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ABSTRACT

Cardiac remodelling, the reorganization of the heart which occurs in response
to factors impacting its function, includes remodelling of the extracellular matrix
(ECM) and hypertrophic cardiomyocyte growth. Pressure overload (PO) induced
remodelling of the ECM is initially considered a compensatory mechanism to
maintain myocardial integrity, but is also considered a progressive, negative event
increasing myocardial stiffness. Adiponectin, an adipokine inversely correlated with
type 2 diabetes and obesity, plays an important role in the adaptive response of the
heart in various cardiomyopathies, however, adiponectin signalling leading to ECM
regulation remains unclear. The studies presented here investigate the role of
adiponectin in regulating cardiac remodelling with a particular focus on the ECM

from a physiological and mechanistic perspective.

Studies using wild-type (WT) and adiponectin deficient (AdKO) mice showed
that PO induced left ventricular (LV) cardiac remodelling is delayed by adiponectin
deficiency. The appearance of thick collagen fibres and activation of pro-fibrotic genes
(MMPs and TIMPs) is delayed in AAKO mice subjected to PO when compared to WT
mice. Cardiac hypertrophy and dysfunction, measured by echocardiography, is
similarly delayed in AJKO mice. Furthermore, MEF2 activation determined using

MEF2-lacZ reporter mice, is decreased in AdKO mice compared to WT mice following

PO.
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Studies in primary neonatal cardiac fibroblasts identified the APPL1-AMPK
signalling axis as the mediator of adiponectin stimulated ECM remodelling through
membrane localization of APPL1 and subsequent phosphorylation of AMPK, leading
to MT1-MMP re-localization, MMP2 activation, and fibroblast migration. Also,
adiponectin pre-treatment inhibited angiotensin II induced fibroblast to
myofibroblast differentiation. Furthermore, in primary neonatal cardiomyocytes we
identify the hypertrophic regulators Myocyte Enhancing Factor-2 (MEF2) and Atrial

Natriuretic Factor (ANF) as downstream targets of adiponectin signalling.

Lastly, using an in vivo model of reverse remodeling, we show that myocardial
strain and cardiac hypertrophy are regressed following LV unloading. However,

regression of cardiac fibrosis was incomplete leading to persistent small fibre fibrosis.

Together these studies establish adiponectin as an important regulator of
cardiac remodelling via the APPL1-AMPK signalling axis and MEF2 activation.
Furthermore, we show that adiponectin deficiency confers protection against PO

induced remodelling.
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CHAPTER 1: REVIEW OF LITERATURE

Excerpts from this chapter are taken from Dadson K, Liu Y, and Sweeney G.
Adiponectin action: a combination of endocrine and autocrine/paracrine effects. Front
Endocrinol (Lausanne), 2011. 2: p.62.



1.1 Diabetes and Cardiovascular Disease

1.1.1 Prevalence and Impact of Diabetes in Canada

Diabetes is a major chronic disease in both Canada and the United States, as
2.4 million Canadians [1] and 25 million Americans [2] currently live with the disease,
accounting for 6.8% of the Canadian, and 8% of the American population in 2013.
Alarmingly, approximately 5.0 million Canadians and nearly 70 million Americans
are currently classified as pre-diabetic (having a >30% chance of developing diabetes
over their lifetime), and this number is commonly predicted to rise significantly. The
impact of the rise of diabetes on our health care system is significant. The most recent
available data estimates the total cost of diabetes in the year 2000 was $2.5 billion
dollars [1]. When including costs associated with long-term complications
(cardiovascular disease, kidney and eye disease, neurological disorders), it is
estimated that the cost of diabetes increases 3.6 fold. Indeed, in addition to the
increased prevalence of diabetes with age, the treatment and management of diabetic
co-morbidities such as cardiovascular disease (CVD) represents the major leading

expenditure for diabetic care.

1.1.2 Types of Diabetes and the Metabolic Syndrome

The group of metabolic pathologies termed diabetes encompasses a family of
diseases of which diabetes mellitusis the most common and widely studied sub-group.

Diabetes mellitus is characterized by high circulating levels of blood glucose leading



to polydipsia (increased thirst), polyuria (excessive urination) and glucosuria (glucose
excretion through the urine), while by contrast diabetes insipidusis caused by kidney
dysfunction or a deficiency in anti-diuretic hormone resulting in excessive urination
without glucosuria or insulin resistance [3]. Diabetes mellitus is divided into 4
subgroups: Type 1 Diabetes, also termed juvenile diabetes or insulin-dependent
diabetes mellitus; Type 2 Diabetes, also referred to as adult-onset diabetes, or non-
insulin dependent diabetes mellitus (NIDDM); gestational diabetes, a variant which
occurs during pregnancy, and may precede the development of NIDMM; other rare
forms of hyperglycemia due to genetic defects in insulin secretion, treatment with

high doses of glucocorticoids, or disorders such as cystic fibrosis.

Type 2 diabetes (T2D) is the most common form of the disease, responsible for
approximately 90% of the diabetic population worldwide, largely due to the obesity
epidemic. The number of obese individuals around the world is growing at a
staggering rate [4-7], and the population of Canada is not exempt: by 2007 it was
estimated that 32% of Canadian adults were considered overweight, with 16%
considered obese having a BMI > 30 [8]. With the number of obese individuals on the
rise globally, an alarming number of clinical studies have suggested a causal
relationship between obesity and cardiovascular disease [9-12] in both men and
women [13]. Given the close connection between obesity, insulin resistance, and heart
function [14, 15] the term ‘The Metabolic Syndrome’ (and the related cardiometabolic

syndrome), was coined to define the constellation of risk factors which greatly increase



the risk of T2D and CVD (table 1). The link between T2D and CVD, outlined by the
now foundational Framingham study, is well accepted: diabetic patients have a 2 to
4 fold higher chance of developing heart disease, while nearly 70% of diabetes related
deaths are due to CVD. As such, diagnosis of individuals with the metabolic syndrome
accounts for approximately 15% of Canadians [1], and as many as 23% of Americans
[16].First described by Rubler et al in 1972, myocardial dysfunction in patients with
diabetes (in the absence of coronary artery disease, hypertension, or valvular heart
disease) has been termed diabetic cardiomyopathy (DBCM) and has gained attention

as a major non-ischemic heart disease [17].

Table 1.1: Parameters of the metabolic syndrome.
The metabolic syndrome may be diagnosed when 3 or more of the following are present.
Adapted from [1]

Elevated Waist Circumference >102 cm in males; >88 cm in females

Reduced high-density lipoprotein (HDL) <1.0 mmol/L in males; <1.3 mmol/L in

cholesterol females

Elevated triglycerides >1.7 mmol/L

Elevated blood pressure systolic >130 mmHg and/or diastolic >85
mmHg

Elevated fasting plasma glucose >5.6 mmol/L

1.1.3 Diabetic Cardiomyopathy

The hyperglycaemic (HG), hyperinsulinemic (HI), and dyslipidemic
environment in T2D has direct and severe effects on cardiac function and structure
(figure 1.1). The association between HI and cardiac hypertrophy was the subject of
early clinical studies [18, 19] and is now well established, perhaps due to the cross-

talk between insulin signalling and growth. Indeed, insulin signalling has been



implicated in both physiological (PISK/PKB/Akt/mTOR) and pathological (ERK, PKC,
calcineurin) hypertrophy [20, 21], as well as activation of the FoxO (forkhead box
proteins O) family of transcription factors. In fact, FoxO proteins are now established
as critical regulators of insulin sensitivity, glucose metabolism, and cardiac
hypertrophy [22], where high fat diet induced hyperinsulinemia and cardiac
hypertrophy are associated with chronic FoxO activation leading to heart failure [23].
Increased circulating levels of fatty acids (FA) is a persistent finding in T2DM and
DBCM patients, and is associated with impaired cardiomyocyte metabolism as
myocyte FA uptake and oxidation fail to counter balance increased adipocyte lipolysis
and hepatocyte lipid synthesis, leading to oxidative stress [15]. Stressed oxidative
capacity and lipid accumulation lead to ceramide production and ROS generation in
parallel with IRS-1 (insulin receptor substrate) serine phosphorylation, resulting in
insulin resistance [24]. The normal heart derives 70% of its performance energy from
the oxidation of fatty acids. Hemodynamic stress is known to induce a switch in
energy substrate to glucose [25], although hyperglycaemia is less efficiently handled
by mitochondria in the heart, resulting in higher ROS production, activation of poly
(ADP-ribose) polymerase-1 (PARP-1), and the apoptosis cascade [24]. PARP-1 activity
itself suppresses GAPDH activity, leading to multiple pathways resulting in cellular
damage: advanced glycation end product (AGE) accumulation, the polyol pathway,
protein kinase C activation, and overactivity of the hexosamine pathway [26]. AGE
accumulation in the myocardium is closely associated with collagen cross-linking, and

HG induced oxidative stress also leads to increased collagen deposition [27,



28], myocardial fibrosis [29], and diastolic stiffness through ERK1/2 signalling [30,

31].

Angiotensin II, a strong marker of cardiac dysfunction and member of the
renin-angiotensin-aldosterone system (RAAS) signalling pathway, is closely
associated with many features of diabetic cardiomyopathy [15]. Angiotensin receptor
density is increased in the diabetic heart [32] and was shown to induce insulin
resistance, and stimulate the switch in cardiac substrate utilization through
increased PDK expression [33]. Importantly, activation of the local RAAS in DBCM
may induce oxidative damage, cardiomyocyte apoptosis, and cardiac fibrosis [34].
However, cardiomyocyte derived IGF-I can downregulate local Angll expression and
cardiomyocyte apoptosis [15]. Therapeutically, Angll stimulated cardiac hypertrophy
and fibrosis is attenuated by pioglitazone, a PPARy targeting anti-diabetic therapy

that has been extensively used in DBCM patients [35].

The toxic diabetic milieu of dyslipidemia, HG, and HI leading to cardiac
hypertrophy, metabolic disturbance, apoptosis, and cardiac fibrosis, present clinically
as cardiac dysfunction, and ultimately lead to heart failure. Within this complex
environment, the dysregulation of numerous circulating factors such as the cardio-

important adipokine adiponectin plays an important role in the etymology of DBCM.
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Figure 1.1: Progression of hyperinsulinemia, dyslipidemia, and hyperglycemia leading to
diabetic cardiomyopathy.

Adapted from [36]. Cardiac fibrosis and hypertrophy are central features of the diabetic
heart. Diastolic dysfunction may be an important early screening metric for DBCM [37].

1.2 Adiponectin
1.2.1 Regulation of expression and post translational modification

Amongst the numerous adipose derived factors (adipokines), adiponectin has
gained considerable interest with respect to DBCM due to its anti-diabetic and
cardioprotective effects [38]. The concentration of adiponectin in circulation is

relatively high in normal individuals (~2 to 17 ug/ml) [39-41], and has shown an



inverse relationship with the progression of obesity, type 2 diabetes, and the
metabolic syndrome [42-44]. First identified by four independent groups [45-48], the
adiponectin monomer is the 30 kDa protein product of the APMI1 gene mapped to
human chromosome 3q27, a diabetes-susceptible locus [49], under transcriptional
regulation by peroxisome proliferator activated receptor y (PPARy), CCAAT/enhancer
binding protein (C/EBP), sterol regulatory element-binding protein 1c (SREBP), E47,

and Id3 protein, of which PPARYy is the best characterized.

PPARs are ligand-activated transcription factors belonging to the nuclear
family of receptors [50]. PPARYy activity significantly increases adiponectin levels in
circulation, while PPARy deletion reduces circulating adiponectin levels [51, 52],
ablating adiponectin’s anti-diabetic and cardioprotective effects [53, 54]. Accordingly,
the thiazolidinedione (TZD) class of drugs (e.g. rosiglitazone and pioglitazone) are
commonly prescribed treatments for T2D as a means to enhance insulin sensitivity
and lower blood glucose levels and they work at least in part via increasing

adiponectin levels through PPARy activation [55-57].

C/EBPa belongs to the basic lucine zipper family which plays a role in
adipogenesis, and has been shown to regulate adiponectin expression either alone or
in conjunction with PPARy [58]. SREBP overexpression upregulates adiponectin, but
little is known of its role in DBCM, although SREBP-1c¢ may play a role in

adipogenesis and the cardiac parasympathetic response [59].



The downregulation of adiponectin in obesity, T2D, and cardiovascular disease
is largely attributed to the increased inflammatory state and corresponding
upregulation of pro-inflammatory cytokines such as tumour necrosis factor-a (TNFa)
although the transcription factors CREB and NFAT have been also identified as
repressors of adiponectin gene expression [60]. cAMP response element binding
protein, CREB, which contributes to hyperglycaemia and insulin resistance through
the regulation of glucose homeostasis, inhibits adiponectin transcription through
upregulation of ATF3, a transcriptional repressor. Adipose tissue specific
overexpression of a dominant-negative CREB increases adiponectin levels

independent of resistin, TNFa, and IL-18 [60, 61].

NFAT (nuclear factor of activated T-cells) are a family of transcription factor
proteins found in adipose tissue that are upregulated in obesity and T2D. Deletion or
overexpression of the NFAT binding site in the mouse adiponectin promoter has an

inverse effect on promoter activity [62].

TNFa, an acute-phase pro-inflammatory cytokine responsible for the
regulation of immune cell function, is commonly cited as a down regulator of
adiponectin expression. TNFa suppresses gene expression of numerous upstream
adiponectin expression activators including PPARy, C/EBP, and SREBP [60], as well
as inhibiting SP-1 promoter binding [63], thus decreasing adiponectin expression.

TNFa may also acutely suppress adiponectin expression through PPARy



phosphorylation, leading to decreased PPARy binding activity, via JNK/PKC

signalling [60].

The physiological effects of adiponectin may also be regulated post-
translationally. Structurally, the highly conserved 244-amino-acid adiponectin
monomer belongs to a soluble collagen defense superfamily, including collagens type
VII and X, and complement factor Clq [46], and is composed of a signal peptide, a
variable N-terminal domain, a collagen-like domain and a globular domain at the C-
terminus [64]. The adiponectin protein must undergo post-translational modification
before secretion: four conserved proline residues are hydroxylated and five lysine
residues are hydroxylated then glycosylated before further processing to form
adiponectin multimers [65]. Adiponectin oligomerization is now considered a critical
step in the adiponectin production pathway, resulting in three adiponectin isoforms
each of which exert independent responses in various target tissues: Trimer (low-
molecular-weight form: LMW; ~90 kDa), hexamer (medium-molecular-weight form:
MMW; ~180 kDa), and oligomer (high-molecular-weight form: HMW; > 250 kDa) [66-
68]. These are collectively referred to as full-length adiponectin (fAd). The assembly
of MMW and HMW adiponectin requires the formation of a cystine-cystine disulfide
bond in the highly variable N-terminal region [68]. Adiponectin multimerization is
regulated by the ER chaperone protein Erol-La, protein disulfide bond isomerise
(PDI) [69], and disulfide bond A oxidoreductase — like protein (DsbA-L) [70-73].

Expression of another chaperone protein Erp44, responsible for thiol-mediated
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intracellular retention of adiponectin, has shown an inverse relationship with HMW
secretion [74, 75]. In addition to directly stimulating adiponectin expression, PPARy
regulation of the adiponectin oligomer ratio may be due to selective upregulation of

Erol-La and downregulation Erp44 [69, 71, 76].

Recent studies have proposed the importance of assessing high-to-low
molecular weight isoform ratios when correlating adiponectin levels with clinical
parameters assessing the metabolic syndrome [77, 78]. Accordingly, adipocyte
conditioned media from STZ-induced diabetic rats mediates different metabolic
effects in cardiac and skeletal muscle, and this correlates with changes in
concentrations of oligomeric adiponectin forms, when compared with wild-type
controls [79]. Furthermore, fAd may be cleaved by leukocyte elastase to liberate the

globular C-terminal fragment (gAd) [68, 80] and exert direct cellular effects [81, 82].

1.2.2 Local production of adiponectin

Evidence of local expression has expanded the view of adiponectin from its
classic role as an adipokine with wide ranging endocrine effects to a new concept in
which the secretion of adiponectin from target tissues may off-set impaired
bioavailability of circulating adiponectin. This may be especially important in tissues

susceptible to pro-fibrotic processes in disease states such as the heart.

Adiponectin expression in the heart was first confirmed in isolated

cardiomyocytes [83], and was subsequently found to be upregulated in the post-
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ischemic murine heart [84], to attenuate cardiomyocyte hypertrophy in vitro [85], and
to play a role in a porcine model of dilated cardiomyopathy [86]. Accordingly, the
adiponectin transcription factor PPARy has been shown to inhibit cardiac
hypertrophy and attenuate Angll-induced cardiac fibrosis [35, 87]. The clinical
relevance of heart derived adiponectin has yet to be fully elucidated but the local
adiponectin system was found to be dysregulated in patients with dilated

cardiomyopathy [88].

Skeletal muscle has been shown to produce adiponectin with the same relative
multimeric composition to adipose derived adiponectin [55, 89]. Rosiglitazone,
another TZD and PPARYy agonist, increases adiponectin mRNA transcription, as well
as translation of intracellular and secreted protein from L6 skeletal muscle cells,
which was shown to exert functional metabolic effects including enhanced insulin-
stimulated Akt phosphorylation and glucose uptake [55]. Accordingly, PPARYy-
mediated skeletal muscle adiponectin production mediates autocrine effects to
improve insulin sensitivity and could protect against high-fat diet-induced insulin
resistance in vivo [85]. It has been suggested that skeletal muscle adiponectin content
increases in response to certain inflammatory conditions and obesity in an attempt at
providing local anti-inflammatory and antioxidative protection [90-92]. Indeed the
globular form of adiponectin mediates potent metabolic effects in skeletal muscle and
it is conceivable that elevated local amounts of gAd are produced in inflamed tissue

by elastase enzyme derived from infiltrating inflammatory cells. Finally, autocrine
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effects of gAd have recently been identified in the regulation of skeletal muscle cell

differentiation [93, 94].

Adiponectin was also shown to be produced by the liver in response to carbon
tetrachloride induced hepatofibrosis [95], in osteoblasts [96, 97], in the pulmonary

vascular endothelium [98, 99], and in the pituitary [100, 101].

1.2.3 Adiponectin signalling

Intracellular adiponectin signalling is mediated through the binding of
adiponectin with the transmembrane adiponectin receptor isoforms AdipoR1 and
AdipoR2 [102] and also T-cadherin [103] which has been shown to mediate
adiponectin stimulated cardioprotective effects [104] (figure 1.2). AdipoR1 and
AdipoR2 have seven transmembrane domains with an intracellular N-terminus and
an extracellular C-terminus, and are thought to function in a tyrosine
phosphorylation independent manner [54], while less is known about the signalling
mechanisms mediated by T-cadherin. AdipoR1 has highest binding affinity for gAd
and is the major form found in cardiomyocytes and skeletal muscle [82] whereas

AdipoR2 is most highly expressed in liver [105].

APPL1 (Adaptor protein containing PH domain, PTB domain and Leucine
zipper motif) is an adaptor protein identified by Mao et al. [54] that interacts with the
N-terminal intracellular domain of both AdipoR1 and AdipoR2 through its PTB

domain. APPL1 is now regarded as a critical mediator of adiponectin signalling and
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as a regulator of the crosstalk between the adiponectin and insulin signalling
pathways [67]. APPL1 has been shown to interact with the p110a catalytic and p85
regulatory subunits of PISK [106], and Akt [107]. APPL1 was found to be a critical
mediator of adiponectin stimulated cardiac fibroblast regulation of the ECM [108].
Indeed, adiponectin was found to stimulate APPL1 translocation towards to the cell
membrane [108] where it can interact with AdipoRs to mediate downstream
signalling and metabolic events [54]. Other more recently identified adaptor proteins
which have been suggested to be involved in adiponectin’s intracellular signal
transduction include activated protein kinase C1 (RACK1; [109]), ER protein 46
(ERp46; [110]), and protein kinase CK28 [111]. Among the adaptor proteins, only
APPL1 associates with both AdipoR1 and AdipoR2 while RACK1, ERp46, and CK28
bind to AdipoR1. It has now been shown that APPL1 plays an important role in
mediating adiponectin’s metabolic effects in liver, muscle, and endothelial cells [112]
as well as its cardioprotective effects [113, 114]. RNAi-mediated RACK1 knockdown
prevented adiponectin regulated glucose uptake in HepG2 cells [109].
Pharmacological inhibition of CK2B8 attenuated adiponectin signalling in skeletal
muscle cells [111]. Co-immunoprecipitation also confirmed the interaction between
ERp46 and AdipoR1, but not AdipoR2, and interestingly the suppression of ERp46
expression resulted in increased cell surface AdipoR1 levels and enhanced
adiponectin stimulated phosphorylation of AMP kinase (AMPK) but reduced

phosphorylation of p38-mitogen-activated protein kinase (MAPK; [110]).
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Although APPL1 shows nuclear localization following adiponectin treatment
[67], APPL1 does not have a nuclear localization sequence (NLS). APPL1 localizes
with early endosomes, and can undergo nucleo-cytoplasmic shuttling to regulate
transcriptional pathways via HDAC interactions [115]. In fact, in addition to
adiponectin signalling, APPL1 is currently known to interact with proteins involved

in a variety of pathways including insulin, Wnt, and NF-xB signalling [67, 115].

The ability of adiponectin to counteract deterioration in cardiac function is
mediated by metabolic, anti-apoptotic, anti-fibrotic, and anti-hypertrophic effects
[114, 116-120]. Adiponectin has been shown to regulate fatty acid B-oxidation in the
heart. In cell based in vitro studies of isolated cardiomyocytes, adiponectin was shown
to stimulate the phosphorylation of AMPK, IRS1, and Akt (T308 and S473)
correlating with the regulation of glucose and fatty acid uptake and metabolism [121],
and to target cofilin to mediate remodelling of the actin cytoskeleton leading to the
translocation of lipoprotein lipase (LPL) to the cell surface [122]. Adiponectin was also
shown to stimulate the phosphorylation of acetyl coenzyme A carboxylase (ACC), as
well as to induce CPT-1 expression and activation through AMPK [123]. Recently
[113], we demonstrated that adiponectin increases fatty acid uptake, CD36
translocation, and insulin-stimulated glucose transport as well as Akt
phosphorylation in isolated adult cardiomyocytes, and enhances fatty acid oxidation
in conjunction with AMPK and ACC phosphorylation in the isolated working heart.

However, despite an increase in fatty acid oxidation and myocardial oxygen
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consumption, adiponectin increased hydraulic work, and maintained cardiac
efficiency [113]. Similarly, enhanced adiponectin sensitivity through transgenic
overexpression of APPL1 was shown to protect mice fed a high-fat diet from cardiac

dysfunction [124].

The phosphorylation of AMPK was shown to attenuate norepinepherine
induced cardiomyocyte hypertrophy and ERK phosphorylation [116], angiotensin II
induced NF-xB activation and hypertrophy [125], and also shown to fully [118], or
minimally [120] attenuate hypoxia—reoxygenation induced apoptosis. Adiponectin
was shown to attenuate hypoxia—reoxygenation induced apoptosis in H9C2 cells
through the AdipoR1/APPL1 signalling pathway [114]. Additionally, our recent study
in 1isolated neonatal cardiac fibroblasts showed that adiponectin regulates
remodelling of the ECM through activation of MMP2 and translocation of MT1-MMP

via the APPL1-AMPK signalling axis [108].
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Figure 1.2: Adiponectin Signalling.
AdipoR1 and AdipoR2 are transmembrane adiponectin receptors that bind the adaptor
protein APPL1 through the PTB domain and have been shown to mediate many of

adiponectin’s effects. T-cadherin lacks an intracellular domain but may be essential for
adiponectin’s effects in the heart.

1.3 Adiponectin and cardiovascular disease

With the growing appreciation of adipose tissue as a dynamic endocrine source
of a comprehensive bioregulatory secretome (termed adipokines) [126, 127], and the
close association between obesity, the metabolic syndrome, and CVD (section 1.1)
there has been great interest in the direct myocardial effects of the adipose derived

insulin-sensitizer adiponectin, which is now closely associated with CVD [38, 112,



128-133]. The in vivo study of adiponectin in the heart largely relies upon surgical
intervention (coronary artery ligation: MI, transverse aortic banding: POH) or
administration of inducers of cardiac dysfunction (e.g. Angiotensin II), in various
mouse backgrounds. Sections 1.3.2 and 1.3.3. will discuss n vivo findings regarding
adiponectin and CVD with specific emphasis on POH and AnglI infusion as two well

established in vivo models of non-ischemic cardiomyopathy.

1.3.1 Human studies

High expression from visceral adipose tissue was initially considered an important
factor in the potential impact adiponectin might have in the pathogenesis of diseases
associated with obesity such as CVD [134]. This was later supported with data
proposing adiponectin as a regulator of endothelial adhesion molecules, while
adiponectin protein was detected in ruptured vascular walls [135, 136]. Indeed,
circulating levels of adiponectin showed an inverse relationship with coronary artery
disease, acute myocardial infarction, and essential (idiopathic) hypertension, [137-

140].

While there is speculation that adiponectin may serve as an independent risk
factor for the development of CVD [141-143], the high molecular weight isoform of
adiponectin is now considered a more accurate independent predictor of heart failure
outcome [144, 145]. Pioglitazone, a known PPARy agonist and insulin sensitizing
therapeutic, increases circulating adiponectin levels, and was shown to decrease

inflammation and atherogenesis independent of glycemic control in patients with
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CVD, suggesting that adiponectin’s influence was independent of its role as an insuin

sensitizer [146, 147].

The volume of data examining the link between adiponectin and CVD is
growing rapidly and there is increasing discord in the conclusions made in each study
[132, 148]. For example, high circulating levels of adiponectin were associated with a
low risk of MI in men aged 40 to 75 without signs of cardiovascular disease [149], and
a 10 year follow up study in 70 year old men showed that serum adiponectin was
associated with a lower risk of coronary heart disease, independent of BMI and
glycemic control [150]. However, in the Jackson Study comprising a broad metabolic
spectrum of the black community, adiponectin was found to correlate with LV mass
in patients with hypertension and insulin resistance [151]. Accordingly, increased
circulating adiponectin levels were associated with LV diastolic dysfunction in
patients with hypertrophic cardiomyopathy [152], and was identified as a risk factor
for coronary heart disease in elderly men [153]. Conversely, another study of the
elderly population instead showed that higher adiponectin concentrations predicted

reduced risk of non-fatal MI [154].

In an effort to clarify and summarize what is known about adiponectin in heart
disease, two very thorough reviews of current clinical literature conclude there is no
clear association between adiponectin and CVD [38, 133]. Clearly, the multifaceted

etymology of cardiovascular disease and the complex regulation of adiponectin and its
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isoforms in obesity, T2D and inflammatory conditions may be obscuring these results

making definitive conclusions of observational data elusive.

1.3.2 Animal studies

Adiponectin knockout (AdKO) mice exhibit a normal cardiac phenotype when
unstimulated: interstitial fibrosis, cardiomyocyte cross-sectional area, and
echocardiographic assessment of cardiac function are similar between AdKO and
wild-type (WT) mice. Transverse aortic banding (MTAB), a mouse surgical model
commonly used to simulate clinical pressure overload of the left ventricle, is known
to induce an increase in LV mass, increased fibrosis, and expanded myocyte cross-
sectional area in WT mice [155]. Following MTAB surgery, AAKO mice exhibit signs
of exacerbated LV hypertrophy, increased interstitial fibrosis, and increased LV
posterior wall thickness, a common measure of hypertrophic cardiac remodelling, all
of which are ameliorated upon adenoviral-adiponectin administration [116].
Accordingly, PPARy heterozygous, and db/db mice also show an exaggerated
hypertrophic response to MTAB, suggesting that adiponectin deficiency, common in
T2D and obesity, exacerbates PO induced cardiac dysfunction [116, 156]. While the
exact mechanisms precipitation cardiac dysfunction in AdKO mice are not clear,
impaired AMPK signalling, glucose metabolism and subsequent disruption of
adiponectin mediated angiogenesis are noted in adiponectin deficient mice following

MTAB [157, 158].
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Adiponectin has also been shown to be protective against myocardial infarction
[118]. Interestingly, despite a significant reduction in adiponectin levels (~50%)
following MI [119] or MTAB [159], Adiponectin was shown to localize to the infarct
scar both in wild-type mice and in patients following ischemic injury, through leakage
from the vascular compartment [160]. Indeed, myocardial accumulation of
adiponectin, through association with collagen [117], is a putative mechanism
through which adiponectin could induce -cardioprotective signalling in a
hypoadiponectinemic environment. Accordingly, a local adiponectin system has been
shown in patients with dilated cardiomyopathy which is regulated independently of

the endocrine adiponectin system [88].

However, recent studies in adiponectin deficient mice using MTAB to induce
pressure overload have yielded some conflicting data. The study published by Liao et
al in 2005 clearly shows the predicted progressive decline in cardiac function following
MTAB in WT mice, and the exacerbated decrease in ejection fraction (EF) and
fractional shortening (FS) in AAKO mice beginning at 2 weeks following surgery [157].
Similarly, a study published comparing WT, AdKO, and T-cadherin KO mice, showed
the decrease in FS and increase in heart weight-to-body weight ratio in both AdKO
and T-cadherin KO mice compared to WT mice after 4 weeks of PO [104]. By contrast,
two papers published in 2010 by the Stanley group show an increase in posterior wall
thickness in AdKO mice in response to MTAB, but no change in other functional

parameters (end diastolic volume, end systolic volume, ejection fraction) [161, 162]. A
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follow-up study published by the same group in 2011 similarly failed to show an effect
of MTAB on cardiac function in AdKO mice, and also showed that high-fat diet
accelerated cardiac decline in WT but not AdKO mice [163]. They conclude that
adiponectin does not confer cardiac protection in the overloaded myocardium,
adiponectin deficiency may be protective against the development of cardiac
dysfunction, and that adiponectin may play a permissive (detrimental) role in the
progression of cardiac remodelling. Indeed, a finer analysis of the study published by
the Walsh group in nature medicine, the first comprehensive comparison of WT and
AdKO mice following MTAB, posits an alternative interpretation. After 1 week of PO,
WT mice show a significant decrease in fractional shortening compared to AAKO mice
despite indications of hypertrophic remodelling (increased heart weight-to-body
weight ratio and LV posterior wall thickness) in both groups [116]. Decreased
fractional shortening with increased LV posterior wall thickness is a negative
indicator of cardiac function, which suggests that the WT mice from this study are in
progressive heart failure while the AJKO mice remain in the compensated phase of

cardiac remodelling [164, 165].

Currently, similar to clinical findings, the conclusions from detailed focused
studies linking adiponectin action to cardiac dysfunction in mice are mixed. Certainly,
compensatory upregulation of cardioprotective agents in whole body and germ line
adiponectin knockout models need to be considered as possible confounding factors.

While these considerations may lead to the discovery of new therapeutic targets, more
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sophisticated approaches such as inducible or cardiac specific adiponectin deficient
mouse models, as well as models targeting downstream adiponectin signalling
(AdipoR1/2, APPL1/2), will help to further elucidate the role of adiponectin in heart

disease.

1.3.3 Adiponectin and Angiotensin II

Angll, the pluripotent member of RAAS known to play a central role in the
homeostatic regulation of the cardiovascular system [166], is known to exert
hypertrophic and apoptotic effects on cardiomyocytes, and is a major therapeutic
target [167]. RAAS is upregulated in obesity and CVD, and shows an inverse
relationship with adiponectin [168]. Therapeutic inhibition of RAAS was shown to
lead to increased adiponectin levels in circulation in patients with essential

hypertension [169].

AnglIl infusion is a common in vivo methodology mimicking the pathology of
dilated cardiomyopathy [170-173]. Angll potently targets cardiac fibroblasts to
increase collagen production [174] leading to severe cardiac fibrosis and dysfunction.
Owing to the hypoadiponectinemic-hypertensive environment in DBCM patients,
numerous groups have studied Angll infusion in AdJKO mice. Angll induces fibrosis
(increased Col I and Col III), MMP2 and MMP9 activities, TGFB expression, and
cardiac dysfunction, and these are consistently exacerbated by adiponectin deficiency

[159, 175]. Administration of adiponectin or piogitazone treatment attenuates these
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effects [35, 116]. Accordingly, adiponectin cardioprotection is blocked in PPAR-a-KO

mice treated with AnglII [176].

There 1s growing evidence of systemic and intracellular negative cross-talk
between Angll and adiponectin signalling (figure 1.3). Adiponectin inhibits AngII
induced oxidative stress in renal tubular cells, vascular smooth muscle cells, and
cardiomyocytes [177-179]. AngIl was also shown to induce hypoadiponectinaemia
[180, 181] and adiponectin resistance [182], while, interestingly, AnglII type 1 receptor

agonists have been shown to activate PPARy [183, 184].

PARP-1 has been shown to regulate adiponectin gene expression through
poly(ADP-ribosyl)ation of PPARy. Knockdown of PARP-1 increases PPARy binding
activity, and the expression of both adiponectin and adiponectin receptor 1 (AdipoR1)
[185]. Importantly, PARP-1 activity is increased through various mechanisms in
diabetes including hyperglycemia (section 1.1.3), and through Angll activity.
Regulation of adiponectin expression by hyperglycemia [24] and Angiotensin II [186]

through PARP-1 may be an important mechanism in DBCM.

The reciprocal relationship between Angll and adiponectin in the heart may
be of great significance especially considering the discovery of the local RAAS, and

the emerging recognition of a local adiponectin system within the heart.
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Figure 1.3: Inhibitory cross-talk between adiponectin and AnglII signalling.
Adiponectin inhibits Angll induced hypertrophy via NF-xB and ERK signalling. AnglII

attenuates adiponectin expression via poly(ADP-ribosyl)ation of PPARy via PARP-1
activation. Adiponectin upregulation of MEF2 activity may be through phosphorylation of
p38 (dotted line).

1.4 Cardiac Remodelling in Cardiovascular Disease

Cardiac remodelling is the generalized term used to define reorganization of
the heart in response to factors that impact the homeostasis of its function. Dynamic
changes in the myocardium including gene expression, molecular, cellular and/or
structural alterations are coordinated to adapt to various stressors (hemodynamic,
pathological, idiopathic, etc...), or are dysregulated in the progression of heart disease
leading to failure [14, 128, 187-192]. The heart is a heterogeneous organ composed of

various tissues and cell types. Cardiomyocytes, providing contractile properties
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within the heart, consume the majority of metabolic resources and account for
approximately 70% of the myocardium by cell volume. Cardiac fibroblasts, primarily
responsible for regulation of the extracellular matrix (ECM), are the most abundant
cell type in the heart despite constituting a smaller volume than cardiomyocytes.
Other cell types including vascular smooth muscle cells, endothelial cells and

macrophages exert specialized and critical roles in the normal and remodelling heart.

Left ventricular (LV) structure and contractile function are coupled in the
progression from a normal state to failure. LV structure is altered in non-ischemic
heart disease in response to increased hemodynamic load as the heart adapts to
maintain sufficient cardiac output to adequately supply blood to the body. The non-
diseased heart adapts to subtle changes in hemodynamics (e.g. vasoconstriction)
according to the Frank-Starling law: LV stroke volume increases in response to
increased end diastolic volume (increased LV pre-load). The LV wall is stretched to
accommodate the increased end diastolic volume, resulting in increased length of the
myocyte sarcomere, the structure where in contraction-relaxation coupling is defined
[193]. Small-angle X-ray diffraction studies of contracting ventricular preparations
recently determined that systolic contractile force is increased when sarcomere
stretch induces a reorientation that reduces the search volume required by the myosin
head to find a stereo-specific actin binding site [194]. These subtle changes are clearly
adept in providing acute adaptations to normal variation in vascular dynamics.

However, the hemodynamic stresses in heart disease supercede compensation by the
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Frank-Starling law. Instead, the myocardium reacts at the transcriptional level,

leading to an expansion of LV mass and remodelling of the myocardium.

1.4.1 Mechanics of hypertrophy and clinical diagnosis

Increased LV mass, termed LV hypertrophy (LVH), is commonly considered a
principle adaptive remodelling event, and is manifest in two distinct stress-dependent
patterns: pressure overload hypertrophy (POH) and volume overload hypertrophy
(VOH). An elegant catheterization experiment performed in 1975 in patients with LV
POH, LV VOH, or no evidence of heart disease, for the first time demonstrated the
differential LV wall stresses of pressure overload (PO) and volume overload (VO)
during the contractile cycle [195]. It was theorized based on LaPlace’s Law that
distinct PO results in increased LV wall stress during contraction (systole) leading to
concentric hypertrophy, whereas VO results in increased diastolic wall stress in the
relaxed LV resulting in eccentric hypertrophy (figure 1.4). Structurally, concentric
hypertrophy is characterized by the increase in LV wall thickness, reduction in LV
volume, and increase in systolic contractile force as myofibrils are added in parallel
to increase the coordinated stroke force. By contrast, in eccentric hypertrophy, LV
wall thickness is decreased and volumetric capacity is increased as sarcomeres are
added in series, reducing diastolic stress (figure 1.4) [196]. Many clinical studies in
patients with PO (hypertension, ventricular outflow obstruction) and VO
(aortic/mitral valve regurgitation) have supported these findings [197].

Echocardiography currently serves as the gold-standard by which to differentiate
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these disparate geometric changes, and holds prognostic value in the prediction of

patient outcome.

Table 1.2: Echocardiography measures of cardiac performance

Changes in measures of cardiac performance in pressure or volume overload. Cardiac
function is decreased in the initial stages of pressure overload, but normalize following
compensatory (comp) remodelling.

A in PO A in PO

Functional Measure Abbreviation o Ain VO
(initial) (comp)

Heart Rate HR - -

End Systolic Diameter ESD l 1
End Diastolic Diameter EDD T
End Systolic Volume ESV l 1
End Diastolic Volume EDV l T
Stroke Volume SV ! 1
Ejection Fraction EF l -
Fractional Shortening FS -

Cardiac Output CO l - T
Left Ventricular Mass LV Mass - m 1

Posterior Wall Dimension in

diastole LVPWd ) 1 l

Ultrasound echocardiography is a critical tool used by researchers and
clinicians to study the structure and function of the heart in real time. Typical
measurements of LV function are listed in table 1.2 and the following progressions of
VO and PO are depicted in figure 1.4. Early VO: the LLV undergoes a passive expansion
of EDD and EDV through the Frank Starling mechanism, resulting in initially high
diastolic filling pressures and symptoms of heart failure. Prolonged VO: ESD and ESV
increase (eccentric hypertrophy), resulting in an increase in SV, but normalized EF.
These remodelling events lead to normal LV pressures, a relative decrease in wall

stress, and the abolition of patient symptoms. The prognosis for patients with chronic
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VO is favourable, with a 75% survival rate after 5 years, and 50% survival up to 10
years [198]. By contrast, in PO, initially compensated LV function decompensates
over time leading to congestive heart failure (CHF). Early PO: Increasing LVPWd, a
defining feature of compensatory concentric remodelling in response to PO, is
accompanied by increased LV filling (diastolic) pressures. The LV can then exert
greater contractile force to compensate for the increased wall stress. Compensatory
POH: increased LVPWd and LV diastolic pressure lead to near-normal EDV, and
normal indicators of cardiac function (EF, FS, and SV). In this phase, fibroblasts
within the LV begin to expand the collagen ECM to provide support against the
increased wall stress, and to provide an expanded contractile framework for the
myocytes. Prolonged/decompensated PO: Excessive ECM expansion leads to LV
stiffness which in turn begins to impair diastolic compliance (diastolic dysfunction),
thereby reducing EDV and SV. To maintain SV, CO, and systolic pressure, diastolic
pressures increase until pulmonary congestion occurs. Chronic PO leads to
decompensation marked by reduced LV contractile function (due to apoptosis and
necrosis), LV dilation, and severely impaired vascular dynamics leading to blood

accumulation in peripheral tissues (congestive heart failure) [198].

Recently, an eight-year echocardiographic assessment study of LV geometry
in 1020 hypertensive patients with either concentric or eccentric hypertrophy was
published. Patients with concentric hypertrophy exhibited increased systolic and

diastolic blood pressures, while patients with eccentric hypertrophy displayed
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increased LV internal diameter. Furthermore, hearts with concentric and eccentric
hypertrophy exhibited signs of cardiac dysfunction predicted by the remodelling
patterns outlined above: hearts with eccentric hypertrophy showed decreased EF and
FS, indices of systolic dysfunction, while hearts with concentric hypertrophy exhibited
impaired LV isovolumetric relaxation time, and LV deceleration time, common

features of LV fibrosis and diastolic dysfunction [199].
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Figure 1.4: Schematic of the progression of POH and VOH leading to HF

The development of concentric hypertrophy in PO serves to decrease systolic wall stress,
while increasing fibrosis decreases CO and induces diastolic dysfunction, leading to
eccentric hypertrophy and failure. Adapted from [196, 200]

While LV fibrosis is largely considered absent or downregulated in VOH [201],
increased LV fibrosis is a hallmark of POH that holds significant prognostic value. A

study of patients with aortic valve stenosis (a clinical model of PO) demonstrated an
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increased risk of mortality in the group with a higher fibrosis index as calculated
through endomyocardial biopsy. Specifically, fibrosis tissue mass index was positively
correlated with end systolic wall stress, and ESD and EDD, and negatively correlated
with FS, EF, and LVPWd, indicating a negative correlation between myocardial
fibrosis and cardiac function. Strikingly, patients diagnosed with severe fibrosis (high
fibrosis tissue mass index) had the lowest survival rate (<50%) compared to the group
with a relatively mild fibrosis mass tissue index (90%) after the 10 year follow-up

[202].

The hypertrophic remodelling patterns seen in PO and VO seek to normalize
cardiac function through the Law of LaPlace [oc = (p *r)/2t] which relates chamber
wall stress (0) to pressure within the cavity (p), chamber radius (r), and wall thickness
(t). Accordingly, despite very different geometries and intraventricular pressures,
VOH and POH result in initially normalized systolic stress patterns when compared

to normal patients [195].

1.4.2 Hypertrophic signalling and gene regulation

In vivo studies have sought to delineate the distinct gene profiles induced in
PO (aortic constriction) [203, 204] and VO (aortocaval fistula) [201, 205-207]. Direct
temporal comparison of PO and VO in rats showed similar progressive changes to
heart weight-to-body weight ratio and ANF expression (a feature of the fetal gene
program) following PO and VO, whereas skeletal a-actin, B-MHC, and SERCA2

mRNA were increased following PO, and there was no detectable change in these
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markers in VO compared to sham surgery. This suggests a difference in myocardial

remodelling favouring increased contractility during PO in comparison to VO [208].

A recent study utilizing a novel balloon technique to impose cardiac phase-
targeted LV load to the heart ex vivo, distinguished the molecular patterns elicited
through the induction of systolic overload (SO; analogous to pressure overload) versus
diastolic overload (DO; analogous to volume overload) [209]. Bioinformatics analysis
revealed 140 and 77 distinct genes regulated in SO and DO respectively.
Furthermore, SO activated proliferation and apoptosis gene profiles, and stimulated
the activation of ERK, JNK, and CaMKIIsignalling. DO was associated with
increased gene markers for fibrosis and connective tissue cells, as well as increased
p38 signalling. ANP, a well-established marker of POH and VOH, was found in this
study to be upregulated by only DO [209], although this may due to the cyclical-

temporal regulation of ANP in VOH[207].

Both POH and VOH are associated with activation of the fetal gene program,
a protective reversion to the expression of genes involved in the growing heart,
intended to slow the progression of heart disease [188, 210]. The fetal gene program
is responsible for the change in expression of many genes (table 1.3); most notably:
ATP-demanding a-myosin heavy chain (a-MHC) is replaced by the less demanding B-
myosin heavy chain (B-MHC) to conserve energetics; the preferred energy substrate
is switched from oxidation towards glycolysis; and activation of the natriuretic factor

family (NFF) is increased [197].
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However, there is evidence that the shift from a-MHC to B-MHC, as well as
the reduced oxidative capacity, are maladaptive events leading to decompensated
heart failure [211]. On the other hand, the NFF (ANP: atrial natriuretic peptide; BNP:
brain natriuretic peptide; CNP: C-type peptide) exert well-characterized protective
effects on the cardiovascular system: vasorelaxation, natriuresis (excretion of sodium
in the urine leading to lower blood volume) and concomitant diuresis (increased
excretion of urine), suppression of myocyte hypertrophy, and inhibition of the RAAS
[212]. The NFF have also been shown to function through the cardiac fibroblasts to
exert potent anti-fibrotic effects. BNP inhibited TGFB stimulated migration and
collagen I expression from isolated human cardiac fibroblasts, and also inhibited
fibroblast proliferation and conversion to the hyper-secretory myofibroblast cell type
[213]. Accordingly, BNP knockout mice exhibit an increased basal fibrotic phenotype
which presents as multi-focal fibrotic lesions in the LV that increase in number and
size in response to PO [214]. Although more recently characterized with respect to
heart failure [215], CNP also exerts antifibrotic and antiproliferative effects in the
myocardium [216]. NFF transcription is regulated by numerous well characterized
factors involved in cardiac hypertrophy such as GATA4/5/6, NF-xB, and MEF2 (table

1.3).
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Table 1.3: Transcriptional regulation of the fetal gene program

Gene Transcriptional Regulation
ANP MEF2, GATA4/5/6, SRF, Thx5, Nkx2.5, ZPF260
BNP NF-AT, NRSF, NF-xB, SRF, TEF-1, XBP-1, GATA 4/5/6
B-MHC Nkx2.5, MEF2C, GATA4/5/6

Sk-aActin TEF, SRF, Spl

The myocyte enhancing factor-2 family of transcription factors (MEF2A, B, C,
D), are well established as mediators of tissue development [217], and are also known
to play a role in cardiac hypertrophy [211, 218-220]. MEF2 DNA binding sequences
have been identified in the promoter regions of a-MHC [221], SERCA2 [222], skeletal
a-actin (Ska-actin) [223], and also dystrophin, desmin, and some myosin light-chain
isoforms [219]. MEF2 activity is upregulated by both PO and VO [221], while
transgenic overexpression of MEF2A and MEF2C increases NFF and SK a-actin
expression, facilitates a switch towards B-MHC, and decreases ventricular
performance, indices of dilated cardiomyopathy [218]. Transcriptional activity of
MEF2 is regulated through MEF2-HDAC (repression) or MEF2-HAT (transcription)
complex formation [211]. Phosphorylation of MEF2 by p38 or ERK also increases
MEF2 transcriptional activity [224]. Although both p38 MAPK-MEF2 and ERK5-
MEF2 signalling cascades have been implicated as pro-hypertrophic [219], ERK and
p38 MAPK may induce distinct hypertrophic pathways through phosphorylation of
different target sequences on MEF2, and also targeting of different members of the

MEF2 family [224].
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As detailed previously (chapter 1.1.3), insulin has been implicated in the
pathogenesis of diabetic cardiomyopathy. However, streptozotocin induced diabetes
(a common diabetic model lacking insulin) demonstrated the association of
hypertrophic markers (Angll, MEF2, ANP and BNP) with high glucose and insulin
deficiency [225, 226]. Indeed cardiac remodelling and LV hypertrophy can develop in
the absence of hemodynamic stress, such as from metabolic or hormone disruption,
genetic factors, or may be pathologically idiopathic. Detailed studies in cultured
cardiomyocytes and animal models in vivo have allowed the characterization of many
pro-hypertrophic pathways. The following is a brief summary of these complex
signalling pathways, reviewed by [211, 219, 227]: Angiotensin II (AngII), Endothelin-
1 (ET-1), and catecholamines bind G-protein coupled receptors (GPCR) to activate
protein kinase C through the activation of phospholipase C (PLC), or Ca?* influx,
leading to HDAC translocation to the cytosol, and MEF2 transcription. HDAC
translocation and activation of hypertrophy may alternatively be stimulated by the
calcium-calmodulin-CaMK signalling pathway. Receptor tyrosine kinases mediate
neuregulin, epidermal growth factor, and insulin-like growth factor-1 (IGF-1)
signalling via the Rho/Racl/Ras pathway, leading to MEK1/2-ERK1/2, and also
MEKS5-ERKS5 activation of hypertrophy. TGFB activates MEK3/6-p38 signalling and
also MEK4/7-JNK signalling. Increased intracellular Ca2* leads to calmodulin-
dependent calcineurin activation and dephosphorylation of NFAT (calcineurin-
nuclear factor of activated T-cells). NFAT then translocates to the nucleus (a process

accelerated by ERK) where it upregulates hypertrophic genes (GAGA4, NFAT, AP1).
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POH is associated with the significant increased expression of extracellular
matrix constituents leading to interstitial fibrosis, impaired LV compliance, and
diastolic dysfunction; whereas VOH is associated with a decreased expression of the
ECM and overall dissolution of existing collagen by the matrix metalloproteinases
(details of ECM regulation in the myocardium in various pathologies will be discussed
in section 1.5). Expansion of the ECM in LV remodelling is a critical event in non-
ischemic heart disease, and there is growing appreciation of the direct role the ECM
plays in activating pro-hypertrophic signalling. ECM-integrin interaction may play a
crucial role in transducing hemodynamic/mechanical load into biochemical events
through ‘outside-in’ cascades: mechanical stress first exerts force upon the
cardiomyocytes and the ECM which then stresses the focal adhesion complex and the
integrins embedded in the cell membrane, thereby initiating intracellular signalling
events such as activation of the pro-hypertrophic Ras-Raf-ERK1/2 pathway [190,
197]. The a3B81 integrin heterodimer expressed in cardiomyocytes can bind numerous
ECM ligands including collagen I, fibronectin, and laminin, and indeed the integrin
subunits al, a5, B1 and B3 are upregulated and/or activated by hypertrophy and PO
[228-231]. VO however is associated with a progressive decrease in integrin
expression [205]. Clearly, mechanisms mediating cardiac hypertrophy and cardiac
fibrosis are intertwined in the overloaded myocardium. In the following section the
effects of ventricular unloading on the remodelled/hypertrophic heart will be

discussed.
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1.4.3 Reverse remodelling

The remodelling events induced by PO and VO serve to offset systolic or
diastolic wall stress, respectively, to preserve cardiac function (see section 1.4.1).
However, numerous 1n vivo studies have demonstrated that when cardiac remodelling
is avoided through genetic modification or pharmacological treatment, normal
function is retained despite the induction of PO. Indeed, the Framingham Heart
Study identified echocardiographic LVH as a significant risk factor for cardiovascular
morbidity and death, even after normalization for other significant risk factors such
as blood pressure, cigarette use, and cholesterol profile [232]. Accordingly, anti-
hypertensive therapies (beta-blockers, ACE inhibitors and angiotensin II receptor
antagonists (ARBs)) have been enormously successful in delaying the onset of
maladaptive remodelling. Congestive heart failure (CHF) patients have benefitted
from aggressive surgical techniques such as valve replacement and left ventricular
assist device (LVAD) implantation, both of which directly alleviate LV PO [233, 234].
Indeed, accumulating clinical and experimental evidence has demonstrated
restoration of cardiac function and regression of LV remodelling following LV

unloading, a process now commonly termed reverse remodelling [235, 236].

Recent in vivo studies have begun to characterize the process of reverse
remodelling in greater detail. LV unloading is achieved through removal of the
constricting aortic band (debanding), and leads to reverse remodelling of the left

ventricle, restoration of normal cardiac function [237-239], activation of a unique gene
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expression profile [240], and normal pressure-volume relationships as long as
debanding is performed before the heart enters decompensated failure [241]. Along
with the regression of cardiomyocyte hypertrophy, debanding and the cessation of

AngII infusion increased autophagic flux [242, 243].

However, less is known regarding changes to the ECM following unloading of
the left ventricle. Increased fibrosis is universally regarded as a negative indicator of
cardiac function and recent evidence using Doppler echocardiography and strain
analysis has demonstrated the detection of early diastolic dysfunction in heart failure
patients due to early upregulation of collagen in the myocardium. ECM expansion is
typically viewed as a unidirectional progression [202, 244, 245]. In fact, evidence from
recipients of valve replacements indicated the expansion of fibrosis despite LV
unloading, leading to worsening diastolic indices of myocardial stiffness [246]. Indeed,
debanding was also shown to differentially regulate the expression of collagen
isoforms in in vivo [239, 247], and our studies (chapter 3) provide a clear structural
picture of the 3-dimensional architecture of collagen networks in the debanded
myocardium. We show that debanding results in the loss of the less compliant large
collagen fibres, but also leads to an expansion of small fibre fibrosis which may have

negative long-term implications for cardiac function.
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1.5 Cardiac fibroblasts and the extracellular matrix regulation

1.5.1 Structure and function of the extracellular matrix

The cardiac extracellular matrix (ECM) is a highly organized interstitial network of
structural proteins that forms a scaffold to perform functions such as tethering
adjacent cardiac myocytes. It serves a vital role in the diseased myocardium,
providing stress bearing support during overload, and reinforcing weak areas to
prevent rupture in ischemic heart disease, but contributes to myocardial stiffness in
later stages of heart failure. The cardiac ECM is separated into three layers. The outer
layer, the epimysium, surrounds the myocardium and lies below the endothelial layer
of the epi- and endo-cardium. The perimysium is a sheath of connective tissues
consisting of tendon-like extensions of the epimysium. The perimysium aggregates
myocytes into muscle fibres, bears shearing forces during contraction and relaxation,
and minimizes the dissipation of force generated by cardiomyocytes. The endomysium
surrounds and connects neighbouring myocytes and the intramuscular vasculature
[248]. Tt is proposed that myocardial forces are transmitted through the endomysial
ECM to the internal cytoskeleton of individual myocytes via ECM-integrin
interactions at the cell surface [190, 228] (see section 1.4.3). All three layers of the
ECM are composed mostly of collagen type I which has a tensile strength greater than
that of steel [248], and allows for the mechanical co-ordination of forces generated by
the myocytes. The ECM also contributes to LV expansion during diastole as coiled

fibres release potential energy stored through compression in systole [249]. The
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cardiac ECM is composed primarily of fibrillar collagens: collagen type I (~85%), type
III (~10%), and type IV (~5%), although the endomysial and perimysial layers also
have a percentage of elastin, allowing more flexibility during each cardiac cycle [250-

252].

The ECM is not a static structure, rather it is a dynamic, complex environment
containing bioactive matrix proteins, signalling molecules, and various cell types.
With a half-life of approximately 80-120 days in the healthy myocardium, the ECM
undergoes a slow rate of turnover at approximately 0.6% per day. In disease
conditions, changes in the composition and structure of the ECM in response to
environmental cues and/or tissue injury have been shown to play an important role
in the process of myocardial remodelling, and the progression of heart failure [249,
253]. Indeed, changes to the cardiac ECM may lead to, or be the result of, various
myocardial pathologies, and certainly, the ECM plays a large role in the compensation

and decompensation phases of cardiac remodelling [191, 248-250].

1.5.2 Cardiac fibroblasts and myofibroblasts

The importance of cardiac fibroblasts in the heart cannot be understated, as
they play a vital role in heart development (the earliest organ to form in the incipient
embryo), and in the adaptive/reparative response to stressors pushing the adult heart
to failure. Cardiac fibroblasts (CF) constitute 60-70% of the cell population in the
myocardium and participate in the pathogenesis of heart disease as the principle

regulators of the cardiac ECM. Morphologically, CFs are relatively flat, have spindle
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projections, and are localized to the endomysial collagen layers between the much
larger cardiomyocytes. Developmentally, CFs originate from proepicardial cells that
migrate throughout the embryonic heart, reacting to a delicate balance of signalling
factors (e.g. fibroblast growth factor, platelet derived growth factor-8 etc..) to undergo
epithelial-to-mesenchymal transition (EMT), then differentiation into CFs. There is
also growing evidence that embryonic cardiac fibroblasts may originate from
endocardial cells and undergo endocarial-to-mesenchymal transition (EndMT) [254].
Embryonic CFs throughout the developing heart begin to construct a comprehensive
three dimensional myocardial network, and are responsible for stimulating
cardiomyocyte growth and proliferation during ventricular compaction until birth
[255, 256]. Interestingly, in vitro co-culture of adult cardiomyocytes (ACM) with
embryonic CFs induces ACM proliferation, whereas co-culture of ACM with adult CFs
induces ACM hypertrophy, consistent with the well established post-natal shift in
cardiac growth from embryonic hyperplasia to adult hypertrophy and demonstrating
the importance of CF-CM crosstalk [256]. As the fetal heart grows in utero it is
exposed to a hypoxic, dynamic environment [257]. The principle metabolic
requirement of the fetal heart are carbohydrates; it’s ability to oxidize fatty acids is
limited [257]. The gene pattern expressed during this time, meeting the growing
heart’s metabolic demands and hemodynamic stresses, is termed the fetal gene
program, and is a well known reparative mechanism re-initiated in the heart to
compensate for excessive stress in the adult myocardium [210]. Following the

maturation of the heart, CFs again play a principle role in the compensatory
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mechanism sustaining heart function against the substantial increase in systolic
pressures following birth by modifying the ECM to efficiently distribute mechanical
stress to the ventricles undergoing severe hypertrophy [258]. This dynamic period
lasts for a short time after birth, after which mature CF's lie largely quiescent in the
normal heart but continue to regulate basal ECM turnover, maintain signalling
interactions with cardiomyocytes, and retain their migratory ability to effectuate a

response to stressors [259, 260].

In the progression of heart disease, CFs become active, and along with other
precursor cells, differentiate into myofibroblasts (myoCF), a fibroblast-smooth muscle
cell hybrid that actively regulates the ECM, become a key source of bioactive agents,
and develop contractile apparatus to aid in preventing LV rupture upon loss of
cardiomyocytes to apoptosis or necrosis [174, 231, 261]. It has been proposed that
oxidative-stress induced cardiomyocyte necrosis is a mechanism preceding and
stimulating myoCF differentiation [250, 262]. The current understanding is that
myofibroblast (myoCF) progenitor cells include more than just resident fibroblasts;
rather, endothelial and epithelial cells (following EndMT and EMT, respectively),
smooth muscle cells, and bone-marrow derived cells (e.g. fibrocytes, monocytes) are
also now believed to contribute to the pool of pro-myoCF cells [174, 254]. Owing to the
diversity of parental cell lineages, myoCF differentiation is a complex process that
varies by cell type and stimulus, although Angll, TGFB, and mechanical force are

three well established mechanisms [174]. Angll is significantly upregulated with
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heart disease, functions through GPCR signalling, and stimulates ERK and p38
signalling [263], and PARP-1 activity [186]. Inhibition of p38 attenuates Angll
induced myoCF differentiation [264], while AnglI stimulation induces TGFB8 and Col

I expression from CFs [265, 266].

TGFB is a primary and potent mediator of myoCF differentiation that is
upregulated and secreted into the ECM by mesenchymal cells, macrophages,
monocytes, and resident CFs [174]. TGFB signalling is mediated by the TGFB
receptors TBFBRI/RII which initiate SMADZ2/3 phosphorylation which, upon
activation, complexes with SMAD4. TGFB-SMAD2/3 signalling leads to myoCF
differentiation, and aSMA, Col I, Col VI, and MMP expression. TGFB also initiates

myoCF differentiation through p38 signalling via TGFB/RII [174].

Interestingly, mechanical stretch has been shown to upregulate a number of
signalling cascades including angiotensionogen expression and p38 phosphorylation
[267], as well as TGFB expression and activity in cardiac fibroblasts and
cardiomyocytes [268-270]. When retained in the ECM, TGFB1 forms a complex with
latent TGFB binding proteins and fibrillin. In the progression of myocardial fibrosis,
aSMA mediated myoCF contraction of the increasingly rigid ECM liberates TGFB
from this intracellular pool of signalling proteins, inducing a positive feedback loop
which further stimulates myoCF differentiation, and secretion of the ECM and

myoCF derived cytokines [174].
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Rather than being the final step in cardiac remodelling, CFs, myoCFs, and
reactive fibrosis are considered integrated, essential players in the adaptive response
to pressure overload [271], and indeed, myoCFs have been shown to secrete numerous
cytokines heavily involved in cardiac remodelling: TNFa, IL-18, IL-6, TGFB, Ang II,
ET-1, the NFF (ANP, and BNP), and VEGF are all part of the CF and/or myoCF
secretome. Activation of CFs and subsequent upregulation of the myoCF secretome is
largely accepted as an early adaptive event to maintain homeostatic cardiac function;
however, prolonged presence of myoCF and chronic deposition of collagen in the ECM
is considered a detrimental, mal-adaptive mechanism leading to poor clinical

outcomes [272].

1.5.3 Collagen synthesis and regulation

The collagen family comprises over 18 distinct isoforms of collagen with
diverse physical characteristics whose relative abundance varies from tissue to tissue
[273]. Interstitial collagen consists of 3 polypeptide a-chains, composed of large helical
domains, which contain a high proportion of hydroxyproline[273]. Collagen type I (Col
I) and collage type III (Col III) are the major structural components in the cardiac
extracellular matrix [248]. Col I and III are secreted by CFs and myoCFs as pro-
collagen precursors, with N-terminal and C-terminal propeptides that are cleaved
leaving short non-helical regions at either end suitable for intermolecular crosslinks

[274]. Pro-collagen molecules are released into the extracelluar space were the
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enzyme lysyl oxidase mediates covalent crosslinking of collagen molecules into rigid,

mature fibrils [275].

While Col I accounts for approximately 85% of all collagen in the myocardium
[252], the much less rigid Col III comprises the majority of the remaining collagen
content and helps confer elasticity to the myocardium. There are numerous methods
to quantify the relative ratio of collagen isoforms within the heart (quantitative PCR,
western blot, ELISA, masson’strichrome staining), but two of the most exemplary
techniques to image the structure of the collagen ECM are picrosirius red staining
coupled with polarized light microscopy (picrosirius red detects of the high
hydroxyproline content in collagen, while polarized light microscopy permits the
distinction of the Col I and Col III with high precision [276]), and direct imaging using
scanning electron microscopy (SEM). In SEM micrographs, Col I appears thick and
rigid, while Col III appears much finer, and is present in significant quantity in the
healthy myocardium (see figure 3.1). It is believed that changes in the relative ratios
of Col I:Col III, as well as alterations in the organization and cross-linking of the
collagen matrix, influence myocardial compliance. Specifically, late-stage LV
remodelling in POH is associated with elevated Col I which promotes myocardial
stiffness, resulting in impaired contractile function [252, 253]. As discussed
previously, diabetic cardiomyopathy (section 1.1.3), and aortic valve stenosis (section
1.3.1) are associated with increased LV fibrosis, decreased LV compliance, and cardiac

dysfunction. Microscopic imaging analysis of dilated (idiopathic) cardiomyopathic
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hearts showed a significant increase in Col I:Col III ratio compared to normal
samples, localized to the endomysial layer surrounding the cardiomyocyte fibrils [277,
278]. Similarly, collagen type I expression [279] are significantly increased in patients

with essential hypertension.

In addition to Col I and Col III, the ECM hosts a number of non-fibrillar
collagens such as collagen IV, V, and VI, as well as other structural proteins such as
laminin, fibrillin, and elastin (table 1.4) that form the in situ adhesion substrate for
cardiomyocytes and cardiac fibroblasts [273, 280].Cellular behavior is in part dictated
by the relative ratio of these structural proteins in the substrate: Col I and III
increase CF proliferation and migration Col VI increases myoCF differentiation and
decreases migration, and Col V imparts anti-proliferative effects on smooth muscle
cells [281]; Col IV induces smooth muscle cell differentiation [280]; elastin can
influence smooth muscle cell proliferation and phenotype [282]. It is hypothesized
that the increased expression of the basement membrane collagens (Col IV, V) serves
to slow the migration of several cell types, and to aid in maintaining structural

integrity in the post-MI heart [280].

Cardiac fibrosis occurs with high incidence in arrhythmetic myopathies [261].
Recent data has recognized the importance of non-myocyte reorganization in the
pathology of electrophysiological remodelling leading to cardiac arrhythmias [261].
Although CFs are typically considered non-excitable cells, their depolarized resting

membrane potential is lower than that of cardiomyocytes, potentially allowing
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electrical signals to pass between cardiomyocytes through intervening CFs with some
impedance [261]. However, while the heterogeneity of fibroblasts across different
areas of the heart makes definitive conclusions regarding the participation of
fibroblasts in electrical signalling elusive [261], expansion of the collagen
extracellular matrix in POH and MI has been shown to play a detrimental role in the
myocardial electrical coupling [283]. Various patterns of fibrosis (compact, patchy,
interstitial, diffuse) have differential impacts on the propagation of electrical signals
between myocytes. Patchy or severe fibrosis, where myocytes are separated by a-
cellular regions of collagen, poses the greatest risk for arrhythmias, as electrical
propagation is forced to take a circuitous route through the tissue slowing conduction
velocities [283]. Fibrosis also promotes uncoordinated triggers originating in aberrant
myocytes, which then propagate to and depolarize the few neighbouring myocytes

leading to fibrillation [283].

Clearly, the collagen ECM plays a significant, initially adaptive and
subsequently detrimental role in the diseased myocardium. In the next section,

regulation of the ECM will be discussed.

Table 1.4: Structural proteins in the ECM.
Adapted from [273, 280, 282]

Structural Protein Location Role

Collagen I (Col I) Interstitium Structural

Collagen ITT (Col ITI) ~ Interstitium Structural

Collagen IV (Col IV) Basement membrane Cell attachment, substrate filter
Collagen V (Col V) Interstitium Structural, substrate filter
Collagen VI (Col VI) Interstitium Structural

Laminin Basement membrane Cell attachment
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Elastin Interstitium, connective Elastic recoil and resilience
tissue

Fibrillin Interstitium, connective Elastic recoil and resiience
tissue

1.5.3 Matrix metalloproteinases and tissue inhibitors of MMPs

The rate of extracellular matrix turnover in the normal heart is mediated by
the concerted effects of i) the matrix metalloproteinases (MMPs) which have the
ability to degrade structural proteins, ii) the tissue inhibitors of metalloproteinases
(TIMPs) and iii) the continual expression of structural proteins principally by cardiac
fibroblasts, with smaller contributions from cardiac myocytes and other cell types

(table 1.5) [252].

The expression of matrix metalloproteinases (MMPs) is dramatically
upregulated in response to both acute and chronic stresses such as myocardial
infarction and hypertension [192, 284]. Patients suffering from dilated
cardiomyopathy were shown to have increased ventricular MMP-2 and MMP-9
activity [285], while spontaneously hypertensive rats with heart failure were found to
have elevated MMP-2 activity when compared against normotensive controls [286].
By contrast mice lacking MMP-2 or MMP-9 showed a decrease in infarction-induced
left ventricular hypertrophy [287, 288], while exogenous MMP-2 treatment was found
to dilate and decrease the cardiac tensile strength of ventricular preparations from

spontaneously hypertensive rats [289].
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MMPs are under transcriptional regulation by a number of factors, although
two major cisacting elements are found in the majority of the MMP promoters:
polyoma enhancer A binding protein-3 (PEA-3) which interacts with the Ets family of
transcription factors, and activator protein-1 (AP-1) which interacts with the Fos and
Jun family of transcription factors [253]. The MMP2 promoter, however, lacks both of
these elements possibly indicating constituitive expression of the MMP2 protein,

although MMP2 expression may be increased in the failing heart after MI [290].

To protect the cell from damage, MMP’s are typically synthesized as inactive
zymogens, and must undergo post-translational modifications to become
proteolytically active[192] Membrane type 1 matrix metalloproteinase (MT1-MMP,
also called MMP14) is a zinc dependent MMP that plays an important role in peri-
cellular ECM digestion leading to cell migration and tissue invasion [291]. MT1-MMP
1s itself synthesized as a pro-peptide, activated through removal of the inhibitory pro-
domain in a two-step degradation/cleavage mechanism mediated by the protease furin
[292]. Mature, membrane bound MT1-MMP’s peri-cellular activity may be regulated
through control of its internalization and trafficking via ubiquitination [293] of its
intracellular domain. MT1-MMP’s degredative ability may furthermore be
supplemented through activation of MMP2 and MMP13, leading to processing of
collagen substrates (e.g. collagen IV) that MT1-MMP is incapable of degrading [291]
(table 1.5). Cell surface activation of MMP2 requires the homo-dimerization of MT1-

MMP which then binds an MMP2-TIMP2 complex leading to cleavage of the MMP2
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pro-domain and the liberation of active MMP2 [294, 295]. Recently, we demonstrated
that adiponectin stimulates MT1-MMP cell surface localization, MMP2 activation and

cardiac fibroblast migration through the phosphorylation of AMPK [108].

Upstream activators of MMP expression include many of the common
cytokines involved in the inflammatory response, cardiac dysfunction and metabolic
disorders: TNF-a, IL-18, ET-1, oxidative stress, sympathetic activation, TGF-8, and
mechanical stretch [296]. Accordingly, MMP activity is upregulated in many
conditions including diabetic cardiomyopathy, PO and VO, and also in unique animal

models such as the SHR [251].

The ECM regulatory function of the TIMPs is primarily as endogenous
inhibitors of the MMPs, although, as described above, TIMP2 is involved in the
activation of MMP2 via MT1-MMP at the cell surface [253]. As such, a gerneral
increase in TIMP expression may serve to limit MMP activity and induce collagen
accumulation in the myocardium. Accordingly, in the SHR model TIMP-4 expression
is increased in compensated LVH, while the progression of CHF is characterized by
an increase in MMP2 activity and TIMP4 expression is decreased in [251]. Similarly,
TIMP expression is reduced in end-stage DCM which is associated with increased
ECM degradation and LV dilation [251]. Evidence suggests that TIMP2 and 4 may
have opposing roles in heart failure. TIMP2, the activator of MMP2, was found to
have a much higher specificity than the other TIMPs for MMP2 [294], while TIMP4

has a greater general affinity for MMPs than TIMPs 1 and 2 [297], suggesting that

-51-



increased TIMP2 expression may facilitate increased MMP2 activation, while

increased TIMP4 may signify an increase in fibrosis.

While MMPs are typically active in the interstitium, TIMP-4 and MMP2 were
shown to accumulate within cardiomyocytes following I/R injury [298]. Indeed, active
forms of MMP2 and MMP9 have been found intracellularly in cardiomyocytes in
patients with dilated cardiomyopathy, which may lead to degradative loss of

sarcomeres and impaired contractile function [290].

Table 1.5: ECM substrates of MMPs, and activity change with LVH or CHF.
LVH: LV hypertrophy. Defined as increased LVPWd with normal EF. CHF: congestive heart
failure. Adapted from [251].

Enzyme  Alternate name ECM substrate Ain LVH Ain CHF

MMP1 Collagenase — 1 Collagens (I, II, II1, VII, VIII, & X), _
gelatin, proteoglycan link protein 1
MMP2 Gelatinase A Collagens (I, IV, V, VII, X & XIV),
gelatin, elastin, fibronectin, laminin 1 1
MMPS8 Collagenase —2 Collagens (I, II, III, V, VII, VIII, & X),
gelatin, aggrecan
MMP9 Gelatinase B Collagens (IV, V, VII, X, & XIV),
gelatin, aggrecan, elastin, fibronectin
MMP14 MT1-MMP Collagens (I, IT and III), casein,
elastin, fibronectin, gelatin, laminin, = 1
proteoglycans
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1.6 Research Objectives

The rise of the obesity and diabetes epidemic has caused an increase in worldwide
cardiovascular risk. There is a great need to determine the endocrine factors linking

these serious pathologies.

The adipokine adiponectin has gained significant interest as a potential
regulator of cardiac remodelling in heart disease. Accumulating clinical and
experimental evidence has suggested that adiponectin may play an important role in
the progression of heart failure, but the role of adiponectin in the development of
cardiac fibrosis, a negative indicator of heart disease outcome, is currently uncertain.
As such, a detailed comparison of changes to the extracellular matrix in adiponectin
null and wild-type mice following the induction of pressure overload will contribute
to our understanding of adiponectin action in heart disease and help to resolve
conflicting data within the field. Furthermore, little is known regarding adiponectin
stimulated regulation of the extracellular matrix and cardiomyocyte hypertrophy;
insight into adiponectin mediated signalling pathways in cardiac fibroblasts and
cardiomyocytes is needed. Lastly, the normal progression of fibrosis following the
induction of pressure overload has been established, however little is known
regarding changes to the fibrotic myocardium following unloading of the left ventricle.
A thorough study of the changes to the extracellular matrix in regressive cardiac
remodelling will give valuable insight into the long term clinical consequence of

episodes of transient hemodynamic overload and cardiac fibrosis.

-53-



The above research objectives lead me to my four studies listed below:

Study 1:

Study 2:

Study 3:

Study 4:

Adiponectin deficiency alters the progression of ECM remodelling
following the induction of pressure overload

Adiponectin mediates ECM remodelling via the APPL1-AMPK
signalling axis in cardiac fibroblasts

Myocyte Enhancer Factor-2 binding is attenuated in adiponectin
deficiency following pressure overload, and is upregulated by

adiponectin stimulation of cardiomyocytes

A detailed analysis of reverse cellular, structural and functional
remodelling following aortic banding-debanding
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CHAPTER 2: STUDY 1

ADIPONECTIN DEFICIENCY ALTERS THE PROGRESSION OF ECM
REMODELLING FOLLOWING THE INDUCTION OF PRESSURE
OVERLOAD

Keith Dadson!, Subat Turdi!, and Gary Sweeney?!
1Department of Biology, York University, Toronto, Canada.
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2.1 Abstract

Adiponectin, circulating levels of which are reduced in obesity and diabetes,
has been shown to mediate cardiac remodelling events in response to pressure
overload (PO). Fibrosis, a principle feature of PO is the progressive expansion of the
extracellular matrix (ECM) which significantly contributes to changes in cardiac size,
structure and function leading to heart failure. In this study, we performed a detailed
analysis of progressive cardiac ECM remodelling in adiponectin knockout (AdKO) and
wild-type (WT) mice following the induction of PO via minimally invasive transverse
aortic banding. AAKO mice displayed an increased extent of basal cardiac fibrosis.
Expansion of the ECM observed in WT mice after 2 weeks of PO, determined by
scanning electron microscopy, Masson’s trichrome staining and increased collagen-
lal and 3al expression, was not observed in AdKO mice until after 4 weeks of PO.
Similarly, myocardial expression of principle ECM regulatory genes (collagens,
MMPs, and TIMPs) differed between genotypes in response to PO. Circulating Ad
levels and myocardial Ad mRNA were reduced after 4 weeks of PO, whereas Ad
protein detected in cardiac homogenates was increased at this time. Direct
stimulation of primary cardiac fibroblasts with Ad induced a transient increase in
total collagen (picrosirius red staining) and collagen III (immunofluorescence)
synthesis, as well as enhanced MMP2 activity via gelatin zymography. Ad also
enhanced fibroblast migration and attenuated angiotensin-II induced differentiation

to a myofibroblast phenotype.
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In conclusion, these data indicate that Ad deficiency delays ECM expansion in
response to PO. Increased myocardial bioavailability of Ad in WT mice may mediate
immediate ECM regulation following PO. The direct effects of Ad on fibroblasts to
mediate collagen and MMP expression play an important role in the pathogenesis of

cardiac fibrosis.
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2.2 Introduction

The physiological significance of myocardial ECM regulation by adipokines in
diabetes and obesity has been well established [128, 148, 299]. In particular,
regulation of cardiac remodelling by adiponectin is thought to be of great significance
[148]. Adiponectin is present at high circulating levels (in the range 2 to 20 ug/ml) in
normal individuals but levels are reduced in heart disease, diabetes, and obesity [148,
300]. Recent discovery of heart specific adiponectin production and regulation in
various clinical states of heart disease has led to the framing of adiponectin as a
‘cardiokine’ and an expanded emphasis on the role of adiponectin in the progression
of cardiac remodelling [112]. The adiponectin knockout mouse (AdKO) has proven to
be an extremely useful model in this regard, and early studies showed that
adiponectin deficiency exacerbated pressure overload induced cardiac remodelling
[116, 131, 157]. Recently however, similar studies indicate that adiponectin deficiency
plays a protective role against the development of adverse cardiac remodelling events
leading to heart failure [161-163]. Meta-analysis of clinical studies correlating
adiponectin with various heart disease outcomes has been similarly inconclusive [133,
301, 302]. Clearly, more insight into the mechanism of adiponectin action in the
pathogenesis of PO induced cardiac remodelling is needed.

Cardiac ECM remodelling plays a critical role in the adaptation to
haemodynamic stressors and ultimately in the progression to heart failure [299]. In

mouse models, induced left ventricular pressure overload (PO) is commonly
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associated with collagen deposition as a reactive response of the myocardium to
mitigate cardiovascular decompensation leading to failure. The transition from
compensatory ECM support to detrimental fibrosis occurs as differentiated,
hypersecretory myofibroblasts persist in the overloaded myocardium [250].
Remodelling of the myocardial collagen matrix is primarily mediated by matrix
metalloproteinases (MMPs) [253]. The role of MMP isoforms in heart failure in
diabetes and obesity is now well established [128, 303]. During the process of
remodelling, MMPs are initially activated to reduce wall stress by increasing fibrillar
collagen degradation, allowing LV dilation in response to increased work load.
Ultimately, prolonged MMP activation adversely affects cardiac function since the
ultrastructural collagen which is initially degraded by MMPs is replaced by poorly
structured collagen [304]. Indeed, changes in MMP levels have been described in both
human and a variety of animal models of heart failure [303, 304]. Chemical inhibition
of MMPs has also been shown to attenuate left ventricular dilation and preserve
function after surgical induction of infarction [287] and targeting MMPs is thought to
have therapeutic potential although little is known regarding the regulation of
collagen and MMPs in the adiponectin deficient heart.

The aim of our study was to conduct a detailed temporal investigation of
cardiac ECM remodelling after PO in WT versus AdKO mice. We also investigated
changes in cardiac adiponectin expression and content, and study the direct effects of
adiponectin on various end points relevant to ECM remodelling in primary cardiac

fibroblasts.
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2.3 Materials and Methods

Materials

Recombinant full-length adiponectin was produced in-house as previously detailed by
[121]. Dulbecco’s modified eagle’s medium (DMEM), trypsin, antibiotic/antimycotic
and fetal bovine serum (FBS) were obtained from Gibco Laboratories (Life
Technologies Inc., Burlington, ON, CA). All culture plates were BD Falcon™ brand
and purchased from BD Biosciences (Mississauga, ON, CA. Anti-collagen antibodies
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA. TRIzol®
Reagent was purchased from Ambion Inc. (Life Technologies Inc.), Alexa Fluor® 488
goat anti-rabbit antibody was obtained from Molecular Probes (Life Technologies
Inc.), and adiponectin primers were obtained from Invitrogen (Life Technologies Inc.).
The FITC-labelled goat anti-mouse antibody was obtained from Jackson
ImmunoResearch Laboratories, Inc. (West Grove, PA, USA). VECTASHIELD®
mounting medium with DAPI was obtained from Vector Laboratories (Burlington,
ON, Canada).RNeasy MinElute Cleanup and RT?2 First Strand kits were purchased
from QIAGEN Inc. (Mississauga, ON, CA). 3H-proline was purchased from Amersham
Biosciences (GE Healthcare Lifesciences, Baie d'Urfe, QC, CA). Amicon Ultra-15
Centrifugal Filter Units were obtained from EMD Millipore (Billerica, MA, USA). The
Pierce BCA Protein Assay kit was purchased from Thermo Scientific (Fisher Canada,

Nepean, ON, CA). The custom fibrosis PCR array was purchased from SABiosciences
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(QIAGEN Inc.). LOOK silk black braided non-absorbable 6-0 USP sutures were
purchased from Harvard Apparatus (Holliston, MA, USA), titanium ligation clips and

microclip ligating appliers used for MTAB were purchased from Teleflex Medical (NC,

USA).

FExperimental animals

Male C57BL6 (wt) mice (Charles River Laboratories, St. Constant, QC), 6 — 8 weeks
of age, and house bred AAKO mice were randomly allocated to treatment groups.
Animal facilities met the guidelines of the Canadian Council on Animal Care, and the
protocols were approved by the Animal Care Committee of York University. Animals
were acclimated a minimum of 5 days to a standard housing environment:
temperature and humidity-controlled rooms (21+2°C,35-40%), with a daily 12:12h

light-dark cycle (lights on at 0700) with access to regular chow diet ad libitum.

Minimally Invasive Transverse Aortic Banding

Under general anesthesia (IP Xylazine 0.15mg/g; Ketamine 0.03mg/g), the mouse is
kept in a supine position and the fur on the ventral surface removed with a depilatory
cream, and the surface sterilized with betadine. A medial cranio-caudal incision is
made through the skin from the neck to the bottom of the rib cage, and the neck
muscles, fat, and thyroid are retracted to expose the trachea down to the suprasternal
notch. An incision is made through the suprasternal notch 2-3 mm down the rib cage.

The transverse aorta is visualized under low magnification between the innominate
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and left common carotid arteries. A titanium micro-ligation clip is applied across the
transverse aorta using banding calipers calibrated to the width of a 26g needle. The
sham surgery is performed as outlined above without the placement of the ligation
clip. Upon completion of the procedure, the rib cage and skin are closed with silk
suture, and the mice injected with Buprenorphine (s.c. 0.05 mg/kg) and placed face

down on a warming pad until they awake.

Tissue and serum collection.

Mice were weighed and euthanized using cervical dislocation. Hearts were excised
and perfused briefly with KCl to arrest the heat in diastole. Hearts were then weighed
and divided for further analysis. Blood samples were collected at time of death,
centrifuged (10,000 RPM, 5 min, 4°C) and the serum supernatant collected to analyze

adiponectin content.

Scanning electron microscopy.

Heart tissue was fixed in 2% EM grade gluteraldehyde in 0.1M sodium cacodylate
buffer pH 7.3 for 1 hour at room temperature, then stored in 0.1M sodium cacodylate
buffer, pH 7.3, 0.2M sucrose until further processing. Fixed samples were chemically
dehydrated in hexamethylsilazine, mounted on stubs and sputter-coated (Hummer

VI Au/Pd 40/60) and examined with a high-resolution scanning electron microscope
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(Hitachi S-520) at an accelerating voltage of 20kV equipped with a passive image

capture system (Hitachi, Quartz PCI Version 6)

Tissue histology.

Mid-ventricular cross-sections were fixed in 10% formalin solution for 1 hour then
stored in 70% ethanol at 4°C until further processing. Fixed heart tissues were

dehydrated to xylene and embedded in pure paraffin wax blocks.

Isolation, Culture and Adiponectin Treatment of Neonatal Rat Cardiac Fibroblasts

Neonatal cardiac fibroblasts (CFs) were isolated from 3 — 4 day old Wistar rats as
previously described [121]. CFs were used at first passage for myofibroblast
differentiation experiments, or passaged twice, grown to 100% confluence (or as
otherwise indicated below) and then starved with serum-free DMEM for at least 3

hours prior to treatment with recombinant full-length adiponectin (5.0 pg/ml).

Western Blot Analysis

Cell culture lysis and protein sample preparation was conducted according to methods
detailed by [305]. Heart tissue homogenate preparation is detailed [306]. Primary
anti-phospho-AMPKa (Thr172), anti-AMPKa, anti-APPL1, and anti-B-actin
antibodies were used at 1:1000 dilutions, and appropriate HRP-conjugated secondary

antibodies were used at 1:10,000 dilutions. Proteins were detected by
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chemiluminescence, quantified by densitometry using Scion Image software (Scion
Corp., Frederick, MD, USA) and then normalized to either B-actin or total AMPK

protein levels as appropriate.

RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated from cultured CFs using TRIzol® Reagent according to the
manufacturer’s instructions, and purified using the RNeasy MinElute Cleanup Kit to
attain an Aszeo/A2so ratio between 1.9 and 2.0. First-strand cDNA, synthesized from 1
pg RNA using the RT? First Strand kit, was used in a custom PCR array comprising
96-well plates pre-coated with primers listed in table 1. Quantitative real-time PCR
was conducted using a Chromo4™ Detection system (Bio-Rad Laboratories Canada
Ltd., Mississauga, ON, CA) according to cycling conditions outlined by the PCR array
manufacturer. Data were analysed using RT? Profiler PCR Array Data Analysis
software (Version 3.5; QIAGEN Inc.) and normalized to GAPDH mRNA expression.
Adiponectin  mRNA expression (forward: 5-GCAGAGATGGCACTCCTGGA-3’;
reverse: 5'-CCCTTCAGCTCCTGTCATTCC-3") was analyzed by quantitative real-
time PCR using DyNAmo HS SYBR® Green qPCR kit (Finnzymes, Woburn, MA) with
a Chromo4 Detection system and the following cycling conditions: Hot start: 95 °C for
15 minutes; 35 cycles of: 95 °C for 30 seconds, 65°C for 30 seconds, 72 °C for 30 seconds;

final extension: 72 °C for 10 minutes.
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Wound Scratch Migration Assay

Fibroblast migration in response to adiponectin treatment was assessed using the
wound scratch assay as described previously [108]. Fluorescent images were obtained
using an Olympus BX51 confocal microscope (Olympus, Seattle, WA, USA) with a 20
X objective, and fibroblast migration was assessed as the closure of the scratch wound

in arbitrary length units using Inkscape software (www.inkscape.org).

MMPZ2 Activity By Gelatin Zymography
Zymographic analysis of conditioned media from CFs grown in 6-well plates was
performed as described previously [108]. MMP2 activity was quantified by

densitometric analysis of degraded areas using Scion Image software (Scion Corp.).

Collagen Quantification and Imaging
Immunofluorescent imaging of intracellular and secreted collagen, and quantification
of collagen synthesis (3H-Proline incorporation), and secretion (pirosirius red

staining) was performed as described previously [108].

Statistical analysis

Data are expressed as mean values + SEM (n), where n represents the number of
experiments conducted. Student’s ¢ tests were used to determine significant
differences (P < 0.05) between groups. All statistical analyses were conducted using

SigmaStat 3.5 Software (Systat Software Inc., San Jose, CA, USA).
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2.4 Results

Progression of myocardial fibrosis

The collagen ECM was imaged in ventricular myocardial samples taken from
WT mice following MTAB or sham surgery. Scanning electron micrographs following
MTAB shows the increasing presence of small fibres from 3 days to 3 weeks, while
large collagen bundles are seen 3 and 4 weeks following MTAB surgery (Fig 2.1).
Detection of myofibroblasts through alpha-smooth muscle actin (a-SMA) staining was
increased in pressure overload heart sections starting 3 days following surgery (Fig

2.2).

Adiponectin deficiency delays the myocardial fibrotic response to pressure overload
AdKO mice exhibit an increased basal fibrosis observable through scanning
electron microscopy (Fig 2.4A), but not masson’s trichrome staining (Fig 2.3A). This
increased presence of Col IlI-like small fibres was associated with the increased
prevalence of myofibroblasts in the sham AdKO myocardium (Fig 2.3B). Pressure
overload failed to induce myocardial collagen accumulation in AdKO mice 2 weeks
following MTAB surgery (Fig 2.3A). Accordingly, expression of collagen III and IV,
MMPs and TIMPs were significantly downregulated in MTAB AdKO mice compared
to sham AdKO mice after 2 weeks of PO (Fig 2.5). However, after 4 weeks of PO,

myocardial collagen deposition (Fig 2.4A, 2.4B) and the fibrotic gene profile (Fig 2.5)
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in AdJKO mice was consistent with expected features of cardiac remodelling.
Percentage of genes up/down regulated are indicated in pie-charts (Fig 2.5). Pattern

of regulation between WT and AdKO is similar 4 weeks after MTAB surgery.

Pressure overload retains adiponectin in the myocardium and induces adiponectin
resistance

ELISA detection of adiponectin in circulation was unchanged in WT mice after
2 weeks, and slightly decreased after 4 weeks of PO when compared to respective
sham groups (Fig 2.6A). Myocardial adiponectin mRNA was significantly decreased
following 2 and 4 weeks of PO, while western blot analysis showed a significant
increase in adiponectin protein in myocardial samples after 4 weeks of PO (Fig 2.6B).
Expression of the adiponectin receptors (AdipoR1 and AdipoR2) and the adapter
protein APPL1 was significantly increased 3 days following MTAB surgery. After 4
weeks of pressure overload, AdipoR1, AdipoR2, APPL1 and APPL2 expression was

decreased (FIG 30).

Adiponectin induces collagen synthesis and secretion from isolated cardiac fibroblasts

Ad treatment significantly increased collagen synthesis (3H-Proline
incorporation) and secretion (picrosirius staining) from isolated neonatal cardiac
fibroblasts (NCFs) after 6 hours (Fig 2.7A), correlating with the increased detection

of intracellular collagen I and III following Ad treatment (Fig 2.7B). Immunostaining
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similarly showed increased accumulation of the collagen ECM assembled by cardiac
fibroblasts in vitro following Ad treatment (Fig 2.7D). Rotated 3-dimensional stacks
of collagen stained immunofluorescent images show the localization of the collagen I
matrix above NCFs, whereas collagen III appears as thick vertical fibres between
NCFs. Adiponectin also stimulated an increase in the active form of MMP2 detected

by zymographic analysis of cardiac fibroblast conditioned media (Fig 2.7C).

Adiponectin increases cardiac fibroblast migration and inhibits angiotensin I1
stimulated fibroblast to myofibroblast differentiation

Ad treatment significantly increased cardiac fibroblast migration as assessed through
the wound scratch assay (Fig 2.8B, C), while there was no change in fibroblast
proliferation (3H-Thymidine incorporation) following adiponectin treatment (Fig
2.8A). Fibroblast to myofibroblast differentiation, a principle event in the
development of cardiac fibrosis, was significantly increased by angiotensin II
treatment of isolated cardiac fibroblasts as assessed through increased expression of
a-smooth muscle actin (SMA) via western blot analysis and immunofluorescent
staining. Adiponectin pre-treatment significantly attenuated angiotensin II induced

fibroblast to myofibroblast differentiation (Fig 2.8 D, E).
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Figure 2.1: Cardiac fibrosis is temporally regulated following PO.

Representative scanning electron micrographs of isolated samples of WT mouse ventricles
3 days, 1, 2, 3, or 4 weeks following sham or MTAB surgery, shown at 5000X or 10000X.
Images shown are representative of 5 — 10 images of n = 4 to 6 mice per group
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Figure 2.2: Detection of myofibroblasts in the myocardium following PO.
Immunofluorescent staining of a-smooth muscle actin indicating myofibroblasts in
histological sections taken from WT mice 3 days, 1, 2, 3, or 4 weeks following sham or MTAB
surgery. Myofibroblast positive cells appear bright green. Images shown are representative
of 5— 10 images of n = 4 to 6 mice per group. Right side images have been digitally expanded
to show aSMA positive cells (white arrow heads).
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Figure 2.3: PO induces myocardial Ad retention and resistance.

(A) Analysis of serum adiponectin by ELISA. Serum was collected at time of euthanization
from AdKO or WT mice 2 or 4 weeks following sham or MTAB surgery. Values are
represented as mean of 4 to 6 mice per group + sem. (B) Western blot analysis of cardiac
homogenate samples from Ad KO or WT mice 2 or 4 weeks following sham or MTAB surgery,
quantified in the graph below alongside quantitative real-time PCR analysis of adiponectin
mRNA obtained from cardiac homogenates isolated from AdWT mice 2 or 4 weeks following
sham or MTAB surgery. (C) Quantiative real-time PCR analysis of AdipoR1, AdipoR2,
APPL1, and APPL2 mRNA obtained from cardiac homogenates isolated from WT mice 2 or
4 weeks following sham or MTAB surgery. Values are represented as average C(t) fold sham,
where sham is set to 1. Values are average of n = 3 to 5 mice per group + sem.
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Figure 2.4: Adiponectin deficiency is associated with increased basal fibrosis.
Representative scanning electron micrographs of isolated samples of Ad KO or WT mouse
ventricles 2 or 4 weeks following sham or MTAB surgery, shown at 2000X (A) or 5000X (B).
Images shown are representative of 5 — 10 images of n = 4 to 6 mice per group.
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Figure 2.5: Fibrosis and myofibroblast expression is delayed in AdJKO mice.

A) Masson’s trichrome staining of histological sections taken from AdKO or WT mice 2 or 4
weeks following sham or MTAB surgery. Cardiomyocytes are stained red, nuclei are stained
black, and collagen is stained blue. (B) Immunofluorescent a-smooth muscle actin staining
of myofibroblasts in histological sections taken from AdKO or WT mice 2 or 4 weeks
following sham or MTAB surgery. Cells with strong a-smooth muscle actin staining appear
bright green. Arrows indicate example positive cells. Images shown are representative of 5
— 10 images of n = 4 to 6 mice per group.
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Figure 2.6: Gene regulation of ECM markers following PO.

Analysis of collagen, MMP, and TIMP expression from Ad KO or WT mice 2 or 4 weeks
following MTAB surgery, represented as average C(t) value fold sham, where sham is set to
1. Values are average of n = 4 to 6 mice per group. * =p < 0.05
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Figure 2.7: Adiponectin Increases Collagen Synthesis and Secretion, and MMP2 activation
from Cardiac Fibroblasts.

(A) Intracellular pro-collagen synthesis was assessed by 3H-proline incorporation following
adiponectin treatment (5 pg/mL) for 6, 24, or 48 h. Data represent mean values + SEM from
n = 3 experiments using 3 wells per group for quantification. Total secreted collagen was
measured in fibroblast conditioned media following adiponectin treatment for 6, 24 or 48 h
by picrosirius red staining. Data represented as mean arbitrary units + SEM from n = 7
experiments. (B) Immunofluorescent images of intracellular collagen I (red) and collagen
III (green) synthesized in cardiac fibroblasts at 60x magnification. Cells were treated with
adiponectin for 6, 24 and 48 h. Representative images from n = 3 experiments are shown.
(C) MMP2 activation was analyzed by gelatin zymography in conditioned media collected
from 6, 24 and 48 h adiponectin treated (5 pg/mL) fibroblasts. A representative gel,
indicating inactive (~68 kDa) and active (~62 kDa) MMP2 isoforms, is also shown in (C).
MMP2 activity represents the MMP2 active/inactive ratio. Data represent mean values +
SEM from n = 3. (D) Immunofluorescent images of extracellular collagen I (green) and
collagen III (red) secreted from cardiac fibroblasts at 60x magnification. Cells were treated
with adiponectin for 3 days. Cell nuclei were also stained with DAPI (blue). Representative
images from n = 3 experiments are shown. Below, 3-dimensional stacks of Ad treated NCF's
immunostained for Col-I and Col-IIT were rotated to show relative vertical orientation of
nuclei (DAPI) and collagen (green). Arrow head indicates coverslip.
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Figure 2.8 Adiponectin increases fibroblast migration, and inhibits fibroblast to
myofibroblast differentiation

(A) Fibroblast proliferation was assessed by 3H-thymidine incorporation following 6 or 24
hours adiponectin treatment. Data represent mean values + SEM from n = 3 experiments.
(B) Quantification of cell migration, shown in (C), examined using the wound scratch
assay in adiponectin treated (5 pg/mL) cardiac fibroblasts Cell nuclei were stained with
DAPI and imaged using fluorescent microscopy under a 20x objective. Migration was
quantified as the reduction of the wound width. Data represent mean values £ SEM from
n = 3 experiments, using 7-10 images per group for quantification. *Significant difference
(p < 0.05) from untreated control. (D) Western blot analysis of cardiac fibroblast cell
lysates treated with adiponectin (5 ug/mL) and/or pre-treated with AngII as indicated. I
Immunofluorescent staining for aSMA in cardiac fibroblasts treated with adiponectin (5
ug/mL) and/or pre-treated with AngII as indicated.
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2.5 Discussion

In this study we sought to characterize the temporal progression of cardiac
fibrosis induced by pressure overload in the presence or absence of adiponectin. The
well characterized non-ischemic myocardial fibrotic response to pressure overload is
the robust increase in Col I/Col III ratio aimed to support the overloaded myocardium
and delay the progression towards decompensated heart failure. Whereas previous
studies have relied on masson’s trichrome staining or collagen mRNA as measures of
fibrosis, herein we add a visual temporal analysis of developing myocardial fibrosis
using scanning electron microscopy. Our characterization of the progression of
fibrosis in WT mice showed an acute increase in small-fibre fibrosis 3 days after
MTAB surgery, morphologically consistent with the increased deposition of Col III,
followed by the appearance of thick Col I fibres starting 2 weeks after MTAB surgery.
Accordingly, there is a significantly increased presence of myofibroblasts from 2 to 3
weeks following MTAB. The conspicuous absence of myofibroblasts 4 weeks after
MTAB may be a result of the previously characterized fibroblast apoptotic response
[258, 307], a known protective mechanism limiting adverse fibrosis.

MTAB surgery failed to induce myocardial collagen deposition or activation of
ECM regulatory genes in the AdKO myocardium, and instead we observed a
significant downregulation of MMPs and TIMPs. Indeed, while this may have led to
decreased collagen turnover in the heart (basal estimates are 9% per day [273]),

previous studies of MMP and TIMP knockout mice have shown these to be cardio-
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protective genetic deletions [253]. Suppression of MMP and TIMP expression was
alleviated following 4 weeks of PO in AdKO mice, corresponding with increased
myocardial fibrosis. In WT mice, Col I and III, and MMP2 were upregulated following
2 weeks of pressure overload, while at 4 weeks, gene expression of MMPs 8 and 9 were
enhanced. Changes in MMP expression and activity following acute or chronic
pressure overload has been noted previously [308], and is typically associated with
increased differentiation of myofibroblasts, and the overall progression of cardiac
remodelling.

The presence of a-SMA positive cells (a strong indicator of myofibroblasts) in
the myocardium is a common indicator of myocardial stress and decreased ventricular
compliance [250], while localization of differentiated myofibroblasts to the peri-infarct
area has been associated with decreased cardiac function following MI, as
myfibroblasts secrete high levels of MMPs and collagen as part of the innate cardiac
repair mechanism [272]. In this study we noted the presence of myofibroblasts in the
sham AdKO myocardium which may account for the increased presence of small fibre
fibrosis observed via SEM. Typically, immediate expansion of the ECM following PO
and MI is associated with adaptive remodelling, contributing to the preservation of
cardiac function. Here we observed that fibrosis following 4 weeks of MTAB was
reduced in AdKO mice compared to WT mice suggesting a delay in ECM remodelling
due to adiponectin deficiency. Accordingly, functional data comparing AdKO and WT
mice show that POH and cardiac dysfunction are delayed in AAKO mice subjected to

MTAB surgery (chapter 4: study 3). Taken together, we postulate that adiponectin
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deficiency permits the presence of myofibroblasts in the normal myocardium, thereby
inducing non-pathological small fibre cardiac fibrosis that confers short-term

protection of cardiac function following the induction of pressure overload.

To study adiponectin induced fibroblast activation, we treated isolated
neonatal cardiac fibroblasts with the potent inducer of myocardial fibrosis
angiotensin II (Angll). We found that adiponectin pre-treatment significantly
inhibited Angll induced fibroblast to myofibroblast differentiation. Certainly, further
study is needed to confirm that the presence myofibroblasts observed in the sham
AdKO myocardium is directly due to adiponectin deficiency, however, we now propose
that adiponectin deficiency permits Angll induced myofibroblast differentiation in the
AdKO heart leading to small fibre fibrosis, observed via SEM, and protection against
MTAB induced ECM expansion. Cross-talk between adiponectin and AnglI signalling
has been previously suggested as previous studies had shown that Angll could
induced PARP-1 activation, which in turn downregulates adiponectin mRNA
expression in cardiac fibroblasts, suggesting that adiponectin and Angll may share a
ying-yang relationship in the heart. Clearly, the adiponectin-Angll balance could
prove to be an important feature in the local production and actions of adiponectin
and Angll in the remodelling heart, especially with respect to the development of

fibrosis.
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We had previously demonstrated regulation of matrix metalloproteinase
activity in isolated neonatal cardiac fibroblasts by the metabolically potent globular
form of adiponectin (gAd) [108], chapter 3:study 2. Interestingly, we noted that while
gAd induced significant remodelling of the ECM produced in vitro through the
upregulation of MMP activity, gAd treatment did not alter collagen gene expression
or secretion [108]. In this study we show that recombinant full-length adiponectin,
which contains a biologically relevant mixture of all three adiponectin isoforms,
significantly induces collagen expression in vitro. An understanding of the ability of
the different isoforms of adiponectin to mediate either MMP activity or collagen
expression from cardiac fibroblasts may be an important factor in delineating
adiponectin’s role in cardiac remodelling especially since circulating adiponectin
levels are known to change with PO and correlate with different physiological

outcomes in metabolism and heart disease [112].

Circulating and myocardial transcript levels of adiponectin were reduced
following surgery while there was a significant increase in myocardial adiponectin
protein detected by western blot analysis, indicating the increased retention, and
bioavailability of adiponectin within the fibrotic myocardium [160]. This may be an
important mechanism serving to offset observed PO induced adiponectin resistance
(i.e. downregulation of AdipoRs and APPL1). The importance of adiponectin
accumulation and enhanced bioavailability at sites of cardiac injury [117, 135], as well

as the putative liberation of the potent gAd through inflammatory cell derived
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leukocyte elastase [80] adds to the complexity of local adiponectin action within the
heart. Together, these changes strongly suggest a dynamically changing profile of

adiponectin action in the remodelling heart.

Early studies using AdKO mice demonstrated the detrimental effects of
adiponectin deficiency on PO induced cardiac remodelling, including exacerbated
cardiac hypertrophy and fibrosis, as well as accelerated functional decline [116, 157,
158]. These studies are often cited as evidence of the cardioprotection of adiponectin
in light of the emerging complex clinical association of adiponectin with various states
of heart failure [133, 301, 302]. However, recent studies in AAKO mice following PO
by Stanley instead demonstrate the permissive role of adiponectin in the pathogenesis
of adverse remodelling events [161, 162]. The data presented in this chapter adds to
accumulating evidence that adiponectin may play a detrimental role in the
development of PO induced heart failure. While it remains clear from all studies that
adiponectin plays an important role in the response of the heart to PO, the simple
view of adiponectin as either cardioprotective or maladaptive must be refined with

further detailed analysis of the complex pathogenesis of heart disease.

In conclusion, our studies suggest that adiponectin deficiency delays the
progression of PO induced fibrosis. Small fibres in the AJKO myocardium that serve
to support the heart against hemodynamic load may be a result of Angll-induced

myofibroblast differentiation permitted by adiponectin deficiency. In WT mice,
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however, ECM expansion following PO may serve to retain adiponectin within the

myocardium to offset adiponectin resistance.
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3.1 Abstract

Defects in adiponectin action have been implicated in the development of
cardiac dysfunction in obesity and diabetes. Cardiac fibroblasts play an important
role in regulating extracellular matrix remodelling yet little is known regarding the
direct effects of adiponectin on cardiac fibroblasts. In this study, we first
demonstrated temporal relocalization of cellular APPL1 in response to adiponectin in
primary cardiac fibroblasts and that siRNA-mediated knockdown of APPL1
attenuated stimulation of AMPK by adiponectin. The cell surface content of MT1-
MMP and activation of MMP2 were induced by adiponectin and these responses were
dependent on AMPK signalling. Enhanced MMP activity facilitated increased
fibroblast migration in response to adiponectin which was also prevented by
inhibition of AMPK, with no change in cell proliferation observed. Collagen and
elastin immunofluorescence demonstrated reorganization of the extracellular matrix
in accordance with increased MMP activity, whereas quantitative mRNA
analysis,3H-proline incorporation and picrosirius red assays showed no change in
intracellular or extracellular total collagen levels in response to adiponectin. In
summary, these data are the first to report the adiponectin stimulated APPL1-AMPK
signalling axis in cardiac fibroblasts and characterize MT1-MMP translocation,
MMP2 activity and cell migration as functional outcomes. These effects may be of

significance in heart failure associated with obesity and diabetes.
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3.2 Introduction

The growing epidemic of obesity and diabetes has caused a disturbing and
rapid increase in the incidence of heart disease [128, 309]. Extensive studies have
indicated that altered circulating levels of adiponectin are associated with cardiac
remodelling and dysfunction in obesity and diabetes [128, 148]. The majority of
studies indicate a cardioprotective role of adiponectin which is mediated via
regulation of multiple myocardial remodelling events [148, 310]. The metabolic, anti-
hypertrophic and anti-apoptotic effects of adiponectin are well established and

adiponectin has also been shown to mediate anti-fibrotic effects [148, 303].

The cardiac extracellular matrix (ECM) is a highly structured interstitial
network of proteins composed mainly of collagens that surrounds the contractile
cardiomyocytes. Remodelling of the ECM is widely accepted to have broad
implications on cardiac function [250]. Fibrosis is commonly observed in various
models of heart disease in rodents and in human failing hearts [311, 312]. Cardiac
fibroblasts are the most prevalent cell type in the heart, and regulate ECM dynamics
through the expression and regulation of collagens, matrix metalloproteinases
(MMPs), and tissue inhibitors of MMPs (TIMPs) [249, 253]. Acute and chronic
stressors such as myocardial infarction and hypertension have been shown to induce
MMP expression and activity to degrade structural ECM proteins. After myocardial

infarction, cardiac fibroblasts migrate to the damaged area to participate in repair
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[304, 313]. This can initially aid contractile function but renewal of matrix with poorly
structured collagen increases myocardial stiffness and contributes to dysfunction. A
more detailed understanding of adiponectin's effects and mechanism of action on

cardiac fibroblasts is needed.

Many cardioprotective effects of adiponectin have been shown to be mediated
via AMPK [314] and recent work in skeletal muscle, cardiomyocytes, endothelial cells
and hepatocytes have shown APPL1, an adaptor protein containing an NH2-terminal
BAR (Bin/Amphiphysin/Rvs) domain, a PH (pleckstrin homology) domain, a COOH-
terminal PTB (phosphotyrosine-binding) domain, and a leucine zipper motif, plays an
essential role in activation of AMPK by adiponectin [54, 113, 315-319]. However,
adiponectin stimulated APPL1-AMPK signalling in cardiac fibroblasts, and the

functional consequences, have not yet been shown.

In the present study, we used primary rat cardiac fibroblasts to examine the
direct effects of adiponectin on MMP expression, localization and activities and cell
migration. Changes in collagen isoform expression and extracelluar collagen content
and structure were determined. We also investigated if adiponectin's effects were

mediated via AMPK and whether APPL1 was critical for AMPK activation.
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3.3 Materials and Methods

Materials

Recombinant globular adiponectin was produced in-house as previously detailed by
[121]. Dulbecco’s modified eagle’s medium (DMEM), trypsin, antibiotic/antimycotic
and fetal bovine serum (FBS) were obtained from Gibco Laboratories (Life
Technologies Inc., Burlington, ON, CA). All culture plates were BD Falcon™ brand
and purchased from BD Biosciences (Mississauga, ON, CA). The MF20 antibody was
a kind gift from Dr. J.C. McDermott (York University, Toronto, ON, CA) and von
Willebrand factor antibody was purchased from Affinity Biologicals Inc. (Ancaster,
ON, CA). Anti-phospho-AMPKa (Thr172), anti-AMPKa, anti-APPL1, anti-Bactin
primary antibodies and horseradish peroxidase (HRP)-conjugated secondary
antibodies were purchased from Cell Signalling Technology (New England Biolabs
Ltd., Whitby, ON, CA). The anti-collagen antibody was purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA) and the anti-elastin antibody was obtained
from Elastin Products Company, Inc. (Owenville, M), USA). Western Lightening Plus
ECL was obtained from PerkinElmer (Woodbridge, ON, CA). TRIzol® Reagent and
all siRNAs used in this study were purchased from Ambion Inc. (Life Technologies
Inc.), Lipofectamine® 2000 Transfection Reagent was obtained from Invitrogen (Life
Technologies Inc.), and Alexa Fluor® 488 goat anti-rabbit antibody was obtained from
Molecular Probes (Life Technologies Inc.). The FITC-labelled goat anti-mouse

antibody was obtained from Jackson ImmunoResearch Laboratories, Inc. (West
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Grove, PA, USA). The MT1-MMP (MMP-14) antibody was purchased from Acris
Antibodies Inc. (Cedarlane Labs, Burlington, ON, Canada). VECTASHIELD®
mounting medium with DAPI was obtained from Vector Laboratories (Burlington,
ON, Canada). RNeasy MinElute Cleanup and RT2 First Strand kits were purchased
from QIAGEN Inc. (Mississauga, ON, CA). 3H-proline and 3H-thymidine were
purchased from Amersham Biosciences (GE Healthcare Lifesciences, Baie d'Urfe, QC,
CA). Amicon Ultra-15 Centrifugal Filter Units and Compound C were obtained from
EMD Millipore (Billerica, MA, USA). The Pierce BCA Protein Assay kit was
purchased from Thermo Scientific (Fisher Canada, Nepean, ON, CA). The
SIGMAFAST OPD kit was purchased from Sigma-Aldrich (Oakville, ON, CA). The

custom PCR array for collagens was purchased from SABiosciences (QIAGEN Inc.).

Isolation, Culture and Adiponectin Treatment of Neonatal Rat Cardiac Fibroblasts

Neonatal cardiac fibroblasts (CFs) were isolated from 3 — 4 day old Wistar rats as
previously described [121]. Briefly, excised hearts were digested with 0.15% trypsin
for 1 hour at room temperature. Trypsin was then neutralized with DMEM containing
10% FBS, and digested cells were centrifuged (10 min at 2000 rpm), resuspended in
DMEM containing 10% FBS and 1% antibiotic/antimycotic and plated onto culture
plates. Following incubation at 37 °C for 1 hour in a 5% CO2 atmosphere,
cardiomyocytes remaining in suspension were removed, and attached fibroblasts were
replenished with complete growth medium described above. Cardiac fibroblast purity

was assessed through MF20 (cardiomyocyte) and von Willebrand factor (endothelial
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cell) staining [121] which showed less than 1% staining for non-fibroblast cells. CFs
were passaged twice, grown to 100% confluence (or as otherwise indicated below) and
then starved with serum-free DMEM for at least 3 hours prior to treatment with

recombinant globular adiponectin (1.0 pg/ml).

Western Blot Analysis

Cells lysis and protein sample preparation for Western blot was conducted according
to methods detailed by [305]. Primary anti-phospho-AMPKa (Thr172), anti-AMPKa,
anti-APPL1, and anti-B-actin antibodies were used at 1:1000 dilutions, and

appropriate HRP-conjugated secondary antibodies were used at 1:10,000 dilutions.

Proteins were detected by chemiluminescence, quantified by densitometry using
Scion Image software (Scion Corp., Frederick, MD, USA) and then normalized to

either B-actin or total AMPK protein levels as appropriate.

SIENA Transfection of Cardiac Fibroblasts

CFs were grown to 30 — 50% confluence in 12-well plates, and then transfected for
4-6 hours with 100 nM control or APPL1 siRNA using Lipofectamine® 2000
Transfection Reagent according to the manufacturer’s instructions. The APPL1
siRNA sequence is as follows: GCUUAGUUCUUGUCAUGCAtt. Adiponectin
treatment was commenced 48 hours post-transfection and APPL1 knockdown

efficiency was assessed by Western blot as detailed above (see Western Blot Analysis).
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RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated from cultured CFs using TRIzol® Reagent according to the
manufacturer’s instructions, and purified using the RNeasy MinElute Cleanup Kit to
attain an A260/A280 ratio between 1.9 and 2.0. First-strand cDNA, synthesized from
1 pg RNA using the RT2 First Strand kit, was used in a custom PCR array comprising
96well plates pre-coated with primers for collagens-I, -III and -IV. Quantitative real-
time PCR was conducted using a Chromo4™ Detection system (Bio-Rad Laboratories
Canada Ltd., Mississauga, ON, CA) according to cycling conditions outlined by the
PCR array manufacturer. Data were analysed using RT2 Profiler PCR Array Data
Analysis software (Version 3.5; QIAGEN Inc.) and normalized to GAPDH mRNA

expression.

Wound Scratch Migration Assay

Fibroblast migration in response to adiponectin treatment was assessed using the
wound scratch assay. Briefly, a sterile 200 pL pipette tip was used to scratch a vertical
line through CFs grown to confluence in 12-well plates. Scratched wells were then
thoroughly washed with PBS to remove unattached cells, starved overnight in
serumfree DMEM, and then pretreated for 1 hour with DMSO or 20 pM Compound C
before adiponectin treatment. Following the indicated adiponectin treatment times,
cells were fixed in 90% methanol for 30 min at -200C, however prior to fixation, 1 or
2 unscratched wells were also freshly scratched with a sterile 200 puL pipette tip to

serve as ‘fresh scratch’ controls. The cells were washed once more with PBS and then
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mounted using VECTASHIELD® mounting medium with DAPI. Fluorescent images
were obtained using an Olympus BX51 confocal microscope (Olympus, Seattle, WA,
USA) with a 20 x objective, and fibroblast migration was assessed as the closure of
the scratch wound in arbitrary length units using Inkscape software

(www.inkscape.org).

Detection of Cell Surface MT1-MMP

Cell surface MT1-MMP was quantified in intact CFs using an MT1-MMP antibody,
which recognizes an extracellular epitope, and the SIGMAFAST OPD kit as
previously described [81]. Briefly, adiponectin-treated cells were washed with PBS
and fixed on ice for 3 min with 3% paraformaldehyde (PFA). The cells were then
washed and incubated for 10 min with 1% glycine to neutralize the PFA, blocked for
30 min in 5% goat serum, incubated on ice for 1 hour with MT1-MMP antibody (1:500
dilution in blocking buffer) and then incubated for 1 hour at 4°C with HRP-linked
anti-mouse antibody (1:1000). Cells were then washed with PBS, incubated for 30 min
at room temperature with OPD reagent (0.8mL/well), following which 200 nL of 3M
HCI was added to stop the reaction. An absorbance reading was taken for 1 mL of

each sample at 492nm using a spectrophotometer.

MMPZ2 Activity By Gelatin Zymography

Media was collected from CFs grown in 6-well plates and concentrated using Amicon

Ultra-15 Centrifugal Filter Units following adiponectin treatment at indicated times.

-91-



The protein content of the resulting concentrated conditioned media was determined
using the Pierce BCA Protein Assay kit, and then equal amounts of protein from
media (25 ng) were resolved by SDS-PAGE on a 10% polyacrylamide gel containing
0.3% gelatin. The gel was washed for 1 hour in a solution of 2.5% Triton X-100, briefly
rinsed with deionized water, and then incubated for 18 hours at 37 °C in 1M Tris—
HC1 (pH 7.6) containing 100mM CaCl2 to activate MMP gelatin degradation. MMP
activity was stopped using a 10 min wash in 1M Tris—HC] (pH 7.6) containing 100mM
EDTA. Gels were then fixed and stained in a solution containing 50% methanol, 10%
acetic acid and 0.25% Coomassie Blue R-250. Areas of gelatin degradation, which
were correlated with known molecular weights of MMP2 isoforms, indicated MMP
activation. MMP2 activity was quantified by densitometric analysis of degraded areas

using Scion Image software (Scion Corp.).

Immunofluorescent Imaging of Endogenous APPL1 and MTI1-MMP, and Secreted

Collagen and Elastin

CFs were seeded onto 25 mm coverslips. For APPL1 and MT1-MMP imaging, CFs
were grown to 30 - 50% confluence in DMEM containing 10% FBS before adiponectin
treatment. For collagen imaging, CFs were initially grown as above for one day, and
then cultured for 3 days in DMEM containing 10% goat serum prior to adiponectin
treatment. For elastin imaging, CFs were cultured as described above for collagen
imaging, however cells were grown in DMEM containing 10% FBS. Following

adiponectin treatment at indicated times, cells cultured for APPL1, MT1-MMP and
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collagen I imaging were gently washed with PBS, fixed with 3% PFA for 30 min at
room temperature, and then incubated with 1% glycine for 10 min at room
temperature to quench PFA. Alternatively, cells cultured for elastin imaging were
fixed for 30 min with 90% methanol at -200C. After fixation, the cells were then
blocked at room temperature in either 5% goat serum for 1 h for APPL1 and MT1-
MMP imaging, 1% horse serum for 30 min for collagen imaging or 1% goat serum for
30 min for elastin imaging, followed by incubation at room temperature with rabbit
anti-APPL1 (1:1000 dilution in respective blocking buffer), mouse anti-MT1-MMP
(1:200), rabbit anti-collagen I (1:100) or rabbit anti-elastin (1:100) antibody for 1 hour.
Cells were then incubated at room temperature with AlexaFluor 488 goat anti-rabbit
(1:1000) or FITC-labelled goat antimouse (1:1000) secondary antibody respectively for
1 hour, followed by a final wash with PBS, and mounting on glass microscope slides
using VECTASHIELD® mounting medium with DAPI. Immunofluorescent images
were obtained using an Olympus BX51 confocal microscope (Olympus, Seattle, WA,

USA) with 20x and 60x objectives.

3H-Proline and 3H-Thymidine Incorporation Assays

Pro-collagen synthesis and fibroblast proliferation was assessed by measurement of
cellular 3H-proline and 3Hthymidine uptake respectively as previously outlined
[320]. Briefly, CFs were treated with or without adiponectin in the presence of 3H-
proline or 3H-thymidine (1 pCi/mL final concentration) for the indicated times. At the

end of each treatment period, cells were incubated for 30 min with ice-cold 5%
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trichloroacetic acid (TCA) at 4°C. The resulting acid precipitate was then solubilized
overnight in 0.5 ml of 0.5 N NaOH at 37°C and neutralized with 0.5 ml 0.5 N HCI per
well. The radioactivity of each sample was measured in a liquid scintillation counter

and corrected for total protein content using the Pierce BCA Protein Assay kit.

Picrosirius Red Detection of Secreted Collagen

CF conditioned media was collected and concentrated following adiponectin
treatment, and subsequent protein content was determined as described above (see
MMP2 Activity By Gelatin Zymography). Equal amounts of concentrated media ( 60
png) was then dried at 370C in wells of a 96-well plate. To stain collagen, 0.1%
picrosirius red solution was added to dried wells for 1 hour at room temperature.
Wells were then washed with 10 mM HCI, and the stain was eluted with 0.1 M NaOH
for 5 minutes. Eluate absorbance was read at 540nm using a spectrophotometer, and

the collagen content of each eluate was quantified based on a collagen standard curve.

Statistical analysis

Data are expressed as mean values + SEM (n), where n represents the number of
experiments conducted. Student’s t tests were used to determine significant
differences (P < 0.05) between groups. All statistical analyses were conducted using

SigmaStat 3.5 Software (Systat Software Inc., San Jose, CA, USA).
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3.4 Results

Activation of AMPK by adiponectin was APPL1 dependent

Immunofluorescent imaging of APPL1 localization in CF's revealed a diffuse
cytosolic localization under unstimulated conditions (Fig. 3.1A). Adiponectin
treatment induced an initial (10 and 15 min) redistribution of APPL1 to the cell
membrane where it is likely to directly bind with adiponectin receptors. Changes in
APPL1 were clearly time-dependent with nuclear and peri-nuclear localization of
APPL1 evident after 30 min (Fig. 3.1A). We next used siRNA to knockdown APPL1
expression (Fig. 3.1B, top) and showed that adiponectin stimulated AMPK
phosphorylation was significantly inhibited after APPL1 knockdown (Fig. 3.1B&C).
siRNA transfection achieved ~65% APPL1 knockdown as determined by Western blot
(data not shown). Of note, we observed a slight increase in basal AMPK
phosphorylation after APPL1 knockdown, with no changes in total AMPK expression
(Fig. 3.1B).

Adiponectin stimulated MTI1-MMP translocation to the cell surface and MMP2
activation, and these effects were mediated via AMPK

To characterize the effects of adiponectin on MMPs in CF's, we first examined
cell surface localization of MT1MMP. This was achieved by antibody-based detection
of an exofacial epitope in intact cells and quantitative analysis of cell surface MT1-
MMP showed over 2-fold increased levels following adiponectin treatment (Fig.

3.2A&B). This observation was supported by qualitative immunofluorescent data
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(Fig. 3.2C). To examine mechanisms of this response, we first studied the
consequences of reducing APPL1 expression using siRNA and demonstrated that the
adiponectin response was significantly blunted (Fig. 3.2A). In addition, after
pretreatment of cells with Compound C to inhibit AMPK the adiponectin-stimulated
translocation of MT1-MMP to the cell surface was also significantly attenuated (Fig.
3.2B). Zymographic analysis of CF conditioned media demonstrated an increase in
MMP2 activation by adiponectin treatment, which was significantly attenuated by

pretreatment with Compound C (Fig. 3.2C).

Adiponectin induced cardiac fibroblast migration via AMPK signalling

We performed the wound-scratch assay to measure the effects of adiponectin
on CF migration. Adiponectin significantly increased CF migration after 40, 60 and
120 min of treatment (Fig. 3.3A&B). Adiponectin had no significant effect on cell
proliferation measured via 3H-thymidine incorporation (Fig. 3.3C). Compound C
significantly attenuated adiponectin-stimulated CF migration (Fig. 3.3A&B). There
was no significant difference in cell migration between DMSO only, Compound C only,

or ‘fresh scratch’ wells (data not shown).

Adiponectin does not alter collagen synthesis and secretion but induces collagen and
elastin remodelling

Under basal conditions, CFs secrete and assemble a collagen I matrix with a
wispy and homogenous appearance (Fig. 3.4A). In keeping with the enhanced MMP

activity, degradation of this collagen matrix was observed after 1 and 3 hours of
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adiponectin treatment (Fig. 3.4A). Interestingly, a restored collagen matrix was
observed 24 hours after adiponectin treatment. This newly formed matrix appeared
more heterogeneous with larger collagen fibril aggregates, giving a thickened and
patchy appearance (Fig. 3.4A). Examination of intracellular pro-collagen synthesis by
3H-proline incorporation (Fig. 3.4B) and total secreted collagen in CF conditioned
media measured by picrosirius red staining (Fig. 3.4C) showed no change in response
to adiponectin treatment. Using quantitative PCR analysis we also found that
expression of collagen-I, -III and -IV isoforms were not altered by adiponectin (Fig.
3.4D). The CF elastin matrix also appeared to be similarly degraded upon adiponectin

treatment (Fig. 3.4E).
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Figure 3.1: Activation of AMPK by adiponectin is APPL1 dependent
(A) Immunofluorescent images of APPL1 (green) in cardiac fibroblasts stimulated with

adiponectin (1 pg/mL) for 10, 15 and 30 min. Cell nuclei were also stained with DAPI (blue).
Representative images of n = 3 experiments are shown. Open arrows indicate membrane
localization. Closed arrow indicates peri-nuclear localization. (B) APPL1 or non-specific
control siRNA transfected cardiac fibroblasts were treated with adiponectin for 5, 10 and 15
min, and immunoblotted for phospho-AMPK, total AMPK, and APPL1 to verify knockdown
efficiency. Representative Western blots are shown from n = 3 experiments. (C) Phospho-
AMPK was quantified and normalized to total AMPK. Data represent mean values + SEM
from n = 3 experiments. *Significant difference (p < 0.05) from control. *Significant
difference (p < 0.05) from adiponectin treatment group at corresponding time point.
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Figure 3.2: Adiponectin stimulates MT1-MMP translocation to the cell surface and MMP2

activation via AMPK
Cell surface MT1-MMP was examined by OPD assay in cardiac fibroblasts that were treated

with adiponectin (1 pg/mL) at indicated time points and following (A) knockdown of APPL1
using siRNA versus scrambled control or (B) 1 hour pre-treatment with either vehicle
(DMSO) or 20 uM Compound C. Data represent mean values + SEM from n = 3. (C)
Representative immunofluorescent images from n = 3 experiments are shown of MT1-MMP
(green) localization in adiponectin treated cardiac fibroblasts. Cell nuclei were also stained
with DAPI (blue). Open arrow indicates MT1-MMP membrane localization. Top images
were taken using a 60X objective, and bottom images were digitally enhanced 2X to achieve
120X magnification. (D) MMP2 activation was analyzed by gelatin zymography in
conditioned media collected from 1, 2 and 4 hours adiponectin treated fibroblasts that were
pre-treated for 1 hour with either DMSO or 20 pM Compound C. A representative gel,
indicating inactive (~68 kDa) and active (~62 kDa) MMP2 isoforms, is also shown in (C).
MMP2 activity represents the MMP2 active/inactive ratio. Data represent mean values +
SEM from n = 3 experiments. *Significant difference (p < 0.05) from control. ~Significant
difference (p < 0.05) from adiponectin treatment group at corresponding time point.
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Figure 3.3: Adiponectin induced cardiac fibroblast migration via AMPK signalling.
(A) Cell migration was examined using the wound scratch assay in adiponectin treated (1

pg/mL) cardiac fibroblasts following 1 hour pre-treatment with either DMSO or 20 pM
Compound C. Cell nuclei were stained with DAPI and imaged using fluorescent microscopy
under a 20x objective. Colours were digitally inversed so that cell nuclei are shown as black
against a white background. Cell migration was quantified in (B) as the reduction of the
wound width, as denoted by the solid lines in (A). Data represent mean values + SEM from
n = 3 experiments, using 7-10 images per group for quantification. (C) Fibroblast
proliferation was assessed by 3H-thymidine incorporation following 6 or 24 hours
adiponectin treatment. Data represent mean values £+ SEM from n = 3 experiments.
*Significant difference (p < 0.05) from untreated control. ~Significant difference (p < 0.05)
from adiponectin treatment group at corresponding time point.
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Figure 3.4: Adiponectin does not alter collagen synthesis and secretion but induces collagen
and elastin remodelling.
(A) Immunofluorescent images of extracellular collagen I (green) secreted from cardiac

fibroblasts at 20x and 60x magnification. Cells were treated with adiponectin (1 pg/mL) for
1, 3 and 24 hours. Cell nuclei were also stained with DAPI (blue). Representative images
from n = 3 experiments are shown. (B) Intracellular pro-collagen synthesis was assessed by
3H-proline incorporation following adiponectin treatment for 6, 24, or 48 hours. Data
represent mean values = SEM from n = 3 experiments using 3 wells per group for
quantification. (C) Total secreted collagen was measured in fibroblast conditioned media
following adiponectin treatment for 6, 24 or 48 hours by picrosirius red staining. Data
represented as mean arbitrary units + SEM from n = 7 experiments. (D) Collagen-I, -I1II and
-IV mRNA expression was examined in cardiac fibroblasts following 24 hours adiponectin
treatment by quantitative real-time PCR. Transcript expression was normalized with
GAPDH mRNA abundance. Data represent mean values + SEM from n = 3. (E)
Immunofluorescent images of extracellular elastin (green) secreted from cardiac fibroblasts
at 60x magnification. Cells were treated with adiponectin for 3 days. Cell nuclei were also
stained with DAPI (blue). Representative images from n = 3 experiments are shown.
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Figure 3.5: Schematic diagram representing the main mechanisms of adiponectin induced
APPL1-AMPK signalling, MT1-MMP translocation, MMP2 activation , and cell migration
The schematic figure depicts an integrative summary of the data presented in this

manuscript. (1) adiponectin binding to its receptor, (2) binding of APPL1 to AdipoR and (3)
subsequent activation of AMPK (4) MMP isoforms are translocated to the cell membrane
(MT1MMP) or secreted (MMP2) and (5) the inactive MMP zymogen which is secreted can
be activated by MT1-MMP on the cell surface and facilitate cell migration. Abbreviations
shown are for globular adiponectin (gAd) and adiponectin receptor (AdipoR).
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3.5 Discussion

In this study, we present evidence for a role of adiponectin-stimulated APPL1-
AMPK signalling in MMP activation and cell migration in cardiac fibroblasts. The
precise role of adiponectin in heart failure is not fully established, however the
majority of studies suggest that adiponectin mediates cardioprotective effects and
that lack of adiponectin in obesity and diabetes leads to heart failure [148, 310]. This
1s strongly supported by studies in adiponectin knockout mice. For example, pressure
overload or ischemia/reperfusion induced fibrosis was exaggerated in these mice
lacking adiponectin [116, 321]. Furthermore, angiotensin-II induced fibrosis and
MMP activity was exaggerated in Ad-KO mice and the enhanced fibrosis in
adiponectin knockout mouse studies could be corrected by replenishment of
adiponectin [116, 175, 176, 321]. However, little is known regarding direct effects of
adiponectin on cardiac fibroblasts. The main function of cardiac fibroblasts is the
maintenance of ECM homeostasis to maintain structural integrity and therefore
retain optimal heart function [250, 254, 304, 313]. This involves the synthesis and
secretion of structural proteins, such as collagen I which accounts for 80-85% of

myocardial collagen expression, and MMPs which degrade structural proteins.

In this study we first examined the effect of adiponectin on principal MMP
isoforms. MT1-MMP is a membrane type MMP and is translocated to the cell surface
by various stimuli [322, 323]. In this location, MT1-MMP can mediate proteolysis of

matrix components but, perhaps most importantly, it is an important activator of
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other MMP isoforms which are secreted from cells as inactive zymogens [324]. Indeed,
cleavage of MMP2 to its active form can be mediated via MT1-MMP and the
coordination of MT1IMMP and MMP2 activities in various cell types plays an
important role in cell migration [325, 326]. In keeping with these dogma we show here
that in cardiac fibroblasts adiponectin increased cell surface MT1-MMP levels and
also increased MMP2 activity in extracellular media. Furthermore, we observed that
adiponectin could enhance cell migration via a mechanism that is likely to be at least
partly dependent on MT1IMMP and MMP2 mediated effects. Taken together, the
ability of adiponectin to coordinate MT1-MMP and MMP2 activities is likely to
contribute to the cardioprotective role of this hormone via promoting fibroblast
migration to areas of damaged tissue and promoting degradation of existing matrix,

established as an initially favourable response to cardiac injury [299, 304].

Primary cardiac fibroblasts in culture form an extracellular matrix which can
be visualized with appropriate imaging approaches. We used immunofluorescent
detection to show collagen-I degradation occurred after treatment of cells with
adiponectin. We also noted reassembly of the collagen matrix upon prolonged culture,
yet the organization of this reformed matrix appeared more disorganized and fibrous
in nature, which may be analogous to adverse cardiac remodelling [327, 328]. Since
there was no change in total collagen synthesis or secreted collagen levels with or
without adiponectin treatment, we conclude that degraded collagen is replaced by

continuous basal secretion of collagen by cardiac fibroblasts as total MMP activity
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subsides. Deficiencies in cardiac elastin have been reported to be involved in various
forms of heart failure [299, 329] and overexpression of elastin by gene therapy
prevented cardiac dilation [330]. In cardiac fibroblast cultures, we found that
enhanced MMP activity in response to adiponectin correlated with elastin
degradation although the functional significance of this response would require

further investigation.

We studied the mechanisms of adiponectin action in cardiac fibroblasts and
have provided evidence for activation of APPL1-AMPK signalling which leads to the
ECM related changes described above. The siRNA mediated reduction in APPL1 we
achieved in our experiments was not complete, yet it was functionally significant. This
may reflect the importance of the balance between APPL1 and APPL2 levels since
these isoforms exhibit a yin-yang relationship [120] and the expression of APPL2 is
likely to significantly override the remaining APPL1 expression. Many of
adiponectin’s effects in various cell types have now been shown to be mediated via
APPL1 with AMPK as a downstream target [113, 314, 316, 317, 319], yet this is the
first demonstration of such a mechanism in cardiac fibroblasts. One previous study in
fibroblasts showed that adiponectin induced the expression of interleukin-6 (IL-6)
which involved ERK1/2, AMPK and p38 MAPK signalling but that this was not
mediated via APPL1 [331]. Other adiponectin signalling targets such as p38 MAPK
and ERK1/2 in regulation of MMPs and matrix components in cardiac fibroblasts have

yet to be studied.
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The effects of adiponectin described here may be mediated via endocrine
responses to adipose-derived adiponectin [112]. The presence of a local adiponectin
system within the heart has been proposed [88] and suggests that fibroblast or
cardiomyocyte derived adiponectin may participate in the maintenance of the cardiac
ECM and normal heart function through autocrine and paracrine actions [112]. The
concept of the heart producing a range of cardiokines has recently become established
[332] and the contribution of effects mediated by locally produced versus circulating

adipopnectin on cardiac remodelling is worthy of further investigation.

In summary, the data we have presented here establishes that adiponectin
signals via APPL1-mediated activation of AMPK to mediate important changes in
MMP isoform localization and activity. Subsequently, cell migration is enhanced and
structural ECM components are degraded. Study of these events in cardiac fibroblasts
further develops our understanding of the diverse functions of adiponectin in the

heart and may enhance our appreciation of adiponectins role in heart failure.
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CHAPTER 4: STUDY 3
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4.1 Abstract

Cardiomyocyte hypertrophy in response to pressure overload (POH) is associated with
increased heart mass, activation of the myocyte enhancer factor-2 (MEF2) family, and
initiation of the fetal gene program indicated by atrial natriuretic factor (ANF)
upregulation. The anti-inflammatory, anti-diabetic adipokine adiponectin has been
implicated as a regulator of POH induced cardiac remodelling although little is known
of adiponectin activated MEF2 and ANF activity. In this study we characterize POH
related MEF2 activity in wild-type (WT) and adiponectin knockout (AdKO) mice
subjected transverse aortic banding (MTAB). Cardiac hypertrophy was initiated in
WT mice 1 week following MTAB surgery. Accordingly, cardiomyocyte diameter,
heart weight, ANF mRNA expression, and MEF2 binding activity were significantly
increased by MTAB surgery in WT mice. Conversely, MTAB induced hypertrophic
changes in Ad-KO mice appear 4 weeks following surgery. ANF mRNA expression
was not increased, and MEF2 binding activity was decreased in AAKO MTAB animals
compared to sham. Furthermore, treatment of isolated cardiomyocytes with

recombinant adiponectin significantly induced MEF2 and ANF reporter activity.

Our data suggests adiponectin targeted MEF2 and ANF activity in the myocardium

may regulate cardiac hypertrophy in response to pressure overload.
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4.2 Introduction

Hypertrophic changes to the myocardium in response to pressure overload
(PO) are characterized by increased cardiomyocyte diameter, left ventricular (LV)
posterior wall thickness, and overall heart weight. Pressure overload hypertrophy
(POH) is also associated with activation of the fetal gene program, indicated by the
upregulation of atrial natriuretic factor (ANF), as well as increased activity of the pro-

hyertrophic myocyte enhancer factor-2 (MEF2) family [218, 333].

Numerous studies have identified the adipocyte derived adipokine adiponectin
as a major player in cases of chronic heart failure [148], and recently a study using
minimally invasive transverse aortic banding (MTAB) surgery to induce chronic
pressure overload implicated adiponectin as playing a permissive role in the
development of hypertrophy [162]. Indeed, although adiponectin is known to activate
p38 signalling [129], a well characterized inducer of MEF2 activation [224], little is
known about adiponectin activation of MEF2 activity in the heart with respect to

POH.

In this study we characterize the progression of cardiac hypertrophy in wild-
type (WT) and adiponectin knockout (AdKO) mice following MTAB surgery, and show
differential MEF2 activation in overloaded wild-type and adiponectin deficient
hearts. We also examine POH induced changes of atrogin-1 and MuRF-1, two well
characterized anti-hypertrophic genes [334], and lastly look at adiponectin stimulated

MEF2 and ANF activity in cardiomyocytes.
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4.3 Materials & Methods

Materials

Recombinant full-length adiponectin was produced in-house as previously detailed by
[121]. Dulbecco’s modified eagle’s medium (DMEM), trypsin, antibiotic/antimycotic
and fetal bovine serum (FBS) were obtained from Gibco Laboratories (Life
Technologies Inc., Burlington, ON, CA). All culture plates were BD Falcon™ brand
and purchased from BD Biosciences (Mississauga, ON, CA). TRIzol® Reagent was
purchased from Ambion Inc. and Wheat Germ Agglutin, Alexa Fluor 488 Conjugate
was purchased from Molecular Probes (Life Technologies Inc.). Hematoxylin Gill No.
2 stain and Eosin-Y stain were purchased from Sigma-Aldrich (Oakville, ON, CA).
RNeasy MinElute Cleanup and RT2 First Strand kits were purchased from QIAGEN
Inc. (Mississauga, ON, CA). LOOK silk black braided non-absorbable 6-0 USP sutures
were purchased from Harvard Apparatus (Holliston, MA, USA), titanium ligation
clips and microclip ligating appliers used for MTAB were purchased from Teleflex

Medical (NC, USA).

FExperimental Animals.

Wild-type C57BL/6 male mice were purchased from Charles River Laboratories

(Montreal, QC, Canada). AdKO (C57BL/6 background) and MEF2 lacZ transgenic
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(CD-1 background) mice were routinely bred and genotyped in-house. Compound
transgenics were bred by crossing MEF2 lacZ mice with adiponectin homozygous null
mice to subsequently create MEF2 lac Z/ Adipo -/- MEF2 LacZ/AdKO). Experimental
animals were housed in a temperature controlled environment under 12h light- 12h
dark conditions, and were fed ad-libitum. Animal facilities meet Canadian Council on
Animal Care guidelines and all protocols used were approved by the York University

Animal Care Committee.

Aortic Banding Surgery:.

Under general anesthesia (i.p. xylazine: 0.15 mg/g; ketamine: 0.03 mg/g), hair from
the chest was removed and the surgical area disinfected with betadine. A skin incision
was made along the midline from the neck to the rib cage and the chest cavity was
opened. The rib cage and thymus were retracted to expose the trasverse aorta. A 27g
needle is used to calibrate a microclip applicator. A titanium microligation clip is
applied between the origins of the innominate and left common carotid arteries,
constricting the transverse aorta to the gauge of the needle. The rib cage, muscles,
and skin are closed with a 6-0 USP non-absorbable silk suture. The animals are then
administered s.c. 0.03 pg/mg Buprenorphine and allowed to recover on a heating pad
until fully awake. Sham surgeries are performed as above except the microligation is
not applied to the transverse aorta. All mice were monitored after the procedure for

normal behaviour.
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FEchocardiography:.

All mice were subjected to transthoracic echocardiographic analysis to measure heart
function 2 or 4 weeks following aortic banding or sham surgery. Cardiac function and
heart morphology were evaluated using echocardiography (Vevo 2100, VisualSonics).
The animals were sedated using 3% isoflurane and maintained with 1~2% isoflurane.
The parasternal long axis view (B-mode, M-mode) was obtained and measurements
of cardiac structure and function were determined as described previously [335]. The
individuals performing echocardiographic analysis of heart function were blinded to

surgical group and genotype.

Tissue collection and histology.

Following echocardiography, mice were weighed and euthanized using cervical
dislocation. Hearts were excised and quickly perfused with 30mM KCI to induce
diastolic arrest. Hearts were then weighed and divided for further analysis. . Mid-
ventricular cross-sections of freshly dissected heart tissue were fixed in 10% formalin
solution for 1 hour then stored in 70% ethanol at 40C until further processing. Fixed

heart tissues were dehydrated to xylene and embedded in pure paraffin wax blocks.

Scanning electron microscopy. Freshly dissected heart tissue was fixed in 2% EM
grade gluteraldehyde in 0.1M sodium cacodylate buffer pH 7.3 for 1 hour at room

temperature, then stored in 0.1M sodium cacodylate buffer, pH 7.3, 0.2M sucrose until
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further processing. Fixed samples were dehydrated in a graded ethanol series (30-
100%) then two steps of hexamethyldisilazane. Coverslips were then mounted, gold
sputter coated (Hummer VI Au/Pd 40/60), and imaged using a Hitachi S-520 scanning
electron microscope. Images were captured using a passive image capture system

(Hitachi, Quartz PCI Version 6).

Gene analysis.

Tissue was frozen then crushed in liquid nitrogen and homogenized in TRIZOL.
mRNA was extracted following manufacturer’s specifications then processed using
the QIAGEN RNeasy clean up kit to attain high purity (260/280 > 1.9, 260/280
between 1.8 to 2.0). Atrogin-1 (Forward: CTTTCAACAGACTGGACTTCTCGA;
Reverse: CAGCTCCAACAGCCTTACTACGT), MuRF-1 (Forward:
TGTCTGGAGGTCGTTTCCG; Reverse: TGCCGGTCCATGATCACTT), ANF
(Forward: GGCTCCGAGGGCCAGCGAGCAGAGCCCCTCA; Reverse:
CGTGCCCCGACCCACGCCAGCATGGGTCO), and GAPDH (Forward:
TTGCCATCAACGACCCCTTC; Reverse: TTGTCATGGATGACCTTGGC) were
analyzed through real-time PCR using the following cycling conditions: 95°C/15 min,
followed by 35 cycles of [95°C/30 sec, 55°C/30 sec, 72°C/30 sec], then 72°C/10 min. Melt
curve analysis was used to ensure primer specificity. Average ACt values were

adjusted by GAPDH then used to calculate fold/sham ratio.
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MEF2 binding activity.

MEF2 activity was analyzed in vivo and in vitro as described previously [336].

Statistics.

Statistical analysis was performed using the Student’s t-test and two-way ANOVA
followed by Tukey’s Multiple-Comparison Test. Data are expressed as mean + SE

where p > 0.05 was considered statistically significant

4.4 Results

Four weeks of transverse aortic constriction led to an increase in apparent
heart size and a significant increase in p38 phosphorylation in MTAB hearts when
compared to sham hearts (Fig 4.1A). Similarly, heart weight to body weight ratio was
significantly increased 1 week following MTAB (Fig 4.1B). Wheat germ agglutinin
staining in paraffin embedded myocardial cross-sections indicated a significant
increase in cardiomyocyte cross sectional area 3 days after MTAB (Fig 4.2A,B). Trans-
thoracic echocardiography 2 and 4 weeks following surgery to assess cardiac
performance showed a small but non-significant increase in left ventricular end

systolic diameter (LVESD) and left ventricular posterior wall thickness (LVPWD),
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while there was no apparent change in left ventricular end diastolic diameter
(LVEDD). Fractional shortening (FS) was significantly decreased in WT mice after 2
and 4 weeks of PO (Fig 4.3). These functional changes were delayed in AAKO mice to

4 weeks following MTAB surgery.

Accordingly, in contrast to WT mice, AAKO mice do not display an increase in heart
weight or cardiomyocyte cross sectional area 2 weeks after MTAB, but instead show
a similar level of cardiac hypertrophy when compared to WT mice following 4 weeks
of pressure overload (Fig 4.4A,B). Cardiomyocyte linearity was impaired in WT mice

following MTAB (Fig 4.4C).

To investigate the role of MEF2 binding following pressure overload, MEF2-lacZ mice
were crossbred with WT and AdKO mice. MEF2 activity, shown through ex-vivo x-gal
staining of heart crossections was increased in WT mice following MTAB surgery.
MEF2 binding was noticeably absent in AAJKO MTAB mice despite a slight increase
in MEF2 binding in AdJKO sham vs WT sham mice (Fig 4.5A). PCR analysis of mRNA
levels in heart homogenates showed the significant upregulation of ANF in WT MTAB
hearts (fold sham), while MuRF-1 mRNA was downregulated in both AdKO and WT
animals, and Atrogin-1 was significantly decreased in AAKO mice while increased in
WT mice. ANF mRNA was significantly downregulated in AJKO animals after 4
weeks of MTAB (Fig 4.5B, C). Adiponectin treatment was found to significantly
increase MEF2 and ANF binding activity in isolated neonatal cardiomyocytes (Fig

4.5D).
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Figure 4.1: MTAB increases heart weight and p38 phosphorylation.

A) Representative whole heart images taken immediately following euthanization after 4
weeks of sham or MTAB surgery. Below is representative western blot analysis of total and
phosphorylated p38 following 4 weeks of sham or MTAB surgery. n = 4 to 6 mice per group.
B) Total wet heart weight adjusted for body weight at time of euthanization (mg/g)
quantified in mice euthanized 3 days, 1, 2, 3, and 4 weeks following sham or MTAB surgery.

n = 4 to 6 mice per group =+ SEM. * = p < 0.05.

- 116 -



A 400 - « B
N T
£ * *
3300— * - .
< T
n T ©
© o™
o
£ 200 -
O
o
>
£
© 100 -
°
(T
o Y
0 T T T T 1 g
Sham + - + - + - + - + - &

MTAB - + - + - + - + - +
3d 1wk 2wk 3wk 4wk

2 wk

3 wk

4 wk

- - g ~" . Y

Figure 4.2: Cardiomyocyte cross-sectional area after MTAB.

A) Cardiomyocyte cross-sectional area from WT mice 3 days, 1, 2, 3, or 4 weeks following
MTAB surgery. n = 4 to 6 mice per group £ SEM. * = p < 0.05. B) Representative
immunofluorescent wheat-germ aggluttin staining of myocardial histological cross-sections
taken from WT mice following sham or MTAB surgery.
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Figure 4.3: Echocardiographic analysis of AAKO and WT mice.

Echocardiographic analysis of cardiac structure (LVEDD: left ventricular end diastolic
diameter; LVESD: left ventricular end systolic diameter) and cardiac function (FS:
Fractional shortening; LVPWD: left ventricular posterior wall dimension) of AAKO and WT
mice 2 or 4 weeks following sham or MTAB surgery. Values are average of n = 4 to 7 mice
per group + sem. ¥ = p < 0.05 vs respective sham.
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Figure 4.4: Cardiac hypertrophy is delayed in adiponectin deficient mice.
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(A) Longitudinal sections of LV stained with H&E. (B) Immunofluorescent wheat germ
agglutin staining for cardiomyocyte membrane in LV cross-sections. 5 — 10 images of n =4
to 6 mice per group. Cardiac hypertrophy assessed through heart weight (HW) to tibial
Length (TL) ratio (C), and LV posterior wall dimension (D) in sham or MTAB animals after

2 and 4 weeks of PO.
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Figure 4.5: MEF2 activity is increased in WT mice following MTAB

(A) Representative longitudinal or crossectional scans of the myocardium following B-gal
staining, indicating areas of MEF2 activity. (B). Heat map of quantified ANF, atrogin-1, and
MuRF-1 mRNA isolated 2 or 4 weeks following surgery. Data is represented as relative
change in mRNA, associated with change in colour. Values were calculated as C(t), adjusted
with GAPDH, fold sham over MTAB. (C) Relative MEF2 and ANF binding activity using
MEF2-luciferase and ANF-luciferase reporter assays n > 3. * = p < 0.05 vs control.
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4.5 Discussion

Early MTAB studies using AAJKO mice clearly demonstrated that adiponectin
deficiency exacerbated cardiac fibrosis and hypertrophy in the progression of POH
[116, 156]. However, recent studies have indicated that adiponectin may play a
permissive role in cardiac hypertrophy, and that adiponectin deficient mice may be
protected from PO [161, 162]. In the data presented here, we show that WT mice
develop LVH faster than AdKO mice. We also show that MEF2 activity is upregulated
in WT hearts following MTAB, but is also upregulated in AdKO sham animals. Lastly
we demonstrate that adiponectin treatment induces MEF2 and ANF activity in

cardiomyocytes.

Our previous data indicated that adiponectin deficiency may delay the onset
of cardiac fibrosis (see chapter 2: study 1). The data presented here suggests that
cardiac hypertrophy in AdKO mice is similarly delayed following MTAB surgery. Of
note, we may conclude that the surgical technique performed in the study was
successful since WT mice subjected to MTAB surgery exhibited common features of
cardiac hypertrophy: increased posterior wall thickness, cardiomyocyte hypertrophy,
and increased heart weight. Furthermore, the individuals performing
echocardiographic analysis of heart function were blinded to surgical group and
genotype as much as possible. The observed changes to cardiac performance in WT
mice (decreased fractional shortening, increased LV ESD) were stable from 2 to 4

weeks following surgery indicating mild PO and the lack of progressive decline.
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Conversely, MTAB failed to induce functional change or hypertrophic remodelling in
AdKO mice until 4 weeks after surgery indicating that, as was noted previously, the
progression of remodelling following the induction of pressure overload is altered in

the absence of adiponectin.

Our data aligns with recent findings regarding the permissive role of
adiponectin in the pathogenesis of POH. While the discrepancies between these
studies and the first data published using this model may be explained by differences
in mouse diet and the gut micro-biota, variation in knockout models from different in-
bred colonies, or simply subtle differences in animal facilities and surgical technique,
we sought to elucidate the transcriptional activity targeted by adiponectin in POH as
a means to understand the specific mechanisms targeted by adiponectin following

MTAB.

MEF?2 is a family of transcription factors known to play a potent hypertrophic
role in the pathogenesis of heart failure and is strongly associated with the fetal gene
program (see section 1.4.2).We crossbred AdKO mice with MEF2 reporter mice and
subjected them to MTAB surgery. MEF2 activity was significantly increased in
hypertrophic WT hearts and downregulated in AdKO mice following MTAB surgery.
Accordingly, we found that adiponectin significantly increased MEF2 and ANF

activity in isolated neonatal rat cardiomyocytes.

Taken together, these data implicate adiponectin as a mediator of

hypertrophic changes to the myocardium following MTAB surgery through MEF2 and

- 122 -



ANF activation. It is important to note however that, while cardiac hypertrophy is a
negative clinical indicator of heart disease, hypertrophic remodelling is in fact an
adaptive mechanism upregulated in order to compensate the overloaded LV against
increased systolic wall stress (see section 1.4.1). Indeed, our mice failed to show a
progressive decline in cardiac function potentially indicating that while the AdKO
mice experienced a delay in the onset of hypertrophy, WT cardiac function was

maintained in the adaptive phase of remodelling.

Indeed, O’Shea et al. showed that 6 weeks of PO induces cardiac hypertrophy
in both AAKO and WT mice although the pattern of remodelling was different between
the two strains. WT mice were shown to exhibit signs of dilated cardiomyopathy,
while AdKO mice presented with the more protective concentric hypertrophic

phenotype [162].

We also note that MEF2 activity was significantly increased in AAKO sham
animals. This data correlates with our findings in chapter 2: study 1 that AAKO sham
animals exhibit a subtle increase in small fibre fibrosis. However, we found no
functional differences between sham AdKO and WT mice. From this we speculate
upon the existence of a compensatory mechanism upregulated in AdKO mice linking

fibrosis and MEF2 activity in the basal state that may confer protection against PO.

From our data and those of other groups, it is clear that adiponectin is a cardio-
important adipokine, but the exact role of adiponectin in the progression of heart

failure remains controversial. Here we have presented novel findings that adiponectin
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can activate MEF2 and ANF, two common markers of the fetal gene program.
Whether or not this plays a vital role in the actions of adiponectin in heart failure

requires further study.
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5.1 Abstract

Clinical unloading of the left ventricle through either aortic valve replacement or
implantation of a left ventricular assist device (LVAD) has revealed the regressive
capacity of the hypertrophic heart to regain normal cardiac function. This has been
mimicked in mouse aortic constriction models of pressure overload (PO) hypertrophy
using debanding surgery to unload the LV, initiating the regression of cardiac
remodelling. The importance of the extracellular matrix (ECM) and changes which
occur upon PO induced compensatory LV remodelling is well understood, although
the consequences of debanding on ECM structure and LV function remains to be
elucidated. In this study, we used minimally invasive transverse aortic banding (AB)
in C57BL/6 mice and performed temporal analysis of cardiac remodelling up to 4
weeks and then 2 weeks after debanding. Echocardiography showed that PO-induced
changes at 4 weeks were consistent with compensatory concentric hypertrophy
(increased LV mass and LVPWD; normal EF and FS), and were reversed upon LV
unloading. Speckle tracking analysis indicated a significant increase in LV
endocardial radial strain in AB hearts which was restored to normal following
debanding. Scanning electron microscopy revealed that thick collagenous fibres
observed after 4 weeks of PO were lost following debanding. However, the ECM
retained an expansive and disorganized network of thin fibres. Gene array analysis
showed that AB and debanding induced opposing trends on mRNA expression of

MMP, TIMP, and collagen isoforms. Taken together, our data show that LV unloading

- 126 -



leads to normalization of LV function, hypertrophy and, gross fibrosis. However, the
structure of the debanded ECM may have implications concerning the heart’s

response to future myocardial stress.
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5.2 Introduction

Pressure overload induces pathological long term remodelling of the left
ventricle with changes in hypertrophy and fibrosis and a concomitant decline in
cardiac function [337]. However, it is well known that an initial compensatory
remodelling also occurs, which serves to preserve ventricular function. Beta-blockers,
ACE inhibitors and angiotensin II receptor antagonists (ARBs) have been successful
in delaying the progression to maladaptive remodelling. Congestive heart failure
(CHF) patients have benefitted from aggressive surgical techniques such as valve
replacement and left ventricular assist device (LVAD) implantation, both of which
directly alleviate pressure overload (PO) of the left ventricle [233, 234]. Indeed,
accumulating clinical and experimental evidence has demonstrated the restoration of
cardiac function and regression of left ventricular remodelling following unloading of

the left ventricle, a process now commonly termed reverse remodelling [235, 236].

Left ventricular overload in mouse models using aortic constriction leads to
features commonly observed in compensatory concentric hypertrophy: left ventricular
hypertrophy (LVH), and increased posterior wall thickness (LVPWD). LV unloading
through removal of the constricting aortic band (debanding), results in reverse
remodelling of the left ventricle, restoration of normal cardiac function [237-239],
activation of a unique gene expression profile [240] and increased autophagic flux
[242], as long as debanding is performed before the heart enters decompensated

failure [241]. Debanding was also shown to differentially regulate the expression of
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collagen isoforms in the heart [239, 247], but considering the global impact of cardiac
fibrosis in altering ventricular geometry, inducing diastolic dysfunction, and
disrupting electrical synchronicity [253, 283, 307], a clearer structural picture of the
3-dimensional architecture of collagen networks in the debanded myocardium is

needed.

There is a strong association between obesity, heart failure, and circulating
levels of the adiponkine adiponectin [148]. Recently, a study in CHF patients showed
a significant decrease in adiponectin levels, and also in the principle adiponectin
signalling target AMPK. Upon LVAD implantation, AMPK activation and

adiponectin levels were restored [338].

In this study, we aimed to image the collagen extracellular matrix following
unloading of the left ventricle, and compare LV strain between overloaded and
debanded animals. We also characterized changes in cardiac adiponectin sensitivity
before and after aortic debanding. Unloading of the LV undergoing compensatory
remodelling resulted in the loss of myofibroblasts within the myocardium. This
correlated with different trends of MMP, TIMP and Col expression between the
banding and respective sham group. Thick fibre fibrosis and LV strain were also
significantly attenuated following debanding. However, the morphology of the post-
banded ECM suggests incomplete collagen regression and a fibrous structure

typically associated with poor clinical outcome.
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5.3 Materials and Methods

Materials

Anti-phospho-AMPKa (Thr172), anti-AMPKa, anti-APPL1, anti-B-actin primary
antibodies and horseradish peroxidase (HRP)-conjugated secondary antibodies were
purchased from Cell Signalling Technology (New England Biolabs Ltd., Whitby, ON,
CA). Western Lightening Plus ECL was obtained from PerkinElmer (Woodbridge,
ON, CA). TRIzol® Reagent was purchased from Ambion Inc. (Life Technologies Inc.),
and Alexa Fluor® 488 goat anti-rabbit antibody was obtained from Molecular Probes
(Life Technologies Inc.). The FITC-labelled goat anti-mouse antibody was obtained
from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA).
VECTASHIELD® mounting medium with DAPI was obtained from Vector
Laboratories (Burlington, ON, Canada).RNeasy MinElute Cleanup and RT? First
Strand kits were purchased from QIAGEN Inc. (Mississauga, ON, CA). 3H-proline was
purchased from Amersham Biosciences (GE Healthcare Lifesciences, Baie d'Urfe, QC,
CA). The Pierce BCA Protein Assay kit was purchased from Thermo Scientific (Fisher
Canada, Nepean, ON, CA). The custom fibrosis PCR array was purchased from

SABiosciences (QIAGEN Inc.).

FExperimental animals
Male C57BL6 (WT) mice (Charles River Laboratories, St. Constant, QC), 6 — 8 weeks

of age were randomly allocated to treatment groups. Animal facilities met the
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guidelines of the Canadian Council on Animal Care, and the protocols were approved
by the Animal Care Committee of York University. Animals were acclimated a
minimum of 5 days to a standard housing environment: temperature and humidity-
controlled rooms (21+2°C,35-40%), with a daily 12:12h light-dark cycle (lights on at

0700) with access to regular chow diet ad libitum.

Minimally Invasive Transverse Aortic Banding and Debanding

Under general anesthesia (IP Xylazine 0.15mg/g; Ketamine 0.03mg/g), the mouse is
kept in a supine position and the fur on the ventral surface removed with a depilatory
cream, and the surface sterilized with betadine. A medial cranio-caudal incision is
made through the skin from the neck to the bottom of the rib cage, and the neck
muscles, fat, and thyroid are retracted to expose the trachea down to the suprasternal
notch. An incision is made through the suprasternal notch 2-3 mm down the rib cage.
The transverse aorta is visualized under low magnification between the innominate
and left common carotid arteries. A titanium micro-ligation clip is applied across the
transverse aorta using banding calipers calibrated to the width of a 26g needle. The
sham surgery is performed as outlined above without the placement of the ligation
clip. Upon completion of the procedure, the rib cage and skin are closed with silk
suture, and the mice injected with Buprenorphine (s.c. 0.05 mg/kg) and placed face
down on a warming pad until they awake.

The debanding procedure was performed as above but titanium band was removed in

debanded animals and not removed in sham-debanded animals.
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Tissue collection.

Mice were weighed and euthanized using cervical dislocation. Hearts were excised
and perfused briefly with KCl to arrest the heat in diastole. Hearts were then weighed

and divided for further analysis.

Scanning electron microscopy.

Freshly dissected heart tissue was fixed in 2% EM grade gluteraldehyde in 0.1M
sodium cacodylate buffer pH 7.3 for 1 hour at room temperature, then stored in 0.1M
sodium cacodylate buffer, pH 7.3, 0.2M sucrose until further processing. Fixed
samples were dehydrated in a graded ethanol series (30-100%) then two steps of
hexamethyldisilazane. Dried samples were attached to coverslips were then mounted,
gold sputter coated (Hummer VI Au/Pd 40/60), and imaged using a Hitachi S-520
scanning electron microscope. Images were captured using a passive image capture

system (Hitachi, Quartz PCI Version 6).

Tissue histology.

Mid-ventricular cross-sections were fixed in 10% formalin solution for 1 hour then
stored in 70% ethanol at 4°C until further processing. Fixed heart tissues were

dehydrated to xylene and embedded in pure paraffin wax blocks.
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Western Blot Analysis

Cell culture lysis and protein sample preparation was conducted according to methods
detailed by [305]. Heart tissue homogenate preparation is detailed [306]. Primary
anti-phospho-AMPKa (Thr172), anti-AMPKa, anti-APPL1, anti-AdipoR1, anti-
AdipoR2, and anti-B-actin antibodies were used at 1:1000 dilutions, and appropriate
HRP-conjugated secondary antibodies were used at 1:10,000 dilutions. Proteins were
detected by chemiluminescence, quantified by densitometry using Scion Image
software (Scion Corp., Frederick, MD, USA) and then normalized to either B-actin or

total AMPK protein levels as appropriate.

RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated from cultured CFs using TRIzol® Reagent according to the
manufacturer’s instructions, and purified using the RNeasy MinElute Cleanup Kit to
attain an Azeo/Azso ratio between 1.9 and 2.0. First-strand cDNA, synthesized from 1
pg RNA using the RT? First Strand kit, was used in a custom PCR array comprising
96-well plates pre-coated with primers listed in table 1. Quantitative real-time PCR
was conducted using a Chromo4™ Detection system (Bio-Rad Laboratories Canada
Ltd., Mississauga, ON, CA) according to cycling conditions outlined by the PCR array
manufacturer. Data were analysed using RT? Profiler PCR Array Data Analysis
software (Version 3.5; QIAGEN Inc.) and normalized to GAPDH mRNA expression.

Adiponectin, AdipoR1, AdipoR2, APPL1, APPL2, GAPDH mRNA expression
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(primers, Tm listed in table 2) were analyzed by quantitative real-time PCR using
DyNAmo HS SYBR® Green qPCR kit (Finnzymes, Woburn, MA) with a Chromo4
Detection system and the following cycling conditions: Hot start: 95 °C for 15 minutes;
35 cycles of: 95 °C for 30 seconds, anneling temp (table 2) for 30 seconds, 72 °C for 30

seconds; final extension: 72 °C for 10 minutes.

Statistics

Data are expressed as mean values + SEM (n), where n represents the number of
experiments conducted. Student’s ¢ tests were used to determine significant
differences (P < 0.05) between groups. All statistical analyses were conducted using

SigmaStat 3.5 Software (Systat Software Inc., San Jose, CA, USA).

5.4 Results

Blood flow dynamics are impaired by AB and restored by debanding

To validate the AB and debanding surgeries we studied blood flow dynamics
of the transverse aorta as measured from the origin of the innominate artery using
pulse-wave (Fig 5.1A top row) and colour Doppler (Fig 5.1A bottom row)
echocardiography. Banding of the transverse aorta between the innominate and left
carotid arteries (Fig 5.1A) significantly reduced aortic peak gradient (TAPG) and peak
velocity (TAPV) by 40% and 20%, respectively, throughout 4 weeks of PO (Fig

5.1B&C). TAPG and TAPV were restored 1 week following debanding surgery, and
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resulted in significantly higher values compared to sham 2 weeks after debanding

(Fig 5.1B&0).

Reverse remodelling of compensatory hypertrophy is induced by aortic debanding

Common characteristics of pressure overload induced cardiac hypertrophy
(increased total heart weight (HW), left ventricular mass (LV mass) and left
ventricular posterior wall thickness (LVPWd)), are indicators of progressive cardiac
remodelling initiated as a compensatory response to maintain cardiac function. AB
surgery significantly increased HW to body weight ratio after 4 weeks (Fig 5.2A), LV
mass after 1 and 2 weeks (Fig 5.2B), and LVPWd after 2, 3 and 4 weeks (Fig 5.20).
Measures of cardiac function, including ejection fraction, fractional shortening and
cardiac output remained unchanged after up to 4 weeks of PO, and followed by 1 or 2
weeks of debanding (Table 4.1). Changes to HW, LVPWD, and LV mass were

ameliorated following debanding surgery (Fig 5.2A,B&C).

LV strain 1s increased by PO

Speckle tracking analysis of segmental LV strain shows an increase in radial
(Fig 5.3a), but not longitudinal (Fig 5.3b), strain following PO. This change was
ameliorated by debanding surgery. Segemental radial strain analysis (time-to-peak)

shows regionalized difference in mid- anterior vs posterior wall strain. After 4 weeks
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of PO, there was a significant delay in time-to-peak radial strain in the anterior mid-
ventricular endocardial wall (121 ms) as compared to the posterior mid-ventricular
endocardial wall (35 ms). This difference was reduced after debanding (43 ms and 73
ms respectively) (Fig 5.3c). Sequential analysis of individual sham and AB mice shows
an increase in radial strain rate between 3 and 4 weeks after MTAB surgery. Strain

rate is attenuated following unbanding (Fig 5.3d).

Structural and molecular analysis of cardiac fibrosis after AB and debanding

Initial analysis of 3-dimensional collagen architecture by scanning electron
microscopy demonstrated increased collagen deposition after 4 weeks of PO compared
to sham and that this was greatly reduced in debanded animals (Fig 5.4a). However,
using a cell maceration technique to remove non-fibrous myocardial tissue, the
absence of thick fibres, and disorganization of thin fibres in the debanded cardiac
ECM is apparent (Fig 5.4b). Molecular analysis of collagen, MMP and TIMP isoform
mRNA expression revealed a distinct fibrotic profile between banded and debanded
animals. Collagens 3al and 4al, as well as TIMPs 2 and 3 were preferentially
upregulated in MTAB animals, while MMPs 8, 9, and 13 were upregulated after
debanding (Fig 5.5). Collagen 4al levels decreased slightly after PO and were not
altered by debanding, however MMPs 2, 8, 9, 13 and 14 were all reduced only after

PO (Fig 5.5). The increased presence of a-smooth muscle actin (aSMA) positive cells,
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indicative of myofibroblasts (white arrows), after PO suggests a phenotype of more

myofibroblasts, a trend which was lost in debanded animals (Fig 5.6).

Adiponectin sensitivity and pressure overload

MTAB induced a slight reduction in AdipoR1 and APPL1 gene and protein
expression, while AdipoR2 expression was significantly attenuated compared against
the sham myocardium. There was no detectable difference in gene expression of the
adiponectin receptors or APPL1 between debanded and sham-debanded mice.
Western blot analysis showed a decrease in AdipoR2 and APPL1 protein in MTAB
animals compared to sham animals, while no difference was noted between debanded
and sham-debanded mice. AMPK and p38 phosphorylation was decreased in MTAB

animals.
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Figure 5.1: Transverse Aorta Blood Flow Dynamics in Banded and Debanded Mice

(A) Transthoracic echocardiographic imaging shows placement of transverse aortic band (*)
between inomminate and subclavian arteries (top left) results in impaired blood flow as
shown through colour Doppler imaging (lower left). Debanded transverse aorta displays no
residual narrowing of vessel (top right), and normal blood flow (lower right). Representative
images of n = 7 animals per group. Red colour indicates blood moving to top of image; Blue
colour indicates blood moving to bottom of image. (B) Pulse-wave dopper quantification of
transverse aorta peak velocity (TAPV) and transverse aorta peak gradient (TAPG) of sham
(white), banded (black), and debanded (striped) animals. n > 4 per group; * = p < 0.05 vs
Sham. # = p < 0.05 vs band.

-138 -



A B -

6 =
120 4
I
= 4 A 8 90 A
@
E 2
60 1
T 2 4 B
30 4
0 T 0
MTAB - MTAB
Debanding N/A - + Debanding
Time
C 1 A D Sham Sham Debanded
0.875 4
et
E 0.75 4
=
0.625 -
0.5 T T T T T T
Preband 1Wk 2 Wk 3 Wk 4Wk 1 Wk 2 Wk
MTAB Deband
——k— Sham-Debanded =<O-=Sham
= - Debanded —— MTAB

Figure 5.2: MTAB induced pressure overload hypertrophy is attenuated following
debanding

(A) Gross wet heart weight of sham (white), banded (black), and debanded (striped) animals
immediately following euthanization and brief cardiac perfusion with KCl. (B) Left
ventricular posterior wall thickness (LVPWD) measured through long axis m-mode
echocardiography in prebanded (grey), sham (white), banded (black), and debanded (striped)
mice. (C) Corrected Left ventricular mass (LV Mass) measured through long axis m-mode
echocardiography in sham (white), banded (black), and debanded (striped) mice. (D)
Representative picrosirius red stained transverse sections of sham, banded, sham-
debanded, and debanded hearts. All quantification: n > 4 per group; * = p < 0.05.
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Table 5.1: Echocardiographic assessment of cardiac function

2 Wk 4 Wk 1 Wk DB 2 Wk DB

[Parameter Surgery: Sham MTAB Sham MTAB Sham-Debanded| Debanded [Sham-Debanded| Debanded

Heart Rate BPM 457 +/- 39 434 +/- 17 425 +/- 12 447 +/- 11 429 +/- 23 453 +/- 9 452 +/- 13 434 +/- 8

[Diameter;s mm 2.99 +/- 0.05 2.93 +/- 0.15 3.06 +/- 0.2 2.93 +/- 0.1 2.91 +/- 0.18 2.91 +/- 0.19 3.14 +/- 0.15 3.04 +/- 0.23
[Diameter;d mm 4.21 +/- 0.02 4.04 +/- 0.13 4.23 +/- 0.17 4.07 +/- 0.09 4.28 +/- 0.1 4.18 +/- 0.15 4.33 +/- 0.09 4.26 +/- 0.18
[Volume;s ulL 34.77 +/- 1.38 34.79 +/- 4.25 37.29 +/- 5.77 33.83 +/- 3.03 34 +/- 5.21 34.22 +/- 5.27 39.83 +/- 4.45 38.86 +/- 6.71
[Volume;d ulL 78.91 +/- 1.06 73.08 +/- 5.35 80.38 +/- 7.5 73.58 +/- 3.82 82.68 +/- 4.75 78.77 +/- 6.51 84.71 +/- 4.16 82.93 +/- 8.18
Stroke Volume ulL 44.13 +/- 2.44 38.28 +/- 1.79 43.1 +/- 2.92 39.75 +/- 1.46 48.68 +/- 2.79 44.56 +/- 1.7 44.88 +/- 1.49 44.07 +/- 3.04
Ejection Fraction % 55.96 +/- 2.36 54.21 +/- 2.68 54.11 +/- 3.52 54.67 +/- 1.85 59.98 +/- 4.34 58.35 +/- 3.3 53.68 +/- 3.16 55.64 +/- 4.34
Fractional Shortening (% 28.95 +/- 1.57 27.93 +/- 1.66 27.83 +/-2.17 | 28.13 +/-1.14 32.28 +/- 2.99 30.82 +/- 2.2 27.74 +/- 1.99 29.32 +/- 2.88
Cardiac Output mL/min 20.09 +/- 0.75 16.5 +/- 0.88 18.3 +/- 0.96 17.76 +/- 0.83 20.77 +/- 1.29 20.15 +/- 0.61 20.3 +/- 0.95 18.96 +/- 1.17
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Figure 5.3: Left ventricular strain analysis

(A) Average radial strain of whole left ventricle from long axis m-mode echocardiography in
sham (white), banded (black), and debanded (striped) mice. (B) Average longitudinal strain
of whole left ventricle from long axis m-mode echocardiography in sham (white), banded
(black), and debanded (striped) mice. (C) Time-to-peak analysis (longitudinal strain) from
long axis m-mode echocardiography from mouse 10 after 4 weeks of banding (above), and 2
weeks following debanding (below). Increased time-to-peak is represented as heat map.
Anterior wall is towards top of image, posterior wall is towards bottom of image. (D) Average
radial strain rate of whole left ventricle from long axis m-mode echocardiography from
individual mice (mouse ID indicated in brackets) for study duration.
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Figure 5.4: Debanding induces reverse remodelling of the ECM

(A) Representative scanning electron micrographs of ventricle samples obtained from 4 wk
sham, 4 wk MTAB and 2 wk debanded animals. Thick collagen fibres may be seen in
abundance in the MTAB images. (B) Representative scanning electron micrographs of
ventricle samples obtained from 4 wk sham, 4 wk MTAB and 2 wk debanded animals. Non-
fibrous tissue was digested and washed out of samples after fixation as described in
materials and methods section. Thick collagen fibres may be seen in abundance in MTAB
images. Thin fibres appear more numerous and disorganized in Debanded images compared
against Sham.
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Figure 5.5: Expression of fibrosis markers

PCR array analysis of Collagen, TIMP, and MMP mRNA isolated from Sham, MTAB, Sham-
Debanded, and Debanded mice. Each axis corresponds to fold-change of header gene
compared to respective sham. MTAB values (solid line) represented as fold C(t) vs. sham;
Debanding values (green) represented as fold C(t) vs. sham-debanding (red).
Downregulation shown as values < 1.0. n > 4 per group.
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Figure 5.6: Myofibroblasts expression is lost following debanding

Representative immunofluorescent images of transverse ventricular sections obtained from
4 wk MTAB, 2 wk Sham-Debanded, and 2 wk debanded animals. Increased a-smooth muscle
actin (@SMA) staining can be seen in MTAB and Sham-Debanded images. Little aSMA
staining is seen in Debanded images.
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Figure 5.7: Adiponectin signalling
Middle graphs: Quantitative PCR analysis of AdipoR1, AdipoR2, and APPL1 are shown as
fold MTAB over Sham (black bars), or fold Deband over Sham-Deband (striped bars). n > 4.
* = p < 0.05 vs sham. # = p < 0.05 vs sham-deband. Western blot analysis of AdipoR1,
AdipoR2, APPL1, phospho-p38, and phospho-AMPK with relevant loading control shown

below.
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5.4 Discussion

Cardiac remodelling was classically viewed as a linear progression of
geometric changes to the left ventricle concomitant with the development of fibrosis
following a myocardial infarction, ultimately ending in heart failure. In fact, there is
now accumulating evidence with respect to non-ischemic heart disease that the
remodelled heart may undergo a reversal of maladaptive changes resulting in
normalized cardiac function. Here we have presented evidence indicating that
features of reverse remodelling extend to the structure of the extracellular matrix,
highlighting the dynamic capabilities of the myocardium in actively regulating pro-

and anti-fibrotic pathways to define the myocyte support structure.

After 4 weeks of banding, blood flow dynamics of the transverse aorta were
significantly impaired while LV mass and LVPWD were increased without changes
to EF or FS. These data are consistent with PO induced compensatory cardiac
remodelling involving concentric hypertrophy. In this background, debanding
resulted in supra-normal blood flow across the transverse aorta and initiated
regression of hypertrophic changes of the left ventricle. The decoupling of aortic blood
flow and LV geometry may represent a transient phenomenon as myocyte contractile
force exceeds hemodynamic load, implying a pressure ‘underload’ condition in which
the contractile capacity of the left ventricle exceeds its pressure and volumetric
demands. The maintenance of cardiac function through both overload and underload

highlights the dynamic, compensatory abilities of the heart, but also masks the
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underlying changes to cardiac structure, especially with respect to the extracellular

matrix, which may have long term consequences to cardiac function.

The initiation of cardiac fibrosis in PO serves a different function from the
fibrotic response in MI. The increased deposition of collagen in a heart undergoing
compensatory concentric hypertrophy establishes a stress-tolerant collagen scaffold
to enhance systolic force generation, prevent diastolic over filling, and protect against
myocyte slippage. As a result, the expanded ECM serves in a highly supportive role
in PO stress, a distinct contrast to the necessarily final, reparative role an infarct scar
plays in MI to replace lost myocytes and maintain LV structural integrity [250, 307].
Our previous temporal analysis of MTAB induced fibrosis using scanning electron
microscopy (chapter 2) showed the increased presence of ECM small fibres after 1
week, followed by the appearance of thick, disorganized fibres after 4 weeks of
pressure overload, characteristic of established models of cardiac fibrosis. We found
the upregulation of pro-fibrotic processes following MTAB was a sharp contrast to the
lesser degree of fibrosis associated with LV unloading, implying the activation of anti-
fibrotic pathways following debanding and may be a reflection of increased MMP gene
expression. A finer analysis of the collagen ECM structure between our surgical
groups using a cell-maceration technique to remove all non-fibrous material reveals
a collagen network following debanding lacking the thick collagen strands commonly
associated with cardiac fibrosis, but instead containing more (in apparent number)

highly disorganized thin collagen fibres than the normal myocardium. There may be
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negative electrophysiological consequences to this pattern of enhanced fibrosis as
exacerbated cardiac fibrosis has been shown to disrupt cardiomyocyte electrical
coupling, leaving the myocardium vulnerable to impaired signalling (e.g.
arrhythmias) [283]. The pattern of expanded fibrosis in debanded mice correlates with
previous findings in patients following LVAD implantation [339], and increased
fibrosis in non-ischemic cardiac disease (e.g. aortic stenosis) is associated with

increased risk of death due to cardiac failure [202, 244, 245].

Aortic debanding has been associated with an increase in LC3-II, an indicator
of autophagic flux [242]. Since hypertrophy of individual cardiomyocytes plays a
principle role in the hypertrophic response to pressure overload, correlating changes
in autophagy and atrophy with changes in overall cardiomyocyte cross-sectional area
in our model of banding and debanding is a necessary and pending addition to this

study.

The association of adiponectin, the metabolically active adipokine, with
various stages of heart disease is now well established [148] although the direct
relationship between circulating adiponectin levels and prospective patient outcome
remain elusive [38]. Indeed, the picture of a local adiponectin system, regulated
independently from adipocyte derived adiponectin, is emerging as expression of
adiponectin from cardiomyocytes has been shown both in vitro [85, 340, 341] and in
congestive heart failure patients [88], and previously we demonstrated adiponectin

mediated regulation of the ECM through stimulation of cardiac fibroblasts [108].
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However, when considering adiponectin as a therapeutic for heart failure, recent
evidence that adiponectin sensitivity may be impaired by Angiotensin II signalling
[182], the status of adiponectin sensitivity in non-ischemic cardiomyopathies needs to
be addressed. Clinically, adiponectin sensitivity was recovered in patients with
advanced heart failure following LVAD implantation [338]. Our data shows the
downregulation of the adiponectin receptors AdipoR1 and AdipoR2, as well as the
intracellular binding protein APPL1 following MTAB surgery, which may indicate the
desensitization of the myocardium to adiponectin stimulation, correlating with the
depressed activation of the well known adiponectin targets AMPK and p38. There
was no detectable change in adiponectin sensitivity between sham-debanded and
deband animals. The issue of adiponectin sensitivity within the overloaded
myocardium takes on greater importance considering the continued and expanded
use of pioglitazone and rosiglitazone, PPARy agonists, in heart failure patients.
Indeed, cardiomyopathic adiponectin resistance must be appreciated as a potential

factor limiting adiponectin’s therapeutic efficacy.

Although we and others have demonstrated the efficacy in unloading the left
ventricle through debanding surgery for the study of reverse remodelling, other novel
methods have yielded similar findings. Heterotopic transplantation was shown to
achieve atrophic remodelling of the rat heart [342], while the injection of
mesenchymal stem cells was shown to significantly improve hemodynamic

performance, reverse LV remodelling, and improve exercise tolerance following aortic
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banding [343], while increasing EF and capillary density in a model of doxorubicin-

induced heart failure [344].

The data presented here highlights the ability of the heart to adapt to a prolonged,
transient increase in LV pressure. However, while cardiac function is maintained
throughout this phase of adaptive remodelling, non-symptomatic adverse remodelling
of the collagen ECM may have a largely influence the structure of the ECM following
unloading. The increased fibrosis noted following LV unloading may seriously impact
future risk of cardiovascular mortality. This suggests that more attention should be
paid to the mechanisms governing fibrosis. Therapeutics designed to limit non-
pathological fibrosis may hold long term benefits to individuals at high risk of

developing heart disease.
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CHAPTER 6: CONCLUSION
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6.1 Summary of research

The rise of the obesity and diabetes epidemics has caused an increase in
worldwide cardiovascular risk [128, 309]. As a result, focus has been placed on finding
factors linking these diseases. Adiponectin is one of the major secreted factors from
adipose tissue, and exists in circulation at a relatively high concentration [39-41].
Numerous studies have demonstrated a negative relationship between circulating
adiponectin levels and diseases such as obesity and T2D [42-44]. However, the data
linking circulating adiponectin and various stages of heart disease are less clear, and
indeed, there is much controversy as to the predictive value of circulating adiponectin
levels on heart failure outcomes [38, 133]. Similarly, there is some conflicting data
regarding the role that adiponectin plays in pressure overload models of heart disease

[116, 156, 161, 162].

Animal studies have suggested adiponectin influences fibrosis in models of
heart failure [116, 118]. Adiponectin regulation of cardiomyocyte metabolism has
been well characterized [112], but less is known about adiponectin mediated
regulation of the extracellular matrix. For the studies presented here, I chose to focus
on the regulation of the extracellular matrix by adiponectin in vivo, and adiponectin

signalling mechanisms regulating effects in isolated cardiac fibroblasts.

I first characterized the pattern of progressive fibrosis in the heart following the
induction of pressure overload by transverse aortic banding surgery in wild-type mice.

Collagen accumulation in the myocardium was characterized by an early increase in
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small fibre collagens, followed by the appearance of thick, disorganized collagen
fibres. At this time there was also an increased presence of hypersecretory
myofibroblast cells in the heart, as well as an overall increase in heart size.
Comparing the pattern of remodelling in wild-type to that in adiponectin deficient
mice, I noted the delayed onset of fibrosis in the latter group. This correlated with a
delay in cardiac dysfunction. From this study it was clear that the progression of
fibrosis in heart disease is influenced by the presence or absence of adiponectin. I then
sought to determine which adiponectin stimulated signalling pathways mediated
changes in extracellular matrix components in cardiac fibroblasts, the cell type

primarily responsible for mediating fibrosis in the heart.

I used primary cardiac fibroblasts and found that adiponectin treatment
activated the APPL1-AMPK signalling pathway, leading to increased cell surface
localization of the membrane-bound ECM degrading enzyme MT1-MMP [174, 291].
An adiponectin-stimulated AMPK-dependent signalling mechanism also significantly
increased fibroblast migration and activation of MMP2, another important regulator
of the ECM that is closely associated with cardiac fibrosis. I theorized that MT1-MMP
and MMP2 activation would regulate the ECM assembled by fibroblasts in culture.
Accordingly, I found acute adiponectin stimulation resulted in a degraded collagen
and elastin ECM in culture. Interestingly, the matrix was subsequently reassembled

in a disorganized pattern, similar to the patterns noted in the first in vivo study.
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Knockdown of APPL1 in fibroblasts inhibited adiponectin stimulated AMPK
activation and MT1-MMP localization. To our knowledge, this study presents the first
documented evidence that the intracellular AdipoR binding protein APPL1 can
mediate remodelling of the extracellular matrix. The in vitro studies also firmly
established that adiponectin action on fibroblasts is a potentially important

mechanism in the progression of heart failure.

Previous in vivo and in vitro data [85, 116], as well as my in vivo studies, have
suggested that adiponectin may regulate cardiac hypertrophy in PO, but the
transcriptional mechanisms involved were still unclear. Through collaboration with
the McDermott lab, WT or AdKO were crossbred with transgenic MEF2-lacZ reporter
mice, and then subjected to PO. We found that MEF2 activity was upregulated in WT
mice following PO, but this trend was absent in AAKO mice. Accordingly, adiponectin
stimulation increased MEF2 expression, as well as that of ANF, a MEF2 downstream
target and key indicator of the pro-hypertrophic fetal gene program. This study
provides the first evidence that adiponectin directly targets the pro-hypertrophic
transcription factor MEF2, and stimulates the fetal-gene program through ANF

upregulation.

In 2012 a clinical study in heart failure patients suggested the existence of
adiponectin insensitivity in the heart which could be reversed by unloading of the left
ventricle [338]. In my final animal study, I had three goals® a) to establish a surgical

model of LV unloading in our lab; b) to evaluate markers of adiponectin signalling
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before and after LV overload; c¢) to image the extracellular matrix before and after
unloading using the scanning electron microscope. Similar to the initial in vivo study,
MTAB induced the accumulation of thick collagen fibres in the myocardium. These
fibres were absent following unloading and replaced by disorganized thin fibres. The
data regarding adiponectin sensitivity in the myocardium was not very conclusive and
requires follow-up studies, although LV unloading significantly decreased LV wall

strain and regressed LV hypertrophy.

6.3 Future Experiments

Work on chapters 1 and 3 is finishing. The final manuscripts are being edited

for submission in May 2014.

Future work will continue to characterize adiponectin signalling in cardiac
fibroblasts. Other studies have indicated the role of p38-MAPK and ERK in
adiponectin  stimulated signalling in cardiac fibroblasts [331]. Using
pharmacoloogical inhibitors and siRNA-mediated knockdown, the importance of
these signalling molecules in adiponectin mediated ECM remodelling will be
established. Furthermore, a clearer understanding of the functional differences
between AdipoR1 and AdipoR2 in cardiac fibroblasts is necessary, as well as a

characterization of the endogenous APPL1 inhibitor, APPL2 [120].
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Through related honours thesis projects that I supervised, we have
preliminary data showing the upregulation of adiponectin transcription from
cardiomyocytes and cardiac fibroblasts by the TZD rosiglitazone. Furthermore, we
found that AngllI is able to attenuate this effect, confirming previous findings that
AngII could downregulate adiponectin expression via PARP-1 [185, 186]. Conversely,
we have data indicating that adiponectin pre-treatment can inhibit AngIl induced
fibroblast to myofibroblast differentiation in vitro. In order to establish if
adiponectin’s effects in this system are through a general inhibition of cell
differentiation, or though targeted disruption of Angll signalling, we will follow up by
using another potent inducer of myofibroblast differentiation: TGFbeta. The relative
status of adiponectin sensitivity between cardiac fibroblasts and myofibroblasts is
unknown. We will conclude this study by examining the expression of various
components of the adiponectin signalling pathway (i.e. AdipoR1, AdipoR2, APPLI,
APPL2), and compare adiponectin stimulated AMPK and p38-MAPK phosphorylation

in cardiac fibroblasts and myofibroblasts.

As highlighted in my introduction, the yin-yang relationship between
adiponectin and AngIl in the heart may prove to be a very important balance that

needs to be considered in heart disease modes and in the development of therapeutics.

Sample analysis for the reverse remodelling manuscript (chapter 4) is almost
complete. However, the role of autophagy in the process of reverse remodelling

following unloading of the LV has been suggested [242]. We will analyze TEM samples
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and tissue homogenates generated from our debanding experiments to establish the
presence of autophagy and mitophagy as part of our reverse remodelling model.
Furthermore, we will expand this study in two ways: 1) study the changes to the ECM
following debanding in mice exhibiting signs of decompensated heart failure (EF <
30%); 2) contrast these findings to the pattern of reverse remodelling in adiponectin

deficient mice.

6.4 Conclusion

Collectively, my studies show that adiponectin is an important player in the
response of the heart to pressure overload, especially as a regulator of the ECM. My
in vivo studies show that cardiac fibrosis and hypertrophy are delayed following
MTAB surgery by adiponectin deficiency, and I propose that this is conferred through
a fibrosis-dependent cardioprotective mechanism. Furthermore, through establishing
the APPL1-AMPK signalling axis in cardiac fibroblasts, and identification of MEF2-
ANF targeting in cardiomyocytes, my work offers an expanded understanding of
adiponectin signalling in the heart. Lastly, I show that ECM expansion in PO induced
compensatory, non-pathological hypertrophy is incompletely resolved following LV
unloading. This finding may have serious implications in the long term prognosis of
hypertensive patients with respect to fibrosis induced diastolic dysfunction and

progressive heart failure.
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Along with our upcoming exciting data sets, we hope to provide significant
insight into the actions of adiponectin in cardiac remodelling, as well as to introduce

new potential targets in the development of therapeutics for heart disease.

- 158 -



REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

Pelletier, C., et al., Report summary. Diabetes in Canada’ facts and figures
from a public health perspective. Chronic Dis Inj Can, 2012. 33(1): p. 53-4.
Cowie, C.C., et al., Prevalence of diabetes and high risk for diabetes using A1C
criteria in the U.S. population in 1988-2006. Diabetes Care, 2010. 33(3): p. 562~
8.

Bockenhauer, D. and D.G. Bichet, Urinary concentration: different ways to
open and close the tap. Pediatr Nephrol, 2013.

Luo, W, et al., The burden of adult obesity in Canada. Chronic Dis Can, 2007.
27(4): p. 135-44.

Despres, J.P., Health consequences of visceral obesity. Ann Med, 2001. 33(8):
p. 534-41.

Flier, J.S., Obesity wars- molecular progress confronts an expanding epidemic.
Cell, 2004. 116(2): p. 337-50.

Friedman, J M., Obesity in the new millennium. Nature, 2000. 404(6778): p.
632-4.

Canada, S. The Daily. Canadian Community Health Survey [Webpage] 2008
[cited  2009; Wednesday, June 18, 2008:[Available  from:
http://www.statcan.gc.ca/daily-quotidien/080618/dq080618a-eng.htm.
Douketis, J.D. and A.M. Sharma, Obesity and cardiovascular disease-
pathogenic mechanisms and potential benefits of weight reduction. Semin
Vasc Med, 2005. 5(1): p. 25-33.

Van Gaal, L.F., I.L. Mertens, and C.E. De Block, Mechanisms linking obesity
with cardiovascular disease. Nature, 2006. 444(7121): p. 875-80.

Despres, J.P., Intra-abdominal obesity’ an untreated risk factor for Type 2
diabetes and cardiovascular disease. J Endocrinol Invest, 2006. 29(3 Suppl): p.
77-82.

Mensah, G.A., et al.,, Obesity, metabolic syndrome, and type 2 diabetes:
emerging epidemics and their cardiovascular implications. Cardiol Clin, 2004.
22(4): p. 485-504.

Kenchaiah, S., et al., Obesity and the risk of heart failure. N Engl J Med, 2002.
347(5): p. 305-13.

Spector, K.S., Diabetic cardiomyopathy. Clin Cardiol, 1998. 21(12): p. 885-17.
Fang, Z.Y., J.B. Prins, and T.H. Marwick, Diabetic cardiomyopathy: evidence,
mechanisms, and therapeutic implications. Endocr Rev, 2004. 25(4): p. 543-67.
Ford, E.S., W.H. Giles, and W.H. Dietz, Prevalence of the metabolic syndrome
among US adults® findings from the third National Health and Nutrition
Examination Survey. JAMA, 2002. 287(3): p. 356-9.

Rubler, S., et al.,, New type of cardiomyopathy associated with diabetic
glomerulosclerosis. Am J Cardiol, 1972. 30(6): p. 595-602.

- 159 -


http://www.statcan.gc.ca/daily-quotidien/080618/dq080618a-eng.htm

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tacobellis, G., et al., Relationship of insulin sensitivity and left ventricular
mass in uncomplicated obesity. Obes Res, 2003. 11(4): p. 518-24.

North, K.E., et al., Evidence for joint action of genes on diabetes status and
CVD risk factors in American Indians: the strong heart family study. Int J
Obes Relat Metab Disord, 2003. 27(4): p. 491-7.

McMullen, J.R. and G.L. Jennings, Differences between pathological and
physiological cardiac hypertrophy: novel therapeutic strategies to treat heart
failure. Clin Exp Pharmacol Physiol, 2007. 34(4): p. 255-62.

Calligaris, S.D., et al., Mice long-term high-fat diet feeding recapitulates
human cardiovascular alterations’ an animal model to study the early phases
of diabetic cardiomyopathy. PLoS One, 2013. 8(4): p. e60931.

Ronnebaum, S.M. and C. Patterson, The FoxO family in cardiac function and
dysfunction. Annu Rev Physiol, 2010. 72: p. 81-94.

Battiprolu, P.K., et al., Metabolic stress-induced activation of FoxO1 triggers
diabetic cardiomyopathy in mice. J Clin Invest, 2012. 122(3): p. 1109-18.
Battiprolu, P.K., et al., Diabetic Cardiomyopathy: Mechanisms and
Therapeutic Targets. Drug Discov Today Dis Mech, 2010. 7(2): p. e135-e143.
Taegtmeyer, H., et al., Linking gene expression to function:' metabolic
flexibility in the normal and diseased heart. Ann N'Y Acad Sci, 2004. 1015: p.
202-13.

Giacco, F. and M. Brownlee, Oxidative stress and diabetic complications. Circ
Res, 2010. 107(9): p. 1058-70.

Siwik, D.A., P.J. Pagano, and W.S. Colucci, Oxidative stress regulates collagen
synthesis and matrix metalloproteinase activity in cardiac fibroblasts. Am J
Physiol Cell Physiol, 2001. 280(1): p. C53-60.

Tang, M., et al., High glucose promotes the production of collagen types I and
Il by cardiac fibroblasts through a pathway dependent on extracellular-
signal-regulated kinase 1/2. Mol Cell Biochem, 2007. 301(1-2): p. 109-14.
Aragno, M., et al., Oxidative stress triggers cardiac fibrosis in the heart of
diabetic rats. Endocrinology, 2008. 149(1): p. 380-8.

Hutchinson, K.R., et al., Cardiac fibroblast-dependent extracellular matrix
accumulation is associated with diastolic stiffness in type 2 diabetes. PLoS
One, 2013. 8(8): p. e72080.

van Heerebeek, L., A. Somsen, and W.J. Paulus, The failing diabetic heart:
focus on diastolic left ventricular dysfunction. Curr Diab Rep, 2009. 9(1): p. 79-
86.

Boudina, S. and E.D. Abel, Diabetic cardiomyopathy revisited. Circulation,
2007. 115(25): p. 3213-23.

Mori, d., et al., ANG II causes insulin resistance and induces cardiac metabolic
switch and inefficiency- a critical role of PDK4. Am J Physiol Heart Circ
Physiol, 2013. 304(8): p. H1103-13.

Frustaci, A., et al., Myocardial cell death in human diabetes. Circ Res, 2000.
87(12): p. 1123-32.

- 160 -



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Li, P., et al., Evidence for the importance of adiponectin in the cardioprotective
effects of pioglitazone. Hypertension, 2010. 55(1): p. 69-75.

Aneja, A., et al., Diabetic cardiomyopathy- insights Into pathogenesis,
diagnostic challenges, and therapeutic options. Am J Med, 2008. 121(9): p. 748-
57.

Poirier, P., et al., Diastolic dysfunction in normotensive men with well-
controlled type 2 diabetes:' importance of maneuvers in echocardiographic
screening for preclinical diabetic cardiomyopathy. Diabetes Care, 2001. 24(1):
p. 5-10.

Antoniades, C., et al., Adiponectin: from obesity to cardiovascular disease.
Obes Rev, 2009. 10(3): p. 269-79.

Arita, Y., et al., Paradoxical decrease of an adipose-specific protein,
adiponectin, in obesity. Biochem Biophys Res Commun, 1999. 257(1): p. 79-83.
Yamauchi, T., et al., Dual roles of adiponectin/Acrp30 in vivo as an anti-
diabetic and anti-atherogenic adipokine. Curr Drug Targets Immune Endocr
Metabol Disord, 2003. 8(4): p. 243-54.

Kadowaki, T., et al., Adiponectin and adiponectin receptors in obesity-linked
Insulin resistance. Novartis Found Symp, 2007. 286: p. 164-76; discussion 176-
82, 200-3.

Fang, X. and G. Sweeney, Mechanisms regulating energy metabolism by
adiponectin in obesity and diabetes. Biochem Soc Trans, 2006. 34(Pt 5): p. 798-
801.

Weyer, C., et al., Hypoadiponectinemia in obesity and type 2 diabetes- close
association with insulin resistance and hyperinsulinemia. J Clin Endocrinol
Metab, 2001. 86(5): p. 1930-5.

Matsuzawa, Y., et al., Adiponectin and metabolic syndrome. Arterioscler
Thromb Vasc Biol, 2004. 24(1): p. 29-33.

Scherer, P.E., et al., A novel serum protein similar to Clq, produced
exclusively in adipocytes. J Biol Chem, 1995. 270(45): p. 26746-9.

Hu, E., P. Liang, and B.M. Spiegelman, Adipo@ is a novel adipose-specific gene
dysregulated in obesity. J Biol Chem, 1996. 271(18): p. 10697-703.

Maeda, K., et al.,, ¢cDNA cloning and expression of a novel adipose specific
collagen-like factor, apM1 (AdiPose Most abundant Gene transcript 1).
Biochem Biophys Res Commun, 1996. 221(2): p. 286-9.

Nakano, Y., et al., Isolation and characterization of GBP28, a novel gelatin-
binding protein purified from human plasma. J Biochem, 1996. 120(4): p. 803-
12.

Gibson, F. and P. Froguel, Genetics of the APM1 locus and its contribution to
type 2 diabetes susceptibility in French Caucasians. Diabetes, 2004. 53(11): p.
2977-83.

Seok, H. and B.S. Cha, Refocusing Peroxisome Proliferator Activated
Receptor-alpha' A New Insight for Therapeutic Roles in Diabetes. Diabetes
Metab J, 2013. 87(5): p. 326-332.

- 161 -



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Jones, J.R., et al., Deletion of PPARgamma in adipose tissues of mice protects
against high fat diet-induced obesity and insulin resistance. Proc Natl Acad
Sci U S A, 2005. 102(17): p. 6207-12.

He, W., et al., Adipose-specific peroxisome proliferator-activated receptor
gamma knockout causes insulin resistance in fat and liver but not in muscle.
Proc Natl Acad Sci U S A, 2003. 100(26): p. 15712-7.

Heiker, J.T., D. Kosel, and A.G. Beck-Sickinger, Molecular mechanisms of
signal transduction via adiponectin and adiponectin receptors. Biol Chem,
2010. 391(9): p. 1005-18.

Mao, X., et al., APPL1 binds to adiponectin receptors and mediates adiponectin
signalling and function. Nat Cell Biol, 2006. 8(5): p. 516-23.

Liu, Y., et al.,, Functional significance of skeletal muscle adiponectin
production, changes in animal models of obesity and diabetes, and regulation
by rosiglitazone treatment. Am J Physiol Endocrinol Metab, 2009. 297(3): p.
E657-64.

Phillips, S.A., et al., Adiponectin secretion and response to pioglitazone is
depot dependent in cultured human adipose tissue. Am J Physiol Endocrinol
Metab, 2008. 295(4): p. E842-50.

Tsuchida, A., T. Yamauchi, and T. Kadowaki, Nuclear receptors as targets for
drug development’ molecular mechanisms for regulation of obesity and insulin
resistance by peroxisome proliferator-activated receptor gamma, CREB-
binding protein, and adiponectin. J Pharmacol Sci, 2005. 97(2): p. 164-70.
Park, B.H., L. Qiang, and S.R. Farmer, Phosphorylation of C/EBPbeta at a
consensus extracellular signal-regulated kinase/glycogen synthase kinase 3
site is required for the induction of adiponectin gene expression during the
differentiation of mouse fibroblasts into adipocytes. Mol Cell Biol, 2004. 24(19):
p. 8671-80.

Shimano, H., SREBPs: physiology and pathophysiology of the SREBP family.
FEBS J, 2009. 276(3): p. 616-21.

Liu, M. and F. Liu, Transcriptional and post-translational regulation of
adiponectin. Biochem J, 2010. 425(1): p. 41-52.

Shehzad, A., et al., Adiponectin’ regulation of its production and its role in
human diseases. Hormones (Athens), 2012. 11(1): p. 8-20.

Kim, H.B., et al.,, NFATc4 and ATF3 negatively regulate adiponectin gene
expression in 3T3-L1 adipocytes. Diabetes, 2006. 55(5): p. 1342-52.

Barth, N., et al., Identification of regulatory elements in the human adipose
most abundant gene transcript-1 (apM-1) promoter- role of SP1/SP3 and TNF-
alpha as regulatory pathways. Diabetologia, 2002. 45(10): p. 1425-33.
Radjainia, M., Y. Wang, and A.K. Mitra, Structural polymorphism of
oligomeric adiponectin visualized by electron microscopy. J Mol Biol, 2008.
381(2): p. 419-30.

Wang, Y., et al., Hydroxylation and glycosylation of the four conserved lysine
residues in the collagenous domain of adiponectin. Potential role in the

- 162 -



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

modulation of its insulin-sensitizing activity. J Biol Chem, 2002. 277(22): p.
19521-9.

Tsao, T.S., et al., Oligomerization state-dependent activation of NF-kappa B
signalling pathway by adipocyte complement-related protein of 30 kDa
(Acrp30). J Biol Chem, 2002. 277(33): p. 29359-62.

Deepa, S.S. and L.Q. Dong, APPL1- role in adiponectin signalling and beyond.
Am J Physiol Endocrinol Metab, 2009. 296(1): p. E22-36.

Wang, Y., et al., Post-translational modifications of adiponectin’ mechanisms
and functional implications. Biochem J, 2008. 409(3): p. 623-33.

Qiang, L., H. Wang, and S.R. Farmer, Adiponectin secretion is regulated by
SIRTI and the endoplasmic reticulum oxidoreductase Erol-L alpha. Mol Cell
Biol, 2007. 27(13): p. 4698-707.

Zhou, L., et al., DsbA-L alleviates endoplasmic reticulum stress-induced
adiponectin downregulation. Diabetes. 59(11): p. 2809-16.

Liu, M., et al., A disulfide-bond A oxidoreductase-like protein (DsbA-L)
regulates adiponectin multimerization. Proc Natl Acad Sci U S A, 2008.
105(47): p. 18302-7.

Wang, Z.V. and P.E. Scherer, DsbA-L is a versatile player in adiponectin
secretion. Proc Natl Acad Sci U S A, 2008. 105(47): p. 18077-8.

Wang, A., et al., Up-regulation of adiponectin by resveratrol- the essential roles
of the Akt/FOXO1 and AMP-activated protein kinase signalling pathways and
DsbA-L. J Biol Chem. 286(1): p. 60-6.

Wang, Z.V., et al., Secretion of the adipocyte-specific secretory protein
adiponectin critically depends on thiol-mediated protein retention. Mol Cell
Biol, 2007. 27(10): p. 3716-31.

Anelli, T., et al.,, Thiol-mediated protein retention in the endoplasmic
reticulum’ the role of ERp44. EMBO J, 2003. 22(19): p. 5015-22.

Long, Q., et al., Peroxisome proliferator-activated receptor-gamma Increases
adiponectin secretion via transcriptional repression of endoplasmic reticulum
chaperone protein ERp44. Endocrinology, 2010. 151(7): p. 3195-203.

Hara, K., et al., Measurement of the high-molecular weight form of adiponectin
In plasma is useful for the prediction of insulin resistance and metabolic
syndrome. Diabetes Care, 2006. 29(6): p. 1357-62.

Retnakaran, R., et al., Decreased high-molecular-weight adiponectin in
gestational diabetes’ implications for the pathophysiology of Type 2 diabetes.
Diabet Med, 2007. 24(3): p. 245-52.

Vu, V., et al., Coculture with primary visceral rat adipocytes from control but
not streptozotocin-induced diabetic animals increases glucose uptake in rat
skeletal muscle cells: role of adiponectin. Endocrinology, 2007. 148(9): p. 4411~
9.

Waki, H., et al., Generation of globular fragment of adiponectin by leukocyte
elastase secreted by monocytic cell line THP-1. Endocrinology, 2005. 146(2): p.
790-6.

- 163 -



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Ceddia, R.B,, et al., Globular adiponectin increases GLUT4 translocation and
glucose uptake but reduces glycogen synthesis in rat skeletal muscle cells.
Diabetologia, 2005. 48(1): p. 132-9.

Fang, X., et al., Hyperglycemia- and hyperinsulinemia-induced alteration of
adiponectin receptor expression and adiponectin effects in L6 myoblasts. J Mol
Endocrinol, 2005. 35(3): p. 465-76.

Pineiro, R., et al., Adiponectin is synthesized and secreted by human and
murine cardiomyocytes. FEBS Lett, 2005. 579(23): p. 5163-9.

Natarajan, R., et al., Hypoxia inducible factor-1 upregulates adiponectin in
diabetic mouse hearts and attenuates post-ischemic injury. J Cardiovasc
Pharmacol, 2008. 51(2): p. 178-87.

Amin, R.H., et al., FEndogenously produced adiponectin protects
cardiomyocytes from hypertrophy by a PPARgamma-dependent autocrine
mechanism. Am J Physiol Heart Circ Physiol. 299(3): p. H690-8.

Caselli, C., et al., Regional evidence of modulation of cardiac adiponectin level
in dilated cardiomyopathy: pilot study in a porcine animal model. Cardiovasc
Diabetol, 2012. 11: p. 143.

Gregg, EZW., et al., Trends in death rates among U.S. adults with and without
diabetes between 1997 and 2006 findings from the National Health Interview
Survey. Diabetes Care, 2012. 35(6): p. 1252-7.

Skurk, C., et al., Description of a local cardiac adiponectin system and its
deregulation in dilated cardiomyopathy. Eur Heart J, 2008. 29(9): p. 1168-80.
Krause, M.P., et al., Adiponectin is expressed by skeletal muscle fibers and
influences muscle phenotype and function. Am J Physiol Cell Physiol, 2008.
295(1): p. C203-12.

Delaigle, A.M., et al., Induction of adiponectin in skeletal muscle of type 2
diabetic mice’ In vivo and in vitro studies. Diabetologia, 2006. 49(6): p. 1311-
23.

Delaigle, AM., et al., Induction of adiponectin in skeletal muscle by
inflammatory cytokines: in vivo and in vitro studies. Endocrinology, 2004.
145(12): p. 5589-97.

Jortay, J., et al., Local induction of adiponectin reduces Ilipopolysaccharide-
triggered skeletal muscle damage. Endocrinology, 2010. 151(10): p. 4840-51.
Fiaschi, T., et al., Globular adiponectin as a complete mesoangioblast
regulator: role in proliferation, survival, motility, and skeletal muscle
differentiation. Mol Biol Cell, 2010. 21(6): p. 848-59.

Fiaschi, T., et al., Globular adiponectin induces differentiation and fusion of
skeletal muscle cells. Cell Res, 2009. 19(5): p. 584-97.

Krol, J., I. Loedige, and W. Filipowicz, The widespread regulation of microRNA
biogenesis, function and decay. Nat Rev Genet, 2010. 11(9): p. 597-610.

Poy, M.N., et al., A pancreatic islet-specific microRNA regulates insulin
secretion. Nature, 2004. 432(7014): p. 226-30.

- 164 -



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Shinoda, Y., et al.,, Regulation of bone formation by adiponectin through
autocrine/paracrine and endocrine pathways. J Cell Biochem, 2006. 99(1): p.
196-208.

Summer, R., et al., Adiponectin deficiency: a model of pulmonary hypertension
associated with pulmonary vascular disease. Am J Physiol Lung Cell Mol
Physiol, 2009. 297(3): p. L432-8.

Nakagawa, Y., et al., Adiponectin ameliorates hypoxia-induced pulmonary
arterial remodelling. Biochem Biophys Res Commun, 2009. 382(1): p. 183-8.
Rodriguez-Pacheco, F., et al., Regulation of pituitary cell function by
adiponectin. Endocrinology, 2007. 148(1): p. 401-10.

Psilopanagioti, A., et al., Expression of adiponectin and adiponectin receptors
in human pituitary gland and brain. Neuroendocrinology, 2009. 89(1): p. 38-
47.

Yamauchi, T., et al., Cloning of adiponectin receptors that mediate antidiabetic
metabolic effects. Nature, 2003. 423(6941): p. 762-9.

Hug, C., et al.,, T-cadherin 1s a receptor for hexameric and high-molecular-
weight forms of Acrp30/adiponectin. Proc Natl Acad Sci U S A, 2004. 101(28):
p. 10308-13.

Denzel, M.S., et al., T-cadherin 1is critical for adiponectin-mediated
cardioprotection in mice. J Clin Invest, 2010. 120(12): p. 4342-52.

Civitarese, A.E., et al., Adiponectin receptors gene expression and insulin
sensitivity in non-diabetic Mexican Americans with or without a family history
of Type 2 diabetes. Diabetologia, 2004. 47(5): p. 816-20.

Nechamen, C.A., R.M. Thomas, and J.A. Dias, APPL1, APPLZ2, Akt2 and
FOXO1la interact with FSHR in a potential signalling complex. Mol Cell
Endocrinol, 2007. 260-262: p. 93-9.

Mitsuuchi, Y., et al., Identification of a chromosome 3p14.3-21.1 gene, APPL,
encoding an adaptor molecule that interacts with the oncoprotein-
serine/threonine kinase AKTZ2. Oncogene, 1999. 18(35): p. 4891-8.

Dadson, K., et al., Adiponectin Mediated APPL1-AMPK Signalling Induces
Cell Migration, MMP Activation, and Collagen Remodelling in Cardiac
Fibroblasts. J Cell Biochem, 2013.

Xu, Y., et al., Receptor for activated C-kinase 1, a novel binding partner of
adiponectin receptor 1. Biochem Biophys Res Commun, 2009. 378(1): p. 95-8.
Charlton, H.K., et al., ERp46 binds to AdipoR1, but not AdipoR2 and
modulates adiponectin signalling. Biochem Biophys Res Commun, 2010.
392(2): p. 234-9.

Heiker, J.T., et al., Protein kinase CKZ2 interacts with adiponectin receptor 1
and participates in adiponectin signalling. Cell Signal, 2009. 21(6): p. 936-42.
Dadson, K., Y. Liu, and G. Sweeney, Adiponectin action’' a combination of
endocrine and autocrine/paracrine effects. Front Endocrinol (Lausanne), 2011.
2. p. 62.

- 165 -



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Fang, X., et al.,, An APPLI-AMPK signalling axis mediates beneficial
metabolic effects of adiponectin in the heart. Am J Physiol Endocrinol Metab,
2010. 299(5): p. E721-9.

Park, M., et al., Globular adiponectin, acting via AdipoR1/APPLI, protects
H9c2 cells from hypoxia/reoxygenation-induced apoptosis. PLoS One, 2011.
6(4): p. e19143.

Hupalowska, A., B. Pyrzynska, and M. Miaczynska, APPL1 regulates basal
NF-kappaB activity by stabilizing NIK. J Cell Sci, 2012. 125(Pt 17): p. 4090~
102.

Shibata, R., et al., Adiponectin-mediated modulation of hypertrophic signals
in the heart. Nat Med, 2004. 10(12): p. 1384-9.

Shibata, R., et al., Adiponectin accumulates in myocardial tissue that has been
damaged by ischemia-reperfusion injury via leakage from the vascular
compartment. Cardiovasc Res, 2007. 74(3): p. 471-9.

Shibata, R., et al., Adiponectin protects against mpyocardial ischemia-
reperfusion injury through AMPK- and COX-2-dependent mechanisms. Nat
Med, 2005. 11(10): p. 1096-103.

Tao, L., et al.,, Adiponectin' an indispensable molecule in rosiglitazone
cardioprotection following myocardial infarction. Circ Res, 2010. 106(2): p.
409-17.

Wang, C., et al., Yin-Yang regulation of adiponectin signalling by APPL
isoforms in muscle cells. J Biol Chem, 2009. 284(46): p. 31608-15.

Palanivel, R., et al., Globular and full-length forms of adiponectin mediate
specific changes in glucose and fatty acid uptake and metabolism in
cardiomyocytes. Cardiovasc Res, 2007. 75(1): p. 148-57.

Ganguly, R., et al., Adiponectin increases LPL activity via RhoA/ROCK-
mediated actin remodelling in adult rat cardiomyocytes. Endocrinology, 2011.
152(1): p. 247-54.

Li, L., et al., Adiponectin modulates carnitine palmitoyltransferase-1 through
AMPK signalling cascade in rat cardiomyocytes. Regul Pept, 2007. 139(1-3): p.
72-9.

Park, M., et al.,, APPLI transgenic mice are protected from high-fat diet-
induced cardiac dysfunction. Am J Physiol Endocrinol Metab, 2013. 305(7): p.
E795-804.

Wang, A., et al., Up-regulation of adiponectin by resveratrol: the essential roles
of the Akt/FOXO1 and AMP-activated protein kinase signalling pathways and
DsbA-L. J Biol Chem, 2011. 286(1): p. 60-6.

McGown, C., A. Birerdine, and Z.M. Younossi, Adipose tissue as an endocrine
organ. Clin Liver Dis, 2014. 18(1): p. 41-58.

Tacobellis, G., Epicardial adipose tissue in endocrine and metabolic diseases.
Endocrine, 2013.

Abel, E.D., S.E. Litwin, and G. Sweeney, Cardiac remodelling in obesity.
Physiol Rev, 2008. 88(2): p. 389-419.

- 166 -



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Chiarugi, P. and T. Fiaschi, Adiponectin in health and diseases’ from
metabolic syndrome to tissue regeneration. Expert Opin Ther Targets, 2010.
14(2): p. 193-206.

Hatzis, G., et al., Adiponectin’' merely a bystander or the missing link to
cardiovascular disease? Curr Top Med Chem, 2013.

Ouchi, N., R. Shibata, and K. Walsh, Cardioprotection by adiponectin. Trends
Cardiovasc Med, 2006. 16(5): p. 141-6.

Shinmura, K., Is adiponectin a bystander or a mediator in heart failure? The
tangled thread of a good-natured adipokine in aging and cardiovascular
disease. Heart Fail Rev, 2010. 15(5): p. 457-66.

Wu, Z., et al., Association between Adiponectin Concentrations and
Cardiovascular Disease in Diabetic Patients' A Systematic Review and Meta-
Analysis. PLoS One, 2013. 8(11): p. e78485.

Funahashi, T., et al.,, Kole of adipocytokines on the pathogenesis of
atherosclerosis in visceral obesity. Intern Med, 1999. 38(2): p. 202-6.
Okamoto, Y., et al., An adipocyte-derived plasma protein, adiponectin, adheres
to injured vascular walls. Horm Metab Res, 2000. 32(2): p. 47-50.

Ouchi, N., et al.,, Novel modulator for endothelial adhesion molecules:
adipocyte-derived plasma protein adiponectin. Circulation, 1999. 100(25): p.
2473-6.

Kojima, S., et al., The variation of plasma concentrations of a novel, adipocyte
derived protein, adiponectin, in patients with acute myocardial infarction.
Heart, 2003. 89(6): p. 667.

Hotta, K., et al., Plasma concentrations of a novel, adipose-specific protein,
adiponectin, in type 2 diabetic patients. Arterioscler Thromb Vasc Biol, 2000.
20(6): p. 1595-9.

Fotia, A.B., et al., The role of individual Nedd4-2 (KIAA0439) WW domains in
binding and regulating epithelial sodium channels. FASEB J, 2003. 17(1): p.
70-2.

Adamczak, M., et al., Decreased plasma adiponectin concentration in patients
with essential hypertension. Am J Hypertens, 2003. 16(1): p. 72-5.

Zietz, B., et al., Adiponectin represents an independent cardiovascular risk
factor predicting serum HDL-cholesterol levels in type 2 diabetes. FEBS Lett,
2003. 545(2-3): p. 103-4.

Stejskal, D. and J. Bartek, Adiponectin in patients with various stages of
coronary heart disease - comparison of its concentration in coronary arteries
and peripheral venous circulation. Biomed Pap Med Fac Univ Palacky
Olomouc Czech Repub, 2003. 147(2): p. 161-6.

Huang, J.W., et al., Adiponectin in peritoneal dialysis patients: a comparison
with hemodialysis patients and subjects with normal renal function. Am J
Kidney Dis, 2004. 43(6): p. 1047-55.

Koenig, W., et al., Serum concentrations of adiponectin and risk of type 2
diabetes mellitus and coronary heart disease in apparently healthy middle-

- 167 -



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

aged men- results from the 18-year follow-up of a large cohort from southern
Germany. J Am Coll Cardiol, 2006. 48(7): p. 1369-77.

Lim, S., et al., Association of adiponectin and resistin with cardiovascular
events in Korean patients with type 2 diabetes’ the Korean atherosclerosis
study (KAS): a 42-month prospective study. Atherosclerosis, 2008. 196(1): p.
398-404.

Pfutzner, A., et al.,, Improvement of cardiovascular risk markers by
pioglitazone is independent from glycemic control' results from the pioneer
study. J Am Coll Cardiol, 2005. 45(12): p. 1925-31.

Satoh, N., et al., Antiatherogenic effect of pioglitazone in type 2 diabetic
patients irrespective of the responsiveness to its antidiabetic effect. Diabetes
Care, 2003. 26(9): p. 2493-9.

Park, M. and G. Sweeney, Direct effects of adipokines on the heart: focus on
adiponectin. Heart Fail Rev, 2012.

Pischon, T., et al., Plasma adiponectin levels and risk of myocardial infarction
in men. JAMA, 2004. 291(14): p. 1730-7.

Frystyk, J., et al., Serum adiponectin is a predictor of coronary heart disease’
a population-based 10-year follow-up study in elderly men. J Clin Endocrinol
Metab, 2007. 92(2): p. 571-6.

Bidulescu, A., et al., Association of adiponectin with left ventricular mass in
blacks: the Jackson Heart Study. Circ Heart Fail, 2011. 4(6): p. 747-53.

Unno, K., et al., Adiponectin acts as a positive indicator of left ventricular
diastolic dysfunction in patients with hypertrophic cardiomyopathy. Heart,
2010. 96(5): p. 357-61.

Kanaya, A.M., et al., Serum adiponectin and coronary heart disease risk in
older Black and White Americans. J Clin Endocrinol Metab, 2006. 91(12): p.
5044-50.

Laughlin, G.A., et al., Association of adiponectin with coronary heart disease
and mortality: the Rancho Bernardo study. Am J Epidemiol, 2007. 165(2): p.
164-74.

Hu, P., et al., Minimally invasive aortic banding in mice: effects of altered
cardiomyocyte insulin signalling during pressure overload. Am J Physiol
Heart Circ Physiol, 2003. 285(3): p. H1261-9.

Asakawa, M., et al., Peroxisome proliferator-activated receptor gamma plays
a critical role in inhibition of cardiac hypertrophy in vitro and in vivo.
Circulation, 2002. 105(10): p. 1240-6.

Liao, Y., et al., Exacerbation of heart failure in adiponectin-deficient mice due
to impaired regulation of AMPK and glucose metabolism. Cardiovasc Res,
2005. 67(4): p. 705-13.

Shimano, M., et al., Adiponectin deficiency exacerbates cardiac dysfunction
following pressure overload through disruption of an AMPK-dependent
angiogenic response. J Mol Cell Cardiol, 2010. 49(2): p. 210-20.

- 168 -



159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Liao, Y., et al., Antihypertrophic effects of adiponectin on cardiomyocytes are
associated with the inhibition of heparin-binding epidermal growth factor
signalling. Biochem Biophys Res Commun, 2010. 393(3): p. 519-25.

Ishikawa, Y., et al., Changes in the distribution pattern of gelatin-binding
protein of 28 kDa (adiponectin) in myocardial remodelling after ischaemic
injury. Histopathology, 2003. 42(1): p. 43-52.

O'Shea, K.M., et al., omega-3 Polyunsaturated fatty acids prevent pressure
overload-induced ventricular dilation and decrease in mitochondrial enzymes
despite no change in adiponectin. Lipids Health Dis, 2010. 9: p. 95.

O'Shea, K.M., et al., Effects of adiponectin deficiency on structural and
metabolic remodelling in mice subjected to pressure overload. Am J Physiol
Heart Circ Physiol, 2010. 298(6): p. H1639-45.

Hecker, P.A., et al., Role of adiponectin in the development of high fat diet-
induced metabolic abnormalities in mice. Horm Metab Res, 2011. 43(2): p. 100-
5.

Lipshultz, S.E., et al., Risk stratification at diagnosis for children with
hypertrophic cardiomyopathy’ an analysis of data from the Pediatric
Cardiomyopathy Registry. Lancet, 2013. 382(9908): p. 1889-97.

Sayer, G. and G. Bhat, The Renin-Angiotensin-aldosterone system and heart
failure. Cardiol Clin, 2014. 32(1): p. 21-32.

Fyhrquist, F., K. Metsarinne, and 1. Tikkanen, Role of angiotensin II in blood
pressure regulation and in the pathophysiology of cardiovascular disorders. J
Hum Hypertens, 1995. 9 Suppl 5: p. S19-24.

Schluter, K.D. and S. Wenzel, Angiotensin II' a hormone involved in and
contributing to pro-hypertrophic cardiac networks and target of anti-
hypertrophic cross-talks. Pharmacol Ther, 2008. 119(3): p. 311-25.

Xu, Y.Z., et al., An increased circulating angiotensin Il concentration Is
associated with hypoadiponectinemia and postprandial hyperglycemia in men
with nonalcoholic fatty liver disease. Intern Med, 2013. 52(8): p. 855-61.
Furuhashi, M., et al., Blockade of the renin-angiotensin system Increases
adiponectin concentrations In patients with essential hypertension.
Hypertension, 2003. 42(1): p. 76-81.

Blaich, A., et al., Mutation of the calmodulin binding motif 1€) of the L-type
Ca(v)1.2 Ca2+ channel to EQ induces dilated cardiomyopathy and death. J
Biol Chem, 2012. 287(27): p. 22616-25.

Peng, H., et al., Angiotensin Il-induced dilated cardiomyopathy in Balb/c but
not C57BL/6J mice. Exp Physiol, 2011. 96(8): p. 756-64.

Wozniak, M., et al., The effect of the renin-angiotensin-aldosterone system
Inhibition on myocardial function In early and late phases of dilated
cardiomyopathy in Tgaq*44 mice. Kardiol Pol, 2013. 71(7): p. 730-7.

Zhong, J., et al., Angiotensin-converting enzyme 2 suppresses pathological
hypertrophy, myocardial fibrosis, and cardiac dysfunction. Circulation, 2010.
122(7): p. 717-28, 18 p following 728.

- 169 -



174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Davis, J. and J.D. Molkentin, Myofibroblasts: Trust your heart and let fate
decide. J Mol Cell Cardiol, 2013.

Essick, E.E., et al., Adiponectin mediates cardioprotection in oxidative stress-
induced cardiac myocyte remodelling. Am J Physiol Heart Circ Physiol, 2011.
301(3): p. H984-93.

Fujita, K., et al., Adiponectin protects against angiotensin II-induced cardiac
fibrosis through activation of PPAR-alpha. Arterioscler Thromb Vasc Biol,
2008. 28(5): p. 863-70.

Fang, F., et al., Adiponectin attenuates angiotensin Il-induced oxidative stress
in renal tubular cells through AMPK and cAMP-Epac signal transduction
pathways. Am J Physiol Renal Physiol, 2013. 304(11): p. F1366-74.

Marchesi, C., et al., Protective role of vascular smooth muscle cell
PPARgamma in angiotensin [l-induced vascular disease. Cardiovasc Res,
2013. 97(3): p. 562-70.

Essick, E.E., et al., Adiponectin modulates oxidative stress-induced autophagy
in cardiomyocytes. PLoS One, 2013. 8(7): p. e68697.

Hattori, Y., et al.,, Angiotensin-II-induced oxidative stress elicits
hypoadiponectinaemia in rats. Diabetologia, 2005. 48(6): p. 1066-74.

Ran, J., et al., Angiotensin II infusion decreases plasma adiponectin level via
Its type 1 receptor in rats’ an implication for hypertension-related insulin
resistance. Metabolism, 2006. 55(4): p. 478-88.

Li, L., et al., Angiotensin II reduces cardiac AdipoR1 expression through AT1I
receptor/ROS/ERK1/2/c-Myc pathway. PLoS One, 2013. 8(1): p. e49915.

Erbe, D.V., et al., Molecular activation of PPARgamma by angiotensin II type
1-receptor antagonists. Vascul Pharmacol, 2006. 45(3): p. 154-62.

Clasen, R., et al., PPARgamma-activating angiotensin type-1 receptor blockers
induce adiponectin. Hypertension, 2005. 46(1): p. 137-43.

Huang, D., et al., PARP-1 suppresses adiponectin expression through
poly(ADP-ribosyl)ation of PPAR gamma in cardiac fibroblasts. Cardiovasc Res,
2009. 81(1): p. 98-107.

Huang, D., et al., Angiotensin II promotes poly(ADP-ribosyl)ation of c-Jun/c-
Fos in cardiac fibroblasts. J Mol Cell Cardiol, 2009. 46(1): p. 25-32.

Fedak, P.W., et al., Cardiac remodelling and failure: from molecules to man
(Part I). Cardiovasc Pathol, 2005. 14(1): p. 1-11.

Swynghedauw, B., Molecular mechanisms of myocardial remodelling. Physiol
Rev, 1999. 79(1): p. 215-62.

Porter, K.E. and N.A. Turner, Cardiac fibroblasts: at the heart of myocardial
remodelling. Pharmacol Ther, 2009. 123(2): p. 255-78.

Ross, R.S. and T.K. Borg, Integrins and the myocardium. Circ Res, 2001.
88(11): p. 1112-9.

Segura, A.M., O.H. Frazier, and L.M. Buja, Fibrosis and heart failure. Heart
Fail Rev, 2012.

- 170 -



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Spinale, F.G., Matrix metalloproteinases: regulation and dysregulation in the
failing heart. Circ Res, 2002. 90(5): p. 520-30.

Janssen, P.M., Kinetics of cardiac muscle contraction and relaxation are Iinked
and determined by properties of the cardiac sarcomere. Am J Physiol Heart
Circ Physiol, 2010. 299(4): p. H1092-9.

Farman, G.P., et al., Myosin head orientation’ a structural determinant for the
Frank-Starling relationship. Am J Physiol Heart Circ Physiol, 2011. 300(6): p.
H2155-60.

Grossman, W., D. Jones, and L.P. McLaurin, Wall stress and patterns of
hypertrophy in the human left ventricle. J Clin Invest, 1975. 56(1): p. 56-64.
Grossman, W. and W.J. Paulus, Myocardial stress and hypertrophy- a complex
Interface between biophysics and cardiac remodelling. J Clin Invest, 2013.
123(9): p. 3701-3.

Lorell, B.H. and B.A. Carabello, Left ventricular hypertrophy- pathogenesis,
detection, and prognosis. Circulation, 2000. 102(4): p. 470-9.

Villarreal, F., Interstitial Fibrosis in Heart Failure, in Developments in
Cardiovascular Medicine Ser. 253. 2010, Springer: New York. p. 152 - 157.
Adebayo, R.A., et al., Echocardiographic assessment of left ventricular
geometric patterns in hypertensive patients in Nigeria. Clin Med Insights
Cardiol, 2013. 7: p. 161-7.

Kehat, I. and J.D. Molkentin, Molecular pathways underlying cardiac
remodelling during pathophysiological stimulation. Circulation, 2010. 122(25):
p. 2727-35.

Chen, Y.W., et al., Dynamic molecular and histopathological changes in the
extracellular matrix and inflammation in the transition to heart failure in
isolated volume overload. Am J Physiol Heart Circ Physiol, 2011. 300(6): p.
H2251-60.

Milano, A.D., et al., Prognostic value of myocardial fibrosis in patients with
severe aortic valve stenosis. J Thorac Cardiovasc Surg, 2012. 144(4): p. 830-7.
Schiaffino, S., et al., Nonsynchronous accumulation of alpha-skeletal actin and
beta-myosin heavy chain mRNAs during early stages of pressure-overload--
Induced cardiac hypertrophy demonstrated by in situ hybridization. Circ Res,
1989. 64(5): p. 937-48.

Feldman, A.M., et al., Selective changes in cardiac gene expression during
compensated hypertrophy and the transition to cardiac decompensation in rats
with chronic aortic banding. Circ Res, 1993. 73(1): p. 184-92.

Stewart, J.A., Jr., et al., Temporal Changes in Integrin-Mediated
Cardiomyocyte Adhesion Secondary to Chronic Cardiac Volume Overload in
Rats. Am J Physiol Heart Circ Physiol, 2013.

Mazzo, F.R., et al., Acute aortocaval fistula: role of low perfusion pressure and
subendocardial remodelling on left ventricular function. Int J Exp Pathol,
2013. 94(3): p. 178-87.

- 171 -



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Hutchinson, K.R., et al., Temporal pattern of left ventricular structural and
functional remodelling following reversal of volume overload heart failure. J
Appl Physiol (1985), 2011. 111(6): p. 1778-88.

Calderone, A., et al, Pressure- and volume-induced left ventricular
hypertrophies are associated with distinct myocyte phenotypes and
differential induction of peptide growth factor mRNAs. Circulation, 1995.
92(9): p. 2385-90.

Onitsuka, K., et al., Cardiac phase-targeted dynamic load on left ventricle
differentially regulates phase-sensitive gene expressions and pathway
activation. J Mol Cell Cardiol, 2013. 64: p. 30-8.

Rajabi, M., et al., Return to the fetal gene program protects the stressed heart:
a strong hypothesis. Heart Fail Rev, 2007. 12(3-4): p. 331-43.

McKinsey, T.A. and E.N. Olson, Toward transcriptional therapies for the
failing heart: chemical screens to modulate genes. J Clin Invest, 2005. 115(3):
p. 538-46.

Calvieri, C., S. Rubattu, and M. Volpe, Molecular mechanisms underlying
cardiac antihypertrophic and antifibrotic effects of natriuretic peptides. J Mol
Med (Berl), 2012. 90(1): p. 5-13.

Kapoun, A.M., et al.,, B-type natriuretic peptide exerts broad functional
opposition to transforming growth factor-beta in primary human cardiac
fibroblasts:  fibrosis,  mpyofibroblast conversion, proliferation, and
inflammation. Circ Res, 2004. 94(4): p. 453-61.

Tamura, N., et al., Cardiac fibrosis in mice lacking brain natriuretic peptide.
Proc Natl Acad Sci U S A, 2000. 97(8): p. 4239-44.

Del Ry, S., C-type natriuretic peptide: a new cardiac mediator. Peptides, 2013.
40: p. 93-8.

Sangaralingham, S.J., et al., The aging heart, myocardial fibrosis, and its
relationship to circulating C-type natriuretic Peptide. Hypertension, 2011.
57(2): p. 201-7.

Potthoff, M.J. and E.N. Olson, MFEF2' a central regulator of diverse
developmental programs. Development, 2007. 134(23): p. 4131-40.

Xu, dJ., et al., Mpyocyte enhancer factors 2A and 2C induce dilated
cardiomyopathy in transgenic mice. J Biol Chem, 2006. 281(14): p. 9152-62.
Akazawa, H. and I. Komuro, Roles of cardiac transcription factors in cardiac
hypertrophy. Circ Res, 2003. 92(10): p. 1079-88.

el Azzouzi, H., et al., MEF2 transcriptional activity maintains mitochondrial
adaptation in cardiac pressure overload. Eur J Heart Fail, 2010. 12(1): p. 4-12.
Molkentin, J.D. and B.E. Markham, Myocyte-specific enhancer-binding factor
(MEF-2) regulates alpha-cardiac myosin heavy chain gene expression in vitro
and in vivo. J Biol Chem, 1993. 268(26): p. 19512-20.

Lu, Y.M.,, et al.,, CaMKIldeltaB mediates aberrant NCX1 expression and the
Imbalance of NCX1/SERCA in transverse aortic constriction-induced failing
heart. PLoS One, 2011. 6(9): p. e24724.

- 172 -



223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Lemonnier, M. and M.E. Buckingham, Characterization of a cardiac-specific
enhancer, which directs {alpha/-cardiac actin gene transcription in the mouse
adult heart. J Biol Chem, 2004. 279(53): p. 55651-8.

Han, J. and J.D. Molkentin, Regulation of MEF2 by p38 MAPK and its
implication in cardiomyocyte biology. Trends Cardiovasc Med, 2000. 10(1): p.
19-22.

Feng, B., et al., Regulation of cardiomyocyte hypertrophy in diabetes at the
transcriptional level. Am J Physiol Endocrinol Metab, 2008. 294(6): p. E1119-
26.

Rosa, C.M., et al.,, Diabetes mellitus activates fetal gene program and
Intensifies cardiac remodelling and oxidative stress in aged spontaneously
hypertensive rats. Cardiovasc Diabetol, 2013. 12(1): p. 152.

Heineke, J. and J.D. Molkentin, Regulation of cardiac hypertrophy by
intracellular signalling pathways. Nat Rev Mol Cell Biol, 2006. 7(8): p. 589-
600.

Harston, R.K. and D. Kuppuswamy, Integrins are the necessary links to
hypertrophic growth in cardiomyocytes. J Signal Transduct, 2011. 2011: p.
521742.

Suryakumar, G., et al., Lack of beta3 integrin signalling contributes to calpain-
mediated myocardial cell loss in pressure-overloaded myocardium. J
Cardiovasc Pharmacol, 2010. 55(6): p. 567-73.

Willey, C.D., et al., STAT3 activation in pressure-overloaded feline
myocardium- role for integrins and the tyrosine kinase BMX. Int J Biol Sci,
2008. 4(3): p. 184-99.

Stewart, J.A., Jr., et al., Temporal alterations in cardiac fibroblast function
following induction of pressure overload. Cell Tissue Res, 2010. 340(1): p. 117-
26.

Levy, D., et al., Prognostic implications of echocardiographically determined
left ventricular mass in the Framingham Heart Study. N Engl J Med, 1990.
322(22): p. 1561-6.

Hellawell, J.L. and K.B. Margulies, Mpyocardial reverse remodelling.
Cardiovasc Ther, 2012. 30(3): p. 172-81.

Kirkpatrick, J.N. and M. St John Sutton, Assessment of ventricular
remodelling in heart failure clinical trials. Curr Heart Fail Rep, 2012. 9(4): p.
328-36.

Baba, H.A. and J. Wohlschlaeger, Morphological and molecular changes of the
myocardium after left ventricular mechanical support. Curr Cardiol Rev, 2008.
4(3): p. 157-69.

Zerkowski, H.R., et al., /[Reverse remodelling by surgery--fact or fiction?/]. Z
Kardiol, 2000. 89 Suppl 7: p. 76-84.

Bjornstad, J.L., et al., A mouse model of reverse cardiac remodelling following
banding-debanding of the ascending aorta. Acta Physiol (Oxf), 2012. 205(1): p.
92-102.

- 173 -



238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

Stansfield, W.E., et al., Characterization of a model to independently study
regression of ventricular hypertrophy. J Surg Res, 2007. 142(2): p. 387-93.
Gao, X.M., et al., Kegression of pressure overload-induced left ventricular
hypertrophy in mice. Am J Physiol Heart Circ Physiol, 2005. 288(6): p. H2702-
7.

Stansfield, W.E., et al.,, Regression of pressure-induced left ventricular
hypertrophy is characterized by a distinct gene expression profile. J Thorac
Cardiovasc Surg, 2009. 137(1): p. 232-8, 238e1-8.

Andersen, N.M., et al., Recovery from decompensated heart failure 1s
associated with a distinct, phase-dependent gene expression profile. J Surg
Res, 2012. 178(1): p. 72-80.

Hariharan, N., et al., Autophagy plays an essential role in mediating
regression of hypertrophy during unloading of the heart. PLoS One, 2013. 8(1):
p. e51632.

Oyabu, J., et al., Autophagy-mediated degradation is necessary for regression
of cardiac hypertrophy during ventricular unloading. Biochem Biophys Res
Commun, 2013. 441(4): p. 787-92.

Dweck, M.R., et al., Midwall fibrosis is an independent predictor of mortality
in patients with aortic stenosis. J Am Coll Cardiol, 2011. 58(12): p. 1271-9.
Gulati, A., et al., Association of fibrosis with mortality and sudden cardiac
death in patients with nonischemic dilated cardiomyopathy. JAMA, 2013.
309(9): p. 896-908.

Hess, O.M., et al., Diastolic stiftness and myocardial structure in aortic valve
disease before and after valve replacement. Circulation, 1984. 69(5): p. 855-65.
Bjornstad, J.L., et al., Collagen isoform shift during the early phase of reverse
left ventricular remodelling after relief of pressure overload. Eur Heart J,
2011. 32(2): p. 236-45.

Weber, K.T., Cardiac interstitium in health and disease- the fibrillar collagen
network. J Am Coll Cardiol, 1989. 13(7): p. 1637-52.

Miner, E.C. and W.L. Miller, A look between the cardiomyocytes: the
extracellular matrix in heart failure. Mayo Clin Proc, 2006. 81(1): p. 71-6.
Weber, K.T., et al., Myofibroblast-mediated mechanisms of pathological
remodelling of the heart. Nat Rev Cardiol, 2013. 10(1): p. 15-26.

Graham, H.K., M. Horn, and A.W. Trafford, Extracellular matrix profiles in
the progression to heart failure. European Young Physiologists Symposium
Keynote Lecture-Bratislava 2007, Acta Physiol (Oxf), 2008. 194(1): p. 3-21.
Fedak, P.W., et al., Cardiac remodelling and failure From molecules to man
(Part IT). Cardiovasc Pathol, 2005. 14(2): p. 49-60.

Spinale, F.G., Mpyocardial matrix remodelling and the matrix
metalloproteinases: influence on cardiac form and function. Physiol Rev, 2007.
87(4): p. 1285-342.

Fan, D., et al., Cardiac fibroblasts, fibrosis and extracellular matrix
remodelling in heart disease. Fibrogenesis Tissue Repair, 2012. 5(1): p. 15.

- 174 -



255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

Goldsmith, E.C., et al., Organization of fibroblasts in the heart. Dev Dyn, 2004.
230(4): p. 787-94.

Ieda, M., et al., Cardiac fibroblasts regulate myocardial proliferation through
betal integrin signalling. Dev Cell, 2009. 16(2): p. 233-44.

Lopaschuk, G.D., R.L. Collins-Nakai, and T. Itoi, Developmental changes in
energy substrate use by the heart. Cardiovasc Res, 1992. 26(12): p. 1172-80.
Lajiness, J.D. and S.J. Conway, Origin, development, and differentiation of
cardiac fibroblasts. J Mol Cell Cardiol, 2013.

Ikeda, K., et al., Cellular physiology of rat cardiac myocytes in cardiac fibrosis-
In vitro simulation using the cardiac myocyte/cardiac non-myocyte co-culture
system. Hypertens Res, 2008. 31(4): p. 693-706.

LaFramboise, W.A., et al.,, Cardiac fibroblasts influence cardiomyocyte
phenotype in vitro. Am J Physiol Cell Physiol, 2007. 292(5): p. C1799-808.
Vasquez, C., N. Benamer, and G.E. Morley, The cardiac fibroblast: functional
and electrophysiological considerations in healthy and diseased hearts. J
Cardiovasc Pharmacol, 2011. 57(4): p. 380-8.

Zhang, X., et al., Differential vulnerability to oxidative stress In rat cardiac
myocytes versus fibroblasts. J Am Coll Cardiol, 2001. 38(7): p. 2055-62.

Gao, X., et al., Angiotensin II increases collagen I expression via transforming
growth factor-betal and extracellular signal-regulated kinase in cardiac
fibroblasts. Eur J Pharmacol, 2009. 606(1-3): p. 115-20.

Davis, J., et al., A TRPC6-dependent pathway for myofibroblast
transdifferentiation and wound healing in vivo. Dev Cell, 2012. 23(4): p. 705~
15.

Campbell, S.E. and L.C. Katwa, Angiotensin Il stimulated expression of
transforming growth factor-betal in cardiac fibroblasts and myofibroblasts. J
Mol Cell Cardiol, 1997. 29(7): p. 1947-58.

Lee, AA., et al., Angiotensin Il stimulates the autocrine production of
transforming growth factor-beta 1 in adult rat cardiac fibroblasts. J Mol Cell
Cardiol, 1995. 27(10): p. 2347-57.

Lal, H., et al., Stretch-induced regulation of angiotensinogen gene expression
In cardiac myocytes and fibroblasts: opposing roles of JNK1/2 and p38alpha
MAP kinases. J Mol Cell Cardiol, 2008. 45(6): p. 770-8.

Blaauboer, M.E., et al., Cyclic mechanical stretch reduces mpyofibroblast
differentiation of primary lung fibroblasts. Biochem Biophys Res Commun,
2011. 404(1): p. 23-7.

Lee, A.A., et al., Differential responses of adult cardiac fibroblasts to in vitro
biaxial strain patterns. J Mol Cell Cardiol, 1999. 31(10): p. 1833-43.

van Wamel, A.J., et al., The role of angiotensin II, endothelin-1 and
transforming growth factor-beta as autocrine/paracrine mediators of stretch-
induced cardiomyocyte hypertrophy. Mol Cell Biochem, 2001. 218(1-2): p. 113-
24.

- 175 -



271.

272.

273.

274.

275.

276.

2717.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

Takeda, N., et al., Cardiac fibroblasts are essential for the adaptive response
of the murine heart to pressure overload. J Clin Invest, 2010. 120(1): p. 254-
65.

Turner, N.A. and K.E. Porter, Function and fate of myofibroblasts after
myocardial infarction. Fibrogenesis Tissue Repair, 2013. 6(1): p. 5.

Bishop, J.E. and G.J. Laurent, Collagen turnover and its regulation in the
normal and hypertrophying heart. Eur Heart J, 1995. 16 Suppl C: p. 38-44.
Trackman, P.C., Diverse biological functions of extracellular collagen
processing enzymes. J Cell Biochem, 2005. 96(5): p. 927-37.

Gonzalez, A., et al., New targets to treat the structural remodelling of the
myocardium. J Am Coll Cardiol, 2011. 58(18): p. 1833-43.

Whittaker, P., et al., Quantitative assessment of myocardial collagen with
picrosirius red staining and circularly polarized light. Basic Res Cardiol, 1994.
89(5): p. 397-410.

Pauschinger, M., et al., Dilated cardiomyopathy is associated with significant
changes in collagen type I/III ratio. Circulation, 1999. 99(21): p. 2750-6.
Marijianowski, M.M., et al., Dilated cardiomyopathy is associated with an
Increase in the type I/type III collagen ratio’ a quantitative assessment. J Am
Coll Cardiol, 1995. 25(6): p. 1263-72.

Diez, J., et al., Increased serum concentrations of procollagen peptides In
essential hypertension. Relation to cardiac alterations. Circulation, 1995.
91(5): p. 1450-6.

Shamhart, P.E. and J.G. Meszaros, Non-fibrillar collagens: key mediators of
post-infarction cardiac remodelling?J Mol Cell Cardiol, 2010. 48(3): p. 530-7.
Naugle, J.E., et al., Type VI collagen induces cardiac myofibroblast
differentiation’ implications for postinfarction remodelling. Am J Physiol
Heart Circ Physiol, 2006. 290(1): p. H323-30.

Kielty, C.M., Elastic fibres in health and disease. Expert Rev Mol Med, 2006.
8(19): p. 1-23.

Nguyen, T.P., Z. Qu, and J.N. Weiss, Cardiac fibrosis and arrhythmogenesis-
The road to repair is paved with perils. J Mol Cell Cardiol, 2013.

Galis, Z.S. and J.J. Khatri, Matrix metalloproteinases in vascular remodelling
and atherogenesis: the good, the bad, and the ugly. Circ Res, 2002. 90(3): p.
251-62.

Spinale, F.G., et al., A matrix metalloproteinase induction/activation system
exists in the human left ventricular myocardium and 1s upregulated in heart
failure. Circulation, 2000. 102(16): p. 1944-9.

Peterson, J.T., et al.,, Matrix metalloproteinase inhibition attenuates left
ventricular remodelling and dysfunction in a rat model of progressive heart
failure. Circulation, 2001. 103(18): p. 2303-9.

Matsumura, S., et al., Targeted deletion or pharmacological inhibition of
MMP-2 prevents cardiac rupture after myocardial infarction in mice. J Clin
Invest, 2005. 115(3): p. 599-609.

- 176 -



288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

Ducharme, A., et al., Targeted deletion of matrix metalloproteinase-9
attenuates left ventricular enlargement and collagen accumulation after
experimental myocardial infarction. J Clin Invest, 2000. 106(1): p. 55-62.
Mujumdar, V.S., L.M. Smiley, and S.C. Tyagi, Activation of matrix
metalloproteinase dilates and decreases cardiac tensile strength. Int J Cardiol,
2001. 79(2-3): p. 277-86.

Lalu, M.M., et al., Ischaemia-reperfusion Injury activates matrix
metalloproteinases in the human heart. Eur Heart J, 2005. 26(1): p. 27-35.
Itoh, Y., MT1-MMP: a key regulator of cell migration in tissue. IUBMB Life,
2006. 58(10): p. 589-96.

Golubkov, V.S., et al.,, Proteolysis of the membrane type-1 matrix
metalloproteinase prodomain’' implications for a two-step proteolytic
processing and activation. J Biol Chem, 2007. 282(50): p. 36283-91.

Eisenach, P.A., et al., Membrane type 1 matrix metalloproteinase (MT1-MMP)
ubiquitination at Lys581 increases cellular invasion through type I collagen. J
Biol Chem, 2012. 287(14): p. 11533-45.

Morgunova, E., et al., Structural insight into the complex formation of latent
matrix metalloproteinase 2 with tissue inhibitor of metalloproteinase 2. Proc
Natl Acad Sci U S A, 2002. 99(11): p. 7414-9.

Strongin, A.Y., et al., Mechanism of cell surface activation of 72-kDa type IV
collagenase. Isolation of the activated form of the membrane metalloprotease.
J Biol Chem, 1995. 270(10): p. 5331-8.

Deschamps, A.M. and F.G. Spinale, Pathways of matrix metalloproteinase
Induction in heart failure’ bioactive molecules and transcriptional regulation.
Cardiovasc Res, 2006. 69(3): p. 666-76.

Troeberg, L., et al., E. coli expression of TIMP-4 and comparative kinetic
studies with TIMP-1 and TIMP-2: insights into the interactions of TIMPs and
matrix metalloproteinase 2 (gelatinase A). Biochemistry, 2002. 41(50): p.
15025-35.

Schulze, C.J., et al., Imbalance between tissue inhibitor of metalloproteinase-
4 and matrix metalloproteinases during acute myocardial [correction of
myoctardiall ischemia-reperfusion injury. Circulation, 2003. 107(19): p. 2487-
92.

Fomovsky, G.M., S. Thomopoulos, and J.W. Holmes, Contribution of
extracellular matrix to the mechanical properties of the heart. J Mol Cell
Cardiol, 2010. 48(3): p. 490-6.

Liu, Y., et al., Total and high molecular weight but not trimeric or hexameric
forms of adiponectin correlate with markers of the metabolic syndrome and
liver injury in Thai subjects. J Clin Endocrinol Metab, 2007. 92(11): p. 4313-8.
Hao, G., et al., Serum total adiponectin level and the risk of cardiovascular
disease in general population' A meta-analysis of 17 prospective studies.
Atherosclerosis, 2013.

- 177 -



302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

Sahebkar, A., Head-to-head comparison of fibrates versus statins for elevation
of circulating adiponectin concentrations: a systematic review and meta-
analysis. Metabolism, 2013. 62(12): p. 1876-85.

Schram, K. and G. Sweeney, Implications of myocardial matrix remodelling by
adipokines in obesity-related heart failure. Trends Cardiovasc Med, 2008.
18(6): p. 199-205.

Spinale, F.G., J.S. Janicki, and M.R. Zile, Membrane-associated matrix
proteolysis and heart failure. Circ Res, 2013. 112(1): p. 195-208.

Vu, V., et al., Temporal analysis of mechanisms leading to stimulation of
glucose uptake in skeletal muscle cells by an adipokine mixture derived from
primary rat adipocytes. Int J Obes (Lond), 2011. 35(3): p. 355-63.

Liu, Y., et al.,, Adiponectin corrects high-fat diet-induced disturbances in
muscle metabolomic profile and whole-body glucose homeostasis. Diabetes,
2013. 62(3): p. 743-52.

Kong, P., P. Christia, and N.G. Frangogiannis, The pathogenesis of cardiac
fibrosis. Cell Mol Life Sci, 2013.

Nagatomo, Y., et al., Differential effects of pressure or volume overload on
myocardial MMP levels and inhibitory control. Am J Physiol Heart Circ
Physiol, 2000. 278(1): p. H151-61.

Despres, J.P., Body fat distribution and risk of cardiovascular disease’ an
update. Circulation, 2012. 126(10): p. 1301-13.

Hui, X., et al., Adiponectin and cardiovascular health:8 an update. Br J
Pharmacol, 2012. 165(3): p. 574-90.

Fowlkes, V., et al., Type II diabetes promotes a myofibroblast phenotype in
cardiac fibroblasts. Life Sci, 2013. 92(11): p. 669-76.

Shahbaz, A.U., et al., Fibrosis in hypertensive heart disease’ molecular
pathways and cardioprotective strategies. J Hypertens, 2010. 28 Suppl 1: p.
S25-32.

Zhang, P., J. Su, and U. Mende, Cross talk between cardiac myocytes and
fibroblasts: from multiscale investigative approaches to mechanisms and
functional consequences. Am J Physiol Heart Circ Physiol, 2012. 303(12): p.
H1385-96.

Turer, A.T. and P.E. Scherer, Adiponectin:' mechanistic insights and clinical
implications. Diabetologia, 2012. 55(9): p. 2319-26.

Cheng, K.K., et al., APPL1 potentiates insulin-mediated inhibition of hepatic
glucose production and alleviates diabetes via Akt activation in mice. Cell
Metab, 2009. 9(5): p. 417-27.

Cheng, K.K., et al., Adiponectin-induced endothelial nitric oxide synthase
activation and nitric oxide production are mediated by APPLI in endothelial
cells. Diabetes, 2007. 56(5): p. 1387-94.

Deepa, S.S., et al.,, APPL1 mediates adiponectin-induced LKBI cytosolic
localization through the PP2A-PKCzeta signalling pathway. Mol Endocrinol,
2011. 25(10): p. 1773-85.

- 178 -



318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

Liu, M., et al., Phosphorylation of adaptor protein containing pleckstrin
homology domain, phosphotyrosine binding domain, and leucine zipper motif
1 (APPL1) at Ser430 mediates endoplasmic reticulum (ER) stress-induced
insulin resistance in hepatocytes. J Biol Chem, 2012. 287(31): p. 26087-93.
Zhou, L., et al., Adiponectin activates AMP-activated protein kinase in muscle
cells via APPL1/LKBI-dependent and phospholipase
C/Ca2+/Ca2+/calmodulin-dependent  protein  kinase  kinase-dependent
pathways. J Biol Chem, 2009. 284(33): p. 22426-35.

Madani, S., et al., Direct effects of leptin on size and extracellular matrix
components of human pediatric ventricular myocytes. Cardiovasc Res, 2006.
69(3): p. 716-25.

Shibata, R., et al., Adiponectin protects against the development of systolic
dystunction following myocardial infarction. J Mol Cell Cardiol, 2007. 42(6): p.
1065-74.

Schram, K., et al., Regulation of MT1-MMP and MMP-2 by leptin in cardiac
fibroblasts involves Rho/ROCK-dependent actin cytoskeletal reorganization
and leads to enhanced cell migration. Endocrinology, 2011. 152(5): p. 2037-47.
Schram, K., et al., Increased expression and cell surface localization of MT1-
MMP plays a role in stimulation of MMP-2 activity by leptin in neonatal rat
cardiac myofibroblasts. J Mol Cell Cardiol, 2008. 44(5): p. 874-81.

Koziol, A., et al., Site-specific cellular functions of MT1-MMP. Eur J Cell Biol,
2012. 91(11-12): p. 889-95.

Sato, H. and T. Takino, Coordinate action of membrane-type matrix
metalloproteinase-1 (MT1-MMP) and MMP-2 enhances pericellular
proteolysis and invasion. Cancer Sci, 2010. 101(4): p. 843-7.

Gu, G, et al., BST-2 binding with cellular MT1-MMP blocks cell growth and
migration via decreasing MMPZ2 activity. J Cell Biochem, 2012. 113(3): p. 1013-
21.

Abrahams, C., J.S. Janicki, and K.T. Weber, Myocardial hypertrophy in
Macaca fascicularis. Structural remodelling of the collagen matrix. Lab Invest,
1987. 56(6): p. 676-83.

Rossi, M.A., Connective tissue skeleton in the normal left ventricle and in
hypertensive left ventricular hypertrophy and chronic chagasic myocarditis.
Med Sci Monit, 2001. 7(4): p. 820-32.

Perrotta, 1., et al., New evidence for a critical role of elastin in calcification of
native heart valves®' immunohistochemical and ultrastructural study with
Iiterature review. Histopathology, 2011. 59(3): p. 504-13.

Li, S.H., et al., Flastin overexpression by cell-based gene therapy preserves
matrix and prevents cardiac dilation. J Cell Mol Med, 2012. 16(10): p. 2429-
39.

Fan, D., et al., Adiponectin induces interleukin-6 production and its
underlying mechanism in adult rat cardiac fibroblasts. J Cell Physiol, 2011.
226(7): p. 1793-802.

- 179 -



332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

Shimano, M., N. Ouchi, and K. Walsh, Cardiokines' recent progress in
elucidating the cardiac secretome. Circulation, 2012. 126(21): p. e327-32.
Kim, Y., et al.,, The MEF2D transcription factor mediates stress-dependent
cardiac remodelling in mice. J Clin Invest, 2008. 118(1): p. 124-32.

Song, D.W., et al., MicroRNA-19a/b family positively regulates cardiomyocyte
hypertrophy by targeting atrogin-1 and MuRF-1. Biochem J, 2013.
Vanderlaan, R.D., et al., The ShcA phosphotyrosine docking protein uses
distinct mechanisms to regulate myocyte and global heart function. Circ Res,
2011. 108(2): p. 184-93.

Dionyssiou, M.G., et al., Cross-talk between glycogen synthase kinase 3beta
(GSK3beta) and pSSMAPK regulates myocyte enhancer factor 2 (MEF2)
activity in skeletal and cardiac muscle. J Mol Cell Cardiol, 2013. 54: p. 35-44.
Jennings, G.L. and J.R. McMullen, Left ventricular hypertrophy- beyond the
Image and defining the human cardiac phenotype in hypertension. J
Hypertens, 2007. 25(5): p. 941-7.

Khan, R.S., et al., Adipose tissue inflammation and adiponectin resistance in
patients with advanced heart failure’ correction after ventricular assist device
implantation. Circ Heart Fail, 2012. 5(3): p. 340-8.

Klotz, S., et al., Mechanical unloading during left ventricular assist device
support increases left ventricular collagen cross-linking and mpyocardial
stiffness. Circulation, 2005. 112(3): p. 364-74.

Wang, Y., et al., Cardiomyocyte-derived adiponectin is biologically active in
protecting against mpyocardial ischemia-reperfusion injury. Am J Physiol
Endocrinol Metab, 2010. 298(3): p. E663-70.

Ding, G., et al., Adiponectin and its receptors are expressed in adult
ventricular cardiomyocytes and upregulated by activation of peroxisome
proliferator-activated receptor gamma. J Mol Cell Cardiol, 2007. 43(1): p. 73-
84.

Sharma, S., et al., Atrophic remodelling of the transplanted rat heart.
Cardiology, 2006. 105(2): p. 128-36.

Molina, E.J., et al., Improvement in hemodynamic performance, exercise
capacity, inflammatory profile, and left ventricular reverse remodelling after
Intracoronary delivery of mesenchymal stem cells in an experimental model of
pressure overload hypertrophy. J Thorac Cardiovasc Surg, 2008. 135(2): p.
292-9, 299 el.

Arsalan, M., et al., The Reverse Remodelling Effect of Mesenchymal Stem
Cells Is Independent From the Site of Epimyocardial Cell Transplantation.
Innovations (Phila), 2013.

- 180 -



STATEMENT OF CONTRIBUTION

Chapter 2

K. Dadson contributed to planning all experiments and conducted all surgeries. S.
Tuerdi aided in tissue collection and electron microscope sample preparation. This
chapter was written by K. Dadson and edited by Dr. G. Sweeney and is being
prepared to be submitted for publication.

Chapter 3

K. Dadson contributed to planning and conducted all experiments except siRNA
targeted knockdown of APPL1 performed by H. Chasiotis, and PCR analysis
performed by S. Wannaiampikul. This chapter was co-written by K. Dadson and H.
Chasiotis, edited by Dr. G. Sweeney, and is published in Journal of Cellular
Biochemistry.

Chapter 4

K. Dadson contributed to planning all experiments and conducted all surgeries. S.
Tuerdi and K. Dadson jointly planned all analysis except echocardiography analysis
conducted through collaboration with N. Polidovitch, S. Beca., and Dr. P. Backx;
MEF2-lacZ/AdKO crossbreeding, and MEF2 and ANF reporter experiments were
performed in collaboration with S. Hashemi, J. Zhao, and Dr. J. McDermott. This
chapter was written by K. Dadson and edited by Dr. G. Sweeney, and is being
prepared to be submitted for publication.

Chapter 5

K. Dadson contributed to planning and conducted all experiments and surgeries.
Some echocardiography analysis was performed by V. Kovacevic as part of her
undergraduate honours thesis project under the supervision of K. Dadson. Western
blot analysis was performed by Palanivel R. This chapter was written by K. Dadson
and edited by Dr. G. Sweeney.

Appendix C
This review paper was co-written by K. Dadson, Dr. Y. Liu, and Dr. G. Sweeney, and
is published in Frontiers in Endocrinology.

4. Keith E. Dadsen{PhD Candidate) Dr. Gary Sweeney (PhD Supervisor)

- 181 -



COPYRIGHT PERMISSION

- 182 -



Copyright permission to reproduce journal article
J Cell Biochem, 2014 Apr;115(4):785-93.:

L3022 Fighisink Frinitie License

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Apr 30, 2014

The & a License Aoreement between Keith Dadson ("You”) and Joln Wiy and Sons (CJoln
Wiky and Sone”) provaded by Copynsht Clearance Center ('CCC”). The beemse conssts of vour
order detaik, the terms and condions provided by Jobn Wiey and Sons, and the payment terms

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

License Number
License date
Licensed content publisher

Licensed content
publiation

Licensed content tite

Licensed copyright lne

Licensed content author

Licensed content date
Start page

End page

Type of use

Reguestor type

Format

Portion

will you be translating?
Tide of your thesis [
dissertation

Expected completion date

Expected size (number of
pages)
Totzl

Terms and Conditions

3378760885148

Apr 30, 2014

John Wiley and Sons

Joumnal of Cellular Biochemistry

Adiponectn Mediated APPL1-AMPK Signaling Induces Cell
Migration, MMP Activation, and Collagen Remodeling in Cardiac
Fibroblasts

£ 2013 Wikey Periodicls, Inc.

Keith Dadson,Helen Chasiotis, Sivaporn Wannaiampikul,Rungsunn
Tungtrongchitr,Aimin Xu,Gary Sweeney

Jan 23, 2014

785

793

Dissertation/Thesis
Author of this Wiley artide
Elecronic

Full artide

No

Regqulation of mrdiac remodeling by adiponedtin in response to
pressure overload and unloading: A foous on the extracelular
matrix

Apr2014
135

0.00 USD

TERMS AND CONDITIONS

The copynshied materal & owned by or excherely brensed to Joln Wikey & Sons, Inc. or one of

M= 100 copyight comiAppTiepEichEendt

L

- 183 -



APPENDIX A: LIST OF PUBLICATIONS

1. Dadson K, Chasiotis H, Wannaiampikul S, Tungtrongchitr R, Xu A, Sweeney
G. Adiponectin Mediated APPL1-AMPK Signalling Induces Cell Migration,
MMP Activation, and Collagen Remodelling in Cardiac Fibroblasts. J Cell
Biochem. 2013 Nov 20. doi: 10.1002/jcb.24722. [Epub ahead of print]

2. Dadson K, Liu Y, Sweeney G. Adiponectin action: a combination of endocrine
and autocrine/paracrine effects. Front Endocrinol (Lausanne). 2011 Nov
8;2:62.

3. VuV, Dadson K, Odisho T, Kim W, Zhou X, Thong F, Sweeney G. Temporal
analysis of mechanisms leading to stimulation of glucose uptake in skeletal
muscle cells by an adipokine mixture derived from primary rat adipocytes.Int
J Obes (Lond). 2011 Mar;35(3):355-63.

4. FangX, Fetros J, Dadson KE, Xu A, Sweeney G. Leptin prevents the metabolic
effects of adiponectin in L6 myotubes.Diabetologia. 2009 Oct;52(10):2190-200.

5. Zinman LH, O'Connor PW, Dadson KE, Leung RC, Ngo M, Bril V. Sensitivity

of repetitive facial-nerve stimulation in patients with myasthenia
gravis.Muscle Nerve. 2006 May;33(5):694-6.

APPENDIX B: PUBLICATIONS IN PREPARATION

1. Dadson K, Turdi S, and Sweeney G. Adiponectin deficiency alters the
progression of ECM remodelling following the induction of pressure overload

2. Dadson K, Turdi S, Hashemi S, Zhao J, Polidovitch N, Beca S, McDermott d,
Backx P, and Sweeney G. Myocyte Enhancer Factor-2 Binding is Attenuated
in Adiponectin Deficiency Following Pressure Overload, and is Upregulated by
Adiponectin Stimulation of Cardiomyocytes

APPENDIX C: REVIEW ARTICLE

- 184 -



{fromifisrs fm
ENDOCRINOLOGY

REVIEW ARTICLE
pusinfec: Dl Movamnbar 3307
=zl 1 DY as ST 100000

Adiponectin action: a combination of endocrine and
autocrine/paracrine effects

Keith Dadson', Ying Liu®" and Gary Swesney ¥+

¥ Pt of Bology, ek Lisveraty Toroni, O] Cesecds
¥ nmert Pantesr Sores, Saoul, South Komew

B by

P! Thormes Pioge; Linusrry o
Cinchnay, L3

Wervimwnd by

Dlanil Korrer, Uinveerary Chichen
Hoszral Swredand
Siwrgan & Folvaow, Anwote
Linasrmey o Thasmslondn, Gewca

Comespondence:

Gy Srmanay, Dapartmant of
Halogy, Yk Unawre's Tasoem, O
Clonaria BT 1P

The widespread physiological actions of adiponectin heve now been well characternzed as
clinical shudie= and works in animal models have established strong corelstions batween
circulating adiponectin kvl and various dissase-related outcomes. Thus, comvertional
thinking attributes many of adipenectin's banefical effects to endocrine actions of adipase-
demed adiponectin. Howeves, it s now dear that several tissues can themsatves produoe
adiparectin and there is growing evidence that locally produced adiponectin can medi
ate functionally important sutacrine or paracrine effacts. In this review article we dscuss
regulation of adiponectin production, its mechamism of action via receptor isoforms and =ig-
naling pattrways, and its principal physiclogical effects {i.e., metabolic and cardiovascular).
The role of endecrine actions of adipanectin and dranges in local production of adiponactin

rma prewasworiLo
*avt Daceon and Ying L Ause

or its receptors in whole body physiclegy is discussed.

i dasang

ronindyciec sously o Fur woek

INTRODUCTION
ADSFONECTIN: REGULATION OF ITSE EXPRESEION AND
POST-TRANSLATIOMAL SO DIFICATION

Adipometin was dis dl a5 am adipocyte-derived 30k secre-
iy protein, which consists of an amisso-termizal sgnal sequeence
fodkovwed by a collagesous domain and a carboxyl-terminal glob-
wlar domsain {Scherer et al., 1995 Huw e ol 1996 Maeds o ol
199 Makamo et al., 1996). Adiponscrin is crascripriomally reg-
ulated by perobome peolifersor-activated receptor y (PPARY),
C/EHE SRERP, E47, and 1d3 proien (Fajas e al., 1998 (sbarne,
2000 Motoshimma et al, 2002 Yilmaz e al, _Il:l-l.. Dioigan o1 al,
200 Figuere 1). Dinugs like rociglin and bzl
ing; po the thaasodidinedines i'lil.‘l]clutnd'?]-'ﬂ-l‘pm I:.we
heen climically and experimentally proven sobe potent imducers of
wdipomectin expresthon [ Tsuchida et al, 200%; Fhillips e al., 2008,
Liw et al., 2009) and indeed many of the metabolic and cardiopro-
tective effects of reciglitaso ne or ploglitazes: are absent!'decreased
in mnice kacking adipanectin (Li et al., 2000 Tao et al., 2000; Zhou
et al, 2010} Therefore, slevated adipansctin expresdan is a crit-
lcal meechanism of action in medistieg, beneficial effecs of this
drg class. Regulation of SREBP-1:c & another well | i

inbtiatiom ﬂpnﬂa.dlpnnﬂmn milrimserization imiokes the non-
1L glibaslar ds formisg crimeers {VWalki en al., 2003).
Ej'huq.hmdp the disulfide bond formed via Cp3e (mowse) or
Cyad6 (human) & critical for adiponectin to form higher maleoo-
lar wesght mushtieners hased om its crimeric foeen {Tao et al, 2003),
Post-rramslackonal meodification i and gly-
colysationaf the four cosserved lysine residues (lysaE, 71, lysEo,
Iysl 4 ) wiithiin the collagenows domain of adipossactin are requined
fioe the formation of HMW aligomeric complex {Wang e al., 2002,
206t ).. The disulfide bond A oxidoreductase-like protein (Dsha-
L) was fousd to posicively regulate the proces of adiponsctin
mushtimnerizarion. The secretion of adiponectis i specifically reg-
wlaned by endoplasmic retioalum {ER) pmw.rul-J-lp-Ha.-ﬂl:ml-
La. The covalest bond formsed between ERpdd and the thinl
group of Cys39 on adiposectin retains adiponectin in ER while

the divulfide bond formed between ERpdd and Emol-La releasss
..h:l:'|:|nun:ir|. (Anelli e al., 2003 ‘Wi &1 al, 2007 tchraw et al.,
00 ). Adipomectin exists abumdamily in the plasena and cieculates
in ies HMW (olignmer), MMW (hexamer), and LW (crimer)
aligomeric forms {Walki et al, 2003). The combinacion of these
li ric forms s often referred to as Asll-length adipansctin

nisen activating adiponectin cranscription while maore recemly 1d3
and E47 were demoestrated as novel regulstors of this SREBP-
le-meediated adiponectin expression in adipocyies. E47 poien-
tiates SREBP.Ic-medisted adiponectin promoter activation asd
this is inhibited upon imteraction with M3 Decreased 143 levels
Increased adiponectin expression and 1d3-pall mice had |mcreased
adipomectin expresdon i visceral fat tissse and seram (Doran
et al., 2008).

Extensive post-translitional modification plays a vital role for
assembling adiponectin o form it fusctional oligomenic com-
plemes (Wang et al,, 2008; Simpson and Whitchead, 200100 The

(4], An additicnal circulating form af adiponectin, the albumin
hinding LMW, has been identified subsequemtly (Ebinuma et ol
006 ). Mlowreover, upan proterse ceavage the globular doenadn of
fAd [referred 1o hereafier as gAd) can be librated. Ahbough sig-
nificant ciroulating bevels are not observed, gAd is proposed o
be cleaved locally by specific tissues or a1 sites of inflansmaticn
[Fruehis =t ol , 20002 Walkd &1 2l 20050

ADIPONECTIN RECEFTORE AND RECEFTOR ADAPTOR FROTEINS
Adipomectin exerts many of 05 cellular  effects  prieci-
pally through hinding to mwo recepror Boforms with seven

Hovemnbar 2011 |'|ﬂn-2 il &2 | 1
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putative transmembeane domains. These adiponectin receptor 1
Mpokl)nd-dipuudnrmptul(hdﬁpﬂ)lmﬁnnhm
distinct distribution patterns in various tissues (Yamauchi et al,
2003a, 2007; Kadowaki et al, 2007, 2008). It was shown that
skeletal muscle cells bound gAd mare avidly than fAd and sup-
pression of AdipoR1 expeession with siRNA reduced high-affinity
gAd binding (Yarmauchi e1 oL, 20035). Conversely, suppression of
AdipoR2 expression with SRNA largely reduced fAd binding, but
only modestly reduced globular adiposectin binding. Collectively,
avaiable data indicates that AdipoR1 is a high-affinity recepior
for gAd and a low-affinity recepeor for £Ad, whereas AdioR2 is an

receptor for £Ad and gAd. Since AdipoR1 is
the predominant form expressed bn skeletal musscle, while AdipoR2
Is predomisantly expressed in Yiver, this correlated with the fac
that gAd exerts its insulin mimetic and insulin-sensitizieg effect
mare effectively compared to £Ad in skeletal muscle and vice versa
(Varmauchi et al, 2002). T-cadherin, was also foend o competi-
tively bind only the hexameric and HMW forms of adiponectin
(Hug et al., 2004; Asadactal., 2007; Chan et al., 2008). Although T-
cadherin lacks an intracellular donsais (Hag et al, 2004), various
stusdies have suggested the involvement of this peotein in medlating
functiosal effects of These Incdlude cardioprotective
effects (Denzed e al, 2010), anti-athesosclerotic effects in viscu-
lature (Takewchi et al, 2007; Andreeva et al., 2010), anti-diabetic

effects in sheletal messcle (Hug o1 2L, 2004) as well as anti-Shrotic
effects in liver (Asada et al., 2007).

Several adiponectin receptor binding proteins have now been
identified (Bucchier e al., 2000 Heiker et al, 2010). The first
and best characterized Is adapeor peotein containing pleckstrin
homology domain, phosphotyrasine binding (PT8) domain, and
lewcine mipper motif (APPLY; Mao o1 ul, 20062). Other mare
recently identified adapror peoteins which have been suggested
o be involved in adiposectin’s imracellular signal transduction
inchude activated protein kinase C1 {RACKI; Nu e1 21, 2009), ER
protein 46 {ERp46; Chaslion eral, 2010), and proteis kinase CK2§
(Hedker 1 al, 2005). Among the adapior proteins, only APPLI
assocktes with both AdipoR1 and AdipoR2 while RACK 1, ERpd6,
and CX2f bind 10 AdipoR1. APPL] imteracts with the intracellu-
Lar region of adiponectin receptoes through its PT8 domain (Mo
et 4l 20062) and sequentially activates downstream sigmaling. It
has now been shown that APPLI plays an important role in medi-
ating many of adiponectin’s effects, induding metabolic effects in
liver, muscle, and endothelial cells (Nublybhx et al, 2004; Mao
et al, 20062; Cheng et al, 2007, 2009; Chandrasckar et ol 2008;
Wang et al 2009 Zhow et al., 2009; Cleashy etal., 201 1; Xin et al.,
2011) as well as cardioprotective effects (Fang et ul, 2010; Park
et 4l 2011). The interaction between RACK1 or CK2§ and Adi-
poRl was indicated by yeast two-hybrid studies and confirmed
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in cells by colocalization amd colmmunopeecipltation {Heiker
et al, 200% Hu et al, 2009 RN Amedisiad RACK] knockdown
prevenied adiponectin regulated glooose wptake in Hep(il cells
[Ku e al, 2009) Pha inhibdtion of CK2§ mrensated
adiposectin signaling in skeletal muscle cells [ Helker et al, 2009).
Colmmuneprecipitation also confirmed the interaction between
ERpds and Adipak1, bt not Adipal, and imereingly the sup-
peession of ERpdé expresson reashied in incressed cell ssrfice
AdipoRl levels and enhanced adipomectin stimuslared phaecphio-
ryladon of AMP kimsce (AMPK) but redwced than
of p3B-mitogen-activated protein kinese [MAPK; Charlton e al,
010).

CIRCULATING ADIPONECTIN: REGULATION AND CHANGES
I MORMAL AMD DISEASE STATES
ADIPONECTIN ISOFORMS, THEIR CIRCADLAN REVTHESN AND
CLEARAMCE

Adiponectin cinoulates in the comcemtration range of <330y giml
in healthy individisals, with a bower kevel im male compare to female
which is mainly sttributed oo bower amoun s of hexameric HMW
foeen {300 et al., 2005 Wasg et al, 2008, Studiies on the metab-
olismn and dearance of adiponectin have ylelded variable readhs
with & hali-life of approxienately 75 min reponed recently hased
on tracking lsorescently labelsd recombimam adiposectin in the
circulation (Halberg et al, 2009) while a previous susdy (as the
sthsdy perfiormed im rabshit using recombinast human adiponsctin)
found HAMW sdiposscrin buad & balflife of 135 asd LMW a hali-
life of 17.5h (Feake et al, 7005). A recemt sbudy imdicated the
imsportamt mole of pomtrarslitional nodifications, induding sda-
helatian which meodifies the O-linked ghycams o Thr residues with
shalic acid, im the regulation of adponectie’s hali-life (Eichards
et al., 2010). Indeed, enzymatic removal of the slalic acid from
adipoeectin acceleruies. its clearamce fram drculatbon [Eichards
et al., 20100 Like mapy other metabodic hormones adiposectin,
especially its HMW fore, i regulaced by the hiclogical diack and
shows circadian rhythims with a redwuction oonsrring durieg the
night (Froy, 2007, Capo e al, 200% Gomez-Abellan et al., 2000y
Scheer et al, 2000 Tam et al, 2011). The endocrine effecs of
adipose-derived adipomectin are comvemtiomally believed 1o reg-
ulate many physiclogical processes, and many snsdies have estab-
lished strong correlatioes between circulatieg adiposectin levels
and variows e sates.

ADIFONECTIN I DEESITY AND DIABETES

A decreased plisma adiponectin level has been found in patiemts
‘with ohesiry and type 2 diabetes despite the increasing mass of adi-
pose desue (Anita et al., 1999 Oochi eval., 20013 Weyer et al, 2001,
Matsuda et al., 2002 Daiman et al., 2003 Spranger e al., 2003 Hyo
et al., 20043 Lin e al, 2007 Maoreover, enany shsdies have shown
that instead of the abeolute wotal dirculatieg level of sdiposectin,
the ratio between HMW and total adiponectin can meore accu-
rately predict issulin redstance and development of features of
the mestabolic syndnome {Arakd et al., 2006; Hara et al, 2006, Ka-
subd e el 2006z Lio e al, 2007 Harmsilios e al., 3001). However,
athough HMW s often referred to s most biologically active
for this ressom, there remains & lack of drsct metabolic sisdies
have been condiscted usisg only the HMW form of adiponectin,

Proisflammatary cytnkises, in particular tumaor necrosis factor o
[ThFa), are comsddered 1o be a principal cause of the reduction
in ciroslaring adi crin seen in obesefdiabetic patients (Duchi
et al, 2003a g Takemura et al, 2007). Meventheless, it ks insportant
i balamce these strong cinical | with consideration of
whesther aherations im adiponectin are always a cause or, in somse
cies, @ congsquence of disease states amd this willl be highlightsd
below.

ADIFONECTIN IN CARDMIVASCULAR DISEASE
A sishatantial amsoust of evidence indicates o potential
lolegical contribution of adipesetin in cardiovasoshar disease
(Shinenura, 2000 Xo et al, 2000 Hui e al, 23001 Obsmsoio,
2001). Clinical snsdics have generally identified negative corne-
larioes between plisna adiposectin kevels and warious aspeots of
cardiovasoslar dbesse such s athernsclenots, infarc-
ticen, heant failure, endochelial dysfusction and hypenessian, and
ihlished a5 an independent risk factor for these. The HAW
foren of adipomectin has been generally regarded as the best pre-
dicior of cardiovascular owicome yet, interestingly, a recent study
also ddemtifies crimeric LMW adipomectin as & potentially wse-
fidl beomarker in cardiovascular disease (Hamivon e al, 2000,
Adipomectin knockout mice have been particularly imformative
in terms of clucidatieg the imeraction between adipomectin and
cardiovascular isgury, with exaggerated degrees of indusced car-
diowascular defects typically observed in these mice which can be
orrected by adiponecrin replenishmem. Additonally, several sin-
ghe nusclentide polymonphisms ($3Fs) have been identified in the
adiponectin gene that consequently cawse a reduction of its serum
oomcemtration [Memzaghl et al., 2002, 2007 Tanke et al., 2005
Yang amd Chisang, 2008). For mrupl: climical dara has shown
evidence of the correlation between adipomectin gene +45 and
27l SMPs with obesity, type 2 diabetes, insulis resistance, car-
diowasouler disesse, and { Mousavinesab e al_, 2006;
Loos et all, 2007; Yeng et al., 2007 Dalley e al., 2008). Adipansctin
exertsits beneficial cardiovascolar influensce via targering many cell
Iypes n.ld Ilﬂ.u:m; anticaidative, metabolic, anti-Bhrotic, anti-
ariti. story, aed dil aciivitles {Xu et ol
:tl.ll:. Hul et al, 20010k The concept of adiponectin rsistance,
potentially due to chaeges s exprescion of AdipoRs end APPL1Z,
iy be am enderestimated facior in the developementof CVID [Lau
etal, 2011}

ADDITIONAL ISEASE FROCESSES RELATED TO CHANGES IN
ADSPONECTIN LEVELS

An extremsely wide variety of physiological processes have been
foasnd 1o be regulated by adiponectin and, & & conssguence,
changes in circulatieg adipossecrin have been implicated in var-
lous: cllinical settings [Eadowalki ot al. 2008 Wang and Scherer,
2008, aenaschi and Kadowald, 2008; Sheoty et al., 20092 Brochu-
Caudreaw 1 al., 2000 Chiarugi asd Flaschd, 2000, Corvelatbons
hawe been established hetween changes im circulating ectin
lewels and cancer {Kebesidis et al , 2006y lende et al., 2001; Paz-Filho
et al., 7001}, heparic Ghrosis (Dogra e al., 2000), reproductive
events (Michalakis and Segars, 2010), bome mass demsity (HMIY,
mapoli et al., 2000), and inflamenation {Fantuezi, 2006). Some of
these are disoussed in nore detall below,
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ADIFONECTIN PHYSIOLDEY AND EVIDENCE FOR
CONTRIEUTION OF ENDOCRINE AND LOCAL EFFECTS
SKELETAL MWUSCLE

Adiponetin his clearly been shown to regulate glsoose and farry
acid merabalism in skeletal muscle, principally via snedies which
hawe used animal models with enhamced or asppressed circula-
ing adiponectin or nsad recombinast forms of the protein to trea
cellls i witre o sheletal muscle e vivo, Cell based bn vireo snsdies
show adiponectin can increase baoth basal and insslin-stimulated
glucose uptake by promoding GLUTY translecation o the cell
meermsbwame {Ceddia et al., 2005, Famg et al., 2005, 20089 Mao et al,
200ea) and increase Gty ackd uptake and oscidation | Tomaes e al,
200 Boon &1 al, 200E) I'Jll'-Dl.I.ﬂh the activaiion of AMPE, p38-
MAPE, and PPARa padhwys {Yamsiuchi et al., 2002, 2003h; Yoon
et al, hka). Ankmal meode siudies s e correlaie well wich
these ohservations as systemic infusion, sdemovinal-hased delivery
ar gemeth: overexpression of adiponectin can successhslly correct
high-far det-induced insulin resbance in skelew] muscle and
decreie senem TG and FRA levels (Gamacschi et al., 2001, 2003,
laeda et al., 2002 Combs et al, 2004). Although it i very well
wccepied that adiponectin mediates beneficlal metabolic effecs
in skeletal muscle, the peecise underdying molecslar mechamiams.
were usoovered in more detail recemily. Adiponectin can imcrease
skeleral muscle mitochoendrial mass and oxidative capacity, m
least in part wia inducing extracellular Ca*t influx and subse-
quently activating the Ca™ fralmodulis-dependent protein kinase
kinase beta [(CaMERP-AMPK-Sm]—peromisoms proliferatoe-
wctivated recepior gamma ooactivator-lalpha [PGC L) pnﬂ:wq'
[Pwabas et al, 20001 Presiomss dies also sh d

muice averexpressing adipomectin had improved insulis sensitiv-
ity whereas adipomectin kmockour mice exhibit some degree of
insslin resistance and decreased expresdon of PGCIx and PRARY
[Civitarese et al., 2006 Kadowaki et al, 2006). Most recently,
Scherer's growp Identified anoth maxch umder-

== addiponectin
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proteciion (Delaigle e al., 2004, 7006 ortay e al., 3000, Indeed,
the globular form of adiponetin mediates potent metabolic effecs
in sheleral mynecle [Frudbis et al., 2000 Tomes et al., 2002 Ced-
dia et al, 2005 Chem et al, 2005 Fang et al., 2005; Mao et al.,
zoodah and it is conceivable that elevated local amousns of gAd are
produsced in inflamed thease by elastise enaymee derived from isdil-

lving adipossecting beneficial mt“lce&n:s.nmljmhtnmd
ceramside catabolizm in skeletal musdle (Holland et al., 2001).
The prevailieg, masmption wis that the metabalic effects of
adiposectin i skeletal musicle were dwe o endocrine effects of
adipocyte-derived adiponectin (Figare 2L lmportasaly, emerg-
lrl.gnll.d.em:e [l'lrhlgl: et al_, 31, 2006z Kraeuse et al | 2008; Lin
ef al, 2004 Amin et ol J010 Jortay & @l TOL0 Van Berendan-
chs et al, 2000) suggens that adipomectin can also bhe
and secrensd by skeletal muscle and thus may also be dassified
i & moyokime [Pedersem and Febbraio, 2008) which exens its
effect locally, We have dhown am increased level of adipansctin
mANA, intracelular and secreted protein in response o Fosiglica-
e treatmuent im vitre; and subsequently verified char this skele.
tal muscle produced adj in exerted fumctional metabolic
effects incdludisg enhanced insudin-stimulated Akn phosphoryla-
than and ghicose uptake (Lo e al., 2009), In agreement with this,
Leff's group aleo demossirated FRPARp-medisted sheletal mus-
d:-d.pumpcdu.nmuhﬂ:m:dh:dmmiueﬁtmu
ivity and could protect against high-£at diet-
l|1ﬂu:nﬂ imcuslin redarpmee i1 wive [Ansin e al, 2000). [1 has been
suggested that sledetal muscle adiponectin content incresses in
respomee 0o certain inflammatory conditioes and obesity in an
wttempt a1 providing local anti-inflammatory and antioxidative

g imflamenatory cells {Walki et ol., 2005). Finally, sutocrise
effects of ghd have recently been identified in the regulation of
akeletal muscle cell differentiation (Faschi o al, 2009, 2000).

Local effects of adiposectin may sl he determined by changes
in expression of it recepror soforms and signaling intermediates,
althoughs relatively bitle & known on this topic to dae. Weight loss
induced by either exercise or diet together with exercise enhance
the expression of adiponecin recepoor mENA in sheberal muscle
af bumsans and asimsal medels (Vo e al., 2007 Christlansen e al.,
000). & stady in son-diaberic Mexican Americans with or with-
out & Genily hisory of Type 2 disbetes concluded that skeletal
muzicle expression levek of both Adipoal and Adipol2 corvelated
posicively with insulin sensitivicy {Civitarese et al., 2004). Hyper-
ghycemia amd hyperinsulimenda can both alter AdipoB expresion
in musscle cells and tly adiponectin sensitivity (Fang
e al., 2005) Ahhough it is generally believed char enhn.n.n:ln.g
AdipoR-AFPLI signaling is benefickal (Mo et al, 2006 Cheng
et al., 2007, 200% Saito et al., 2007; Zhow et al, 2009; Fang et al.,
000y Cleashey e al, 2001), recent studies have identified that the
abumdance of APFL] mHENA ks sigmificantly higher in muscle of
type 2 disbetic imdividuals {Holmes e al, 2011). Bariatric surgery
corrected hyperghycenda and this was correlated with increased
circulating in amd shedetal muscle AdipoRl expresion
with reduced APPL1 contemi [ Holnses et al., 2001,
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CARDAOVASCULAR

As described above, many studies have eqablished corvelations.
hetween circulating sdiponecin levels and various cardiovasoslar
outonmes aid the underlying mechanisme are now well under-
sioesl For example, adiponectin & o established as a cardio-
protective adipokine as it mediates beneficial effects on cardiac
renodeling events such i emergy rnn:u'hul.un hypenraphy, fiken-
iis, amd apaoptosis (Shibars et al., . 2005, 2007 Liso er al,
2005 Palanivel er al, 2007: Fang e al, :l:l'.l:q. Li et al, 2010 Tao
et al., 20010 Shimano en al., 2001 Angi-inflasnmatory, vasodilacor,
and amti-atheroscleronic effects ooafer famher beneficial influ-
emces of adipopectin om the cardiovasosar systemn (Fannasl,
2008 Hrochu-Gaudreaw e al, 20008 X et al., 2000 Huol e o,
2001}

Mice lacking adiponectin have been particulary informative in
establishving the cardioprodective roles of pdipomsscrin, with nuener-
ous studies in these mice demosstrating an exaggerated responss
af the kean to cardisc stres [ Shibata et al., 2004, 2005, 2007 Lao
et al, 200% Li et al, 2010 Teo et al., 20108 Shimsane et al., 2001),
which wis attenisated upos restoration of drcolatieg adiponecin.
The ability of adiponectin to coenteran deterioration in cardiac
fumctinm was medismad by metabaolic, anti-apopintic, ani-fibroric,
amd and-hypertrophic effects (Shibars et al., 2004, 2005, 2007
Two et al, 2007 ‘Wang et al, 20058 Famg et al, 2010; Park
et al., 20011 Adiponectin has been shown o regulate farty acid
P-nnidation = the heart. m cell based v wirro studies of iso-
lated cardinevpocyes, sdipomentin was shown to stimulae the
phosphorylation of AMPE, [ES1, and Akt (T308 and $473) coe-
relatieg with the regulation of glucee: and fitry achd uptake and
meetahalisen [Falamivel et al., 2007), and oo target cofilin o medi-
e remndeling of the actin cyioskelsion leading 1o the translo-
cation of lipoprotsin lipase (LFL) to the cell surface [Canguly
e al, 2011). Adiponectin wis also shown to stimulate the phos-
phaordation of aceryl ooenzyme 4 carboryase (ACC], as well as
1 indwsce CPT-1 expression and aoivacion theowgh AMPK (L
et al, 2007ak Recently (Fang e al., 20010), we demsonstrated chan
adipoeectin increases farry achd upeake, CD36 ranclocation, and
insslin-stimulated glucose ranspont & well as Al phasphory-
latiom in wolaved sdult cardicmyecyies, and enhances faty acid
axidation in conjunoion with AMPE and ACC phosphorylation
in the isnlated workimg hearr. However, despite am imcresse in farry
acid oxidation aed myocardial coygen consumpiion, adponectin
incresed pdraulic work, asd maintained cardiac effidency { Fang
et al., 2010).

The phosphaorylation of AMPK was shiws 10 aflenuate Borep-
inephering induced cardinevpocyte hypertraphy and ERK phos-
phaorylation (Shibara et al., 2004), angiotensin 1] induced KF-cH
activation and hypenrophy (Wang e al, 2011}, and also shown
to fislly [ Shibata e al., 2005), or minimally (Wang €1 al., _rrl'r.h]
attenuate bypods—rencygemation induced apopinsis. .

‘wias shown o anenwate hypoxis—reoaygenation induced apopan-
sis in HPC2 cells theowgh the AdipaR 1fAPPLY signaling pachmay
[ Park er al, 200 1), Cardiar fibrosis is seuncisted with immpadred car-
disc fanctios, and there are numerous stodies demonstraging the
exdggerated fibrotic respoese of the heart 1o cardiac stress im the
abvence of adiponectin (Shibara ex al., 2004, 20035, 2007; Liao et al,
2005 Li et oal., 20100 Tae e g, 2000 Shimano & al, :l'll'.I."ll!ﬂ'j'

few sisdies have direcdy imwesrigated regulation of extracellular
maitrix components by adiponectin ds wire, Cardiac fibeoblass
express AdipoR1 (Huang e al., 2009) and trearment of adulr raa
fibrotdasis with gAd was shown o increase [L-6 expression asd
secretion wia the aotivarion of AMPE, p3&8-MAPK, and ERK1/Z
[Fam et al., 200 1

Although an overwhelmieg amoust of dats indicates numer-
ous heneficlal effects of adipomectin, theee is sl some oonira-
diciory evidence fromn climical and experimental snsdies om the
cardiopeotective pole of adiposectin. For example, recent clin-
ical data bave positively coreelated high levels of adiponectin
with moralicy and severity in patients with comgestive hear fail-
ure [Shimmusra, 2000). Adiposectin knockout mice asbjenad
long-term pressure overboad suggested that under chronic stress,
adiponertin deficiemcy preserves oxldative capacity asd cardis:
function despite an imcrease in cardisc hypertrophy compared oo
wild-type mice, suggesting that adipossctin may im Ger be playing
& permutsive role in long-term cardiac dysfumsction [05hes enal.,
D).

Both cardiomyooytes (Fineroet al., 2005; Ding e al., 2007 ) amd
epicardial adipose tssue {Gormez et al., 20013 Hiraa et al., 20011)
can peodisce adiponectin and this inoresse soimcrineparacrinse
hinarvailabdiry. Isdeed, epicardial sdipose-derived adiponectin was
recently idenrified as & predicior of positive sutcome following
cardiac surgery ﬂhm_d-.-ulm. et al. 011k M it showld
bhe moted that expresion of froen epicardial adi-
pose iase his been shown o be lower than that froen sub-
cutaneoes adipose thase [Bambace e1 ol 2001 Sienilarky, car-
dioenyocyies peodisce relatively small amoumts of adiponectin
[Pimeien et al., 200% Liing & al., 2007), el these ane |*d'.’ Lik
he sufficient for kocally mediated effects. & numsber of sudies
hawe found that cerdisc sdipomectin levels are altered in wari-
s For examiple, a recent sisdy has shown
in patients with dilated cardicrmyspathy that adiponecin expres-
sion wis decreased sidfold and this wes mirmored s inmeno-
histochemical asalyst of endomyocardial bopaies {hurk o al,
mood ). Additionally, the acoumnsulation of adiponectin within the
myocardial tssse following stres thooogh leakege from the vas-
cular compartment cowld aleo serve 1o increase the local sup-
ply of hinavailable adiponectim and serve o compensate for the
inflamnmaiory isduced downregulation of both local asd sys-
temic adiponectin expression (Chechl eo al., 2000; Shibat e al.,
2007 Fuiita e al, 2008} Interestiegly, adiponeciin has alse been
shiwn 12 accumulate i athercacdlerotic plaques and whether
this is causative or protective agaisst progression of atheroscle-
rosts b still incompletely resolved. although the laner seems
moar bty [Lioer al., 2007h; Cad et al, 2000; Beymabds e al.,
0.

Myocardial adiponectin resistance (Sl e1 al, 2007; Kollias
ef al., 20015 Ma et al., 2001) may necessarily be the first wrget
in developing adiponecin-based therapeurics in the treatment of
cardiovasoslar dsegse. {verall, droulating or local adiponectin
lewels temd 1o corvelate megarively with cardiovascolir disease inci-
demee and prognosis, bowever since many cardiovascular evenits
are progressive im nature there may im some cases be @ empo-

ril compensatory increase in adiposecrin expresshon, partioulaly
withim the affected tissue. Thus, several paradoical obaervations
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have beem reported im the lieransre aed it ks likely that the timing

of targetieg adiponenin therapeutically will be vital oo s ssocess
in the cardiowascular arema (Denbinsks, Z010).

LIVER
Fegulation of hepatic glucese and Gy ackd metaboliam plays an
imsportamt role in the ahility of adiponecin to improve whals
body emergy homessiass (Kedowaki smd Yamauchi, 2005 Fang
and Sweeney, 2008 Kadowaki et al, 3007). For example, bow
levels or defects in adiponectim action correlate with sieaiosis,
hepatomeegaly, and local inflammation associated with varkous
liver diseases. The intracellular signalieg meechanizms via which
adipoeectin mediares effects im hepatocytes are similar wo those in
minscle [VWang e al., 2005¢), with ome apparest exception being
& more important robe of the AdipoR? soform im medisring
the effects of adiponectin in bver (Camaschi er al., 20035, 2007,
Yamauchi ased Kadowaki, 2008 ). Adiposetin s known to exert iis
effects im the liver primarily throwgh the sctivation of the AMPE
and PPARE pathways. In addition to the well charactenized insuslin-
sepitizing and insulin-like effects of adiponenin in the liver, bow
serum adiponectin levels have been associated with high T Fe lev-
#ls and the presence of nos-alcoholic Goy liver disease (MAFLIY)
independent of insulim Fesistamce (Hal et al, 2004; Ayvgun et al,
200, Polyom et al, 2001). In parcoslar, adiponectin has been
shown 1o mediate anti-fibrotic effects through the ativation of
AMPE im bepatic sellate cells {(Adachi and Hrenner, 2008), ami-
apoptotic effecrs via PI3K and AMPE acivation in hepatocytes.
[Jung et al, 2009), and 1o be anti-isflammsa tory through the inhi-
hicion af THFAz indwced hepatonmicity [ Senmello eoal, 2005). &
rale for T-cadherin his also been propoded in mediaring the effens
of adiponactin an bver Shrocs { Asada et al., 2007). Furthermiore,
circalatieg adiponecein levels have been found 1o be downregu-
lated in minebidly obese patiests with non-dochaolic sieatahepariis
[NASH) compared o imdividuals with simple steatosis (LUrike
ef al., 2008; da et al., 2005 ), while & parsdonical imcrese in senmm
adipoeectin kevels were detected in patiests with cirrhosis, imde-
t of iesulin resistance {Ticige et al, 2004; Kaser et al,
200E). It is worth bearieg in misd that iscreased adiponectin
levels in liver cirrhsosis may reflect redoced hepanic dearance of
adipoeectin andior a compensatory increase toward the ower-
whelming produscrion of proieflammaory cyinkises in cirrhosis.
Thus, a potemtially detrimental contribution of adiposecin as
MAFLD progresses to cirthosis muss be coscidered {Polyzos e al,
2000,

Hepatic AdipaR] amd Adipak? mBEMNA sxprecon levels were
higher in insuslin-resistam subjects, perhaps reflecring @ com-
pensatary mechantim for redsced plasma sdiponectin (Felder
et al., 2000). Liver fibrosk in individuaks infected withs hepanicis O
wirus was isociaed with hyperadiposscrinemia and, imeresingly,
redisced AdiipoR] expression (Corberta et al, 200110 A stody in
husmans shivwed no charge in Adipoll exprescion in patients with
MASH (Uribe er al, 2008), bt an important eole for changes in
AdipoH expresion was also shown in a sisdy wing a high-fan and
high-cholesterol diet im ohese 0/ Puscker rais o induce NASH
wis ddsoclared with decressed Adipol] and AdipoB2 expresdon
[Blatsumand et al 2011} In addirion, bver svpression amd localiza-
thon of adiposectin were increased in wild-rype muice in respomss

to carban tetrachloride indsced heparafibrosis (Yoda-Murakami
et al., 2001 ).

LUNG
Fespiratory complications are ofiem observed in chese individ-
uaks (Ford, 2005 Shore, 2000k Impormasdy, decressed serum
adiponectin levels correlate with poor lung fusction im asthma
and chromic obatructive pulmonary disesse (OOPD, independ=nt
of adiposity (Sood e al, 2008; Stanciv et al., 2009; Smherlasd
&1 al, 2005 Chan et al, 2000 Thyagarajan et al., 20100 Indeed,
climical trestment of COPD with corticosterodds and antibiotics
imsproved lung functice concomitant with elevated cieoslating
adiponectin levels amd a decrease in systemic inflasnmaatory mark-
ers such e [L-6 and THPa (Krommides e al., 2000 Kote, i
is pocsibde that the increased adipomecrin levels may result from
diminished [L-6 and THFa after tremment. Adiponectin kmockour
mice exhibiied progressive abveolar emlargemsent and emdothelial
el apopiosis, which wis stensared by ademsowinal adnuinisira-
tion af adiponectin { Makamishi ez al., 2001). Continnos infusion
of adipossctin via subcotansously implinted camotic pumps oo
replenish decreased levels wis found 10 anenuae ovalbumin-
induced airway inflamnmation im mice through the srensation of
inflamnmaiory cell indlux, correspondieg with a reduction im IL-13
amsd 1L-5 [ Shore et al., 2006} Funthermore, chronic allergic airmay
inflamnmation and pulmonary vasoslar remodeling are aleo exacer-
hated in adipnnectin deficiemt mice (Medaff e al, 20089 Makagawa
et al., 200% Summer et al, 20090 Neventheless, a dowhle-blimd
ramsdomdzed climical trial fousd thar sasrhmaric paciests exhdhined
aonly & modealy bemeficial effect im the kate ssthmatic regponse to
inhaled allergen challenge after 28 days of rosiglitarone trestment
1 imcrease serum adiposectin levels (Richands e al, 2000).
Although the stodies describied above focused on endocriss
effects of adiponeciin, it & again imporast o consider the
potential effecs of locally produced adipomectin im the lung.
Adipomectin was found o be bolized to the murine pulmosany
vascullar endotheliven wnder normal (Summer e al., 2009 oc
hypagic {Makagawa et al., 2009) coedithons and bronchoakeeodar
flsid comtaimed bow bevels of adiponectin {Sammer et ol 2008).
Adipomectin wis overexpressed im the hroechoalveokir lavage
(BAL) fuid of COPD patients and in a muhimeric disribation
profile differing from thet found in serumm (Zho e al, 2000). Imer-
estingly, these findings correlated with the increased localization
af Adipoak] o the airway epithelial cells of COPD patients (500
£t al., 2K ).

OTHERE

Mumenous effects of adiponectin have been established in other
peripheral riesues (Fadowaki e al., 2008), besides the obwious
wsncring effects on adipocytes themselves (Wu =t al., 2003} For
examnple, the loegstnding complicarion of nephropathy in chesity
ansd disbeeies has paturally led 1o studies on the pathophysiological
role of adipomectin in this process (Chem e al, 2004 Srivas-
tarwa, 2006 Stervinkel, 2001 Incressed cinculstieg, adiponectin
levwels are found im predialysis patienis with end stage remal dis-
eake (EERIY, Shen et al., 2007 Stenvinkel, 2001) and adipanectin

soggested 1o be o predictive factor for the progression of chrondc
kidney disease in mem (Kolleris e al., 2007) General consensus

Frestiars in Endecrimslogy | Cillolar Enciainulogy

tiovmmbar 2001 | Volers 2 | Articls &2 | 8

-190 -



Dmctaon wi al.

hased on available literarure indicates that adiponectin is remopeo-
teceive [ Abe ot al, 20100, for example via stenuating pathological
[Cihashi et al., 2007 ). Even im the absence of a stressor, adiponsctin
deficient muice exhibiied segmentally fused podocyie procsses,
incressed albumin leakage imto the wrine (albumineria), and kid-
ney caidant stress when compared o wild-type comrols, whils
trearment with adiponectis redocesd the degree of dbumin per-
mezahidlity of @ podocyie monalayer im witro (“harma e al, 2005),

Obesicy is stromgly assodated with incressed B8 due notanky
i the imcreased mechamical load, bur also 1o sdipocyie-derived
hormoeal oo mediaring the cross-1alk berween adipocytes and
bome (Confavreus et ol | 2009). As such, there is accumulating and
comradiciory evidence indicaring thar adiponectin plays & mle in
bome maimemance and metaboltem [ Lenchak et al, 200% Boxc
et al., 20105 Harbaour et al, 2001, Specifically, in witeo, adiponeactin
has beem foumd 1o decrease oateockast differentiation and bose-
resofption acoivity {Ushima et al, 2005) vie APPLL-medated
Akil suppression (I e al, 2001), while iscressing osteohla
proliferation and dfferendaion via an AdipoR] depemdem p3a-
MAPKSMK signaling pathway (Lus et al., 2005), suggesting chat
adipoeectin positively inflisences bone growth. However, wddi-
thonad studies in adiponectin deficient or hyperadiponecti menuic
examiming bome mass and fragilicy yielded some paradiosical
observaiions {Cshima e al, 2005 Willlams e al., 2009 Mi-
sl et al., 2001). Indeed, amother stsdy reported mo abnormal-
ity im bone mass or tursover in adipoeectin knockour mice or
adipomectin rrassgenic mice overexpressing ghobular adiponectin
[Shimcda e al, 2006). Interescingly, adipomectin has been fousd
ti» e expreseed by bone forming catzsoblagts (Hermer o1 al., 2004,
Shimoda et al., 2006) indicaning a potential complex amocrine,
paracring, afd endocrine role of adiponenin in mediating boss
densirg

Adipomecrin alsn has centrally medismed effecrs, sisch as reg-
ulation of food intake and emergy expendinere (01 e al., 2004,
kadowaki er al, 2008). Althousgh adiponectin was reportedy
ueable 1o crods the Mood bradn barrier (Spranger e al., 2005,
it wis found in the cercheospimal Buid of rats (00 e al, 2004)
and humnaes (Mewmeier e al, 2007) although at significantly
lower levelk and with different oligomeric profile thas cha
in peripheral circulation [Ehinuma @ ol 20070 Adiponectin
mHENA expression and localizmion within the CHE has mow
been shown [Rm]l.lj_l\.v:r-Pi\.'hl.\.'ll et al., 2007 |'|.|||||.'h.‘|||i!_n.l|| el
2009, Several sudies have documemted the fumctionality of
adipomectin{ Rodriguez- Facheoo et ol 2007 ) inwira and through

intracerebeal injection [Hovda e al, 2005a; hwama e al., 200%
Fark e al, 2011}, and also cemtral expresson of adiponsctin
recepiors [Hovda et al., 2009b).

ADIPOMECTIN ACTION AS A THERAPEUTIC TARGET
The ratkonale for targeting adiposecrin & based on the well dic-

umented beneficial physiological actons of adiponectin spanming
digheres, nflamenation, cardiowasonlar disess, and cancer amsd

it is expected that sudies im animmal models will craeclare well to
human phrypsiology im the case of adipomectin [ B e ol 2006h;
fhu et al., 2008; Shetry e al., 2009; Wang et al., 2009 Maree
ard Sweeney, 2011 L Adipomectin-based therapeurics would have
patenrially wide-ranging applicarios in markets with widespread
demographics. 1n diabetes alome there are sl significant ummet
therapeutic needs despite an aneual ghohal market valise of aroussd
530 hillion. Synihesis and administration of recombinant forms
of adiponectin is generally not & viable therapeunic approach dise
i the cor off symithiesizing cormactly postrasclanonally mosdified
hinactive forms and the disadvastage of the route of adminisira-
ticn, although the recombimaen globular domain of adiponectin
is in pre-climdcal crials for Merck amd Protemin have a

glycoaylated form of adiponectin in pre-clinical triak There are
severad reports of conspousds whidh incresse adiponectin sxopres-
shon and secretion, although these increases tend 1o be very modest
it non-supra-physological doses (“ha e al, 2008). The com-
muﬂpprumhadﬂhdmud’mn—ducu:qmmmn:bu
in pant via dlevaring adiponectis (Fajvami et al., 30604, Kubota
ef al, 2006 Li et al., 2010} A mvore aitractive therapeutic option
woidkd be the discovery of small molecule compounds which
mimic or enhamce adiponsctn action. Presently, 4 small mal-
erule adiponecin-mimetic developed by Rigel Pharmaceusticals
that imyproves insslin sensichvity im 2 disbetic mowse model s in
pre-clinical development and Kadowaki's growp have also identi-
fied such a compousd. However there are no potent and specific
adiponectin-based therapeurics which are clisdcally availahle ye.
Based om the informacion im this review article it is interesting
1 coesider the funure poasibdlity of combiming adiponectin-hased

therapeutics with tissoe- or cell-specific delivery approaches.
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