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Abstract I

ABSTRACT

Obesity and type 2 diabetes have become global issues through increased fat
accumulation in adipose tissue due to a combination of chronic high calorie food
intake and sedentary lifestyle. Interestingly, results presented in this thesis reveal that
depletion of myostatin (Mstn), a TGEsuperfamily member, leads to reduced fat
accumulation and improved insulin sensitivity in mice even during diet-induced
obesity. This thesis includes a general review of literature (Chapter 1), a detailed
materials and methods chapter (Chapter 2), followed by 4 results chapters, focusing on
delineating the mechanism of how Mstn rege$ carbohydrate metabolism (Chapter 3)
and lipid metabolism (Chapter 4). Moreover, global gene expression analysis was
undertaken to determine the molecular function of Mstn in metabolism (Chapter 5). In
addition, there is one chapter discussingoael role of Mstn in skin regeneration

(Chapter 6). Finally, the thesis ends with a prospective chapter (Chapter 7).

In the current thesis, the mechanism through which Mstn regulates muscle metabolism
is summarized. Myostatin—nuIIN(stn"') mice display an improved carbohydrate
metabolism even during high calorie intake. Increased insulin sensitivity is due to up-
regulated insulin signaling, as supported through enhanced expression of GLUT4, Akt,
p-Akt and IRS-1 inMstn” mice. Molecular analysis reveals that the expression of
AMPK is up-regulated in skeletal muscle and white adipose tissue (WAT) isolated
from Mstri” mice. Enhanced AMPK expression leads to phosphorylation of ACC,
promoting fatty acid oxidation and finally resulting in improved insulin sensitivity in
Mstn”” mice. Moreover, inMstn” mice, increased expression of the AMPK
downstream target geneSirtl and Pgc-1., was observed in skeletal muscle;

indicating another possible signaling pathway for AMPK. Furthermore, during this
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study, treatment with Mstn antagonist, s activin type 1B receptor (SActRIIB),
also significantly improved carbohydrate metabolism, indicating SActRIIB may serve

as a therapy for type 2 diabetes.

In addition to the improved carbohydrate metaboligvisti’”™ mice also exhibit
benefits in lipid metabolism, which are regulated by at least two independent
mechanisms. One mechanism is that lack of Mstn promotes fatty acid oxidation in
peripheral tissues through up-regulating enzymes involved in lipolysis and fatty acid
oxidation in mitochondria. Specifically, sidigantly increased expression of genes
involved in fatty acid synthesig#ésn Accl), lipolysis (Atgl, Hsl, Mgl) and fatty acid
oxidation (cad Vicas Vicad was also observed in WAT frorMstn” mice.
Consistent with the enhanced expressiofatif acid oxidation genes, a dramatically
increased fatty acid oxidation in WAT, liver and differentiated myotubes kisin’

mice has also been detected. Furthermore, expression of enzymes critical to
mitochondrial activity also was measuredNtstni”” WAT. The second mechanism
involves the promotion of brown adipose tissue (BAT) like qualities in WAWsifi”

mice. Crucial BAT molecular markers, such as Ucpl, PFARand Pgc-1, are all
up-regulated in WAT oMstri” mice, implying that irVistri” mice, WAT adopts more
BAT-like characteristics. Consistent withetlyene expression changes, elevated body
temperature in high fat diet (HFD) fedstn” mice and a preponderance of BAT
phenotype (small size, multilocular adipocytes)Mstn’” WAT was observed. The
BAT-like characteristics were due to enhadcCOX-2 induced prostaglandin release,
resulting in the conversion of mesenchymal progenitor cells into a BAT phenotype. In
agreement with the above results, treatment of WT mice on HFD with sActRIIB, Mstn

antagonist, improves insulin sensitivitych protects against the obesity phenotype.
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Therefore, these results suggest that eiinenatal or postnatal inactivation of Mstn

prevents diet-induced obesity and improves insulin sensitivity.

Genome-wide gene expression analysis revealed that lack of Mstn protects against the
normal gene profile changes expected as a result of HFD. Specifically, loss of Mstn
results in reduced lipid uptake and lipid storage, which could potentially lead to the

atrophy observed in WAT isolated fravstri’” mice.

In addition to characterizing the role of tSn regulation of muscle metabolism, this
thesis has addressed the function of Mstn during skin wound regeneration. The role of
Mstn in muscle regeneration has been wkHracterized, but little is known about its
function in skin regeneration. The results presented in this thesis, for the first time,
indicate that Mstn exists in both epidermis and dermis of murine and human skin.
Moreover, Msti” mice exhibit delayed skin wound healing as a combination of
delayed epidermal re-epithelialization and dermal contraction. In the epidermis, slower
re-epithelialization results from a delay in epidermal thickness recovery due to reduced
keratinocyte migration and protracted keratiyie proliferation. This observation was
further confirmed by aim vitro migration and adhesion assay. Flow cytometry and
Western blotting analysis also revealddcreased proliferation of primary
keratinocytes isolated frodstn’ mice. In the underlying dermis, reduced fibroblast-
to-myofibroblast transformation and lower collagen deposition collectively contribute
to the delayed dermal wound contraction. Furthermore, topically treatment of TGF-
protein on the wound area rescues the impaired wound healing skstnfhmice.

These observations are due to blockage of TGkgnalling secondary to an elevation

in decorin expression, which is a naturally occurring TGBuppressor, in Mstn

deficient mice. These results reveal an interaction between T&ig-Mstn signalling
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pathways, through which Mstn regulates decorin levels during the skin wound healing

process. Therefore, Mstn agonist might be a potential therapy for skin wound repair.

In summary, the work in this thesis examined the possible mechanisms by which Mstn
regulates carbohydrate and lipid metabolism, as well as the role of Mstn in obesity and
type 2 diabetes. The results presented here explain the lean and anti-diabetic
phenotype ifMstri’” mice, even during HFD feeding. Finally, Mstn was also found to

be associated with skin regeneration, pointing out the novel function of Mstn in skin.
The research in this thesis also shigtit on the Mstn antagonist, sActRIIB, which

maybe a potential first-line drug for anti-obesity and anti-diabetes in the future.
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Chapter 1 Review of Literatur(I

Chapter 1 Reviewof Literature

1.1 Role of skeletal muscle and adipedissue in obesity-induced diabetes

Muscle, derived from embryonic germ cells in the mesodermal layer, is a type of
contractile tissue and can be categorized into smooth, cardiac, and skeletal muscle.
Adipose tissue is a loose connective tissugch is composed of adipocytes, and can

be divided into two groups: white adipose tissue (WAT) and brown adipose tissue
(BAT). The following section will focus on reviewing current literature relating to
skeletal muscle structure, adipose tissue characteristics, and their roles in obesity-

induced diabetes.

1.1.1 Skeletal muscle structure

Smooth and cardiac muscle contraction is involuntary and contributes to body
maintenance. However, as the principal fumctf skeletal muscle is to produce force

for body movement, skeletal muscle is under voluntary control.

Skeletal muscle consists of thousands of neuBbers (Figure 1.1) [1]. Muscle fibers

or skeletal muscle cells, are surroundeattynective tissue, nerves, and blood vessels,
which together serve to either protect or exert function on muscle fibers (Figure 1.1)
[1]. Skeletal muscle is enclosed in a connective tissue layer, termed epimysium, while
the perimysium separates muscle fibers into bundles termed fascicles (Figure 1.1) [1].
Individual muscle fibers are further separated by a thin sheath of connective tissue,
known as the endomysium (Figure 1.1) [1]. Skeletal muscle fibers, or myofibers,
contain thousands of myofibrils, which dvandles of myofilaments (Figure 1.2) [1].

Myofilaments can be divided into thick and thin filaments, which represent myosin
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and actin filaments, respectively (Figure 1.2) [1]. Myofilaments are composed of
repeated compartments called sarcomefieéigure 1.2) [1]. Sarcomeres are the
fundamental units of myofibrils, and it ke interactions between the thick and thin
filaments within the sarcomeres that result in muscle contraction and force generation
(Figure 1.2) [1]. Sarcomeres are composkdeveral distinct, highly ordered regions
(Figure 1.2) [1]. An A band, which is a darker centrally localized region, and is the
zone of overlap for the thick and thin filaments (Figure 1.2) [1]. The | band, which is
near the adjacent areas between two sarcomeres, and contains thin filaments only
(Figure 1.2) [1]. In the middle of the Band is an area composed of thick filaments
only, termed the H zone (Figure 1.2) [1]. It is in the centre of the H zone that the M
protein connects neighbouring thick filaments (Figure 1.2) [1]. Finally the Z line
indicates the boundary of two adjacent sares and plays a role in binding the thin

filaments between two sarcomeres (Figure 1.2) [1].

The mechanism for muscle contraction is explained by the “sliding filament theory”.
During muscle contraction, the A band maintains the same length while the | band
shrinks due to the movement of Z lines towards each other, thus shortening the

sarcomeres and pulling the ends of the myofibril toward its center [1].
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Figure 1.1 Skeletal muscle structure

Epimysium, perimysium, and endomysium are all connective tissue. The whole
muscle is surrounded by epimysium. Muscle is separated by perimysium into different
compartments named fascicles. Fasciclesisbog myofibers, which are separated by
endomysium. The myofiber encloses myofibrils. Modified frzankinset al [1].
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Figure 1.2 Sarcomere structure
Myofibrils enclose sarcomeres which are the basic unit for muscle contraction.

Sarcomeres consist of thick and thin filaments in a highly structured order. Modified
from Jenkinset al [1].
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1.1.2 Adipose tissue

Adipose tissue is loose connective tissue composed of adipocytes. Adipose tissue can
be divided into two types: white adipose tissue (WAT) and brown adipose tissue
(BAT). Both WAT and BAT arise from mesenchymal progenitors, but follow a
distinct lineage during preadipocyte differetiba [2]. Adipose tisge is deposited as

“fat pads”, which in humans are distributed in 3 locations: subcutaneous WAT
(beneath skin), visceral WAT (around théemmal organs), and BAT (under the skin,

in the paraspinal and interscapular oeg) (Figure 1.3A). Previously, BAT was
thought to be only present in rodents and infants, however, recent studies have
demonstrated that functional BAT is also found in human adults [3-6]. In mice, 8
different types of fat pads are detected: Ante flank/inguinal fat pads (subcutaneous
WAT), mesenteric, retroperitoneal, perirenal, and perigonadal (epididymal in male or
parametrial in female) fat pads (visceral WAinterscapular and mediastinal fat pads
(BAT) (Figure 1.3B). Among them, the most accessible fat pads are the epididymal (or
parametrial), retroperitoneal, inguinal and istapular fat pads; ¢nefore, these four

fat pads are generally used in studies.

5|Page|



Chapter 1 Review of Literaturel

Figure 1.3Human and mouse adipose tissue depots

(A) In human, fat pads include: subcutaneous WAT (beneath skin), visceral WAT
(around the internal organs), and BAT (under the skin, in the paraspinal and
interscapular regions). (B) In mice, etie are 8 different types of fat pads:
subcutaneous WAT: anterior fat pad and flank (inguinal) fat pad; visceral WAT:
mesenteric fat pad, retroperitoneal fat pad, perirenal fat pad, and perigonadal fat pad
(epididymal in male or parametrial in female); BAT: interscapular fat pad and
mediastinal fat pad. Modified from Trax al [18]
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A.
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The main function for WAT is to act as an energy reservoir through storing fat, in the
form of triglyceride (TAG). Approximatg 90% of the intracellular space in
adipocytes is occupied by a large lipid droplet with the cytoplasm and nucleus
squeezed into a thin ring around the periphery of the cell. WAT plays a critical role in
reducing heat loss through skin. It also fiimas as a cushion for various organs, and
carries out secretory functions, such as edewy fatty acids and prostaglandins [1].
Current research demonstrates that WATyrba involved in cross talk with many
other organs to regulate metabolism.ded, adipokine production by adipose tissue

was found to be linked to obesity and type 2 diabetes [7-8].

While WAT is predominantly utilized for storing fat, BAT is responsible for oxidizing
fat to generate heat. BAT is darker in appearance when compared to WAT, which is
due to the increased mitochondrial content in BAT [9]. Also unlike the single lipid
droplet observed in WAT, BAT has a midtular appearance, containing multiple
smaller lipid droplets [9]. BAT also has increased expression of thermogenesis genes,
such as uncoupling protein 1Ugpl), which promotes uncoupled oxidative
phosphorylation and release of excess gneas heat for body temperature
maintenance [10]. In addition, the expression of peroxisome proliferator-activated
receptor-gamma coactivator-lalphBg¢-1.) and peroxisome proliferator-activated
receptor., //, (Ppar ., //, ) are all elevated in BAT, supporting the increased
fatty acid oxidation in BAT [11-13]. Increadédatty acid oxidation in BAT contributes

to decreased circulatory FFA resulting in the alleviation of obesity.

Recently, numerous publications descrdbphenomenon whereby WAT may acquire
BAT-like characteristics. These data reveal that the conversion of WAT into a BAT-
like phenotype occurs upon exposure to a cold environment or through stimulation

with a 3-adrenergic agonist [14-16]. Despite the well-documented appearance of
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BAT depots in WAT in both human and rodent [4, 17], the signaling mechanism
controlling BAT deposition in WAT are yet to be fully understood. However, a recent
publication has indicated that cyclooxygse® (COX-2), the downstream target of
adrenergic signaling may be the key factor involved in the formation of a BAT
phenotype in WAT. Specifically, activation of COX-2 signaling up-regulates the
expression of critical thermogenic genes, suchUapl, Cidea Cptlh shifting
mesenchymal progenitor cells towards a BAT phenotype through a prostaglandin-

mediated signaling pathway [16].

1.1.3 Obesity

Obesity is termed as excess body fat aedation [18]. Body mass index (BMI), a
parameter defined as the comparison between body weight and height, is widely
employed to evaluate human obesity. An individual who is more than 3¢ kg/m
termed obese. Currently, obesity has become a worldwide issue due to increased high
calorie intake, sedentary lifestyle, and genetic defects. To date, therapies to control
obesity include dieting and physical exercistowever, in some cases, dietary control

and physical activity are not always sufficient to overcome obesity and metabolic
syndrome, thus, additional therapeutice aequired to alleviate this particular

pathology.

TAG can be stored in adipocytes after food consumption, and released during fasting
in the form of free fatty acid (FFA). Ithe lipid droplet of adipocytes, TAG is
degraded into FFA and glycerol by lipolysis [19]. Fatty acids can then either be
oxidized in the mitochondria or transfadro the blood stream [19]. Conversely, TAG

can be synthesized from acetyl-CoA by a psxccalled lipid synthesis. Lipolysis and
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lipid synthesis are balanced according to the energy requirement of the body. It is
reported that dysfunction in lipolysis leads to adipose tissue overload, which results in

obesity and chronic inflammation [20-21].

Lean individuals exhibit normal insulin rs&tivity in skeletal muscle. However in
obese individuals, the adipocytes are enlarged due to an increase in TAG storage.
Prolonged fat accumulation in adipocytes results in macrophage recruitment, due to
enhanced production of monocyte chemotactic protein (MCP-1) by adipocytes.
Consequentially, this proinflammatory state of adipocytes results in increased
secretion of TNF:, impairing TAG deposition and elevating lipolysis and
accumulation of circulating FFA22-24]. Hypertrophy of adipocytes also leads to
increased oxidative stress, resulting in the dysfunction of adipokines, which further

promotes the development obesity-induced metabolic syndrome [25].

To aid in the study of obesity, a number of obese animal models have been established,
such as diet-induced obesity models, $ganic obese animal models and catch up

growth animal models.

Diet-induced obesity animal models are commonly used for accruing fat mass
postnatally without genetic perturbation [26-27]. Experimental mice are normally fed
on high-fat diet (HFD) (45 % or 60% energy from fat) from the age of 7-8 weeks, for a
specific time point [27-29]; while control littermates are fed on chow diet (CD) (10%

energy from fat).

Transgenic obesity animal models are animals, such as Zucker rats, Agouti lethal
yellow (Ay) mice and obese (L&Y mice, which have mutations in obesity-related
genes. Specifically, obese Zucker rats have a gene mutation in the leptin receptor

(fa/fa), resulting in the disregulation of body weight [30-31y.mice are agouti locus
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(chromosome 2) dominant mutation containing mice [32] and display an obese
phenotype. LeP° mice lack the 16 kDa leptin protein, which is specifically
expressed in adipose tissue of normal migess of leptin protein leads to obesity,

glucose intolerance and insulin resistance in these mutant mice [33].

Catch up growth is a form of acceleratedwth in infants or young children who had

a low-birth weight. Children that exhibit catch up growth are at high risk of obesity,
type 2 diabetes and other metabolic syndrome as they mature [34]. Although the
molecular mechanism(s), relating catch up growth with metabolic syndrome, have yet
to be clarified, rapid WAT growth may play a crucial role [35]. In low-birth weight
babies, while lean muscle growth is inhibited, WAT accumulation ensues, leading to
the development of adult obesity andsuhin resistance [35]Catch up growth
experimental rodent models are designeddsyricting 40% to 50% of the food intake,
followed by re-feeding the same diet [36-38]. In addition, catch up growth can be
induced through restricting 50% to 70% of the food intake of pregnant female mice,

with litters collected after bintfor further study [39-40].

Obesity is normally associated with numerous other diseases and complications, such
as heart disease, type 2 diabetes, hgpsion, and sleep apnea [18]. Among these
secondary disorders, type 2 diabetes istnftequently observed in obese patients.

The following section will review curretiterature on obesity-induced type 2 diabetes.

1.1.4 Type 2 diabetes

Diabetes is defined as a group of metabolic syndromes in which a person has high

blood glucose, due to either a failure in insulin production (type 1 diabetes) or insulin
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deficiency and insulin resistance (type 2 diabetes) [41]. Gestational diabetes refers to
the syndrome of high blood glucose developed only during pregnancy [41]. While
daily administration of insulin may be a suitable therapy for type 1 diabetes, therapies

that modulate insulin sensitivity may be more valuable in treating type 2 diabetes.

Type 2 diabetes is characterized as a metabolic disorder which results in high blood
glucose due to insulin resistance and redainsulin deficiency [41]. Many factors

may lead to the development of type 2 diabetes; namely obesity, hypertension, high
cholesterol, and metabolic disorders. Amongsthfactors, 55% of all type 2 diabetes
cases are reported to be due to obesity [42]. Most certainly, weight gain is associated
with an increase in insulin resistance and glucose intolerance, which are the main
characteristics of type 2 diabetes [42]. Moreover, weight reduction has been shown to
result in improved blood pressure and blood lipid profile, enhanced glucose and
insulin sensitivity and increased glycosylated hemoglobin levels [43]. It is noteworthy
to mention that abdominal obesity is more closely associated with insulin resistance; it
is believed to be due to the higher metabolic activity observed in visceral fat when

compared to subcutaneous fat [44].

1.1.5 Role of WAT in obesity-induced type 2 diabetes

The role of WAT in obesity-induced type 2 diabetes may be derived from the
following 3 aspects: failure in adipose tissue expansion, increased inflammation and
altered adipokine profiles.

Among these, failure in adipose tiss@xpansion is thought to be the major
mechanism behind obesity-induced type 2 diabetes. The main function of WAT is to

store fat [1], however, in the obese state, adipose tissue expands to such a point that
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the expansion capacity becomes saturated [45]. Therefore, excess lipid is deposited in
non-adipose tissues/organs, such as muscle and liver [45]. Such ectopic lipid
deposition in non-adipose tissue organs legadgotoxicity, altered insulin signaling

and insulin resistance [45].

Obesity is considered to be a state of mild inflammation, and as such promotes
increased secretion of cytokines, such as TN#Rd IL6, resulting in insulin resistance
[22]. Furthermore, expanded adipocytes secrete more pro-inflammatory cytokines and
chemoattractants, resulting in enhanced macrophage infiltration [8]. Meanwhile,
increased FFA, resulting from failure in adipose tissue expansion, also results in the
activation of macrophages [46], endoplasmeéticular stress and reactive oxygen
species (ROS) production, further leaglio insulin resistance [47-48].

As adipose tissue is an endocrine orgais, dble to secrete multiple hormones, known

as adipokines, which include leptin, adiponectin, visfatin and resistin [7-8].
Development of obesity alters the adipokine profile, impairing insulin signaling and

promoting insulin resistance [49].

1.1.6 Role of skeletal muscle inbesity-induced type 2 diabetes

As discussed above, failure in adiposeutisexpansion leads &xcess lipid deposition

in skeletal muscle. Therefore, the role of skeletal muscle in obesity-induced type 2
diabetes is closely related to intramyocelidipid deposition. Skeletal muscle plays a
key role in deciding the fate of circulating FFA. FFAs are normally oxidized in
skeletal muscles, however; excess levels of FFAs result in increased intramyocellular
lipid accumulation, which interferes with normal insulin signaling [50]. This
phenomenon plays a critical role in the development of obesity-induced metabolic

syndrome. Reasons for this syndrome remain unclear, however, elevated FFA,
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increased basal or postprandial TAG, or impaired fatty acid oxidation in muscle may
contribute to the metabolic syndrome [50-52]. In addition, metabolic syndrome may be
associated with disorders in adipose tissue metabolism and whole body homeostasis

[50-52].

Fatty acid oxidation is conducted in natwndria, therefore mitochondrial dysfunction

may contribute to obesity-associated metabolic syndrome [53]. The generation of
reactive oxygen species (ROS), and increased intramyocellular lipids interferes with
mitochondrial function [54-57]. As aoasequence, lipid membranes suffer from
peroxidative injury, and mitochondrial membrane-dependent enzymes become inactive,

thus leading to oxidative metabolism disorder [54-57].

Increased intramyocellular lipid contributes to reduced muscle insulin sensitivity [50,
58-59]. One hypothesis is that the elevated intramyocellular fatty acid metabolites,
such as diacylglycerol (DAG), fatty WeCoA or ceramides, phosphorylate insulin
receptor substrate (IRS) and activate the serine/threonine kinase cascade. The serine-
phosphorylated forms of IRS are unableattivate phophatidylinositol 3-kinase (P13

kinase), thus impairing glucose transport and insulin sensitivity [60-61].

1.1.7 Role of AMPK signaling in metabolism

AMPK plays a critical role in whole body carbohydrate and lipid metabolism. AMPK

is an energy-sensing enzyme, which is activated by increasing AMP:ATP ratio in the
body [62-63]. During exercise or oth@nergy consuming conditions, AMPK is
activated and functions by suppressing energy consuming processes, like glycogen,

fatty acid and protein synthesis, and enhancing energy producing processes like
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glucose uptake and fatty acid oxidation [62]. AMPK is a heterotrimeric
serine/threonine kinase that is composed of a catalyigounit and two regulatory

and subunits [62-64]. In skeletal muscle, the AMPK heterotrimeric complex is
composed of.2/ 2/ 3 subunits.[65-66]. It is reported that AMPK stimulates glucose
uptake by promoting GLUT4 trafficking to the membrane, which improves insulin
sensitivity in skeletal muscle [67-69]. ARK has also been shown to enhance fatty
acid oxidation through a acetyl-coA carboxylase (ACC) and sirtuin 1 (SIRT1)
signaling pathway. Specifically, activatiah AMPK will lead to the phosphorylation

of ACC, resulting in reduced malonyl-CoAvlgds, and increased transfer of long chain
fatty acyl-CoA into the mitochondria via cdatine palmitoyltranterase | (CPT1) for-
oxidation (Figure 1.4) [70-71]. AMPK has also been shown to phosphorylate PGC-1
which allows for the subsequent deacetylation of PG® SIRT-1. Deacetylated,
and thus active PGC-1will also contribute to the elevation of fatty acid oxidation

(Figure 1.4) [72].
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Figure 1.4 AMPK signaling pathway

Activation of AMPK results inthe phosphorylation of ACC, leading to the reduction of
malonyl-CoA and accelerated long chain fatty acyl CoA influx into mitochondria via CPT1,
promoting fatty acid oxidation. Activatn of AMPK also phosphorylates PGC;leading to
deacetylation of PGC-1by SIRT-1 to further enhance fatty acid oxidation. Increased fatty
acid oxidation thus leads to increasesllin sensitivity. Modified from Zhanet al [73]
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1.1.8 Role of PPAR signaling in metabolism

PPARs are ligand-inducible nucleic tranpton factors. PPARs form heterodimers
with retinoid X receptors (RXR), and with the assistance of co-activators such as
PGC-1., regulate gene transcription (Figure 1.5). There are three types of PPARs:
PPAR., PPAR// and PAPR, and they have been shown to be key factors in
maintaining whole body lipid homeostasis [74-75]. PPARtivates a transcriptional
program in skeletal muscle resulting imcreased fatty acid uptake, binding, and
oxidation, hence decreasing tissue FRBAd improving oxidative capacity [76].
Specific activation of PPAR / in adipose tissue up-regulates the expression of genes
involve in fatty acid oxidation and energy dissipation [11]. PPARbelieved to be

the nuclei receptor for cyclooxygenase-2 (COX-2)-mediated prostaglandin signalling
pathway, contributing to the BAT phenotype in WAT, increasing fatty acid oxidation

[77].
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Figure 1.5PPAR signaling pathway

Exposure to cold or diet induce increased norepinephrine, activatauyenergic
receptor, leading to the activation of CAMP signaling; contributing to either increased
lipolysis of TAG or direct activation of PPAR signaling. PPARs form heterodimers
with retinoid X receptors (RXR) and with the assistance of co-activators, such as
PGC-1., trigger gene transcription. The downstream target genes, sutltpds
facilitate fatty acid oxidation in mitochondria.
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1.2 Skin

Skin, the largest organ in the integumentary system, is the soft outer cover in animals,
which protects the body from infection, supplies nerve endings for sensation, regulates
body temperature and prevents water evaporation. The following section will
specifically provide background knowledge periag to skin structure as well as skin

regeneration during cutaneous and chronic wound healing.

1.2.1 Skin structure

Skin is composed of two major layers, the epidermis and dermis. The epidermis is the
outermost layer that works as a barrier against infection and water evaporation and
contains various cell types including keratinocytes, melanocytes, langerhans and
merkel cells [1]. The dermis is the inner layer, which is full of connective tissue
including collagen and elastic fibers and atsmtains hairs follicles, blood vessels,

and sweat glands (Fig 1.6) [1].
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Figure 1.6 Skin diagram
Skin is composed of two major layers: the outermost epidermis layer and the inner

dermis layer. Skin also contains hair shaft, hair follicle and blood vessels. A layer of
adipose tissue is located undeg #kin. Modified from Jenkinst al [1].
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1.2.2 Skin regeneration

Skin wound healing is important for maintaining skin homeostasis after acute skin
injury. A schematic of skin wound healingogess is illustrated in Figure 1.7. For
epidermal wound healing, cells from the stratum basale of the wound edges migrate
towards each other and merge together [78]. This process is regulated by epidermal
growth factor (EGF), transforming growth factor{TGF-.) and fibroblast growth
factor (FGF), which stimulate basal steeill proliferation and migration [79-80]. In
dermal wound healing, or deep wound healing, the procedure becomes more
complicated. There are four main phases of dermal wound healing, specifically:
inflammation, migration, proliferation, and maturation [80]. Inflammation proceeds
immediately after the wound area is covered by a blood clot. Inflammation is
followed closely by vasodilation and seaoet of critical growth factors such as
transforming growth factor- (TGF- ), platelet-derived growth factor (PDGF), and
FGF from residential inflamntian cells [81]. Subsequently, phagocytic neutrophils,
macrophages, and mesenchymal stem cellatinacted to the wound site [81]; which
further results in activation and migration of keratinocytes (in the epidermis) from
each side of the wound edge to form a repair bridge over the wound area [79-80]. In
the dermis, the now activated myofibroblasts migrate until granulation tissue is formed
to replace the wound bed [78, 80]. In the proliferation and maturation phases, the
activated alpha-smooth muscle actin§MA)-expressing myofibroblasts proliferate

and together with collagen to fill the wound site [80].

Growth factors and cytokines are critical factors in skin wound healing. PDGF serves
as a chemotactic agent, responsible tloe influx of cells such as neutrophils,
monocytes, and fibroblasts into wound area [82-83]. Moreover, PDGF also promotes

fibroblast proliferation, induces the activati of myofibroblasts, and stimulates further
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wound contraction [82-83]. FGFs stimulate the proliferation of numerous cells, most
notably FGF7, which is specifically responsible for stimulating keratinocyte
proliferation during wound healing [84]. Other FGF family members, such as FGF1
and FGF2, are responsible for initiating angiogenesis during wound healing [85].
FGFs also stimulate the migration and d#éfsiation of epithelial cell and fibroblasts

[86]. TGF- is shown to inhibit keratinocyte proliferation [87-88], whereas in contrast,

it accelerates keratinocyte migration [89-90]. Therefore, the function of Ti@Fe-
epithelialization is still paradoxical. However, TGHs responsible for the initiation

of extracellular matrix deposition andhgiogenesis, fibroblast proliferation, and
myofibroblasts formation [81, 91]. Interestingly, loss of Mstn, a TGuperfamily
member, has been shown to enhance skeletal muscle regeneration in respone to injury,
resulting from enhanced satellite cell ftinoality and reduced fibrosis [92]. Please

see Section 1.3.3.3, Page 34 for a detailed review of the role of Mstn in skeletal muscle
regeneration. Therefore it is interesting to surmise that absence of Mstn may also
result in improved skin wound regeneration. However, as loss of Mstn has been shown
to result in reduced TGF-activity and decreased fibrosis during skeletal muscle
regenerationMstri” mice may display impaired skin wound healing (The role of Mstn

is skin wound healing has been elucidated in this current thesis and is presented in
Chapter 6). Interleukin-1 (IL-1) and Interleukin-6 (IL-6) are other key factors in
stimulating neutrophil migration into the wound bed [81]. In addition, IL-6 also serves

as a stimulator for keratinocyte mitosis [93].
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Figure 1.7 Skin wound healing process

For epidermal wound healing, cells from stratum basale of wound edges migrate to
merge together. The process of dermal wowealing, or deep wound healing includes
four main phases: inflammation, migratigrpliferation and maturation. Immediately
after injury, a blood clot is formed on the top of the wound site, followed by
phagocytic neutrophils, macrophages, and mesenchymal stem cells recruiting into the
wound area. Keratinocytes are then activated to migrate to form the new epidermis
layer, while fibroblasts are recruitedndh activated to become myofibroblasts.
Myofibroblasts and collagen exert strength to contract wound edges to fulfill the
dermal wound healing. Modified from Jenkietsal [1].
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1.2.3 Diabetic skin wound healing

Diabetic patients may exhibit disruptesttin wound healing [94-96] and increased
prevalence of foot ulcers due to neuropatlascular disease, and foot deformities [97-
98]. Impaired keratinocyte proliferatioand migration, as well as narrowing blood
vessels, contribute to the delayed wound healing in diabetic patients [99]. In addition,
the metabolic disorder during diabetes results in the insufficient migration of
neutrophils and macrophages to the wound $ibgether with the reduced chemotaxis

of leukocytes, diabetes patients have an increased wound infection [100-101].

At the molecular level, several changes induced by diabetes leads to the impaired skin
wound healing. Growth factors are important in skin regeneration and regulate
keratinocytes migration, inflammation, as well as wound contraction [102]. The
majority of studies have addressed the geanin critical growth factors during skin
wound healing in diabetic patients. Specifigalnsulin-like growth factor 1 (IGF-1)

and TGF- levels are reported to decrease in the skin of diabetic patients and rats [103-
104]. Furthermore, in the wounded tissue of diabetic rats and patients, diminished
PDGF levels are detected [105-106]. Furthermore, IL-6 is reduced in the wound fluid
of diabetic mice [107], and FGF expression is also notably absent in diabetic mice
[108]. Keratinocytes and dermal cells are tated by sensory nerves innervations and
releasing neuropeptides [109]. It is reporteat & decline in sensory nerves, as well as
increased neuropeptide specific peptidase contribute to the attenuated skin wound
healing in diabetic patients [110-112]. Exdeflular matrix (ECM) plays an important

role in skin wound healing, especiallyskin wound contraction [113-114]. Decreased
collagen (localized in ECM), which is obsed in diabetic patients and animals [115-
116], results in diminished skin wound contraction [117] and impaired skin wound

healing.
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1.3 Myostatin (Mstn)

Mstn, or growth and differentiatn factor-8 (GDF-8), is a TGFsuperfamily member.
Targeted disruption of the myostatin geMstn) in mice [118] or naturally occurring
mutation of Mstn in bovine [119-120], ovine [121] and humans [122] leads to
increased skeletal muscle growth. Generally, absence of Mstn results in a ~2 to 3-fold
increase in muscle mass and is due to hyperplasia and hypertrophy of muscle fibers

(Fig 1.8). Therefore, Mstn is defined as gaitve regulator of skeletal muscle growth.

25|Page|



Chapter 1 Review of Literaturel

Figure 1.8 Mutations in Mstn

Mutations inMstn gene in mouse (A) [118], dog (B)23], human child at 7 months
old (C) [122], Belgian Blue cattle bre€d®) (reproduced from Hi#a '96 Catalogue)
lead to increased musculature.
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1.3.1 Structure of Mstn protein

Structurally, the N-terminal region of the precursor Mstn molecule contains a
hydrophobic amino acid signaling sequence [118]. Additionally, the C-terminal region
of the Mstn protein contains nine hightonserved cysteine residues, which are
involved in the formation of a “cysteine knot” structure, critical for homodimerisation
of the mature Mstn protein [118, 124]. tsis synthesized as a 376 amino acid
precursor protein, which is proteolytically cleaved at the RSRR site to release a C-
terminal mature Mstn protein fragment and N-terminal Mstn propeptide/latency-
associated peptide (LAP) (Fig 1.9) [1237]. The importance of the RSRR site is
clear, as mutation of the consensus RSRR sequence to GLDG has been shown to result
in increased muscle growth, consistent widhs of Mstn function [128]. Like other
TGF- superfamily members, maturation of Mstn occurs in the Golgi apparatus, where
cleavage of the full-length Mstn protein is facilitated by the serine protease Furin, a

member of the proprotein convertase family [118, 126, 129].
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Figure 1.9Mstn structure

Mstn protein is synthesized as a 376 aa proteitn Msa secreted growth factor. In support, in
the N-terminal region of the Mstn protein,etk is a signal peptide (SP) for secretion.
Following the proteolytic processing of Mstn,theé RSRR site, Mstn is cleaved into a mature
portion and a latency-associated peptide (LAP) portion. Modified from Joulia-Ekaah
[130].
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1.3.2 Distribution of Mstn

During embryonic development, Mstn is initially detected in the mouse embryo at day
9.5 post-coitum and is primarily detected in rostral somites [118]. By day 10.5 post-
coitum, Mstn expression is detected in all somites, especially in the myotome
compartment. Mstn expression has also been detected in other embryos, appearing
between day 15 to 29 in cattle [119, 131], day 21 to 35 in pigs [132] and from day O
onwards in the chicken [133]. During post-natal development, a high level of Mstn
expression is still detected in skeletal muscle [118-119], however, low levels of Mstn
expression have also been characterized in other tissues, including heart [129], adipose

tissue [118], lung, liver, spleen, kidney [134], and skin (Chapter 6).

The distribution of Mstn in skeletal muscle may also be variable between muscle fiber
types. It has been reported that Type lItsobe fibers (fast-twite fibers) contain more

Mstn mRNA and protein when compared to Type | fibers (slow-twitch fibers) [135].
Furthermore, myostatin-nullMstn’) mice exhibit more fast-twitch fibers, in the
predominantly slow-twitch fiber dominatéd. soleusmuscle. Moreover, there is a
transition from slow-twitch fibers to fast-twitch fibers in EDL muscle frtstr”

mice [136]. Therefore, iMstn’ mice, muscle appears to adopt a more glycolytic,
rather than oxidative, phenotype [137]. Paradoxically, althddgtn’™ mice contain

more glycolytic fast-twitch fibers, unpublisti@ata from our laboratory indicate that
they adopt more oxidative characteristics due to the increased mitochondrial number

and activity.

1.3.3 Mstn signaling in skeletal muscle growth
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Mstn plays an important role in regulatibgth the proliferation and differentiation of
myoblasts [125, 138], as wedls the activation and selfrrewal of skeletal muscle

stem cells, termed satellite cells [139].

1.3.3.1 Role of Mstn in myoblast proliferation

In the presence of high levels of Mstmyoblasts can neither proliferate nor
differentiate [125, 138]. Mstn regués myoblast proliferation through a
Retinoblastoma (Rb)-dependent signaling pathway. Mstn up-regulates cyclin-
dependent kinase inhibitor 1 (P21) [125)dadown regulates cyclin-dependent kinase

2 (CDK2) [125], resulting in the accumulation of hypophosphorylated Rb, thus
arresting myoblasts in the G1 checkpoint of the cell cycle (Figure 1.10). It is also
noted that Mstn may regulate myoblgstoliferation through the P38 mitogen
activated protein kinase (MAPK) signaling pathway [140]. The activation of P38
MAPK by Mstn has been shown to furthredevate Mstn expression and also promote
Mstn-mediated P21 transcription and subsequent inhibition of myoblast proliferation

[140].
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Figure 1.10Role of Mstn in myoblast proliferation

Mstn is able to regulate myoblast preliftion through a retinoblastoma (RDb)-
dependent signaling pathway. By up-regulating P21 (one of the cyclin-dependent
kinase inhibitors) and down-regulatinglk2, Mstn promotes the accumulation of
hypophosphorylated Rb, arresting cells in G1 phase, and blocking of the cell cycle
proliferation. Modified fromTrhomaset al [125].
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1.3.3.2 Role of Mstn in myoblast differentiation

Mstn, like other TGF- superfamily members, appears to elicit biological function via
the canonical Smad signaling pathway. The schematic Mstn signaling via Smad3 is
illustrated in Figure 1.11. Mstn signaling is initiated upon binding of Mstn to its
receptor, ActRIIB; which induces the activation of the TGfype | receptor (ALK5)

and subsequent phosphorylation and activation of Smad proteins, most notably Smad3
[141]. The now active Smad3 is then able to bind to the co-Smad, Smad4, allowing for
translocation of the active Smad complex to the nucleus for regulation of gene
expression [142]. Functionally, the Smad3 signaling pathway appears to play a major
role in Mstn-mediated inhibition of differentiation. Specifically, treatment with Mstn
has been shown to promote Smad3-MyoD interaction, which is suggested to prevent
MyoD E protein association, resulting in inhibition of MyoD activity. As MyoD is
critical for timely induction of differentiation [143], Mstn inhibition of MyoD activity

is proposed to be key for the inhibition of myogenic differentiation observed following
treatment with Mstn [138]. In addition, it has recently been shown that extracellular
signal-regulated kinase 1/2 (Erk 1/2) MARKgnaling may also be involved in Mstn-
mediated inhibition of myogenesis [144]n particular, suppression of Erk1/2
signaling was shown to rescue Mstn-mediatehibition of myoblast proliferation and
differentiation. Furthermore, blockadef Erk1l/2 signaling also prevented Mstn

inhibition of myosin heavy chain (MHC), MyoD and myogenin expression [144].
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Figure 1.11Mstn signaling

Mstn activates the activin type 1IB recept(ActRIIB), and further triggers ALKS,
which phosphorylates either Smad3 or Smad2. The phosphorylated Smad proteins
bind to Smad4, leading to translocation into the nucleus. The translocation of
Smad3/Smad4 prevents E47 from binding to MyoD, inhibiting the activation of MyoD,
resulting in the perturbation of cell differentiation.
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1.3.3.3 Role of Mstn in satellite cell activation, self-renewal, and muscle

regeneration

In addition to regulating myoblast growth and differentiation, Mstn has also been
shown to regulate satellite cell activatiand self-renewal as wedk post-natal muscle

growth and repair.

Satellite cells are the resident stem gadlol in skeletal muscle that function to
maintain and repair muscle tissue in response to injury [145-146]. Importantly Mstn
has been shown to block satellite cell actorathrough arresting satellite cells in the
G1 phase of the cell cycle [139]. Moreov@&rdU incorporation demonstrates that
satellite cells isolated fromistn’” mice display increased satellite cell activation when

compared with WT mice [139, 147].

Pax7 is a transcription factor which is widelged as a satellite cell marker due to its
existence both in proliferating and quiesceatellite cells [14849]. Once activated,
satellite cells continue to express Paxid MyoD until differentiation, where Pax7
expression declines [149]. Satellite cells with high levels of Pax7 and low levels of
MyoD fail to differentiate and adopt quiescent phenotype [149-150]. Published
results from our laboratory demonstrate thistn down-regulates Pax7, which results

in impaired satelliteell self-renewal [151].

Previous work from our laboratory indicatdsat Mstn negatively regulates skeletal
muscle regeneration [92]. Muscle stem caillssatellite cd§, are critically involved in
repairing muscle following injury through the migration of primary myoblasts derived
from satellite cells [152]As described above, Mstn functions through impairing
satellite cell function, therefore it followsat Mstn may be involved in the negative

regulation of muscle regeneration after injulry support, absence of Mstn stimulates
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increased migration of macrophages, potes the proliferation myoblasts, and
reduces fibrosis [92]. In suppoiity vitro treatment of myoblasts and macrophages
with Mstn protein significantly decreases the migration of both cells [92]. Moreover, it

has been shown that Mstn stimulates fibrosis during skeletal muscle regeneration [92].

1.3.4 Effect of Mstn antagonists on muscle mass

Mstn antagonists appear to have functions in regulating muscle atrophy, whole body
homeostasis, and metabolism (see section 1.3.6 for review of Mstn antagonist and
metabolism). Intraperitoneal injections of Mstn antagonists, such as a soluble form of
the Mstn receptor, activin type I1IB (SActRIIB), a mutated uncleavable Mstn
propeptide/LAP and Mstn specific neutratigi monoclonal antibodies, are efficient
methods of inhibiting Mstn signaling [153-1548pecifically, either overexpression of

a dominant negative form of ActRIIB imuscle [126] or treatment of mice with
SACtRIIB [155] results in increased musculature. Follistatin is an active Mstn
antagonist due to its binding affinity to the Mstn receptor, ActRIIB, although
follistatin has also been shown to bindotber activin receptors [156-157]. Consistent
with the role of follistatin in regulating Mstn, follistatin-null mice display growth
defects, with associated muscle loss [158]. In addition, inhibition of Mstn function by
treatment with specific anti-Mstn antibodies attenuates sarcopenia associated muscle
loss, which is muscle wasting associated with ageing [159-160]. Moreover, e
mouse model of muscular dystrophy, muscle function is improved by either inhibiting
the Mstn receptor, ActRIIB, through RNA interference-mediated knock down, or
through treatment with an Mstn neutralizing monoclonal antibody [161-162].

Cachexia is defined as a dramatic weight loss, including loss of muscle and fat mass,
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associated with chronic iliness, such as cancer [163]. Importantly, postnatal inhibition
of Mstn, through treatment with the activin receptor extracellular domain, contributes

to reduced muscle wasting during cachexia [164].

1.3.5 Mstn and metabolism

It is well known that genetic inactivation of the Mstn gene in mice, not only induces
muscle hypertrophy, but also reduces yoddt accumulation [165]. A similar lean
phenotype can also be observed in mice that overexpress a dominant negative ActRIIB
transgene or following injection of the Mstn propeptide/LAP, which binds to and
inhibits the function of Mstn [166-167]. An increase in the prevalence of glycolytic
muscle fibers has been observedMsetn’™ mice [137]. It is reported that increased
glycolytic muscle fibers, which are induced by Akt overexpression, could promote
transcription of respective genes involving in fatty acid metabolism, improving hepatic
fatty acid oxidation and further resulting in a decline in fat mass and improved lipid
metabolism [168]. These data support thereased hepatic fatty acid oxidation and
lean phenotype seen st mice (Chapter 3&4). Consistent with the lean phenotype

in Mstn”™ mice, muscle-specific inhibition of Mstn leads to reduced fat mass and
improved insulin sensitivity [166].Mstn” mice also display enhanced insulin
sensitivity and improved glucose tolerance when compared to WT mice [73]. In
addition, serum and hepatic cholesterol, as well as TAG levels are all redidsthiin

" mice when compared to WT mice, which is consistent with the increased insulin
sensitivity inMstn” mice [165-166]. In agreement with improved insulin sensitivity,
insulin signaling is also enhancedNtstn’” mice, as assessed through up-regulation of

protein kinase B (Akt), IRS1, and IGF1, all of which mediate insulin signaling in
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skeletal muscle and adipose tissue [I86]. However, some contradictory results
have been reported, whereby Mstn treatment results in increased glucose uptake in
human placental extracts [169]. In addition, it is also reported that adipose tissue
atrophy can be induced through ectopic expression of Mstn in adipose tissue [170].
Therefore, the actual function of Mstn in regulating carbohydrate and lipid metabolism

remains to be clarified.

Inhibition of Mstn also leads to reducediposity and improved insulin sensitivity
during obesity. Se-Jin Lest al reported that crossing Agouti lethal yellowyjAnice
(details of A/ mice can be found in section 1.1.3) withstn” mice resulted in
decreased adipose tissue weight, lowestifig blood glucose level and elevated
glucose tolerance when compared tp iAice alone [165]. Furthermore, crossing of
obese mice (L™ with Mstn” mice also resulted in reduced fat pad weight and
improved carbohydrate metabolism [165]. M/drom our laboratory revealed that
severe obesity due to HFD feeding was ameliorated in the abserMstrof73].
Furthermore, serum insulin, leptin, cesterol, and TAG are all decreasedVistn’

mice when compared to WT mice [73, 166, 171-172]. As a consequence of reduced
adipose accumulation, improved insulinnsiévity and glucosetolerance are also
observed irMstn’ mice during diet-induced obesity [73, 166-167, 171]. Furthermore,
it is reported that there are reduced levels of proinflammatory cytokines, such as TNF
in adipose tissue and skeletal muscle of mice with Mstn function loss. Consistent with
this, these mice also exhibit improved insulin sensitivity in liver and skeletal muscle,
as well as the improved hepatosteatosis during HFD feeding [171]. In support,
treatment of Mstn deficient mice with recombinant Mstn protein contributes to the

increased insulin resistance and circulating Thvel during HFD feeding [171].
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As mentioned in section 1.1.4, skeletal muscle is critical in controlling the fate of FFA,
and with perturbed fatty acid oxidation and accumulation of FFA in skeletal muscle
leading to metabolic syndrome and insulin resistance (Section 1.1.4). Meanwhile, it is
noteworthy to mention thatistn’ mice display a muscle hypertrophy phenotype [118].
Therefore, the improved carbohydrate metabolism, observitstn™ mice, may be

due to the increased muscle mass ratherttiaudirect effect of Mstn on carbohydrate
metabolism. However, Wilkest al report that short-term injection of recombinant
Mstn protein into Mstn deficient mice perturbs insulin sensitivity in these mutant mice,
despite no significant alteration in body mass [171]. Moreover, it is reportellishrat

gene expression is increased both in skeletal muscle and adipose tissue of WT mice
when challenged with HFD [173]. Therefore, although the mechanism has not been
fully clarified, theMstngene itself may play a direct role in regulating metabolism that

is independent of its effect on muscle mass.

Previous studies from our laboratory and others demonstratslisiit mice display
reduced fat accumulation during HFD feeding [73, 165]. Also, it is well known that
Mstn” mice display double musculature [118]. As mentioned above, enhanced
carbohydrate metabolism Mstn’” mice is suggested to be due to deletion oMisén

gene itself, rather than as a result of increased musculature. However, whether or not
the reduction in adiposity observedMstri” mice is due to a direct effect of Mstn
deficiency on adipose tissue, or as a secondary effect due to increased muscle mass,
remains to be clarified. Guet al claim that adipose tissue specific deletionvistn

gene could not prevent fat accumulation and insulin resistance [166]. However, due to
the relatively low expression d¥istn in adipose tissue [118], when compared to
skeletal muscle and liver expression [1184], the contribution of deletion of the

Mstn gene in adipose tissue maybe insignificant with respect to total circulatory levels
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of Mstn. Therefore, future work needs to be performed to clarify the reason for the

reduced adiposity observedMstn’ mice.

1.3.6 Potential clinical applications forMstn antagonists intargeting obesity and

type 2 diabetes

Mstn regulates whole body homeostasis ly#natally and postraty. It is reported

that 10 weeks of sActRIIB treatment resulted in reduced fat mass as well as improved
insulin sensitivity and increased muscle glucose uptake when compared to control
vehicle-treated mice [173]. However, no significant changes were detected upon 4
weeks of sActRIIB treatment, suggesting a cumulative effect for Mstn in the
regulation of metabolism [173]. Treatment with SActRIIB for 10 or 12 weeks will
further prevent fat mass gain in mice challenged with HFD, as well as improve insulin
sensitivity when compared with WT mice [73, 173]. It is important to mention that
previously published data has revealed that in addition to Mstn, several ligands are
able to bind ActRIIB in circulation [174-1T5as such targeting the ActRIIB receptor

as a means to repress Mstn function may not be a viable approach. In addition to
SActRIIB, treatment with the anti-Mstn neutralizing antibody PF-879 has been shown
to reduce fasting blood glucose levels and increase glucose toleranc&”f bape,
however, PF-879 treatment failed to prevent adipose tissue accumulation [154].
Moreover, treatment with the JA16 antibody Mstn antagonist did not reduce fat pad
mass in the LeP°® obese mouse model [176]. In summary, although there is
evidence to support that antagonizing Mstn has utility in preventing the development
of obesity and type 2 diabetes, target specificity of Mstn antagonists needs to be fully

clarified before these therapeutics can be utilized.

39|Page|



Chapter 1 Review of Literaturel

1.4 Aims and objectives

As the signaling pathways behind Mstn and its role in the regulation of obesity-
induced type 2 diabetes are still not fully delineated, here in this thesis, studies were
performed to identify the relationship between Mstn, AMPK and PPAR signaling
pathways, and their roles in carbohydrate and lipid metabolism. Furthermore, the
potential therapeutic benefit of an Mstn antagonist, SActRIIB, in protecting against

obesity and type 2 diabetes was assessed.

Although the role of Mstn in skeletal musaeowth is well established, the function
of Mstn in skin remains unclear. Data presented in the current thesis characterize for
the first time a role for Mstn in the progression of skin wound regeneration. These

data may potentially shed new light on therapies to aid in skin wound healing.
The aims of this thesis are addressed in the following objectives:

Objective 1: To characterize the role of Mstn in carbohydrate metabolism.
Objective 2: To study how Mstn regulates lipid metabolism.

Objective 3: To delineate the functionM&tn in regulating diet-induced obesity.

Objective 4: To specify the functional role of Mstn in skin wound healing.
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1 Common chemical reagents

Table 2.1Common chemical reagents

All commonly used chemical reagents are listed below unless otherwise stated.

Acetone; Ammonium  Chloride [NiLI];
Ammonium sulphate; AMP; ATP; Beta-
mercaptoethanol Me]; Bovine serum albumin
[BSA]; BSA, FA-free; Bromophenol blue; L-
carnitine; CaCl, anhydrous; Coenzyme A,
Collagenase, Type I; Cytochalasin B;
Dexamethasone; DMSO; DPBS; DTT; EDTASigma-Aldrich, St. Louis, MO,
Etomoxir; Formaldehyde; Formamide; GlycerolJSA
D-glucose; HEPES; IBMX; IGEPAY. CA-630;
Indomethacin; Insulin from bovine pancreas;
KCIl; KHCO; KH,PQ,; KOH; Krebs-Ringer
bicarbonate [KRB] buffer; Malate; Mannitol;
MgCl,-6H,0O; MOPS; Nicotinamide; Normal
goat serum [NGS]; Palmitic acid;
Paraformaldehyde; Percholoric acid,
Polyvinylpyrrolidone  [PVP];  Polyethylene

glycol [PEG]; NaHCQ; NaF; NaHPOy;
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NaH,POs; NaCl; Sodium acetate; Sodium

dodecyl sulfate [SDS]; Sodium pyruvate;

Sucrose; Oil Red O; Trichostatin A; Tris base

Hyamine Hydroxide PerkinElmer Life Sciences,
Waltham, MA, USA

Complete protease inhibitor Roche Molecular Biochemicals,

Indianapolis, IN, USA

TWEEN® 20 Amresco, Solon, OH, USA
Ethidium bromide Bio-Rad, Hercules, CA, USA
Glycine

2-propanol Merck Chemicals, Darmstadt,
DPX mounting medium Germany

Eosin

Haematoxylin
Hydrochloric acid [HCI]
Methanol

Sodium hydroxide [NaOH]

Milli-Q ® water Millipore, Billerica, MA, USA
Triton® X-100 USB, Cleveland, OH, USA
Chloroform Fisher Scientific, Pittsburgh, PA,
Phosphoric acid USA

Phosphate buffered saline [PBS] OXOID, Thermofisher,

Hampshire, UK
DMEM/ F12 PAA Laboratories GmbH,

Pasching, Austria
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AdipoRed™ Lipid Assay Reagent Cambrex Corporation, East
Rutherford, New Jersey, USA
Fetal bovine serum [FBS] Hyclone, Thermo Scientific,

Waltham, MA, USA

2.1.2 Common radioisotopes

Table 2.2Common radioisotopes

All radioisotopes used in this thesis aréddsbelow, and details of the radioisotopes
are in each section.

2-[*H]-deoxy-D-glucose PerkinElmer Life Sciences, Waltham,
D-[**C]-mannitol MA, USA

Adenosine 5'-Triphosphate,-f?P]

Palmitic acid[1}*C]

Palmitic acid[U*C]

2.1.3 Solutions

2.1.3.1 Western blotting analysis

Table 2.3Protein lysis buffer (for muscle, WAT and liver)

1M TrispH7.5 0.5ml
5 M NaCl 0.5 ml
0.5 M EDTA 0.1 ml
IGEPAL® CA-630 10 pl
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Complete protease inhibitor Y tablet
Milli-Q ® water 8.89 ml
Total 10 ml
Store at 4°C

Table 2.4Protein lysis buffer (for skin)

1M NaH,PO, 5mi

NaCl 1.4619g
Triton® X-100 1 ml

SDS 0.1g

Top up with Milli-Q® water to 100 ml

Store at 4°C

Table 2.5NaH,PO, solution (1 M, for skin protein lysis buffer)

1 M NaHPO,

heat at 40°C to dissolve and do not add all the powder at the

same time.
1 M NaHPO,
100 ml of 1M

NapH.P Oy

14.196 g powder and top up to 100 ml with Mil:@ater,

1.380 g of powder and top up to 10 ml with Mill2@ater.

93.2 ml of 1 M NaHPQ, + 6.8 ml of 1 M NaHPQ;, pH 8.0

Table 2.6 Transfer buffer

Tris

Glycine

15.1 g

759
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Methanol 1L
Top up with Milli-Q® water to 5L

Store at 4°C

Table 2.7TBST (Tris-buffered saline with Tween)

1M TrispH 7.5 50 ml
5 M NaCl 30 ml
TWEEN® 20 1 mi
Top up with Milli-Q® water to 1L

Store at room temperature

Table 2.8PVP solution

Polyvinylpyrrolidone [PVP] 19
Polyethylene glycol [PEG] lg
Bovine serum Albumin [BSA] 0.3g
top up with TBST to 100 mi

Sterile filter before use, store at 4°C

2.1.3.2 RNA electrophoresis

Table 2.9MOPS buffer (10X)

MOPS 419¢g
1 M Sodium acetate 50 ml
0.5 M EDTA 10 ml
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Top up with Milli-Q® water to

500 ml, pH 7.0

Sterile filter and store at@, protected from light

Table 2.10RNA loading dye (2X)

MOPS (10X) 10%
deionised formaldehyde 20%
deionised formamide 50%
bromophenol blue 0.02%
glycerol 5%
EDTA (pH 8.0) 1mMm
ethidium bromide 40g/ml
2.1.3.3 Glucose transport in muscle

Table 2.11Radioisotope

2-[*H]-deoxy-D-glucose 1 mCi

D-[**C]-mannitol

20 Ci/mmol (740 GBg/mmaol)
1 mCi/ml

50 pCi

56.6 mCi/mmol

0.1 mCi/ml

Table 2.12Stock solution

KRB buffer

bicarbonate

9.5 g powder into 1 L water, supplemented with 1.26 g sodium
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Insulin 2 mg into 1 ml 0.01M HCI (pH = 2.0)

Cytochalasin B 400 pg into 20 pl ethanol

Table 2.13Non-radiolabeled solution

Final KRB buffer + Preparailuted KRB buffer + insulin: 60 pl stock insulin
insulin solution into 60 ml KRB buffer.
500 pl stock insulin solution into 60 ml diluted KRB buffer
+ insulin
Cytochalasin B 19.2 pl stock solution into 10 ml KRB buffer

KRB buffer + Pyruvate KRB 49 ml + 100 mM sodium pyruvate 1 mi

Table 2.14Radiolabeled solution

2-[*H]-deoxy-D-glucose 36l
D-[*C]-mannitol 72 ul
Final KRB buffer + insulin/KRB 24 ml

buffer

2.1.3.4 AMPK assays

Table 2.15Radioisotope

Adenosine 5'-Triphosphate,-fP] 250 LCi
3000 Ci/mmol (111 TBg/mmol)

10 mCi/ml

Table 2.16Stock solutions
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AMP Dissolve 0.2 g in 10 ml water. Confirm concentration using 1 to 1000
dilution in water at UV = 260 (extinction coefficient = 15400), Dilute
with water to give a final concentration of 50 mM. Store at —80°C

ATP Dissolve 0.4 g in 10 ml water. Confirm concentration using 1 to 1000
dilution in water at UV = 260 (extinction coefficient = 15400), Dilute

with water to give a final concentration of 50 mM. Store at —80°C

DTT Dissolve 0.1542 g into 0.8457 ml of water to give 1M. Store at —80°C
SAMS Dissolve in water to give 20 mM. Store at —80°C
peptide

Table 2.17Homogenization buffer

Mannitol 3.6¢9

NaF 0.21¢g

Tris Base 0.12 ¢

EDTA 0.037g

Beta-mercaptoethanol 75 pl (add after pH adjustment)
[ Me]j

Top up with Milli-Q® water to 100 ml, pH 7.5. Store at 4°C.

Prior to use add 1 Complete protease inhibitor tablet per 10 ml.

Table 2.18Assay buffer stock solution

HEPES 2.38¢
NacCl 1.16¢g
Glycerol 20 ml
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EDTA 0.074 g
MgCl, 0.254 g

Top up with Milli-Q® water to 100 ml, pH 7.0. Store at 4°C.

Table 2.19Working assay mix (cocktail) (Freshly prepared)

50 mM AMP 10 ul
1MDTT 2 ul

50 mM ATP 10 pl
Assay Buffer Working Solution 978 ul

To 100 pl of required Working Assay Mix add 2 pl of 10 mCi/ml Adenosine 5’-

Triphosphate, [*%P]

Table 2.20Working assay mix (others)

Working SAMS peptide 5 pl of 20 mM SAMS + 95 pl Milli-F water

solution

1% Phosphoric acid 16.5 ml phosphoric acid (85%) + 1383.5 ml Milli-Q
water

2.1.3.5 Measurement of TAG inwhite adipose tissue (WAT)

Table 2.21Ethanol/ KOH solution (500 pl) (freshly prepared)

100% Ethanol 475 ul

80% KOH 25 pl

Table 2.22HCI (10%, 5 ml) (freshly prepared)
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37% HCI 1.35 ml

Milli-Q ® water 3.65 ml

Table 2.23Saturated NaHCgXfreshly prepared)

NaHCQ; 159

Top up with Milli-Q® water to 10 ml

2.1.3.6 Haematoxylin and eosin (H&E) staining of WAT

Table 2.24Scott’s tap water

Sodium Bicarbonate 29
Magnesium Sulphate 209
Thymol 1 Crystal
Top up with Milli-Q® water to 1L
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2.1.3.7 Assessment of fatty acid oxidation in tissues

Table 2.25Reaction mix

Working solution

Powder Stock solution
(100 ml)
Conc Quantity Conc Quantity
Suc