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Abstract

Cardiomyopathy is a well-known clinical problem in the heart that occurs
during doxorubicin chemotherapy and in type 2 diabetic mellitus. Cardiac cell
culture studies have showed that desacyl ghrelin, a preproghrelin gene-derived
peptide, exerts favorable effects on cardiomyocytes such as inhibition of
apoptosis. Nonetheless, the in vivo protective effects of desacyl ghrelin on
cardiomyopathy have not been investigated. In this dissertation, we examined
the protective effects of desacyl ghrelin on doxorubicin-induced
cardiomyopathy and type 2 diabetic cardiomyopathy by using corresponding
mouse experimental models. The number of diabetic cancer patients is rapidly
increasing but the cardiac damaging effects of the anti-cancer drug doxorubicin
on a diabetic heart have not been examined. As the signaling mechanisms of the
doxorubicin-induced cardiomyopathy in a type 2 diabetic heart are mostly
unknown, we further investigated the molecular signaling that is responsible for

doxorubicin-induced cardiotoxicity in type 2 diabetic heart.

The first part of this dissertation demonstrated that desacyl ghrelin improved
the cardiac dysfunction induced by doxorubicin based on the functional results
of ventricular fractional shortening and ejection fraction. Cardiac apoptosis and
fibrosis induced by doxorubicin were prevented by desacyl ghrelin. Apoptotic
DNA fragmentation, caspase-3 activity, apoptotic markers (Bcl-2, Bax and
XIAP), fibrosis area and fibrotic regulatory factors (CTGF, BNP and TGF-B)

were examined in cardiomyocytes. Desacyl ghrelin was found to exert



protective effects on doxorubicin -induced cardiotoxicity via the attenuation of
apoptosis and fibrosis through the activation of pro-survival ERK1/2/Akt
signaling pathway. The second part of this dissertation showed that desacyl
ghrelin alleviated cardiac dysfunction in type 2 diabetic cardiomyopathy
indicated by the improvement of functional fractional shortening of ventricle.
Collagen deposition, fibrotic regulatory factors, autophagic markers and
AMPK/AKt/ERK1/2/GSK30/p signaling pathway were examined. The results
demonstrated that desacyl ghrelin reduced collagen deposition, up-regulated
adiponectin expression, increased autophagic Beclinl and Atg5-Atgl2
conjugation, and enhanced phosphorylation of AMPK, Akt, ERK1/2 and
GSK3o/f signaling in type 2 diabetic heart. The third part of this dissertation
focused on examining the molecular mechanisms of the doxorubicin-induced
cardiotoxicity in type 2 diabetic hearts by using the technique of microarray
analysis. The results identified a panel of regulatory genes associated with
cardiac remodeling, inflammatory response, oxidative stress, and DNA/RNA
stability/repair in the doxorubicin-induced cardiac injury in diabetic heart. The
results of this microarray experiment were confirmed by the analysis of
transcript expression of selected genes by using real time PCR. Notably, the
analysis suggested two important genes, namely S100A8 and S100A9, might
play a unique role in the pathogenesis of the doxorubicin-induced

cardiomyopathy specifically in diabetic heart.

In conclusion, the results of this dissertation evidently demonstrated the



cardioprotective effects and the corresponding signaling mechanisms of desacyl
ghrelin on the doxorubicin-induced cardiomyopathy and type 2 diabetic
cardiomyopathy. These findings provide important pre-clinical information for
future research to develop effective treatment or intervention in solving the
clinical problem of the doxorubicin-induced cardiac toxicity in both non-

diabetic and diabetic cancer patients.
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CHAPTER 1

Introduction



1.1 Cardiomyopathy: Definition and Classification

Cardiomyopathy, a disease of the heart muscle, results in a change of
myocardium structure and impairs pumping function of the heart. It is the most
common cause of heart failure that leads to sudden cardiac death. Increasing
numbers of people are suffering from cardiomyopathy worldwide and more

than 10,000 people die of cardiomyopathy each year in the United States.

Cardiomyopathy has become a significant health problem in the world. Every
year in the United States, cardiomyopathy is a contributing factor in almost a
quarter million deaths. Currently, about 3 million people are living with
cardiomyopathy and approxiamtely 400,000 people are diagnosed each year in
the United States. The majority of these people suffer from heart failure — the
prevailing clinical manifestation of cardiomyopathy. People with
cardiomyopathy are always subject to arrhythmia or sudden cardiac death or
both. When cardiomyopathy develops, the heart muscle becomes enlarged or
abnormally thick or rigid. The weakening of heart function leads to the
reduction of pumping blood through the body and causes heart failure,
arrhythmias, fluid buildup in the lungs or legs, and endocarditis (a bacterial

infection of the lining of the heart).

According to World Health Organization, cardiomyopathy is classified into
four types: dilated, hypertrophic, restrictive, and arrhythmogenic right

ventricular dysplasia/cardiomyopathy (Richardson et al., 1996). Additionally,


http://en.wikipedia.org/wiki/Arrhythmia
http://en.wikipedia.org/wiki/Sudden_cardiac_death
http://www.nhlbi.nih.gov/health/dci/Diseases/Hf/HF_WhatIs.html
http://www.nlm.nih.gov/medlineplus/ency/article/001101.htm
http://www.nlm.nih.gov/medlineplus/ency/article/001098.htm

there is one type of cardiomyopathy named secondary/specific cardiomyopathy
which has a clear disease-related cause such as DOX-induced cardiomyopathy
and diabetic cardiomyopathy. Various medical outcomes are caused by
different types of cardiomyopathy, but all types ultimately have a common
outcome — heart failure. With the progress and development of cardiomyopathy,
the work efficiency of the heart muscle is gradually reduced. When the heart is
not able to pump enough blood to meet the needs of the body, heart failure

ultimately occurs.

1.2 DOX-induced Cardiomyopathy

DOX (DOX, Fig. 1.1) was originally isolated from the red pigment-producing
bacterium Streptomyces peucetius in the early 1950s and was found to have the
anti-tumor activity in 1960s (Arcamone et al., 1969). DOX treats effectively
leukaemia, Hodgkin’s lymphoma, and cancers of the bladder, breast, stomach,
lung, and others. However, DOX results in irreversible myocardial damage,
which leads to dilated cardiomyopathy with sequential fatal congestive heart
failure (Swain et al., 2003). Several underlying mechanisms of the action of
DOX in cancer cells have been suggested by researchers including DNA
damage and lipid peroxidation from reactive oxygen species generation, DNA
breakdown from inhibition of topoisomerase IlI, DNA cross-linking and
alkylation, inhibition of macromolecules synthesis via intercalation into DNA,
blocking of DNA strand separation and helicase activity, and interference with

DNA replication (Takemura & Fujiwara, 2007).
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Fig. 1.1 Structure of DOX (Arcamone et al., 1969)

Although the precise mechanisms of DOX-induced cardiotoxicity were not
fully understood, the anti-tumor effect of DOX was differentiated from its

mechanisms that induce toxicity in cardiomyocytes.

The mechanisms of DOX-induced cardiotoxicity have been the research focus
since DOX-induced cardiomyopathy was first documented in the 1970s (Lefrak
et al., 1973). Several mechanisms have been suggested to explain the DOX-
induced cardiomyopathy including cardiac muscle cell apoptosis (Nakamura et
al., 2000); adrenergic dysfunction (Tong et al., 1991); changes in sarcolemmal
calcium transport (Olson et al., 2005); and altered cardiac metabolism
(Carvalho et al., 2010). DOX-induced cardiotoxicity involves mechanisms that
are different from its anti-tumor activity. Difference of anti-tumor action from

the cardiotoxic effects of DOX offers a hope that the therapeutic strategies can



be designed to prevent the adverse cardiotoxic effects of DOX but without

sacrificing the beneficial anti-tumor ability of DOX.

1.2.1 Epidemiologic Features

DOX induces acute and chronic effects on the cardiovascular system. In
response to DOX treatment, approximately 11% of patients showed
arrhythmias, hypertension, and electrocardiographic changes (van Acker et al.,
1996). The chronic effects of DOX are the progression of the irreversible
cardiomyopathy with 1.7% of the incidence and 50% of the mortality rate (\Von
Hoff et al., 1979) and congestive heart failure in a dose-dependent manner (Fig
1.2). Retrospective analysis demonstrated that more than 4% of patients
developed cardiotoxicity at a cumulative dose of 500 to 550 mg/m? of DOX in
339 patients. The incidence of cardiomyopathy induced by DOX rose to ~18%
at a dose of 551 to 600 mg/m?and to ~36% at dose of 601 mg/m?® or higher
(Lefrak et al., 1973). Nonetheless, the other study showed that 21% of patients
presented DOX-related cardiotoxicity at a dose of even less than 300 mg/m?
(Sawaya et al., 2011). After the treatment of DOX, the congestive heart failure

occurred and presented a peak incidence after 1 to 3 months (Von Hoff et al.,

1977).
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Fig 1.2 Cumulative probability of developing DOX-induced congestive heart failure vs

total cumulative dose of DOX in 3,941 patients (Takemura & Fujiwara, 2007)

1.2.2 Pathologic Features

The development of histological changes of myocardium affected by DOX
were shown in Fig 1.3 (Simunek et al., 2004) and Table 1.1 (Rahman et al.,
2007). In the stage of grade 1, myocardium showed the normal appearance with
the increased eosinophilia of cardiomyocyte cytoplasma (E) and scatter necrotic
cells (N). DOX led to the dilatation of the sarcoplasmic reticulum, which
further induced cytoplasmic vacuolization and myofibrillar loss of
cardiomyocyte. Gradually, the connective tissue replaced the damaged cardiac
muscle cells, which induced the development of interstitial myofibrosis and
fibrotic scars (S) shown in histophathological changes of score 4 and 5. Such

cellular changes eventually caused cardiac remodeling and heart failure



(Rahman et al., 2007).

Fig 1.3 Development of histophathological changes in the myocardium of rabbit model

response to DOX (Simunek et al., 2004)



Table 1.1 Morphologic grading system for DOX cardiotoxicity (Rahman et al., 2007)

Billingham scoring system (Billingham et al 1978)

Grade Mackay scoring system (Mackay et al 1994; Ewer et al 1984)
morphologic characterics Vacuoles Myofibrillar dropout Necrosis
0 Normal myocardial ultrastructural morphology
0.5 Not completely normal but no evidence
of anthracycline-specific damage <4 0 |
| Isolated myocytes affected and/or early myocfibriller loss;
damage to <<5% of all cells 4-10 <3 I
1.5 Changes similar to grade | except damage involves
6%—15% of all cells =10 3-5 <2
2 Clusters of mycocytes affected by myofibrillar loss and/or
vacuolization, with damage to |6%-25% of all cells any number 6-8 2-5
2.5 Many mycocytes (26%—35% of all cells) affected by vacuolization
and/or myofibrillar loss (The grade of 2.5 is not included in the Mackay grading system)
3 Severe, diffuse myocyte damage (>35% of all cells) any number >8 =5

1.2.3 Current Treatment

The treatment of cardiomyopathy mainly aims to reduce the symptoms and
complications of cardiomyopathy and to optimize the efficiency of the
weakening heart. The most common treatment remains medication including
digitalis (to improve the contractile function of heart muscle), diuretics (to
reduce the excess fluid retention), angiotensin converting enzyme (ACE)
inhibitors (to decrease the work of the heart by dilating blood vessels in the
body), and beta blockers (to block the effect of adrenaline in the body). In
addition, some new medical interventions are being developed to treat
cardiomyopathy, including cardiac transplantation, anti-arrhythmic therapy,
cardiac resynchronization therapy and stem cell therapy. However, there are
still many obstacles in curing cardiomyopathy. The reason for the lack of ideal

treatment strategies is mainly due to the incomplete understanding of the



pathogenesis of cardiomyopathy. Recently, cardiomyocyte loss due to apoptosis
has been reported to play a very important role in the development and
progression of cardiomyopathy. Potential therapeutic strategies to inhibit and
reduce cardiac apoptosis could have a clinical benefit on regressing

cardiomyopathy progression beyond the alleviation of symptoms.

1.2.4 Molecular Mechanisms

1.2.4.1 Cardiac Apoptosis

Apoptosis, a form of cell death, is characterized by loss of cell volume, plasma
membrane blebbing, nuclear condensation, chromatin aggregation, and
endonucleocytic DNA degradation. The molecular mechanisms of apoptosis
have been documented in cardiomyocytes. The balance between pro-survival
and pro-death cell signals is tightly regulated in cardiomyocytes. The caspases,
a family of intracellular proteases, play a key role in the terminal morphologic
and biochemical changes during apoptosis. There are two main apoptotic
pathways, the “extrinsic” and “intrinsic” cascades, in cardiac apoptosis. The
extrinsic pathway involves the cell surface death receptors (e.g. tumor necrosis
factor receptor superfamily of proteins, TNFR, and Fas receptor). The
extracellular ligands (e.g., TNF and Fas Ligand, FasL) bind to their receptors
and result in the activation of caspases via the signaling pathways such as MAP
kinase, NF-kB and Akt signaling to induce apoptosis. On the other hand, the
intrinsic pathway is associated with the mitochondria to mediate the apoptotic

signaling. Through the increase in the mitochondrial permeability transition



pore (PTP), pro-apoptotic factors (e.g., cytochrome c¢, Smac/DIABLO,
endonuclease G, Omi/Htr A2 and apoptosis-inducing factor) are released to the
cytosol. Once released, the binding of cytochrome c to cytosolic protein Apafl
promotes the formation of the “apoptosome” complex that results in the

activation of caspase-9 followed by the caspase-3 activation (Fig 1.4).
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Fig 1.4 Two main apoptotic pathways in cardiac apoptosis (Kalyanaraman et al., 2002)

Myocardial apoptosis is an essential determinant of cardiac pathogenesis
because it results in a loss of contractile units, conduction disturbances,
compensatory hypertrophy of myocardial cells, and fibrosis. Ample evidence
shows that apoptosis plays a key role in the pathogenesis and progression of
various etiological cardiomyopathies including those attributed to ischemia-

reperfusion, toxic exposure such as DOX, and chronic diseases such as diabetes
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mellitus and hypertension. In the recent years, there has been great
breakthrough in understanding the molecular mechanisms that are involved in
cardiomyopathy. Cardiac apoptosis has been shown as an important process in
the development and progression of cardiomyopathy. Apoptosis is a
systematically-regulated process and is a novel potential therapeutic target for
alleviating cardiomyopathy. In the treatment of cardiomyopathy and heart
failure, inhibiting cardiac apoptosis has become one of the potentially effective
regimens. There is a variety of apoptotic stimuli in the animal models of
cardiomyopathy and heart failure by using different species. That might explain
why the results of cardiac apoptosis measured by terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL) assay are controversial
in the literature. The apoptotic index varied from 0.42% as reported by
Nakamura and colleagues in 2000 to 23.8% as reported by Liu and coworkers
in 2008 (Nakamura et al., 2000;Liu et al., 2008). However, even though the
percentage of cardiac apoptosis in the heart is not in the high range in some
cases, it is already markedly elevated when compared to the normal heart. Most
importantly, the cardiac function is evidently demonstrated to be considerably
improved once the apoptosis of cardiomyocytes is inhibited by the experimental

interventions (Chen et al., 2007).

In cancer chemotherapy, DOX is one of the most effective drugs used

frequently to treat many hematologic and solid tumor malignancies including

breast cancer, leukemia, and sarcomas. However, DOX results in irreversible
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myocardial damage, which leads to dilated cardiomyopathy with sequential
fatal congestive heart failure (Swain et al., 2003). It has been demonstrated that
cardiomyocyte apoptosis is a key element in the development of DOX-induced
cardiomyopathy (Nakamura et al., 2000). Different from its anti-neoplastic
activity via a cytostatic mechanism of tumor cell apoptosis, DOX induces a
direct decrease in the reductase domain of the endothelial nitric oxide synthase
(eNOS), which results in enhanced superoxide formation (Vasquez-Vivar et al.,
1997). Recently, Kalivendi and colleagues reported that DOX-induced
apoptosis was associated with intracellular H,O, formation and the increased

transcription of eNOS expression (Kalivendi et al., 2001).

1.2.4.2 Cardiac Fibrosis

Cardiac fibrosis is the proliferation of fibroblasts in the heart muscle. Fibrosis
has been shown to cause cardiac stiffness and dysfunction in DOX-induced
cardiotoxicity (Miyata et al., 2010;Li et al., 2007), ischemic, and hypertrophic
cardiomyopathy (Khan & Sheppard, 2006). The increased collagen synthesized
by the fibroblasts invades and replaces the necrosed or apoptotic myocytes
(Khan & Sheppard, 2006;Diwan et al., 2008). The excessive deposition of
extracellular matrix (ECM) disturbs the mechano- electric coupling of

cardiomyocytes and induces pathological signaling (de Bakker et al., 1996).

Connective tissue growth factor (CTGF), a pro-fibrotic cytokine, acts as a

downstream and cooperative mediator of TGF-B1 in the fibrogenic process.
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CTGF promoter activity was regulated by TGF-B1/Smad (Smad2 and Smad3)
casade (Holmes et al., 2001). Wang and colleagues reported that the interaction
between TGF-f and CTGF is necessary for the development of multiorgan
fibrosis, renal fibrosis, and pulmonary fibrosis (Wang et al., 2011). Furthermore,
the histologic signs and the pathologic severity of fibrosis were ameliorated by

the treatment of human anti-CTGF antibody FG-3019 (Wang et al., 2011).

1.2.4.3 Cardiac Metabolism

1.2.4.3.1 Metabolism in the Normal Heart

Cardiac metabolism is critical in maintaining the myocardial function. Energy
is synthesized and transferred in the form of energy-rich adenosine triphosphate
(ATP) to maintain excitation-contraction coupling in muscle cells. In the
normal heart, almost all the ATP generation (>95%) are derived from
mitochondrial oxidative phosphorylation. Furthermore, the adult healthy heart
predominantly (~60-90%) metabolizes fatty acids to generate ATP under
aerobic condition, while the fetal myocardial phenotype uses mainly glucose as
its substrate for ATP production (Fig 1.5). Once transported across the
myocardial cell membrane, fatty acids are esterified to fatty acyl-CoA by fatty
acyl-CoA synthetase. Acyl-CoA moieties are transported across the outer
mitochondrial membrane and converted to long chain fatty acylcarnitine by
carnitine palmitoyltransferase 1 (CPT 1), which is a rate-limiting enzyme in
fatty acid oxidation. Once across the mitochondrial matrix, fatty acids

subsequently undergo B-oxidation. The gene expression and activity of the -
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oxidation enzymes are highly regulated by some transcription factors such as
PPARa, PPARP and PGC-1a. Acetyl-CoA is released from fatty acyl-carnitine
by reacting with coenzyme A. Acetyl-CoA then enters the tricarboxylic acid
cycle (TCA cycle) to generate NADH and FADH2, which are subsequently

used in the electron transport chain to produce ATP.

The substrate of mitochondrial metabolism is affected by several conditions
including changes in hormone state, workload, and oxygen supply to the heart.
Cardiac metabolism is tightly regulated to produce accurate amounts of ATP
because of the limited reservation of energy in the heart. The metabolic
pathway in the heart is complicated and associated with cardiac diseases
including DOX-induced cardiomyopathy, diabetic cardiac dysfunction, and

ischemic heart failure.
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Fig 1.5 Substrates of myocardial metabolism (Ussher et al. 2006)

1.2.4.3.2 The Effect of DOX on Metabolic Signaling Pathway in

Heart

The precise mechanisms for the development of the DOX-induced
cardiomyopathy have not been fully elucidated. It has been proposed that fatty
acid oxidation in the heart was inhibited by DOX (Carvalho et al., 2010;Mitra
et al., 2008;Hong et al., 2002;Bordoni et al., 1999;Sayed-Ahmed et al., 1999)
and the utilization of substrates was decreased (Wakasugi et al., 1993). A
decrease in long chain fatty acid was observed in isolated cardiomyocytes
treated with DOX (Tokarska-Schlattner et al., 2006). The impairment of CPT-1

was suggested to be involved in the underlying mechanisms. CPT-1 is located
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in the outer membrane of mitochondria and is a critical enzyme in regulating
the fatty acid oxidation. It is not surprising that CPT-1 activity was inhibited by
DOX exposure (Table 1.2). Choi and colleagues demonstrated that DOX down-
regulated the gene expression of CPT-1 in H9c2 cardiomyocyte (Choi et al.,
2008). They further demonstrated that the elevated CPT-1 gene expression
increased the resistance to cardiac cell injury induced by DOX. Peroxisome
proliferator-activated receptor-a (PPAR-a) is a key regulator of lipid and
glucose metabolism in the heart. Gene expression of PPAR-a in the heart has

been shown to be down-regulated by DOX treatment (Mitra et al., 2008).

Mitochondrial oxidative metabolism is critical to the ATP generation in cardiac
muscle cells. The mitochondrial function and biogenesis are the important and
essential agents in maintaining cardiac function. The alteration of a key
transcription factor PPAR vy co-activator (PGC-1a) in control of mitochondrial
function and biogenesis is thus investigated in DOX-induced cardiotoxicity.
Miyagawa and co-workers observed that DOX significantly reduced the gene
expression of PGC-1a in the heart (Miyagawa et al., 2010). They reported that
the DOX-induced cardiomyoapthy and mitochondrial damage were attenuated
when the mitochondrial biogenesis was protected by upregulating the level of

PGC-1a.
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Table 1.2 DOX-induced changes in cardiac metabolsim

Author, date Model Species Affected parameters

%gg)n etal, Animal model  Rat Decreased CPT1 activity

(Choi et al., H9c2 Rat Down-regulation of CPT-1 mRNA
2008) cardiomyocyte level

(Mitra et al., Animal model  Rat Down-regulation of PPAR a mMRNA
2008) expression

(Miyagawa et Animal model ~ Mice Decreased mRNA levels of PGC-
al., 2010) la

1.2.4.4 Cardiac Calcium Signaling

1.2.4.4.1 Calcium Signaling Pathway in the Normal Heart

Calcium-dependent signaling is critical in the myocardial function (Fig 1.6).
Intracellular calcium release from the sarcoplasmic reticulum (SR) stimulates
heart muscle contraction. Indeed, the calcium concentration in the cytosol of
cardiomyocyte is varied from a resting level of ~100 nM to 1 uM during the
cardiac systole (Bers, 2002). Therefore, the disturbance in calcium signaling
has been proposed to be involved in different heart disorders. During each heart
pumping cycle, cardiac contraction is triggered by the influx of calcium through
L-type calcium channels located in the heart cell membrane. Calcium release

from the sarcoplasmic reticulum through the ryanodine receptor (RyR) is
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further induced by the elevation of intracellular calcium. Calcium then binds to
troponin C in the contractile apparatus, which initiates cardiac muscle
contraction; then sarcoplasmic reticulum Ca®-ATPase (SERCA) pumps
calcium back into the sarcoplasmic reticulum and results in cardiac relaxation.
The ability of SERCA depends on its interaction with phospholamban, which is
an integral membrane protein. Under the non-phosphorylated condition,
phospholamban inhibits the re-uptake of calcium into the sarcoplasmic
reticulum by SERCA. Phosphorylation of phospholamban induced by Protein
kinase A (PKA) diminishes its inhibitory ability, which can promote cardiac

relaxation (Olson, 2004).

Catecholamines

Fig 1.6 Calcium signaling in heart (Olson, 2004)
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1.2.4.4.2 The Effect of DOX on Calcium Signaling Pathway in

Heart

Altered calcium handling is a key pathophysiological process in DOX-induced
cardiomyopathy, leading to the decreased contractile ability and transcriptional
activity (Ventura-Clapier et al., 2004;Tian et al., 1998). Extensive studies have
demonstrated that DOX has a unique effect on cardiac-specific gene expression
in calcium signaling pathway (Table 1.3). However, the reported changes of
gene expression are not totally consistent. Arai and co-workers (Arai et al.,
1998) determined whether gene expression in calcium handling was altered in
the heart chronically treated with DOX in a rabbit model. They observed that
mRNA level of RyR2, SERCAZ2a, phospholamban were significantly
diminished by the treatment of DOX. In contrast to their results, decreased
gene expression of RyR2 has been shown in the other studies (Gambliel et al.,
2002;0lson et al., 2005). Arai and colleagues administrated DOX to rabbits by
intravenous injection at a dose of 2.5 mg/kg once a week for 8 weeks whereas
Gambliel et al. and Olson et al. treated the rabbits with DOX by intravenous
injection with a dose of 1 mg/kg twice weekly for 8 weeks. Taken together,
these findings suggested that the chronic effects of DOX on the cardiac-specific
gene expression in calcium signaling pathway is largely dependent on the

dosage of DOX administered.

For the SERCA, Su and colleagues have demonstrated that the SERCAZ2a

mMRNA level was decreased and the RyR2 gene expression is not affected
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following six equal doses of DOX (cumulative dose, 12 mg/kg) over a period of
2 weeks in rat hearts (Su et al., 2009). Intriguingly, they demonstrated that the
impaired cardiac function and survive were significantly improved by

attenuating the changes of SERCAZ2a expression in the injured hearts.
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Table 1.3 DOX-induced changes in cardiac calcium signaling

Author, date Model Species Affected parameters
(Berdichevski et Isolated Rat Down-regulation of gene expression
al., 2010) cardyomyocyte of SERCAZ2a

. Decreased mMRNA expression of
(Suetal., 2009) Animal model Rat SERCA2a
g(g(l)s;))n etal, Animal model  White rabbit Regressed mRNA levels of RyR2
(Huang et al.,
2003) Animal model  Rabbit Decrease of SERCA2a mRNA level
ggggw)bllel etal, Animal model  Rabbit Decreased gene expression of RyR2
(Arai etal., . . . Diminished mRNA level of RyR2,
1998) Animal model  White rabbit SERCA2a, phospholamban
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1.3 Diabetic Cardiomyopathy

Diabetes mellitus has become a major chronic disease worldwide because of the
growing prevalence of obesity and lack of physical activity. The International
Diabetes Federation (IDF) reported that approximately 347 million people lived
with diabetes in 2011 and the prevalence is expected to rise to 552 million in
2030 (Whiting et al., 2011). The death rate from diabetes was 4.6 million in
2011, an increase of 13.3% from the estimates in 2010 (Roglic & Unwin, 2010).
Cardiovascular disease accounts for 50-80% of deaths in diabetic patients.
Patients with diabetes have a higher risk of atherosclerotic coronary artery
disease than non-diabetic people (Voulgari et al., 2010). Rubler and coworkers
first proposed a new type of cardiomyopathy for diabetes according to four
diabetic patients who developed congestive heart failure but no coronary
arteries, hypertension, or other etiologies (Rubler et al., 1972). Increasing
amount of studies have demonstrated the presence of diabetic cardiomyopathy
in patients with diabetes (Voulgari et al., 2010). Clinically, diabetic
cardiomyopathy is identified by the asymptomatic diastolic dysfunction with
delayed opening of the mitral valve, followed by decreased ejection and
systolic dysfunction in the late cardiac stage. Voulgari and colleagues defined
diabetic cardiomyopathy as “the cardiovascular damage present in diabetes
patients, which is characterized by myocardial dilatation and hypertrophy, as
well as a decrease in the systolic and diastolic function of the left ventricle, and
its presence is independent of the coexistence of ischemic heart disease or

hypertension” (Voulgari et al., 2010).
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1.3.1 Epidemiologic Features

The prevalence of diabetic cardiomyopathy is alarmingly high; recent studies

have demonstrated a prevalence of 40% to 60% in diabetic patients by using

Doppler ultrasound (Bertoni et al., 2003) and 48% in diabetic patients by

echocardiography (Kiencke et al., 2010). The Framingham Heart Study (FHS)

showed that diabetes is a risk factor of cardiovascular disease; the incidence of

heart failure is twice in men with diabetes and five times in diabetic women

compared with the age-matched healthy controls (Kannel & McGee, 1979). The

key echocardiographic findings and the incidence of diabetic cardiomyopathy

were summarized by Voulgari and colleagues and shown in Table 1.4 (Voulgari

etal., 2010).

Table 1.4 Main and recent echocardiographic, population-based studies on diabetic

cardiomyopathy (Voulgari et al., 2010)

Population sample

Findings Incidence of DCM

186 type 2 diabetes patients

with normal ejection fraction

41 diabetes patients with normal
resting LV function and a normal
dobutamine echo

35 type 2 diabetes patients

134 type 2 diabetes patients

Systolic dysfunction: | peak strainand | strain rate 15.8% in both sexes
t calibrated IB (myocardial reflectivity)
1 peak myocardial systolic velocity 16% subtle dysfunction

| early diastolic velocity in both sexes

V longitudinal peak systolic velocity at rest and at 20% in both sexes
peak stress, | functional reserve, t radial systolic velocity

I mean peak systolic early + diastolic 20% in both sexes
velocity, | mean isovolumic relaxation time,

t systolic + diastolic synchronicity

Abbreviations: DCM, diabetic cardiomyopathy; IB, integrated backscatter.
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1.3.2 Pathologic Features

The morphologic features of diabetic heart include matrix collagen deposition,

interstitial fibrosis, and lipid accumulation (Maya & Villarreal, 2010).

1.3.2.1 Cardiac Fibrosis

Cardiac fibrosis is a major pathological feature of type 2 diabetic
cardiomyopathy. The reduction of integrated backscatter (myocardial
ultrasound reflectivity) from echocardiographic analysis indicates the fibrosis
of heart tissue in diabetic patients (Asbun & Villarreal, 2006). Fibrosis has been
reproducibly demonstrated in the experimental animal model of type 2 diabetes.
Excess deposition of collagen has been found in the diabetic heart. Cardiac
necrosis and fibrosis in diabetes are resulted from the activation of myocardial
rennin-angiotensin and endothelin system (Chen et al., 2000b). Collagen type |
and Il mainly accumulated in the epicardial and perivascular regions and
collagen type IV predominated in the endocardium. In the diabetic heart, the
interaction of collagen and glucose formed Schiff bases and further glycated
collagen. Advanced glycation end products are eventually formed via the
chemical modification of glycated collagen and contribute to myocardial
stiffness. Advanced glycation end products also exert a role in cross-linking of
collagen and low-density lipoprotein, as well as affect the nitric oxide signaling
via interacting with advanced glycation end-product receptors. Therefore,
decreased cardiac reflectivity and impaired left ventricle function in diabetic

patients can be explained by increased fibrosis and abnormal collagen
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deposition (Aronson, 2003).

The molecular mechanism underlying the myocardial fibrosis in diabetes is not
fully understood. It is reported that the excessive collagen deposition and
extracellular matrix synthesis resulted from overexpression of transforming
growth factor-f1 stimulated by hyperglycemia and hyperinsulinemia in diabetes
(Mizushige et al., 2000). CTGF expression might also contribute to cardiac
fibrosis. Interestingly, transgenic PKC-B2 mice showed increased CTGF
expression in the myocardium, suggesting that CTGF may act directly or

indirectly with other cytokines to induce cardiac fibrosis.

1.3.2.2 Lipid Accumulation

The presence of lipid accumulation in a heart depends on the uptake, transport
and storage of fatty acids (FA). In diabetic status, the storage ability of adipose
tissue is low and becomes hypertrophic, which leads to the release of pro-
inflammatory cytokines. This in turn suppresses insulin signaling and increases
the release of free fatty acids and lipid accumulation as shown in Fig 1.7
(Kankaanpaa et al., 2006;Sharma et al., 2004). The uptake of plasma free fatty
acids is regulated by a flip-flop mechanism via passive diffusion and facilitated
by a protein-mediated process (van de et al., 2011). There are three critical
groups of FA transporters in heart muscle: CD36 (human homologue of FA
transporter protein), FABP-pm (plasma membrane fraction of FA-binding

protein), and FATPL1, 4 and 6 (FA translocase Protein 1, 4 and 6) (Glatz et al.,
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2010).

CD36 was shown to be responsible for up to 60% of the fatty acid uptake in the
heart. Over-expression of CD36 in the cardiac muscle has been demonstrated to
increase the fatty acid uptake and metabolism whereas knockdown of CD36
was shown to reduce the rate of fatty acid uptake and fatty acid metabolism
(Bonen et al., 2004). Cardiac-specific FATP-1 over-expression has been
demonstrated to increase fatty acid uptake by 4-fold and cardiac lipid
accumulation by 2-fold (Chiu et al., 2005). It has been speculated from the
studies in skeletal muscle that FATP-1-facilitated fatty acid uptake might
mainly serve the fuel oxidation, though evidence in the heart is still lacking.
Also, very little is known about the physiological stimuli that regulate the
expression of FATP-1 (Nickerson et al., 2007). FATP-4 is expressed in cardiac
tissue but the contribution to lipid uptake in cardiac tissue is still undetermined

(Nickerson et al., 2009).

In addition to fatty acid uptake, triglyceride storage and lipolysis in
cardiomyocytes also control the fate of fatty acids. Glycerol-3-phosphate
acyltransferase (GPAT) is an important rate-limiting enzyme in triglyceride
synthesis, which is suppressed by AMPK activation stimulated by Acetyl-CoA
carboxylase (ACC). Knockout of GPAT1 was found to protect mice from a
high fat diet-induced cardiac fat accumulation and cardiac dysfunction (Lewin

et al., 2008). Moreover, another enzyme, diglyceride acyltransferase (DGAT),
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has also been shown to be associated with lipid accumulation (Glenn et al.,

2011).

Fig 1.7 Representative photomicrographs of intramyocardial lipid accumulation in heart of

type 2 diabetic patients (a) and Zucker diabetic fatty rat (b). lipid droplet was stained as the

orange color by oil red O (Sharma et al., 2004)
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1.3.3 Current Treatment

The therapeutic strategies focus on the prevention of the development of

diabetic cardiomyopathy in the early stages and the reduction of the incidence

of diabetic cardiomyopathy or heart failure, as shown in Table 1.5 (Voulgari et

al., 2010;Kannel & McGee, 1979). Moreover, several potential treatments

targeting the alleviation of the increased fibrosis or disturbed cardiac

metabolism are under investigation in the experimental stages. These treatments

include the manipulation of advanced glycation end product inhibitors or cross-

link breakers, copper chelater and regulators of fatty acid metabolism (Aneja et

al., 2008).

Table 1.5 Major studies on treatment strategies of diabetic cardiomyopathy (Voulgari et al.,

2010)
Follow-
Type of
Intervention Purpose up Treatment regimen Results
diabetes
period
Control (n=195) 33% | in the diet group
¥ incidence
2 Diet/ exercise 6y vs exercise (n=211) 47% | in the exercise group
of DCM _ _
vs diet + exercise (n=194) 38% | in the diet + exercise
Diet alone (n = 219) vs 1.04 RR for M1 per
| DCM incidence diet + tolbutamide t 1 mmol/L in fasting
2, newly Prolonged dietary
{ of cardiovascular 10y 500 mg/metformin plasma glucose, no difference
diagnosed management
mortality twice a day (n = 140) vs between treatments for
insulin (n =73) the risk of Ml
2 Simvastatin Prevention of 5.4y Placebo vs simvastatin 55% 4 in CVD risk
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20 to 40 mg recurrent CVD in 20 to 40 mg per day
DCM
Placebo (n = 1.267) 22% | of CVD events for
Changes in plasma
Gemfibrozil vs gemfibrozil every 5 mg/dL t in HDL-C,
lipids could reduce Ty
1,200 mg/day 1,200 mg/day there was an 11% | in CVD
major CVD events
(n=1.264) events
10.2% 1t risk of HF with
Diuretic (chlorthalidone amlodipine
Differences in 12.5 to 25 md/d, n = 15.255) 19% ¢ risk of HF with
Diuretic or
CVD risk between or Ca-blocker (amlodipine lisinopril
Ca-blocker or 4.9y
antihypertensive 2.5t0 10 mg/d, n =9.048), 33.3% 1 risk of DCM with
ACE
regiments or ACE inhibitor (lisinopril lisinopril, better blood
10t0 40 mg/d, n = 9.054) pressure control with
chlorthalidone
. 6.1% | of CVD death
Prevention death
from CVD, MI, 9.9% 1 of MI
Ramipril allcause Placebo (n = 4.652) vs 10.4% | of all-cause death
5y
10 mg/day mortality, HF, ramipril (n = 4.645) 9% | of HF
DCM, development 6.4% | of DCM
of diabetes 3.6% | in new diabetes
Achievement of
blood pressure 51% { of CVD risk in target
Felodipine 5 mg/d +
Felodipine targets with the #135/80 mm Hg +
3.8y ASA vs felodipine
5 mg/day addition of ASA 15% | of CVD risk with
5 mg/d + placebo
and association to ASA and 36% | in MI
DCM and CVD risk
{ of CVD risk with Losartan 50-100 mg/d
Losartan
losartan vs 4.7y (n =586) vs atenolol 76% | of relative CVD risk
50 to 100 mg/d
atenolol 50-100 mg/d (n = 609)

29



With irbesartan:

{ of blood pressure Irbesartan (300 mg/d, 37% | risk of doubling
76% | of relative  provides protection n = 579) vs amlodipine serum creatinine
CVD risk against progression i (10 mg/d, n = 567) 23% | risk of end-stage
of nephropathy vs placebo renal disease

23% | risk of HF

Abbreviations: DCM, diabetic cardiomyopathy; RR, relative risk; MI, myocardial
infarction; CVD, cardiovascular disease death; HF, heart failure; HDL-C, high density
lipoprotein-cholesterol levels; Ca-blocker, calcium channel blocker; ACE, angiotensin-

converting-enzyme; ASA, acetylsalicylic acid.

1.3.4 Molecular Mechanisms

1.3.4.1 Cardiac Apoptosis

Cardiac apoptosis is one of the most essential mechanisms in the development
of diabetic cardiomyopathy and it occurs both at the early phase and the late
stage of diabetic cardiomyopathy (Cai & Kang, 2003). In human research, an
85-fold increase in apoptosis and a 4-fold increase in necrosis present in the
hearts of the patients with type 2 diabetes (Frustaci et al., 2000). High glucose-
induced cardiac apoptosis was mediated by the production of monocyte
chemotactic protein-1 (MCP-1) and the induction of a novel zinc-finger protein
in H9c2 cardiomyoblasts and isolated neonatal rat cardiomyocytes (Younce et
al., 2010). Ample evidence showed that cardiomyopathy presented in the
animal model of type 1 diabetes (i.e., diabetic rats and mice induced by

streptozotocin) (Cai et al., 2006;Borges et al., 2006) and type 2 diabetes (i.e.,
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Zucker diabetic fatty rats and db/db mice) (Belke et al., 2000;Young et al.,
2002). Furthermore, in the animal model of type 1 and type 2 diabetes, elevated
cardiac apoptosis was observed in the hearts (Fiordaliso et al., 2000;Barouch et
al., 2006). In the diabetic rats and mice induced by streptozotocin, cardiac
apoptosis markedly increased on day 3-14 and decreased on day 28 after
streptozotocin treatment (Cai et al., 2002). Young db/db mice (2 to 3-month-old)
showed obviously elevated cardiac apoptosis compared with wild type controls
(Barouch et al., 2006). Diabetic cardiomyopathy can occur in the absence of
vascular diseases but the co-existence of hypertension accelerates the progress
of diabetes. There is no difference in the cardiac apoptosis found in diabetic
patients with hypertension versus diabetic patients without hypertension. This
suggests that cardiac apoptosis in the diabetic patients is solely affected by

diabetes (Frustaci et al., 2000).

Currently, the precise mechanisms by which diabetes mellitus induces
myocardial apoptosis are not clearly understood. There are several possible
mechanisms for the increase in cardiac apoptosis depending on the metabolic
disturbances in diabetes (Fig 1.8). The two most important metabolic changes
in diabetes are hyperglycemia and hyperlipidemia (usually increase in
triglycerides and non-esterified fatty acid, NEFAs) and these conditions are

suspected to be involved in inducing cardiac apoptosis in cardiomyocytes.
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Fig 1.8 Possible mechanisms by which diabetes mellitus induces myocardial cell death

(Cai & Kang, 2003)

Hyperglycemia

Diabetes-induced cardiac apoptosis is supported by the in vitro findings.
Exposure of rodent H9c2 myoblast cells and adult cardiomyocytes to high
levels of glucose showed an increase in apoptotic cell death. However,
elevation of apoptosis was not observed when exposed to the same
concentration of mannitol (Cai et al., 2002;Shizukuda et al., 2002). Cai and
colleagues reported that there was no significant increase in cardiac apoptosis in

the mice treated with streptozotocin without hyperglycemia. Three days after
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streptozotocin injection, administration of insulin in diabetic mice reduced the
elevation of blood glucose levels and cardiomyocyte apoptosis (Cai et al.,
2002). These data suggest that hyperglycemia directly results in myocardial
apoptosis in diabetes. Hyperglycemia was proposed to provoke the production
of reactive oxygen and nitrogen species, which cause cytochrome c-mediated

caspase 3 activation and myocardial apoptosis (Cai et al., 2002).

Hyperlipidemia

In the diabetic heart, energy produced from fatty acid oxidation increases from
60-70% to 90-100%. This condition leads to lipid (triglyceride) accumulation in
the hearts of diabetic animals (Chiu et al., 2001) and patients with diabetes
mellitus (Avogaro et al., 1990). A significant elevation of cardiac apoptosis and
fibrosis resulting from the increased lipid accumulation has been reported (Chiu
et al., 2001). The cause might be attributed to the fact that the elevation of fatty
acid oxidation increases mitochondrial action potential, which leads to
augmented reactive oxygen species production and sequential cardiomyocyte
apoptosis. In addition, excessive fatty acid leads to the generation of ceramide,
which is an intracellular messenger known to initiate apoptosis. Accumulation
of ceramide has been observed in the diabetic condition both in vivo (Zhou et
al., 2000) and in vitro (Dyntar et al., 2001). Ceramide directly induces
cytochrome c release from the mitochondria. Moreover, inducible nitric oxide
synthase is upregulated by ceramide via the activation of NF-kB, which results

in accumulation of nitric oxide and peroxynitrite. Peroxynitrite would then lead
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to the release of cytochrome ¢ and the activation of the apoptotic process by

triggering the activation of caspases.

1.3.4.2 Cardiac Autophagy

It is becoming clear that autophagy mediates the response of cells to stress in
the brain, liver, skeletal muscle and heart (Gottlieb & Mentzer, Jr., 2012).
Cardiac autophagy controls homeostasis of cytoplasmic components under the
physiological and pathological conditions (Xie et al., 2011a). Numerous studies
have demonstrated that abnormal cardiac autophagy is involved in various heart
diseases such as cardiac hypertrophy (Wang et al., 2012b), ischemia-
reperfusion injury, cardiac remodeling and heart failure (Gottlieb & Mentzer,
Jr., 2012). Inhibition of autophagy would lead to abnormal proteins and
organelles to be accumulated, further resulting in cardiac dysfunction. However,
up-regulation of autophagy might damage the cytosol and organelles such as
mitochondria and this would cause the subsequent release of the pro-apoptotic

factors to trigger the execution of cardiac apoptosis.

H9c2 cardiomyoblasts treated with a high concentration of glucose has showed
the up-regulation of autophagy and further induction of apoptosis, which was
also confirmed in isolated neonatal rat cardiomyocytes (Younce et al., 2010). In
a rat model of streptozotocin-induced type 1 diabetic cardiomyopathy, Lee and
co-workers observed the activation of autophagy based on the elevated

expression level of Beclinl and microtubule-associated protein light chain 3
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(LC3) in the heart (Lee et al., 2012). Moreover, OVE26 diabetic mice (a type 1
diabetes mouse model) demonstrated the reduced cardiac autophagy and
cardiac dysfunction and these reductions were associated with the decrease in
the activity of AMP-activated protein kinase (AMPK) (Xie et al., 2011b).
Collectively, these findings suggest that autophagic homeostasis is critical for

the maintenance of cardiac function.

There are few data about the role of autophagy in type 2 diabetic
cardiomyopathy. Mellor and co-workers reported the association of myocardial
autophagy activation and the systemic insulin resistance by using a mouse
model of insulin resistance induced by high fructose intake (Mellor et al., 2011).
The induction of autophagy (as indicated by a 46% increase in LC3B-II-to-
LC3B-I ratio) was accompanied with the inhibition of the survival factors rather
than apoptotic signaling (unchanged Bax-to-Bcl-2 ratio). However, a recent
study showed that cardiac autophagy was suppressed and this was accompanied
with the activated apoptosis in diabetic heart through the inhibition of AMPK
activity and the depression of MAPK8/JNK1-Bcl-2 signaling (Zou & Xie,
2013). Notably, the interaction of autophagy and diabetes in heart is not fully

understood and still needs to be further investigated.

1.3.4.3 Cardiac Metabolism

Normal hearts use predominantly free fatty acids as the energy substrate and

only a small amount of glucose. There is a decrease of fatty acid usage and an

35



elevation of glucose consumption during heart failure. However, the usage of
fat is enhanced and that of glucose is reduced in a diabetic heart when
compared to the normal heart (Carley & Severson, 2005). With diabetes,
oxygen consumption and fatty acid oxidation are enhanced in the heart but
cardiac energy efficiency is decreased. It is demonstrated that there is a two-
fold increase in cardiac palmitate oxidation and around 30-40% decrease in
glucose oxidation in type 2 diabetic patients (Rijzewijk et al., 2009). The
alteration of metabolic substrate in the heart accompanied with the decrease in
cardiac contractility was shown in the db/db mice which is a mouse model of
type 2 diabetes (Boudina et al., 2007). The findings of working hearts isolated
from diabetic animals also confirmed that the left ventricle dysfunction is

related to the increased oxidation of fatty acid (Belke et al., 2000).

This kind of metabolic switch in the diabetic heart is related to the reduced
glucose usage because of insulin resistance and the elevated circulating fatty
acids released by the adipocyte and liver. These factors contribute to the
increased uptake and oxidation of fatty acids in the heart (Shen et al., 2005).
Cardiac glucose uptake is inhibited due to insulin resistance or increased fatty
acid levels, and accompanies a chronic decrease in glycolytic capacity (Stanley
et al., 1997). In addition, the decrease in cardiac glucose usage has been shown
to be directly induced by the deletion of glucose transporter-1 and -4 (Aneja et

al., 2008).
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The gene expression of critical enzymes involved in fatty acid oxidation is
induced by the activation of the transcriptional factors PPARo and/or PPARf
and the interaction of PPAR factors and PGC-1a (Finck et al., 2002). As shown
in Fig. 1.9, the activity of pyruvate dehydrogenase is inhibited by free fatty acid
that further reduced the energy production and the elevation of the production
of glycolytic intermediates and ceramide, which activates apoptosis (Eckel &
Reinauer, 1990;Russo et al., 2012). Furthermore, elevated fatty acid can impair
the oxidative phosphorylation and cardiac calcium handling, which are critical
factors that affect the myocardial mechanics and contribute to the development

of diabetic cardiomyopathy.
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Fig 1.9 The role of altered myocardial metabolism in the development of diabetic

cardiomyopathy. FFA, free fatty acid; PDH, pyruvate dehydrogenase (Aneja et al., 2008)
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1.3.4.4 Cardiac Inflammation

It is well studied that obesity and type 2 diabetes are marked by a status of low-
grade inflammation (Bastard et al., 2006). Adipose tissue has been suggested as
an active system of secreting adipokines and cytokines including TNF-a,
plasminogen activator inhibitor-1 (PAI-1), interleukin-1p (IL-1pB), IL-6, IL-8,
leptin, adiponectin and others (Berg & Scherer, 2005). Wilson and colleagues
reported that the gene expression of IL-16 and adiponectin were down-
regulated in the hearts of db/db mice (a type 2 diabetic mouse model) by using
microarray analysis (Wilson et al., 2008). Epicardial adipose tissue stores free
fatty acid for the heart, and secretes pro- and anti-inflammatory cytokines to
modulate the myocardium remodeling. Cellular processes of all tissues,
including the heart, are affected by the systemic inflammation in diabetes,
which may promote the progression of the cardiac fibrosis (van de et al., 2011).
In addition, impaired autophagy is associated with increased inflammation in a
wide variety of disorders, and inflammation contributes to various forms of
cardiac pathology. However, the underlying relationship of the inflammation

and fibrosis or autophagy has not been well investigated.

1.3.4.5 Signaling Pathway

1.3.4.5.1 Protein Kinase C Activation

Protein kinase C (PKC), a family of the protein kinase enzyme, plays a key role

in several signal transduction cascades by phosphorylating the hydroxyl groups
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of serine and threonine amino acid residues of proteins. The conventional PKCs
(isoforms o, Bll, and y) are activated by calcium ions and diacylglycerol (DAG)
and phosphatidylserine, whereas the novel PKCs (9, €, n and 0) are activated by

DAG and phosphatidylserine (Newton, 2003).

PKC signaling regulates multiple cellular functions including cell growth,
differentiation, apoptosis, motility and secretion (Loegering & Lennartz, 2011).
PKC signaling pathway has been suggested to be involved in several diseases
such as cancer, stroke, and cardiovascular diseases (Poole et al., 2004). In heart
diseases, different isoforms of PKC are involved in different aspects of the
disease including myocyte hypertrophy, cardiac function, fibrosis, and

inflammation (Loegering & Lennartz, 2011).

The elevation of DAG levels in diabetes is the chronic response to the increase
in the glycolytic intermediate dihydroxyacetone phosphate (Geraldes & King,
2010). DAG-PKC activation affected multiple tissues including heart (Inoguchi
et al., 1992), renal glomeruli (Craven et al., 1990), liver and skeletal muscle
(van Herpen & Schrauwen-Hinderling, 2008) in diabetic condition. Different
isoforms of PKC activation have been shown to be involved in the development

of diabetic cardiomyopathy through different ways.
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1.4 DOX-induced Cardiotoxicity in Diabetic Patients

1.4.1 Connection Between Cancer and Type 2 Diabetes

Epidemiologic evidence has suggested a strong connection between type 2
diabetes and certain cancers such as kidney, pancreas, liver, colon, and other
cancers. The risk and mortality of these cancers have been demonstrated to be
increased by diabetes (Table 1.6 and 1.7) (Cannata et al., 2010). The connection
between diabetes and certain cancers might partly result from the common risk
factors of these two diseases including aging, obesity, diet, and physical

inactivity (Giovannucci et al., 2010).
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Tablel. 6 Diabetes and Relative Risk of Cancer By Site (Cannata et al., 2010)

Cancer

Meta-Analysis

Relative Risk
(95% Confidence
Interval)

Breast

Colon

Pancreas

Prostate

Larsson ef al. 2 (2007)
5 case control studies
15 cohort studies
Larsson et al.®3 (2005)
0 case control studies
9 cohort studies
Huxley et al® (2005)
17 case control studies
19 cohort studies

Kasper and Giovannucci

(20006)
0 case control studies
10 cohort studies

1.18 (1.05-1.32)
1.20 (1.11-1.30)

1.36 (1.23-1.50)
1.29 (1.16-1.43)

1.94 (1.53-2.46)

1.73 (1.59-1.88)
a1

0.89 (0.72-1.11)
0.81 (0.71-0.92)

Table 1.7 Diabetes and Relative Risk of Cancer Mortality by Site (Cannata et al., 2010)

Relative Risk
(93% Confidence

Cancer Studies Interval)
Breast Coughlin et al.>* 1.27 (1.11-1.45)
(2004)
Verlato et al.>? 1.40 (1.06—1.81)
(2003)
Yancik et al.>? 1.76 (1.23-2.52)
(2001)
Colon Larsson et al .9 1.26 (1.05-1.50)
(2005)
Coughlin et al>* Male: 1.20 (1.06—-1.37);
(2004) female: 1.24
(1.07-1.43)
Pancreas  Coughlin ef al>* Male: 1.48 (1.27-1.73);
(2004) female: 1.44
(1.21-1.72)
Prostate Coughlin et al 3t 0.90 (0.80-1.02)

(2004)
Ma er al.®® (2008)*

2.38 (1.31-4.30)"
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Diabetes and Breast Cancer

A meta-analysis of 43 studies performed by Hardefeldt and co-workers found
that type 2 diabetic patients had a significant increase in the risk of breast
cancer when compared to non-diabetic controls (Hardefeldt et al., 2012). The
link of type 2 diabetes and breast cancer has been extensively investigated. It
was proposed that the link between these two disorders was attributed to
activation of insulin/IGF pathway via hyperinsulinemia and dysregulation of
sex hormones (Larsson et al., 2007). In vitro studies have demonstrated that
insulin induced cell cycle progression and DNA synthesis of breast cancer cells
(Chappell et al., 2001). The in vivo studies have also shown the mitogenic

effect of insulin on breast tumor growth (Shafie & Hilf, 1981).

Diabetes and Colorectal Cancer

Human studies have demonstrated an association between type 2 diabetes and
colorectal cancer. There was a relative risk of 1.43 for colorectal cancer and a
relative risk of 2.39 for fatal colorectal cancer in type 2 diabetic patients (Hu et
al., 1999). The findings of a meta-analysis of 24 cohort studies suggested that
patients with type 2 diabetes had a higher risk of colorectal cancer development
(Luo et al., 2012). Additionally, mortality of colorectal cancer is also affected
by type 2 diabetes. Coughlin and colleagues reported the elevation of the
mortality of colorectal cancer in diabetic patients who aged over 30 years

(Coughlin et al., 2004). The proposed potential mechanisms for the connection
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between colorectal cancer and type 2 diabetes include a slower bowel transit
time among type 2 diabetic patients with resultant increased exposure to toxins,
increased production of carcinogenic bile acids, and hyperinsulinemia (Will et
al., 1998). Among these potential mechanisms, hyperinsulinemia is the most
thoroughly explored issue and it appears to be a major player in the type 2

diabetes-mediated increase in colorectal cancer risk (Giovannucci, 1995).

Diabetes and Pancreatic Cancer

A high risk of pancreatic cancer in type 2 diabetes patients has been extensively
documented (Ben et al., 2011;Li et al., 2011;Huxley et al., 2005). A meta-
analysis of 35 cohort studies found that the relative risk of pancreatic cancer
was increased in type 2 diabetes for both males and females and was associated
negatively with the duration of diabetes. The patients with the highest risk of
pancreatic cancer were found among the diabetic patients diagnosed within one
year (Ben et al., 2011). Another study also showed that type 2 diabetes was
more prevalent (47% vs. 7%) and predominantly of new onset (< 2-year
duration) (74% vs. 53%) among cases compared with controls (Pannala et al.,
2008). In a cohort study using record-linkage health-care datasets, a 3-fold
increased risk of pancreatic cancer in type 2 diabetes patients was reported
(Ogunleye et al., 2009). Hyperinsulinemia in type 2 diabetes may lead to
pancreatic cancer. Pancreatic carcinogenesis was enhanced by insulin resistance
via increased proliferation of islet cells. On the other hand, type 2 diabetes was

thought to be a result of pancreatic cancer. However, it is not clear how
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pancreatic cancer can lead to the development of insulin resistance.

Taken together, type 2 diabetes has been clearly linked to different types of
cancer. Hyperinsulinemia is proposed to play a key role in explaining the

connection.

1.4.2 Potential Mechanism for the Link Between Type 2

Diabetes and Cancer

The high level of insulin associated with type 2 diabetes leads to increased
production of insulin-like growth factor 1 (IGF-1), which exerts an important
role in cell growth, proliferation, and differentiation. The induction of
bioavailable IGF-1 by insulin might result from the inhibition of the two
transporters of IGF-1: insulin-like growth factor binding protein (IGFBP) 1 and
2. IGF-1 receptor (IGF-1R) and insulin receptor (IR) have been found to be up-
regulated in cancer cells (Cannata et al., 2010;Kuramoto et al., 2008). The
mutations of the tumor suppressor genes (such as p53 and p63) cause tumor
growth and proliferation through a defect of inhibition of IGF-1R (Bruchim et
al., 2009). Aside from the direct effects of hyperinsulinemia on cancer cells via
IR and IGF-1R, insulin might play an indirect role in growth and development
of cancer cells. Insulin stimulates aromatase activity and inhibits the production
of sex hormone-binding globulin (SHBG), which increases bioavailable
estrogen level. Collectively, the increases in IGF-1 and estrogen levels are

hypothesized to contribute to the development of cancer (Fig 1.10).
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Fig 1.10 Potential mechanism for the link between type 2 diabetes and cancer (Cannata et

al., 2010)

1.4.3 Clinical Challenge: DOX-induced Cardiotoxicity in

Diabetic Heart

It is well established that there is a strong connection between type 2 diabetes
and certain cancers. Therefore, a specific clinical challenge is raised by the
complicated features of diabetic patients with cancer, who have poorer
prognosis, higher infection rates, and higher mortality rates in comparison with
the non-diabetic cancer patients. For the cancer chemotherapy, around 85% of
the chemotherapeutic drug needs to be given to the patient for successful cancer

treatment. The clinical condition of diabetic patients with cancer must be
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monitored during the chemotherapy. Patients with a long history of poorly
controlled type 2 diabetes might present with the pre-existing cardiac, renal or
neuropathic complications during the cancer treatment. These pre-existing
complications could be further deteriorated by the side effects of the anti-cancer
drug during chemotherapy. For example, DOX causes severe cardiotoxicity and
cisplatin is known to be renal and neurotoxic. Therefore, the use of
chemotherapeutic agents must be applied very carefully in diabetic cancer

patients.

DOX is a well-known and effective chemotherapeutic agent for treating many
types of cancer including leukemias, cancers of bladder, breast, stomach, lung,
and others. But the clinic application of DOX has been largely limited by its
cardiotoxcity. Therefore, extensive studies have focused on finding a novel and
effective therapeutic strategy to prevent or alleviate the DOX-induced
cardiotoxicity. However, there is no information available to delineate the toxic
effects of DOX on the heart of type 2 diabetic individuals. It is not clear on how
the diabetic heart is being affected by DOX. This makes it very difficult to
determine the effective measures to protect the heart during DOX
chemotherapeutic treatment in type 2 diabetic patients. It is urgent and worthy
to investigate the underlying mechanisms for the DOX-induced cardiotoxicity
in diabetic heart. This information is essential to lead to the development of
novel effective measures to protect the heart and therefore to enhance the

treatment opportunities of the diabetic cancer patients.
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1.5 Ghrelin

1.5.1 Structure of Ghrelin and the Related Substances

Ghrelin, an endogenous ligand for the growth hormone secretagogue receptor
(GHSR), is synthesized principally in the stomach and is released in response to
fasting. Ghrelin secreted from the stomach accounts for two-thirds of
circulating ghrelin. Ghrelin is also produced by other organs including heart,
intestine, kidney and pancreas at lower levels. Ghrelin is composed of 28 amino
acids and is uniquely modified by the addition of an octanoyl group (i.e.,
acylation) to the third amino acid serine residue from the N-terminus of the
polypeptide (Fig 1.11). This acylation is necessary for ghrelin to bind to the
GHSR1a (also called the ghrelin receptor) and to cross the blood-brain barrier

(Kojima & Kangawa, 2005).

The gene of human ghrelin is localized on chromosome 3p25- 26 (Kanamoto et
al., 2004) and consists of five exons with four introns and two transcriptional
initiation sites (Tanaka et al., 2001). The 28 amino acids of ghrelin protein are
encoded in exons 1 and 2. Ghrelin has been identified in many species
including human, rat, mouse, monkey and others. The amino acid sequences of

ghrelin in human, rat and mouse are shown in Fig 1.12.
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Fig 1.11 The post-translational modification of ghrelin (van der Lely et al., 2004)

1 % 50
Human: MPSPGTVCSLLLLGMLWLDLAMAGSSFLSPEHQRVQQRKESKKPPAKLQP
Rat: MVSSATICSLLLLSMLWMDMAMAGSSFLSPEHQKAQQRKESKKPPAKLQP
Mouse: MLSSGTICSLLLLSMLWMDMAMAGSSFLSPEHQKAQQRKESKKPPAKLQP

signal peptides I ghrelin
51 100
Human: RALAGWLRPEDGGQAEGAEDELEVRFNAPFDVGIKLSGVQYQQHSQALGK
Rat: ALEGWLHPEDRGOAEEAEEELEIRFNAPFDVGIKLSGAQYQQHGRALGK

Mouse: RALEGWLHPEDRGQAEETEEELEIRFNAPFDVGIKLSGAQYQQHGRALGK
I the COOH terminus of the ghrelin peptides

101 117
Human: FLODILWEEAKEAPADK
Rat: FLODILWEEVKEAPANK
Mouse: FLQDILWEEVKEAPADK

Fig 1.12 Amino acid sequences of ghrelin precursors in human, rat, and mouse. Identical
amino acids are colored in gray. The asterisk shows the position of acyl-modified Ser3

(Sato et al., 2012).
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Ghrelin Receptor

The human gene of ghrelin receptor is also located on chromosome 3 at the
position q26-27 (Smith et al., 1997). Ghrelin receptor (GHSR) has two different
MRNAs: GHSR type 1la and 1b. GHSR1a has the binding and functional ability
of receptor for ghrelin while GHSR1b is physiologically inactive with a
COOH-terminal truncated form of GHSR1a. It is known that the acylated

ghrelin serves the essential biological function via its binding with the GHSR1a.

Ghrelin O-acyltransferase (GOAT)

Yang and colleagues discovered a specific enzyme named ghrelin O-
acyltransferase (GOAT) which catalyzes the acyl-modification of ghrelin (Yang
et al., 2008) (Fig 1.13). GOAT is the only enzyme known to be responsible for
the acylation of ghrelin in the body and is found to be distributed in various
tissues including gastrointestinal tract, testis, heart, and other peripheral tissues
that secret ghrelin. GO-CoA-Tat, a peptide-based bi-substrate analog that
antagonizes GOAT, has been exhibited to inhibit the activity of GOAT in cell
experiments and rodent tissues. GO-CoA-Tat has been shown to offer the
beneficial effects on glucose metabolism via the inhibition of GOAT (Taylor et

al., 2012).
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Fig 1.13 The modification of octanoic acid by GOAT (Sato et al., 2012)
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1.5.2 Acylated and Desacylated Forms

Ghrelin has two forms in circulation: acylated ghrelin and desacyl ghrelin
(lacking of octanoic acid at Ser3). The normal concentration of ghrelin in
human plasma is 10-20 fmol/ml for acylated ghrelin and 100-150 fmol/ml for
total ghrelin (both acylated and desacyl ghrelin). Plasma level of ghrelin is
elevated by fasting and is decreased by food consumption. The biological
activity of acylated ghrelin is well known, such as stimulating growth hormone
release, increasing food intake and body weight, protecting against cardiac
injury and so on. On the other hand, although desacyl ghrelin is the
predominant form of ghrelin in the circulation, the physiological functions of
desacyl ghrelin are quite unclear. While desacyl ghrelin is known not to be able
to bind to GHSR (Hosoda et al., 2003), some studies suggested that desacyl
ghrelin might have some non-endocrine-related physiological effects that are
regulated by un-identified receptors other than GHSR1a. The effects that are
mediated by desacyl ghrelin include the inhibition of glucose output by primary
hepatocytes, inhibition of lipolysis, promotion of adipogenesis, inhibition of
cell apoptosis, beneficial cardiotropic outcome, promotion of vasodilation,
stimulation of food intake, and relaxation of iris muscles (Leite-Moreira &

Soares, 2007).

Ghrelin receptor, GHSR1, has two variants, GHSR1a and GHSR1b. Acylated

ghrelin binds only to GHSR1a but not GHSR1b (Camina, 2006). GHSR1a is a

G-protein-coupled receptor, and the octanoyl group at Ser3 and the 4-5 amino
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acids at the N-terminus are vital for the binding of acylated ghrelin, which is
essential for the activation of multiple intracellular pathways and the
endocrinological effects of acylated ghrelin (Bednarek et al., 2000). In
somatotrophic cell, activation of GHSR1a induces calcium mobilization that is
regulated by the Gqll-phosphatidylinositol-phospholipase C system. In
neurons, acylated ghrelin binds to GHSR1a and activates the Gs/cAMP/protein
kinase A (PKA), leading to the release of calcium from intracellular stores.
However, acylated ghrelin has been shown to be able to bind to and activate
cellular effects in cells lines that are deficient of GHSR1a. According to the
binding studies, GHSR1a is not the sole receptor for acylated ghrelin and the

common receptors for acylated ghrelin and desacyl ghrelin might exist.

In hypothalamus and pituitary glands, desacyl ghrelin has no ability to bind to
GHSR and thus could not induce the release of growth hormone (GH) and exert
endocrine effects in rats and humans. It is proposed that desacyl ghrelin might
have a specific receptor and have different functions distinct from acylated
ghrelin (Kojima & Kangawa, 2005). It has been investigated that desacyl
ghrelin might share some non-endocrinological functions with acylated ghrelin
such as the regulation of cell proliferation and beneficial effects on the

cardiovascular system.

1.5.3 Physiological Functions of Ghrelin

Ghrelin is predominantly produced by the X/A cells in stomach but its
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expression is also found in many other tissues including pituitary gland,
hypothalamus, heart, pancreas, and kidney (De & Delporte, 2008). The wide
tissue diversity of the expression of ghrelin suggests that ghrelin might have

multiple functions in various tissues in the body (Fig 1.14)
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Fig 1.14 The biological roles of ghrelin (De & Delporte, 2008)

1.5.3.1 Central Actions of Acylated Ghrelin

Brain and Pituitary
Acylated ghrelin stimulates growth hormone secretion directly through pituitary

somatotroph cells (Arvat et al., 2001). Acylated ghrelin also has a direct effect
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on hypothalamus and stimulates vagal afferents for further induction of growth
hormone secretion (Popovic et al., 2003). High dose of acylated ghrelin has
been exhibited to induce the secretion of prolactin, corticotropin, and cortisol in
humans (Takaya et al., 2000). Growth hormone concentration peaks at around
5-15 minutes after the intravenous injection of acylated ghrelin. Plasma growth
hormone level is observed to be increased after a single intracerebroventricular
injection of acylated ghrelin in rats (Date et al., 2000). Moreover, growth-
hormone-releasing hormone (GHRH), an important inducer for growth
hormone release, has been demonstrated to be stimulated by acylated ghrelin. A
higher level of growth hormone has been shown to be induced by co-
administration of acylated ghrelin and GHRH when compared to the

administration of acylated ghrelin alone (Hataya et al., 2001).

Appetite Regulation

The secretion of acylated ghrelin is taken as the “hunger signal” to stimulate
food intake. Acylated ghrelin is produced predominantly from the stomach in
response to hunger, and is then released to the circulation and across the blood-
brain barrier to signal the central nervous system to induce feeding. Food intake
has been observed after the intravenous or subcutaneous injection of acylated
ghrelin and this observation is shown to be associated with the stimulation of
hypothalamic neurons (Wang et al., 2002;Wren et al., 2001). As GHSR locates
in vagal afferent neurons, it is suggested that ghrelin might signal from

peripheral tissue to the brain through the vagus nerve (Zhang et al., 2004).
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Additionally, it has been demonstrated that the fasting-induced increase in the
plasma acylated ghrelin concentration was completely inhibited by sub-
diaphragmatic vagotomy or atropine treatment, suggested the intimate
relationship between the acylated ghrelin and vagus nervous system (Williams

et al., 2003).

Ghrelin is expressed in the neurons of arcuate nucleus (ARC) of the
hypothalamus (Kojima et al., 1999). Intracerebroventricular injection of
acylated ghrelin has been shown to increase food intake and reduce energy
consumption, leads to body weight gain (Kamegai et al., 2001). It is exhibited
that ghrelin-containing neurons in the hypothalamus send efferent fibers to the
neurons contained neuropeptide (NPY) and agouti-related protein (AgRP), and
these further stimulate the release of orexigenic peptides and inhibit the

secretion of anorexigenic peptides (Cowley et al., 2003).

1.5.3.2 Peripheral Effects of Acylated Ghrelin and Desacyl

Ghrelin

As desacyl ghrelin does not bind to GHSR, desacyl ghrelin was originally
thought to be an inactive form of ghrelin without any biological functions.
However, a growing number of recent studies showed that desacyl ghrelin also
carries a variety of physiological effects. It appears that desacyl ghrelin shares
the common activities with acylated ghrelin but works independently of

acylated ghrelin through different signaling pathways.
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1.5.3.2.1 Metabolic Effects of Acylated Ghrelin and Desacyl

Ghrelin

Recently, a growing number of studies focused on the metabolic effects of
acylated ghrelin and desacyl ghrelin. These studies demonstrated that both
acylated ghrelin and desacyl ghrelin have important effects on the metabolism

of glucose and lipid.

Glucose Metabolism

Both acylated ghrelin and desacyl ghrelin involved in the regulation of insulin
action and glucose homeostasis. GHSR1a and GHSR1b are present in animal
and human endocrinological tissues such as pancreas (Gnanapavan et al., 2002).
Experimental data indicated that desacyl ghrelin inhibits insulin secretion in
cell culture, animal and human settings (Broglio et al., 2003;Egido et al., 2002).
These data suggested a negative association between the systemic ghrelin and
insulin level. For desacyl ghrelin, it might have different effects from acylated
ghrelin in glucose metabolism. A human study investigating the biological
activities of desacyl ghrelin revealed the antagonizing properties of desacyl
ghrelin on the hyperglycemic effects exerted by acylated ghrelin. More
specifically, bolus intravenous injections of desacyl ghrelin were shown to
cause a significant reversal of the acylated ghrelin-induced reduction of insulin
level and the acylated ghrelin-induced increase in plasma glucose level (Fig
1.15) (Broglio et al., 2003). Recently, the antagonistic activity of desacyl

ghrelin is suggested to be mediated by an indirect mechanism that probably
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involves a specific desacyl ghrelin receptor. These findings suggested that
desacyl ghrelin might play an important role in the regulation of glucose and
insulin level, although the exact mechanisms remain to be elucidated (Gauna et

al., 2007).

Acylated ghrelin

. 20+
and desacyl ghrelin Desacy g | Acylated ghrelin
ghrelin B
£ 10
'
S oo
3 .
Acylatgd 5 - Desacyl ghrelin Acylated ghrelln.
ghrelin 10- and desacyl ghrelin
] ] 1 ] L] ] 1 L] 1 ] ] L] 1 ] ] L] L] L]
0 15 30 45 &0 75 90 105 120 0 15 30 45 60 75 90 105 120
time (min) time (min)

Fig 1.15 Effect of acute bolus administration (i.v.) of acylated ghrelin (AG: 1.0 pg/kg) or
des-acyl ghrelin (1.0 pg/kg) or acylated ghrelin (1.0 pg/kg) + des-acyl ghrelin (1.0

pg/kg) on insulin and glucose level (Broglio et al., 2003).

Lipid Metabolism

Ghrelin has been shown to affect lipid metabolism. Acylated ghrelin induces
the elevation of liver lipogenic and triglyceride content. In the gastrocnemius
muscle, acylated ghrelin leads to a decrease in triglyceride content, an increase
in the activity of mitochondrial oxidative enzymes, and an up-regulation of
gene expression of uncoupling protein 2. All these alterations were observed
independent of the changes of the gene expression that were associated with fat
metabolism and phosphorylation of 5'-AMP-activated protein kinase (AMPK).

In addition, acylated ghrelin increases gene expression of peroxisome
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proliferator-activated receptor gamma (PPARY) which reduces the fat content of
muscle in mixed skeletal muscle (Barazzoni et al., 2005). Collectively, acylated
ghrelin induces triglyceride deposition in the liver rather than in skeletal muscle.
Moreover, both in vitro and in vivo findings suggested that acylated ghrelin
acted directly on differentiated adipocytes to stimulate lipogenesis via the up-
regulation of the levels of PPARy and the insulin-induced glucose uptake (Patel
et al., 2006). Studies of the effect of desacyl ghrelin on lipid metabolism are
very limited. Muccioli and co-workers have shown that both desacyl ghrelin
and acylated ghrelin inhibited isoproterenol-induced lipolysis in rat adipocytes
via an unknown receptor and might have a direct anti-lipolytic effect on the
adipose tissue (Muccioli et al., 2004). Taken together, although many aspects of
the metabolic effects of acylated ghrelin and desacyl ghrelin remain to be
clarified, existing evidences suggest that acylated ghrelin and desacyl ghrelin

play an important role in the regulation of metabolism.

1.5.3.2.2 Cardiovascular Effects of Acylated Ghrelin and

Desacyl Ghrelin

Acylated ghrelin and desacyl ghrelin have diverse effects on the cardiovascular
system (Fig. 1.16). Extensive evidence demonstrated that ghrelin (mainly
demonstrated in acylated ghrelin) had a strong therapeutic effect on different
cardiovascular diseases (Table 1.8). The expression of ghrelin and its receptor
have been studied in the heart and vasculature of murine and human at the

MRNA level by RT-PCR (Gnanapavan et al., 2002). Cardiomyocytes are
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known to synthesize and secrete ghrelin. In endothelial cells of human arteries
and veins, acylated ghrelin and desacyl ghrelin are detected to be localized to
intracellular vesicles by standard immunocytochemical analysis. Both acylated
ghrelin and desacyl ghrelin are demonstrated to regulate the vascular tone via
the paracrine manner in humans (Kleinz et al., 2006). Increasing amount of
evidence support a role of ghrelin in the regulation of cardiovascular function.
Moreover, by inhibiting the activation of NF-kB in human endothelial cells and
mononuclear cell adhesion, ghrelin is demonstrated to prevent inflammation of
the cardiovascular system. Acylated ghrelin and desacyl ghrelin exert
vasodilatory  effects Dby an  endothelium-independent  mechanism.
Administration of acylated ghrelin has been shown to decrease the mean arterial
pressure without changing the heart rate. The effects of acylated ghrelin on
blood pressure might be mediated through the direct vasodilatory effect and the
inhibitory effect on sympathetic activity of the acylated ghrelin. Furthermore,
acylated ghrelin has been demonstrated to improve cardiac contractility, left
ventricular function, peak workload, and peak oxygen consumption in chronic
heart failure patients (Isgaard & Johansson, 2005). In rats with heart failure,
chronic treatment of acylated ghrelin has been shown to improve left
ventricular dysfunction and to prevent the development of left ventricle
remodeling and cardiac cachexia (Nagaya et al., 2001). Consistently,
microinjection of desacyl ghrelin into a rat nucleus tractus solitarii (NTS) was

shown to reduce the mean arterial pressure and heart rate (Tsubota et al., 2005).
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Cardioprotective effects

against ischemia

Increase cardiac output

Vasodilatation: increase NO
production, decrease ET-1

Decrease peripheral resistance

Cardiovascular
effects of ghrelin

Decrease blood pressure

Increase cardiac contractility

Increase exercise capacity

Inhibition of apoptosis in
endothelial cells and cardiomyocytes

Fig 1.16 Cardiovascular effects of ghrelin (Tesauro et al., 2010)

Table 1.8 Cardivascular effects of ghrelin

61




Author, date Treatment Model Main outcomes
(Nagaya et al., 2001) Acyla'ged Igft coronary artery Improveq LV dysfunction and attenuated
ghrelin ligation in rats remodelling
. Isolated working rat
(Frascarelli etal., Acyla'ged heart (ischemic Cardioprotective effect
2003) ghrelin I
injury)
Acylated Isoproterenol- Improved cardiac function, attenuated myocardial
. ghrelin and . . . SR . .
(Li et al., 2006) des-acvl induced myocardial  lipid peroxidation injury and relieved cardiac
Y injury in rats fibrosis
ghrelin
Acvlated Isolated working rat
(Chang et al., 2004) yiet heart (ischemic Cardioprotective effect
ghrelin .
injury)
Acvlated Isolated hearts from  Maintenance or recovery of normal cardiac
(Ma et al., 2012b) h);elin adult mice (ischemic  contractility by recovery of phosphorylated
g injury) phospholamban
(Zhang et al., 2009) Acylated Lseﬂﬁt?g:ﬁgﬁ;gg rat Cardiac protection through inhibition of
g N ghrelin injury) myocardial endoplasmic reticulum stress
DOX induced
(Xu et al., 2008) Acylat_ed toxicity in primary Cardlac_ protection by anti- oxidative and anti-
ghrelin cultured apoptotic effects
cardiomyocyte
(Aoki et al., 2013) Acyla’ged Dahl salt—§en5|t|ve Dec_reased bI_ood pressure and prevention of high
ghrelin hypertensive rats salt induced increase in heart thickness
Acvlated Acute myocardial Inhibition of cardiac sympathetic nerve activity
(Mao et al., 2012) yiat infarction in ghrelin-  and reduction of malignant arrhythmia via the
ghrelin .
knockout mice vagal afferent nerves
Anglotensm I Inhibition of apoptosis via decreasing Ang Il type
Acylated induced H9c2 - T A
(Yang et al., 2012) . . 1 receptor expression and inhibiting the activation
ghrelin cardiomyocyte

apoptosis

of endoplasmic reticulum stress pathway

62



1.5.3.2.3 Anti-apoptotic Affect of Acylated Ghrelin and Desacyl

Ghrelin

Both acylated ghrelin and desacyl ghrelin have been documented to have anti-
apoptotic effects in diverse experimental settings (Table 1.9). Acylated ghrelin
and desacyl ghrelin have been shown to inhibit apoptosis of cardiomyocytes
and endothelial cells through extracellular signal-regulated kinase (ERK) 1/2
and phosphatidylinositol-3  (P13)-kinase/AKT (Baldanzi et al.,, 2002).
Furthermore, ghrelin was demonstrated to decrease the toxic effects of
cytotoxic agents such as DOX (Baldanzi et al., 2002) and cytarabine (Iglesias et
al., 2004). When cell integrity is threatened, signaling pathways involving
extracellular ERK1/2 and Akt are known to be activated aimed to lead the cell
towards either survival or demise. In H9c2 cells (a rodent cardiac cell line that
does not express the ghrelin receptor), acylated ghrelin and desacyl ghrelin have
been shown to activate ERK1/2 and reduce cell death following the
administration of DOX (Baldanzi et al., 2002). Furthermore, inhibiting the
pathway with an ERK1/2 inhibitor or a PI3 kinase inhibitor (wortmannin) was
demonstrated to abolish the protective effect of ghrelin, suggesting that the
cardioprotective effects of ghrelin are mediated through the ERK1/2 and PI3
kinase/Akt pathways. ERK1/2 and Akt are dynamically regulated in the cell,
and reversible cysteine switches in upstream and downstream modulators
regulate the fate of these proteins. The findings show that the protective effects
of ghrelin are independent of its acylation suggest that ghrelin gene product

might act as a survival factor in the cardiovascular system through the
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mediation of an un-identified receptor distinct from GHSR-1a.

Table 1.9 Studies of anti-apoptotic effect of ghrelin

Author, date

species

Treatment

Model

Main outcomes

(Baldanzi et al.,
2002)

(Kim et al., 2005)

(Zhao et al.,
2007)

(Chung et al.,
2007)

(Yang etal.,
2007)

(Park et al., 2008)

(Xu et al., 2008)

(Granado et al.,
2009)

(Kui et al., 2009)

H9c2
cardiomyocyt
e

MC3T3-E1l
cells

ECV-304
cells

Primary rat
hypothalamic
neuronal
cultures

PC12 cells

Sprague
Dawley rats

Primary rat
cardiomyocyt
e culture

Wistar rats

Adult rat
cardiomyocyt
e

Acylated ghrelin and
des-acyl ghrelin

Acylated ghrelin

Acylated ghrelin

Acylated ghrelin

Acylated ghrelin

Acylated ghrelin

Acylated ghrelin

Acylated ghrelin

Acylated ghrelin

DOX induced apoptosis

TNF-alpha induced
apoptosis in osteoblastic
MC3T3-E1 cells

High glucose induced
apoptosis

Ischemia induced
apoptosis

SNP induced apoptosis

Intestinal mucosal
apoptosis

DOX induced apoptosis

Lactotrophs apoptosis in
the pituitary of diabetic
rats

High glucose induced
apoptosis

Inhibit apoptosis by PI3K/Akt
pathway

Inhibit apoptosis by PI3K/Akt
pathway

Inhibit apoptosis by PI3K/Akt
pathway

Inhibit apoptosis by increasing Bcl-
2/Bax ratio

Inhibition of PC12 cells apoptosis
by inducing HSP70 expression

Suppression of apoptosis by
decreasing caspase-3 expression

Exert anti-apoptotic effect by TNF-
alpha/NF-kappaB activation
pathway

Prevent diabetes induced
lactotrophs apoptosis by increasing
pituitary Bcl-2 and Hsp70
expression

Protect cardiomyocyte from
apoptosis by PI3K/Akt pathway
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1.5.3.2.4 The Difference Between Acylated Ghrelin and Desacyl

Ghrelin

The concentration of desacyl ghrelin is decreased in obese mice and humans
while the level of acylated ghrelin is relatively stable (Pacifico et al., 2009).
The ratio of acylated ghrelin-to-desacyl ghrelin is observed to be elevated in
insulin-resistant individuals when compared to insulin-sensitive obese
individuals (Barazzoni et al., 2007). The acylated ghrelin level was shown to be
increased in obesity-associated type 2 diabetic patients whereas desacyl ghrelin
level was found to be reduced (Rodriguez et al., 2009). Acute acylated ghrelin
administration induced an increase in blood glucose level and a decrease in
serum insulin level in humans (Broglio et al., 2001). The in vivo study showed
that peripheral acylated ghrelin treatment increased the triglyceride content in
liver and white adipose tissue (Barazzoni et al., 2005). Interestingly, co-
administration of acylated ghrelin and desacyl ghrelin was demonstrated to

reverse the hyperglycemic effect of acylated ghrelin (Gauna et al., 2004).

Gauna and colleagues also reported the antagonistic role of desacyl ghrelin in
primary hepatocytes (Gauna et al., 2005). In addition, desacyl ghrelin was
shown to inhibit the glucose release and to prevent the acylated ghrelin-induced
increase in glucose output. In the murine HL-2 adult cardiomyocytes, desacyl
ghrelin was shown to have distinct metabolic effects from acylated ghrelin
(Lear et al., 2010). Medium-chain fatty acid uptake was also demonstrated to be

enhanced by desacyl ghrelin but not acylated ghrelin. In HL-1 cell line and
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neonatal rat cardiomyocytes, desacyl ghrelin was observed to increase insulin-
dependent translocation of GLUT4 from nucleus to cytoplasm but this effect
was not observed in acylated ghrelin. The epidiymal and perirenal fat masses
were shown to be reduced in the transgenic mice that over-expressed desacyl
ghrelin (Zhang et al., 2008). Interestingly, these transgenic mice also showed
the resistance to high-fat diet induced obesity and significant improvement of
insulin sensitivity, suggesting the potential therapeutic role of desacyl ghrelin in

diabetes mellitus and other metabolic diseases.

PROJECT SIGNIFICANCE

Ghrelin has diverse physiological effects including the stimulation of food
intake, regulation of metabolism of glucose and lipid, and inhibition of
apoptotic cell death. In particular, the anti-apoptotic effect of ghrelin on
cardiomyocytes becomes a focus and provides the opportunity for exploring
novel therapy for heart disease. Previous findings have consistently
demonstrated the cardioprotective effects of ghrelin in ischemic cardiac injury
and chronic heart failure. Although cardiac apoptosis has been shown to have
an essential role in the DOX-induced cardiomyopathy and diabetic
cardiomyopathy, the effects of ghrelin, particularly desacyl ghrelin, on these
cardiomyopathies are largely unknown. This dissertation project mainly
focused on the study of desacyl ghrelin because the therapeutic role of this form
of ghrelin is far more unclear. Moreover, the desacyl ghrelin is possibly a good

target for the development of the treatment for the DOX-induced
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cardiomyopathy and diabetic cardiomyopathy.

OBJECTIVES OF THE PROJECT

The general objective of this project is to investigate the protective effects of
desacyl ghrelin on two essential forms of cardiomyopathy namely dilated
cardiomyopathy (DOX-induced cardiomyopathy) and diabetic cardiomyopathy.
This project proposed the following specific objectives:

1. To examine the protective effects of desacyl ghrelin on the DOX-induced
cardiomyopathy.

2. To examine the protective effects of desacyl ghrelin on diabetic
cardiomyopathy.

3. To examine the underlying mechanisms of the DOX-induced cardiotoxicity

in type 2 diabetic heart.

HYPOTHESIS OF THE PROJECT

This project tested the general hypothesis that desacyl ghrelin prevented the
progress of cardiomyopathy. Additionally, this project aimed to examine the
cardiotoxic effects of DOX on diabetic heart. This project proposed the
following specific hypotheses:

1. Desacyl ghrelin exerts a cardioprotective role in preventing the DOX-
induced cardiomyopathy.

2. Desacyl ghrelin protects the heart against type 2 diabetic cardiomyopathy.

3. Distinct molecular mechanisms are responsible for the DOX-induced
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cardiotoxicity in type 2 diabetic heart compared to non-diabetic heart.
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CHAPTER 2

General Methods
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2.1 Measurement of Cardiac Function by Echocardiography

Transthoracic echocardiography was used to assess the cardiac function at the
pre- and post-intervention levels. Echocardiography was performed by
following the published procedure (Siu et al., 2007). Mice were anesthetized
with an intraperitoneal injection of ketamine HCI (80 mg/kg) and xylazine (10
mg/kg). The ventral thorax was shaved and covered with ultrasonic
transmission gel. Echocardiography was performed in prone decubitus position
with an Esaote MyLab 70 X-Vision Ultrasound System in conjunction with a
10 MHz linear transducer (Esoate, Italy). Two-dimensional grey scale
ultrasound scanning was performed to assess the cardiac structures in
parasternal short-axis view at the mid-papillary level. The grey scale
echocardiographic view was used to position the M-mode echocardiographic
line. The M-mode echocardiographic image was examined while the heart rate
of mice was at 450-550 beat/min. Left ventricle (LV) internal dimensions were
then measured according to the leading-edge method of the American Society
of Echocardiography (Lang et al., 2006). LV end-diastolic and end-systolic
dimensions including LV internal diameter at end diastole (LVIDd) and LV
internal diameter at end systole (LVIDs) were assessed from the M-mode
tracing. Quantitative measurements were performed by using the analytical
software of the ultrasound scanner. Fractional shortening (FS), the percent
change in LV cavity dimension, was calculated using the equation of FS (%) =
[(LVIDd - LVIDs) / LVIDd] x 100 (Dittoe et al., 2007). Ejection fraction (EF)

represents stroke volume as a percentage of end diastolic LV volume and was
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derived as EF (%) = Y + [(100 - Y) x 0.15], where Y = [(LVIDd? - LVIDs?) /
LVIDd?] x 100 (Stein et al., 2007). The heart rate was determined by counting
the diastole and systole cycles in M-mode images within a defined time interval.

All measurements were averaged over three consecutive cardiac cycles.

2.2 Masson’s Trichrome Staining

Collagen deposition in the left ventricle was determined by Masson's trichome
staining kit (Sigma). Collagen was stained blue in the frozen tissue transverse
sections (5 um thick) according to the manufacturer's instructions. Images were
obtained in five random fields per section using the total magnification of 200x.
Analysis was performed using NIH Image J analysis software. The area of

fibrosis was then divided by the total area of the microscopic field.

2.3 Protein Fraction Preparation

The protein fraction of cardiac muscles was prepared by adopting the
previously described protocol (Siu et al., 2004;Siu et al., 2005). Forty mg of
ventricular tissue samples were minced and homogenized in an ice-cold lysis
buffer (10 mM NacCl, 1.5 mM MgCl,, 20 mM HEPES, pH 7.4, 20% glycerol,
0.1% Triton X-100, and 1 mM DTT). The homogenates were centrifuged at 122
x g for 5 minutes at 4°C. The supernatant was collected and further centrifuged
at 2,675 x g for 5 minutes at 4°C; this procedure was repeated three times to
collect the final supernatant as the cytoplasmic protein fraction. A protease

inhibitor cocktail (P8340, Sigma-Aldrich) was added to a portion of the
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extracted protein fraction. The protein concentration of the extracted protein
fraction was then measured in duplicate by using the method of Bradford
(Coomassie Protein Assay, Pierce) with bovine serum albumin used as standard.
The protein fraction with the addition of a protease inhibitor was later used in
the apoptotic cell death enzyme-linked immunosorbent assay (ELISA) and
western blot analysis. Caspase enzymatic activity assay was performed in the

protein fraction without the addition of protease inhibitor.

2.4 Apoptotic Cell Death Enzyme-Linked Immunosorbent

Assay (ELISA)

Apoptotic DNA fragmentation in ventricle samples was determined by using
the Cell Death Detection ELISA Kit (Roche Diagnostics). In brief, 100 pl of
protein fraction was added in a streptavidin-coated microplate that had been
incubated with a mouse monoclonal anti-histone antibody for 1 hour at room
temperature. After washing, the reaction mixtures were incubated with a
peroxidase conjugated anti-DNA-POD mouse monoclonal antibody. The
amount of histone-associated DNA fragments including mono- and oligo-
nucleosomes, were then determined by measuring the absorbance at 405 nm
using ABTS (2,2'-azino-di[3-ethylbenzthiazoline sulfonate-6-diammonium salt])
as a substrate using a microplate reader (Infinite F200, Tecan). All
measurements were performed in duplicate. The absorbance was normalized to
the amount of protein content used in the assay and was expressed as OD405

(optical density) normalized to mg protein used.
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2.5 Fluorometric Caspase-3 Activity Assay

Caspase-3 activity in the ventricle muscle tissues was examined by a
fluorometric assay as described previously (Siu et al., 2004). Fifty pl of the
extracted protein fraction was incubated in 50 pl of reaction buffer (50 mM
PIPES, 0.1 mM EDTA, 10% glycerol, 10 mM DTT, pH 7.2), which contained
7-amino-4-trifluoromethyl coumarin (AFC)-conjugated substrate (Ac-DEVD-
AFC; Biovision Research Products) at 37°C for 2 hours. A negative control
experiment was performed by including caspase inhibitor, z-VAD-fmk (BD
Pharmingen) or in the absence of the AFC-conjugated substrate. The
fluorescence intensity was detected before and after the 2 hours incubation
using a microplate reader (Infinite F200, Tecan) at an excitation wavelength of
405 + 10 nm and an emission wavelength of 500 + 25 nm. The enzymatic
activity of caspase-3 was expressed as the change in the fluorescence intensity

normalized to mg of protein used in the assay.

2.6 RNA Extraction and Real Time Quantitative PCR
Analysis

The transcriptional expression of interested genes was examined in cardiac
tissues by quantitative RT-PCR analysis. Total RNA was extracted from the
ventricle muscles by using TriReagent (Molecular Research Center, USA)

based on the guanidine thiocyanate method. Forty micrograms of muscle tissues

were mechanically minced and homogenized on ice in ice-cold TriReagent. The
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homogenate was centrifuged following the addition of bromochloropropane to
separate the aqueous and organic phases. The RNA in the aqueous phase was
precipitated by adding isopropanol and was washed with 75% ethanol. The
extracted RNA was then dissolved in DEPC-treated water and quantified in
triplicate by measuring the optical density (OD) at 260 nm. The purity of RNA
was assured by examining the OD260/280 ratio. The trace amount of DNA was
removed from the extracted RNA by treating with RNase-free DNase |
(Fermentas, USA). One microgram of RNA was reverse transcribed with the
RevertAid™ First Strand complementary DNA (cDNA) synthesis kit
(Fermentas, USA) by using oligo-dT primers in a total volume of 20 pl
according to the manufacturer’s instruction. One pl of the diluted cDNAs was
then used to perform quantitative polymerase chain reaction (PCR) in SYBR
green/ROX gPCR master mix (Fermentas, USA) with forward and reverse
primers (Table 2.1) and RNase/DNase-free water using ABI 7500 thermal
cycler system. According to the manufacturer’s instruction, PCR was
performed using a two-step cycling protocol with pre-treatment at 50°C for 2
minutes followed by a step of initial denaturing at 95°C for 10 minutes and then
40 cycles of denaturation at 95°C for 15 seconds and annealing/extension at
60°C for 1 minute. B-tubulin was used as the internal control reference gene.
The sequences of PCR products were confirmed by sequencing. All samples
were run in duplicate on the same plate. A relative standard curve
(concentration vs. threshold cycle) of target and reference genes for

quantification of PCR products was generated by diluting of cDNA from the
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calibrator. Complementary DNAs prepared from all samples were pooled and
used as the calibrator to generate the standard curve. Results were expressed as
the concentration ratio of the target gene normalized to the internal control -

tubulin gene.
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Table 2.1 Sequence of Primer Used in Real Time PCR Analysis

Gene Gene Full Name GenBank Forward primer Reverse primer
Accession No.
PPARa Peroxisome proliferator NM_011144 5’GGGTACCACTACGGAGTTCACG3’ 5’CAGACAGGCACTTGTGAAAACG3’
activated receptor alpha
mCPT1 Carnitine NM_009948 5’AAGTCATGGTGGGCAACTAACTAT3’ 5S’TGTAGTGTTGAACATCCTCTCCAT3’
palmitoyltransfer-ase 1b,
muscle
UCP3 Uncoupling protein 3 NM_009464 5’GGAGTCTCACCTGTTTACTGACAACT3”  5’GCACAGAAGCCAGCTCCAA3’
FAS Fatty acid synthase NM_007988 5S’TTGCTGGCACTACAGAATGC3’ 5’AACAGCCTCAGAGCGACAAT3’
TGF-B1 Transforming growth NM_011577 5’CGATTCAGCGCTCACTGCTC3’ 5’GCTGTACTGTGT GTCCAGGC3’
factor, beta 1
CTGF Connective tissue growth NM_010217 5’CAAAGCAGCTGCAAATACCA3’ 5’GGCCAAATGTGTCTTCCAGT?3’
factor
BNP Natriuretic peptide type B NM_008726 5’CAGCTCTTGAAGGACCAAGG3’ 5’AGACCCAGGCAGAGTCAGAA 3’
CAMK2D Calcium/calmodulin- NM_0010254  5’CTGCCTTTGAACCTGAAGCATTG3’ 5’TGAACGTGTGGGTTGAGGATGAT3’
dependent protein kinase 39
11, delta
SERCA2a ATPase, Ca2+ NM_009722 5’GGAACAACCCGCAATACTGG3’ 5’CTTTTCCCCAACCTCAGTCATG3’
transporting, cardiac
muscle, slow twitch 2
RyR2 Ryanodine receptor 2, NM_023868 5’CATGGACAGCTTCCCCTGAA3Z’ 5’GTGTGACTGCCGTGCTTGG3’
cardiac
PLB Phospholamban NM_023129 5’CGATCACCGAAGCCAAGGTCTCC3’ 5’CGGTGCGTTGCTTCCCCCAT3’
Adipo Adiponection NM_009605 5’GATGGCAGAGATGGCACTCC3’ 5’CTTGCCAGTGCTGCCGTCAT3’
MMP-8 Matrix metallopeptidase 8 NM_008611 5’GGTAACTAACTCTGCAGCCCTCTT3’ 5’CGAACCAGGGACGGAATATG3’
MMP-13 Matrix metallopeptidase 13 ~ NM_008607 5’AATCTATGATGGCACTGCTGACAT3’ 5’GTTTGGTCCAGGAGGAAAAGC3’
Apelin Apelin NM_013912 5’CGAGTTGCAGCATGAATCTGAG3’ 5"TGTTCCATCTGGAGGCAACATC3’
Wnt5a Wingless-related MMTV NM_009524 S"TTCTGTCTTTGGCAGGGTGAT3’ 5ACCCCAGCTGCGCTCA3’
integration site 5A
TLR-4 Toll-like receptor 4 NM_021297 5’GGAAGTTTCTCTGGACTAACAAGT 5’AAATTGTGAGCCACATTGAGTTTC3’
TTAGA3’
Edn3 Endothelin 3 NM_007903 5’CTGTGTGCTTGAGACCTGGA3’ 5"TCCCCAAGGATCCACATTTA3’
GATA6 GATA binding protein 6 NM_010258 5’"TTGCTCCGGTAACAGCAGTG3’ 5’GTGGTCGCTTGTGTAGAAGGA3’
FKBP10 FK506 binding protein 10 NM_010221 5’AGAGAGGAGGCAGCTCATTG3’ 5’TCAAATAGCAGCACAGCACTG3’
p21 Cyclin-dependent kinase NM_007669 5’GACAAGAGGCCCAGTACTTCC T3’ 5’CAATCTGCGCTTGGAGTGATA3’
inhibitor 1A
FKBP5 FK506 binding protein 5 NM_010220 5’CTGTGGTGGAAGGACATTTG3’ 5’AAACCATAGCGTGGTCCA A3’
S100A8 $100 calcium binding NM_013650 5’TGCCCTCTACAAGAATGACT3’ 5’AAGCTCTGCTACTCCTTGTG3’
protein A8
S100A9 S100 calcium binding NM_009114 5’CGACACCTTCCATCAATACT3’ 5’TCAGCATCATACACTCCTCA3’
protein A9
B-tubulin Tubulin, beta NM_011655 5’CCGGACAGTGTGGCAACCAGATCGG3’ 5’TGGCCAAAAGGACCTGAGCGAACGG?’
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2.7 Western Blot Analysis

The protein expression of interested protein targets was evaluated in cardiac
tissues by Western immunoblot. Fifty micrograms of protein was denatured at
95°C for 5 minutes in Laemmli buffer with 5% p-mercaptoethanol. Protein
samples and pre- stained marker were fractionated in a 10% SDS-PAGE gel
followed Dby transference to polyvinylidene difluoride (PVDF) membrane
(Immobilon P, Millipore) using Bio-Rad Mini Protein Il system. The
appropriate condition was applied during protein separation and transferred
based on the different molecular weight of target protein. The membrane was
then blocked with 5% skimmed milk powder in PBS/0.1% Tween-20 (PBST)
followed by primary antibody incubation overnight at 4°C. For the detection of
protein phosphorylation, the 5% Albumin from bovine serum (BSA) in tris-
buffered saline (TBS)/0.1% Tween- 20 (TBST) was used for the membrane
blocking. On the next day, the membrane was washed three times with PBST or
TBST for 15 minutes per session. The primary antibodies used in the project
summarized in Table 2.2. After washing, membranes were incubated with a
secondary antibody [anti-mouse IgG or anti-rabbit 1gG horseradish peroxidase
(HRP)-conjugated antibodies (Cell Signaling, 1:3000)]. The whole procedure of
western blotting was finished following the three further washings of the
membrane. The resulting immunoreactivity was determined using the ECL
chemiluminescence reaction kit (Perkin Elmer) and the image was captured by

a Kodak 4000R Pro camera system. Detection of B-tubulin (Sigma, 1:2000) was
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included as an internal control reference. The arbitrary units of the blot signal

were presented as net intensity x band area, normalized to -tubulin signal.

Table 2.2 Primary antibody information summary

Name Company Dilution
Bcl-2 Santa Cruz 1: 500

Bax Abcam 1: 1000
XIAP BD Biosciences 1: 500

phospho-(Ser473)-Akt Cell Signaling 1: 1000
Akt Cell Signaling 1: 1000
phospho-(Thr402-Tyr204)-ERK1/2 Cell Signaling 1: 1000
ERK1/2 Cell Signaling 1: 1000
PGC-1la Santa Cruz 1: 500

phospho-(Thr172)-AMPKa Cell Signaling 1: 1000
AMPKa Cell Signaling 1: 1000
Phosphor-(Ser108)-AMPKf1 Cell Signaling 1: 1000
AMPK1 Cell Signaling 1: 1000
Beclinl Cell Signaling 1: 1000
Atg5-12 Cell Signaling 1: 1000
GSK3a/p Cell Signaling 1: 1000
phospho-(Ser21/9)- GSK3o/p Cell Signaling 1: 1000
B-tubulin Sigma 1: 2000
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CHAPTER 3
Desacyl Ghrelin Prevents DOX-induced
Myocardial Fibrosis and Apoptosis via

GHSR-independent Pathway
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3.1 Introduction

DOX is a commonly used chemotherapeutic agent for treating various
malignancies including breast cancer, leukemia, and sarcomas. The mechanism
of the anti-tumor action of DOX is probably mediated through the inhibition of
gene transcription and replication by intercalation into the DNA structure.
Although DOX is extensively used in chemotherapy, it is known to induce
organ toxicities, including cardiotoxicity, which results in cardiomyopathy and
congestive heart failure (Swain et al., 2003). Cellular mechanisms including
myocardial fibrosis (Zhu et al., 2008;Miyata et al., 2010), apoptosis (Nakamura
et al., 2000;Sharma et al., 2010) and altered energy metabolism (Mitra et al.,
2008;Carvalho et al., 2010) have been proposed to account for the

cardiomyopathy caused by DOX.

Ghrelin, an endogenous ligand for GHSR1a, is mainly synthesized in the
stomach. Ghrelin exists in two forms in the circulation, ghrelin (acylated) and
desacyl ghrelin which lacks octanoic acid at the serine 3 residue. Desacyl
ghrelin is the predominant form of ghrelin in the circulation, with ghrelin in its
acylated form contributing only approximately 5% of the total amount of
circulating ghrelin (van der Lely et al., 2004). Acylated ghrelin has been shown
to be capable of efficient binding to and activation of GHSR1a, and this
mediates most of its endocrinological effects (Kojima & Kangawa,
2005;Kojima et al., 1999). Desacyl ghrelin was initially considered to be the

inactive form of ghrelin, devoid of any biological activity because of its
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inability to bind to the classic GHSR1a receptor. However, increasing evidence
indicates that desacyl ghrelin is bioactive, and exerts cellular effects such as
stimulation of adipogenesis and modulation of lipogenic and insulin signaling

(Delhanty et al., 2010;Gauna et al., 2007).

Accumulating evidence suggests that ghrelin, and possibly desacyl ghrelin, is
protective to the cardiovascular system (Garcia & Korbonits, 2006). The
beneficial cardiovascular effects such as protection against myocardial
ischemia/reperfusion injury, improved prognosis of heart failure, and inhibition
of atherosclerosis have been clearly demonstrated for ghrelin (acylated) (Garcia
& Korbonits, 2006). The beneficial effect of ghrelin (acylated) on DOX
cardiotoxicity in primary cultured cardiomyocytes has also been shown, with
effects mediated by anti-apoptotic and anti-oxidative mechanisms (Xu et al.,
2008). Intriguingly, similar to ghrelin (acylated), desacyl ghrelin has been
demonstrated to inhibit DOX-induced cardiac apoptosis by activating the pro-
survival ERK1/2 and PI3K/Akt serine kinase signaling pathways through
GHSR-independent manner in H9c2 cardiomyocytes (Baldanzi et al., 2002).
Cardioprotection by ghrelin (acylated) against DOX was later supported by in
vivo evidence showing that endogenous ghrelin is increased during the
progression of the heart failure, this was suggested to represent a compensatory
protective response to maintain the cardiac function during DOX-induced
cardiomyopathy (Xu et al., 2007). However, to date the therapeutic role of
desacyl ghrelin in DOX cardiotoxicity has not been demonstrated in vivo.

Therefore, the present study aimed to examine the cellular effects of desacyl
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ghrelin on DOX-induced cardiomyopathy using a mouse DOX cardiotoxicity
model. We also tested the hypothesis that desacyl ghrelin protects against
myocardial fibrosis and apoptosis induced by DOX. To further examine
whether the effects of desacyl ghrelin are mediated through the GHSR pathway,
the GHSR antagonist [D-Lys3]-GHRP-6 was used to block GHSR signaling in

the desacyl ghrelin-treated animals after the administration of DOX.

3.2 Methods

3.2.1 Animals

Male 10- to 12-week-old C57BL/6 mice obtained from the Laboratory Animal
Services Centre of The Chinese University of Hong Kong were used. Mice
were housed in a temperature- and humidity-controlled environment and were
exposed to a 12:12-hour light: dark cycle in the Centralised Animal Facilities of
The Hong Kong Polytechnic University. Mice were allowed to have access to
standard animal diet and water ad libitum. Animal ethics approval was obtained
from the Animal Ethics Sub-committee of The Hong Kong Polytechnic

University.

3.2.2 Experimental Protocol

Mice were assigned randomly to one of four groups as follows: Control (n =
10), DOX (DOX; n = 11), DOX+DAG (DOX treated with desacyl ghrelin; n =
10), DOX+DAG+[D-Lys3]-GHRP-6 (DOX treated with desacyl ghrelin in the

presence of GHSR1a antagonist [D-Lys3]-GHRP-6; n = 6). Mice assigned to
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DOX, DOX+DAG and DOX+DAG+[D-Lys3]-GHRP-6 groups were exposed
to an intraperitoneal (i.p.) injection of DOX (Pharmacia & Upjohn SpA, Milan,
Italy) at a dose of 15 mg/kg, which has been previously demonstrated to induce
cardiomyopathy, cardiac fibrosis and apoptosis (Suliman et al., 2007). Mice in
the Control group were i.p. injected with the same volume of saline instead of
DOX. Twelve hours after the injection of DOX, mice were administered with
saline (for Control and DOX groups), desacyl ghrelin (for DOX+DAG group)
(des-acyl ghrelin, Tocris Bioscience, USA) or co-administration of desacyl
ghrelin and [D-Lys3]-GHRP-6 ([D-Lys3]-GHRP-6, Tocris Bioscience, USA)
by i.p. injection for four consecutive days. In this study, the previously reported
dosage of 100 pg/kg bodyweight of desacyl ghrelin injected twice daily was
adopted (Li et al., 2006;Nagaya et al., 2001). We adopted a dosage of 3.75
mg/kg of [D-Lys3]-GHRP-6 (37.5-fold dose of desacyl ghrelin), which was
shown to effectively abolish the ghrelin-GHSR signaling (Kobashi et al., 2009).
Mice in DOX+DAG+[D-Lys3]-GHRP-6 group were administrated with [D-
Lys3]-GHRP-6 immediately before desacyl ghrelin injection. After the four-day
experimental period, mice were euthanized by overdose of ketamine and
xylazine. Hearts were immediately removed and washed with cold phosphate
buffered saline (PBS). The left ventricle was quickly dissected and frozen in

liquid nitrogen and stored at -80°C for later analysis.
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3.2.3 Echocardiographic Assessment

Transthoracic echocardiography was conducted before the DOX injection and
after the 4-day experimental period to assess the cardiac structure and function.
Echocardiography was performed according to a previously described protocol

in CHAPTER 2.

3.2.4 Measurement of Growth Hormone and Insulin Growth

Factor-1 Levels in Plasma

Blood samples were collected in EDTA-coated tubes from mice at sacrifice.
Plasma was separated within 1 hour and stored at -80°C until analysis. Growth
hormone and insulin growth factor (IGF-1) were measured using commercial

immunoassay kits from Millipore (GH) and R&D System (IGF-1).

3.2.5 TUNEL Assay

Myocardial apoptosis was determined by terminal deoxynucleotide transferase-
mediated dUTP nick end labeling (TUNEL) in ventricle muscle sections using
the in situ cell death detection kit (Roche). Briefly, 5 pum thick transverse
sections were prepared by cutting the frozen tissues at the apex of the left
ventricle. Tissue sections were air-dried at room temperature, fixed in 4%
paraformaldehyde in PBS, pH 7.4 at room temperature for 20 minutes, and
permeabilized with 0.2% Triton X-100 in sodium citrate at 4°C for 2 minutes.
Slides were incubated with terminal deoxynucleotidyl transferase (TdT)

enzyme with buffer and biotin tagged nucleotides in a humidified chamber at
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37°C for 1 hour in the dark. Tagged nucleotides were detected by using anti-
fluorescein-HRP conjugates. The section incubated with 5 pg/ml of DNase for
10 minutes was used as positive control. A negative control experiment was
performed by omitting the TdT enzyme from the labeling solution. Troponin T
was co-stained in sections for the identification of cardiomyocytes. Sections
were treated with 5% horse serum in PBS for 30 minutes and incubated for 1
hour with monoclonal mouse Troponin T antibody (Thermo Science) diluted at
1:200 with 2% horse serum in PBS. Sections were incubated with anti-mouse
IgG Cy3-conjugated antibody (1:200; Sigma). Sections were then mounted with
DAPI Vectashield mounting medium to label all nuclei. Sections were
examined under a Nikon 80i microscope. Images were captured with a Nikon
DXM 1200C camera using Nikon ACT-1C software. The number of TUNEL
positive nuclei and total nuclei originating from cardiomyocytes was counted

and expressed as the TUNEL index.

3.2.6 Masson's Trichome Staining

Collagen deposition in the left ventricle was determined by Masson's trichome
staining kit (Sigma). The details of the staining protocol were described in

CHAPTER 2.

3.2.7 Protein Fraction Preparation

The protein fraction of cardiac muscles was prepared by adopting the

previously described protocol in CHAPTER 2.
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3.2.8 Apoptotic Cell Death Enzyme-Linked Immunosorbent

Assay (ELISA)

Apoptotic DNA fragmentation in ventricle samples was determined by using
the Cell Death Detection ELISA Kit (Roche Diagnostics). The details of the

procedure were described in CHAPTER 2.

3.2.9 Fluorometric Caspase-3 Activity Assay

Caspase-3 activity of ventricle muscle tissues was examined by a fluorometric

assay. The details of the procedure were described in CHAPTER 2.

3.2.10 RNA Extraction and Real Time Quantitative PCR
Analysis

Myocardial metabolic regulators (PPARa, mCPT1, UCP3, and FAS), fibrosis
signaling factors (TGF-B1, CTGF, and BNP), and calcium handling signaling
factors (CAMK2D, PLB, SERCAZ2a, and RyR2) were examined in cardiac
tissues by quantitative RT-PCR analysis. The details of the procedure used for

total RNA extraction and real time PCR analysis were described in CHAPTER

2.

3.2.11 Western Blot Analysis

The protein expression of apoptotic factors (Bcl-2, Bax and XIAP), metabolic

regulators (PGC-1a, phospho-AMPKa, total AMPKa, phospho-AMPKf1, and
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total AMPKp1), and prosurvival ERK-Akt signaling markers (phospho-ERK1/2,
total ERK1/2, phospho-Akt and total Akt) were evaluated in cardiac tissues by
Western immunoblot. The details of the procedure were described in

CHAPTER 2.

3.2.12 Statistical Analysis

Data were expressed as mean * standard error of mean. Statistical analysis was
performed by using Statistics Package for Social Science (SPSS) version 11.0.
Differences among groups were evaluated by ANOVA followed by Tukey’s
Honestly Significant Difference (HSD) post hoc test. Statistical significance

was set at P < 0.05.

3.3 Results

3.3.1 Echocardiograhic Parameters

The representative echocardiograhic M-mode images obtained in animals of
control, DOX and DOX with desacyl ghrelin treatment groups are shown in
Figure 3.1. DOX-induced cardiac dysfunction was illustrated by a significant
decrease from 60.3% to 37.7% in the left ventricle fractional shortening (Table
3.1). However, this DOX-induced decrease was not found in the animals treated
with desacyl ghrelin and desacyl ghrelin plus [D-Lys3]-GHRP-6 (Table 3.1).
Similarly, the ejection fraction was significantly decreased from 86.2% to
65.8% after exposure to DOX, but this decrease was not seen in animals treated

with desacyl ghrelin or a combination of desacyl ghrelin and [D-Lys3]-GHRP-6
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(Table 3.1). Heart rate, left ventricular anterior wall thickness, posterior wall
thickness, end-diastolic dimension were observed to be significantly decreased
following DOX administration, but all these changes were not found in the

animals treated with desacyl ghrelin (Table 3.1).
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Control DOX

DOX+DAG DOX+DAG+[D-Lys3]-GHRP-6

Figure 3.1 The Echocardiographic M-mode Image.

Transthoracic echocardiography was conducted before (Pre) and after (Post) the 4-day
experimental period to examine the functional and structural parameters of left ventricle.
The pictures show representative M-mode images obtained in animals of Control, DOX,
DOX+DAG and DOX+DAG+[D-Lys3]-GHRP-6 groups during the Post echocardiograhic
measurements. DOX, DOX; DOX+DAG, DOX with treatment of desacyl ghrelin;
DOX+DAG+[D-Lys3]-GHRP-6, DOX with treatment of desacyl ghrelin plus [D-Lys3]-
GHRP-6; LVESD, left ventricular end-systolic dimension; LVEDD, left ventricular end-

diastolic dimension; AWT, anterior wall thickness; PWT, posterior wall thickness.
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Table 3.1 Echocardiographic Parameters

Control DOX DOX+DAG DOX+DAG+[D-Lys3]-
GHRP-6
N 9 11 10 3
Pre Post Pre Post Pre Post Pre Post

(g:fn) 47410 483+11 506410  304+25% 5098 428428  471+18  415+33
?g’rvn)T 0.11+0.01 0.10£0.002 0.10+0.003 0.08+0.01* 0.09+0.002 0.08+0.006 0.10+0.003 0.09+0.005
F(’(\:’:’n; 0.10:001 0.10£0.004 0.11+0.01 0.09+0.01* 0.10+0.01 0.09+0.005 0.11+0.01 0.10+0.006
'-\(/C'an)D 0.30£0.01 0.31#0.01 0.32+0.01 0.26+0.01* 0.33+0.01 0.30:0.01 0.32+0.01  0.300.01
L\(’CE]S)D 0124001 010£0.01 013+001 0.16+0.01 0124001 0102001 0.11+0.01 0.10£0.01
FS(%) 613+18 654427  60.3#+2.1 37.7+1.6% 624+25 642440  68.2+1.8  62.7+2.6
EF (%) 87.0+13 89.3+1.6  86.2+1.3 658+43% 87.6+1.8 881429  904+17  87.6+18

Transthoracic echocardiography was conducted before the DOX injection (Pre) and after

the 4-day experimental period (Post) to examine the ventricular parameters. DOX, DOX;

DOX+DAG, DOX with treatment of desacyl ghrelin; DOX+DAG+[D-Lys3]-GHRP-6,

DOX with treatment of desacyl ghrelin plus [D-Lys3]-GHRP-6; HR, heart rate; AWT,

anterior wall thickness; PWT, posterior wall thickness; LVEDD, left ventricular end-

diastolic dimension; LVESD, left ventricular end-systolic dimension; FS, fractional

shortening; EF, ejection fraction.

*P < 0.05 compared to the corresponding Pre.
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3.3.2 Myocardial Fibrosis and Fibrotic Regulatory Factors

As shown in Figure 3.2 and 3.3, the fibrotic area in left ventricles of the DOX
group was markedly increased (by 15 fold) compared to the control group (P <
0.05), and this DOX-induced collagen accumulation was reduced by desacyl
ghrelin and desacyl ghrelin plus [D-Lys3]-GHRP-6 (P < 0.05). Doxorubicin,
desacyl ghrelin and [D-Lys3]-GHRP-6 had no effect on gene expression of
TGF-B1 (P > 0.05) (Figure 3.4A). However, DOX significantly increased (by 8-
fold) CTGF expression compared to that in the control group. This DOX-
induced increase was significantly modulated by desacyl ghrelin (Figure 3.4B).
The modulation of desacyl ghrelin on CTGF expression was not blocked by [D-
Lys3]-GHRP-6 (Figure 3.4B). The BNP expression was significantly up-
regulated by DOX, but this change was not affected by desacyl ghrelin (P >
0.05) and significantly reversed to basal level by [D-Lys3]-GHRP-6 (Figure
3.4C). The ratio of CTGF to BNP, which serves as a critical determinant in the
progress of cardiac fibrosis, was increased (by 150%) in the DOX group
compared to the control group (P < 0.05), but this DOX-induced increase was

significantly lowered in the desacyl ghrelin group (Figure 3.4D).
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Fig 3.2 CoIIaen deposition in heart. Representative stained sections of hearts from control,
DOX, DOX+DAG and DOX+DAG+ [D-Lys3]-GHRP-6 mice. DOX, doxorubicin;
DOX+DAG, doxorubicin with treatment of desacyl ghrelin; DOX+DAG+[D-Lys3]-

GHRP-6, doxorubicin with treatment of desacyl ghrelin plus [D-Lys3]-GHRP-6; Original

magnification, x200.
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Fig 3.3 Fibrotic area was present by percent of collagen accumulation to total area of the
microscopic field. DOX, doxorubicin; DOX+DAG, doxorubicin with treatment of desacyl
ghrelin; DOX+DAG+[D-Lys3]-GHRP-6, doxorubicin with treatment of desacyl ghrelin
plus [D-Lys3]-GHRP-6; Data are expressed as mean = SEM (n = 6 per group).

*P < 0.05 compared to Control. #P < 0.05 compared to DOX.
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Fig 3.4 The transcript expression levels of myocardial fibrotic regulatory factors: TGF-p1
(A), CTGF (B) and BNP (C) were analyzed by real time quantitative PCR. Data were
expressed as expression ratio normalized to B-tubulin gene. The balance between CTGF
and BNP was presented by the ratio of MRNA level of CTGF to BNP (D). Data are
expressed as mean + SEM (n = 6 per group). *P < 0.05 compared to Control. #P < 0.05

compared to DOX.
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3.3.3 Myocardial Apoptosis and Apoptotic Regulatory Factors

The number of myocardial apoptotic nuclei as indicated by the TUNEL index
was increased (by 467%; P < 0.05) in ventricles of the DOX group when
compared to those of the control group (Figure 3.5A). The TUNEL index was
lowered in the desacyl ghrelin and desacyl ghrelin plus [D-Lys3]-GHRP-6
groups relative to the DOX group (P < 0.05) (Figure 3.5A). Similarly, the level
of apoptotic DNA fragmentation was elevated (by 298%; P<0.05) in the DOX
group relative to the control group, and this DOX-induced increase was
inhibited significantly by desacyl ghrelin (Figure 3.5B). Caspase-3 protease
activity was increased (by 32%; P < 0.05) in ventricles of the DOX group when
compared to those of the control group, and this DOX-induced increase was
prevented by desacyl ghrelin (Figure 3.5C). No significant change was found in
the protein content of anti-apoptotic Bcl-2 in ventricles of the DOX group
compared to the control group (Figure 3.6A). However, Bcl-2 protein content
was significantly higher (by 138%) in the desacyl ghrelin group when
compared to the DOX group (Figure 3.6A). The protein content of pro-
apoptotic Bax was elevated by DOX (P < 0.05), but this change was not
affected by desacyl ghrelin (P > 0.05) (Figure 3.6B). The protein expression
ratio of Bcl-2-to-Bax was further analyzed and was found to be lowered (by
46%; P < 0.05) in the DOX group compared to the control group (Figure 3.6C).
This DOX-induced decrease in the Bcl-2-to-Bax ratio was not seen in the
desacyl ghrelin group (Figure 3.6C). The inhibitory roles of desacyl ghrelin in

apoptotic markers were not blocked by desacyl ghrelin plus [D-Lys3]-GHRP-6
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treatment (Figure 3.6C).No significant difference was found in the protein level

of antiapoptotic XIAP among all groups (Figure 3.7).
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Fig 3.5 TUNEL index, apoptotic DNA fragmentation, and Caspase-3 protease activity in
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97

#

DOX+DAG+[D-Lys3]-GHRP-6



>

1.2
1.0
0.8
0.6
0.4
0.2

0.0

Bcl-2 protein content normalized
to B-tubulin (arbitrary unit)

Bcl-2

w

1.0
0.8

0.6

#
0.4
1
0.0

Bax protein content normalized
to B-tubulin (arbitrary unit)

Bcl-2

Control DOX DOX+DAG DOX +[D-Lys3]-GHRP-6

% . B 5ioa
B-tubulin M SN S — )

Control  DOX DOX+DAG DOX+[D-Lys3]-GHRP-6
Bax L R W . 21KDa

ptubulin A S S S - 0.

24 A

2.0

le

12

0.8

Bcl-2-to-Bax ratio

0.4

Ratio of Bcl-2-to-Bax

0.0

Control

®
DOX

1]

DOX+DAG DOX+DAG+[D-Lys3]-GHRP-6

Fig 3.6 Protein abundances of Bcl-2 (A) and Bax (B) were determined by Western blot.

Desitometric quantification was performed and data were presented as net intensity x

resulting band area and expressed in arbitrary units. Results were normalized to

corresponding B-tubulin signal. The ratio of the protein level of Bcl-2-to-Bax was shown

(C). Data are expressed as mean £ SEM (n = 6 per group). *P < 0.05 compared to Control ,

#P < 0.05 compared to DOX.

98




XIAP

2.0

1.6

1.2

0.8

0.4

to B-tubulin (arbitrary unit)

XIAP protein content normalized

0.0

Control DOX DOX+DAG

Control DOX DOX+DAG

BAUDUIIN — c— o 50 kDa

Fig 3.7 Protein abundances of XIAP were determined by Western blot. Desitometric
quantification was performed and data were presented as net intensity x resulting band area
and expressed in arbitrary units. Results were normalized to corresponding f-tubulin signal.

Data are expressed as mean £ SEM (h = 6 per group).
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3.3.4 Myocardial ERK/Akt Signaling

The ratio of phospho-ERK1/2-to-total ERK1/2 was significantly decreased (by
52%) in the DOX group relative to the control group (Figure 3.8A). This DOX-
induced decrease was not seen in the desacyl ghrelin group (Figure 3.8A).
However, the activation of ERK1/2 was blocked by [D-Lys3]-GHRP-6. The
ratio of phospho-Akt-to-total Akt was reduced (by 28%; P < 0.05) in the DOX
group relative to the control group but this decrease was not seen in the desacyl

ghrelin desacyl ghrelin plus [D-Lys3]-GHRP-6 groups (Figure 3.8B).
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101



3.3.5 Plasma GH and IGF-1 Levels

A single intraperitoneal (i.p.) injection of DOX resulted in an elevation of
growth hormone level in the circulation (P < 0.05) (Figure 3.9A). The DOX-
induced growth hormone increase was not seen in the desacyl ghrelin group
(Figure 3.9A). There was a significant (by 58%) reduction in the plasma IGF-1
level after DOX exposure (Figure 3.9B). This decrease was significantly

lowered by the treatment with desacyl ghrelin (Figure 3.9B).
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Fig 3.9 Plasma concentration of GH (A) and IGF-1 (B) was measured by ELISA. DOX,
doxorubicin; DOX+DAG, doxorubicin with treatment of desacyl ghrelin. Data are
expressed as mean £ SEM (n = 6 per group). *P < 0.05 compared to Control. #P < 0.05

compared to DOX.
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3.3.6 Myocardial Metabolic Regulators

The transcript expression of PPARa was increased (by 82%; P<0.05) in the
DOX group when compared to the control group. This DOX-induced increase
was not observed in the desacyl ghrelin group (Figure 3.10A). Similar to the
pattern of PPARa, the transcript content of mCPT1 was significantly elevated
(by 45%) in the DOX group relative to the control group. This increase was
lower in the desacyl ghrelin group when compared to the DOX group (P < 0.05)
(Figure 3.10B). The transcript content of UCP3 was reduced (by 54%; P<0.05)
in the DOX group relative to the control group. This DOX-induced decrease
was significantly less in the desacyl ghrelin group (Figure 3.10C). The
transcript level of FAS was not significantly affected by DOX, and was not
significantly different among all groups (Figure 3.10D). These changes of
metabolic regulators induced by the treatment of desacyl ghrelin were not
affected by the GHSR antagonist [D-Lys3]-GHRP-6. The protein levels of
PGC-1a in the cytosol and nucleus of the cardiomyocytes were not significantly
affected by DOX and desacyl ghrelin (Figure 3.11A and 3.11B). No significant
changes were seen in the ratio of phospho-AMPKa to total AMPKa or in
phosphorylation of AMPK B1 after DOX and desacyl ghrelin treatment (Figure

3.12A and 3.12B).
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Fig 3.10 The transcript expression levels of myocardial metabolic regulators: PPARa (A),
mCPT1 (B), UCP3 (C), and FAS (D) were examined by real time quantitative PCR
analysis. Data were presented as expression ratio normalized to -tubulin gene. Data are
expressed as mean + SEM (n = 6 per group). *P < 0.05 compared to Control. #P < 0.05

compared to DOX.
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3.3.7 Myocardial Calcium Handling Factors

The transcript levels of CAMK2D and PLB were significantly increased, by
37% and 81%, respectively, in the DOX group relative to the control group
(Figure 3.13A and 3.13B). No significant differences were observed in the
transcript levels of SERCA2a and RyR2 among all groups (Figure 3.13C and

3.13D).
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Fig 3.13 The transcript expression levels of myocardial calcium handling factors:
CAMK2D (A), PLB (B), SERCAZ2a (C), and RyR2 (D) were examined by real time
quantitative PCR analysis. Data were expressed as expression ratio normalized to B-tubulin
gene. DOX, doxorubicin; DOX+DAG, doxorubicin with treatment of desacyl ghrelin. Data

are expressed as mean + SEM (n = 6 per group). *P < 0.05 compared to Control.

109



3.4 Discussion
3.4.1 Desacyl Ghrelin Prevents DOX-induced Impairment of

Cardiac Function

DOX induces cardiomyopathy, which presents a major clinical challenge to its
wide therapeutic application in oncology (Floyd et al., 2005). Our data indicate
that treatment with desacyl ghrelin is effective to prevent the cardiac contractile
dysfunction induced by DOX. These echocardiographic functional data are
important to confirm the physiological and cardioprotective role of desacyl
ghrelin. Previously, the in vivo data of ghrelin showing cardiac improvement
were limited to ghrelin (acylated). Ghrelin (acylated) has been shown to
improve infarction-induced ventricular dysfunction and ventricular remodeling
by inhibiting inflammatory response and expression of matrix
metalloproteinases in rats (Huang et al., 2009). Ghrelin (acylated) has also been
demonstrated to protect against ischemia-reperfusion myocardial injury in a rat
isolated heart model (Frascarelli et al., 2003;Chang et al., 2004). In a later
study, ghrelin (acylated) was demonstrated to protect the isolated rat heart
against ischemia-reperfusion injury by attenuating myocardial apoptosis and
inhibiting myocardial endoplasmic reticulum stress as indicated by the
decreased glucose-regulated protein-78, C/EBP homologous protein and
caspase-12 (Zhang et al., 2009). In regard to heart failure, ghrelin (acylated) has
been shown to improve ventricular dysfunction and ameliorate ventricular
remodeling and cardiac cachexia in rats with chronic heart failure induced by

experimental ligation of the left coronary artery (Nagaya et al., 2001).
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Specifically for DOX cardiotoxicity, there is in vivo evidence that endogenous
ghrelin (acylated) level is increased during the progression of heart failure
induced by DOX (Xu et al., 2007), leading to the suggestion that ghrelin
(acylated) might contribute to a compensatory self-protective mechanism,
linked to anti-apoptosis and anti-oxidative mechanisms, that maintains cardiac
function (Xu et al., 2007). Notably, the functional effects of desacyl ghrelin on
cardiac disorders are relatively unidentified, although there are some in vitro
data suggestive of beneficial effects of desacyl ghrelin on DOX cardiotoxicity
by inhibiting cardiomyocyte cell death (Baldanzi et al., 2002). Here, our study
provides novel functional evidence and molecular insights that substantiate

physiological protection by desacyl ghrelin in DOX cardiotoxicity.

3.4.2 Anti-fibrotic Effect of Desacyl Ghrelin on DOX

Cardiotoxicity

Fibrosis has been suggested to be involved in cardiac stiffness and dysfunction
in DOX cardiotoxicity (Miyata et al., 2010;Li et al., 2007). The increased
collagen synthesized by the fibroblasts invades and replaces the necrosed or
apoptotic myocytes (Khan & Sheppard, 2006;Diwan et al., 2008). In the present
study, we observed that DOX-induced fibrosis was prevented by desacyl
ghrelin as demonstrated by the attenuation of collagen deposition. Previously,
ghrelin (acylated) treatment has been shown to ameliorate bleomycin-induced
acute lung fibrosis (Imazu et al., 2011) and liver fibrogenesis (Iseri et al.,

2008;Moreno et al., 2010). Ghrelin-deficient mice have also been shown to be
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more susceptible to develop liver fibrosis and hepatocellular damage after
CCL4-induced chronic liver injury (Moreno et al., 2010). Our present findings
that desacyl ghrelin protects the heart from DOX by preventing myocardial
fibrosis extend the previous demonstration of the effects of ghrelin (acylated)
on preventing early left ventricle collagen volume increase in rats with
myocardial infarction (Soeki et al., 2008). Additionally, our data exhibit that
the inhibitory effect of desacyl ghrelin on the DOX-induced myocardial
collagen deposition is mediated through mechanisms that are not associated
with the GHSR pathway. Consistent with our observations, Li and coworkers
have reported that isoproterenol-induced cardiac fibrosis is relieved by both
acylated and desacyl ghrelins in rats (Li et al., 2006). Our present data further
demonstrate the anti-fibrotic role of desacyl ghrelin particularly in DOX

myocardial toxicity.

CTGF, a pro-fibrotic cytokine, has been shown to be upregulated by TGF-B in
heart with myocardial infarction (Ohnishi et al., 1998;Chen et al., 2000a),
carotid artery balloon injury (Hwang et al., 2012), and type 1 diabetic
cardiomyopathy (Rajesh et al., 2009;Rajesh et al., 2010). Wang and colleagues
found that the interaction between TGF-f and CTGF is necessary for the
development of multiorgan fibrosis, renal fibrosis, and pulmonary fibrosis
(Wang et al., 2011). In the present study, DOX-induced increase in CTGF
expression in the heart is seen in the absence of the increase in TGF-p1
expression. This is consistent with the notion that fibrosis in renal and heart

may not be fully regulated by TGF-B, but essentially dependent on CTGF
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(Zhou et al., 2004;Way et al., 2002). Our findings suggest that CTGF might
play an important role in DOX-induced fibrotic injury through a TGF-B-
independent pathway. Brain natriuretic peptide (BNP) serves as an anti-fibrotic
factor by activating guanylyl cyclase-A (Tamura et al., 2000) or interacting
directly with CTGF (Koitabashi et al., 2007). The balance between CTGF and
BNP in cardiomyocyte has been suggested to be a central determinant of
cardiac fibrosis (Koitabashi et al., 2007). Our data show that desacyl ghrelin
decreases the relative abundance of CTGF to BNP, which partly explains the
effect of desacyl ghrelin on preventing fibrosis induced by DOX. Taken
together, our data clearly demonstrate that desacyl ghrelin prevents the
activation of fibrosis in DOX cardiotoxicity through a CTGF/BNP-associated

regulatory pathway.

3.4.3 Anti-apoptotic Effect of Desacyl Ghrelin on DOX

Cardiotoxicity

DOX exposure causes activation of mitochondrial apoptosis in cardiomyocytes
(Childs et al., 2002;Shan et al., 2003). DOX-induced cardiac dysfunction has
been shown to be improved by interventions that inhibit apoptosis in
cardiomyocytes, such as administration of erythropoietin (Chen et al., 2007)
and transgenic overexpression of Nd1 Kelch family protein in the heart
(Matsudo et al., 2006). Previously, the anti-apoptotic effect of ghrelin has been
reported in an in vitro study showing that both acylated and desacyl ghrelins

inhibit DOX-induced apoptosis in H9c2 cardiomyocytes (Baldanzi et al., 2002).
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Consistent with these in vitro findings, the presently observed improvement of
the DOX-induced cardiac dysfunction with desacyl ghrelin was accompanied
by suppression of the TUNEL index, apoptotic DNA fragmentation, and
protease activity of caspase-3. This is in line with the observed ratio of Bcl-
2/Bax which is significantly decreased by DOX, a change that is prevented by
desacyl ghrelin. It is noted that our findings also agree with the previous in vitro
findings demonstrating that desacyl ghrelin is protective against apoptosis in
isolated cardiomyocytes (Lear et al.,, 2010). Experimental expression of
constitutively active PI3K has been demonstrated to inhibit the activation of
caspase-3 and apoptosis in cardiomyocytes (Wu et al., 2000). There are in vitro
data showing that acylated and desacyl ghrelins inhibit DOX-induced apoptosis
by activating the intracellular prosurvival signaling pathways conveyed by
ERK1/2 and PI3K/Akt in cultured cardiomyocytes (Baldanzi et al., 2002).
Consistent with these suggestions, our data show that the phosphorylation
statuses of ERK1/2 and Akt are suppressed in the heart tissues in response to
DOX exposure and these suppressions are opposed by desacyl ghrelin. The
observation that the reverse of Akt activation induced by the treatment of
desacyl ghrelin is not affected by the GHSR antagonist [D-Lys3]-GHRP-6
suggests that desacyl ghrelin activates Akt signaling through a GHSR-
independent pathway. Surprisingly, the increased level of ERKZ1/2
phosphorylation following desacyl ghrelin treatment was blocked by the GHSR
antagonist [D-Lys3]-GHRP-6 (Figure 4A), [D-Lys3]-GHRP-6 showed the

inhibitory effect on ERK1/2 activation induced by acylated ghrelin in in
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primary oligodendrocyte cultures (Lee et al., 2011). However, the ERK1/2
expression was increased in porcine ovarian granulosa cell after addition of [D-
Lys3]-GHRP-6 alone (Sirotkin et al., 2011). The effect of [D-Lys3]-GHRP-6
on basal ERK1/2 activity in cardiomyocyte is uncertain. In the present study,
The inhibition of ERK1/2 phosphorylation by [D-Lys3]-GHRP-6 suggest that
desacy ghrelin effect on impaired ERK1/2 phosphorylation may result from
GHSR-dependent pathway. Although the exact mechanisms remain to be
elucidated, these prosurvival signaling results are in support of the changes of
Bcl-2/Bax ratio, suppression of caspase-3 activity and inhibition of myocardial
apoptosis in the heart treated with desacyl ghrelin following DOX exposure.
Collectively, our data suggest that desacyl ghrelin prevents the activation of
myocardial apoptosis induced by DOX and the anti-apoptotic effect of desacyl
ghrelin is probably mediated through the cellular signaling of ERK1/2 and

PI3K/Akt pathways.

In conclusion, the present investigation demonstrated that desacyl ghrelin
significantly modulated several cardiotoxic effects of DOX, including
contractile dysfunction, myocardial fibrosis and apoptosis, suppression of
cellular prosurvival signaling, and disruption of myocardial metabolic
regulators, and this was via a GHSR-independent pathway. These results are
consistent with the hypothesis that desacyl ghrelin protects the heart against
DOX-induced cardiomyopathy. It is worth noting that our data were collected

in a mouse model of acute DOX cardiotoxicity (i.e., 4-days after a single
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administration of DOX). Further research might be warranted to further
investigate the cardioprotective effects of desacyl ghrelin in response to chronic
prolonged exposure to DOX. Furthermore, the potential clinical application of
desacyl ghrelin in resolving or preventing the cardiotoxic effect of DOX during

chemotherapy is worth further exploration.
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CHAPTER 4
Protective Effect of Desacyl Ghrelin on Type 2

Diabetic Cardiomyopathy
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4.1 Introduction

Cardiovascular disease, a common complication of diabetes, accounts for
around 80% of the mortality in diabetic patients (Voulgari et al., 2010).
Although coronary artery disease is found to be the main cause of the increased
cardiovascular mortality in diabetes, clinical and experimental studies
demonstrated that heart structure and function are yet to be affected by diabetes
even in the patients that coronary artery atheroma and hypertension are absent
(Voulgari et al., 2010;Rubler et al., 1972). This refers to a specific type of
cardiac disorder called diabetic cardiomyopathy, which is independent of
coronary artery disease and featured by the asymptomatic diastolic dysfunction,

fibrosis, and metabolic disturbance in the heart of diabetic patients.

Ghrelin is a recently identified peptide hormone mainly secreted in stomach.
Acylated ghrelin has a post-translational modification with O n-octanoyl acid at
serine 3 position. This acylation for ghrelin is necessary for its binding with
GHSR to mediate the endocrinological effects of ghrelin such as the stimulation
of growth hormone release. Desacyl ghrelin, another form of ghrelin, accounts
for around 80%- 90% of circulating ghrelin (van der Lely et al., 2004). This
desacylated form of ghrelin lacks the ability to stimulate the release of growth
hormone due to the lacking of the post-translational modification of acylation.
However, desacyl ghrelin has been demonstrated to have an important role in
the cardiovascular system and the metabolisms of glucose and lipid (Tesauro et

al., 2010;van der Lely et al., 2004). Ghrelin, including acylated ghrelin and
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desacyl ghrelin, have been illustarted to inhibit cardiac apoptosis through the
activation of PI3K/Akt pro-survival signaling in H9c2 cardiomyocytes
(Baldanzi et al., 2002). There are ample of studies that reported the protective
effects of acylated ghrelin on cardiac ischemic injury, heart failure,
hypertension and myocardial infarction by improving the cardiac contractility
and remodeling. However, there is a scarcity of investigation that examined the
cardioprotective effects of desacyl ghrelin on cardiac disorders including

diabetic cardiomyopathy.

Therefore, this study was designed to examine the effects of peripheral
administration of desacyl ghrelin on diabetic cardiomyopathy in a type 2
diabetic mouse experimental model. There are several reasons to propose the
desacyl, but not acylated, form of ghrelin as the therapeutic agent for diabetic
cardiomyopathy in type 2 diabetic patients in the present study. Firstly, acylated
form of ghrelin has been shown to increase blood glucose level (Broglio et al.,
2001) and triglyceride contents in liver and white adipose tissue (Barazzoni et
al., 2005), which might not be favorable to diabetic individuals. In contrast,
desacyl ghrelin has been shown to decrease the glucose release and to improve
the insulin sensitivity, which are beneficial to diabetic patients. Secondly,
desacyl ghrelin has been demonstrated to protect the pancreatic p-cells and
prevent the development of diabetes induced by streptozotocin in rats (Granata
et al., 2012). Indeed, an analog of desacyl ghrelin is currently under

development by pharmacological company to treat type 2 diabetes mellitus.
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4.2 Methods

4.2.1 Animals

Male 14- to 18-week-old db/db mice obtained from the Laboratory Animal
Services Centre of The Chinese University of Hong Kong were used in this
project. The db/db mouse is a well-established leptin receptor-deficient animal
model (homozygous allelic deficient of leptin receptor gene) that mimics the
disease phenotype of type 2 diabetes mellitus in human. Non-diabetic db/+
mice (heterozygous allelic deficient of leptin receptor gene) were used as the
non-diabetic control because they share similar genetic background with db/db
diabetic mice but they exhibit normal blood glucose level in the absence of any
type 2 diabetic phenotype. Mice were housed in a temperature- and humidity-
controlled environment and were exposed to a 12:12-hour light: dark cycle in
the Centralised Animal Facilities of The Hong Kong Polytechnic University.
Mice were allowed to have access to standard animal diet and water ad libitum.
Animal ethics approval was obtained from the Animal Ethics Sub-committee of

The Hong Kong Polytechnic University.

4.2.2 Experimental Protocol

Mice in non-diabetic group (db/+) and diabetic group (db/db) were randomly
assigned to the following sub-groups: db/+-Saline (n = 7), db/+-DAG (DAG,
desacyl ghrelin; n = 7), db/db-Saline (n = 7), and db/db-DAG (n = 7). Mice

assigned to DAG treament groups were exposed to an intraperitoneal injection
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of desacyl ghrelin (Tocris Bioscience, USA) for ten consecutive days. Mice in
sham (Saline) groups were intraperitoneally injected with the same volume of
saline instead of desacyl ghrelin. The previously reported administered dosage
of 100 pg/kg bodyweight of ghrelin injected twice daily was adopted (Li et al.,
2006;Nagaya et al., 2001). After the ten days of experimental period, mice were
euthanized by overdose of ketamine and xylazine. Heart was immediately
removed and washed with cold phosphate buffered saline (PBS). Left ventricle
was quickly dissected and frozen in liquid nitrogen and stored at -80°C for later

analysis.

4.2.3 Measurement of Cardiac Function by Echocardiography

The detailed procedure of the measurement of the cardiac function using

echocardiography was described in CHAPTER 2.

4.2.4 Masson’s Trichome Staining

Fibrosis was determined by measuring the collagen deposition in the left
ventricle of mice by Masson’s trichome staining. The procedure is described in

CHAPTER 2.

4.2.5 Protein Fraction Preparation

The protein fraction of cardiac muscle samples was prepared by adopting the

protocol described in CHAPTER 2.
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4.2.6 RNA Extraction and Real Time Quantitative PCR
Analysis

Myocardial fibrosis regulatory factors (adiponectin, MMP-8, and MMP-13),
inflammatory markers (apelin, Wnt5a, and TLR4), and other factors (Edn3,
GATAG, p21, FKBP10, and FKBP5) were examined in cardiac tissues by
quantitative RT-PCR analysis. Total RNA extraction and real time PCR

analysis were performed by following the procedure described in CHAPTER 2.

4.2.7 Western Blot Analysis

The protein expression of autophagic factors (Beclinl and Atg5-Atgl2
conjugation) and pro-survival ERK-Akt signaling, AMPK and GSK3uw/
signaling markers (phospho-ERK1/2, total ERK1/2, phospho-Akt, total Akt,
phospho-AMPK, total AMPK, phospho-GSK3a/f, and total GSK3a/B) were
evaluated in cardiac tissues by Western immunoblot. The detailed procedure is

described in CHAPTER 2.

4.2.8 Statistical Analysis

Data were expressed as mean * standard error of mean. Statistical analysis was
performed by using Statistics Package for Social Science (SPSS) version 11.0.
Differences among groups were evaluated by ANOVA followed by Tukey’s

HSD post hoc test. Statistical significance was set at P < 0.05.
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4.3 Results

4.3.1 Cardiac Function by Echocardiography

The cardiac dysfunction in diabetic cardiomyopathy was indicated by the
decreased fractional shortening (by 25%, P< 0.05) in diabetic mice compared to
non-diabetic mice at the pre-interventional level. This decrease in the left

ventricle fractional shortening was found to be alleviated by desacyl ghrelin

treatment (Fig 4.1).

100 Fractional shortening
80
60

40
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Fractional shortening (%)

db/+-sal db/+-DAG db/db-sal db/db-DAG

Fig 4.1 Effect of desacyl ghrelin on fractional shortening. Data are expressed as mean +

SEM (n = 6 per group). *P< 0.05 compared to Pre intervention level in db/db mice.
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4.3.2 Cardiac Fibrosis and Fibrotic Regulatory Factors

The collagen deposition in left ventricle was shown in Fig 4.2. Elevated
accumulation of collagen (shown in blue color) was observed in the heart of
diabetic db/db mice when compared to non-diabetic db/+ mice heart, and this
induction of cardiac fibrosis was apparently alleviated by desacyl ghrelin
treatment. The anti-inflammatory adiponectin expression was decreased in
diabetic heart (by 30%, P< 0.05) but this decrease was not found in the animals
that have received the treatment of desacyl ghrelin (Fig 4.3A). The transcript
expression of collagenase-2 (MMP-8) was significantly up-regulated in the
heart of db/db diabetic mice (by 15 fold, P<0.001) relative to db/+ non-diabetic
mice. But this up-regulation of MMP-8 expression was not observed to be
affected by desacyl ghrelin treatment (Fig 4.3B). The transcript expression of
MMP-13 was suppressed in the heart of diabetic mice (by 80%, P<0.001) when
compared to non-diabetic control heart. This suppression of MMP-13 was not

found to be reversed by desacyl ghrelin treatment (Fig 4.3C).
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Fig 4.2 Collagen deposition after desacyl ghrelin treatment in the heart of db/db diabetic

mice. Representative stained sections of hearts from db/+-Sal, db/+-DAG, db/db-Sal and

db/db-DAG mice. Original magnification, X 400.
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Fig 4.3 The transcript expression of adiponectin (A), MMP-8 (B), and MMP-13 (C). Data
were presented as expression ratio normalized to B-tubulin gene. Data are expressed as
mean + SEM (n = 6 per group). *P< 0.05 compared to non-diabetic control group (db/+-

Sal), #P< 0.01 compared to diabetic control group (db/db-Sal).
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4.3.3 Cardiac Inflammatory Markers

The inflammatory process has been suggested to be involved in the
development of diabetic cardiomyopathy. The expression of cardiac
inflammatory markers was examined by real time RT-PCR. APELIN gene
expression in the heart was not significantly changed among all groups (Fig
4.4A, P>0.05). In the heart of db/db diabetic mice, there was an increase in
MRNA concentration of Wnt5a (P<0.05) relative to non-diabetic control mice
(Fig 4.4B). The transcript expression of TLR4 in the heart of diabetic mice was
significantly decreased when compared to non-diabetic control heart (by 29.8%,

P<0.05) as shown in Fig 4.4C.
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Fig 4.4 The transcript expression of Apelin (A), Wnt5a (B), and TLR4 (C). Data were
presented as expression ratio normalized to B-tubulin gene. Data are expressed as mean *
SEM (n = 6 per group). *P< 0.05 compared to non-diabetic control group (db/+-Sal), #P<

0.01 compared to diabetic control group (db/db-Sal).
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4.3.4 Cardiac Autophagic Markers: Beclinl and Atg5-Atgl2
Conjugation

The protein content of autophagic markers including Beclinl and Atg5-Atgl2
conjugation were measured in the hearts. The protein expression of Beclinl was
reduced (by 29%, P<0.05) in the heart of db/db diabetic mice but this reduction
was observed to be reversed by desacyl ghrelin treatment (Fig 4.5A). No
significant change was observed in the level of Atg5-Atgl2 Conjugation in the
heart of db/db diabetic mice when compared to non-diabetic db/+ control heart.
However, desacyl ghrelin treatment was found to enhance the conjugation of
Atg5 and Atgl2 in the heart of db/db diabetic mice (by 149%, P< 0.05) (Fig

4.5B).
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Fig 4.5 The protein abundance of Beclinl (A) and The conjugation of Atg5 and Atg12 (B).
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4.3.5 Other Factors: Endothelial Dysfunction (Edn3),
Cardiomyocyte Differentiation (p21 and GATA®6), and FK506

Binding Protein (FKBP5 and FKBP10)

The cardiac gene expressions of Edn3, GATAG, and FKBP10 were increased in
diabetic animals when compared to non-diabetic animals but were not altered
by desacyl ghrelin treatment (Fig 4.6A, 4.6B, and 4.6C). The transcript
expression of p21 in the heart was reduced in diabetic mice relative to the non-
diabetic mice and was not changed by desacyl ghrelin treatment (Fig 4.6D). No
significant difference in cardiac FKBP5 mRNA level was found between db/db

diabetic mice and non-diabetic control mice (Fig 4.6E).
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4.3.6 AMPK, Akt, ERK1/2 and GSK3a/f Signaling

AMPK activity in the heart was determined by measuring the ratio of phospho-
AMPK-to-total AMPK. AMPK activity was not found to be significantly
inhibited in the heart of db/db diabetic mice when compared to non-diabetic
control heart. The administration of desacyl ghrelin enhanced the
phosphorylation level of cardiac AMPK in diabetic mice (by 150%) but not in
the db/+ non-diabetic mice (Fig 4.7). Pro-survival Akt signaling was
significantly suppressed in diabetic heart as indicated by the decreased ratio of
phospho-Akt-to-total Akt (by 72%, P<0.01) in db/db diabetic mice relative to
db/+ non-diabetic mice. This decrease was not found in the db/db mice treated
with desacyl ghrelin (Fig 4.8A). Although significant decrease in the ratio of
phospho-ERK1/2-to-total-ERK1/2 was not seen in diabetic heart, desacyl
ghrelin was observed to significantly activate ERK1/2 signaling in diabetic
heart (by 327%, P< 0.01) when compared to the diabetic control (Fig 4.8B). As
a target of Akt signaling, a similar changing pattern with Akt phosphorylation
was found in GSK3a/B signaling. The ratio of phospho-GSK3a/p-to-total
GSK3o/p was significantly reduced (by 40%, P<0.05) in db/db diabetic mice
relative to the db/+ non-diabetic mice. Desacyl ghrelin was found to reverse this

reduction of the GSK3a/p phosphorylation in diabetic heart (Fig 4.9).
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to diabetic control group (db/db-Sal).
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4.4 Discussion

4.4.1 Desacyl Ghrelin Improves Cardiac Dysfunction in Diabetic
Cardiomyopathy

The pathophysiology of type 2 diabetic cardiomyopathy is multifactorial, and
factors such as accumulated collagen deposition, altered cardiac autophagy,
metabolism, and pro-survival signaling all contribute to the development of
diabetic cardiomyopathy. The major findings of the present study are that
desacyl ghrelin was shown to have protective effects on diabetic
cardiomyopathy by reversing the diabetes-associated inhibition of the pro-
survival signaling and thus preventing the progression of the adverse cardiac

functional and structural changes.

At the age of 14 weeks, cardiac systolic function (as indicated by ventricular
fractional shortening) was observed to be decreased in db/db diabetic mice.
This reduction of fractional shortening demonstrated the presence of diabetic
cardiomyopathy which is consistent with the previous report showing the
development of cardiomyopathy in db/db diabetic mice (Aasum et al., 2003).
Existing data showing the beneficial effects of desacyl ghrelin on
cardiovascular diseases such as diabetic cardiomyopathy are very limited. The
focus of many previously conducted in vivo studies has been on the effects of
acylated form of ghrelin on cardiovascular disorders. However, in this study we
have, for the first time, demonstrated that the administration of desacyl ghrelin

was effective to alleviate the cardiac dysfunction induced by diabetic
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cardiomyopathy.

4.4.2 Desacyl Ghrelin Alleviates Cardiac Fibrosis in Diabetic
Cardiomyopathy

Myocardial fibrosis is a critical structural change contributed to the functional
impairment caused by diabetic cardiomyopathy. Cardiac collagen deposition
was found to be obviously increased in the untreated db/db diabetic mice, and
this finding was consistent with the previous reports showing that six-week-old
db/db diabetic mice exhibited diastolic dysfunction and adverse myocardial
fibrosis (Huynh et al., 2012). Cardiac dysfunction might be an outcome caused
by fibrosis-induced myocardial stiffness, and importantly, treatment of desacyl
ghrelin showed promising inhibitory effect on this increase in collagen

deposition in diabetic heart.

Cardiac fibrotic regulators including adiponectin, MMP-8, MMP-13, and
Wntba were investigated in this study. Adiponectin is a multi-functional
adipokine secreted by the adipose tissue. It was suggested that adiponectin was
involved in the maintainance of insulin sensitivity and energy metabolism.
Recent findings have demonstrated the protective role of adiponectin in
fibrosis-related diseases. For example, adiponectin was shown to exert an
inhibitory role in hepatic stellate cell proliferation and liver fibrosis (Caligiuri et
al., 2008;Subramaniam et al., 2012). Moreover, adiponectin has been

demonstrated to prevent myocardial hypertrophy and fibrosis (Essick et al.,
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2011;Shibata et al., 2004). Consistent with these findings, a reduction of
adiponectin expression was observed in the heart of our db/db diabetic mice.
This might partly explain for the development of cardiac fibrosis in diabetic
cardiomyopathy. Although the detailed mechanisms remain to be elucidated,
the observed attenuation of cardiac fibrosis by desacyl ghrelin might be resulted
from the induction of adiponectin expression in the heart by the treatment of

desacyl ghrelin.

Two of the fibrotic factors considered in this study belong to a group of
enzymes known as matrix metalloproteinase (MMP) such as MMP-8 and
MMP-13 which are mostly involved in collagen cleavage in many connective
tissues. The expression and activity of collagenase-2 (MMP-8) are strongly
associated with chronic inflammation and fibrosis (Khatwa et al., 2010). MMP-
8 mRNA levels was increased by 30-fold in human heart failure patients
(Gunja-Smith et al., 1996). MMP-8 has been shown to act as a pro-fibrotic
factor that promotes fibrosis via TGF-B-independent pathway (Craig et al.,
2013). Wilson and co-workers have reported that the expression of MMP-8
gene was up-regulated by type 2 diabetes in the hearts of db/db mice (Wilson et
al., 2008). In concurrence with findings of the study conducted by Wilson and
colleagues, increased expression of MMP-8 in the heart of the untreated db/db
mice was observed in the present study. Increased MMP-8 indicates
granulocyte accumulation and/ or stimulation, which reflects the inflammatory

processes in the heart (Takatsu et al., 1999). Alternatively, there was a down
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regulation of MMP-13 in type 2 diabetic heart. MMP-13 is the primary
collagenase found in rodent myocardial samples and cleaves type Il collagen
more efficiently than types I and Il (Spinale, 2007). However, according to our
results, changes in the expression of MMP-8 and MMP-13 were not affected by
desacyl ghrelin. Our data implicate that significant accumulation of collagen in
diabetic heart was partly resulted from the up-regulation of MMP-8 and down
regulation of MMP-13 due to the lack of substantial collagenase-mediated

cleavage.

4.4.3 Genes Involved in Diabetic Cardiomyopathy But Not

Affected by Desacyl Ghrelin

A number of genes were involved in type 2 diabetic cardiomyopathy but some
of them were not yet affected by the treatment of desacyl ghrelin. Our data
suggested that the induction and development of type 2 diabetic
cardiomyopathy might be influenced by the expression of various gene
products including Wnt5a, TLR4, Edn3, p21, GATAG6, and FKBP10. However,
administration of desacyl ghrelin showed no effect on the expression of these
genes. These findings preliminarily indicated that the desacyl ghrelin-mediated
improvement of cardiac dysfunction in type 2 diabetes might not be associated
with cardiac inflammation (Wnt5a), endothelial dysfunction (Edn3),
cardiomyocyte differentiation (p21 and GATAG6) and FK506 binding proteins

(FKBP10).
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Cardiac inflammation is an important mechanism underlying the development
of type 2 diabetic cardiomyopathy. Therefore, several inflammatory markers
including Apelin, Wnt5a, and TLR4 were evaluated to examine the cardiac
inflammation. Apelin is a kind of adipocytokine secreted by white adipose
tissue. Apelin and its receptor are also expressed in cardiovascular system (EI-
Shehaby et al., 2010). However, our data indicated that apelin signaling might
not be involved in diabetic cardiomyopathy and contributed to the effects

desacyl ghrelin.

A significant increase in the expression of Wnt5a was found in diabetic
cardiomyopathy. Activation of Wnt5a/B-catenin-independent signaling has been
shown to contribute to the induction of inflammation (Kikuchi et al., 2012).
However, a human study reported that plasma Wnt5a levels were decreased in
type 2 diabetes (Lu et al., 2013). The role of Wnt5a/B-catenin-independent
signaling in diabetic cardiomyopathy is still not clear. In the present study, we
observed that there was a significant increase in the expression of Wnt5a gene
in diabetic heart, suggesting that Wnt5a might have contributed to the

progression of cardiac inflammation in type 2 diabetic cardiomyopathy.

Toll-like receptors (TLRs) are crucial components of the innate immune system.
TLR4 signaling leads to inflammation-induced cardiac injury and it is thought
to be a key mediator of the development of inflammation-related cardiovascular

diseases (Jenke et al., 2013). TLR-4 deficient mice showed increase in obesity,
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but with prevention of insulin resistance induced by high-fat diet (Shi et al.,
2006). Our data gave evidence that expression of TLR4 gene in the heart was
down regulated in type 2 diabetic condition and this change was not affected by
the treatment of desacyl ghrelin. However, the other components of TLR4
signaling such as CD14, MyD88, and its downstream signaling (NF-xB
pathway) were not examined in the present study and they might be worth for

further investigation.

4.4.4 Enhanced Cardiac Autophagy by Desacyl Ghrelin in

Diabetic Cardiomyopathy

Autophagy is the process of controlling degradation and recycle of proteins and
cytoplasmic organelles. Beclinl (mammalian Atg6) initiates the formation of
the autophagosomal membrane whereas Atg5-Atgl2 are responsible for the
membrane elongation. In the present study, cardiac autophagy was suppressed
by type 2 diabetes as indicated by the reduced expression of Beclinl proteins.
The suppression of autophagy in diabetic heart might result in accumulation of
abnormal proteins and organelles, which further leads to cardiac dysfunction
(Xie et al., 2011b). For the first time we demonstrated that, the up-regulatory
effect of desacyl ghrelin on cardiac Beclinl level and Atg5-Atgl2 conjugation
in an in vivo diabetic setting. The improved cardiac autophagy might contribute
to the protective effect of desacyl ghrelin on diabetic cardiomyopathy. The
detailed regulatory machinery and signaling involving mTOR pathway might

be worth to be further investigated to fully reveal the autophagic effects of
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desacyl ghrelin in diabetic heart.

4.4.5 Activation of AMPK, ERK1/2, Akt and GSK3a/p Signaling

by Desacyl Ghrelin in Diabetic Cardiomyopathy

The possible molecular mechanisms and intracellular pathways involved in the
protective effects of desacyl ghrelin were investigated. Desacyl ghrelin induced
the phosphorylation of AMPK and improved the impaired pro-survival

signaling such as Akt, ERK1/2 and GSK30/ in the heart of db/db diabetic mice.

AMPK is a key regulator of cellular energy metabolism and it is activated by
the increased ratio of AMP-to-ATP. Apart from being the cellular energy
sensor, AMPK also regulates cardiac autophagy and it is thought to be
important in the heart remodeling. An in vivo study conducted earlier using type
1 diabetic OVE26 mouse model has demonstrated that the suppression of
AMPK activity might be related to the reduction of cardiac autophagy and
dysfunction (Xie et al., 2011a). It is well-known that an anti-diabetes drug,
metformin, exerts cardio-protective effect in myocardial complications via the

stimulation of the activity of AMPK (El et al., 2013).

Desacyl ghrelin did not show the effect of AMPK stimulation in murine HL-1
adult cardiomyocytes (Lear et al., 2010). However, the present results have
extended our understanding by showing the effect of desacyl ghrelin on AMPK

activation in diabetic heart. Desacyl ghrelin has been showed to exert cyto-
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protective effects on H9c2 cardiomyocytes (Baldanzi et al., 2002), human
pancreatic islet microendothelial cells (Favaro et al., 2012) and rat visceral
adipocytes (Baragli et al., 2011) through the activation of Akt and ERK1/2
signaling. Additionally, our data confirmed that desacyl ghrelin protected the
heart against cardiac dysfunction by improving the suppressed Akt and ERK1/2
signaling in type 2 diabetic cardiomyopathy. Furthermore, the present study
showed that desacyl ghrelin inactivated GSK3o/p by increasing
phosphorylation. GSK3a/p is a down-stream target molecule of several pro-
survival protein kinases including Akt and ERK1/2 (Wong et al., 2005).
Collectively, our findings suggested that administration of desacyl ghrelin
partly alleviated cardiac dysfunction in type 2 diabetic cardiomyopathy via Akt/

ERK1/2/ GSK30/f signaling pathway.
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CHAPTER S
DOX-induced Cardiotoxicity in Type 2

Diabetic Heart
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5.1 Introduction

Diabetes mellitus and cancer are two of the leading causes of death in the world
according to the figures reported by World Health Organization.
Epidemiological studies have evidently demonstrated that there is a strong
connection between certain cancers and type 2 diabetes mellitus (Giovannucci
et al., 2010), although the detailed mechanisms explaining this connection are
not very clear. Indeed, type 2 diabetes has been shown to increase the risk and
mortality of breast, liver, colorectal and pancreatic cancers (Cannata et al.,
2010). Thus, it is not uncommon to see the diagnosis of both diabetes and
cancer in the same individuals. As the number of people suffered from type 2
diabetes is predicted to be dramatically increased in the coming years, it is
expected that the number of diabetic cancer patients will also be largely

increased.

Cancer patients with long standing diabetic cardiomyopathy may present a
difficult situation of cancer treatment using chemotherapy. This is attributed to
the fact that most of the chemotherapeutic agents used to treat cancer have
severe side effects on major vital organs such as the cardiotoxicity induced by
DOX. DOX is extensively used for treating various cancers including breast,
stomach, lung, and bladder cancers (Rahman et al., 2007). However, DOX
induces a life-threatening cardiomyopathy and irreversible cardiac damage
(Swain et al., 2003). Therefore, it is reasonable to expect that a cancer patient

with diabetic cardiomyopathy would be more susceptible to the DOX-induced
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cardiac damage due to the already existing cardiac dysfunction in the diabetic

heart.

Currently, there is no study that has been conducted to examine the detrimental
effects of DOX on the heart of diabetic individuals. The underlying
mechanisms of the DOX-induced cardiotoxicity in diabetic heart are also
completely unknown. It is also not clear whether the signaling events that
mediate the cardiac toxic effects of DOX are different in the hearts between
diabetic and non-diabetic individuals. These pieces of information are essential
for the development of effective therapeutic strategies to address this
complicated clinical situation in the diabetic cancer patients. Therefore, this
study aimed to investigate the DOX-induced cardiotoxicity in type 2 diabetic
hearts. This study was also designed to distinguish the signaling mechanisms
responsible for the DOX-induced cardiotoxic effects between the diabetic and

non-diabetic hearts.

5.2 Methods

5.2.1 Animals

Male 14- to 18-week-old db/db mice (leptin receptor deficient transgenic mice
which is a well-established animal model of type 2 diabetes mellitus) obtained
from the Laboratory Animal Services Centre of The Chinese University of
Hong Kong were used in this study. Non diabetic db/+ mice were used as the

healthy control because of the similar genetic background with db/db mice.
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Mice were housed in a temperature- and humidity-controlled environment and
were exposed to a 12:12-hour light: dark cycle in the Centralised Animal
Facilities of The Hong Kong Polytechnic University. Mice were allowed to
have access to standard animal diet and water ad libitum. Animal ethics
approval was obtained from the Animal Ethics Sub-committee of The Hong

Kong Polytechnic University.

5.2.2 Experimental Protocol

Two experimental time points (i.e., 5-day and 7-day after the administration of
DOX) were investigated in this study. Moreover, the survival of the mice was
analyzed by Kaplan-Meier method during an experimental period of 14 days
following the administration of DOX. Non-diabetic (db/+) and diabetic (db/db)
mice were randomly assigned to the following groups: db/+-Saline (n = 8),
db/+-DOX (DOX, DOX; n = 8), db/db-Saline (n = 8) and db/db-DOX (n = 8).
Mice assigned to DOX group were exposed to an intraperitoneal (i.p.) injection
of DOX (Pharmacia & Upjohn SpA, Milan, Italy) at a dose of 15 mg/kg to
induce cardiomyopathy as shown in a previous study (Suliman et al., 2007).
Mice in sham groups (Saline) were i.p. injected with the same volume of saline
instead of DOX. Mice were euthanized by overdose of ketamine and xylazine
on day 5 or day 7 after the administration of DOX. Heart was immediately
removed and washed with cold phosphate buffered saline (PBS). Left ventricle
was quickly dissected and frozen in liquid nitrogen and stored at -80°C for later

analysis.
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5.2.3 Measurement of Cardiac Function by Echocardiography

After the experimental period, cardiac function of mice was detected by
echocardiography on day 5 and day 7. The detailed procedure of the
measurement of the cardiac function using echocardiography was described in

CHAPTER 2.

5.2.4 Protein Fraction Preparation

The protein fraction of cardiac muscle samples was prepared by adopting the

protocol described in CHAPTER 2.

5.2.5 Apoptotic Cell Death Enzyme-linked Immunosorbent

Assay (ELISA)

The extent of apoptosis was measured by Cell Death ELISA and the procedure

was described in CHAPTER 2.

5.2.6 RNA Extraction and Microarray Analysis

The method of total RNA extraction was described in CHAPTER 2. In this
study, the technique of microarray analysis was adopted to examine the changes
of the whole transcriptional profile in response to the administration of DOX in
diabetic heart. RNA samples extracted from the ventricular tissues of mice in
db/db-Saline and db/db-DOX at 5-day after the DOX administration were used

in the microarray analysis. RNA samples (3 pg) from the hearts of two mice in
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each group were pooled to generate four biological replicates in db/db-Saline
and db/db-DOX. The RNA quantity and quality were assessed before
microarray analysis. RNA quantity was detected by NanoDrop 1000
Sepctrophotometer. The purity of RNA was assured by examining the
0OD260/280 ratio. The RNA integrity was assessed by Agilent 2100 bioanalyzer
by following the manufacturer’s instruction. It is noted that the RNA sample
could be applied for array hybridization only if samples showed intact bands
corresponding to 18S and 28S ribosomal RNA and the RNA Integrity Number

(RIN) was > 7.

Microarray analysis was performed using the Agilent Service Platform with
Agilent two-color mouse 4X44k microarray slides. Samples from the DOX-
treated diabetic mice (db/db-DOX) were labelled by Cy5 dye (red channel)
whereas samples from diabetic control mice (db/db-Saline) were labelled by
Cy3 dye (green channel). Five hundreds ng of Cy3-labelled and Cy5-labelled
cRNA were mixed and incubated with the Agilent microarray slide (G2519F)
for 17 hours at 65°C in the dark. Slide was washed and scanned using an
Agilent DNA microarray scanner. Raw data were obtained using Agilent’s
Feature Extraction Software. Further analysis of the raw data was performed by
comprehensive R- and Bioconductor-based web service for microarray data
analysis. Several normalizations were performed for the pre-processing of the
raw data including background correction by subtraction method, removal of

dye bias by lowess normalization and multiple testing correction by BH
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adjusted P-values for the Benjamini & Hochberg step-up FDR controlling
procedure (Benjamini and Hochberg 1995). Gene expression values were
calculated by log base 2 ratio of red channel intensity (mean) and green channel
intensity (mean). Functional classification of highly regulated genes was

analyzed by GeneOntology database.

5.2.7 Real Time Quantitative PCR Analysis

The expression of selected genes from microarray analysis (S100A8 and
S100A9) was confirmed by real time quantitative PCR. The procedure of PCR

was described in CHAPTER 2.

5.2.8 Western Blot Analysis

The protein expression of apoptotic markers (Bcl-2 and Bax) and autophagic
factors (Beclinl) in the heart samples was measured by Western Blot. The

details were described in CHAPTER 2.

5.2.9 Statistical Analysis

Data were expressed as mean + standard error of mean. Statistical analysis was
performed by using Statistics Package for Social Science (SPSS) version 11.0.
Differences among groups were evaluated by ANOVA followed by Tukey’s

HSD post hoc test. Statistical significance was set at P < 0.05.
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5.3 Results

5.3.1 Survival Analysis

The animal survival rates of db/+-Sal (Non-diabetic control, n = 20), db/db-Sal
(Diabetic control, n = 20), db/+-DOX (Non-diabetic with DOX, n = 20) and
db/db-DOX (Diabetic with DOX, n = 20) were analyzed by Kaplan-Meier
approach (Fig 5.1). Fourteen days after the administration of DOX, the survival
rate was significantly reduced in type 2 diabetes mice treated with DOX when
compared to non-diabetic mice treated with DOX (60% vs. 10%, P < 0.001).
The survival rate was also significantly decreased in DOX-treated mice
compared with untreated controls in both db/+ non-diabetic mice an db/db
diabetic mice (db+-DOX vs. db/+-Saline, 60% vs 100%, P < 0.01; db/db-Dox

vs db/db-Saline, 10% vs 100%, P < 0.001) (Fig 5.1).
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Fig 5.1 Decreased survival rate in db/+-DOX (non- diabetic mice treated with DOX, n =20
per group) and db/db-DOX (diabetic mice treated with DOX, n = 20 per group). *P< 0.001

compared to non-diabetic mice treated with DOX.
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5.3.2 Fractional Shortening of Left Ventricle

DOX induced cardiac dysfunction in db/+ non-diabetic mice on day 5 after the
administration of DOX as illustrated by a significant reduction from 69.3% to
52.1% in the cardiac fractional shortening (P < 0.05, Fig 5.2). The cardiac
dysfunction resulted from type 2 diabetes was evident by observing a
significant decrease in fractional shortening from 69.5% in db/+ non-diabetic
mice to 55% in diabetic db/db mice at the pre-intervention level (P < 0.05).
However, further decrease in fractional shortening was not observed in diabetic
db/db mice on day 5 after the administration of DOX. Nonetheless, DOX was
found to significantly induced a further impairment of cardiac contractile
function in db/db diabetic mice when compared to db/+ non-diabetic mice on
day 7 after the DOX administration as indicated by a decrease in fractional
shortening from 53.1% to 39.9% in the db/db diabetic mice treated with DOX

(P < 0.05, Fig 5.3).
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Fig 5.2 Cardiac function in DOX-treated non-diabetic mice and diabetic mice on day 5
after the administration of DOX. Fractional shortening was detected by echocardiography.
Data are expressed as mean + SEM (n = 8 per group). *P< 0.05 compared to non-diabetic

control (db/+-Sal).
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Fig 5.3 Cardiac function in DOX-treated non-diabetic mice and diabetic mice on day 7
after the administration of DOX. Fractional shortening was detected by echocardiography.
Data are expressed as mean + SEM (n = 8 per group). *P< 0.05 compared to non-diabetic

control (db/+-Sal). #P< 0.05 compared to diabetic control group (db/db-Sal).
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5.3.3 Cardiac Apoptosis and Apoptotic Regulatory Factor

The level of apoptotic DNA fragmentation was increased (by 396%; P < 0.05,
Fig 5.4) in db/+ non-diabetic mice treated with DOX relative to non-diabetic
control mice on day 5 after the DOX administration. However, DOX did not
significantly induce the increase in apoptotic fragmentation in db/db diabetic
mice. The protein content of anti-apoptotic Bcl-2 in mice heart was not found to
be significantly changed among all groups (Fig 5.5A). However, the protein
content of pro-apoptotic Bax in the heart was significantly increased by DOX in
both the non-diabetic mice (by 163%, P < 0.05) and diabetic mice (by 177%,
P< 0.05) (Fig 5.5B). The protein expression ratio of Bcl-2-to-Bax was not
found to be significantly altered by DOX in both non-diabetic and diabetic mice
whereas this ratio was significantly increased in db/db diabetic heart when

compared to db/+ non-diabetic heart (Fig 5.5C).
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Fig 5.4 Apoptotic DNA fragmentation in heart. The extent of apoptotic DNA
fragmentation was estimated by measuring the cytosolic mono- and oligo-nucleosomes.
The optical density at 405 nm (OD405) was normalized to the amount of protein used in
the assay. Data are expressed as mean + SEM (n = 8 per group). *P< 0.01 compared to

non-diabetic control (db/+-Sal).
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Fig 5.5 The protein abundance of Bcl-2 (A) and Bax (B) in mice heart were determined by
Western blot analysis. Desitometric quantification was performed and data were presented
as net intensity x resulting band area and expressed in arbitrary units. Results were
normalized to corresponding f-tubulin signal. The ratio of the protein level of Bcl-2-to-Bax
was shown (C). Data are expressed as mean + SEM (n = 8 per group).*P< 0.05 compared
to non-diabetic control group (db/+-Sal), #P< 0.01 compared to diabetic control group

(db/db-Sal).
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5.3.4 Cardiac Autophagic Factor: Beclinl

The protein content of autophagic maker Beclinl in heart was observed to be
significantly decreased (by 46%, P < 0.05) in db/db diabetic control mice
relative to db/+ non-diabetic control mice (Fig 5.6). The protein content of
Beclinl in the heart was not found to be significantly changed by DOX in both

non-diabetic and diabetic animals.
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Fig 5.6 The protein abundance of Beclinl was determined by Western blot analysis.
Desitometric quantification was performed and data were presented as net intensity x
resulting band area and expressed in arbitrary units. Results were normalized to
corresponding B-tubulin signal. Data are expressed as mean + SEM (n = 8 per group). *P<

0.05 compared to non-diabetic control group (db/+-sal).
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5.3.5 Microarray Analysis of the Effect of DOX on Diabetic

Heart

5.3.5.1 Gene Expression Profile by Microarray Analysis

Gene expression profiles in left ventricle of diabetic mice with and without
DOX treatment were examined by microarray analysis. In our analysis, only
those genes with the transcriptional level changes of 2-fold or higher were
identified as significantly regulated. According to our criteria, totally 709 genes
were significantly affected by DOX administration in db/db diabetic heart. Of
these, 408 genes were up-regulated and 301 genes were down regulated by
DOX in db/db diabetic heart. Selected genes expressions with significant
alteration induced by DOX in diabetic heart were shown in Table 5.1.
Furthermore, our functional enrichment analysis by GeneOntology
demonstrated that the sets of highly regulated genes that we observed in the
DOX-treated diabetic heart involved in a spectrum of cellular component,

biological process and molecular function (Table 5.2, 5.3, and 5.4).
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Table 5.1 Significantly regulated genes in response to DOX in diabetic heart

Gene Name P-value Fold Change
Cardiac Remodeling and Matrix

Matrix metallopeptidase 8 0.016 3.21
Collagen, type I, alpha 2 0.002 0.43
Collagen, type Il1, alpha 1 0.009 0.39
Inflammatory/ Immune response

S100 calcium binding protein A8 (calgranulin A) 0.017 5.89
S100 calcium binding protein A9 (calgranulin B) 0.028 4.08
Tumor necrosis factor receptor superfamily, member 13c 0.002 2.17
Chemokine (C-C motif) ligand 4 0.01 0.44
Chemokine (C-X-C motif) ligand 9 0.04 0.35
Tumor necrosis factor receptor superfamily, member 9 0.0002 2.07
Interleukin 7 0.004 3.02
Interleukin 2 receptor, gamma chain 0.015 0.45
CD248 antigen 0.013 0.48
Oxidative stress related

Glutathione S-transferase, alpha 2 (Yc2) 0.0004 3.27
Carbonic anhydrase 3 0.047 0.4
DNA/RNA Synthesis/Stability/Repair

Histone cluster 2, H4 1.75E-05 211
Histone cluster 4, H4 3.82E-05 2.6
Cell division regulators

Cyclin-dependent kinase inhibitor 0.0004 2.28
Cyclin B2 0.02 0.47
Cyclin-dependent kinase inhibitor 1A (P21) 0.0004 2.28
Signaling molecules

Guanine nucleotide binding protein (G protein) 0.04 0.48
Akt and ERK signalling

Protein tyrosine phosphatise 0.03 2.02
Signal transduction/transcription protein

E2F transcription factor 2 0.041 0.45
Chromodomain helicase DNA binding protein 1 0.011 0.41
G protein-coupled receptor 31, D17Leh66¢ region 0.015 2.73
Wingless-related MMTYV integration site 5A 0.002 0.48
Ubiquitin-conjugating enzyme E2C 0.008 0.48
Small G protein signaling modulator 1 0.0005 0.42
Metabolism

Glucagon-like peptide 2 receptor 0.03 3.48
Fatty acid binding protein 6 0.03 3.31
Glycogen synthase 2 0.04 2.55
Insulin-like growth factor binding protein 3 0.001 2.06
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Table 5.2 Results of GO Mapping, GO Terms, P-values and Count, Cellular Component

Ontology

GOCCID Pvalue OddsRatio ExpCount Count  Size Term
1 GO: 0044421 0.00 241 13.81 31 633 Extracellular region part
2 GO: 0042613 0.00 25.86 0.24 4 11 MHC class Ilprotein complex
3 GO: 0005581 0.00 15.08 0.35 4 16 Collagen
4  GO: 0005578 0.00 2.84 5.23 14 242 Proteinaceous extracellular matrix
5 GO: 0044459 0.00 1.64 25.66 40 1176 Plasma membrane part
6 GO: 0005833 0.00 30.03 0.11 2 5 Hemoglobin complex
7 GO: 0000780 0.01 22.52 0.13 2 6 Condensed nuclear chromosome
8 GO: 0044421 0.01 22.52 0.13 2 6 Juxtaparanode region of axon
9 GO: 0000307 0.02 12.87 0.20 2 9 Cyclin- dependent protein kinase holoenzyme complex
10 GO: 0005576 0.02 1.61 17.42 27 834 Extracellular region
11  GO: 0032982 0.02 11.26 0.22 2 10 Myosin filament
12 GO: 0044463 0.02 2.89 2.18 6 100 Cell projection part
13 GO: 0009986 0.03 212 4.89 10 224 Cell surface
14 GO: 0005834 0.04 4.36 0.74 3 34 Heterotrimetric G- protein complex
15 GO: 0042383 0.04 4.23 0.76 3 35 Sarcolemma
16  GO: 0030892 0.04 44.94 0.04 1 2 Mitotic cohesin complex
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Table 5.3 Results of GO Mapping, GO Terms, P-values and Count, Cellular Component

Ontology
GOCCID Pvalue OddsRatio ExpCount Count  Size Term
GO: 0018894 0.00 91.87 0.06 2 3 Dibenzo-p-dioxin metabolic process
GO: 0007155 0.00 2.06 11.22 22 524 Cell adhesion
GO: 0009404 0.00 45.93 0.09 2 4 Toxin metabolic process
GO: 0005578 0.00 2.84 5.23 14 242 Proteinaceous extracellular matrix
GO: 0009605 0.00 1.95 11.82 22 552 Response to external stimulus
GO: 0007623 0.00 6.83 0.66 4 31 Circadian rhythm
GO: 0050665 0.00 30.62 0.11 2 5 Hydrogen peroxide biosynthetic process
GO: 0051301 0.00 2.33 6.29 14 294 Cell division
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Table 5.4 Results of GO Mapping, GO Terms, P-values and Count, Cellular Component

Ontology

GOCCID Pvalue OddsRatio ExpCount Count  Size Term
1 GO: 0019838 0.00 5.77 1.16 6 54 Growth factor binding
2 GO: 0005201 0.00 9.62 0.50 4 23 Extracellular matrix structural constituent
3 GO: 0050840 0.00 9.62 0.50 4 23 Extracellular matrix binding
4 GO: 0030414 0.00 3.63 2.66 9 123 Peptidase inhibitor activity
5 GO: 0004869 0.00 8.31 0.56 4 26 Cysteine- type endopeptidase inhibitor activity
6 GO: 0015075 0.01 1.83 12.53 22 580 lon tranmembrane transporter activity
7 GO: 0046943 0.01 4.01 1.34 5 62 Carboxylic acid transmembrane transporter activity
8 GO: 0005267 0.01 3.06 2.42 7 112 Potassium channel activity
9 GO: 0015114 0.01 15.17 0.17 2 8 Phosphate transmembrane transporter activity
10 GO: 0019825 0.02 13.00 0.19 2 9 Oxygen binding
11  GO: 0022838 0.02 2.00 7.28 14 337 Substrate- specific channel activity
12 GO: 0004896 0.02 4.45 0.97 4 45 Cytokine receptor activity
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5.3.5.2 Pathway Analysis by MetacoreTM

The significantly regulated genes (fold change > 2) were selected for further
pathway analysis by Metacore (Version 6). The top four scored pathways (the
pathway map with the lowest P-value) were identified and these included 1)
Cell Adhesion - ECM Remodeling, 2) Transcription - Role of AP-1 in
Regulation of Cellular Metabolism, 3) Immune Response - IL 13 Signaling via

JAK STAT, and 4) Transcription - Androgen Receptor Nuclear Signaling.

5.3.5.2.1 Cell Adhesion - ECM Remodeling

The top first pathway map “Cell Adhesion - ECM Remodeling” is shown in Fig
5.7. According to our analysis, cell adhesion ECM (extracellular matrix)
remodeling was the most significant pathways involved in DOX-induced
toxicity in diabetic cardiomyopathy. In particular, gene expressions of Collagen
I, Collagen Il1, and Osteonectin in diabetic heart were down regulated by DOX
treatment, and Kallikrein 3 was up-regulated through DOX administration. The

pathway map is shown in Fig 5.7.
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Figure 5.7 Cell Adhesion - ECM Remodeling. The top scored map (map with the lowest

P-value) based on the enrichment distribution sorted by 'Statistically significant Maps' set.
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signals and down-ward (blue) ones indicate down-regulated expression levels of the genes.
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Collagen | gene is responsible for encoding collagen | which is the most
abundant form of collagen in human body. However, the transcription of
collagen I gene is up-regulated by stromelysin-2, MMP-1, MMP-9 and MMP-
13. Collagen | gene activation mediates its activity through integrin outside-in
signaling. For instance, MMP-9 and MMP-13 both of which activates collagen
I gene also activates collagen 1V which leads to down regulation of alpha-
1/beta-1 integrin as a result of integrin outside-in signaling up regulation.
MMP-9 is responsible for collagen | down regulation and also for the down
regulation of IL-8 and IL8RA eventually leading to up-regulation of
chemotaxis in cardiomyocytes. Furthermore, MMP-9 up-regulates verscan gene
leading to down regulation of CD44 which then down regulates matrilysin
(MMP-7) which subsequently down regulates heparin-binding EGF-like growth
factor (HB-EGF). HB-EGF then down regulates erythroblastic leukemia viral
oncogene homolog (ErbB4) and epidermal growth factor receptor (EGFR) both
of which up-regulates the activity of ERBB-family signaling. In addition,
EGFR also up-regulates the activity of epidermal growth factor (EGF) signaling

pathway.

Collagen 111 gene is responsible for encoding collagen 11l protein. Down
regulation of collagen Il gene is mediated by MMP-1, MMP-13 and
stromelysin-2. However, the down regulation of collagen Il seems to act
through similar mechanism with collagen I, which is centrally controlled by

MMP-13 and is up-regulated by tissue inhibitor of metalloproteinase 1 (TIMP1),
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TIMP2 and TIMP3 whereas is down regulated by stromelysin-1 and plasmin.
However, MMP-2, MMP-9 and MMP-13 are responsible for collagen 1V up-
regulation which subsequently leads to down regulation of alpha-1/beta-1
integrin eventually leading to up-regulation of integrin outside-in signaling
through which it mediates its effects during DOX-induced fibrosis which then
results in cardiomyopathy. MMP-13 is responsible for collagen Il up-
regulation and also for MMP-9 down regulation which then down regulates IL-
8 and IL8RA eventually leading to up-regulation of chemotaxis in
cardiomyocytes. Furthermore, MMP-9 up-regulates verscan gene leading to
down regulation of CD44 which then down regulates HB-EGF. HB-EGF then
down regulates ErbB4 and EGFR both of which up-regulates the activity of
ERBB-family signaling. In addition, EGFR also up-regulates the activity of

EGF signaling pathway.

Osteonectin gene is another gene which is down regulated by Stromelysin-1 as
a result of DOX administration. However, osteonectin which is secreted by
osteoblasts shows affinity for collagen as well as mediating functions such as
collagen binding and cell-matrix interactions. Moreover, osteonectin is also
involved in increasing the production and activity of matrix metalloproteinases

(MMP), enzymes that play a crucial role in collagen cleavage.

The up-regulation of kallikrein 3 is another effect observed following DOX

administration. The up-regulation of kallikrein 3 gene caused by DOX
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administration is down regulated by kallikrein 2 and both kallikrein 2 and
kallikrein 3 are responsible for up-regulation of insulin-like growth factor
binding protein 4 (IBP4). Subsequently, IBP4 leads to the up-regulation of IGF-
1 and IGF-2 both of which lead to down regulation of IGF-1 receptor
eventually leading to up-regulation of the activity of IGF-1R signaling. These
pathways are responsible for the mechanisms through which kallikrein 3

mediates its effects in DOX-induced toxicity in diabetic cardiomyopathy.
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5.3.5.2.2 Transcription - Role of AP-1 in Regulation of Cellular

Metabolism

The top second pathway map is shown in Fig 5.8. The pathway map of
Transcription - Role of activator protein 1 (AP-1) in Regulation of Cellular
Metabolism shows a series of processes and pathways that are the potential

mechanisms underlying the DOX-induced toxicity in diabetic cardiomyopathy.
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Figure 5.8 Transcription - Role of AP 1 in regulation of cellular metabolism. The second
scored map (map with the second lowest P-value) based on the enrichment distribution
sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to
and visualized on the maps as thermometer-like figures. Up-ward thermometers have red

color and indicate up-regulated signals and down-ward (blue) ones indicate down-regulated

expression levels of the genes.
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Most of the pathways illustrated in this pathway map center around the activity
of AP-1, which is especially central in terms of its activation of other elements
depicted in this pathway map. The AP-1 is, by itself, involved in one quasi-
cyclical and self-reinforcing relationship of mutual influence with integrin
alpha 2 (ITGA2, which also influences Integrin-mediated cell adhesion but is
otherwise not connected to other elements contained within the pathway map or
relevant to the research at hand). AP-1 is further impacted by the activity of
FosB/JunB, which in turn is activated by JunB (which also activates ITGB4 and
leads to further Integrin-mediated cell adhesion activation). The third and final
line of influence leading to the activation of AP-1 comes from c-Fos, which
also triggers tumor necrosis factor-stimulated gene 6 (TSG-6, known to trigger
Apoptosis and FAS signaling cascades) and FXYD domain containing ion
transport regulator 2 (FXYD2), the down regulated gene by DOX treatment in
diabetic heart on this pathway map. AP-1 is of further interest and will be
described further below, but a description of FXYD2 is now in order to be

described.

FXYD2 controls the sodium and potassium transport ATPase pathway, and its
down regulation as part of the process depicted in this pathway map is a direct
result of the activation of the c-Fos element illustrated (with no triggering event
provided on this pathway map). c-Fos also triggers Cyclin D1 which in turn
impacts Brcal as a transcription regulator, as well as triggering the TSG-6 gene

as mentioned (which triggers Apoptosis) and triggering the c-Jun/c-Fos cluster,
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which triggers the AP-1 (again, AP-1 serves as the most central element of this
pathway map and an element of direct importance to this research, as will be
described shortly). Down regulation of the FXYD2 sodium and potassium
transport ATPase pathway is the most significant direct effect of c-Fos
activation from the perspective of the given research questions, and the down
regulation observed in the research and depicted in this pathway map has direct
implications for further inquiry into the development of concrete responses to

these questions.

AP-1 directly influences the expression of hemoglobin E (HBE), up regulating
it to a significant degree. HBE impacts oxygen transport, as does Alpha 1-
globin and B-globinprotin (HBB). Both HBB and Alpha 1-globin are also
influenced by AP-1, and as the pathway map shows none of these elements are
interconnected nor do they show any other areas or directions of influence —
they are each activated by AP-1 and each in turn affects oxygen transport,
without influencing expression or activation of any other element. These
straight through-lines of influence radiating out from AP-1 make for a much
different pathway map than in Pathway Map 1, though the many different

influences and impacts of AP-1 activation are ultimately quite complex.

AP-1’s activation of HBE, and of Alpha 1-globin and HBB, and the resulting

effect on oxygen transport is deemed especially significant due to the strength

of the up-regulating effect observed in the results. Significant up-regulation of
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HBE by DOX would come with a significant impact on oxygen transport, and
this could have serious implications in regards to the exact mechanism by
which DOX can be causal of heart failure. Though there are other elements at
work to impact the oxygen transport via the same mechanism, the findings in
regard to HBE are considered more significant for the degree of up regulation
observed and for the relative novelty of the finding in relation to previous

research.

AP-1 also strongly up-regulates p21, which is the target gene of DOX in this
pathway map deemed to be of special importance and interest to this particular
research inquiry. The up-regulation of p21 by AP-1 leads to an increased
activation of Brca 1 as a transcription regulator — the same impact noted for
Cyclin D, which is connected to the down regulation of the FXYD2 sodium and
potassium ATPase pathway through the activation of the c-Fos element (which
triggers both the down regulation of the FXYD2 sodium and potassium ATPase
pathway and Cyclin D1 as well as indirectly activating AP-1 through the
activation of the c-Jun/c-Fos bundle). The c-Fos element thus impacts AP-1
and through this oxygen transport, the FXYD2 sodium and potassium ATPase
pathway (and related transport through the channel), and transcription

regulation through both Cyclin D1 and the more research-relevant p21.
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5.35.23 Immune Response - IL 13 Signaling via JAK STAT

Cardiac inflammation is one of the most significant mechanisms underlying the
development of cardiomyopathy. Several inflammatory markers have been
significantly regulated by DOX treatment in diabetic cardiomyoapthy. In this
pathway map (Fig 5.9), three key genes including MMP-8, RSNB and COL1A
are involved in cardiotoxicity induced by DOX potentially leading to

congestive heart failure and are discussed as follows.
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The pathway map “Immune Response - IL 13 Signaling via JAK STAT”
indicates that there are three genes that are affected by DOX administration
including MMP-8, RSNB and COL1A. MMP-8 gene is responsible for
encoding matrix metalloproteinase-8 which is one of the most important genes
that mediate the effects of DOX in diabetic cardiomyopathy. However, MMP-8
which also acts as a fibrotic factor belongs to the group of enzymes known as
matrix metalloproteinase (MMP) which has a considerable number of isoforms
which are mostly involved in collagen cleavage in many connective tissues and
they are encoded by MMP genes which are localized at chromosome 11q22.3.
Up-regulation of MMP-8 leads to down regulation of IL13RA2. However,
IL13RA2 up-regulates IL-13. This occurs through the cleavage of IL13RA2
leading to sequestration of IL-13 and subsequent inhibition of IL-13 signaling.
Moreover, the generated IL-13 leads to down regulation of INOS which
eventually results in inhibition of NO synthesis and signaling. Subsequently,

this leads to inhibition of NO-mediated signal transduction.

DOX mediates the up-regulation of RSNB at the center of STAT 6 gene which
leads to eventual up-regulation of RSNB gene whose expression products are
responsible for the activation of myofibroblast differentiation. However, STAT
6 is up-regulated by SHP-1 leading to mediation of activation of multiple
molecules all of which eventually lead to inflammation activation. COL1A
gene which is located on chromosome 2 is responsible for encoding of collagen

alpha-1(1) chain, a protein that is found in many connective tissues. However,
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administration of DOX leads to down regulation of COL1A in type 2 diabetic
heart. The down regulation of COL1A in DOX-induced cardiomyopathy is
centrally mediated by STAT 6. However, SHP-1 leads to up-regulation of
STAT 6 which is then responsible for the down regulation of COL1A gene
leading to the mediation of fibrosis in DOX-induced toxicity in type 2 diabetic

cardiomyopathy.

5.3.5.2.4  Transcription - Androgen Receptor Nuclear

Signaling

Three significant genes namedly WNT, p21, and Kallikrein 3 were identified in
the Pathway Map “Transcription - Androgen Receptor Nuclear Signaling” (Fig

5.10).
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WNT acts via Dsh to down regulate GSK3 beta, which normally down
regulates the Androgen receptor. GSK3 also normally down regulates Beta-
catenin, which normally up-regulates the Androgen receptor, and thus GSK3
beta is an important regulatory agent for the Androgen receptor. The down
regulation of GSK3 beta by activated Dsh, which occurs through the action of
WNT, means that the Androgen receptor is allowed to remain more active,
though as the pathway map shows there are many different factors influencing

the activity level of the Androgen receptor.

An activated Androgen receptor has many different effects, and two of which
stand out for their importance in this research. Kallikrein 3, as illustrated in
Pathway Map 1, is up-regulated by an active Androgen receptor; WNT activity
thus leads to increased Kallikrein 3 activity and an increase in the cascade of
events described in Pathway Map 1. An active Androgen receptor also up-
regulates p21, as discussed in Pathway Map 2, which leads to Apoptosis. The
findings illustrated in this pathway map are especially useful in helping to fit
together certain pieces of early and directly relevant pathway maps, providing

greater fodder for a meaningful reflection of these results.
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5.3.6 Confirmation of Selected Gene Expressions by Real Time

RT-PCR

The transcriptional expression changes of two target genes namely S100A8
(S100 calcium binding protein A8) and S100A9 (S100 calcium binding protein
A9) demonstrated by microarray analysis were further confirmed by real time
RT-PCR analysis. The gene expression of S100A8 was found to be only
significantly elevated by DOX in diabetic heart on day 5 (by 2.8 fold) and day 7
(by 23 fold) after DOX administration relative to the diabetic control (Fig 5.11).
These data suggested that S100A8 might not be involved in DOX-induced
cardiotoxicity in non-diabetic mice but was associated with the DOX
cardiotoxicity in diabetic hearts. The transcriptional expression of S100A9 in
the heart was up-regulated by DOX in db/+ non-diabetic mice on day 5 after
DOX administration (by 24.1 fold, P < 0.001) and no further change on day 7
after the DOX administration (Fig 5.12). Similarly, the transcriptional
expression of S1I00A9 in heart was increased by DOX in db/db diabetic mice on
day 5 (by 6.7 fold, P < 0.01), but dramatically elevated by DOX on day 7
following DOX administration (by 46.3 fold, P < 0.001). Moreover, the gene
expression of SI00A9 was up-regulated in db/db diabetic heart (by 20.2 fold, P

< 0.001) when compared to non-diabetic heart (Fig 5.12).
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5.3.7 Pathway Network: Inflammation Amphoterin Signaling

Pathway network of S100A8 (Calgranulin A) and S100A9 (Calgranulin B) was
then analyzed by Metacore. The pathway network shown in Fig 5.13 is an
outline of inflammation Amphoterin signaling pathway map, in which two main
genes Calgranulin A and Calgranulin B are highlighted. It has been observed
that Calgranulin B has an effect on NF-kB while a complex of Calgranulin A
and Calgranulin B is believed to act on RAGE leading to activation of p38

MAPK.
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Amphoterin is at the center of the inflammation pathway map which involves
cardiotoxicity induced by DOX in type 2 diabetic cardiomyopathy. Amphoterin
receptor referred to as receptor for advanced glycation end products (RAGE), is
a cell surface molecule which belongs to the family of multi-ligand
immunoglobulin and is involved in interacting with distinct molecules that
facilitate inflammation. Inflammation Amphoterin signaling pathway map is
mediated by the binding of various ligands, particularly the Amphoterin to
RAGE which leads to the triggering of the activation of key cellular signaling
pathways, such as NF-kB, MAP kinases, p21ras and cdc42/rac, thereby leading
to the reprogramming of cellular properties. It is important to note that in the
inflammatory Amphoterin signaling, RAGE acts as the central cell surface
receptor for Amphoterin. Indeed, the binding of Amphoterin to RAGE mediates
a multitude of biochemical inflammation pathways in cardiomyocytes.
Inflammatory Amphoterin signaling during DOX-induced toxic effects in
diabetic heart involves mediation of effects on Calgranulin A and Calgranulin B
genes. This is attributed to the fact that DOX directly influences these two
genes that subsequently lead to a multitude of molecular pathways involving
up-regulation and down regulation of many genes. This pathway network
should receive more attention in the future research in the cardiotoxicity of

DOX.

Calgranulin A is one of the most important molecules that mediate the

inflammatory Amphoterin pathway. This molecule is also involved in acting on

188



many other molecules on which it leads to their up-regulation or down
regulation. For instance, Calgranulin A binds to RAGE which also binds to
many other molecules. The binding of Calgranulin to RAGE leads to activation
of p38 MAPK which then activates IKK followed by activation of 1-xB.
Subsequently, 1-xB acts on NF-«B leading to activation of IL-6 and E-selectin.
In addition, p38 MAPK is activated by Calgranulin A and leads to the
activation of SP1 which then activates ITGAM and ITGB2. Eventually, both
ITGAM and ITGB2 lead to activation of alpha-M/beta-2 integrin. However,
RAGE is activated by Calgranulin A and leads to direct activation of alpha-
M/beta-2 integrin. Moreover, a complex of both Calgranulin A and Calgranulin
B also binds to RAGE leading to activation of p38 MAPK which then activates
IKK followed by the activation of I-kB. Subsequently, I-kB acts on NF-xB

leading to activation of IL-6 and E-selectin as observed in Calgranulin A alone.

Calgranulin B is another important molecule that mediates the inflammatory
Amphoterin pathway. Calgranulin B is also involved in acting on many other
molecules on which it leads to their up-regulation or down regulation. However,
in the inflammatory Amphoterin pathway, Calgranulin B has an effect on NF-
kB which leads to the activation of several other pathways. NF-kB activation
leads to direct activation of TNF-alpha. NF-xB also acts on IL-12 which leads
to activation of alpha-M/beta-2 integrin. In addition, activation of NF-kB by
Calgranulin B leads to activation of SP1 which then activates ITGAM and

ITGB2. Eventually, both ITGAM and ITGB2 lead to activation of alpha-
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M/beta-2 integrin.
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5.4 Discussion
5.4.1 Further Decrease in Cardiac Contractile Function at 7-day

After DOX Administratio in Diabetic Heart

It is well-known that DOX induces acute cardiac toxicity in vivo (Childs et al.,
2002;Suliman et al., 2007). Our data showed DOX induced cardiac dysfunction
in non-diabetic mice at 5-day after the administration of DOX. The presently
adopted animal model, db/db leptin receptor deficint mice, developed the
phenotype of type 2 diabetes with increased body weight, hyperinsulinemia and
hyperglycemia from the age of 12 weeks accompanied with decreased cardiac
contractility (Belke et al., 2004). Consistent with these previous findings, our
data indicated that the ventricular fractional shortening was suppressed in db/db
diabetic mice when compared to db/+ non-diabetic mice at the pre-intervention

(i.e., basline) level.

Up to now, there is no study reporting the effects of DOX on type 2 diabetic
heart. In this dissertation, we reasonably hypothesized that the diabetic heart
was more susceptible to the DOX-induced cardiac damage when compared to
non-diabetic heart. Interestingly, our data clearly indicated that there was a
further suppression of cardiac fractional shortening at 7-day after DOX
administration, but this cardiac functional suppression was not observed at 5-
day after DOX administration in db/db diabetic mice. These results evidently
demonstrated that DOX caused more severe cardiac damage in the heart of

diabetic mice relative to non-diabetic heart.
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5.4.2 Underlying Mechanism of DOX-induced Cardiotoxicity in

Diabetic Heart

Extensive evidences propose that cardiac apoptosis contributes to the
development of cardiomyopathy induced by DOX (Takemura & Fujiwara,
2007;Childs et al., 2002). Myocardial apoptosis is thought to be an essential
determinant of cardiac pathogenesis because it results in a loss of contractile
units, conduction disturbances, compensatory hypertrophy of myocardial cells
and accumulated fibrosis (Takemura & Fujiwara, 2007). Inhibition of cardiac
apoptosis has become a potential therapeutic target in the treatment of
cardiomyopathy induced by DOX. In agreement with the findings of the
previous studies, our data illustrated that cardiac apoptosis was obviously
induced by the administration of DOX in db/+ non-diabetic heart. However, the
induction of myocardial apoptosis after the DOX administration was not
observed at 5-day after the DOX administration in db/db diabetic mice. This
might partly explain why the cardiac dysfunction in diabetic mice was not

further suppressed by DOX at 5-day after the DOX administration.

Cardiac autophagy has been proposed to be involved in cardiac physiological
and pathological conditions such as myocardial hypertrophy, ischemia
reperfusion injury and heart failure (Gottlieb & Mentzer, Jr., 2012;Wang et al.,
2012c). Although the changes of autophagy in diabetic heart was not found to

be consistent in different experimental conditions, the suppressed autophagy as
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shown by the down regulation of Beclinl expression was observed in diabetic
heart in the present study. The inhibition of autophagy might further induce
accumulation of abnormal proteins and organelles resulting in cardiac
dysfunction. However, this inhibition of cardiac autophagy was not observed to
be affected by DOX in diabetic heart at 5-day after the DOX administration. In
type 1 diabetic heart, the pharmacokinetics and acute cardiotoxicity of DOX
were altered by hyperglycemia (Al-Shabanah et al., 2000). Thus, we
hypothesized that the molecular mechanisms underlying diabetic heart in
response to DOX at the early stage are distinct from the DOX-induced
cardiotoxicity in non-diabetic normal heart. Therefore, we next investigated the
whole transcriptional profiling aimed to reveal what the mechanisms were
responsible for the DOX-induced effects on type 2 diabetic hearts by using

microarray technique.

Our microarray data first revealed the unique genes that were involved in
exerting the effects of DOX on the hearts in type 2 diabetic animals. Combined
with Gene Ontology analysis, it was found that the genes that are significantly
regulated were mainly responsible for several cellular mechanisms including
cardiac remodeling and matrix, inflammatory and immune response,
DNA/RNA stability and repair, oxidative stress, metabolism and specific signal

transduction.

The first pathway map, Cell Adhesion ECM Remodeling, is the Pathway Map
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carrying the most significant P-value when examined from the perspective of
the particular research questions raised. As this pathway map is the most
strongly indicated by the Metacore analysis and therefore we interpreted that
this pathway should play a very important role in the DOX-induced toxicity in

the heart of type 2 diabetic individuals.

Kallikrein 3 was the first component on Pathway Map 1 “Cell Adhesion ECM
Remodeling” that was identified as with specific importance to the research
question. Kallikrein 3 cleaves IBP4 (Insulin-like growth factor binding protein
4) and these fragments then lose their capacity to bind to Insulin-like growth
factors 1 and 2 (IGF-1 and IGF-2). With IGF-1 and IGF-2 unbound and freely
available, IGF-1 receptors receive excess stimulation and this has an impact on
the rate of cell growth and proliferation. This supports several of the hypotheses
regarding DOX toxicity in cardiac tissue as described above. Although
Kallikrein 3 does not provide a complete or conclusive explanation but the
direct effect of Kallikrein 3 shown in Pathway Map 1 is still potentially
significant in explaining our observations. Other downstream effects of IBP4
cleaving and resulting cascades could potentially be involved in the mechanism
creating DOX toxicity in type 2 diabetic cardiac hearts. Nevertheless, this
proposition requires to be further confirmed by more thorough and focused

investigations.

Collagen 1 and Collagen Il are involved in wound repair, and their down
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regulations as illustrated in Pathway Map 1 is achieved primarily through the
degrading effects of MMP1, MMP-13, and Stromelysin-2. The MMPs are
activated in part by the release of plasmin, which itself is triggered by the
PLAU activation that is the end result of the Kallikrein 3/Kallikrein 2 cycle and
cascade, thus the activation of Kallikrein 3 as discussed above is also in part
responsible for the down regulation of Collagen | and Collagen Il proteins
during the processes depicted in this pathway map. Stromelysin 2 also activates
MMP-1 while working to directly degrade Collagen I and Collagen 111, and thus
has a reinforcing role in the breakdown and down regulation of these
components. Again, specific studies that look into this mechanism would be
necessary to determine its role in DOX toxicity in the diabetic hearts, but our
findings at least suggest that the breakdown of these proteins is significantly
involved in the underlying mechanisms responsible for the detrimental effects

of DOX in diabetic heart.

Our pathway analysis suggests that Stromelysin-1 activates MMP-1 (leading to
the breakdown of Collagen | and Collagen Ill) and degrades Osteonectin
(secreted protein acidic and rich in cysteine or SPARC). The degradation of this
component, which is related to collagen proteins in terms of wound repair,
could also be a potential cause of the eventual failure of cardiac tissue as a
result from DOX damage. Further research is needed to determine how the
degradation of Collagen I, Collagen Ill, and Osteonectin might impact the

cardiac tissue death.
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In addition, the early transcriptional response of DOX-treated diabetic hearts
showed several novel and potentially critical targets such as S100 calcium
binding protein A8 (S100A8), S100 calcium binding protein A9 (S100A9) and
MMP-8. S100A8 and S100A9 are the members of the S100 family that contain
two calcium binding sites and are involved in the inflammatory process and
immune diseases (Otsuka et al., 2009). A recent human study reported that
S100A8/S100A9 complex could be an useful biomarker for the prediction of
one year mortality in elderly patients with severe heart failure (Ma et al.,
2012a). Moreover, an in vivo study showed that the activation of
S100A8/S100A9 was crucial for the development of post-ischemic heart failure
via the activation of the receptor of advanced glycation end products (RAGE)
and Toll-like receptors (Volz et al., 2012). Therefore, based on our findings,
S100A8/S100A9 might play an important role in the pathophysiology of heart
diseases such as DOX-induced cardiomyopathy in diabetic heart. Our
microarray and RT-PCR data showed that the gene expression of S100A8 and
S100A9 was significantly upregulated by DOX in the heart of type 2 diabetic
mice at 5-day after DOX administration. Most importantly, the changes of the
expression of S100A8 and S100A9 indeed corresponded to the further
suppression of cardiac contractile function at 7-day after the administration of
DOX. The transcriptional level of S100A8 and S100A9 was found to be
dramatically increased by 23-fold and 46-fold, respectively, when compared to

db/db diabetic control. These findings importantly suggested that SI00A8 and
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S100A9 might be importantly involved in the development of cardiac
dysfunction in diabetic heart in response to the administration of DOX. The
precise mechanisms that involve S100A8 and S100A9 in the detrimental effects
of DOX in diabetic heart are worth to be further investigated. The
understanding of the role of SI00A8 and S100A9 might contribute significantly
to the unraveling of the molecular mechanisms responsible for the distinct

response to DOX in diabetic heart.
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CHAPTER 6

Overall Discussion and Future Direction
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6.1 Main Findings

6.1.1 Aims of the Dissertation

The general aims of this dissertation were 1) to identify the protective effects of
desacyl ghrelin on DOX-induced cardiomyopathy in a mouse model, 2) to
investigate the beneficial roles of desacyl ghrelin in type 2 diabetic
cardiomyopathy using a diabetic mouse model, and 3) to further elucidate the
potential mechanisms responsible for the cardiotoxic effects of DOX on type 2

diabetic hearts.

6.1.2 Summary of Main Findings

The results described in CHAPTER 3 clearly demonstrated that desacyl ghrelin
protected cardiomyocytes against DOX-induced cardiomyopathy by preventing
the activation of cardiac fibrosis and apoptosis and the effects were found to be
mediated through GHSR-independent mechanisms. The study reported in
CHAPTER 4 provided novel in vivo evidence demonstrating that desacyl
ghrelin protected the heart against type 2 diabetic cardiomyopathy by
improving cardiac fibrosis, autophagic signaling, and cardiac inflammation.
The work described in CHAPTER 5 focused on DOX-induced cardiotoxic
effects on type 2 diabetic heart. The microarray results illustrated the molecular
mechanisms that were importantly involved in the DOX-induced toxicity in

diabetic hearts. The main findings of the aforementioned studies in this
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dissertation are summarized in Fig 6.1.
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Fig 6.1 The Summary of Main Findings in the Dissertation.
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6.2 Cardiac Dysfunction of Cardiomyopathy Induced by Anti-

cancer Drug DOX and Type 2 Diabetes Mellitus

During the development of cardiomyopathy, the heart muscle becomes
structurally and functionally abnormal and these changes would ultimately
result in fatal heart failure. In order to maintain the cardiac systolic and diastolic
function, the heart needs to develop adaptive responses to detrimental stimuli
(Harvey & Leinwand, 2011). Cardiac morphological and structural changes
occur when compensatory mechanisms are activated in the heart to maintain the
cardiac physiological contractile and relaxation function. Studies presented in
this dissertation focused on the investigation of the potential therapeutic targets
and mechanisms in two acquired cardiomyopathies namely DOX-induced
cardiomyopathy and diabetic cardiomyopathy. The prevalence of these two
types of cardiomyopathy is high as they are associated with cancer
chemotherapy and type 2 diabetes, which are both commonly diagnosed in our

population.

Studies have demonstrated that DOX leads to acute and chronic dilated
cardiomyopathy indicated by the decreased ejection fraction in cancer patients
(Poterucha et al., 2012;Schwartz et al., 2013;Dodos et al., 2008). Cancer
patients under DOX treatment showed the reduction of cardiac ejection fraction,
which might have resulted from a reduction of T-cell leukemia/lymphoma 1A
(TCL1A) levels further leading to the increase in the apoptotic sensitivity of

cardiomyocytes (McCaffrey et al., 2013). Our data confirmed that DOX results

201



in acute cardiomyopathy indicated by the decrease in ventricular fractional
shortening and ejection fraction in an experimental mouse model with the
administration of anti-cancer drug DOX. The dosage of DOX adopted in this
dissertation was well-established and has been reported to cause
cardiomyopathy in the previous animal studies. The work described in
CHAPTER 4 focused on cardiovascular complications of type 2 diabetes —
diabetic cardiomyopathy. It has been demonstrated that the systolic functional
disorders as indicated by the decrease in ejection fraction, fractional shortening,
and cardiac output were present in the patients with type 2 diabetic
cardiomyopathy (Chavali et al., 2013;Mytas et al., 2009;Mihm et al., 2001).
The cardiac dysfunction was consistently observed in different animal models
of type 2 diabetes including db/db mice (An & Rodrigues, 2006) and Zucker
diabetic rats (Forcheron et al., 2009). In agreement with the literature, our data
also demonstrated the occurrence of cardiac systolic dysfunction as measured
by echocardiography in diabetic db/db (leptin receptor deficient) mice at the

age of 12 weeks.

There is limited information about DOX-induced cardiac toxicity in the
individual with type 2 diabetes mellitus. An in vivo study showed that the
pharmacokinetics of DOX was affected by hyperglycemia and the cardiac
accumulation of DOX was increased in streptozotocin-induced type 1 diabetic
rats (Al-Shabanah et al., 2000). Providing the fact that both the DOX and

diabetic condition have adverse effects on the heart, we reasonably
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hypothesized that DOX would further impair the cardiac function under
diabetic condition in type 2 diabetic db/db mice. Nonetheless, our functional
data demonstrated that db/db diabetic mice exhibited the same extent of cardiac
dysfunction five days after the DOX administration. However, intriguingly a
further decrease in cardiac systolic function was noticed at seven days after the
DOX treatment in db/db diabetic mice but not in the non-diabetic normal
animals. Our further microarray analysis revealed that different molecular
mechanisms were responsible for the cardiotoxic effects of DOX between type
2 diabetic hearts and non-diabetic normal hearts. Our findings suggested that
additional investigations were warranted to fully determine the precise cellular
mechanisms of the detrimental effects of DOX in diabetic hearts. Most
importantly, our results illustrated that the molecular targets for exploring the
cardioprotective regimens in DOX-induced cardiac damage might be different

between the diabetic hearts and normal hearts.

6.3 Potential Mechanisms of Cardiomyopathy Induced by DOX

and Type 2 Diabetes

6.3.1 Cardiac Cell Death

Adult heart cells have limited ability to regenerate and repair; therefore they are
very sensitive and adaptable to the intrinsic and extrinsic stimuli (Chiong et al.,
2011). Two types of cardiac cell deaths, namely apoptosis and autophagy, are

the key cellular events in the development of the heart disorders including
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cardiomyopathy (Cai et al., 2006;Harvey & Leinwand, 2011), heart failure,

myocardial infarction, and ischemia/reperfusion (Whelan et al., 2010).

6.3.1.1 Cardiac Apoptosis

Experimental studies have shown that apoptosis played an important role in the
development of the dilated cardiomyopathy (Yamamoto et al., 2003) and
hypertensive cardiomyopathy (Gonzalez et al., 2003). Increase in cardiac
apoptosis has been demonstrated in cardiomyocyte treated with DOX no matter
through acute or chronic DOX administration (Wang et al., 2013;Chicco et al.,
2006;An et al., 2013). In this dissertation, a single treatment of DOX was
shown to result in the activation of apoptosis indicated by the increased
TUNEL index, apoptotic DNA fragmentation and caspase-3 activity. These
observations were in agreement with the findings of previous studies that
adopted a similar DOX treatment protocol (Kawamura et al., 2004). Apoptosis
is regulated by intrinsic and extrinsic pathways, which have both been
investigated in cardiomyocytes (Whelan et al., 2010). It has been suggested that
mitochondria-mediated intrinsic apoptotic pathway was involved in DOX-
induced cardiotoxicity based on the previous in vivo and in vitro findings (An et
al., 2013;Tacar et al., 2013;Wang et al., 2012a;Spallarossa et al., 2004;Heon et
al., 2003). Anti-apoptotic Bcl-2 and pro-apoptotic Bax are two crucial
regulators in the intrinsic apoptotic pathway. Permeability of mitochondrial
membrane was stabilized by the formation of homodimers of Bcl-2 and the Bcl-

2 homodimers play against the release of cytochrome ¢ and caspase-3 activation
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(Wang et al., 1998). However, this protective effect of Bcl-2 was diminished
when the formation of the heterodimers of Bax-Bcl-2 is increased. Moreover,
the formation of the homodimers of Bax could promote the activation of
caspase-3 independently by creating the pores on the mitochondrial outer
membrane to induce the efflux of cytochrome c (Childs et al., 2002).
Consistently, our data showed that the activation of apoptosis was induced by
DOX and this was associated with the elevation of the ratio of anti-apoptotic
Bcl-2 to pro-apoptotic Bax in the hearts examined. Together with the findings
of previous studies, our results suggested that mitochondria-mediated apoptosis

played an essential role in the DOX-induced cardiac dysfunction.

6.3.1.2 Cardiac Autophagy

Autophagy regulates the abundance and quality of intracellular components
through the self-destruction and recycle of intracellular organelles and proteins.
Autophagy also provides cells with nutrients and energy under stressful
conditions such as starvation. Therefore, autophagy has been suggested to be a
survival promoting process in the cells. Aberrantly regulated autophagy has
been observed in diabetic cardiomyopathy. Six month-old OVE26 mice (a type
1 diabetic mouse model) have showed the suppressed autophagic activity in the
heart characterized by a decrease in expression of lipidated microtubule-
associated protein 1 light chain 3 (LC3 II) (Xie et al., 2011b). Moreover,
autophagy in cardiomyocytes isolated from db/db mice (a type 2 diabetic mouse

model) was shown to be impaired as illustrated by the reduction of Beclin-1 in

205



the diabetic heart when compared to the non-diabetic cardiomyocytes (Marsh et
al., 2013). Consistently, our in vivo data substantiated that the db/db diabetic
mice exhibited a decrease in the cardiac expression of Beclin 1 in diabetic
animals when compared to the db/+ non-diabetic mice. Beclin 1 is crucial for
the early stages of autophagosome formation, and its interaction with
PIBKC3/Vps34 is essential for the localization of the other important
autophagic proteins to the autophagosome. The down regulation of Beclin 1 in
the heart of diabetic animals indicated that autophagy was suppressed and thus
resulted in the accumulation of abnormal organelles and proteins in the diabetic

hearts.

Furthermore, the modification of Beclinl is also involved in the regulation of
autophagy. Beclinl can be phosphorylated by death-associated protein kinase
(DAPK) on Thr 119 at its BH3 domain, which promotes the dissociation of
Beclinl from Bcl-XL and subsequently inducing autophagy (Zalckvar et al.,
2009). In addition, ubiquitination of Beclinl by the tumor necrosis factor
receptor-associated factor 6 (TRAF6) initiates the formation of
autophagosomes via activation of PI3KC3 (Shi & Kehrl, 2010). Thus, it is
necessary for future investigation of the interaction of Beclinl and Bcl-XL,
phosphorylation and ubiquitination of Beclinl in type 2 diabetes induced

cardiac autophagy.

206



6.3.2 Cardiac Fibrosis

The fibrotic process is shown to be important in the pathogenesis of different
cardiovascular diseases. Myocardial fibrosis contributes to ventricular
stiffening and impairs the cardiac systolic and diastolic function (Mewton et al.,
2011). Indeed, cardiac fibrosis has been detected by T1 magnetic resonance
imaging in patients with DOX-induced cardiomyopathy (Jiji et al., 2012) and
type 2 diabetic cardiomyopathy (Pitt & Zannad, 2012). Unsurprisingly,
excessive collagen deposition was observed in the heart treated with DOX in
both the diabetic and non-diabetic mice by Masson’s Trichome staining.
However, the mechanisms of myocardial fibrosis in the DOX-induced
cardiomyopathy and diabetic cardiomyopathy might be different. In the acute
DOX-induced cardiomyopathy, myocardial fibrosis occurred as a response to
cardiomyocyte loss (Feridooni et al., 2011) whereas cardiac fibrosis is thought
to be an adaptive process to the chronic pathophysiological stimuli such as the
elevated inflammation in type 2 diabetic heart (Pitt & Zannad, 2012). In
addition, the cross-link of collagen with advanced glycation end products
(AGEs) in diabetic hearts might be an additional factor to aggravate ventricular

stiffness (Asbun & Villarreal, 2006).

TGF-B1, a potent pro-fibrotic stimulator of extracellular matrix production and
deposition, is thought to contribute to the increased fibrosis in heart disease.
Inhibition of TGF-p1 or TGF-B1 signaling appears to be the potential

therapeutic target for hepatic and cardiac fibrosis (Leask, 2010;L.iu et al., 2006).
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However, the regulation of TGF-B1 was not involved in the model of DOX-
induced cardiotoxicity (Miyata et al., 2010;Li et al., 2007). Correspondingly,
there was no significant effect of DOX on the expression of TGF-f1 gene in the
heart shown in the experimental model in this dissertation. In contrast to DOX-
induced cardiotoxicity, an increase in the expression of TGF-1 protein was
demonstrated in the myocardium of rodents with diabetic cardiomyopathy (Ban
& Twigg, 2008). TGF-B1 activity and signaling in diabetic heart are worth to be

further investigated in the future.

Another pro-fibrotic cytokine, connective tissue growth factor (CTGF), acts as
a downstream and cooperative mediator of TGF-B1 in the fibrogenic process.
We observed that DOX induced the up-regulation of CTGF expression in the
heart. This is in agreement with the notion that fibrosis in renal and heart may
not be fully regulated by TGF-p, but greatly depended on CTGF (Zhou et al.,
2004;Way et al., 2002). DOX also substantially increased the ratio of CTGF-to-
brain natriuretic peptide (BNP). The balance between CTGF and BNP in
cardiomyocytes was suggested to be a key determinant of cardiac fibrosis
(Koitabashi et al., 2007). Our findings suggested that CTGF and its interaction
with BNP played an important role in DOX-induced fibrotic injury through a

TGF-B-independent mechanism.

Adiponectin is an adipocyte-derived cytokine that plays an anti-diabetic

(Konishi et al., 2011) and anti-fibrotic role (Fang et al., 2012). Plasma
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adiponectin level has been shown to be suppressed in type 2 diabetic patients
(Hotta et al., 2000). In cardiovascular system, adiponectin level in circulation
has been demonstrated to be negatively associated with the risk of myocardial
infarction (Pischon et al., 2004). Adiponectin has been exhibited to be
expressed in cardiac myocytes. Dysregulation of cardiac adiponectin is
suggested to have a role in the pathogenesis of dilated cardiomyopathy (Skurk
et al., 2008). Indeed, the gene expression of adiponectin has been reported to be
significantly decreased in leptin-deficient db/db mice diabetic heart with severe
inflammatory injury (Takahashi et al., 2006). Similarly, our current data
showed that cardiac adiponectin mRNA level was significantly down regulated
in db/db type 2 diabetic mice, implicating the role of myocardial adiponectin in
the pathophysiology of diabetic cardiomyopathy. Our data confirmed the
microarray findings of a previous study that adiponectin gene expression was
decreased in the hearts of db/db diabetic mice by 4.6-fold when compared to
that of db/+ non-diabetic mice (Wilson et al., 2008). Moreover, severe cardiac
fibrosis was observed in angiotensin Il-infused adiponectin-knockout mice via
the activation of PPARa (Fujita et al., 2008). Taken together, myocardial
fibrosis in type 2 diabetic mice might be attributed to the reduction of the

expression of adiponectin.

6.4 Protective Effects of Desacyl Ghrelin on Cardiomyopathy

In this dissertation, desacyl ghrelin generally exhibited cardioprotective effects

on DOX-induced cardiomyopathy and diabetic cardiomyopathy. These
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protective effects included the improvement of cardiac contractile performance,
myocardial apoptosis, autophagy and fibrosis via the activation of AKt/ERK1/2
cellular pro-survival signaling pathway in the experimental animal models

examined.

Desacyl ghrelin is thought to be a degradation product of acylated ghrelin
through the removal of the acylation. Desacyl ghrelin is shown to lack of the
endocrine activity such as the stimulation of growth hormone release and food
intake. However, accumulating evidences demonstrated that desacyl ghrelin
might have multiple biological activities (Delhanty et al., 2012). Nonetheless,
studies have evidently demonstrated the beneficial effects of desacyl ghrelin on
cardiovascular system. For example, desacyl ghrelin has been shown to inhibit
myocardial apoptosis induced by DOX in H9¢2 cardiomyocytes and endothelial
cells (Baldanzi et al., 2002), to protect the heart against isoproterenol-induced
myocardial injury in a rat model (Li et al., 2006), and to improve vascular

remodeling in the patients with type 2 diabetes mellitus (Togliatto et al., 2010).

The mRNA expression of ghrelin has been observed in HL-1 cardiomyocytes,
human atrium and myocardium (Zhang et al., 2010). Our studies successfully
reproduced and extended the findings of the previous cell culture studies that
desacyl ghrelin exerted the anti-apoptotic effects on DOX-induced
cardiomyopathy. Moreover, our work was the first to demonstrate the

cardioprotection mediated by desacyl ghrelin in diabetic hearts. Administration
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of desacyl ghrelin was shown to effectively up-regulate Beclin 1 expression in
type 2 diabetic heart, which sufficiently increased cardiac autophagy (Zhu et al.,
2007). Additionally, our data demonstrated that desacyl ghrelin enhanced the
conjugation of Atg5-Atgl2 in the hearts of db/db diabetic mice, and it was
expected to promote the elongation of pre-autophagosomal membrane to

initiate the autophagic process.

In this dissertation, cardiac fibrosis was shown to be a common feature
involved in the DOX-induced cardiomyopathy and diabetic cardiomyopathy.
Previous studies have suggested that acylated ghrelin might have a therapeutic
effect on different disorders including cardiac injury (Li et al., 2006), systemic
sclerosis (Ota et al., 2013), bleomycin-induced acute lung injury (Imazu et al.,
2011), liver injury (Moreno et al., 2010) due to the anti-fibrotic effects of
acylated ghrelin. However, there are limited publications relate to the role of
desacyl ghrelin in fibrosis and the mediating effect of desacyl ghrelin in the
heart is largely unknown. Li and co-workers have documented that desacyl
ghrelin exerted the anti-fibrotic effects on isoproterenol-induced myocardial
injury via growth hormone-independent pathway (Li et al., 2006). Consistently,
in this dissertation, desacyl ghrelin was shown to reduce the collagen
accumulation in the heart of mice treated with DOX and of diabetes.
Interestingly, the observed anti-fibrotic effect of desacyl ghrelin was not found
to be diminished by the application of GHSR antagonist [D-Lys3]-GHRP-6 in

DOX-induced cardiomyopathy. Although the exact mechanisms of the effect of
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desacyl ghrelin on fibrosis in diabetic hearts still need to be fully elucidated,
our data suggested that the cardioprotection mediated by desacyl ghrelin was, at

least partly, explained by the anti-fibrotic mechanism.

Desacyl ghrelin seems to exert multiple biological functions through the
activation of Akt and ERK1/2 signaling. It has been demonstrated that desacyl
ghrelin stimulated the proliferation of small intestinal IEC-6 cells (Yu et al.,
2013), inhibition of DOX-induced apoptosis in H9c2 cardiomyocytes (Baldanzi
et al., 2002), and suppression of glucose-induced apoptosis in human pancreatic
islet microendothelial cells (Favaro et al., 2012). In our present work, the
treatment of desacyl ghrelin was consistently shown to increase the
phosphorylation of Akt and ERK1/2 in the heart. These changes might be
important in mediating the cellular survival signaling by normalizing the
suppression of Akt and ERK1/2 signaling as induced by DOX and diabetic
condition. Furthermore, our results indicated that the activation of Akt signaling
in DOX-induced cardiomyopathy caused by desacyl ghrelin was not affected by
GHSR antagonist [D-Lys3]-GHRP-6. This further suggested that the
administration of exogenous desacyl ghrelin activated Akt signaling through a

GHSR-independent pathway.

6.5 Limitations and Future Direction

Acylated ghrelin plays its central and peripheral biological roles via its binding

to GHSR-1a. Although the binding receptors of desacyl ghrelin have been
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explored, the specific receptor for desacyl ghrelin is not yet identified. A
limitation of this dissertation is the missing piece of information about the exact
direct receptor-mediated mechanisms responsible for the protective effects of
desacyl ghrelin on cardiomyopathy. In addition, our data indicated that the
treatment of desacyl ghrelin enhanced the transcriptional expression of
adiponectin in type 2 diabetic heart. It might be worth to further explore the
protein expression, post-translational modification and the protein-protein
interactions of adiponectin in response to desacyl ghrelin intervention in our

experimental settings.

According to our microarray analysis, two gene products namely S100A8 and
S100A9 were identified as the crucial genes responsible for the DOX-induced
cardiotoxicity in type 2 diabetic heart. Additional investigation will be required
to further reveal the pathological role of these two gene products in the the
DOX-induced cardiomyopathy in the diabetic heart. Probably, these two gene
products might serve to be the potential therapeutic targets for combating the
DOX-induced cardiotoxicity under the diabetic condition. The detailed
investigation of the precise S100A8- and S100A9-associated molecular
mechanisms and signaling network in the diabetic DOX cardiotoxicity would

be very valuable.

6.6 Clinical Applications

Desacyl ghrelin accounts for majority (i.e., 80-90%) of ghrelin in the
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circulation (10-20% are acylated ghrelin). Desacyl ghrelin is devoid of
endocrine activity such as stimulation of growth hormone release as it lacks the
post-translational modification of acylation. However, given a variety of the
beneficial effects of desacyl ghrelin on cardiovascular system as well as glucose
and lipid metabolism, there are many potential clinical applications for desacyl
ghrelin. This dissertation demonstrated that desacyl ghrelin improved cardiac
contractility, apoptosis, and fibrosis in mice treated with DOX. These findings
suggested that desacyl ghrelin is worth to be further explored as a potential
treatment modality for the DOX-induced cardiomyopathy. For the development
of ghrelin as an adjuvant regimen to protect the heart during cancer
chemotherapy, it is worth to note that desacyl ghrelin might be a better choice
compared to acylated ghrelin because of the cell proliferating side effects of
growth hormone induced by the acylated ghrelin. By using desacyl ghrelin as
the cardioprotective agent, the enhancement of the growth hormone-induced
cancer cell growth could be avoided in cancer patients undergoing
chemotherapy. This is the rationale why the focus of this dissertation was on

desacyl ghrelin instead of acylated ghrelin.

Furthermore, in contrast to acylated ghrelin, desacyl ghrelin exerts beneficial
effects on metabolism of both glucose and lipid. Desacyl ghrelin has been
shown to promote glucose and free fatty acid uptake by cardiomyocytes (Lear
et al.,, 2010). Most importantly, the use of desacyl ghrelin is favorable to

individuals with diabetes as desacyl ghrelin has been demonstrated to alleviate
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hyperglycemia in diabetic animal induced by streptozotocin (Granata et al.,
2010). Decrease in insulin level, improvement of high-fat diet-induced insulin
sensitivity and prevention of accumulation of fat mass have all been exhibited
by the treatment of desacyl ghrelin (Delhanty et al., 2013). Furthermore,
desacyl ghrelin analogs have been shown to prevent the development of
diabetes in streptozotocin-treated rats (Granata et al., 2012) and the high-fat
diet-induced metabolic syndrome in mice (Delhanty et al., 2013). In clinical
settings, administration of desacyl ghrelin has been shown to reverse the
hyperglycemic effect of acylated ghrelin in healthy people (Broglio et al., 2004).
Taken together with the anti-diabetic effects of desacyl ghrelin, the findings of
this dissertation reasonably propose that desacyl ghrelin to be a potential

candidate that could be used for the treatment of diabetic cardiomyopathy.
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