia or tias):ti,ab
409

#54 (amauros* near/2 fuga®*):ti,ab
18

#55 ((transien* or transit*) near/3 blind*):ti,ab
61

#56 (or #11-#55)
32509

#57 #10 and #56
99
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Scopus

((TITLE-ABS-KEY (adiponectin®* OR apm1 OR "apm 1" OR acrp30 OR "acrp 30" OR
gbp28 OR "gbp 28" OR adipoq)) OR (TITLE-ABS-KEY (adipo* W/5 "abundant gene*"))
OR (TITLE-ABS-KEY (adipo* W/5 protein W/3 "30")) OR (TITLE-ABS-KEY (adipo*
W/5 collagen)) OR (TITLE-ABS-KEY (gelatin W/3 protein W/3 "28"))) AND (((TITLE-
ABS-KEY(carotid)) OR (TITLE-ABS-KEY ((aort* OR arter*) W/2 thickness)) OR
(TITLE-ABS-KEY((intimamedia* OR (intima* W/3 media*)) W/4 thickness)) OR
(TITLE-ABS-KEY(cimt)) OR (TITLE-ABS-KEY ((carotid OR plaque) AND
((atheroscleros*) OR (ather?sclerosis OR ather?scleroses) OR (ather* sclero*)))) OR
(TITLE-ABS-KEY (atherogenes* OR ather?genesis OR ather?geneses OR (ather*
genes*))) OR (TITLE-ABS-KEY (arterioscleros* OR arteri?sclerosis OR arteri?scleroses
OR (arter* sclero*))) OR (TITLE-ABS-KEY (fibroatheroma* OR atheroma*))) OR
((TITLE-ABS-KEY (fatty W/2 arter*)) OR (TITLE-ABS-KEY (stroke*)) OR (TITLE-
ABS-KEY (cerebrovascular W/2 (accident®* OR event* OR ischemi* OR ischaemi* OR
infarct* OR occlusion®* OR obstruction* OR insult OR insufficien* OR attack™ OR arrest
OR disturb* OR lesion* OR circulation OR failure*))) OR (TITLE-ABS-KEY ((neural
OR brain OR cerebr*) W/2 (blood OR vascul®* OR vessel? OR arter®) W/2 (accident*
OR event* OR ischemi* OR ischaemi* OR infarct* OR occlusion* OR obstruction* OR
insult OR insufficien®* OR attack®* OR arrest OR disturb* OR lesion* OR circulation OR
failure* OR supply* OR flow))) OR (TITLE-ABS-KEY((neural OR brain OR cerebr*
OR hemispher*) W/2 (ischemi* OR ischaemi* OR infarct® OR seizure* OR insult OR
attack™ OR occlusion* OR circulation))) OR (TITLE-ABS-KEY((ischemi* OR
ischaemi*) W/2 (seizure* OR attack*))) OR (TITLE-ABS-KEY ((intracranial OR cranial
OR cerebr* OR brain*) W/3 (thromb* OR embol* OR angiopath®* OR vasculopath* OR
phlebothromb*)))) OR ((TITLE-ABS-KEY (apoplex*)) OR (TITLE-ABS-KEY(cva OR
cvas)) OR (TITLE-ABS-KEY((transien* W/2 (ischemi* OR ischaemi*)) AND
(encephal® OR brain* OR cerebr* OR neural OR cranial OR intracranial))) OR (TITLE-
ABS-KEY((tia OR tias)) OR (TITLE-ABS-KEY (amauros* W/2 fuga*)) OR (TITLE-
ABS-KEY((transien* OR transit*) W/3 blind*))))

1230 articles

30 conference papers
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Web of Science
Databases=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH Timespan=All years

#1 14,350 TS=(adiponectin®* OR apm1 OR "apm 1" OR acrp30 OR "acrp 30" OR
gbp28 OR "gbp 28" OR adipoq)

#2 306 TS=((adipo®* NEAR/S "abundant gene*") OR (adipo* NEAR/S protein
NEAR/3 "30") OR (adipo* NEAR/3 collagen ) OR (gelatin NEAR/3
protein NEAR/3 "28"))

#3 14,550 #2 OR #1

#4 89,149 TS=carotid

#5 4,053 TS=((aort* or arter®) NEAR/2 thickness)

#6 10,973 TS=((intimamedia* OR (intima* NEAR/3 media*)) NEAR/4 thickness)

#7 1,034 TS=cimt

#8 27,123 TS=((carotid OR plaque) NEAR (ather*sclero* OR (ather* NEAR
sclero*)))

#9 13,246 TS=(ather*genes* OR (ather* NEAR genes*))

#10 13,136 TS=(arteri*sclero* OR (arteri* NEAR sclero*))

#11 8,376 TS=(fibroatheroma* OR atheroma*)

#12 431 TS=(fatty NEAR/2 arter®)

#13 176,465 TS=stroke*

#14 11,656 TS=(cerebrovascular NEAR/2 (accident® OR event* OR isch*emi* OR
infarct* OR occlusion® OR obstruction* OR insult OR insufficien* OR
attack® OR arrest OR disturb®* OR lesion* OR circulation OR failure*))

#15 56,402 TS=((neural OR brain OR cerebr*) NEAR/2 (blood OR vascul* OR
vessel? OR arter®) NEAR/2 (accident™ OR event* OR isch*emi* OR
infarct* OR occlusion® OR obstruction* OR insult OR insufficien* OR
attack™ OR arrest OR disturb* OR lesion* OR circulation OR failure* OR
supply* OR flow))

#16 82,581 TS=((neural OR brain OR cerebr* OR hemispher*) NEAR/2 (isch*emi*
OR infarct®* OR seizure* OR insult OR attack* OR occlusion* OR
circulation))

#17 10,087 TS=(isch*emi* NEAR/2 (seizure* OR attack*))

#18 16,868 TS=((intracranial OR cranial OR cerebr* OR brain*) NEAR/3 (thromb*
OR embol* OR angiopath* OR vasculopath®* OR phlebothromb*))

#19 1,606 TS=apoplex*

#20 1,992 TS=(cva OR cvas)

#21 8,252  TS=((transien* NEAR/2 isch*emi*) NEAR (encephal* OR brain* OR
cerebr* OR neural OR cranial OR intracranial))

#22 5,988 TS=(Tia OR tias)

#23 653 TS=(amauros* NEAR/2 fuga*)

#24 545 TS=((transien* OR transit*) NEAR/3 blind*)

#25 394,197 #24 OR #23 OR #22 OR #21 OR #20 OR #19 OR #18 OR #17 OR
#16 OR #15 OR #14 OR #13 OR #12 OR #11 OR #10 OR #9 OR #8 OR
#7 OR #6 OR #5 OR #4

#26 799 #25 AND #3
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#28 729 #25 AND #3 Refined by: Document Types=( ARTICLE OR LETTER OR
REVIEW OR EDITORIAL MATERIAL OR CORRECTION )

#29 85 #25 AND #3 Refined by: Document Types=( MEETING ABSTRACT OR
PROCEEDINGS PAPER )
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Deduping details

# # # # # # records
importe | records | records | records | records after
d after after after after dedup
records dedup dedup dedup dedup TI+YR
TI AU+YR | YR+VL | JO+PG
+PG
Embas 2045 1015 891 885 885 884
Biosis | 787 94| 72| 70| 70| 70
| | |
€
312|312 | 312
Scopus | 30| 1| 9] 9] 9| 9
| | |
TOTAL | | 7326] 3729| 3524| 3496  3495| 3494
Duplicates
found
Duplicates 3597 205 28 1 1
deleted
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Table I. Baseline population characteristics

Study Year Country Population N (% men) Age (years) BMI (kg/m?) c¢IMT (mm)
Aggarwal 2013 India Subjects with coronary 50 (-) 43.748.2 - 0.68+0.10
artery disease
Ahn 2011 Korea Healthy subjects 1353 (69.0) 53.8+£8.0 24.443.1 0.78+0.11
Behre 2006 Sweden 64-year-old women NGT: 188 (0) Not specified (~64) - -
with varying glucose
tolerance IGT: 204 (0)

T2DM: 220 (0)

Bevan 2011 Germany  Members of a primary 990 (47.4) 53.149.0 27.0+4.1 0.74+0.14
healthcare service
population

Chaer 2012 USA Community-based 697 (38.0) range 44-74 29.7 -
cohort

Dessein 2014 South Africa Subjects with RA 208 (-) - - 0.71+£0.10

Dessein 2013 South Africa Subjects with RA 119 (10.9) 55.8£10.2 29.3+6.6 0.69+0.10
Age- + sex-matched 158 (13.9) 56.5+10.9 33.7+8.0 0.70+0.12
non-RA controls

Dullaart 2010 Netherlands  Subjects with and 161 (57.8) 56.9+9.6 27.1£3.8 0.85+0.17
without MetS
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Dullaart

Flyvbjerg

Forst

Gardener

Gokulakrishnan

Gonzalez-Gay

Gustafsson

Hajmohammadi

2007

2009

2005

2012

2010

2011

2010

2010

Netherlands

14 European
countries

Germany

USA

India

Spain

Sweden

Iran

Subjects with T2DM

Non-T2DM controls

Healthy subjects

Subjects with T2DM
Subjects with T2DM
Non-T2DM controls

Subjects with varying
glucose tolerance

Subjects with severe
RA

70 year old subjects
Subjects with MetS

Non-MetS controls

84 (61.9)
85 (54.1)

148 (0)

173 (61.80)
298 (-)

1224 ()

NGT: 520 (-)
IGT : 115 (-)
T2DM: 540 (-)

182 (28.0)

981 (50.0)
44 (34.1)

44 (65.9)

348

60.0 [52.9-65.8]

53.8 [47.8-62.8]

51.04£3.0

62.6£7.9

43.0+£12.0
51.0+10.0
51.0+11.0

61.0 [51.0-70.0]

70.2+0.2
55.6+8.6

52.94+7.6

28.0 [25.0-31.9]
25.3 [23.0-27.3]

25.7+4.7

31.7+4.7

24.0+4.7
25.9+4.6

25.3+4.3

27.1+4.3
30.7+6.2

26.0+3.7

0.85 [0.76-1.01]
0.78 [0.72-0.86]

0.60+0.08

0.73+0.16
0.80+0.16

0.86+0.26

0.89+0.16

Right: 0.73+0.14
Left: 0.77+£0.19
Right: 0.68+0.12
Left: 0.68+0.14



Hanada

Hayashi

Hui

Iglseder

Ignacy

Jansson

Juonala

Karakitsos

Kiris

Kotani

2014

2011

2014

2005

2005

2003

2011

2006

2006

2008

Japan

Japan

China

Austria

Japan

Sweden

Finland

Greece

Turkey

Japan

Subjects who
underwent annual
health examinations

Subjects with
predialysis CKD

Community-based

cohort

Healthy subjects

Hemodialysis subjects

with ESRD

Healthy relatives to
subjects with T2DM

Subjects with MetS
Non-MetS controls

Hemodialysis subjects
with stable ESRD

Patients undergoing
CABG procedure

Healthy post-
menopausal women

569 (72.6)

95 (63.5)

265 (48.7)

1515 (62.0)

80 (42.5)

39 (100)

205 (58.1)
1488 (44.3)

120 (60.0)

84 (82.1)

129 (0)

349

69.0+£9.0

54.6+12.3

51.94+6.0

47.0+£2.0

43.1 [40.3-45.8]

33.5+4.6

31.7£5.0

60.0+£9.3

60.8+10.6

73.04£8.0

23.843.8

24.9+3.7

26.7+£3.9

24.0+0.5

25.4[24.6-26.2]

30.7+4.9

242434

27.6+5.0

22.0+3.0

0.81+£0.19

0.63 [0.52-0.73]

0.76+0.13

0.77+0.01

0.61+0.11

0.58+0.09

0.82+0.11

CCA: 0.97+0.13

Bulb: 1.01+0.14

0.95+0.18



Liao

Lim

Liu

Lo

Mansouri

Matsuda

Miyanaga

2014

2012

2010

2006

2012

2004

2009

China

Korea

China

USA

Iran

Japan

Japan

Subjects without overt
cardiovascular disease

Community-based
elderly cohort

Healthy first-degree
relatives to subjects
with T2DM

Healthy controls
without known family
history of T2DM
(matched for age,
BMI, WHR, blood
glucose, and fasting
lipids)

Healthy women

Subjects with T2DM

Age- + BMI-matched
non-T2DM controls

Subjects with T2DM

Young healthy female
students

160 (55.0)

1000 (43.9)

29 (44.8)

20 (35.0)

100 (0)

101 (47.5)

42 (45.2)

231 (58.4)

416 (0)
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55.3+4.8

76.0+8.7

53.1+6.2

53.649.0

40.0 [24.0-59.0]

53.6+8.4

50.1+8.4

60.4+12.3

20.0 [19.8-21.0]

26.5+4.1

24.0+3.4

24.7+3.2

24.5+£3.5

25.9 [24.0-29.8]

27.7+4.1

28.7+4.6

24.8+5.2

20.6 [19.4-22.1]

0.69+0.14

0.78+0.14

0.83+0.10

0.85+0.15

0.61 [0.45-1.11]

(n=99)
0.80+0.20

0.66+£0.20

0.89+0.18

0.41[0.37-0.45]

(n=140)



Nagasaki

Nilsson

Nishida

Patel

Pemberton

Persson

Rubio-Guerra

Rundek

2005

2006

2007

2008

2009

2015

2013

2013

Japan

Sweden

Japan

14 European
countries

UK

Sweden

Mexico

USA

Subjects with
hypothyroidism
Community-based
cohort

Healthy subjects who
underwent health
examinations

Healthy subjects

Subjects with RA

Age-matched non-RA
controls

Subjects with high
CVD risk but no
prevalent disease

Hypertensive subjects
with T2DM

Normotensive + non-
T2DM age-matched
controls

Multi-ethnic urban
population

52 (17.3)

887 (42.0)

1078 (66.2)

1306 (45.1)

46 (0)

48 (0)

3430 (48.2)

30 (53.3)

30 (63.3)

1790 (40.0)

351

50.242.4

64.6£5.8

48.4+5.8

43.848.3

56.0 [49.0-60.0]

57.0 [51.5-60.0]

64.6 [59.7-67.2]

60.0+£9.0

58.0+11.0

69.449.3

22.9+0.4

27.2+3.8

22.943.0

25.6+3.9

25.5 [23.4-29.6]

25.2 [23.3-28.8]

26.8 [24.2-29.5]

30.445.0

29.846.0

28.2+5.0

0.63+0.02

0.86+0.16

0.68+0.19

0.60 [0.54-0.65]

0.53 [0.47-0.60]

0.55 [0.47-0.62]

CCA: 0.72 [0.65-0.80]
BIF: 1.06 [0.86-1.34]

1.43+0.43

0.59+0.06

0.92+0.09



Saarikoski

Shargorodsky

Shoji

Stork

Sturm

Tahara

Tavridou

Vasilescu

Vasilescu

Wang

Yano

Yazici

2010

2009

2006

2007

2009

2012

2015

2011

2010

2007

2009

2012

Finland
Israel

Japan

Germany

Austria

Japan

Greece

Romania

Romania

China

Japan

Turkey

Young healthy adults

Obese subjects

Participants of a

medical check program

Healthy post-
menopausal women

Obese subjects

Consecutive
outpatients

Subjects with T2DM

Subjects with newly
diagnosed T2DM

Obese subjects

Clinically stable PD
subjects

Ambulatory patients
with essential

hypertension

Subjects with TIDM

2147 (45.3)
47 (25.5)

277 (49.1)

142 (0)

64 (25.0)

316 (30.7)

119 (41.2)

50 (50.0)

56 (55.4)

147 (54.4)

263 (37.0)

75 (52.0)
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31.7£5.0

58.8+8.7

60.4+9.8

59.144.3

34.9+£8.7

62.0+9.2

67.8+3.4

52.748.0

52.9+8.7

55.0+11.0

72.6+8.4

29.4+7.8

25.0+4.3

33.5+£7.0

23.843.5

26.4+4.6

42.3+4.3

23.943.0

31.0£5.0

31.0£1.8

34.143.3

23.3+3.7

24.4£3.5

23.94+3.4

0.58+0.09
0.63+0.17

1.08+0.49

1.19+0.23

0.58+0.14

0.71£0.15

0.89 [0.61-1.56]

0.91+0.16

0.89+0.18

0.93+0.36

0.81+£0.17

0.53+0.05



Yoon 2013 Korea Healthy adult 1033 (43.9) 56.2+7.2 24.543.6 0.84 [0.72-0.98]
population in 5
geographic areas

Yoon 2011 Korea Healthy adult 1374 (68.9) 53.7+8.0 24.4+43.1 0.74 [0.64-0.87]
population in 5
geographic areas

BMI: body mass index; cIMT: carotid intima-media thickness; NGT: normal glucose tolerance; IGT: impaired glucose tolerance; T2DM: type 2 diabetes mellitus; RA: rheumatoid arthritis; MetS: metabolic syndrome; CKD: chronic kidne
disease; ESRD: end-stage renal disease; CABG: coronary artery bypass grafting; CCA, common carotid artery; WHR: waist-hip ratio; CVD: cardiovascular disease; BIF: bifurcation; PD: peritoneal dialysis; T1DM, type 1 diabetes mellitus
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Table II. Summary of relevant results assessing the relationship between adiponectin and ¢cIMT in various populations

Study Subgroup Type of Analysis Effect Estimates P-value Adjustment
Healthy population
*Sex
Ahn r¥ -0.07 <0.05
Model 1: age, sex.
Model 2 agie, .sex‘,
Multivariate models EBDIL‘C“%;‘;;SELO .
Model 1 B (SE) -34.4 (9.1) 0.01 g}u?osef, waist
Model 2 B (SE) -21.6 (9.8) 0.03 ?ggﬂrilﬂ;ﬁ‘zr;jg
Model 3 B (SE) -20.5 (10.2) 0.04 éﬁfofe ﬁ:;ﬁ‘;f blood
hsCRP, smoking
history (pack-years),
HOMA-IR.
Flyvbjerg Correlation between log (APN) and bilateral r -0.08 >0.05
cIMT
Gustafsson B (95%CI)*  -0.01(-0.02;0.00) 0.21 *Age and sex
TAge, sex, BMI,

B (95%CD)T  0.00 (-0.01;0.01) 0.97 fﬁﬁ;ypemsive
antidiabetic, and lipid
lowering treatment,
log fasting blood
glucose, TC, HDL-C,
creatinine, smoking
status.

Iglseder All (n=1515) -0.065 0.012
Men (n=940) -0.092 0.005
Women (n=575) r -0.086 0.039
Men (n=940) Average cIMT increase (um) per 1pg/mL 3.48 (1.23-5.73)
decrease in APN
Women (n=575) Average <.:IMT increase (um) per 1pg/mL 2.39 (0.50-427)
decrease in APN
Jansson Correlation between APN and bulb cIMT r -0.37 <0.05
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Kotani

Lim

Liu

Lo

Miyanaga

Nishida

Patel

Saarikoski

First degree relatives of
T2DM patients (n=29)

Controls (n=20)

Men
Women

Men (n=589)

Women (n=717)

General (n=2147)

Multivariate models
Model 1
Model 2

Lowest APN quartile <8.3 (n=40)
Highest APN quartile > 13.9 (n=45)

Association between log (APN) and cIMT
Association between log (APN) and cIMT

Correlation between log (APN) and log
(cIMT)
Correlation between log (APN) and log
(cIMT)

Correlation between In (APN) and cIMT
Association between In (APN) and cIMT
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B*

B*

B (SE)

Mean cIMT
Mean cIMT

- =

-0.137
-0.078

-0.133

-0.372
-0.319

-0.256
-0.449

-0.20

-0.0042 (0.0021)

-0.0045

0.45+0.06
0.39+0.06

-0.199
0.111

-0.05

-0.05

-0.16
-0.018+0.005

0.12
0.41

<0.01

0.037
0.059

>0.05
0.052

0.077

0.045
0.03

0.03
0.03

0.013
0.27

0.257

0.258

<0.001
<0.001

*Age, BMI, SBP,
DBP, TC,
triglycerides, HDL-C,
glucose, insulin,
HOMA-IR.

*Age, WHR, BMI,
LDL-C, HDL-C,
fasting plasma
glucose, 2 h post-load
glucose, IMT, EDV,
HOMA-IR, HOMA-

Model 1: age, race,
smoking pack-years,
visceral abdominal
fat area,
subcutaneous
abdominal fat area.
Model 2: Model 1 +
BMI

*Age, sex, BMI,
hsCRP, TC,



Stork

Yoon, 2011

Yoon, 2013

General population

Bevan

Women (n=174)
Men (n=973)
Overweight (n=663)
Obese (n=261)

Men (n=454)

Women (n=579)

Men (n=469)
Women (n=521)

All cases (n=990)

Association between In (APN) and cIMT
Association between In (APN) and cIMT
Association between In (APN) and cIMT
Association between In (APN) and cIMT

Correlation between APN and mean max
cIMT
Association between APN and mean max
cIMT

Multivariate models
Model 1

Model 2
Model 3

Tertiles of APN
1% tertile < 6.25
21 tertile > 6.25
3" tertile > 9.75
Tertiles of APN
1% tertile < 9.45
21 tertile > 9.45
3" tertile > 13.40

Multivariate models
Model 1
Model 2
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B*
B*
B*
B*

B*

B (SE)
B (SE)
B (SE)

Mean cIMT

Mean cIMT

-0.023+0.007
-0.016+0.006
-0.017+0.009
-0.004+0.01

-0.20

-0.013+0.009

-32.3(9.4)
-20.6 (10.3)
21.2(10.2)

0.91 (0.76-1.04)
0.84 (0.72-1.00)
0.84 (0.68-0.99)

0.88 (0.75-1.00)
0.84 (0.71-0.96)
0.80 (0.71-0.92)

-0.069
0.003

-0.079

-0.113
-0.082

0.003
0.01

0.054
0.003

0.054

0.053

<0.001
0.047
0.039

0.022

0.018

0.133
0.945

0.013

0.001
0.016

HDL-C, triglycerides,
SBP, glucose,
smoking status

*Age

Model 1: Age, sex,
LDL-C, smoking
history (pack-years)
Model 2: M1 + BMI,
WHR, hsCRP, SBP,
DBP, triglycerides,
HDL-C, fasting blood
glucose and insulin,
HOMA-IR.

Model 3: M1+ WHR,
hsCRP, DBP,
triglycerides, HDL-C,
fasting blood glucose,
HOMA-IR

Model 1: age and sex
Model 2: age, sex,
and BMI



Chaer

Hanada

Hui

Liao

Nilsson

Men

n=94
n=93
n=93
n=93

n=94
n=93
n=93
n=93

n=94
n=93
n=93
n=93

n=9%4
n=93

Quartiles of APN (ug/mL)
1% quartile, mean = 3.8+0.8
27 quartile, mean = 6.3+0.7
3t quartile, mean = 9.3+1.2
4™ quartile, mean = 16.4+5.3

Quartiles of APN (ug/mL)
Unadjusted

¥ quartile, <5.3

2™ quartile, 5.3-7.02

3 quartile, 7.02-9.16

4" quartile, >9.16

Model 1
¥ quartile, <5.3
2™ quartile, 5.3-7.02
3 quartile, 7.02-9.16
4™ quartile, >9.16

Model 2
¥ quartile, <5.3
2™ quartile, 5.3-7.02
3 quartile, 7.02-9.16
4™ quartile, >9.16

Model 3
¥ quartile, <5.3
2™ quartile, 5.3-7.02
3 quartile, 7.02-9.16
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r

Mean cIMT
(mm)

r*

Mean cIMT
(mm)

-0.20

0.71£0.14
0.69+0.14
0.68+0.13
0.64+0.14

-0.184

-0.031

0.92+ 0.03
0.93+0.02
0.93+0.02
0.92+ 0.02

0.93+0.02
0.89+ 0.02
0.89+ 0.02
0.86+ 0.02

0.93+0.02
0.89+ 0.02
0.90+ 0.02
0.86+ 0.02

0.92+0.02
0.89+ 0.02
0.89+ 0.02

<0.001

<0.05

0.003 *Age

0.01
Model 1: Mean IMT
CCA adjusted for age
Model 2: Model
1+WHR, smoking,
HDL-C, DBP
Model 3: Model 2+
HbAc (log-

0' 067 transformed) +
HOMA (log-
transformed) + lipid-
lowering drugs +
blood pressure-
lowering drugs

0.02

0.04

0.17



Persson

n=93
n=93

Women

n=129
n=127
n=129
n=129

n=129
n=127
n=129
n=129

n=129
n=127
n=129
n=129

n=129
n=127
n=129
n=129

Men

Women

4™ quartile, >9.16

Quartiles of APN (ug/mL)
Unadjusted
¥ quartile, <7.72
2™ quartile, 7.72-10.53
3 quartile, 10.53-14.2
4™ quartile, >14.2

Model 1
¥ quartile, <7.72
2™ quartile, 7.72-10.53
3 quartile, 10.53-14.2
4™ quartile, >14.2

Model 2
¥ quartile, <7.72
2™ quartile, 7.72-10.53
3 quartile, 10.53-14.2
4™ quartile, >14.2

Model 3
1% quartile, <7.72
2™ quartile, 7.72-10.53
3 quartile, 10.53-14.2
4™ quartile, >14.2

Association between APN and CCA IMT
Model 1

Model 2

Association between APN and BIF IMT
Model 1

Model 2

Association between APN and CCA IMT
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Mean cIMT
(mm)

B (95%CTI)
B (95%CI)

B (95%CTI)
B (95%CTI)

0.87+ 0.02

0.86+0.14
0.83+0.14
0.85+0.14
0.82+0.13

0.86+0.01
0.84+0.01
0.85+0.01
0.82+0.01

0.85+0.01
0.83+0.01
0.85+0.01
0.83+0.01

0.85+0.01
0.83+0.01
0.85+0.01
0.83+0.01

-0.007 (-0.012 — -0.002)
-0.003 (-0.008 — 0.002)

-0.020 (-0.029 — -0.011)
-0.018 (-0.027 — -0.009)

0.15

0.11

0.54

0.56

0.006
0.233

<0.001
<0.001

Model 1: age

Model 2: age, BMI, T2DM,
SBP, current smoking,
triglycerides, HDL-C, hs-
CRP



Rundek

Shoji

Tahara

Metabolic disorders

Behre

Dullaart, 2007

All
Men

Women

Entire population (n=612)

T2DM (n=220)
IGT (n=204)
NGT (n=188)

T2DM and controls
(n=169)

Model 1
Model 2

Association between APN and BIF IMT
Model 1
Model 2

Tertiles of APN (nug/mL)

1% tertile, mean = 2.31+0.18
2" tertile, mean = 5.38+0.41
3t tertile, mean = 12.58+0.97

Multivariate models between In (APN) and
cIMT

Model 1

Model 2
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B (95%CI)
B (95%CI)

B (95%CI)
B (95%CI)

r*

D D

Mean cIMT
(mm)

rf
rf
r§

D D

-0.005 (-0.009 — -0.002)
-0.001 (-0.005 — 0.003)

-0.013 (-0.021 — -0.005)
0.006 (-0.015 — 0.003)

-0.06

-0.019
0.033

0.046

0.74+0.17
0.69+0.13
0.69+0.14

-0.11
-0.09
-0.09
-0.09
-0.09
-0.04

-0.14
-0.002

-0.29
-0.14

0.007
0.644

0.002
0.185

<0.001

>0.05
>0.05

>0.05

<0.03

0.01
<0.05
<0.05
<0.05
<0.05
>0.065

0.056
>0.05

0.002
0.092

*Age

*GT

TBMI
{HDL-C
§Triglycerides

Model 1: age, T2DM,
gender, and
adipokines.

Model 2: age, T2DM,
gender, and variables
with which IMT is
independently



Dullaart, 2010
Forst

Gardener

Gokularkrishnan

Hajmohammadi

Juonala

Mansouri

T2DM

Controls

T2DM
Controls

NGT (n=520)

IGT (n=115)

T2DM (n=540)

All patients (n=1175)
All patients

O MetS

MetS

@ MetS
MetS

T2DM (n=101)

Controls (n=42)

Model 3
Model 4
Model 3
Model 4

Association between In (APN) and cIMT

Association between APN and left cIMT
Association between APN and right cIMT
Association between APN and left cIMT
Association between APN and right cIMT
Association between APN and left cIMT
Association between APN and right cIMT

Correlation between total APN and cIMT
Correlation between HMW APN and cIMT
Association between total APN and cIMT
Association between HMW APN and cIMT
Association between total APN and cIMT
Association between HMW APN and cIMT
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- =

B3*

DD DD®

—

DD

-0.27
-0.22
-0.22
-0.19

-0.211

0.12

-0.014
-0.005

-0.122
-0.257
-0.043
-0.054

-0.07
-0.16
0.011
-0.227
-0.149
-0.113

-0.12
-0.21

0.125
0.109
-0.07
0.07

-0.06
-0.08

0.006
0.037
0.031
0.045

0.005

0.15

0.01
0.07

0.005
0.005
0.324

<0.001

0.46
0.08
0.94
0.12
0.29
0.36

<0.01
<0.01

>0.05
>0.05
0.58
0.53
0.88
0.07

associated as derived
from other models
Model 3: age, sex
Model 4: HOMA-IR

*Age, sex

*Age, gender, BMI,
HOMA-IR and the
presence of T2DM



Matsuda

Nagasaki

Rubio-Guerra Hypertensive T2DM
Controls
Shargorodsky
Sturm
Tavridou
Vasilescu, 2010 Obese men
Obese women
Vasilescu, 2011 Men
Women
Yano
Yazici
Inflammatory disorders
Dessein, 2013
oRA (n=77)

Correlation between log (APN) and cIMT
Correlation between log (APN) and cIMT

Multivariate models
Model 1
Model 2

361

B (95%CI)*
B (95%CI)*

Partial R
Partial R

0.042

0.059
-0.088

-0.11
-0.39

-0.369
-0.41

0.037
0.14

-0.237 (-0.0024;0.0017)
-0.138 (-0.0041;0.0025)

-0.16
-0.19

0.122
-0.010

-0.24

-0.008
0.008

>0.05

>0.05
>0.05

>0.1
<0.02

0.011
0.015

>0.05

0.13

0.12
0.41

0.503
0.361

0.049
0.863

0.04

1.0
1.0

*Thrombomodulin,
BMI, MAP

*Age, sex, serum
glucose, current
smoking, MAP, TC,
BMI

*Age, SBP, leptin,
leptin/APN ratio. hs-
CRP, HOMA-IR,
fasting proinsulin,
triglycerides, HDL-C,
LDL-C, BMI

*Age, smoking
status, 24-h SBP, des-
acyl ghrelin

Model 1: age, sex
Model 2: age, sex,
WHR, hsCRP,
angiotensin



RA (n=119)

Dessein, 2014 All

>55yo
Yes
No

Obese
Yes
No
All
>55yo
Yes
No
Obese
Yes
No

Gonzalez-Gay

Pemberton Controls
RA

Other chronic disorders

Aggarwal

Hayashi

Model 1
Model 2

Independent relationship between ISD
increments of total APN and cIMT

Independent relationship between ISD
increments of HMW APN and cIMT

High APN group >12.3 n=50
Low APN <12.3 n=45
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Partial R
Partial R

Partial R

Partial R
Partial R

Partial R

Partial R

Partial R

Partial R

Partial R

Partial R
Partial R

r
r*

r

Mean IMT

-0.076
-0.096

0.042

0.031
0.023

0.068

0.040

-0.008

-0.057

0.008

-0.008
-0.011

0.3946
0.0249

0.065
0.067

-0.198

0.76+0.14
0.86+0.23

04
0.3

0.6

0.8
0.8

0.6

0.7

0.9

0.6

0.9

1.0
0.9

0.04
0.91

>0.05
>0.05

0.220

0.015

converting enzyme
inhibitor and diuretic
use, statin use.

*Sex, age at study,
disease duration,
rheumatoid factor
status, and classic
cardiovascular risk
factors



Ignacy Kendal t-test 0.046 >0.05

Karakitsos r -0.227 0.022
Kiris Correlation between APN and
CCA cIMT r -0.581 <0.01 *BMI,
Bulb ¢cIMT r -0.415 <0.01 Iil;‘i‘“g TG
LDL-C,'
Association between APN and tsrxlsggcnegﬁfs’
CCA cIMT B (95%CI) -0.572 (-0.020;-0.009) <0.001 ;‘}:e‘;;‘:(‘jbe‘ of
Bulb ¢cIMT B (95%CI) -0.558 (-0.022;-0.010) <0.001 coronary
heCRP, age
CCA cIMT
Bulb cIMT
B (SE)* -0.568 (0.002) <0.001
B (SE)* -0.559 (0.003) <0.001
Wang r -0.188 0.027
r* 20.098 0.29 iy
smoking history,

hemoglobin, T2DM,
hsCRP, duration of
dialysis, serum
fetuin-A, serum
albumin,
triglycerides.

APN, adiponectin; cIMT, carotid intima-media thickness; SE, standard error; CI, confidence interval; T2DM, type 2 diabetes mellitus; IGT, impaired glucose tolerance; NGT, normal glucose tolerance; MetS, metabolic syndrome;
HMW, high-molecular weight; ISD, intra-individual standard deviation; CCA, common carotid artery; SBP, systolic blood pressure; LDL-C, low-density lipoprotein cholesterol; WHR, waist-hip ratio; hsCRP, high-sensitivity
C-reactive protein; HOMA-IR, homeostasis model assessment-estimated insulin resistance; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; BMI, body mass index; DBP, diastolic blood pressure; EDV, end-
diastolic volume; HbA ., glycated haemoglobin Alc; MAP, mean arterial pressure; BIF, bifurcation

When not otherwise mentioned, associations and correlations were performed between non-transformed APN and mean cIMT
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Table II1. Pooled population baseline characteristics

Population Pooled n Pooled % men Pooled age Pooled BMI [ kg.m] Pooled APN [ug/mL] Pooled cIMT [mm]
Total Population 302817 47.26 53.77+6.15 25.85+3.25 9.58+2.23 0.74+0.12
Healthy 12810 51.03 50.55+6.05 24.85+3.53 9.06+1.83 0.72+0.09
General Population 9381 46.25 63.39+5.46 27.13+£2.35 10.16+£2.78 0.80+0.09
Metabolic Disorders 2813 43.76 54.60+8.48 27.75+4.11 8.61£1.80 0.80+0.17
Inflammatory Diseases 555 18.44 58.55+3.50 28.244+4.78 7.01+0.65 0.68+0.09
Other Chronic Diseases 576 59.93 57.10£8.77 24.44+3.36 17.90+7.66 0.85+0.18

Age, BMI, APN, and cIMT are presented as mean+SD

BMI, body mass index; APN, adiponectin; cIMT, carotid intima media thickness

"The sum of “n” from healthy population, general population, and diseased populations (metabolic disorders, inflammatory diseases, and other chronic diseases) does not add up to the pooled “n” reported for the total
population; the “n” for total population also includes control subjects (without disease) that were not included in the pooled “n” for the diseased subgroup populations.
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Table IV. Baseline population characteristics

Plaque Studies
Study Year Study Design Country Population N (% men)  Age (years) (kB;; ?gz) Plaque Prevalence (%)
Dessein 2014 Case-control South RA 208 (-) - ; 38.1
Africa
Gronwall 2014  Cross-sctional USA SLE 105(7.6)  42.6£11.8  26.146.3 419
Komatsu 2012 Cross-sectional Japan Health (;heck—up 47 (100) 583487 i 9.8
subjects
Cross-sectional European

Kozakova 2012 countries RISC study cohort 1012 (42.8) 43.3+£8.0 24.9+3.7 5.4
McMahon 2011 Cross-sectional USA SLE 250 (0) 420131 26165 17.2
McMahon 2014 Cross-sectional USA SLE 210 (0) 43.2+12.5 26.4+6.2 29.0

Healthy controls 100 (0) 44.4+11.3 24.14£5.3 28.0
Pellitero 2009  Cross-sectional Spain T2DM 125(56.8)  614+72  31.4+63 60.0
Reynolds 2010 Case-control USA SLE 119 (9.0) 42.6£12.4 259463 43.0
Wang 2007  Cross-sectional China Stable PD 147 (54.4) 550110 233237 51.0
Yu 2008 Cross-sectional China Ambulatory PD 59 (47.5) 49.6+14.1 22.4+3.5 44 4
Ischemic Stroke Studies

IS
Study Year Study Design Country Population FolloYv-up N (% men) Age (years) BM12 Outcome
period (kg/m”) (N)
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Arregui

Baranowska

Bidulescu

Bienek

Chen

Delva

Jaleel

2014

2011

2013

2012

2005

2013

2010

Prospective
Case-cohort

Cross-sectional

Prospective
Cohort

Cross-sectional

Cross-sectional

Cross-sectional

Cross-sectional

Germany

Poland

USA

Poland

Taiwan

Ukraine

Pakistan

EPIC-Potsdam
Cohort

Subjects with first-
ever IS

Healthy stroke-free
controls (matched
for age and BMI)

Jackson Heart
Study

Subjects with IS

Stroke-free controls

Subjects with IS
Stroke-free controls
Subjects with IS

Stroke-free controls

Subjects with IS

Stroke-free controls
(matched for age,
sex, and waist hip

ratio)

366

8.2+2.2 years
3(mean)

N/a

N/a

6.2 years
(mean)

N/a

N/a
N/a
N/a

N/a

N/a

N/a

N/a

2155 (37.3)

38 (0)

38 (0)

4571 (36.0)

69 (46.4)

26 (46.2)
228 (50.0)
306 (51.0)

27()

18 (-)

40 (-)

40 (-

50.1£0.5

76.2+6.3

75.34£5.3

54.0+13.0

70.2+£13.0

65.1£13.8

69.3£10.0

62.7£8.6

58.2+0.9

58.0+£0.9

26.1+0.2

28.9+4.2

27.6+£3.8

27.4+4.4

26.0£3.2

24.4+3.8

25.2+1.7

170

N/a

N/a

87

N/a

N/a

N/a

N/a

N/a

N/a

N/a

N/a



Kantorova

Kizer

Kuwashiro

Marousi

Matsumoto

2011

2012

2013

2014

2010

2008

Cross-sectional

Cross-sectional

Prospective
Cohort

Cross-sectional

Cross-sectional

Retrospective
Nested case-control

Slovak
Republic

Korea

USA

Japan

Greece

Japan

Subjects with IS
Stroke-free controls
(matched for age
and sex)
Subjects with IS

Stroke-free controls

CHS

Subjects with IS

Stroke-free controls
(matched for age
and sex)

Subjects with IS
Stroke-free controls
(matched for age
and sex)

JMS Cohort:
Subjects with IS
Stroke-free controls
(matched for age,

sex, and
community)
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N/a

N/a

N/a
N/a

10.5 years
(median)
N/a
N/a

N/a

N/a

10.6+2.6
years

145 (55.2)

67 (-)

98 (79.6)
48 (60.4)

3290 (-)

171 (67.3)

171 (67.3)

82 (64.6)

30 (63.3)

116 (-)

630 (49.4)

66.7+12.1

63.06+11.2

65.2+£12.0

61.9+10.4

68.3£10.1

68.1 £10.1

66.8+13.0

66.3+13.1

65.9£8.6

23.943.0

24.1+3.1

23.6+3.8

23.3£2.8

28.0£5.4

28.8+4.6

22.6£3.0

N/a

N/a

N/a

N/a

492

N/a

N/a

N/a

N/a

N/a

N/a



Montecucco

Musialek

Ogorodnikova

Ozturk

2010 Cross-sectional Italy
2011 Cross-sectional Poland
2010 Retrospective USA

Nested case-control

2010 Cross-sectional Turkey

Symptomatic
subjects with
severe ICA stenosis

Asymptomatic
controls with
severe ICA stenosis

Symptomatic
subjects with
severe ICA stenosis

Asymptomatic
controls with
severe ICA stenosis

HaBPS Study:
Subjects with IS

Stroke-free controls
(matched for age,
race ethnicity, date
of entry into cohort,
and follow-up time)

Symptomatic
subjects with
severe ICA stenosis

Asymptomatic

controls with
severe ICA stenosis
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N/a

N/a

N/a

N/a

N/a

N/a

18 (66.6)

63 (60.3)

190 (67.4)

110 (59.1)

855 (0)

855 (0)

43 (-)

12 (-)

73.5 [67.3-
76.3]

70.0 [65.0-
75.0]

66.0 [60.0-
72.0]

67.0 [60.0-
71.0]

68.8+6.4

67.4+10.3

46.9+12.3

27.7[25.5-
30.1]

27.8 [25.9-
30.2]

27.0£5.3

N/a

N/a

N/a

N/a

N/a

N/a

N/a

N/a



Prugger

Rajpathak

Soderberg

Stott

2013 Retrospective
Nested case-control

2011 Retrospective
Nested case-control

2004 Retrospective
Nested case-control

2009 Retrospective
Nested case-control

France,
Ireland

USA

Sweden

Ireland,
Netherland,
Scotland,

PRIME Cobhort:

Subjects with first-
ever IS

Stroke-free controls
(matched for age,
study center, and

date of recruitment)

HaBPS Study:

Subjects with IS

Stroke-free controls
(matched for age,
race ethnicity, date
of study enrolment,
and follow-up time)

MONICA and VIP
Cohorts:
Subjects with first-
ever IS

Stroke-free controls
(matched for age,
sex, type of cohort,
and geographical
area)

PROSPER Cohort:

Subjects with IS

369

10 years

10 years

4.9 years
(median)

4.9 years
(median)

95 (100)

190 (100)

972 (0)

972 (0)

231 (55.0)

461 (54.9)

179 ()

55.6£2.9

55.5+2.7

68.7+6.4

68.7+6.4

26.9+4.0

26.6+£3.3

27.7£5.9

27.0£5.3

N/a

N/a

N/a

N/a

N/a

N/a

N/a



Stroke-free controls 3.2 years
(matched for age, (mean)
sex, and treatment 532 (50.8) 75.943.6 26.8+4.0 N/a
allocated) 3.2 years
(mean)
Zhang 2016 Cross-sectional China Subjects with LAA N/a 127 (73.2) 61.3£11.0 25.1£3.0 N/a
IS
Stroke-free controls N/a 58 (70.7) 60.949.2 24.7+3.1 N/a
(matched for age
and sex)
Mortality Studies
Mortality
Study Year Study Design Country Population FolloYv-up N (% men) Age (years) BM12 Outcome
period (kg/m®)
. . . (N)
Efstathiou 2005 Prospective Greece ~ Sublects withfirst- g 160(55.0) 7024113  27.845.1 85
Cohort ever IS
Prospective Greece
Marousi 2010 Cohort Subjects with IS 6 months 82 (64.6) 66.8+13.0 28.0+£5.4 15/76
Prospective . . 17 months
Nagasawa 2011 Cohort Japan Subjects with IS (median) 421 (-) - - -

BMI, body mass index; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; RISC, Relationship Between Insulin Sensitivity and Cardiovascular Disease; T2DM, type 2 diabetes mellitus; PD, peritoneal dialysis; IS,
ischemic stroke; EPIC, European Prospective Investigation into Cancer; CHS, Cardiovascular Health Study; JMS, Jichi Medical School; ICA, internal carotid artery; HaBPS, Hormones and Biomarkers Predicting Stroke;
PRIME, Prospective Epidemiological Study on Myocardial Infarction; MONICA, MONItoring trends and determinants of CArdiovascular disease; VIP, Visterbotten Intervention Program; PROSPER, Prospective Study of
Pravastatin in the Elderly; LAA, large artery atherosclerosis
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Table V. Summary of relevant results assessing the relationship between adiponectin and carotid plaque presence in various
populations

Study Population  APN isoform Subgroup Estimate effect 95 % CI P value Adjustments
Dessein RA Total All 1SD increase in APN levels OR 0.98 0.91-1.05 0.6  reumtence
>55 yo OR 0.98 0.89-1.07 0.07
<55 yo OR 0.92 0.75-1.02 0.08
Obese OR 0.93 0.84-1.02 0.1
Not obese OR 0.99 0.90-1.09 0.9
Abdominal obesity OR 0.87 0.76-0.99 0.02
No abdominal obesity OR 1.08 0.92-1.13 0.7
age, sex, race, waist
HMW All 1SD increase in APN levels OR 0.98 0.91-1.05 0.6 circumfrence
>55 yo OR 0.99 0.94-1.04 0.07
<55 yo OR 0.95 0.91-1.01 0.1
Obese OR 0.96 0.90-1.01 0.1
Not obese OR 1.00 0.96-1.05 1.0
Abdominal obesity OR 0.92 0.85-0.99 0.02
No abdominal obesity OR 1.02 0.94-1.06 0.6
age, hypertension,
Gronwall SLE Total 10-unit increase in APN levels OR 2.40 1.2-4.9 0.01 total cholesterol
'redictive value of APN>21pg/mL.  OR 2.60 1.0-6.5 0.15
Reynolds SLE Total 10-unit increase in APN levels OR 1.80 1.1-3 0.02
Wang PD Total APN levels OR 1.00 1.00-1.00 0.12

RA, rheumatoid arthritis; yo, years old; SD, standard deviation; APN, adiponectin; OR, odds ratio; CI, confidence interval; HMW, high-molecular weight; SLE, systemic lupus erythematosus; PD, peritoneal disease
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Table VI. Summary of adiponectin levels in subjects with and without atherosclerotic plaque, when reported

Study Population APN isoform Subgroup  Mean APN SD P value

Gronwall SLE Total No plaque 14.6 9.4 0.02
Plaque 18.7 9.0

Komatsu Health check-up HMW No plaque 3.18 1.45 0.048
Plaque 2.28 0.9

Kozakova RISC study Total Noplaque  Median: 8.3 IR: 4.1 ns
Plaque Median: 7.9 IR: 4.5

McMahon,

201 SLE Total No plaque 14.60 7.50 ns
Plaque 17.00 12.30

McMahon, Healthy

2014 Controls Total No plaque 13.30 6.30 ns
Plaque 13.80 8.00

SLE No plaque 14.30 7.60 ns

Plaque 16.30 10.20

Pellitero T2DM Total No plaque 10.97 7.06 -
Plaque 10.90 5.64

Reynolds SLE Total No plaque 14.40 9.30 0.003
Plaque 18.10 8.70

Yu Ambulatory PD  Total No plaque 15.17 7.48 <0.01
Plaque 9.60 5.09

SLE, systemic lupus erythematosus; HMW, high-molecular weight; RISC, Relationship Between Insulin Sensitivity and Cardiovascular Disease; IR, interquartile range; T2DM,

type 2 diabetes mellitus; PD, peritoneal disease
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Table VII. Summary of relevant results assessing the relationship between adiponectin and ischemic stroke in various

populations
Study APN Subgroup Estimate 95% CI P value Adjustments
isoform effect
Arregui Sug/mL higher total-APN ML stratified for age at
Total All Model 1 HR 1.05  0.85-1.30 baseline and adjusted for sex
. M2: M1+ waist circumference,
population Model 2 HR 1.10  0.89-1.37 smoking status, sports activity,
Model 3 HR 1.31 1.04-1.64 education, alcohol
Total Women Model 1 HR 1.09 0.85-1.40 consumption, prevalent HTN
Nz n el R
Total Men Model 1 HR 0.97 0.69-1.37
Model 2 HR 0.93 0.66-1.31
Model 3 HR 1.15 0.76-1.73
Bidulescu Total Women 1 SD increase HR 1.41 1.04-191 0.03 age, BMI, SBP, blood pressure
Total Men 1 SD increase HR 118 0.79-1.74 042  Mmedication DL, STH‘:J(;k‘};(;RP’
physical activity ’ ,
Chen Total All Univariate OR 0.86  0.83-0.90 <0.001  Model I: age, sex, BMI, WHR,
population Model 1 OR 083 078088 <0.001 ol cholestordl TG HDL.
LDL, uric acid, creatinine,
hsCRP, smoking status
Kim Total Non- Per 1 pg/mL increase in APN OR 1.00
Stroke
Non-LAA Per 1 pg/mL increase in APN OR 0.90 0.79-1.02
stroke
LAA Per 1 pg/mL increase in APN OR 0.79 0.64-0.98
stroke
Total IS Per 1 pg/mL increase in APN OR 0.56 0.56-0.98
Kizer Total All Model 1: APN <20 pg/mL HR 0.97 0.82-1.15 0.719 Model 1: age, sex, race
population Model 1: APN >20 pg/mL HR  1.14  097-136  0.118  Model2: MI+ BMI, income,
education, center, smoking
Model 2: APN <20 ug/mL HR 0.91 0.76-1.09 0.309 status, alcohol use, SBP,
Model 2: APN >20 pg/mL HR 1.13 0.95-1.34 0.177 antihypertensive medication,
Model 3: APN <20 ug/mL HR 0.85 0.70-1.05 0.128 estrogen replacement therapy,
Model 3: APN >20 pg/mL HR 108 088133 0475  SOPRashirinuse health
Model 4: APN <20 ug/mL HR 0.97 0.81-1.16 0.737 ’
Model 4: APN >20 pg/mL HR 1.15 0.97-1.37 0.110
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Marousi

HMW All
population

Total

All
population

Women

Men

All
population

Women

Model 5: APN <20 ug/mL
Model 5: APN >20 pg/mL
Model 6: APN <20 ug/mL
Model 6: APN >20 pg/mL

Model 1:
Model 1:
Model 2:
Model 2:
Model 3:
Model 3:
Model 4:
Model 4:
Model 5:
Model 5:
Model 6:
Model 6:

HMW APN <10 pg/mL
HMW APN >10 pg/mL
HMW APN <10 pg/mL
HMW APN >10 pg/mL
HMW APN <10 pg/mL
HMW APN >10 pg/mL
HMW APN <10 pg/mL
HMW APN >10 pg/mL
HMW APN <10 pg/mL
HMW APN >10 pg/mL
HMW APN <10 pg/mL
HMW APN >10 pg/mL

Univariate analysis

LAA
APN levels
Model 1
Model 2
Model 3
Model 1
Model 2
Model 3
Model 1
Model 2
Model 3

Per 1 SD increase

Model 1

Model 2
Model 3
Model 1
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HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR

OR
OR
OR
OR
OR
OR
OR
OR
OR

OR

OR
OR
OR

1.07
1.15
1.10
1.16
0.96
1.09
0.89
1.08
0.81
1.02
0.96
1.10
1.05
1.12
1.05
1.12

-0.049

0.92
0.88
0.82
0.99
0.92
0.71
0.88
0.83
0.82

0.62

0.45
0.34
0.96

0.88-1.30
0.96-1.37
0.89-1.35
0.97-1.38
0.79-1.18
0.95-1.25
0.72-1.11
0.94-1.24
0.64-1.04
0.86-1.21
0.78-1.19
0.96-1.26
0.83-1.32
0.97-1.29
0.82-1.35
0.97-1.29

0.86-0.99
0.79-0.98
0.72-0.94
0.93-1.06
0.78-1.09
0.49-1.02
0.79-0.99
0.70-0.97
0.69-0.98

0.35-1.07

0.22-0.93
0.15-0.79
0.88-1.05

0.475
0.126
0.392
0.104
0.712
0.237
0.310
0.306
0.094
0.823
0.735
0.189
0.684
0.121
0.691
0.119

0.665

0.027
0.016
0.005
0.751
0.334
0.065
0.029
0.023
0.024

0.086

0.032
0.012
0.394

Model 3: M2 + N-terminal pro-
hormone of brain natriuretic
peptide

Model 4: M2 + subclinical
CVD

Model 5: M4 + DM, LDL,
HDL, TG, hsCRP

Model 6: M4 + HOMA-IR,
LDL, HDL, TG, hsCRP



Men

Matsumoto

Montecucco Total
Ogorodnikova HMW
Prugger

Model 2
Model 3
Model 1
Model 2
Model 3
Per tertile of APN
Model 1: low (ref)
Model 1: med
Model 1: high
Model 2: low (ref)
Model 2: med
Model 2: high
Model 3: low (ref)
Model 3: med
Model 3: high
Per 1 SD increase of log APN
Model 1
Model 2
Model 3
APN and risk of symptomatic
stroke
APN quartiles
Model 1
< 5.2 pg/mL (ref)
5.2-11.0 pg/mL
11.1-18.8 pg/mL
> 18.8 ng/mL
Model 2
< 5.2 pg/mL (ref)
5.2-11.0 pg/mL
11.1-18.8 pg/mL
> 18.8 pg/mL
Univariate
Multivariate
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OR
OR
OR
OR
OR

OR
OR
OR
OR
OR
OR
OR
OR
OR

OR
OR
OR
OR

OR
OR
OR
OR

OR
OR
OR
OR
OR
OR

0.55
0.11
0.91
0.33
0.345

1.00
0.14
0.35
1.00
0.03
0.26
1.00
0.03
0.19

0.88
0.92
0.98
0.87

1.00
1.02
1.03
0.96

1.00
0.99
1.37
1.25
2.40
2.78

0.16-1.88
0.01-0.40
0.83-1.00
0.11-0.96
0.12-1.02

0.03-0.61
0.16-0.78

0.00-0.31
0.09-0.76

0.00-0.31
0.05-0.69

0.71-1.09
0.72-1.18
0.76-1.27
0.66-1.14

0.78-1.35
0.78-1.37
0.71-1.29

0.71-1.37
0.99-1.91
0.88-1.79
1.64-3.25
1.74-4.44

0.337
0.090
0.050
0.043
0.055

0.009
0.010

0.003
0.014

0.003
0.011

0.23

0.50

0.90
0.306

0.71

0.14
<0.001
<0.001

M1: age, sex

M2: M1 + HDL, triglyceride,
BMI

M3: M2+ current smoking,
SBP, hs-CRP

Model 1: age, race/ethnicity =
matching factors

Model 2: Model 1 + BMI
groups, DM2, HTN, smoking,
LDL, HDL, metabolic
equivalents, hs-CRP, aspirin
use

Univariate analysis : age, study
center, and date of recruitment



Mutually adjusted OR 1.82 1.04-3.19 0.036 Multivariate analysis : SBP,
antihypertensive treatment, cig
smoking, alcohol drinking, total
cholesterol, hdl, waist
circumference, DM
*Model was fitted using
stepwise backward selection
from traditional risk factors and
subsequently, including eligible
biomarker

Rajpathak Per APN quartiles Model 1: Age + ethnicity
Model 2: Age + ethnicity +
Model 1 BMI -
Median: 14.8 pg/mL (ref) OR  1.00 xﬁiﬁfé eg}‘l“yf;gf
Median: 24.0 pg/mL OR 0.91 0.71-1.17 activity, nonsteroidal anti-
Median: 33.0 pg/mL OR 0.70 0.54-0.91 Lﬂﬂant‘ma‘_"fy d“éf_% “i?’
Median: 46.0 pg/mL OR 077  0.59-1.01  0.023  SBp. history of coronary and
Model 2 artery diseases, HDL, TG,DM,
Median: 14.8 pg/mL (ref) OR  1.00 we
Median: 24.0 pg/mL OR 0.92 0.71-1.19
Median: 33.0 pg/mL OR 0.72 0.55-0.94
Median: 46.0 pg/mL OR 0.81 0.61-1.08 0.068
Model 3
Median: 14.8 pg/mL (ref) OR 1.00
Median: 24.0 pg/mL OR 1.08 0.81-1.43
Median: 33.0 pg/mL OR 0.89 0.65-1.22
Median: 46.0 pg/mL OR 1.16 0.82-1.63 0.588
Soderberg Total Women 14.5-27.6 pg/mL OR 0.78 0.41-1.45 0.4
Men 8.3-17.3 ng/mL OR 0.90 0.50-1.61 1.0
Stott Placebo and Pravastatin OR 0.79 0.63-0.99 0.042 Adjusting for TNF-o, IL-18,
Placebo only OR 079 058107 013  pEcth oell-o.and
Pravastatin only OR 0.81 0.58-1.13 0.22

APN, adiponectin; BMI, body mass index; CVD, cardiovascular disease; DBP, diastolic blood pressure; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; HDL, high-density
lipoprotein; HMW, high molecular weight; HOMA-IR, homeostatic model assessment - estimated insulin resistance; HR, hazard ratio; hsCRP, high-sensitivity C-reactive protein; HTN, hypertension;
LAA, large artery atherosclerosis; LDL, low-density lipoprotein; OR, odds ratio; SBP, systolic blood pressure; SD, standard deviation; TG, triglycerides; WC, waist circumference; WHR, waist-hip
ratio.
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Table VIII. Summary of relevant results assessing the relationship between adiponectin and mortality in various populations

Estimate
Study APN isoform effect 95 % CI P value Adjustments
Efstathiou Death within 5 years of stroke
Total Lowest vs highest tertile of APN RR 8.1 3.1-24.5 <0.001
Middle vs highest tertile of APN RR 43 1.5-14.6 <0.01
Death within 5 years of stroke OR 3.8 1.6-9.1 -

APN <4 pg/mL HR 32 284 o001

Marousi Acute post-stroke APN and vascular OR 1.00 0.92-1.08 Age, gender, presence of DM, HTN, AFib,

death hyperlipidemia, smoking, and TOAST

classification of disease, neurological
severity on admission (sum of scandinavian

Total 0.912 stroke scale) and pre-stroke modified
ranking scale

Nagasawa Total Highest vs middle + lowest APN tertiles
Stroke mortality HR 6.90 1.34-35.5
All-cause mortality HR 1.90 0.87-4.14

AFib, atrial fibrillation; APN, adiponectin; DM, diabetes mellitus; HR, hazard ratio; HTN, hypertension; OR, odds ratio; RR, risk ratio.
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Table IX. Pooled baseline characteristics for ischemic stroke and mortality articles included in meta-analyses

Meta-analysis Pooled n Pooled % men Pooled age [years] Pooled BMI [kg.m?] Pooled APN [ug/mL]

Ischemic Stroke 13683 333 56.9+8.3 26.2+2.8 10.95+1.54
*Cases 1414 10.9 67.5+6.1 27.9£5.8 24.91+0.95
*Controls 6283 334 66.3+6.8 25.4+4.3 18.72+0.56

Mortality 663 63.5 69.0+11.9 27.9+£5.2 9.96+7.14

Age, BMI, and APN are presented as mean+SD

BMI, body mass index; APN, adiponectin

Pooling was not performed for plaque studies, since baseline information was only available for one of the two studies included in the meta-analysis.
*Includes only the studies where baseline information is available for cases and controls, separately
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