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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 TGF-�E superfamily 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 regulates 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 discussing a novel 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-null (Mstn-/-) 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 in Mstn-/- mice. Molecular analysis reveals that the expression of 

AMPK is up-regulated in skeletal muscle and white adipose tissue (WAT) isolated 

from Mstn-/- mice. Enhanced AMPK expression leads to phosphorylation of ACC, 

promoting fatty acid oxidation and finally resulting in improved insulin sensitivity in 

Mstn-/- mice. Moreover, in Mstn-/- mice, increased expression of the AMPK 

downstream target genes, Sirt1 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, soluble activin type IIB receptor (sActRIIB), 

also significantly improved carbohydrate metabolism, indicating sActRIIB may serve 

as a therapy for type 2 diabetes. 

In addition to the improved carbohydrate metabolism, Mstn-/- 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, significantly increased expression of genes 

involved in fatty acid synthesis (Fasn, Acc1), lipolysis (Atgl, Hsl, Mgl) and fatty acid 

oxidation (Lcad, Vlcas, Vlcad) was also observed in WAT from Mstn-/- mice. 

Consistent with the enhanced expression of fatty acid oxidation genes, a dramatically 

increased fatty acid oxidation in WAT, liver and differentiated myotubes from Mstn-/- 

mice has also been detected. Furthermore, expression of enzymes critical to 

mitochondrial activity also was measured in Mstn-/- WAT. The second mechanism 

involves the promotion of brown adipose tissue (BAT) like qualities in WAT of Mstn-/- 

mice.  Crucial BAT molecular markers, such as Ucp1, PPAR�./��/�� and Pgc-1�., are all 

up-regulated in WAT of Mstn-/- mice, implying that in Mstn-/- mice, WAT adopts more 

BAT-like characteristics. Consistent with the gene expression changes, elevated body 

temperature in high fat diet (HFD) fed Mstn-/- mice and a preponderance of BAT 

phenotype (small size, multilocular adipocytes) in Mstn-/- WAT was observed. The 

BAT-like characteristics were due to enhanced COX-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 sensitivity and protects against the obesity phenotype. 
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Therefore, these results suggest that either prenatal 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 from Mstn-/- mice.  

In addition to characterizing the role of Mstn in 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 well characterized, 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, Mstn-/- 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 keratinocyte proliferation.  This observation was 

further confirmed by an in vitro migration and adhesion assay.  Flow cytometry and 

Western blotting analysis also revealed increased proliferation of primary 

keratinocytes isolated from Mstn-/- 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 seen in Mstn-/- mice. 

These observations are due to blockage of TGF-�� signalling secondary to an elevation 

in decorin expression, which is a naturally occurring TGF-�� suppressor, in Mstn 

deficient mice. These results reveal an interaction between TGF-�� and 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 in Mstn-/- 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 shed light 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 Literature 

1.1 Role of skeletal muscle and adipose tissue 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 tissue, which 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 function of skeletal muscle is to produce force 

for body movement, skeletal muscle is under voluntary control.  

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

or skeletal muscle cells, are surrounded by connective 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 are bundles 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 sarcomeres (Figure 1.2) [1]. Sarcomeres are the 

fundamental units of myofibrils, and it is the interactions between the thick and thin 

filaments within the sarcomeres that result in muscle contraction and force generation 

(Figure 1.2) [1].  Sarcomeres are composed of several 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 I band, which is 

near the adjacent areas between two sarcomeres, and contains thin filaments only 

(Figure 1.2) [1]. In the middle of the A 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 sarcomeres 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 I 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. Fascicles consist of myofibers, which are separated by 
endomysium. The myofiber encloses myofibrils. Modified from Jenkins et 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 Jenkins et 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 differentiation [2]. Adipose tissue is deposited as 

“fat pads”, which in humans are distributed in 3 locations: subcutaneous WAT 

(beneath skin), visceral WAT (around the internal organs), and BAT (under the skin, 

in the paraspinal and interscapular regions) (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: Anterior, flank/inguinal fat pads (subcutaneous 

WAT), mesenteric, retroperitoneal, perirenal, and perigonadal (epididymal in male or 

parametrial in female) fat pads (visceral WAT), interscapular and mediastinal fat pads 

(BAT) (Figure 1.3B). Among them, the most accessible fat pads are the epididymal (or 

parametrial), retroperitoneal, inguinal and interscapular fat pads; therefore, these four 

fat pads are generally used in studies. 
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Figure 1.3 Human 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, there 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 Tran et al [18] 
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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). Approximately 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 functions as a cushion for various organs, and 

carries out secretory functions, such as secreting fatty acids and prostaglandins [1]. 

Current research demonstrates that WAT may be involved in cross talk with many 

other organs to regulate metabolism. Indeed, 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 multilocular appearance, containing multiple 

smaller lipid droplets [9]. BAT also has increased expression of thermogenesis genes, 

such as uncoupling protein 1 (Ucp1), which promotes uncoupled oxidative 

phosphorylation and release of excess energy as heat for body temperature 

maintenance [10]. In addition, the expression of peroxisome proliferator-activated 

receptor-gamma coactivator-1alpha (Pgc-1�.) and peroxisome proliferator-activated 

receptor �., ��/�/, �� (Ppar �., ��/�/, ��) are all elevated in BAT, supporting the increased 

fatty acid oxidation in BAT [11-13]. Increased fatty acid oxidation in BAT contributes 

to decreased circulatory FFA resulting in the alleviation of obesity. 

Recently, numerous publications describe a phenomenon 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 cyclooxygenase-2 (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, such as Ucp1, Cidea, Cpt1b, 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 accumulation [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 30 kg/m2 is 

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 exercise.  However, in some cases, dietary control 

and physical activity are not always sufficient to overcome obesity and metabolic 

syndrome, thus, additional therapeutics are required 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). In the 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 transferred to the blood stream [19]. Conversely, TAG 

can be synthesized from acetyl-CoA by a process called 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 sensitivity 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 FFA [22-24]. 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, transgenic 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 (Lepob/ob) 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 [30-31]. Ay mice are agouti locus 
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(chromosome 2) dominant mutation containing mice [32] and display an obese 

phenotype. Lepob/ob mice lack the 16 kDa leptin protein, which is specifically 

expressed in adipose tissue of normal mice. Loss of leptin protein leads to obesity, 

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

Catch up growth is a form of accelerated growth 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 and insulin resistance [35]. Catch up growth 

experimental rodent models are designed by restricting 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 birth for further study [39-40].   

Obesity is normally associated with numerous other diseases and complications, such 

as heart disease, type 2 diabetes, hypertension, and sleep apnea [18]. Among these 

secondary disorders, type 2 diabetes is most frequently observed in obese patients.  

The following section will review current literature 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 relative insulin deficiency [41]. Many factors 

may lead to the development of type 2 diabetes; namely obesity, hypertension, high 

cholesterol, and metabolic disorders. Among these factors, 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 tissue expansion 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 leads to lipotoxicity, 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 TNF-�. and 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], endoplasmic reticular stress and reactive oxygen 

species (ROS) production, further leading to insulin resistance [47-48].  

As adipose tissue is an endocrine organ, it is able 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 in obesity-induced type 2 diabetes 

As discussed above, failure in adipose tissue expansion leads to excess lipid deposition 

in skeletal muscle. Therefore, the role of skeletal muscle in obesity-induced type 2 

diabetes is closely related to intramyocellular lipid 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 mitochondria, 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 a consequence, 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 acyl-CoA or ceramides, phosphorylate insulin 

receptor substrate (IRS) and activate the serine/threonine kinase cascade. The serine-

phosphorylated forms of IRS are unable to activate phophatidylinositol 3-kinase (PI3 

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 other energy 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 catalytic �. subunit 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]. AMPK has also been shown to enhance fatty 

acid oxidation through a acetyl-coA carboxylase (ACC) and sirtuin 1 (SIRT1) 

signaling pathway. Specifically, activation of AMPK will lead to the phosphorylation 

of ACC, resulting in reduced malonyl-CoA levels, and increased transfer of long chain 

fatty acyl-CoA into the mitochondria via carnitine palmitoyltransferase I (CPT1) for ��-

oxidation (Figure 1.4) [70-71]. AMPK has also been shown to phosphorylate PGC-1�., 

which allows for the subsequent deacetylation of PGC-1�. by SIRT-1.  Deacetylated, 

and thus active PGC-1�., will 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 in the 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. Activation of AMPK also phosphorylates PGC-1�., leading to 
deacetylation of PGC-1�. by SIRT-1 to further enhance fatty acid oxidation. Increased fatty 
acid oxidation thus leads to increased insulin sensitivity. Modified from Zhang et al [73] 
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1.1.8 Role of PPAR signaling in metabolism 

PPARs are ligand-inducible nucleic transcription 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]. PPAR�. activates a transcriptional 

program in skeletal muscle resulting in increased fatty acid uptake, binding, and 

oxidation, hence decreasing tissue FFA and 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]. PPAR�� is believed 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 1.5 PPAR signaling pathway 

Exposure to cold or diet induce increased norepinephrine, activating ��-adrenergic 
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, such as Ucp1, 
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 pertaining 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 also contains 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 under the skin. Modified from Jenkins et 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 healing process 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 stem cell 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 secretion of critical growth factors such as 

transforming growth factor-�� (TGF-��), platelet-derived growth factor (PDGF), and 

FGF from residential inflammation cells [81]. Subsequently, phagocytic neutrophils, 

macrophages, and mesenchymal stem cells are attracted 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 (�.-SMA)-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 for the influx of cells such as neutrophils, 

monocytes, and fibroblasts into wound area [82-83]. Moreover, PDGF also promotes 

fibroblast proliferation, induces the activation 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 differentiation 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 TGF-�� in re-

epithelialization is still paradoxical. However, TGF-�� is responsible for the initiation 

of extracellular matrix deposition and angiogenesis, fibroblast proliferation, and 

myofibroblasts formation [81, 91]. Interestingly, loss of Mstn, a TGF-�� superfamily 

member, has been shown to enhance skeletal muscle regeneration in respone to injury, 

resulting from enhanced satellite cell functionality 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 

regeneration, Mstn-/- 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 wound healing, or deep wound healing includes 
four main phases: inflammation, migration, proliferation 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 recruited and activated to become myofibroblasts. 
Myofibroblasts and collagen exert strength to contract wound edges to fulfill the 
dermal wound healing. Modified from Jenkins et al [1]. 
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1.2.3 Diabetic skin wound healing 

Diabetic patients may exhibit disrupted skin wound healing [94-96] and increased 

prevalence of foot ulcers due to neuropathy, vascular disease, and foot deformities [97-

98]. Impaired keratinocyte proliferation and 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 site. Together 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 changes in critical growth factors during skin 

wound healing in diabetic patients. Specifically, insulin-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 regulated by sensory nerves innervations and 

releasing neuropeptides [109]. It is reported that a decline in sensory nerves, as well as 

increased neuropeptide specific peptidase contribute to the attenuated skin wound 

healing in diabetic patients [110-112]. Extracellular matrix (ECM) plays an important 

role in skin wound healing, especially in skin wound contraction [113-114]. Decreased 

collagen (localized in ECM), which is observed 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 differentiation factor-8 (GDF-8), is a TGF-�� superfamily member. 

Targeted disruption of the myostatin gene (Mstn) 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 a negative regulator of skeletal muscle growth.  
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Figure 1.8 Mutations in Mstn 

Mutations in Mstn gene in mouse (A) [118], dog (B) [123], human child at 7 months 
old (C) [122], Belgian Blue cattle breed (D) (reproduced from Haliba ’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 highly conserved cysteine residues, which are 

involved in the formation of a “cysteine knot” structure, critical for homodimerisation 

of the mature Mstn protein [118, 124]. Mstn is 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) [125-127]. 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 with loss 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 1.9 Mstn structure 

Mstn protein is synthesized as a 376 aa protein. Mstn is a secreted growth factor. In support, in 
the N-terminal region of the Mstn protein, there is a signal peptide (SP) for secretion. 
Following the proteolytic processing of Mstn, at the RSRR site, Mstn is cleaved into a mature 
portion and a latency-associated peptide (LAP) portion. Modified from Joulia-Ekaza et al 
[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 0 

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 IIb muscle fibers (fast-twitch fibers) contain more 

Mstn mRNA and protein when compared to Type I fibers (slow-twitch fibers) [135]. 

Furthermore, myostatin-null (Mstn-/-) mice exhibit more fast-twitch fibers, in the 

predominantly slow-twitch fiber dominated M. soleus muscle.  Moreover, there is a 

transition from slow-twitch fibers to fast-twitch fibers in EDL muscle from Mstn-/- 

mice [136]. Therefore, in Mstn-/- mice, muscle appears to adopt a more glycolytic, 

rather than oxidative, phenotype [137]. Paradoxically, although Mstn-/- mice contain 

more glycolytic fast-twitch fibers, unpublished data 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 regulating both the proliferation and differentiation of 

myoblasts [125, 138], as well as the activation and self-renewal 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 Mstn, myoblasts can neither proliferate nor 

differentiate [125, 138]. Mstn regulates myoblast proliferation through a 

Retinoblastoma (Rb)-dependent signaling pathway. Mstn up-regulates cyclin-

dependent kinase inhibitor 1 (P21) [125], and down 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 myoblast proliferation through the P38 mitogen 

activated protein kinase (MAPK) signaling pathway [140]. The activation of P38 

MAPK by Mstn has been shown to further elevate Mstn expression and also promote 

Mstn-mediated P21 transcription and subsequent inhibition of myoblast proliferation 

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

Mstn is able to regulate myoblast proliferation through a retinoblastoma (Rb)-
dependent signaling pathway. By up-regulating P21 (one of the cyclin-dependent 
kinase inhibitors) and down-regulating cdk2, Mstn promotes the accumulation of 
hypophosphorylated Rb, arresting cells in G1 phase, and blocking of the cell cycle 
proliferation. Modified from Thomas et 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 TGF-�� type I 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�Ẽ 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) MAPK signaling may also be involved in Mstn-

mediated inhibition of myogenesis [144]. In particular, suppression of Erk1/2 

signaling was shown to rescue Mstn-mediated inhibition of myoblast proliferation and 

differentiation. Furthermore, blockade of Erk1/2 signaling also prevented Mstn 

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

Mstn activates the activin type IIB receptor (ActRIIB), and further triggers ALK5, 
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 activation and self-renewal as well as post-natal muscle 

growth and repair.   

Satellite cells are the resident stem cell pool 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 activation through arresting satellite cells in the 

G1 phase of the cell cycle [139]. Moreover, BrdU incorporation demonstrates that 

satellite cells isolated from Mstn-/- mice display increased satellite cell activation when 

compared with WT mice [139, 147].  

Pax7 is a transcription factor which is widely used as a satellite cell marker due to its 

existence both in proliferating and quiescent satellite cells [148-149]. Once activated, 

satellite cells continue to express Pax7 and 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 a quiescent phenotype [149-150]. Published 

results from our laboratory demonstrate that Mstn down-regulates Pax7, which results 

in impaired satellite cell self-renewal [151].  

Previous work from our laboratory indicates that Mstn negatively regulates skeletal 

muscle regeneration [92]. Muscle stem cells, or satellite cells, 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 follows that Mstn may be involved in the negative 

regulation of muscle regeneration after injury. In support, absence of Mstn stimulates 
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increased migration of macrophages, promotes the proliferation myoblasts, and 

reduces fibrosis [92]. In support, in 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 IIB (sActRIIB), a mutated uncleavable Mstn 

propeptide/LAP and Mstn specific neutralizing monoclonal antibodies, are efficient 

methods of inhibiting Mstn signaling [153-154]. Specifically, either overexpression of 

a dominant negative form of ActRIIB in muscle [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 bind to other 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, in the mdx 

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 illness, 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 body fat 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 observed in Mstn-/- 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 the increased hepatic fatty acid oxidation and 

lean phenotype seen in Mstn-/- 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 reduced in Mstn-

/- mice when compared to WT mice, which is consistent with the increased insulin 

sensitivity in Mstn-/- mice [165-166].  In agreement with improved insulin sensitivity, 

insulin signaling is also enhanced in Mstn-/- 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 [73, 166]. 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 reduced adiposity and improved insulin sensitivity 

during obesity. Se-Jin Lee et al. reported that crossing Agouti lethal yellow (Ay) mice 

(details of Ay mice can be found in section 1.1.3) with Mstn-/- mice resulted in 

decreased adipose tissue weight, lower fasting blood glucose level and elevated 

glucose tolerance when compared to Ay mice alone [165]. Furthermore, crossing of 

obese mice (Lepob/ob) with Mstn-/- mice also resulted in reduced fat pad weight and 

improved carbohydrate metabolism [165]. Work from our laboratory revealed that 

severe obesity due to HFD feeding was ameliorated in the absence of Mstn [73]. 

Furthermore, serum insulin, leptin, cholesterol, and TAG are all decreased in Mstn-/- 

mice when compared to WT mice [73, 166, 171-172]. As a consequence of reduced 

adipose accumulation, improved insulin sensitivity and glucose tolerance are also 

observed in Mstn-/- 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 TNF�. level 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 that Mstn-/- mice display a muscle hypertrophy phenotype [118]. 

Therefore, the improved carbohydrate metabolism, observed in Mstn-/- mice, may be 

due to the increased muscle mass rather than the direct effect of Mstn on carbohydrate 

metabolism. However, Wilkes et 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 reported that Mstn 

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, the Mstn gene 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 demonstrate that Mstn-/- 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 in Mstn-/- mice is suggested to be due to deletion of the Mstn 

gene itself, rather than as a result of increased musculature. However, whether or not 

the reduction in adiposity observed in Mstn-/- 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. Guo et al claim that adipose tissue specific deletion of Mstn 

gene could not prevent fat accumulation and insulin resistance [166]. However, due to 

the relatively low expression of Mstn in adipose tissue [118], when compared to 

skeletal muscle and liver expression [118, 134], 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 observed in Mstn-/- mice. 

 

1.3.6 Potential clinical applications for Mstn antagonists in targeting obesity and 

type 2 diabetes  

Mstn regulates whole body homeostasis both prenatally and postnatally. 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 [174-175], as 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 tolerance in Lepob/ob mice, 

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 Lepob/ob 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.    
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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 muscle growth 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 function of Mstn 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 2.1 Common chemical reagents 

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

Acetone; Ammonium Chloride [NH4Cl]; 

Ammonium sulphate; AMP; ATP; Beta-

mercaptoethanol [��Me]; Bovine serum albumin 

[BSA]; BSA, FA-free; Bromophenol blue; L-

carnitine; CaCl2, anhydrous; Coenzyme A; 

Collagenase, Type I; Cytochalasin B; 

Dexamethasone; DMSO; DPBS; DTT; EDTA; 

Etomoxir; Formaldehyde; Formamide; Glycerol; 

D-glucose; HEPES; IBMX; IGEPAL® CA-630; 

Indomethacin; Insulin from bovine pancreas; 

KCl; KHCO; KH2PO4; KOH; Krebs-Ringer 

bicarbonate [KRB] buffer; Malate; Mannitol; 

MgCl2·6H2O; MOPS; Nicotinamide; Normal 

goat serum [NGS]; Palmitic acid; 

Sigma-Aldrich, St. Louis, MO, 

USA 

Paraformaldehyde; Percholoric acid; 

Polyvinylpyrrolidone [PVP]; Polyethylene 

glycol [PEG]; NaHCO3; NaF; Na2HPO4; 
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NaH2PO4; 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, 

Germany DPX mounting medium 

Eosin 

Haematoxylin 

Hydrochloric acid [HCl] 

Methanol 

Sodium hydroxide [NaOH] 

Milli-Q ® water Millipore, Billerica, MA, USA 

Triton® X-100 USB, Cleveland, OH, USA 

Chloroform Fisher Scientific, Pittsburgh, PA, 

USA Phosphoric acid 

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 2.2 Common radioisotopes 

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

2-[3H]-deoxy-D-glucose PerkinElmer Life Sciences, Waltham, 

MA, USA D-[14C]-mannitol 

Adenosine 5’-Triphosphate, [��-32P] 

Palmitic acid[1-14C] 

Palmitic acid[U-14C] 

 

2.1.3 Solutions 

 

2.1.3.1 Western blotting analysis 

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

1 M Tris pH 7.5 0.5 ml 

5 M NaCl 0.5 ml 

0.5 M EDTA 0.1 ml 

IGEPAL® CA-630 10 µl 
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Complete protease inhibitor  ½ tablet 

Milli-Q ® water 8.89 ml 

Total 10 ml 

Store at 4°C 

 

Table 2.4 Protein lysis buffer (for skin) 

1M Na2H2PO4 5 ml 

NaCl 1.461g 

Triton® X-100 1 ml 

SDS 0.1 g 

Top up with Milli-Q® water to 100 ml 

Store at 4°C 

 

Table 2.5 Na2H2PO4 solution (1 M, for skin protein lysis buffer) 

1 M Na2HPO4 14.196 g powder and top up to 100 ml with Milli-Q® water, 

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

same time. 

1 M NaH2PO4 1.380 g of powder and top up to 10 ml with Milli-Q® water. 

100 ml of 1M 

Na2H2PO4 

93.2 ml of 1 M Na2HPO4 + 6.8 ml of 1 M NaH2PO4, pH 8.0 

 

Table 2.6 Transfer buffer  

Tris 15.1 g 

Glycine 75 g 
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Methanol 1 L 

Top up with Milli-Q® water to 5 L 

Store at 4°C 

 

Table 2.7 TBST (Tris-buffered saline with Tween) 

1 M Tris pH 7.5 50 ml 

5 M NaCl 30 ml 

TWEEN® 20 1 ml 

Top up with Milli-Q® water to 1 L 

Store at room temperature 

 

Table 2.8 PVP solution  

Polyvinylpyrrolidone [PVP] 1 g 

Polyethylene glycol [PEG] 1 g 

Bovine serum Albumin [BSA] 0.3 g 

top up with TBST to 100 ml 

Sterile filter before use, store at 4°C 

 

2.1.3.2 RNA electrophoresis 

Table 2.9 MOPS buffer (10X) 

MOPS 41.9 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 4�qC, protected from light 

 

Table 2.10 RNA loading dye (2X) 

MOPS (10X) 10% 

deionised formaldehyde 20% 

deionised formamide 50% 

bromophenol blue 0.02% 

glycerol 5% 

EDTA (pH 8.0) 1 mM 

ethidium bromide 40 ��g/ml 

 

2.1.3.3 Glucose transport in muscle 

Table 2.11 Radioisotope  

2-[3H]-deoxy-D-glucose 1 mCi   

20 Ci/mmol (740 GBq/mmol)  

1 mCi/ml 

D-[14C]-mannitol 

 

50 µCi 

56.6 mCi/mmol  

0.1 mCi/ml 

 

Table 2.12 Stock solution  

KRB buffer 9.5 g powder into 1 L water,  supplemented with 1.26 g sodium 

bicarbonate 
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Insulin 2 mg into 1 ml 0.01M HCl (pH = 2.0) 

Cytochalasin B 400 µg into 20 µl ethanol 

 

Table 2.13 Non-radiolabeled solution  

Final KRB buffer + 

insulin 

Prepare diluted KRB buffer + insulin: 60 µl stock insulin 

solution into 60 ml KRB buffer.  

 500 µl stock insulin solution into 60 ml diluted KRB buffer 

+ insulin 

Cytochalasin B 19.2 µl stock solution into 10 ml KRB buffer 

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

 

Table 2.14 Radiolabeled solution  

2-[3H]-deoxy-D-glucose        36 µl 

D-[14C]-mannitol                   72 µl 

Final KRB buffer + insulin/KRB 

buffer 

24 ml 

 

2.1.3.4 AMPK assays 

Table 2.15 Radioisotope  

Adenosine 5’-Triphosphate, [��-32P] 250 µCi   

3000 Ci/mmol (111 TBq/mmol)  

10 mCi/ml 

 

Table 2.16 Stock 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 

peptide 

Dissolve in water to give 20 mM. Store at –80°C 

 

Table 2.17 Homogenization buffer  

Mannitol 3.6 g 

NaF 0.21 g 

Tris Base 0.12 g 

EDTA 0.037 g 

Beta-mercaptoethanol 

[��Me] 

75 µl (add after pH adjustment) 

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 2.18 Assay buffer stock solution  

HEPES 2.38 g 

NaCl 1.16 g 

Glycerol 20 ml 
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EDTA 0.074 g 

MgCl2 0.254 g 

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

 

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

50 mM AMP 10 µl 

1 M DTT 2 µl 

50 mM ATP 10 µl 

Assay Buffer Working Solution 978 µl 

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

Triphosphate, [��-32P] 

 

Table 2.20 Working assay mix (others) 

Working SAMS peptide 

solution 

5 µl of 20 mM SAMS + 95 µl Milli-Q® water 

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

water 

 

2.1.3.5 Measurement of TAG in white adipose tissue (WAT) 

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

100% Ethanol 475 µl 

80% KOH 25 µl 

 

Table 2.22 HCl (10%, 5 ml) (freshly prepared) 



Chapter 2 Materials and Methods 

50 | P a g e 
 

37% HCl 1.35 ml 

Milli-Q ® water 3.65 ml 

 

Table 2.23 Saturated NaHCO3 (freshly prepared) 

NaHCO3 1.5 g 

Top up with Milli-Q® water to  10 ml 

 

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

Table 2.24 Scott’s tap water 

Sodium Bicarbonate 2 g 

Magnesium Sulphate 20 g 

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 2.25 Reaction mix  

 

Powder Stock solution 
Working solution 

(100 ml) 

 Conc Quantity Conc Quantity 

Sucrose 1 M 17.115 g + 50 ml 

H2O 

100 mM 10 ml 

Tris-HCl pH 7.4 1 M  10 mM 1 ml 

KH2PO4 1 M 6.8 g + 50 ml H2O 5 mM 0.5 ml 

EDTA pH8.0 0.5 M  0.2 mM 40 µl 

NAM 1 M 6.1 g + 50 ml H2O 5 mM 0.5 ml 

TSA 5 mM  1 µM 20 µl 

30% FA-free 

BSA 

30% 3 mg + 10 ml H2O 0.3% 1 ml 

KCl 1 M 3.7 g + 50 ml H2O 80 mM 8 ml 

MgCl2 1 M  1 mM 0.1 ml 

L-carnitine 50 mg/ml 

(0.25 M) 

500 mg + 10 ml H2O 2 mM 0.8 ml 

Malatic acid 100 mg/ml 

(0.75 M) 

100 mg + 1 ml H2O 0.1 mM 13.3 µl 

Coenzyme A 50 mg/ml 

(0.065 M) 

10 mg + 0.2 ml H2O 0.05mM 76.9 µl 

Adjust pH = 8.0, Store at 4°C 
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Table 2.26 Reaction mix (fresh) 

 

Table 2.27 STE buffer (keep in 4°C) 

 Stock solution Final(100ml) 

  Conc Quantity 

Sucrose 1 M 0.25 M 25 ml 

Tris 1 M 10 mM 1 ml 

EDTA 0.5 M 1 mM 0.2 ml 

TSA 5 mM 1 µM 20 µl 

NAM 1 M 5 mM 0.5 ml 

 

Table 2.28 Inhibitor and activator (add before tissue collection) 

 Stock solution Working solution(400 µl ) 

 Conc Quantity Conc Quantity Stock Rx 

ATP 50 mM  2 mM 16 µl 183.6 µl 

DTT 1 M  1 mM 0.4 µl 

Palmitic acid 0.1 M Bring stock reaction 

buffer to RT. 25.643 

mg palmitic acid + 1 

ml H2O, at 70°C to 

dissolve. Then when 

it is hot, add to stock 

reaction buffer 

0 µM 0 µl 176 µl 

100 µM 0.4 µl 175.6 µl 

200 µM 0.8 µl 175.2 µl 

300 µM 1.2 µl 174.8 µl 

400 µM 1.6 µl 174.4 µl 

500 µM 2 µl 174 µl 

Palmitic 

acid[1-14C] 

 50 µCi in 0.5 ml 

Ethanol 

0.4 µCi/ 

reaction 

4 µL (0.1 

µCi/µl ) 
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 Stock solution Working solution(X2) Homogenate 

 Conc Quantity Conc Quantity  

Etomoxir 15 mM 5 mg + 1 ml 

H2O (4°C) 

100 µM 1 µl 149 µl 

AICAR 50 mM  500 µM 1 µl 99 µl 

 

1 M Perchloric acid: 5 ml of 70% perchloric acid + 77.8 ml H2O 

 

2.1.3.8 Assessment of fatty acid oxidation in myotube cultures  

Table 2.29 Incubation medium 

Final concentration  

20 mM HEPES 2 ml of 1 M HEPES 

1 µM L-carnitine Stock solution:1 mM = 12 mg into 50 

ml  

medium, and keep in -20°C 

Take out 0.1 ml 

Top up with 1 x DPBS to 100 ml, pH = 

7.3 

Stock solution: 10 x DPBS 

Keep non-radiolabeled medium in 4°C 

1 µCi/ml palmitic acid[U-14C] For 1 ml medium, add 10 µl of 0.1 

mCi/ml palmitic acid[U-14C] 

 

2.1.3.9 Van Gieson staining (Skin Biopsy) 
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Table 2.30 Van Gieson solution 

1%  (g:ml) aqueous acid fuchsin 10 ml 

Saturated picric acid 90 ml 

Concentrated HCl 0.25 ml 

 

2.1.3.10 Immunohistochemistry (Skin Biopsy) 

Immunohistochemistry for Ki67 antibody: 

Citrate buffer: 2.94 g Sodium citrate + 1 L Milli-Q® water, pH = 6. 

Immunohistochemistry for GDF-8 (myostatin, Mstn) antibody: 

Table 2.31 Blocking buffer 

2% Triton X-100 0.1 ml 

2% BSA 0.1 ml 

NGS 0.05 ml 

Top up with PBS to 1 ml 

 

Table 2.32 PBS-T 

PBS 900 µl 

1%  Tween® 20 100 µl 

 

Table 2.33 Antibody incubation medium 

2% BSA 100 µl 

NGS 50 µl 
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Top up with PBS-T to 1 ml 
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2.2 Methods 

 

2.2.1 Animals 

Wild-type (WT) mice (C57BL/6 background) were bought from the Centre for 

Animal Resources (National University of Singapore, Singapore). Mstn-null (Mstn-/-) 

C57BL/6 mice were kindly given by Se-Jin Lee (Johns Hopkins University, Baltimore, 

MD). Animal experiments were approved by the Institutional Animal Care and Use 

Committee (IACUC), Singapore. For high-fat diet (HFD) trial, 7 week old male mice 

were selected while for skin regeneration project, 6 week old female mice were 

selected, and all mice were derived from different litters. The detailed description of 

animals’ preparation is listed in each chapter.  

 

2.2.2 Western blotting analysis 

M. gastrocnemius (GAS) muscle, WAT (from epididymal fat pad), liver and skin 

samples were homogenized in 1 ml lysis buffer (50 mg muscle, 100 mg WAT and 

skin, and 30 mg liver samples). This was followed by centrifugation at 12,000 rpm for 

15 min at 4°C. The supernatant was collected and protein concentration was analyzed 

using Bradford’s protein assay reagent (Bio-Rad) against BSA standard (Bio-Rad) 

detected at 595 nm. Equal amounts of protein lysates (15 µg for muscle and WAT, 10 

µg for liver and skin samples) were mixed with 4 x loading dye (Invitrogen, Carlsbad, 

CA, USA) and Beta-mercaptoethanol (��Me) (loading dye: ��Me = 3:1, V:V), and 

boiled at 100°C for 5 min. While using SeeBlue Plus2 Pre-stained standard 

(Invitrogen) to indicate the size of protein, samples were resolved by NuPage 4–12% 

gradient Bis-Tris pre-cast polyacrylamide gels (Invitrogen) for electrophoresis. SDS-
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PAGE was run at 50 mA (single gel) or 90 mA (double gels) in Xcell Surelock 

electrophoresis cell (Invitrogen) and 1 x NuPage MES SDS running buffer were used. 

Following electrophoresis, SDS-PAGE gels were rinsed in transfer buffer and 

transferred to Trans-Blot (Bio-Rad) nitrocellulose membrane by electroblotting using 

Xcell II blot module (Invitrogen) at 30 V for 1.5 h (single gel) or 2 h (double gels). 

Upon completion of the transfer procedure, the membrane was stained with Ponceau S 

(Fluka, Sigma-Aldrich) for 1 min and scanned with the GS-800 Calibrated 

Densitometer (Bio-Rad) to estimate equal protein loading. The membranes were then 

washed with tap water for 5 min, and subsequently blocked in TBST with 5% (w/v) 

milk powder overnight at 4�qC. The membrane was  incubated with the desired primary 

and secondary antibodies (conjugated to Horseradish Peroxidase, HRP; Bio-Rad) for 3 

h and 1 h, respectively, at room temperature, while washing with TBST  for 5 min, 5 

times, after each antibody incubation. Alternatively, the membranes were blocked in 

PVP solution for 1h, and incubated with specific primary antibody overnight at 4�qC, 

followed by secondary antibody incubation for 1 h at room temperature. 

Immunoreactivity was detected using Western Lightning Chemiluminescence Reagent 

Plus (NEL104; PerkinElmer Life Sciences). Exposed autoradiography films were 

analyzed by GS-800 Calibrated Densitometer (Bio-Rad). Antibodies used are listed in 

each chapter. 

 

2.2.3 RNA extraction  

Total RNA was extracted using TRIzol reagent (Invitrogen) from M. gastrocnemius 

(GAS) muscle, WAT (from epididymal fat pad), liver according to the manufacturer’s 

protocol. For 1 ml TRIzol, 100 mg muscle, WAT and skin, 30 mg liver were used, and 
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the sample was homogenized using an Ultra-Turrax® (IKA, Wilmington, NC, USA). 

For WAT, an additional centrifugation step (12,000 x g for 10 min at 4°C) was needed 

to remove the excess fat (top layer). After 5 min incubation at room temperature, 200 

��l of chloroform was added, and the tubes were vigorously shaken by hand for 15 s. 

Following incubation at room temperature for a further 3 min, the samples were 

centrifuged at 12,000 x g for 15 min at 4�qC. The aqueous phase was removed to a 

fresh tube, mixed with 0.5 ml of isopropanol, and total RNA was precipitated for 10 

min at room temperature. Total RNA was pelleted by centrifugation at 14,000 x g for 

10 min. The pellet was washed with 1 ml of 75% ethanol and resuspended in an 

appropriate volume of DEPC-treated MQ water (~20 µl), followed by an incubation at 

55°C for 10 min. For skin RNA, an additional purification using the RNeasy® mini kit 

(QIAGEN, Valencia, CA, USA) was performed (see below). RNA was quantified 

using the NanoDrop® spectrophotometer (ND-1000, NanoDrop Technologies Inc., 

Wilmington, DE, USA). All RNA samples were stored at -80°C. 

 

2.2.4 RNA purification using the RNeasy® mini kit (QIAGEN) 

Following RNA isolation, the volume of the RNA solution was adjusted to 100 µl with 

RNase-free water. 350 µl of Buffer RLT and 250 µl of 100% ethanol were added to 

the diluted RNA samples. Samples were applied to an RNeasy mini spin column 

placed in a 2 ml collection tube and centrifuged for 15 s at 8000 x g. The flowthrough 

was discarded. 500 µl of Buffer RPE was subsequently applied to the column and 

centrifuged at 8000 x g for 15 s. Another 500 µl of Buffer RPE was applied to column 

and centrifuged at 8000 x g for 2 min. The RNeasy spin column was placed into a new 

2 ml collection tube and centrifuged at 14,000 x g for 1 min. Finally, the RNeasy spin 
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column was transferred into a fresh 1.5 ml collection tube, where the RNA was eluted 

by the addition of 30 ��l of RNase-free water and subsequent centrifugation for 1 min 

at 8000 x g.  

 

2.2.5 RNA electrophoresis 

Formaldehyde/Agarose gel was prepared as follows: 0.6 g of UltraPureTM Agarose 

(Invitrogen) was dissolved in 40 ml Milli-Q® water and 5 ml of 10 x MOPS buffer was 

added. After cooling down to 40-50°C, 9 ml formaldehyde was added. Total RNA 

concentration was adjusted to 0.2 µg/µl and the diluted RNA concentration was 

reestimated. Total RNA (1 ��g) was mixed with an equal volume of RNA 2 x loading 

dye and incubated at 65°C for 5 min prior to loading. Electrophoresis of RNA was 

between 40-80 V until the desired separation was achieved using 1 x MOPS as 

running buffer. The RNA loading dye contained ethidium bromide and allowed the 

visualization of the RNA by UV illumination. Gel Doc™ XR+ System (Bio-Rad) was 

used to photograph gels. The integrity of the RNA was evaluated by observing the 

quality and resolution of the 28S and 18S ribosomal bands. 

 

2.2.6 cDNA synthesis (muscle, WAT, and liver) 

Synthesis of cDNA was performed using iScriptTM cDNA Synthesis Kit (Bio-Rad). 1 

µg (5 µl) of total RNA was mixed with 4 µl of 5 x iScript reaction mixture, 1 µl of 

iScript reverse transcriptase and 10 µl of Nuclease-free water. The reaction mixture 

was incubated for 5 min at 25°C, followed by 30 min at 42°C, 5 min at 85°C, and 

finally kept in 4°C. cDNA samples were stored at -20°C until further use. 
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2.2.7 cDNA synthesis (skin) 

First-strand synthesis was performed using the SuperScript First-Strand Synthesis 

System (Invitrogen). Firstly, 0.5 ��g of Oligo(dT)12-18 was added to 1.6 ��g of total 

RNA (8 µl)  containing 1 ��l dNTPs (10 mM). This reaction was incubated at 65°C for 

5 min then placed on ice for 1 min. Secondly, the remaining reaction mixture 

containing 2 ��l of 10 x RT Buffer, 4 ��l of 25 mM MgCl2, 2 ��l of 0.1 M DTT and 1 ��l 

RNaseOUT recombinant RNase inhibitor was added to the RNA/primer mixture. The 

reaction tube mixed and incubated at 42°C for 2 min. Finally, SuperScript II RT (50 U) 

was added to the mixture and incubated at 42°C for 50 min. The reaction was 

subsequently terminated by incubation at 70°C for 15 min, followed by treatment with 

1 ��l of RNase H at 37°C for 20 min. cDNA samples were stored at -20°C until further 

use. 

 

2.2.8 Real-time PCR (qPCR) 

Triplicate qPCR reactions were performed (10 µl reactions, each) using Sso Fast 

EvaGreen (Bio-Rad). 20 µl of cDNA isolated from muscle, WAT, and liver samples 

were diluted in 80 µl of sterile Milli-Q® water. Primers were diluted from 100 µM to 2 

µM. 3 µl of the cDNA solution was mixed with 5 µl of Evagreen (Invitrogen), and 1 

µl of forward and reverse primers. The qPCR reaction was conducted on the Bio-Rad 

CFX96 real-time PCR machine. The program is as follows: 98°C incubation for 3 min, 

followed by 45 cycles of 98°C incubation for 3 s, 60°C for 10 s, 72°C for 10 s, and the 

final step of  95°C for 10 s. 60°C was used as annealing temperature for all primers. 

Gene expression was calculated using �¨�¨CT and normalized to GAPDH (a house 
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keeping gene) for muscle, WAT, and liver, L27 (a house keeping gene) for skin. 

Primer sequences used are listed in each chapter. 

 

2.2.9 Glucose transport in muscle 

M. extensor digitorum longus (EDL) muscles were rapidly removed from euthanized 

mice and were pre-incubated in KRB buffer containing 2 mmol/l pyruvate for 20 min, 

followed by a further incubation in KRB buffer containing 3129.3 pmol/l insulin for 

30 min. The muscles were then incubated in KRB buffer containing the same 

concentration of insulin, 1 mmol/l 2-[3H]-deoxy-D-glucose (55500 Bq/ml) and 7 

mmol/l D-[14C]-mannitol (11100 Bq/ml) at 30°C for a further 10 min. During the 

incubation period, Cytochalasin B solution was distributed into 6-well plate, 5 ml/well. 

Glucose transport was terminated by dipping muscles in KRB buffer containing 80 

µmol/l cytochalasin B pre-chilled at 4°C. The muscles were transferred to a 1.5 ml 

lockable Eppendorf tube and subsequently frozen with liquid nitrogen. Muscles were 

weighed and digested by incubating in 250 µl of 1 M NaOH at 80°C for 10 min, 

followed by neutralization with 250 µl of 1 M HCl. Particulates were precipitated by 

centrifugation at 13,000 x g for 5 min. 100 µl supernatant was mixed with 1 ml 

scintillation cocktail (PerkinElmer) for radioactivity counting with a scintillation 

counter (1450 LSC & Luminescence counter, PerkinElmer). Counts were normalized 

to muscle weight.  

 

2.2.10 AMPK assays 

GAS muscle (100 mg) was homogenized with 1 ml homogenization buffer, and 

centrifuged at 12,000 x rpm for 15 min at 4°C.  The supernatant containing 1 mg of 
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muscle protein was centrifuged in a TLA 120.1 rotor (Beckman Coulter, Brea, CA, 

USA) at 37,000 x rpm (48,000 x g) for 30 min at 4°C. The aspirated supernatant was 

then transferred to another pre-chilled 1.5 ml centrifuge tube. 80 mg of ammonium 

sulphate (per 1 mg of protein) was added, and the supernantant was stirred with a 

magnetic stir bar for 30 min. The sample was centrifuged at 37,000 x rpm for 30 min at 

4°C. The supernatant was then discarded and the pellet containing AMPK was 

resuspended in 100 ��l of homogenization buffer. 

The SAMS peptide (His-Met-Arg-Ser-Ala-Met-Ser-Gly-Leu-His-Leu-Val-Lys-Arg-

Arg) utilized in this study was synthesized commercially (School of Biological 

Sciences, Nanyang Technological University). 2 µl of the resuspended AMPK pellet 

was diluted with 8 µl of water. The enzymatic reaction was started by incubating the 

diluted AMPK sample with the SAMS peptide (5 µl) and cocktail (10 µl) for 10 min at 

37°C.  The reaction was terminated by pipetting 15 ��l of incubation mix onto a 15 x 15 

mm piece of P81 Whatman filter paper (Fisher Scientific), allowing at least 20 s for the 

solution to absorb into paper. 150 ml of 1% phosphoric acid was added to the 

incubation mixture absorbed to the Whatman filter paper. The filter paper was washed 

for 5 min, 6 times, with 150 ml of 1% phosphoric acid, followed by a final wash with 

50 ml acetone. The dried filter paper was mixed with 3 ml scintillation cocktail 

(PerkinElmer) and radioactivity was measured with a scintillation counter (1450 LSC 

& Luminescence counter, PerkinElmer). Counts were normalized to protein 

concentration. 

 

2.2.11 Serum collection 

Cardiac puncture was performed on terminated mice with an 18-gauge needle. Blood 

was clotted for 30 min at room temperature, followed by centrifugation at 3,000 x g for 
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15 min at 4°C. Finally, serum (upper layer) was aliquoted and transferred into fresh 

centrifuge tubes and stored at -80°C. 

 

2.2.12 Serum insulin measurement 

Total serum insulin concentrations were measured using the Rat/Mouse Insulin ELISA 

kit (Millipore). Each well was washed 3 times with 300 µl of diluted Wash Buffer. 10 

µl Assay Buffer was added to each well. 10 µl of Matrix solution was aliquoted into 

blank, standard and quality control wells. 10 µl of insulin standard, quality control, and 

serum samples were added to the designated wells and each well was incubated with 

80 µl of detection antibody. After 2 h incubation at room temperature, wells were 

washed 3 times with 300 µl of diluted Wash Buffer. 100 µl of Enzyme Solution was 

added after the wash procedure, and incubated for 30 min at room temperature. Each 

well was washed 6 times with 300 µl of diluted Wash Buffer. Finally, 100 µl Substrate 

Solution was added and incubated for approximately 15 min at room temperature with 

gentle agitation. After addition of 100 µl Stop Solution, the plate was read with 

xMark™ Microplate Absorbance Spectrophotometer (Bio-Rad) at 450 and 590 nm. 

 

2.2.13 Serum total cholesterol measurement 

Total cholesterol concentration was determined using the LabAssayTM cholesterol kit 

(Wako, Chuo-Ku, Osaka, Japan). 2 µl of serum samples and standard solutions were 

mixed with 300 µl chromogen reagents, and incubated at 37°C for 5 min. The solutions 

were read with xMark™ Microplate Absorbance Spectrophotometer (Bio-Rad) at 600 

and 700 nm. 
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2.2.14 Blood triglyceride (TAG) measurement 

Blood TAG levels were analyzed using the Accutrend® Plus meter (Roche Diagnostics, 

Indianapolis, IN, USA). 

 

2.2.15 Serum free fatty acid measurement 

Serum free fatty acid (FFA) levels were measured using the NEFA C kit (Wako). 50 µl 

of serum samples, standard solutions, and distilled water were mixed with 1 ml of R1 

solution and incubated for 10 min at 37°C. 2 ml of R2 solution was added and 

incubated for another 10 min at 37°C. The solutions were read with xMark™ 

Microplate Absorbance Spectrophotometer (Bio-Rad) at 550 nm. 

 

2.2.16 Free glycerol measurement 

The levels of glycerol were analyzed using the Free glycerol determination kit (Sigma-

Aldrich). Free glycerol reagent (0.8 ml) was pipetted into each centrifuge tube, 

followed by the addition of 10 µl of water, glycerol standard, and samples. Solutions 

were mixed by gentle inversion. After incubation at 37°C for 5 min, the solutions were 

read with xMark™ Microplate Absorbance Spectrophotometer (Bio-Rad) at 540 nm. 

 

2.2.17 Measurement of TAG (WAT) 

Lipids were extracted from peripheral tissues using the Folch extraction method [177-

178]. Approximately 400 mg of frozen WAT (from epididymal fat pad) was weighed 

and homogenized in methanol (1.33 ml), followed by addition of chloroform (2.66 ml). 

Following an overnight incubation at 4°C with shaking, 12 µl of 1 M MgCl2 was 
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added and the tube was centrifuged at 1000 g for 1 h at 4°C. The upper (aqueous) 

phase was discarded and the infranatant phase was collected into a fresh tube and 

evaporated to dryness at 70°C overnight followed by dissolving in 1 ml of 1M NaOH 

for determination of protein concentration using Bradford assay. The TAG residue was 

saponified with ethanol/KOH (500 µl/reaction) at 75°C for 20 min. The process was 

then terminated by adding 10% HCl (500 µl/reaction), cooled down to 0°C and then 

slowly neutralized with saturated NaHCO3 (1.5 ml/reaction). The levels of glycerol, 

which reflect the total TAG content in the WAT, were analyzed using the Free 

glycerol determination kit (Sigma-Aldrich).  

 

2.2.18 Serum leptin measurement 

Serum leptin levels were determined using the Mouse leptin ELISA kit (Millipore). 

Each well was washed 3 times with 300 µl of diluted Wash Buffer followed by 

addition of 30 µl Assay Buffer to the background, standard, and quality control wells, 

and 40 µl Assay Buffer to the serum wells. 10 µl Matrix Solution was supplied to 

background, standard, and quality control wells. 10 µl of Assay Buffer, Mouse Leptin 

Standard, Quality Control Buffer, and sample serum was added to the background, 

standard, quality, and serum wells, respectively. 50 µl of antiserum solution was added 

to all wells. After 2 h incubation with shaking at 400 rpm in room temperature, each 

well was washed 3 times with 300 µl of diluted Wash Buffer. Next, all wells were 

incubated with 100 µl detection antibodies for 1 h at room temperature with shaking at 

400 x rpm. Wells were washed 3 times with 300 µl of diluted Wash Buffer, followed 

by incubation with 100 µl of Enzyme Solution for 30 min at room temperature with 

gentle agitation. Finally, 100 µl Substrate Solution was added to each wells and 

incubated for approximately 10-15 min. The procedure was terminated by the addition 



Chapter 2 Materials and Methods 

66 | P a g e 
 

of 100 µl Stop Solution. Solutions were read with xMark™ Microplate Absorbance 

Spectrophotometer (Bio-Rad) at 450 and 590 nm.  

 

2.2.19 Fat pad embedding 

Epididymal fat pads were fixed at room temperature with 10% formalin for 48 h with 

shaking. Following fixation fat pads were then dehydrated in an automated tissue 

processor (TP1020, Leica Wetzlar, Germany) using the following program: 

 

Table 2.34 Fat pad embedding process 

70% Ethanol 1 h 

90% Ethanol 1 h 

100% Ethanol 1 h x 3 times 

Xylene 1 h x 3 times 

Paraffin wax 3 h x 2 times 

 

The dehydrated fat pads were then embedded using the modular tissue embedding 

center (EG 1150, Leica) and sectioned, to give 3-4 µm thick sections, using a rotary 

microtome (RM2265, Leica).  

 

2.2.20 Fat pad sections deparaffinization 

Table 2.35 Fat pad sections deparaffinization process 

 

Fat pad sections were deparaffinized according to the following procedure 
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Xylene 5 min x 2 times 

Xylene + 100% Ethanol 5 min x 2 times 

100% Ethanol 5 min x 2 times 

95% Ethanol 5 min 

90% Ethanol 5 min 

70% Ethanol 5 min 

50% Ethanol 5 min 

PBS 5 min 

 

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

Following deparaffinization, fat pad sections were stained with haematoxylin and 

eosin (H&E) according to the following procedure: 

Table 2.36 WAT H&E staining process 

Haematoxylin 30 s 

Rinse with tap water Until clear 

Stain with Scott’s tap water 2 min 

Rinse with tap water 1 s 

Stain with Eosin 3 min 

Rinse with tap water Until clear 

50% Ethanol 3 dips 

70% Ethanol 3 dips 

95% Ethanol 2 min 

100% Ethanol 2 min x 2 times 
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Xylene 5 min x 2 times 

Mount with DPX 

 

2.2.22 Immunohistochemical (IHC) staining 

Immunohistochemical (IHC) staining of fat pad sections was performed using the 

VECTASTAIN
® 

Elite ABC kit (Vector laboratories, Burlingame, CA, USA). Sections 

were deparaffinized (as stated in above section 2.2.20) and subjected to antigen 

retrieval for 10 min at 100°C in Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, pH 

9.0). After cooling, the sections were washed in PBS for 5 min, and blocked for 20 

min in blocking serum (rabbit) followed by incubation with 1:100 dilution of either 

goat anti-UCP1 (sc-6528; Biotechnology, Santa Cruz, CA, USA) or goat anti-COX-2 

(sc-1745; Santa Cruz Biotechnology) for 30 min at room temperature. The sections 

were washed for 5 min in PBS and incubated with (1:200) rabbit anti-goat biotinylated 

secondary antibody for 30 min at room temperature. Sections were washed for 5 min 

in PBS and incubated with VECTASTAIN
® 

Elite ABC reagent for 30 min at room 

temperature. After a 5 min wash, UCP1 and COX-2 immunostaining was visualized 

by peroxidase substrate solution (DAB; Vector laboratories). Peroxidase substrate 

solution was incubated on the section for 2-10 min until the desired stain intensity 

developed. Stained sections were washed for 5 min with tap water, and counterstained 

with haematoxylin. Slides were mounted with DPX. Haematoxylin staining was 

performed according to the following procedure: 

 
Table 2.37 Haematoxylin staining for IHC staining 

Haematoxylin 5 s 
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Rinse with tap water Until clear 

50% Ethanol 3 dips 

70% Ethanol 3 dips 

95% Ethanol 2 min 

100% Ethanol 2 min x 2 times 

Xylene 5 min x 2 times 

Mount with DPX 

 

2.2.23 Assessment of fatty acid oxidation in tissues 

Radiolabelled palmitic acid [1-14C] was dried on a hot plate at 70°C, combined with 

non-radiolabeled palmitic acid reaction mixture and incubated on a thermo mixer 

(Eppendorf, Hamburg, Germany) at 60°C for 2 h at maximum speed. Liver (200 mg) 

or WAT (Epididymal) (>100 mg) were rinsed in cold STE buffer (liver, 200 mg + 1 ml 

STE buffer; WAT, 200 mg + 0.5 ml STE buffer), homogenized using a glass 2 ml 

Dounce homogenizer (5 strokes), then centrifuged at 420 g for 10 min at 4°C. A small 

volume of supernatant was kept on ice to measure protein concentration (1:10-1:100 

dilutions for BSA assay). 149 µl and 99 µl tissue homogenate supernatant was added 

into Etomoxir and AICAR control group, respectively. A portion (20 µl, ~250-500 µg) 

of the mitochondria containing supernatant was then added to 380 µl of [1-14C] 

Palmitic acid reaction mixture (containing ATP and DTT), to commence the reaction. 

Following incubation at 37°C for 60 min, 200 µl of 1M perchloric acid was 

supplemented to the reaction mixture. The entire reaction mixture was transferred to a 

1.5 ml centrifuge tube containing a Whatman filter paper disc saturated with 20 µl of 

concentrated hyamine hydroxide placed in the tube cap. The filter paper was incubated 

for 1 h, dried, and mixed with 1 ml scintillation cocktail (PerkinElmer). Radioactivity 
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was measured with a scintillation counter (1450 LSC & Luminescence counter, 

PerkinElmer). Counts were normalized to protein concentration. 

 

2.2.24 Measurement of prostaglandin released from WAT explants.  

WAT explants (50 mg) were incubated in 0.5 ml HBSS medium containing 15 mM 

HEPES, 0.5% BSA, 1% penicillin/streptomycin at 37°C/5% CO2 for 8 h. Following 

centrifugation at 5,000 x rpm for 5 min at 4°C, supernatants were collected, snap-

frozen with liquid nitrogen, and stored at -80°C. The levels of Prostaglandin E2 and 6-

keto-prostaglandin F1�. were measured using the Prostaglandin E2 express kit-

Monoclonal and 6-keto-prostaglandin F1�. EIA kits, respectively (Cayman Chemical, 

Ann Arbor, Michigan, USA). 

For measurement of Prostaglandin E2, samples were diluted (1:40 and 1:60) in EIA 

Buffer; 100 µl EIA buffer was added to non-specific binding wells and 50 µl was 

added to maximum binding wells. 50 µl of standard solution and samples was added to 

the designated wells. Finally, 50 µl of Prostaglandin E2 express AChE tracer was 

added to each well. Note, total activity and blank wells did not receive Prostaglandin 

E2 express AChE tracer solution. Prostaglandin E2 express monoclonal antibody was 

supplied to each well except for the total activity, the non-specific binding, and the 

blank wells. The plate was then incubated for 60 min at room temperature with gentle 

shaking. The plate was rinsed 5 times with Wash Buffer, and 200 µl of Ellman’s 

reagent was added to all wells. Additionally, total activity wells received 5 µl of AChE 

tracer. The assay was developed for 60-90 min with shaking in the dark. Plate was 

read with xMark™ Microplate Absorbance Spectrophotometer (Bio-Rad) at 410 nm. 

The development time was terminated when the absorbance of maximum binding 

wells reached a range of 0.3 to 1.0 A.U. (blank subtracted). 



Chapter 2 Materials and Methods 

71 | P a g e 
 

For measurement of 6-keto Prostaglandin F1�. samples were diluted 1:200 and 1:250 

in EIA Buffer. 100 µl EIA buffer was added to non-specific binding wells, and 50 µl 

was added to maximum binding wells. 50 µl of standard solution and samples were 

added to the designated wells.  50 µl of 6-keto Prostaglandin F1�. AChE tracer was 

added to each well, with the exception the total activity and blank wells.  50 µl of 6-

keto Prostaglandin F1�. monoclonal antibody was supplied to each well. Note, total 

activity, non-specific binding, and the blank wells did not receive 6-keto Prostaglandin 

F1�. monoclonal antibody. The plate was then incubated for 18 h at 4°C. The plate was 

rinsed 5 times with Wash Buffer, and 200 µl of Ellman’s reagent was added to all 

wells and total activity wells received 5 µl of AChE tracer. This assay was developed 

for 90-120 min with shaking in the dark. Plate was read with at 410 nm. The 

development time was terminated when the absorbance of maximum binding wells 

reached a range of 0.3 to 1.0 A.U. (blank subtracted). 

 

2.2.25 Assessment of fatty acid oxidation in myotube cultures  

Differentiated (72 h) primary myotubes were grown on a 96-well plate. Before adding 

incubation medium, protein was extracted from control wells (25 µl protein lysis 

buffer/well) and protein concentration was estimated. Each well was supplemented 

with 50 µl/well incubation medium. A 96-well filter plate was activated for capturing 

of CO2 by the addition of freshly made 1 M NaOH (25 µl/well). The plate harbouring 

the cells was clamped together with the filter plate, thus forming a “sandwich”. The 

following is the apparatus set-up (bottom-to-top): cell plate, aluminum foil gasket, 

parafilm (punctured with holes), inversed filter plate, parafilm. The plate sandwich 

was placed in a humid incubator at 37°C, and fatty acid oxidation was allowed to 

proceed for 4 h. After incubation, filter plate was dried and Decon 90 (Decon 
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Laboratories) was added to each well to terminate the reaction. 25 µl/well of 

scintillation cocktail (PerkinElmer) was added, and the amount of 14CO2 captured on 

the filter plate was assessed using a scintillation counter (1450 LSC & Luminescence 

counter, PerkinElmer Life Sciences).  

 

2.2.26 H&E (Skin Biopsy) 

Table 2.38 H&E staining for skin biopsy 

Fix with 4% paraformaldehyde 10 min 

Rinse with running tap water 1 min 

Immerse in 0.1% HCl  2 s 

Eosin  27 s 

Rinse with running tap water Until clear 

Haematoxylin 2 min 30 s 

Rinse with running tap water Until clear 

70% Ethanol 5 min 

80% Ethanol 5 min 

90% Ethanol 5 min 

100% Ethanol 5 min 

Xylene 5 min x 2 times 

Mount with DPX 

 

Images were captured by MIRAX MIDI slide scanner microscope (Carl Zeiss) with a 

10 x objective and MIRAX Scan software. 
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2.2.27 Van Gieson staining (Skin Biopsy) 

Sections were stained with Weigert’s iron hematoxylin (Merck Chemicals) (freshly 

prepared) for 10 min and rinsed with tap water. Sections were then stained with Van 

Gieson solution for 5 min, and rinse with tap water. The sections were then immersed 

in 90% ethanol, and 100% ethanol containing 6 drops of saturated picric acid, both for 

1 min duration. Finally, sections were immersed in xylene for 5 min, 2 times, and 

mounted with DPX. Images were captured by MIRAX MIDI slide scanner microscope 

(Carl Zeiss) with a 10 x objective and MIRAX Scan software. 

 

2.2.28 Immunohistochemistry (Skin Biopsy) 

Immunohistochemistry for Ki67 antibody: 

Cryosections were fixed in 100% acetone at -20ºC for 5 min and then rinsed with 1 x 

PBS for 5 min. For antigen retrieval, sections were immersed in 95-100ºC citrate 

buffer (pH = 6.0) for 10 min and then cooled for 30 min. Next, sections were washed 

in 1 x PBS 2 min for 2 times, and blocked with 0.1% BSA (in PBS) for 30 min at 

room temperature in a humid chamber. Sections were then incubated with rabbit anti-

mouse Ki67 antibody (1:100 dilution in 0.1% BSA) overnight at 4°C, and washed with 

1 x PBS 5 min for 3 times on the following day. Sections were incubated with 

AlexaFluor® goat anti-rabbit 488 IgG antibody (1:250 dilution in 0.1% BSA) for 1 h at 

room temperature. Finally, sections were washed with 1 x PBS for 5 min, 2 times and 

mounted with DAPI-containing mounting medium (Vector Laboratories).  
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Immunohistochemistry for K6 antibody: 

Cryosections were fixed in 100% acetone at -20ºC for 5 min, and rinsed with 1 x PBS 

for 5 min. Sections were then blocked with 15% NGS (in PBS) for 1 h at room 

temperature in a humid chamber. Sections were then incubated with rabbit anti-mouse 

K6 antibody (1:700 dilution in 15% NGS) for 1 h at room temperature and washed 

with 1 x PBS 5 min for 3 times, followed by incubation with AlexaFluor® goat anti 

rabbit 594 IgG antibody (1:250 dilution in 15% NGS) for 1 h at room temperature. 

Finally, sections were washed with 1 x PBS 3 times for 5 min, and mounted with 

DAPI-containing mounting medium (Vector Laboratories).  

 

Immunohistochemistry for F4/80 antibody: 

Cryosections were fixed in 100% acetone at -20ºC for 5 min, then rinsed with 1 x PBS 

for 5 min. Sections were then blocked with 15% NGS (in PBS) for 1 h at room 

temperature in a humid chamber. Sections were then incubated with rat anti-mouse 

F4/80 antibody (1:500 dilution in 15% NGS) for 1 h at room temperature and washed 

with 1 x PBS 3 times for 5 min, followed by incubation with AlexaFluor® goat anti-rat 

488 IgG antibody (1:500 dilution in 15% NGS) for 1 h at room temperature. Finally, 

sections were washed with 1 x PBS 3 times for 5 min, and mounted with DAPI-

containing mounting medium (Vector Laboratories).  

 

Immunohistochemistry for GDF-8 (Mstn) antibody: 

Cryosections were blocked with blocking buffer for 1 h at room temperature in a 

humid chamber. Sections were then incubated with rabbit anti-mouse GDF-8 (Mstn) 
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antibody (1:25 dilution in antibody incubation medium) overnight at 4°C and washed 

with 1 x PBS 5 min for 3 times. Sections were then fixed in 10% buffered formalin for 

5 min at room temperature and then rinsed with 1 x PBS for 5 min, 3 times, followed 

by incubation with biotinylated goat anti-rat IgG antibody (1:300 dilution in antibody 

incubation medium) for 1 h at room temperature. Sections were first washed with 1 x 

PBS 3 times for 5 min, and then incubated in streptavidin-conjugated AlexaFluor® 488 

antibody (1:400 dilution in 0.2% BSA in PBS-T) for 1 h at room temperature. Finally, 

sections were washed with 1x PBS 3 times for 5 min each, and mounted with DAPI-

containing mounting medium (Vector Laboratories). 

 

2.2.29 Statistical analysis 

In this thesis, two-way ANOVA and robust regression analysis were used for multiple 

comparisons and two-tail Student’s-t-tests were performed for single comparisons. P 

value < 0.05 were defined as significant and data were expressed in the form of mean 

±SEM. Number of replicates were listed in each chapter. 

  

2.2.30 Microarray Analysis   

WAT tissue from WT and Mstn-/- CD and HFD fed mice was used for Microarray 

analysis in duplicate followed by gene expression verification using qPCR. RNA 

quality was confirmed by Agilent RNA 6000 Nano Kit and 2100 Bioanalyzer (Agilent, 

Santa Clara, CA, USA) and agilent SurePrint G3 Mouse Gene Expression array 

(Genomax Technologies, Singapore) was used for Microarray experiment. All data 

analysis and statistics was performed using GenSpring software (v.11.0.2) and the 

genes showing a P value < 0.05 using two-tailed Student’s-t-tests and fold changes �t 
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1.5 were considered as significant. Differentially regulated genes are listed in tables in 

each respective chapter.  
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Chapter 3 Myostatin-deficient mice exhibit reduced insulin 

resistance through activating the AMP-activated protein 

kinase signalling pathway 

 

This chapter has been published in Diabetologia, 2011, Volume 54, Number 6, Pages 
1491-1501. 

 

 
 
 

Abstract  

Aims/hypothesis 

Myostatin-null (Mstn-/-) mice have reduced body fat and increased tolerance to glucose. 

To date the molecular mechanisms through which myostatin (Mstn) regulates body fat 

content and insulin sensitivity are not known. Therefore, the aim of the current study 

was to identify signalling pathways through which Mstn regulates insulin sensitivity.  

Methods 
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Wild-type (WT) mice and Mstn-/- mice were fed either a control chow diet or a high fat 

diet (HFD) for 12 weeks. Glucose tolerance testing and insulin stimulated glucose 

uptake by M. extensor digitorum longus (EDL) were used as variables to determine 

insulin sensitivity. Quantitative PCR, Western blotting analysis and enzyme assays 

were used to monitor AMP-activated protein kinase (AMPK) levels and activity.  

 

Results 

Mstn-/- mice exhibited reduced fat accumulation and peripheral insulin resistance when 

compared with WT mice, even when they were fed an HFD. Furthermore, treatment 

with a Mstn antagonist also increased insulin sensitivity during HFD. Consistent with 

increased insulin sensitivity, we also detected elevated levels of GLUT4, AKT, p-AKT 

and IRS-1 in Mstn-/- muscles. Molecular analysis showed that there is increased 

expression and activity of AMPK in Mstn-/- muscles. Furthermore, we also observed 

an increase in the AMPK downstream target genes, Sirt1 and Pgc-1�. (also known as 

Ppargc1a), in skeletal muscle of Mstn-/- mice.  

 

Conclusions/interpretation 

We conclude that Mstn inactivation leads to increased AMPK levels and activity 

resulting in increased insulin sensitivity of skeletal muscle. We propose that, by 

regulating AMPK in skeletal muscle and adipose tissues, Mstn plays a major role in 

regulating insulin signalling.  

 

Keywords p-AKT, AMPK, Glucose, GLUT4, Insulin, Myostatin, PGC-1�., PRKAB1, 

SLC2A4, SIRT1 
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Abbreviations ACC Acetyl-CoA carboxylase; ActRIIB Activin type IIB receptor; 

sActRIIB Soluble activin type IIB receptor; AMPK AMP-activated protein kinase; CD 

Chow diet; CPT-1 Carnitine palmitoyl transferase-1; EDL M. extensor digitorum 

longus; GTT Glucose tolerance test; HFD High fat diet.  
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3.1 Introduction 

Myostatin (Mstn) is a growth and differentiating factor that belongs to the TGF-�� 

superfamily. While a high level of Mstn gene expression is detected in skeletal muscle 

[118], a low level of Mstn expression is also detected in other tissues including adipose 

tissue [118] and heart [129]. Inactivation of the Mstn gene in mice [118] or mutations 

in the bovine [119-120], ovine [121] and human [122] Mstn gene result in a similar 

phenotype of increased muscle growth. Therefore, it is believed that Mstn is a negative 

regulator of skeletal myogenesis and its function is highly conserved during evolution. 

Functionally, Mstn not only regulates the proliferation and differentiation phases of 

myoblast growth [125, 138], but also controls the activation and further proliferation 

of muscle stem cells, the satellite cells [139]. Mstn has been shown to bind to the 

activin type IIB receptor (ActRIIB) and, therefore, either overproduction of a 

dominant negative form of ActRIIB in muscle [126] or treatment of mice with a 

soluble form of ActRIIB [155] (sActRIIB) have been shown to result in increased 

musculature.  

The physiological effects of Mstn deletion are not restricted to skeletal muscle. A 

number of studies have reported significant decreases in the amount of adipose tissue 

in association with loss of Mstn function [165-166, 179]. A flurry of recent research 

also suggests that loss of, or reduction in, Mstn levels leads to increased insulin 

sensitivity. In fact, suppression of Mstn function in mice, through transgenic 

overproduction of the Mstn propeptide, results in resistance to high fat dietary-induced 

obesity and insulin resistance [167]. This finding is further supported by studies on 

insulin resistant human participants, which show increased levels of Mstn in muscle 

and plasma [180]. Interestingly, short-term administration of recombinant Mstn 
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protein has also been shown to induce insulin resistance in mice [180]. In extremely 

obese human participants it was further discovered that there were elevated levels of 

Mstn protein in both muscle and plasma samples [181]. In addition, injection of Mstn-

specific antibodies along with exercise results in significantly increased insulin 

sensitivity [154]. Recently, Guo et al. showed that inhibition of Mstn signalling, 

specifically in adipose tissue, had no effect on glucose and insulin tolerance [166]. 

Contrary to this, muscle-specific inactivation of Mstn resulted in increased lean mass 

and improved glucose metabolism on both standard and high fat diets (HFDs) [166]. 

Although it is clear that lack of Mstn affects glucose uptake and metabolism, the 

specific mechanisms and signalling events in skeletal muscle and adipose tissue that 

help overcome insulin resistance in Mstn-/- mice are not clearly understood.  

Recently, a series of investigations has delineated the role of AMPK (also known as 

PRKAB1) in insulin sensitivity and resistance. AMPK is a heterotrimeric 

serine/threonine kinase, which consists of a catalytic �.-subunit and regulatory ��- and 

��-subunits [182-184]. In skeletal muscle, �.2 [65-66] is the major catalytic isoform 

produced, which forms a heterotrimeric complex with ��2 and ��3 subunits. AMPK acts 

as a metabolic switch, which becomes activated by acute increases in the cellular 

AMP/ATP ratio, such as occurs following exercise, or during conditions such as 

hypoxia, ischaemia or osmotic stress [185]. When intracellular ATP levels are low, 

AMPK switches off ATP-consuming processes, such as glycogen, fatty acid, and 

protein synthesis pathways, and activates alternative pathways for ATP regeneration, 

which include glucose transport, glycolysis and fatty acid oxidation. Activation of 

AMPK has also been shown to improve insulin sensitivity resulting in enhanced 

insulin-mediated glucose uptake in skeletal muscle [67-69].  
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In the current manuscript we have identified the molecular mechanisms that are 

responsible for the increased insulin sensitivity in Mstn-/- mice. Here for the first time 

we show that there is increased abundance of AMPK in skeletal muscle, adipose tissue 

and liver, leading to an overall increase in glucose uptake and reduced fat 

accumulation in Mstn-/- mice, despite being fed on an HFD. This in turn leads to the 

increased sensitivity to insulin in Mstn-/- mice. We further show that treatment with an 

Mstn antagonist also reduces insulin resistance in mice fed on an HFD.  
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3.2 Methods 

 

3.2.1 Animals    

Wild-type (WT) C57BL/6 mice were obtained from the Centre for Animal Resources 

(National University of Singapore, Singapore). Mstn-/- mice (C57BL/6 background) 

were gifted from Se-Jin Lee (Johns Hopkins University, Baltimore, MD). The 

Institutional Animal Care and Use Committee (IACUC), Singapore, approved all 

experiments involving animals. Seven-week-old male Mstn-/- mice and WT littermates 

were derived from different litters and were housed in groups and maintained on 

standard chow diet (CD) at a constant temperature (20°C) under a 12 h/12 h artificial 

light/dark cycle with unlimited access to water until commencement of the trial. Two 

groups, consisting of five WT and five Mstn�í/�í mice each, were either fed HFD (45% 

energy from fat; 58V8, TestDiet, Richmond, IN, USA) or CD (10% energy from 

fat ;58Y2, TestDiet) for 12 weeks. Please see Table 3.1 for details of diet compositions 

(Table 3.1).   

Table 3.1 Diet compositions 

WT and Mstn �í/�í mice were fed either CD or HFD with the following compositions.  

 Nutritional Profile Energy from: 

Chow Diet 
(58Y2, TestDiet) 

Protein 17.3% Protein 18.3% 

 Fat 4.3% Fat 10.2% 

 Carbohydrates 67.4% Carbohydrates 71.5% 

 Fiber 4.7%   

High-fat Diet 
(58V8, TestDiet) 

Protein 21.3% Protein 18.3% 

 Fat 23.6% Fat 45.7% 
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 Carbohydrates 41.2% Carbohydrates 35.5% 

 Fiber 5.8%   

 

For Mstn antagonist studies, 7-week-old male WT mice were fed the same CD or HFD 

(see above) for a period of 12 weeks together with injection (i.p.) of either saline or 

sActRIIB Mstn antagonist (5 ��g/g body weight) three times a week (see section 3.2.4 

for details of purification). Body weight and energy intake (energy intake is equal to 

food consumption multiplied by metabolisable energy content) were measured twice a 

week in all trial mice. Mice were killed 1 week after GTT and insulin tolerance test 

(ITT) analysis, and were not fasted prior to death.  

 

3.2.2 RNA extraction, quantitative real-time PCR (qPCR) 

RNA extraction and PCR were performed as previously described [186] (see section 

2.2.3, 2.2.5, 2.2.6 and 2.2.8 for details). Total RNA was extracted using TRIzol 

reagent (Invitrogen, Carlsbad, CA, USA) from M. gastrocnemius, epididymal fat pad 

(gonadal) and liver. Subsequent cDNA synthesis was performed using the Superscript 

II First strand synthesis system (Invitrogen) from 1 ��g of total RNA. qPCR was 

performed in triplicate in 20 ��l reactions using Sso Fast Evagreen (Bio-Rad, Hercules, 

CA, USA) and the Bio-Rad CFX96 real-time PCR machine. The following PCR 

primers were used for qPCR: Ampk�.2, 5’-CGC CTC TAG TCC TCC ATC AG-3’ and 

5’-ATG TCA CAC GCT TTG CTC TG-3’; Ampk��2, 5’-TCC AGA GGG AGA GCA 

TCA GT-3’ and 5’-ACA TGA TTG GGC TCA GGA AG-3’; Ampk��3, 5’-AGA GCC 

TAG GTG AAG TCA TTG ACA-3’ and 5’-AGA TGG CTT GGG TGT GAG GA-3’; 

Pgc-1�., 5’-AAG TGT GGA ACT CTC TGG AAC TG-3’ and 5’-GGG TTA TCT 
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TGG TTG GCT TTA TG-3’; Glut4, 5’-CTT CTT TGA GAT TGG CCC TGG-3’ and 

5’-AGG TGA AGA TGA AGA AGC CAA GC-3’; Sirt1, 5’-CAG TGT CAT GGT 

TCC TTT GC-3’ and 5’-GCA CCG AGG AAC TAC CTG AT-3’; Gapdh, 5’-AAC 

TTT GGC ATT GTG GAA GG-3’ and 5’-ACA CAT TGG GGG TAG GAA CA-3’.  

 

3.2.3 Western blotting analysis 

Western blotting analysis was performed as previously described [186] (see section 

2.2.2 for details).  The muscle samples were homogenised in lysis buffer (PBS, 

containing 1% NP40, 1 mmol/l EDTA, 10 mmol/l NaF, and Complete protease 

inhibitor [Roche Molecular Biochemicals, Indianapolis, IN, USA]) protease 

inhibitors). Equal amounts of protein lysates were resolved by 4–12% SDS-PAGE 

(Invitrogen) electrophoresis and transferred to nitrocellulose membrane by 

electroblotting. The membranes were blocked in TBST with 5% (wt/vol.) milk powder 

overnight at 4 °C, followed by incubation with specific primary and secondary 

antibodies for 3 h and 1 h respectively at room temperature. Immunoreactivity was 

detected using Western Lightning Chemiluminescence Reagent Plus (NEL104; 

PerkinElmer Life Sciences, Waltham, MA, USA) and exposure to autoradiography 

film. The following primary antibodies were used for western blotting analysis: anti-p-

AMPK�. (Cell Signaling, Danvers, MA, USA); anti-AMPK��3 (Cell Signaling); anti-

GLUT4 (Cell Signaling); anti-IRS-1 (Cell Signaling); anti-p-ACC (Millipore); anti-

AKT (Santa Cruz); anti-p-AKT (Ser473) (Santa Cruz); anti-SIRT1 (Santa Cruz); anti-

PGC-1�. (Santa Cruz); anti-acetylated-lysine (Cell Signaling) and anti-�.-tubulin 

(Sigma-Aldrich, St Louis, MO, USA).  
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3.2.4 Recombinant soluble ActRIIB purification  

Histidine-tagged soluble ActRIIB (sActRIIB) fusion protein was expressed in bacteria 

using the pET expression system (Novagen, Madison, WI, USA). sActRIIB cDNA 

was amplified by PCR as a BamHI fragment and cloned into the pET 16-B vector in 

frame with the 10 histidine residues, according to the manufacturer’s protocol 

(Novagen). The resulting construct was used to transform the BL21 bacterial strain. 

An overnight Escherichia coli culture harbouring the recombinant sActRIIB 

expression vector was diluted (1:50) and grown up to an OD of 0.8 (600 nm) in 1 l of 

Lennox LBroth (LB) medium plus 50 mg/ml ampicillin. sActRIIB fusion protein was 

induced by adding 0.5 mmol/l isopropyl thio-��-galactoside (IPTG) to the culture and 

the induction was continued for 2 h. Bacteria were harvested by centrifugation, 

resuspended in 40 ml of lysis buffer (6 mol/l guanidine hydrochloride, 20 mmol/l Tris 

[pH 8.1], 5 mmol/l 2-mercaptoethanol), sonicated, and centrifuged at 10,000 x g for 30 

min. sActRIIB was purified from the supernatant fraction by Ni-agarose affinity 

chromatography (Qiagen, Valencia, CA, USA), according to the manufacturer’s 

protocol. Column fractions containing sActRIIB were pooled and dialysed against two 

changes of 50 mmol/l Tris-HCl (pH 8.0) containing 150 mmol/l NaCl for 6 h. The 

purity of the recombinant sActRIIB protein was verified by SDS-PAGE.  

 

3.2.5 Insulin and glucose tolerance testing  

The ITT and GTT were performed as previously described in [167] and [187] 

respectively. The insulin tolerance test (ITT) was performed according to the 

previously described protocol [167]. Initial blood samples were collected from trial 

mice following a period of 12 h fasting, after which bovine insulin was injected i.p. at 
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a dose of 0.75 U/kg of body weight. Blood was collected from the tail vein at regular 

intervals (0, 30, 60 and 120 min) following the injection of insulin and the total level 

of blood glucose was measured using a glucometer (ACCU-CHEK, Roche). The 

glucose tolerance test (GTT) was performed according to the protocol described 

previously [187]. Mice were fasted for 12 h, after which mice were injected with 

glucose (1 mg/g) i.p. Blood was collected at different intervals (0, 30, 60 and 120 min) 

and the total level of blood glucose was assessed using a glucometer (ACCU-CHEK, 

Roche).  

 

3.2.6 Biochemical analysis  

Total serum insulin concentrations were measured using the Rat/Mouse Insulin ELISA 

kit (EZRMI-13K; Millipore, Billerica, MA, USA) as per the manufacturer’s guidelines 

(see section 2.2.11 and 2.2.12 for details). Total cholesterol concentration was 

determined using the ‘LabAssay cholesterol’ kit (Wako, Chuo-Ku, Osaka, Japan) (see 

section 2.2.11 and 2.2.13 for details), triglyceride (TAG) levels were analysed using 

the AccutrendPlus meter (Cobas Roche) (see section 2.2.14 for details), and serum 

NEFA levels were measured using the NEFA C kit (Wako) (see section 2.2.11 and 

2.2.15 for details) according to the manufacturer’s protocols. 

 

3.2.7 Glucose transport in muscle    

M. extensor digitorum longus (EDL) were rapidly removed from killed mice and were 

pre-incubated in Krebs–Ringer bicarbonate (KRB) buffer containing 2 mmol/l 

pyruvate for 20 min, followed by a further incubation in KRB buffer containing 

3,129.3 pmol/l insulin for 30 min. The muscles were then incubated in KRB buffer 
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containing the same concentration of insulin, 1 mmol/l 2-deoxy-D-[3H]glucose (55,500 

Bq/ml) and 7 mmol/l D-[14C]mannitol (11,100 Bq/ml) at 30°C for a further 10 min. 

The level of glucose transport was subsequently measured as previously described 

[187-188] (see section 2.2.9 for details).  

 

3.2.8 AMPK assays    

A modified protocol from the Animal Models of Diabetic Complications Consortium 

[189] was used to measure AMPK activity in protein lysates from muscle tissue (see 

section 2.2.10 for details). Briefly, after muscle homogenisation, lysates containing 1 

mg of muscle protein were centrifuged in a TLA 120.1 rotor (Beckman Coulter, Brea, 

CA, USA) at 37,000 x rpm (48,000 x g) for 30 min at 4°C. The supernatant fraction 

was then transferred to another centrifuge tube on ice and stirred together with 144 mg 

of ammonium sulphate, per ml solution, for an incubation period of 30 min. The 

sample was then centrifuged at 37,000 x rpm for 30 min at 4°C, the supernatant 

fraction was discarded, and the pellet resuspended in 100 ��l of homogenisation buffer.  

The SAMS peptide (His-Met-Arg-Ser-Ala-Met-Ser-Gly-Leu-His-Leu-Val-Lys-Arg-

Arg) utilised in this study was synthesised commercially. The reaction was started by 

incubating the resuspended ammonium sulphate pellet into a mixture of water, SAMS 

peptide and radioactive ATP (to 100 ��l of required working assay mix add 2 ��l of 

370,000 Bq/ml P32-��ATP) for 10 min at 37°C. The reaction was terminated by 

pipetting 15 ��l of incubation mix onto a 15 × 15 mm piece of P81 Whatman filter 

paper, allowing at least 20 s for the solution to absorb into paper, then dropping into 

150 ml of 1% phosphoric acid. Finally the filter paper was washed six times, 5 min 

each, in 150 ml of 1% phosphoric acid, followed by a final wash in 50 ml acetone. 
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After drying, the filter paper was measured on a scintillation counter (1450 LSC and 

luminescence counter; PerkinElmer Life Sciences, Waltham, MA, USA).  

 

3.2.9 Statistical analysis 

The data were analysed using two-way ANOVA and robust regression analysis. Not 

all the data were normally distributed. Unlike the conventional regression model based 

on ordinary least square (OLS), the robust model estimates with an iterative 

reweighted least square (IRWLS) algorithm and generates more reliable estimates 

about the influence of mouse genotype and diet type on the outcome. The proposed 

robust model has several advantages over the conventional approach in data analysis. 

First, it analyses the skewed outcome directly without the need to perform back-

transformation for interpretation. This is desirable because arithmetic transformation 

may not necessarily induce normality in the skewed outcome. Second, it does not 

discard any observations in the process even if they are confirmed outliers. Finally, it 

does not impose any strict distributional assumption on the outcome like the 

generalised linear model (GLM), as there is no precise information about the 

outcome’s probabilistic characteristics [190-191].  
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3.3 Results 

 

3.3.1 Mstn-/- mice exhibit a lean phenotype  

Since Mstn-/- mice have reduced white adipose tissue (WAT) content, we wanted to 

investigate the effect of a fat rich diet on muscle metabolism in Mstn-/- mice. In order 

to do this, WT and Mstn-/- mice were fed either HFD or regular CD for 12 weeks. 

During the 12 week diet regimen, no significant difference was noted in the energy 

intake of WT and Mstn-/- mice fed on HFD when compared with their respective CD 

fed controls, but it is important to mention that both the CD and HFD fed Mstn-/- mice 

had increased energy intake over and above that of both CD and HFD WT mice 

(Figure 3.1A). The body weights, muscle weights and fat pad weights from WT and 

Mstn-/- mice fed on HFD were compared with their respective CD fed controls. With 

no change in the amount of food intake, WT mice fed on HFD gained significantly 

more body weight (~65%) as compared with WT mice fed on regular CD (~35%) 

during the 12 week period. In contrast, Mstn-/- mice fed HFD did not significantly 

increase body weight as compared with regular CD fed Mstn-/- mice (Figure 3.1B). 

Feeding HFD did not increase muscle weights significantly either in WT or Mstn-/- 

mice (Figure 3.1C). It is noteworthy to mention that 7-week-old Mstn-/- mice were very 

lean and had significantly reduced fat mass as compared with WT mice at the 

beginning of the HFD trial (Figure 3.1E). Upon HFD feeding, the weights of three 

types of WAT samples (epididymal, retroperitoneal and inguinal) increased 

significantly during the 12 week period in WT mice; while an increase in the weight of 

WAT samples was also observed in Mstn-/- mice during the 12 week period, the 

increase was not statistically significant (Figure 3.1F). Similarly to the findings in 
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adipose tissue, a significant increase in liver weight was seen in WT mice fed on HFD; 

however, in contrast, no such increase in liver weight was observed in the Mstn-/- mice 

fed on HFD (Figure 3.1D).  

 

3.3.2 Decreased circulatory cholesterol levels in Mstn-/- mice 

To determine whether the reduced fat pad weight in Mstn-/- mice occurred in 

conjunction with a decrease in lipid levels, we analysed the circulatory levels of 

cholesterol, TAG and NEFA. In WT mice fed HFD, there was a 110% increase in 

circulatory cholesterol levels when compared with WT CD fed controls, while in Mstn-

/- mice, we observed an increase of 50% in serum cholesterol levels upon HFD feeding 

when compared with Mstn-/- CD fed controls (Figure 3.1G). Therefore, absence of 

Mstn appears to result in reduced circulating cholesterol levels during HFD feeding. In 

contrast to the reduced cholesterol levels, we observed no significant change in TAG 

and NEFA levels between WT and Mstn-/- mice fed either CD or HFD (Figure 

3.1H&3.1I).  

  



Chapter 3 Myostatin-deficient mice exhibit reduced insulin resistance through 
activating the AMP-activated protein kinase signalling pathway 

92 | P a g e 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1 Lean phenotype in Mstn deficient mice.  

(A) Energy intake (kJ mouse�í1 day�í1) of Mstn-/- mice and WT mice during 12 weeks of 
CD and HFD treatment (black diamonds, WT CD; white squares, WT HFD; white 
diamonds, Mstn-/- CD; black squares, Mstn-/- HFD). (B) Body weight increase 
(expressed as a percentage of initial body weight) observed in Mstn-/- mice and WT 
littermates after 12 weeks of CD and HFD treatment. (C) M. gastrocnemius (GAS), M. 
soleus (SOL), M. tibialis anterior (TA), M. EDL and M. quadriceps (QUAD) weights 
after 12 weeks of CD and HFD treatment (black bars, WT CD; grey bars WT HFD; 
white bars Mstn-/- CD; hatched bars, Mstn-/- HFD). (D) Liver weights after 12 weeks of 
CD and HFD treatment. (E) Adipose tissue weights of 7-week-old male Mstn-/- mice 
and WT littermates (black bars, WT; white bars Mstn-/-). (F) Fat pad weights of Mstn-/- 
mice and WT littermates after 12 weeks of CD and HFD treatment (black bars, WT 
CD; grey bars WT HFD; white bars Mstn-/- CD; hatched bars, Mstn-/- HFD). (G) Serum 
total cholesterol, (H) blood TAG and (I) serum NEFA levels of Mstn-/- mice and WT 
mice after 12 weeks of CD and HFD treatment. *P < 0.05, **P < 0.01, ***P < 0.001. 
Error bars represent ± SEM (n = 5).  
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3.3.3 Lack of Mstn reduces insulin resistance  

The lean phenotype of Mstn-/- mice, even when fed a HFD, raised the possibility that 

insulin sensitivity in Mstn-/- mice might be maintained even on an HFD. Therefore, the 

rate of glucose disposal and insulin sensitivity in the WT and Mstn-/- mice was 

measured. Mstn-/- mice had lower fasting blood glucose levels when compared with 

WT mice (Figure 3.2A). Furthermore, WT mice had significantly elevated levels of 

fasting plasma glucose following HFD treatment (8 weeks), when compared with that 

observed at the start of the trial (0 weeks). However, such an increase in fasting 

plasma glucose levels was not detected in Mstn-/- mice fed on HFD (Figure 3.2A). 

Furthermore, with glucose tolerance testing, a phenotype reflecting insulin resistance, 

and therefore significantly higher plasma glucose levels, was observed in WT mice 

when compared with Mstn-/- mice fed on HFD (Figure 3.2B). In addition, Mstn-/- mice 

also showed increased glucose disposal in response to insulin as compared with WT 

mice during ITT (Figure 3.2F).  

 

3.3.4 Increased glucose uptake in the absence of Mstn  

To determine whether or not disruption of Mstn has a cell autonomous effect on 

glucose uptake by muscle, we measured glucose uptake in EDL muscle from both WT 

and Mstn-/- mice. The results show that even at the basal level (unstimulated by 

insulin), there is a 2.7-fold increase in glucose uptake by EDL muscle from Mstn-/- 

mice compared with WT mice. As expected, insulin was able to stimulate glucose 

uptake twofold in WT EDL muscle, and only to a minor extent in Mstn-/- EDL muscle 

(Figure 3.2C). To determine the molecular basis for the improved glucose uptake in 

Mstn-/- muscle, we next estimated insulin levels using ELISA. ELISA analysis was 



Chapter 3 Myostatin-deficient mice exhibit reduced insulin resistance through 
activating the AMP-activated protein kinase signalling pathway 

95 | P a g e 
 

performed using serum collected from non-fasted, non-challenged animals at the time 

of culling. The results show that there was no significant difference in systemic insulin 

levels between WT and Mstn-/- on CD. When challenged with HFD, we observed an 

increase in circulatory insulin levels in the WT mice; however, in contrast, no 

significant change in systemic insulin levels was observed in Mstn-/- mice fed on HFD 

(Figure 3.2D).  
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Figure 3.2 Lack of Mstn reduces insulin resistance in mice.  

(A) Fasting blood glucose levels in WT and Mstn-/- mice at 0 and 8 weeks of HFD 
treatment (black bar, 0 weeks; white bar, 8 weeks). (B) GTT comparing blood glucose 
levels between WT and Mstn-/- mice fed on HFD (white squares, WT HFD; black 
squares, Mstn-/- HFD). (C) Glucose uptake by muscle following insulin stimulation. (D) 
Serum insulin levels in WT and Mstn-/- mice fed on CD or HFD. (E) Blood glucose 
levels during GTT on WT mice fed on CD or HFD in the presence of either saline or 
sActRIIB antagonist (black triangles, WT CD+saline; black squares, WT HFD+saline; 
black diamonds, WT HFD+sActRIIB). (F) Blood glucose levels during an ITT in WT 
and Mstn-/- mice. The graph displays blood glucose levels expressed as a percentage of 
the initial blood glucose level following a 12 h period of fasting (black diamonds, WT; 
white squares, Mstn-/-). *P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent 
±SEM (n = 3)  
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3.3.5 Lack of Mstn increases insulin signalling  

We next performed qPCR and Western blotting analysis on molecules involved in the 

insulin-signalling pathway. The results show that there is a significant increase in the 

expression levels of Glut4 (also known as Slc2a4; Figure 3.3A) in muscle from Mstn-/- 

mice when compared with WT muscles. When challenged with HFD, we observed 

further upregulation of Glut4 expression levels in Mstn-/- muscle tissue, whereas no 

such increase is seen in muscles from the WT mice (Figure 3.3A). Western blotting 

analysis further confirmed this result and showed that indeed there was upregulation of 

GLUT4 protein content in muscle tissue from Mstn-/- fed HFD (Figure 3.3B). Western 

blotting analysis also demonstrated an increase in total AKT protein in Mstn-/- muscles 

(Figure 3.3B). As a result, increased p-AKT levels were observed in Mstn-/- muscles, 

and when further stimulated with insulin, even greater levels of p-AKT were detected 

in Mstn-/- muscles when compared with WT muscles (Figure 3.3C). Similarly, we also 

observed an increase in total IRS-1 protein in Mstn-/- muscles (Figure 3.3B).  
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Figure 3.3 Molecules involved in the insulin stimulated glucose uptake pathway are 

up-regulated in Mstn-/- mice. 

(A) qPCR analysis of the relative mRNA expression of Glut4 in muscle from WT and 
Mstn-/- mice fed on CD or HFD. (B) Western blotting analysis of GLUT4, AKT and 
IRS-1 protein levels in BF muscle from WT and Mstn-/- mice fed on CD or HFD. (C) 
p-AKT protein level in muscle isolated from WT or Mstn-/- mice without (�í) or with (+) 
insulin stimulation. All samples were collected from M. gastrocnemius. ***P < 0.001. 
Error bars represent ±SEM (n = 3)  
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3.3.6 Interfering with Mstn signalling increases tolerance to glucose  

To ascertain whether or not interfering with Mstn signalling postnatally has a similar 

effect to that observed in Mstn-/-mice, WT mice fed on HFD were treated with 

sActRIIB, which has been previously shown to act as a potent antagonist to Mstn 

activity [192-193]. Treatment with sActRIIB reduced the insulin resistance seen in 

mice fed on a HFD. In a GTT test, we observed a significant elevation in blood 

glucose levels in mice fed a HFD; however, treatment with sActRIIB increased insulin 

sensitivity and enhanced glucose disposal, despite the fact that the mice were fed HFD. 

Thus, as can be seen in Figure 3.2E, glucose levels were similar between mice fed on 

regular CD and HFD fed mice treated with sActRIIB (Figure 3.2E).  

 

3.3.7 Increased levels of AMPK in Mstn-/- mice 

A genome-wide scan for differentially expressed genes revealed that the expression of 

Ampk was up-regulated by several fold in skeletal muscle tissue isolated from Mstn-/- 

mice (data not shown). To study this further, we quantified the expression of Ampk (�.2, 

��2 and ��3 isoforms) in peripheral tissues from WT and Mstn-/- mice that had been fed 

CD or HFD. Subsequent qPCR analysis revealed that mRNA expression of all three 

isoforms of Ampk was significantly up-regulated in Mstn-/- muscles, liver and adipose 

tissues (Figure 3.4). While HFD feeding further up-regulated the mRNA expression of 

both the catalytic (�.) and regulatory (�� and ��) subunits of Ampk in peripheral tissues of 

Mstn-/- mice, no such increase was observed in the peripheral tissues of WT mice fed 

an HFD (Figure 3.4). Western blotting analysis further confirmed that there was 

increased protein production of AMPK��3 in skeletal muscle from Mstn-/- mice (Figure 

3.5A). Furthermore, there was an increase in the phosphorylation of the �.-catalytic 
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subunit (AMPK�.) in skeletal muscle, liver and adipose tissue from Mstn-/- mice 

(Figure 3.5B). It was also observed that there was a significant increase in the levels of 

the AMPK target protein, p-ACC in Mstn-/- skeletal muscle (Figure 3.5A). Consistent 

with these results, a significant increase in AMPK activity is also detected in Mstn-/- 

skeletal muscle (Figure 3.5C). Recently it has been shown that AMPK functions by 

regulating the expression of genes involved in energy metabolism by acting in 

coordination with another metabolic sensor, the NAD-dependent type III deacetylase, 

SIRT1 [72]. Subsequent qPCR analysis indicates that in Mstn-/- muscles there is 

increased expression of Sirt1 mRNA (Figure 3.5D) and its downstream target gene 

Pgc-1�. (also known as Ppargc1a; Figure 3.5E). Consistent with this result, we also 

observed an increase in SIRT1 and PGC-1�. protein abundance in Mstn-/- muscle 

collected from mice fed on both CD and HFD when compared with respective WT 

controls (Figure 3.5F&3.5G). Since increased SIRT1 results in deacetylation of PGC-

1�., we observed lower levels of acetylated PGC-1�. in Mstn-/- mice fed on both CD and 

HFD when compared with respective WT controls. In contrast, there was an increase 

in acetylation of PGC-1�. in WT mice fed HFD when compared with WT CD fed a 

control diet (Figure 3.5H).  
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Figure 3.4 Increased Ampk mRNA expression is seen in Mstn-/- mice. 

Relative mRNA expression levels of Ampk�.2/��2/��3 in GAS muscle, (A-C) WAT 
(epididymal fat pad) (D-F) and liver (G-I) as measured by qPCR in WT and Mstn-/- 
mice fed on CD and HFD. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent 
±SEM (n = 3)  
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Figure 3.5 Increased AMPK activity and augmented SIRT1 signalling is observed in 

Mstn-/- mice. 

(A) AMPK��3 and p-ACC protein level in muscle of WT and Mstn-/- mice as measured 
by Western blotting analysis. (B) p-AMPK�. protein level in muscle, WAT and liver of 
WT and Mstn-/- mice as measured by Western blotting analysis. (C) AMPK activity in 
skeletal muscle as measured by AMPK assay. Relative mRNA expression levels of 
Sirt1 (D) and Pgc-1�. (E) in muscle from WT and Mstn-/- mice fed on CD and HFD as 
measured by qPCR. Western blotting analysis of SIRT1 (F) PGC-1�. (G) and acetyl 
lysine (Ac.Lys) (H) protein level in muscle isolated from WT and Mstn-/- mice fed on 
CD or HFD. Graphs for SIRT1 and PGC-1�. represent densitometric analysis of each 
respective Western blotting analysis normalised to tubulin. The graph for Ac.Lys 
represents the level of acetylated PGC-1�. expressed as a proportion of total PGC-1�.. 
All samples were collected from M. gastrocnemius. *P < 0.05, **P < 0.01, ***P < 
0.001. Error bars represent ±SEM (n = 3)  
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3.4 Discussion 

The data presented here suggest a mechanism whereby Mstn negatively regulates the 

levels of AMPK in peripheral tissues, and thus influences insulin sensitivity (Figure 

3.6). Increased abundance and activity of AMPK, as observed in Mstn-/- mice, will lead 

to enhanced fatty acid oxidation and decreased lipid storage, which is consistent with 

both the reduced fat accumulation and reduced insulin resistance observed in Mstn-/- 

mice. These findings reveal Mstn as a novel regulator of fat and glucose metabolism, 

and suggest that Mstn antagonists may be of benefit in treating obesity and insulin 

resistance.  
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Figure 3.6 Proposed mechanism.  

Loss of Mstn will lead to the activation of AMPK, resulting in the phosphorylation of 
ACC, leading to reduced malonyl-CoA and increased long chain fatty acyl CoA flux 
into mitochondria via carnitine palmitoyl transferase-1 (CPT-1) resulting in increased 
fatty acid oxidation. Activation of AMPK will also phosphorylate PGC-1�., which is 
further deacetylated by SIRT1, resulting in increased fatty acid oxidation. Activation 
of AMPK not only leads to increased fatty acid oxidation, it also promotes glucose 
uptake by accelerating GLUT4 trafficking to the membrane. Therefore, a combination 
of increased fatty acid oxidation and enhanced glucose uptake will result in enhanced 
insulin sensitivity in the absence of Mstn. 
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In contrast to WT mice, Mstn-/- mice had reduced adipose tissue and failed to 

accumulate fat in adipose tissue even on an HFD (Figure 3.1F). Prolonged high caloric 

intake leads to metabolic overload and increased TAG levels, resulting in adipocyte 

hypertrophy and increased inflammatory response [23]. Macrophage accumulation in 

turn leads to secretion of pro-inflammatory cytokines such as TNF-�., resulting in 

further requirement of macrophages and insulin resistance [23]. It is noteworthy to 

mention that in Mstn-/- mice there are reduced levels of circulating TNF-�. during HFD 

feeding [171], raising the possibility that this may be partly responsible for the 

increased insulin sensitivity observed in the absence of Mstn during HFD feeding 

(Figure 3.1F).  

Absence of Mstn results in increased Ampk mRNA expression in skeletal muscle, 

adipose tissue and liver (Figure 3.4). Furthermore, we observed increased protein 

levels of the AMPK�� subunit in skeletal muscle, and increased phosphorylation of the 

catalytic AMPK�. subunit in skeletal muscle, WAT and liver from Mstn-/- mice (Figure 

3.5A&3.5B). Consistent with enhanced AMPK production we also observed enhanced 

activity of AMPK in skeletal muscle (Figure 3.5C). AMPK plays a critical role in 

energy metabolism. Increased AMPK activation leads to phosphorylation and thus 

inhibition of ACC enzyme activity (Figure 3.5A). Reduced ACC enzyme activity leads 

to reduced malonyl-CoA expression, which further limits fatty acid synthesis and 

increases fatty acid oxidation. In addition to ACC, it has recently been demonstrated 

that AMPK controls the expression of genes involved in energy metabolism by 

modulating another metabolic sensor, the NAD+-dependent type III deacetylase, 

SIRT1 [72]. AMPK enhances SIRT1 activity by increasing NAD+ levels resulting in 

deacetylation and further activation of SIRT1 targets including PGC-1�., leading to 

increased expression of mitochondrial and lipid metabolism genes [72]. Thus, it is 
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quite possible that the acute actions of AMPK in lipid metabolism in Mstn �í/�í mice 

could also be signalled via the decreased acetylation of PGC-1�. observed in Mstn-/- 

mice (Figure 3.5H). However, there is an anomaly; as others and we have shown [136-

137, 147], in Mstn-/- mice there are a greater proportion of fast twitch glycolytic 

muscle fibres (type IIB). Therefore, one would expect muscles from Mstn-/- mice to be 

more glycolytic rather than oxidative in nature, as is described here. Interestingly, 

although predominately fast glycolytic in nature, unpublished data from our lab 

suggests that there is increased mitochondrial biogenesis, due to fission, in Mstn-/- fast 

twitch fibres from the EDL muscle (S. Lokireddy, C. McFarlane, M. Sharma and R. 

Kambadur, unpublished data). Furthermore, Mstn-/- muscles on average have higher 

numbers of muscle fibres. Therefore, we speculate that a combination of increased 

number of mitochondria due to augmented biogenesis and increased muscle fibre 

number due to hyperplasia are the main driving forces behind the fast glycolytic fibres 

of Mstn-/- muscles adopting a more oxidative nature, in at least as far as ATP 

generation is concerned. The benefits of increased fast glycolytic muscle fibre content 

to metabolic syndrome are clear. Specifically, Izumiya et al. have previously 

demonstrated that overexpression of a constitutively active form of AKT1 in muscle 

results in dramatic hypertrophy of type IIB fast glycolytic muscle fibres. Moreover, the 

increased type IIB muscle mass resulted in resistance to diet-induced obesity, 

improved sensitivity to insulin and enhanced hepatic fatty acid oxidation [168].  

In addition to the reduced adiposity, Mstn-/- mice and, for that matter, mice treated with 

sActRIIB, the Mstn antagonist, have improved tolerance to glucose and increased 

sensitivity to insulin (Figure 3.2). This increased sensitivity to insulin appears to be 

due to increased insulin signalling rather than increased insulin secretion, since gene 

expression and Western blotting analysis confirms that there are increased GLUT4 
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levels and increased phosphorylation of AKT (Figure 3.3). We propose that increased 

insulin signalling in Mstn-/- mice is due to enhanced AMPK levels and activity. Acute 

activation of AMPK has been previously shown to result in increased insulin-mediated 

glucose uptake by increasing GLUT4 levels. Also, prior incubation of epitrochlearis 

muscles with the AMPK agonist 5-aminoimidazole-4-carboxamide ribonucleoside 

(AICAR) results in a two-fold increase in insulin stimulated glucose transport [67]. 

Furthermore, AICAR treatment of Zucker rats for 8 weeks improved insulin sensitivity 

[194]. Moreover, it has been recently shown that ablation of AMPK activity in skeletal 

muscle exacerbates insulin resistance induced by HFD feeding [188]. Therefore, these 

prior studies support the hypothesis that enhanced AMPK activity leads to increased 

insulin signalling in Mstn-/- mice.  

In contrast to our results, Chen et al. recently showed that Mstn treatment increases 

AMPK abundance in vitro [195]. The inconsistencies between our results and the 

observations made by Chen et al. could be due to the model system used. The addition 

of Mstn protein (Chen et al.) could result in a negative energy balance via Mstn-

induced cachexia [186, 196], leading to a high AMP/ATP ratio resulting in AMPK 

activation. It is important to highlight that we have utilised an HFD model to study the 

regulation of glucose metabolism by Mstn and, much like previously published reports 

[166, 171], we find reduced insulin resistance and enhanced glucose uptake, which is 

consistent with the increase in AMPK activity shown in the present study.  

As previously reported, Mstn-/- mice are much larger than normal WT mice, which is 

due to a dramatic increase in skeletal muscle mass [118]. Thus, Mstn-/- mice require 

more energy to maintain this phenotype.  In addition, as shown in Chapter 4 of the 

current thesis, Mstn-/- mice display increased thermogenesis with associated energy 
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uncoupling and increased body temperature when compared to WT mice. Therefore, 

as described in Chapter 4, the extra energy Mstn-/- mice consume is being utilized 

through oxidation or dissipated as heat.   

In summary, the results presented here demonstrate that lack of Mstn increases insulin 

signalling and enhances insulin sensitivity in skeletal muscle by increasing AMPK 

signalling. Furthermore, these results suggest that Mstn antagonists would have utility 

in resisting obesity and, moreover, in increasing insulin sensitivity during obesity 

(Figure 3.6).   
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Chapter 4 Inhibition of myostatin protects against diet-

induced obesity through enhancing fatty acid oxidation and 

promoting brown adipose phenotype  
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Abstract 

Aims/hypothesis  Although Myostatin-null (Mstn-/-) mice fail to accumulate fat in 

adipose tissue when fed high-fat diet (HFD), little is presently known about the 

molecular mechanism(s) behind this phenomenon.  Therefore the aim of the current 

study is to identify signaling pathways through which myostatin (Mstn) regulates 

accumulation/utilization of fat.   
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Methods  Wild-type (WT), Mstn-/- and WT mice treated with soluble Activin Type IIB 

Receptor (sActRIIB) were fed either control chow diet or HFD for 12 weeks.  Gene 

expression changes were measured through Microarray and Quantitative PCR.  

Histological changes in white adipose tissue were assessed together with peripheral 

tissue fatty acid oxidation and changes in circulating hormones following HFD feeding.   

Results  Results presented here demonstrate that inactivation of Mstn, results in 

reduced fat accumulation in mice HFD.  Molecular analysis revealed that metabolic 

benefits, due to lack of Mstn, are mediated through at least two independent 

mechanisms.  Firstly, lack of Mstn increased fatty acid oxidation in peripheral tissues 

through induction of enzymes involved in lipolysis and fatty acid oxidation in 

mitochondria. Secondly, inactivation of Mstn also enhanced brown adipose formation 

in white adipose tissue of Mstn-/- mice.  Consistent with above results, treatment of 

mice on HFD with sActRIIB Mstn antagonist reduced the obesity phenotype.   

Conclusions/interpretation  We conclude that absence of Mstn results in enhanced 

peripheral tissue fatty acid oxidation and increased thermogenesis, culminating in 

increased fat utilization and reduced adipose tissue mass.  Collectively our data 

suggests that anti-Mstn therapeutics would be of great benefit in alleviating obesity.  

 

Keywords: Myostatin, PPAR��, Ucp1, COX-2, Brown Adipose Tissue (BAT), White 

Adipose Tissue (WAT), Prostaglandin, Fatty Acid Oxidation, sActRIIB. 

Abbreviations:  ACC, Acetyl-CoA carboxylase; ActRIIB, Activin Type IIB receptor; 

AMPK, AMP-activated protein kinase; Atgl, Adipose triglyceride lipase; BAT, Brown 

Adipose Tissue; Cpt, Carnitine palmitoyltransferase; Cidea, Cell death-inducing 

DFFA-like effector a; CD, Chow Diet; COX-2, Cyclooxygenase-2; Dio2, Deiodinase 



Chapter 4 Inhibition of myostatin protects against diet-induced obesity through 
enhancing fatty acid oxidation and promoting brown adipose phenotype 

115 | P a g e 
 

iodothyronine typeII; EPI, Epididymal; Fasn, fatty acid synthase; GAS, M. 

gastrocnemius; HFD, High-fat diet; Hsl, Hormone sensitive lipase; INGUI, Inguinal; 

IACUC, Institutional Animal Care & Use Committee; Lcad, Long chain acyl-CoA 

dehydrogenase; Lcas, very long chain acyl-CoA synthetase; Mgl, Monoacylglycerol 

lipase; Mstn, Myostatin; Mstn-/-, Myostatin-null; PGC-1�., Peroxisome proliferator-

activated receptor-gamma coactivator-1alpha; PPAR, Peroxisome Proliferator-

Activated Receptor; PG, Prostaglandin; Ptges, Prostaglandin E synthase; qPCR, 

Quantitative real-time PCR; RETRO, Retroperitoneal; sActRIIB, Soluble Activin 

Type IIB Receptor; TAG, Triacylglycerol; Ucp1, Uncoupling protein 1; Ucp2, 

Uncoupling protein 2; Ucp3, Uncoupling protein 3; Vlcad, very long chain acyl-CoA 

Dehydrogenase; WAT, White Adipose Tissue; WT, Wild-type.   
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4.1 Introduction 

Myostatin (Mstn) a secreted growth factor and member of the TGF-�E super-family, 

has recently emerged as an important growth factor that not only regulates levels of 

lean muscle mass but also body fat content in mice.  While high levels of Mstn 

expression are detected in skeletal muscle [118], low levels of Mstn are also detected 

in other tissues, including adipose tissue [118] and heart [129].  Inactivation of the 

Mstn gene [118] in mice, or mutations in the bovine [119-120], ovine [121] and 

human Mstn [122] gene result in a similar phenotype of increased muscle growth. In 

addition murine studies have reported significant decreases in the amount of adipose 

tissue in association with loss of Mstn function. For example, McPherron and Lee 

reported that myostatin-null (Mstn-/-) mice, despite having a normal food intake, body 

temperature and a reduced metabolic rate, have significantly less mean total body fat 

and lower serum leptin levels when compared to wild-type (WT) mice fat-pad [165].  

Furthermore, loss of Mstn in genetic models of obesity (agouti lethal yellow and 

Leptin-deficient mice [Lepob/ob]) suppressed body fat accumulation [165]. Similarly, 

Mstn Prodomain over expressing transgenic mice (in which Mstn function is blocked) 

also displayed significantly decreased fat-pad weight and moreover were resistant to 

high-fat diet (HFD)-induced obesity [167].  These results suggest that loss of 

functional Mstn, while increasing muscle mass, decreases body fat accumulation.  

However in contrast, Feldman et al reported that ectopic expression of Mstn, 

specifically in adipose tissue, induces adipose wasting [170]. Therefore the exact role 

of Mstn in regulating adipose tissue growth and functionality remains to be fully 

understood. 
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Increased peripheral tissue fatty acid oxidation can lead to increased energy 

expenditure to protect against obesity.  Adipose tissue plays a critical function, in this 

regard, since white adipose tissue (WAT) acts as energy storing organ and brown 

adipose tissue (BAT) acts as an energy consuming organ.  White adipocytes are 

characterized by a large unilocular lipid droplet, whereas brown adipocytes contain 

multiple relatively small lipid droplets, giving it the characteristic multilocular 

appearance.  Brown adipocytes also contain large numbers of mitochondria with 

densely packed regularly arranged cristae [9], a characteristic of high mitochondrial 

activity. BAT is an important regulator of thermogenesis, in fact BAT expresses high 

levels of Uncoupling protein 1 (Ucp1), which functions to uncouple oxidative 

phosphorylation, resulting in release of excess energy as heat to maintain normal body 

temperature. Furthermore, genes including Dio2, Cidea, PGC-1�., as well as members 

of the peroxisome proliferator-activated receptor (PPAR) family, are also highly 

enriched in BAT. Interestingly, differentiated WAT has been shown to acquire BAT-

like properties, in particular, exposure to cold or stimulation with a ��3-adrenergic 

agonist can induce the emergence of multilocular, Ucp1 expressing, brown adipocyte 

depots in WAT [14-16].  

Here, we have identified molecular mechanisms which promote leaness in the absence 

of Mstn.  We show that lack of Mstn promotes increased fatty acid oxidation in 

peripheral tissues as well as increased proportion of Brown-like adipose tissue in 

WAT.  As a result, we show that Mstn-/- mice are resistant to obesity even when 

challenged with HFD.  We further show that treatment of mice with a Mstn antagonist, 

sActRIIB, can also protect mice from diet-induced obesity.  These data suggest that 

novel therapeutics, which increase body energy expenditure, are viable as anti-obesity 

drugs.    
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4.2 Methods 

 

4.2.1 Animals.   

Animal experiments were conducted under approval from the Institutional Animal 

Care & Use Committee (IACUC), Singapore.  WT mice (C57BL/6 background) were 

supplied by the Centre for Animal Resources, Singapore (National University of 

Singapore, Singapore).  Mstn-/- mice (C57BL/6 background) were gifted by Prof. Se-

Jin Lee (Johns Hopkins University, Baltimore, MD).  Mstn-/- and WT mice were 

derived from different litters and were housed in groups at a constant temperature 

(20°C) under a 12h/12h artificial light/dark cycle with ad libitum access to water. Two 

groups of seven-week-old male mice, containing 5xWT and 5xMstn-/- mice each, were 

either fed HFD (45% energy from fat; 58V8, TestDiet, Richmond, IN, USA) or CD 

(10% energy from fat; 58Y2, TestDiet) for 12 weeks. Please see Table 3.1 for details 

of diet compositions (Table 3.1). For sActRIIB antagonist studies, seven-week-old 

male WT mice were fed CD or HFD (see above) for a period of 12weeks together with 

intraperitoneal injection of either saline or sActRIIB (5µg/g body weight) 3 times-a-

week.  Generation and purification of the sActRIIB has been previously described in 

detail [73].  Body weight and energy intake (energy intake = food consumption x 

metabolizable energy content) were recorded twice a week in all mice.  Rectal 

temperatures of WT and Mstn-/- mice were measured using a rectal thermometer 

(Thermocouple, Kent Scientific, Torrington, CT, USA).  All measurements and 

analysis were performed on Epididymal WAT (gonadal) and M. gastrocnemius (GAS) 

skeletal muscle unless otherwise stated. 
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4.2.2 RNA extraction and quantitative real-time PCR (qPCR).   

RNA extraction and qPCR were performed as previously described [73] (see section 

2.2.3, 2.2.5, 2.2.6 and 2.2.8 for details). RNA was extracted from M. gastrocnemius 

(GAS) muscle, Epididymal fat pad (gonadal) and liver using TRIzol reagent 

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol.  Synthesis 

of cDNA was performed using the Superscript II First strand synthesis system 

(Invitrogen) from 1µg of total RNA.  qPCR was conducted in triplicate using Sso Fast 

Evagreen and the Bio-Rad CFX96 real-time PCR machine (Bio-Rad, Hercules, CA, 

USA). The following PCR primers were used for qPCR: Cpt1 �., 5’- CTC AGT GGG 

AGC GAC TCT TCA-3’ and 5’- GGC CTC TGT GGT ACA CGA CAA-3’; Cpt2, 5’- 

CAG TGC ACA GAA GCC TCT CTT G-3’ and 5’- CTT CCC AAT GCC GTT CTC 

AA-3’; Lcad, 5’- TCT TGC GAT CAG CTC TTT CA-3’ and 5’- GGT ACA TGT 

GGG AGT ACC CG-3’; Vlcad, 5’- TCC AGA GGT CAG TCA ACA TGA-3’ and 5’- 

CCT GGT CAA TTT TTC GAG AGT CC-3’; Lcas, 5’- TCC GAG ACA GGA CGA 

TGT G -3’ and 5’- AGA CTG GAT CAC TCT CTC AAA CA-3’; Pgc-1�., 5’-AAG 

TGT GGA ACT CTC TGG AAC TG-3’ and 5’-GGG TTA TCT TGG TTG GCT TTA 

TG-3’; Atgl, 5’- CTC ATT CGC TGG CTG CGG CT -3’ and 5’- CCT GCC GAG 

GCC CCG TAG AT -3’; Hsl, 5’- GCT TGG GGA GCT CCA GTC GGA -3’ and 5’- 

CTC CTG GGC CCT GGC TTG AGA -3’; Mgl,  5’- GGG GAT AAA GTG GCG 

GCG CA-3’ and 5’- CTG TCA CGT TCC CCG AGC ACC-3’ ; Fasn, 5’- CCT CAC 

GGC GGC AGC AAG AA -3’ and 5’- CTG CAG AGC CCG TGC CAG AC -3’; 

Acc1, 5’- CTG AAG GCA GCT GAG GAA GTT GGC-3’ and 5’- TCC AGG AAC 

TTC AGC TTG AAC CTG TCT-3’; Ucp1, 5’- AAA CAA GAT TCA TCA ACT CTC 

TG -3’ and 5’- GTC CTT CCT TGG TGT ACA TG -3’; Ucp2, 5’- CCG GGG CCT 

CTG GAA AG -3’ and 5’- CCC AAG CGG AGA AAG GA -3’; Ucp3, 5’- CGA ATT 
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GGC CTC TAC GA -3’ and 5’- TGT AGG CAT CCA TAG TCC C -3’;  Ptgs2/Cox-2, 

5’- GAC AGT CCA CCT ACT TAC AA -3’ and 5’- CTA TGA GTA TGA GTC TGC 

TG -3’;  Ptges, 5’- CAG AGC CCA CCG CAA CGA CA-3’ and 5’- CCA CGG TGT 

GTA CCA CAC GGC-3’; Ppara, 5’- GCA GCT CGT ACA GGT CAT CA -3’ and 5’- 

CTC TTC ATC CCC AAG CGT AG -3’; Pparb, 5’- CGG AGC ATG CGC AGC 

TCG TAC A -3’ and 5’- CCG GTC TCC ACA CAG AAT GAT -3’; Pparg, 5’- CAT 

TCT GGC CCA CCA ACT TC -3’ and 5’- TCA AAG GAA TGC GAG TGG TCT T -

3’; Gapdh, 5’-AAC TTT GGC ATT GTG GAA GG-3’ and 5’-ACA CAT TGG GGG 

TAG GAA CA-3’.   

 

4.2.3 Measurement of triacylglycerol (TAG) in WAT.   

Lipid was extracted from peripheral tissues using a modified version of the Folch 

extraction method, as previously described [177-178] (see section 2.2.17 for details). 

Frozen WAT (Epididymal) was weighed (~400mg) and homogenized in methanol, 

followed by addition of chloroform (1:2 v/v).  Following an overnight incubation at 

4°C, 12µl of 1M MgCl2 was added and the tube was centrifuged at 1000xg for 1h at 

4°C. The upper (aqueous) phase was discarded and the infranatant phase was collected 

into a fresh tube and evaporated to dryness at 70°C. The TAG residue was saponified 

with ethanol/KOH at 75°C for 20min.  The process was then terminated by adding 10% 

HCl, cooled down to 0°C and then slowly neutralized with saturated NaHCO3.  The 

levels of Glycerol, which reflect the total TAG content in the WAT, was analyzed 

using the Free glycerol determination kit (Sigma-Aldrich, St. Louis, MO, USA).  The 

leftover tissue “cake” which formed at the interface between the two phases was dried 

and dissolved in 1ml of 1M NaOH for determination of protein concentration using 

Bradford assay.  
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4.2.4 Measurement of serum NEFA, leptin and blood TAG.   

See section 2.2.11, 2.2.14, 2.2.15 and 2.2.18 for details. Total blood triglyceride (TAG) 

levels were analyzed using the Accutrend® Plus meter (Roche Diagnostics, 

Indianapolis, IN, USA), serum non-esterified fatty acid (NEFA) was measured using the 

NEFA-C kit (Wako, Chuo-Ku, Osaka, Japan) and serum leptin levels were determined 

using the Mouse leptin ELISA kit (Millipore, Billerica, MA, USA), as per the 

manufacturer’s instructions.   

 

4.2.5 H&E staining of WAT.   

Epididymal fat-pad was fixed with 10% formalin for 48h then dehydrated in an 

automated tissue processor (TP1020, Leica Wetzlar, Germany). The fat-pads were 

paraffin embedded, sectioned using a rotary microtome (RM2265, Leica) and 

subsequently stained with haematoxylin and eosin as previously described [166] (See 

section 2.2.19, 2.2.20 and 2.2.21 for details). 

 

4.2.6 Immunohistochemical staining.   

Immunohistochemical staining of fat-pad sections was performed using the 

VECTASTAIN® Elite ABC kit (Vector laboratories, Burlingame, CA, USA) 

according to the manufacturer’s instructions with modification (see 2.2.22 for details). 

Briefly, fat-pad sections were deparaffinized, hydrated and subjected to antigen 

retrieval for 10min at 100�qC in Tris-EDTA buffer (10mM Tris, 1mM EDTA, pH9).  

After cooling, the sections were blocked for 20min in blocking serum (Rabbit) 
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followed by incubation with 1:100 dilution of either goat anti-Ucp1 (sc-6528; 

Biotechnology, Santa Cruz, CA, USA) or goat anti-COX-2 (sc-1745; Santa Cruz 

Biotechnology) specific primary antibody for 30min at RT.  The sections were then 

incubated with (1:200) diluted anti-goat biotinylated secondary antibody for 30min at 

RT, followed by incubation with VECTASTAIN® Elite ABC reagent for 30min at RT.  

Ucp1 and COX-2 immunostaining was visualized using peroxidase substrate solution 

(DAB; Vector laboratories), prior to counterstaining with hematoxylin and mounting 

with DPX. 

 

4.2.7 Assessment of fatty acid oxidation in tissues and myotube cultures.   

Fatty acid oxidation in liver, WAT [197] and myotube cultures [198] was analyzed as 

previously described (see 2.1.3.7, 2.1.3.8, 2.2.23 and 2.2.25 for details).  

[1-14C] Palmitic acid was combined with non-radio-labeled Palmitic acid reaction 

mixture and incubated on a thermo mixer (Eppendorf, Hamburg, Germany) at 60°C 

for 2h. Liver or WAT (Epididymal) were rinsed in cold STE buffer, homogenized 

using a Dounce homogenizer then centrifuged at 420xg for 10min at 4°C.  A portion 

(20µl) of the supernatant containing mitochondria was then added to 380ul of the [1-

14C] Palmitic acid reaction mixture, after prior addition of ATP and DTT, to start the 

reaction.  Following incubation at 37°C for 60min, the reaction mixture was added to 

200µl of 1M perchloric acid together with a filter paper disc containing 20µl of 

concentrated hyamine hydroxide placed in the tube cap. After further incubation for 1h 

the filter paper discs were removed and counted using a liquid scintillation counter 

(1450 LSC & Luminescence counter; PerkinElmer Life Sciences, Waltham, MA, 

USA).   
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Incubation medium was made of DPBS supplemented with 20mM HEPES and 1��M 

L-Carnitine, adjusted to pH7.3, and added to 100 �PM (37000Bq/ml) [U-14C] Palmitic 

acid. 72hr differentiated primary myotubes were grown on a 96-well plate 

supplemented with 50��l/well incubation medium.  A 96-well filter plate was activated 

for capturing of CO2 by the addition of freshly made 1M NaOH (25��l/well). The plate 

harboring the cells was clamped together with the filter plate, forming a “sandwich”, 

with the following bottom-to-top order: cell plate/gasket/inversed filter plate. The plate 

sandwich was placed in an incubator at 37°C, and fatty acid oxidation was allowed to 

proceed for 4h. CO2 produced from cellular respiration during incubation was 

continuously trapped on the filter plate. After incubation, the amount of 14CO2 

captured on the filter plate was assessed using a scintillation counter (PerkinElmer Life 

Sciences). 

 

4.2.8 Measurement of prostaglandin released from WAT explants.   

Assessment of the levels of prostaglandins released from WAT explants was 

performed as previously described [16] (see 2.2.24 for details). WAT explants were 

incubated in medium (15mM HEPES, 0.5% BSA, 1% Penicillin/Streptomycin) at 

37°C/5% CO2 for 8h.  Following centrifugation at 5000rpm for 5min at 4°C, 

supernatants were collected, snap-frozen and stored in -80°C. The levels of 

Prostaglandin E2 and 6-keto-prostaglandin F1�. were measured using the Prostaglandin 

E2 express kit-Monoclonal and 6-keto-prostaglandin F1�. EIA kits respectively 

(Cayman Chemical, Ann Arbor, Michigan, USA) according to the manufacturer’s 

protocol. 
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4.2.9 Microarray Analysis.   

Microarray analysis was performed in duplicate from WAT tissue isolated from WT 

and Mstn-/- mice.  Gene expression changes identified by microarray were 

subsequently verified by qPCR in six different samples per group.  RNA from WAT 

was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer’s guidelines.  RNA integrity was verified using the Agilent RNA 6000 

Nano Kit and 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).  Microarray analysis 

was performed by Genomax Technologies, Singapore, as per their standardized 

techniques, using the Agilent SurePrint G3 Mouse Gene Expression array.  Normalized 

data were used for pair-wise comparisons between WT and Mstn-/- mice fed on CD.  

The resulting gene list from the pair-wise comparison included the genes that showed a 

P value �d 0.05 by using a standard two-tailed unequal variance t-test.  All statistical 

analysis on the microarray data was done using GenSpring software (v.11.0.2).  

Significantly up-regulated genes (�t 1.5-fold), were subsequently verified via qPCR. 

 

4.2.10 Statistical analysis.   

Multiple comparisons were made using two-way ANOVA and robust regression 

analysis.  Single comparisons were made using two-tail Student’s-t-tests.  Data are 

expressed as mean ±SEM and P values < 0.05 were considered significant.  

Experimental replicates are described in relevant figure legends. 
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4.3 Results 

 

4.3.1 Mstn-/- mice exhibit reduced adiposity even when fed HFD.   

Recently we [73] and others [166, 199] have shown that chronic HFD feeding of Mstn-

/- mice resulted in significantly less accumulation of visceral adipose tissue mass and 

improved resistance to diet-induced obesity when compared to WT mice fed HFD.  To 

study this in further detail we fed WT and Mstn-/- mice with either HFD or CD for a 

total period of 12weeks.  While no significant difference was observed in the energy 

intake between WT mice fed either HFD or CD, it was noted that Mstn-/- mice fed 

HFD had increased energy intake over and above that of CD fed Mstn-/- mice (Figure 

4.1A).  As expected, WT mice fed HFD showed a greater increase (~40%) in body 

weight when compared to WT mice fed CD (~23%) after 12weeks of HFD feeding 

(Figure 4.1B).  In contrast, no significant difference in body weight was observed 

between Mstn-/- mice fed CD or HFD, despite the increased energy intake observed in 

Mstn-/- mice fed HFD (Figure 4.1B).  Subsequent quantification of adipocyte area 

revealed that adipocytes from Mstn-/- mice were smaller (< 350 �Pm2), when compared 

to adipocytes in WT mice WAT, where the majority ranged from 350�Pm2-700�Pm2 or 

were greater than 700�Pm2 (Figure 4.1D).  Furthermore, HFD feeding caused 

significant hypertrophy of adipocytes in WT mice, while insignificant hypertrophy 

was observed in Mstn-/- adipocytes (Figure 4.1D).  Consistent with reduced adipose 

content, we found significantly lower TAG accumulation in Mstn-/- WAT when 

compared to WT WAT (Figure 4.1E).  Furthermore we also observed reduced serum 

leptin levels in Mstn-/- when compared to WT mice (Figure 4.1F).  These data suggest 
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that there is reduced fat accumulation in WAT in Mstn-/- mice, which we hypothesized, 

could result from either reduced TAG synthesis or enhanced fatty acid oxidation. 
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Figure 4.1 Absence of Mstn results in a lean phenotype in mice.   

(A) Energy intake (kJ mouse-1day-1) of WT and Mstn-/- mice during 12weeks of CD 
and HFD treatment. (B) Body weight increase (expressed as a percentage of initial 
body weight) observed in WT and Mstn-/- mice after 12weeks of CD and HFD 
treatment. (C) H&E staining and (D) Quantification of Adipocyte size from WAT of 
WT and Mstn-/- mice after 12weeks of CD and HFD treatment. (E) Total TAG content 
in WAT (Epididymal) isolated from WT and Mstn-/- mice, normalized to protein 
content. (F) Total serum leptin levels in WT and Mstn-/- mice.  *P < 0.05, **P < 0.01, 
***P < 0.001.  Error bars represent �rSEM (n = 5).  Scale bar: 100µm.  Magnification: 
10X. 
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4.3.2 Lack of Mstn increases lipolysis and peripheral tissue fatty acid �E-oxidation.   

Microarray analysis revealed elevated expression of enzymes involved in fatty acid 

synthesis, including fatty acid synthase (Fasn) and acetyl-CoA carboxylase 1 

(Acaca/Acc1), in WAT tissue isolated from Mstn-/- mice, when compared to WT mice 

WAT (Table 4.1).  Subsequent qPCR analysis confirmed up regulation of both Fasn 

and Acaca expression in Mstn-/- WAT (Figure 4.2A and 4.2B).  Several fold up 

regulation of genes that code for proteins involved in thermogenesis (Ucp1, Ucp2, 

Cidea, Cpt1b, Dio2), BAT differentiation (Cebpb) and prostaglandin synthesis (Ptgs2, 

Ptges and Ptges2) (Table 4.1) was also seen in Mstn-/- WAT.  Furthermore, qPCR 

analysis revealed that genes encoding for the lipolytic enzymes ATGL, HSL and MGL, 

critical for catalysing hydrolysis of triacylglycerol, diacylglycerol and 

monoacyglycerol respectively, were up-regulated in WAT isolated from Mstn-/- mice 

(Figure 4.2C-4.2E).  Importantly, the expression of genes involved in fatty acid 

oxidation (Ppara, Pparg, Ppargc1a, Ppargc1b, Acadvl, Acadm, Hadha, Acadl, Hadh, 

Hadhb, Acsl1 and Acsm3) was also enhanced in Mstn-/- WAT (Table 4.1).  Moreover, 

qPCR analysis confirmed significant up regulation of Long chain acyl-CoA 

dehydrogenase (Lcad), very long chain acyl-CoA synthetase (Lcas) and very long 

chain acyl-CoA Dehydrogenase (Vlcad) in WAT (Figure 4.3A-4.3C), BAT (Figure 

4.3D-4.3F) and skeletal muscle (Figure 4.4A-4.4C) from CD fed Mstn-/- mice, when 

compared to WT mice fed CD.  Importantly, while increased expression of Vlcad, 

Lcad and Lcas was maintained in WAT, BAT and skeletal muscle of Mstn-/- mice fed 

HFD, no significant increase occurred in WAT (Figure 4.3A-4.3C), BAT (Figure 

4.3D-4.3F) or skeletal muscle (Figure 4.4A-4.4C) tissue from HFD fed WT mice.  

Consistent with increased fatty acid oxidation enzyme expression (Figure 4.3), we also 
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observed a large increase in fatty acid oxidation in WAT, liver (Figure 4.3G) and 

primary myotubes cultures from Mstn-/- mice (Figure 4.4F).  Furthermore, and 

consistent with enhanced fatty acid oxidation, we also found significant reduction in 

NEFA (Figure 4.3H) in Mstn-/- mice, as compared to WT controls.   

 

4.3.3 Increased expression of genes involved with mitochondrial activity in 

peripheral tissues of Mstn-/- mice.   

Microarray analysis revealed increased expression of genes encoding for 

mitochondrial cytochrome c oxidase enzyme subunits Vb (Cox5b), VIIa1 (Cox7a1) 

and VIIIb (Cox8b) (Table 4.1).  Furthermore, qPCR analysis identified a ~6-fold and 

~10-fold induction in Cpt1�D and Cpt2 expression respectively, in WAT from Mstn-/- 

mice fed regular CD when compared to CD fed WT controls (Figure 4.2F and 4.2G).  

Importantly, HFD feeding resulted in further up regulation of both Cpt1 and Cpt2 

expression in WAT from Mstn-/- mice, however, no such increase was seen in WAT 

from WT mice fed HFD.  A modest, yet significant, increase in Cpt1�D and Cpt2 

(Figure 4.4D and 4.4E) expression was also observed in skeletal muscle tissue from 

CD and HFD fed Mstn-/- mice, when compared respective WT controls.  Taken 

together, these data suggest that mitochondrial activity is increased in Mstn-/- WAT, 

which we propose may be one mechanism through which lack of Mstn improves lipid 

metabolism.   
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Table 4.1 Global gene expression changes between WAT from WT and Mstn-/- mice 

fed on CD   

WAT (Epididymal fat pad) was extracted from WT and Mstn-/- mice fed on CD. Genes 
were separated based on Fatty acid oxidation, Mitochondrial activity, Fatty acid 
synthesis, Thermogenesis, Prostaglandin synthesis and BAT differentiation function 
and were at least 1.5-fold up-regulated. 
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Figure 4.2 Increased expression of genes involved in lipolysis, lipid synthesis and 

mitochondrial activity in Mstn-/- mice.   

(A-G) Relative mRNA expression levels of Acc1, Fasn, Atgl, Hsl, Mgl, Cpt1�., Cpt2 
normalized to GAPDH mRNA expression in WAT (Epididymal) as measured by 
qPCR in WT and Mstn-/- mice after 12weeks of CD and HFD treatment. *P < 0.05, **P 
< 0.01, ***P < 0.001. Error bars represent �rSEM (n = 3).  
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Figure 4.3 Lack of Mstn leads to increased Fatty acid oxidation in WAT and Liver.   

(A-C) Relative mRNA expression levels of Lcad, Vlcad, Lcas in WAT (Epididymal 
fat-pad) and Lcad, Vlcad, Lcas in BAT (D-F) normalized to GAPDH mRNA 
expression as measured by qPCR in WT and Mstn-/- mice after 12weeks of CD and 
HFD treatment. (G) Fatty acid oxidation in liver and WAT (Epididymal) in WT and 
Mstn-/- mice, normalized to protein content.  Serum NEFA (H) in WT and Mstn-/- mice.  
*P < 0.05, **P < 0.01, ***P < 0.001.  Error bars represent �rSEM (n = 3). 
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Figure 4.4 Lack of Mstn leads to increased Fatty acid oxidation in skeletal muscle.   

(A-E) Relative mRNA expression of Lcad, Vlcad, Lcas, Cpt1�., Cpt2 in muscle (GAS) 
as measured by qPCR in WT and Mstn-/- mice after 12 weeks of CD and HFD 
treatment.  (F) Fatty acid oxidation in 72 hr differentiated myotube cultures derived 
from WT and Mstn-/- mice, normalized to total protein content per well.  *P < 0.05, 
**P < 0.01, ***P < 0.001.  Error bars represent �rSEM (n = 3). 
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4.3.4 Up-regulation of crucial transcriptional factors and BAT-specific proteins in 

Mstn-/- WAT.   

BAT is primarily responsible for burning lipids, which via uncoupling proteins (such 

as Ucp1), results in dissipation of excess energy as heat [200].  Consistent with this, 

we find significantly elevated (by ~1°C) body temperature in Mstn-/- mice when 

compared to WT mice (Figure 4.5A).  Since we observed elevated body temperature, 

increased expression of fatty acid oxidative enzymes and increased �E-oxidation of 

fatty acids in Mstn-/- mice, we next determined if there was increased accumulation of 

BAT-like cells in Mstn-/- WAT.  Subsequent immunocytochemistry of WAT revealed 

a BAT-like phenotype with a predominance of small cells with rich cytoplasmic 

staining, multilocular lipid droplet appearance (Figure 4.5B) and pronounced Ucp1 

expression in Mstn-/- WAT (Figure 4.5C).  Furthermore qPCR analysis revealed 

increased expression of Ucp1, Ucp2, Ucp3 (Figure 4.5D-4.5F) and genes involved in 

BAT specification and thermogenesis, including Ppara, Pparb, Pparg and Pgc-1�D in 

Mstn-/- WAT, which was further enhanced upon HFD feeding (Figure 4.5G-4.5I).  

Importantly, we neither observed the multilocular phenotype (Figure 4.5B) nor 

increased Ucp1 expression (Figure 4.5C) in WAT from WT mice, moreover no 

increase in Ucp1, Ucp2, Ucp3, Ppara, Pparb, Pparg and Pgc-1�D expression was 

detected upon HFD feeding in WT mice and in fact expression levels of the above 

genes remained relatively low in WT mice WAT, irrespective of diet regimen (Figure 

4.5D-4.5J).  Elevated expression of COX-2 (Cyclooxygenase-2), a rate limiting 

enzyme in prostaglandin synthesis, contributes to the development of a BAT-like or 

“Beige” phenotype in WAT [16].  Therefore we next analysed COX-2 expression via 

immunocytochemistry and qPCR in WAT tissue from WT and Mstn-/- mice.  The 

results revealed strong induction of COX-2 expression in Mstn-/- mice WAT, but not 
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in the WAT from WT mice (Figure 4.6A and 4.6B).  Consistent with elevated Cox-2 

and Ptges expression (Figure 4.6B and 4.6E), we also observed enhanced release of 

PG, PGE2 and PGF1�D, from Mstn-/- mice WAT explants when compared to WT 

controls (Figure 4.6C and 4.6D).   
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Figure 4.5 Enhanced thermogenesis and energy expenditure in WAT from Mstn-/- mice.   

(A) Rectal Body temperatures of WT and Mstn-/- mice. (B) H&E staining of WAT 
from WT and Mstn-/- mice.  (C) Immunohistochemistry analysis of Ucp1 localization 
in WAT from WT and Mstn-/- mice.  qPCR analysis of the relative mRNA expression 
of Ucp1, Ucp2, Ucp3 (D-F), Ppara, Pparb, Pparg (G-I) and Pgc-1�. (J) normalized to 
GAPDH mRNA expression in WAT (Epididymal) of WT and Mstn-/- mice after 
12weeks of CD and HFD treatment. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars 
represent �rSEM (n = 3). Scale bar: 50 µm. Magnification: 20X.  
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Figure 4.6 Enhanced COX-2-mediated PG signaling in WAT from Mstn-/- mice.   

(A) Immunohistochemistry analysis of COX-2 localization in WAT from WT and 
Mstn-/- mice. (B) qPCR analysis of the relative mRNA expression of Ptgs2/ Cox-2 in 
WAT of Mstn-/-  and WT mice. The levels of PGE2 (C) and 6-keto PGF1�D (D) 
released from Mstn-/- and WT mice WAT explants. (E) qPCR analysis of the relative 
mRNA expression of Ptges normalized to GAPDH mRNA expression in WAT from 
WT and Mstn-/- mice. *P < 0.05, **P < 0.01, ***P < 0.001.  Error bars represent 
�rSEM (n = 3).  Scale bar: 50 µm.  Magnification: 20X. 
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4.3.5 Treatment with Mstn antagonist alleviates diet-induced obesity in mice.   

To determine whether or not postnatal inactivation of Mstn has therapeutic benefit, 

WT mice were either fed CD or HFD for a period of 12weeks in the absence (saline) 

or presence of sActRIIB, previously shown to block Mstn signaling.  Despite similar 

energy intake (Figure 4.7A), WT mice fed HFD gained more body weight when 

compared to WT mice fed CD (Figure 4.7B).  Moreover, WT mice fed HFD in 

conjuction with sActRIIB, had reduced body weight gain to that of WT mice fed HFD; 

in fact the body weight gain observed in WT mice treated with sActRIIB was 

comparable to control CD-fed WT mice (Figure 4.7B).  As expected, WT mice fed 

HFD had significantly increased WAT tissue weights (Figure 4.7C) and enhanced 

adipocyte hypertrophy (Figure 4.7D and 4.7E); however, sActRIIB treatment 

significantly reduced WAT weight gain (Figure 4.7C) and the increased adipocyte size 

observed following HFD feeding (Figure 4.7D and 4.7E), which is consistent with 

both reduced body weight gain and smaller WAT weights observed following 

sActRIIB treatment.  As expected, chronic HFD feeding resulted in increased serum 

TAG content (Figure 4.7F), however in contrast, significant reduction in serum TAG 

was observed in sActRIIB treated WT mice fed HFD, and in fact, no significant 

difference in serum TAG level was seen between WT mice fed CD and HFD fed mice 

treated with sActRIIB (Figure 4.7F).   
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Figure 4.7 Postnatal inactivation of Mstn results in an improved metabolic phenotype.   

(A) Energy intake (kJ mouse-1day-1), (B) Body weight increase and (C) Epididymal 
(EPI), Retroperitoneal (RETRO) and Inguinal (INGUI) fat-pad weights observed in 
WT mice fed CD or HFD in the presence of either saline or sActRIIB antagonist. (D) 
H&E staining and (E) Quantification of individual adipocyte area in WAT isolated 
from WT mice fed CD or HFD in the presence of either saline or sActRIIB antagonist. 
(F) Total blood TAG levels of WT mice fed CD or HFD in the presence of either 
saline or sActRIIB antagonist.  (G-L) qPCR analysis of the relative mRNA expression 
of Ucp1, Ucp2, Ppara, Pparg, Pgc-1�. and Ptgs2/Cox-2 normalized to GAPDH 
mRNA expression in WAT from WT mice fed CD or HFD in the presence of either 
saline or sActRIIB antagonist. *P < 0.05, **P < 0.01, ***P < 0.001.  Error bars 
represent �rSEM (n = 3).  Scale bar: 100 µm.  Magnification: 10X. 
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Subsequent qPCR analysis revealed significantly reduced Ucp1, Ucp2, Pgc-1�D, Ppara, 

Pparg and Ptgs2/Cox-2 expression in WAT from HFD fed WT mice when compared 

to control CD fed WT mice (Figure 4.7G-4.7L).  However, we observed significantly 

elevated expression of Ucp1, Ucp2, Pgc-1�D, Ppara, Pparg and Ptgs2/Cox-2, back to 

levels comparable to that observed in control CD fed WT mice, in WAT from HFD 

fed WT mice treated with sActRIIB (Figure 4.7G-4.7L).  Therefore post-natal 

inactivation of Mstn results in a similar WAT gene expression profile to that observed 

in Mstn-/- mice fed HFD.  
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4.4 Discussion 

Mstn-/- mice had atrophied adipocytes and failed to accumulate fat in WAT even when 

fed on HFD (Figure 4.1).  Since this does not appear to be due to redistribution of fat 

in peripheral tissues of Mstn-/- mice [73], we reasoned it could be due to increased 

energy expenditure.  Consistent with this hypothesis, we find significantly increased 

expression of genes critical to mitochondrial activity/function and fatty acid oxidation 

in the peripheral tissues of Mstn-/- mice (Figure 4.3&4.4).  In addition, two recent 

publications also confirmed an increase in total energy expenditure in Mstn-deficient 

mice [154, 201], suggesting that both increased fatty acid oxidation and total energy 

expenditure could be pivotal reasons for reduced adiposity in Mstn-/- mice. However in 

a recent study, Guo et al [166] showed that deletion of Mstn specifically in adipose 

tissue had no significant effects on adipose tissue fat accumulation or metabolic 

homeostasis.  Importantly, Mstn expression is low in adipose tissue [118], when 

compared to skeletal muscle and liver [118, 134], thus conditional deletion of adipose 

tissue-specific expression of Mstn, may not have a dramatic impact on total 

circulatory levels of Mstn.  Moreover, as Mstn functions in an endocrine fashion, we 

speculate that Mstn synthesized and secreted by muscle and liver (in the adipose 

tissue-specific knockout mice) was sufficient to maintain Mstn biological function, 

which may explain why the authors failed to see increased muscle mass and reduced 

fat accumulation in these mice [166].  Here we have used a strain of knockout mice, 

where there is no expression of functional Mstn, and we observed increased 

mitochondrial activity and fatty acid oxidation consistently in WAT, skeletal muscle 

and liver. We do not believe that the increased fatty acid oxidation in WAT is a 

secondary effect of the increased muscle mass observed in Mstn-/- mice, since we 

detected specific up-regulation of genes related to increased mitochondrial activity 
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both in WAT and skeletal muscle.  Furthermore, we also hypothesize that increased 

AMPK kinase activity [73], and enhanced PPAR pathway signalling (Figure 4.5), in 

Mstn-/- mice are the molecular reason for the increased fatty acid oxidation.  Most 

certainly AMPK activation has been shown to increase fatty acid oxidation [72, 202].  

Similarly either over expression of PPAR�� or PPAR�� agonist treatment results in 

increased mitochondrial number and activity, as well as enhancement of both fatty 

acid oxidation enzyme expression and resulting fatty acid oxidation [11].  Consistent 

with this finding, our unpublished results indicate that although Mstn-/- muscle have 

increased MHC type IIB expressing fast twitch fibers [137], they are metabolically 

oxidative in nature, since these fibers have increased mitochondrial number and 

activity (unpublished data, Reddy et al).  Furthermore, histochemical results indeed 

point out that Mstn-/- MHC IIB muscle fibers possess increased succinate 

dehydrogenase (SDH) activity, which is consistent with increased oxidative activity in 

the fast twitch fibers (unpublished data, Reddy et al).  In addition to WAT and skeletal 

muscle we also noted increased fatty acid oxidation in liver, which corroborates the 

recent publication by Wilkes et al who showed decreased liver steatosis in Mstn 

deficient mice following HFD feeding [171]. Interestingly, over expression of 

activated Akt in mice leads to increased fast glycolytic fibers in skeletal muscle and 

increased fatty acid oxidation [168], much like what is observed in Mstn-/- mice.  It is 

noteworthy to mention that these mice have 30% reduction in Mstn levels.  Hence it is 

possible that increased fast glycolytic fibers in Mstn-/- mice could result in increased 

liver fatty acid oxidation. 

Ucp1 was significantly up-regulated in Mstn-/- WAT (Table 4.1 & Figure 4.5). In 

addition, the expression of PPAR members (Ppara, Pparb and Pparg), Pgc-1�., as well 

as crucial factors for controlling adipocyte differentiation, lipolysis, fatty acid 
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oxidation, and thermogenesis was also up-regulated in WAT of Mstn-/- mice (Table 4.1, 

Figure 4.2&4.3). Furthermore, multilocular adipocyte morphology was also observed 

in the WAT of Mstn-/- mice (Figure 4.5).  Together these observations strongly suggest 

that WAT of Mstn-/- mice has acquired characteristics of BAT.  However, further work 

will need to be performed to determine whether or not the appearance of BAT in Mstn-

/- mice WAT is accompanied by increased neural innervation and vascularisation, 

which would be consistent with the increased metabolic activity observed.  Although, 

published reports have described the transient appearance of BAT in WAT in both 

human and experimental animal models [4, 17], the growth factor signaling 

mechanisms that regulate the conversion/formation of brown adipocytes is not known.  

Our results suggest that Mstn could be one such novel growth factor that can 

determine BAT content in WAT.  Our search for the molecular mechanism(s) behind 

Mstn regulation of BAT formation in WAT identified that absence of Mstn induces 

COX-2 expression.  Recently, it was shown that COX-2 is a downstream effecter of �E-

adrenergic signaling in WAT and that up-regulation of COX-2 is required and 

sufficient for de novo production of BAT in WAT deposits.  Once induced, COX-2 

promoted thermogenic gene expression, including Ucp1, Cidea, Cpt1b and Dio2 and 

enhanced prostaglandin release from WAT, resulting in conversion of WAT 

mesenchymal progenitors into a BAT-like or “Beige” phenotype [16].  Similarly, we 

observed elevated thermogenic gene expression (Table 4.1 & Figure 4.5) and 

enhanced prostaglandin release from Mstn-/- mice WAT explants (Figure 4.6), 

suggesting that similar mechanisms, to that seen following �E-adrenergic stimulation, 

may be responsible for the development of BAT in Mstn-/- WAT. Consistent with 

enhanced BAT phenotype, we also observed increased expression of uncoupling 

proteins (Ucp1, Ucp2 and Ucp3) in Mstn-/- WAT, which are responsible for 
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uncoupling and dissipation of energy generated in mitochondria as heat resulting in an 

increase in body temperature (Figure 4.5A). It is important to mention that although 

we observed an enhanced BAT-like phenotype in Mstn-/- mice WAT, we found no 

significant change in BAT morphology or weights (data not shown).   

Further results presented here demonstrate that treatment with an Mstn antagonist 

(sActRIIB) in vivo recapitulates the anti-obesity phenotype observed in Mstn-/- mice, 

which suggests that the blockade of Mstn may be an effective anti-obesity therapy.  

However it remains unclear at this stage if the effects of sActRIIB on WAT gene 

expression are primary or secondary to the increased muscle mass observed following 

sActRIIB treatment [155].  It is noteworthy that in an independent animal trial, 

treatment with Mstn-specific antibodies had no effect on fat mass accretion in adipose 

tissue [154].  This result suggests that not all Mstn antagonists have utility in both 

increasing muscle mass and reducing body fat content.  Here we have used sActRIIB, 

because it has been successfully shown to increase muscle growth in mdx mice [203], 

increase insulin sensitivity during diet-induced obesity [173] and reduce cachectic 

muscle wasting [204], much like what is seen in Mstn-/- mice.  However, sActRIIB can 

bind to several additional ligands in circulation [174-175], suggesting that sActRIIB 

could function through inactivating additional ligands other than Mstn.  Therefore, 

before sActRIIB can be employed as an effective anti-obesity therapeutic, there is a 

further need to determine the target specificity. 

The current results demonstrate that inactivation of Mstn leads to increased resistance 

to HFD-induced obesity in mice.  We propose that increased quantities of “brown-like 

adipose tissue” in WAT together with increased peripheral tissue fatty acid oxidation, 

through enhanced PPAR signaling, are the two main mechanisms through which mice 

are protected against HFD-induced obesity in response to lack of, or inhibition of, 
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Mstn.  These findings highlight Mstn antagonists as a novel class of potential anti-

obesity drugs which function by increasing energy expenditure, rather than limiting 

food/fat intake.   
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Abstract 

Myostatin (Mstn), GDF-8, is a secreted growth factor that belongs to the TGF-�� 

superfamily. Our previous results indicate that Myostatin-null (Mstn-/-) mice not only 

have increased myogenesis, but also have a lean phenotype and improved insulin 

sensitivity even during high-fat diet (HFD) feeding. Although we characterized that 

such a phenotype is due to the up-regulation of AMPK and PPAR signaling, the 

molecular basis for the reduced lipid accumulation resulting in the atrophied WAT in 
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Mstn-/- mice has yet to be analyzed. Microarray analysis has been performed on WAT 

samples collected from WT and Mstn-/- mice fed either HFD or CD. Data has been 

subsequently analyzed by Volcano, hierarchical, GO, Venn and GSEA analysis. These 

data reveal that lack of Mstn protects against gene profile changes normally associated 

with HFD challenge and further suggest that the alterations in lipid metabolism 

observed in Mstn-/- mice are due to reduced lipid uptake and storage. We also highlight 

an additional signaling pathway (lipid transport) potentially involved in the atrophied 

WAT phenotype observed in Mstn-/- mice, which may become a potential target for 

further research. Taken togtether, the current study suggests that therapies designed to 

target and repress Mstn activity may be beneficial for alleviating obesity and type 2 

diabetes. 

 

  



Chapter 5 Analysis of Global Gene Expression Changes during Myostatin-Mediated 
Regulation of Diet-Induced Obesity 

151 | P a g e 
 

5.1 Introduction 

Mammalian adipose tissue can be divided into two types: white adipose tissue (WAT) 

and brown adipose tissue (BAT). WAT is mainly used as a fat reservoir, while BAT is 

primarily involved in oxidizing fats to generate heat. Apolipoprotein C3 (Apoc3) is 

critically involved in regulating lipid uptake by adipose tissue.  Apoc3 facilitates lipid 

transportation through the bloodstream, in the form of lipoproteins and it is the natural 

lipoprotein lipase (LPL) inhibitor [205]. Triglyceride (TAG) inside the lipoproteins is 

hydrolyzed into free fatty acid (FFA) by LPL in peripheral tissue. The hydrolyzed 

FFA is then taken up into the peripheral tissue and either oxidized in mitochondria or 

stored in the lipid droplets of adipose tissue.   

Although several adipokines, such as adiponectin, leptin and resistin, have been shown 

to regulate adipose tissue mass [206-208], little is presently known about the function 

of myokines in adipose tissue. Myostatin (Mstn), a TGF-�� superfamily member, is a 

negative regulator of skeletal muscle growth. Previous publications reveal that lack of 

Mstn leads to an increased lean phenotype. Specifically, Mstn-null (Mstn-/-) mice 

exhibit a ~2-4-fold reduction in fat pad weight when compared to Wild-type (WT) 

mice [165]. Recently, it has also been reported that muscle-specific blockade of Mstn 

results in decreased fat mass and increased insulin sensitivity [166]. Furthermore, loss-

of-function mutations in Mstn have been shown to reduce TNF-�. production and 

ameliorate hepatosteatosis, thus improving liver insulin sensitivity [171]. In addition, 

overexpression of the Mstn prodomain/LAP (an inhibitor of Mstn signaling) also 

results in decreased fat pad weights [167]. Postnatal inhibition of Mstn through 

treatment with the PF-879 Mstn neutralizing antibody is also reported to partially 

reverse obesity and insulin-resistance in mice [154]. Similarly, treatment of WT mice 

for 10 weeks with the Mstn antagonist, soluble activin type IIB receptor (sActRIIB), 
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also resulted in reduced glucose production and increased glucose uptake during 

normal chow diet (CD) feeding [173]. Interestingly, it is reported that the increase in 

glycolytic muscle mass may potentially promote hepatic fatty acid oxidation and 

ketone body production, protecting mice from obesity.  Consistent with this, Mstn-/- 

mice contain predominantly fast glycolytic muscle fibers [168]. Previous results from 

our laboratory demonstrate that Mstn deficiency leads to accelerated glucose uptake 

and enhance fatty acid oxidation in peripheral tissues, leading to increased insulin 

sensitivity and resistance to diet-induced obesity [73, 209]. It is further suggested that 

the improved metabolic phenotype is due to up-regulated AMPK and PPAR signaling 

in Mstn-/- mice [73, 209]. Although we observe reduced adipose tissue mass, and for 

that matter reduced accumulation of adipose in response to high fat diet (HFD) feeding 

in Mstn-/- mice, little is presently known about the mechanism behind this process.  

Here, through using global gene expression analysis, we show that the atrophied WAT 

phenotype observed in Mstn-/- mice may be due to a combination of decreased lipid 

uptake and reduced lipid storage. 
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5.2 Materials and Methods 

 

5.2.1 Animals 

All animal experiments were performed according to Institutional Animal Care & Use 

Committee (IACUC) regulations, Singapore. WT mice (C57BL/6) were supplied by 

the Centre for Animal Resources, Singapore (National University of Singapore, 

Singapore). Mstn-/- mice were kindly gifted by Prof. Se-Jin Lee (Johns Hopkins 

University, Baltimore, MD). All Mstn-/- and WT mice used in this trial were derived 

from different litters and were housed in groups fed CD under a 12h/12h artificial 

light/dark cycle at a constant temperature (20°C), with Ad libitum water supply before 

starting the trial.  Seven-week-old male mice were separated into two groups, 

containing 5xWT and 5xMstn-/- mice each, feed HFD (45% energy from fat; 58V8, 

TestDiet, Richmond, IN, USA) or CD (10% energy from fat; 58Y2, TestDiet) for 12 

weeks. Please see Table 3.1 for details of diet compositions (Table 3.1). All 

measurements and analysis were performed on Epididymal (gonadal) WAT. 

Supplementary Tables can be found in attached CD. 

 

5.2.2 Microarray Analysis 

For details of RNA extraction and RNA electrophoresis see sections 2.2.3 and 2.2.5 

respectively. For microarray, WAT (Epididymal fat pad) tissue was collected in 

duplicate from 3-4 month old WT and Mstn-/- mice. RNA was extracted using TRIzol 

(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s guidelines. The 

quantity and quality of the WAT RNA was verified by RNA agarose gel 

electrophoresis and through using the Agilent RNA 6000 Nano Kit and 2100 
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Bioanalyzer (Agilent, Santa Clara, CA, USA). All the qualified RNA samples were 

analyzed using the Agilent SurePrint G3 Mouse Gene Expression array (Genomax 

Technologies, Singapore), as per their standardized protocol. Hybridization signals 

were quantified using Feature Extraction Software (Agilent). For normalization of 

genes, the 75th percentile of all entities within each hybridization panel was selected. 

Raw data normalization, averaging, transcripts abundance calculations and ratio 

analysis were analyzed using GeneSpring GX software v.11.5.1 (Agilent) using log 

transformed data. Normalized data were filtered on expression (20.0th-100.0th) 

percentile using GeneSpring v.11.5.1 before proceeding to the following functional 

analysis.  

 

5.2.3 Volcano analysis 

Volcano analysis was performed on the normalized data to identify differentially 

expressed genes between WT and Mstn-/- mice fed either CD or HFD. Several pair-

wise comparisons between CD and HFD fed WT and Mstn-/- mice were made. 

Specifically: WT group (comparison of WT HFD and CD fed mice), Mstn-/- group 

(comparison of Mstn-/- HFD and CD fed mice), HFD group (comparison of WT HFD 

fed and Mstn-/- HFD fed mice) and CD group (comparison of WT CD fed and Mstn-/- 

CD fed mice). Pair-wise comparison was performed on differentially expressed genes 

which showed a P value �” 0.05 and were up- or down-regulated by �• 1.5-fold, as 

assessed through a standard two-tailed unequal variance t-test using the GeneSpring 

v.11.5.1 software. Some of the significant differentially expressed genes were further 

validated by real-time PCR (qPCR) in six different samples per group.  
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5.2.4 Hierarchical clustering analysis  

To analyze the similarity of gene expression profiles, unsupervised hierarchical 

clustering was performed using a standardized Pearson’s correlation vector with 

average linkage for distance measures [210]. Gene Spring v.11.5.1 software was used 

to visualize the result in the form of a heatmap and dendrogram. The intensity of the 

gene expression differences were illustrated by changes in color, while the dendrogram 

depicts relationships between the groups. 

 

5.2.5 Gene ontology (GO) analysis 

To analyze differentially expressed genes in WAT between WT and Mstn-/- mice fed 

either CD or HFD, significant overrepresentation analysis through Gene Ontology 

(GO) was performed, using the online software DAVID gene ontology (GO) tree 

machine (http://david.abcc.ncifcrf.gov/) [211]. GO analysis of differentially expressed 

genes was conducted using the following GO categories: biological processes, 

molecular functions and cellular components. The GO analysis was controlled through 

setting a cut-off threshold for false discovery rate (FDR), with a P �” 0.05 and �• 1.5-

fold change considered significant. 

 

5.2.6 Venn analysis 

Venn analysis was performed to detect the differentially regulated genes common 

between different treatment groups. Venn analysis was performed using GeneSpring 

software v.11.5.1. The analysis was conducted either between different genotypes (WT 

vs. Mstn-/-) or between the different diet regimens (CD vs. HFD).  Up- and down-
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regulated genes were also been included in the Venn analysis.  The cut-off threshold 

for this analysis was P �” 0.05 and �• 1.5-fold change. 

 

5.2.7 Gene set enrichment analysis (GSEA) 

GSEA analysis has been performed using DAVID software 

(http://david.abcc.ncifcrf.gov/). Genes shown to be exclusively differentially regulated 

in Mstn-/- mice were analyzed and separated into different functional annotation 

clusters. 

 

5.2.8 qPCR analysis 

For details of RNA extraction, RNA electrophoresis, cDNA synthesis and qPCR see 

sections 2.2.3, 2.2.5, 2.2.6 and 2.2.8 respectively. For performing qPCR, cDNA was 

synthesized using the Superscript II First strand synthesis system (Invitrogen) from 

1µg of total RNA. qPCR was performed using the Bio-Rad CFX96 real-time PCR 

machine and Sso Fast Evagreen (Bio-Rad, Hercules, CA, USA) in duplicate. PCR 

primers used were listed as below: C3 (Apoc3) 5’- CCG CCA AGA ATC GCT ACT 

TCC AG-3’ and 5’- AGC AGC CTT GAC CTC CAC CTC-3’; Gapdh, 5’-AAC TTT 

GGC ATT GTG GAA GG-3’ and 5’-ACA CAT TGG GGG TAG GAA CA-3’. For 

statistical analysis, multiple comparisons were performed using two-way ANOVA and 

robust regression analysis. Data were displayed as mean ±SEM and P values < 0.05 

were considered significant. Experimental replicates are indicated in each figure 

legend. 
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5.3 Results 

Mstn-/- mice are extremely lean and do not accumulate excess body fat even when fed 

on HFD [165].  Histological analysis indicates that Mstn-/- adipocytes are atrophied 

and do not undergo adipocyte hypertrophy in response to HFD feeding [165].  In order 

to understand the molecular basis for the reduced adiposity, we performed microarray 

analysis to identify global gene expression changes in adipose tissue of WT and Mstn-/- 

mice during HFD feeding.   

 

5.3.1 Microarray analysis 

Global gene expression analysis was performed on WAT of WT and Mstn-/- mice fed 

either HFD or CD (n = 2, per group) using the 44K probe mouse whole genome oligo 

array. Differentially regulated genes were indicated by microarray analysis, with a 

FDR of 0.05 deemed acceptable, so that ~5% of the differentially regulated genes are 

false positives.  

 

5.3.2 Volcano plots of differentially expressed genes 

Genes were filtered based on significance (P �” 0.05) and fold change (�• 1.5-fold) 

(Figure 5.1, Supplementary Table 5.1). Initially we compared the differentially 

expressed genes between WT mice fed either HFD or CD.  Of the 1134 total 

differentially expressed genes identified, only 818 genes could be analyzed by volcano 

plot as the remaining 316 genes were either LincRNA or did not have a gene accession 

number.  Among the 818 genes analyzed 282 genes were significantly up-regulated 

and 536 genes were significantly down-regulated in HFD fed WT mice, when 



Chapter 5 Analysis of Global Gene Expression Changes during Myostatin-Mediated 
Regulation of Diet-Induced Obesity 

158 | P a g e 
 

compared to CD fed WT mice (Figure 5.1A, Supplementary Table 5.1). Similarly, 

comparison of Mstn-/- mice fed either HFD or CD revealed that of the 866 genes 

analyzed by volcano plot, 354 were significantly up-regulated and 512 were 

significantly down-regulated in HFD fed Mstn-/- mice, when compared to CD fed 

Mstn-/- mice (Figure 5.1B, Supplementary Table 5.1). Much like what was observed 

during the WT analysis above, 359 differentially regulated genes could not be 

analyzed by volcano plot as they were either LincRNA or genes that do not have a 

gene accession number.  

Furthermore, we also compared the differentially expressed genes between CD fed 

WT and Mstn-/- mice and HFD fed WT and Mstn-/- mice.  Similar to the data outlined 

above a number of the genes could not be analyzed by volcano plot as they were either 

LincRNA or did not have gene accession nubmbers.  Specifically, of the 1894 

differentially regulated genes identified between CD fed WT and Mstn-/- mice only 

1453 could be analyzed.  In addition, of the 1504 differentially regulated genes 

identified between HFD fed WT and Mstn-/- mice only 942 could be analyzed. Upon 

comparison of CD fed WT and Mstn-/- mice, 695 genes were significantly up-regulated, 

while 758 genes were down-regulated in Mstn-/- CD mice (Figure 5.1C, Supplementary 

Table 5.1). However, comparison of HFD fed WT and Mstn-/- mice revealed that 580 

genes were significantly up-regulated and 362 genes were significantly down-

regulated in Mstn-/- HFD mice (Figure 5.1D, Supplementary Table 5.1).  

The above data clearly indicated that HFD feeding resulted in a reduction in the total 

number of differentially regulated genes, when compared to CD feeding, between WT 

and Mstn-/- mice groups. HFD feeding also resulted in a greater number of genes that 

were up-regulated, as opposed to down-regulated, in Mstn-/- mice, when compared to 

WT mice. However, this trend was reversed upon comparison of differentially 
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expressed genes between CD fed mice, where we observed a greater number of down-

regulated genes in Mstn-/- mice, when compared to WT mice (Figure 5.1C&5.1D, 

Supplementary Table 5.1). We further observed a similar number of differentially 

expressed genes between WT and Mstn-/- mice (fed CD or HFD) groups.  In addition, 

the number of up- and down-regulated genes in both WT and Mstn-/- mice, was also 

similar when compared to their respective CD controls (Figure 5.1A&5.1B, 

Supplementary Table 5.1). 
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Figure 5.1 Volcano plots of differentially expressed genes 

Volcano analysis of differentially regulated genes in (A) WT, (B) Mstn-/-, (C) CD and 
(D) HFD treatment groups. Dots represent genes and the red dots indicate the 
significantly differentially regulated genes (P �” 0.05 and fold change �• 1.5). 
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5.3.3 Hierarchical clustering analysis 

Unsupervised hierarchical clustering analysis was performed on WT CD, WT HFD, 

Mstn-/- CD, Mstn-/- HFD groups. The result identified the presence of two main clusters: 

one consisting of WT CD, Mstn-/- CD, Mstn-/- HFD treatment groups, and the second 

consisting only of the WT HFD fed group (Figure 5.2). Importantly, these data suggest 

that deletion of the Mstn gene results in the clustering of the HFD group with the CD 

fed groups. Therefore, genotype (Mstn-/- vs. WT) appears to outweigh the effect of the 

HFD regimen on gene expression changes.  
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Figure 5.2 Hierarchical analysis of differentially expressed genes 

Hierarchical analysis of differentially regulated genes in WT CD, WT HFD, Mstn-/- 
CD and Mstn-/- HFD treatment groups. Each band represents one gene, and colors 
illustrate different fold changes as shown in figure key. 
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5.3.4 GO analysis 

To identify the predominant function of the differentially expressed genes, GO 

analysis has been performed using the online software DAVID gene ontology (GO) 

tree machine (http://david.abcc.ncifcrf.gov/) [211]. GO analysis resulted in the 

annotation and grouping of genes into biological process, cellular component and 

molecular function categories, as summarized in Figure 5.3. The detailed list of gene 

names, their functional classification and statistical significance can be found in 

supplementary table 5.2. 

In the WT group (comparison of WT HFD and CD fed mice), DAVID GO tree 

machine allowed 818 genes to be analyzed, and among them, 39% belonged to the 

biological process category, 15% were associated with the cellular component 

category, and 46% were linked to the molecular function category (Figure 5.3A, 

Supplementary Table 5.2). In the Mstn-/- group (comparison of Mstn-/- HFD and CD 

fed mice), out of total 866 differentially regulated genes, 31% were associated with the 

biological process category, 18% were assigned to the cellular component category 

and 51% belonged to the molecular function category (Figure 5.3B, Supplementary 

Table 5.2). Out of 1453 differentially regulated genes identified in the CD group 

(comparison of WT CD fed mice with Mstn-/- CD fed mice), 49% belonged to the 

biological process catergory, 16% were associated with the cellular component 

category, and 35% were linked to the molecular function category (Figure 5.3C, 

Supplementary Table 5.2). However, in the HFD group (comparison of WT HFD fed 

mice with Mstn-/- HFD fed mice) GO analysis only identified 942 differentially 

expressed genes, out of which 44% were associated with the biological process 

category, 35% belonged to the cellular component category and 21% were assigned to 

the molecular function category (Figure 5.3D, Supplementary Table 5.2).  
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When we compared the differentially expressed genes between WT (CD vs. HFD) and 

Mstn-/- mice (CD vs. HFD) we found similar percentages of differentially expressed 

genes assigned to biological process (WT vs. Mstn-/-; 39% vs. 31% respectively), 

cellular component (WT vs. Mstn-/-; 15% vs. 18% respectively) and molecular function 

categories  (WT vs. Mstn-/-; 46% vs. 51% respectively) (Figure 5.3A&5.3B, 

Supplementary Table 5.2). However, as can be seen in Figure 5.3C&5.3D, HFD 

treatment resulted in an observable difference in the expression of genes in WT and 

Mstn-/- mice assigned to cellular component and molecular function categories, when 

compared CD fed mice. Most notably, HFD feeding increased the percentage of 

differentially expressed genes in the cellular component category (from 16% to 35%), 

and reduced the percentage of differentially expressed genes associated with the 

molecular function category (from 35% to 21%), when compared to CD fed mice.  

However, the majority of differentially expressed genes were assigned to the 

biological process category between the CD and HFD fed groups, with a similar 

percentage observed (49% vs. 44%, respectively) (Figure 5.3C&5.3D, Supplementary 

Table 5.2).  
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Figure 5.3 GO Analysis  

Summary of the Gene Ontology (GO) analysis of differentially regulated genes in 
WAT of WT and Mstn-/- mice fed either CD or HFD. Pie charts depict the enriched 
GO categories, and each slice indicates the percentage of differentially regulated genes 
in biological process, cellular component and molecular function categories. 
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5.3.5 Venn analysis 

Venn analysis was performed using Genespring software v.11.5.1 (Figure 5.4) to 

determine the number of differentially expressed genes that were either unique or 

common to WT CD, WT HFD, Mstn-/- CD and Mstn-/- HFD treatment groups.  The 

complete list of genes used for Venn analysis is supplied in supplementary Table 5.3. 

Initially, we analyzed the differentially expressed genes between WT and Mstn-/- mice 

fed either CD or HFD.  As can be seen in Figure 5.4A, Venn analysis identified 73 

genes that were common to both Mstn-/- and WT mice (CD vs. HFD fed) and 1152 and 

1061 genes that were exclusively expressed in Mstn-/- and WT treatment groups 

respectively (Figure 5.4A, Supplementary Table 5.3). In addition, of the 1152 

exclusive differentially expressed genes observed in Mstn-/- mice, 428 genes were up-

regulated and 727 genes were down-regulated in HFD fed mice, when compared to 

CD fed mice. However, of 1061 exclusively expressed genes in the WT treatment 

group, 319 genes were up-regulated and 745 genes were down-regulated in HFD fed 

mice, when compared to CD fed mice. With respect to the 73 genes common to CD 

and HFD fed Mstn-/- and WT mice, 27 genes were up-regulated and 43 genes were 

down-regulated in response to HFD, when compared to CD regimen (Figure 

5.4B&5.4C, Supplementary Table 5.3).  

Using Venn analysis we next compared the differentially expressed genes between 

Mstn-/- and WT mice fed the same diet (either HFD or CD).  As can be seen in Figure 

5.4D, 263 differentially expressed genes were common to either HFD or CD fed (WT 

vs. Mstn-/-) mice, with 1241 and 1631 genes exclusively expressed in HFD and CD fed 

(WT vs. Mstn-/-) groups respectively (Figure 5.4D, Supplementary Table 5.3). 

Furthermore, of the 1241 differentially expressed genes exclusive to HFD fed mice 
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(WT vs. Mstn-/-), 756 genes were up-regulated and 488 genes were down-regulated in 

Mstn-/- mice when compared to WT mice. Moreover, out of the 1631 differentially 

expressed genes detected in CD fed mice (WT vs. Mstn-/-), 805 genes were up-

regulated and 829 genes were down-regulated in Mstn-/- mice when compared to WT 

mice. Lastly we further noted 143 commonly up-regulated genes and 117 commonly 

down-regulated genes between HFD and CD (WT vs. Mstn-/-) fed mice (Figure 

5.4E&5.4F, Supplementary Table 5.3).  
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Figure 5.4 Venn analysis  

Venn analysis of differentially expressed genes between (A) mice of the same 
genotype (either Mstn-/- or WT mice) fed a different diet (HFD vs. CD) or (D) between 
mice of different genotypes (Mstn-/- vs. WT) fed the same diet (either HFD or CD). 
Venn diagrams also show the (B) up- and (C) down-regulated genes in each genotype 
in response to HFD, when compared to CD controls, as well as (E) up- and (F) down-
regulated genes in Mstn-/- mice fed either HFD or CD, when compared to WT mice. 
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5.3.6 Gene set enrichment analysis (GSEA) 

Next we performed GSEA using DAVID functional annotation clustering software to 

cluster the differentially expressed gene sets into functional groups.  We utilized the 

differentially expressed genes that were unique to either WT (CD vs. HFD) or Mstn-/- 

mice (CD vs. HFD) for GSEA.  GSEA revealed a number of functional groups that 

were significantly enriched in either WT (CD vs. HFD) or Mstn-/- mice (CD vs. HFD). 

Details of the functional groups and their enrichment scores are listed in 

supplementary Table 5.4. One particular functional gene group, which had a high 

enrichment score (2.08) in Mstn-/- mice (CD vs. HFD), was the lipid localization and 

transport functional group.  Within this functional group we found that the genes 

ATP8A2, STARD6, Apoa2, Apob, Apol9b, CROT, GLTPD2, Hexb and Slc27a5 were 

up-regulated, while OSBP, OSBP2 and ABCG4 were down-regulated in Mstn-/- mice 

(CD vs. HFD) (Table 5.1). These genes were further separated based on function into 

lipid localization, lipid transport1, lipid transport2 and lipid transporter activity 

subgroups according to “GOTERM_BP_FAT”, “GOTERM_MF_FAT” and 

“SP_PIR_KEYWORDS” database assignment (Table 5.1). It is important to mention 

that while we observed differential expression of genes invoved with lipid localization 

and transport in Mstn-/- mice (CD vs. HFD), we did not observe similar changes in WT 

mice (CD vs. HFD), thus we propose that genes associated with this functional group 

may play an important role in the prevention of diet-induced obesity in Mstn-/- mice. 
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Table 5.1 GSEA gene cluster subgroups 
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5.3.7 Up-regulation of genes involved in lipid uptake in Mstn-/- WAT  

TAG in food is absorbed in the intestine mostly as chylomicron, and transported to 

peripheral tissues such as liver, adipose tissue and skeletal muscle [212-213]. TAG is 

broken down into free fatty acids (FFA) at the luminal surface of endothelial cells 

inside capillaries, with the FFAs subsequently absorbed by the underlying tissue. 

Therefore, perturbations in the levels of enzymes that are involved in lipid uptake and 

transport would lead to altered accumulation of fat in adipose tissue. Microarray 

analysis revealed that during CD feeding, Mstn-/- WAT displayed significant up-

regulation (4.14-fold) (P �” 0.05) of the lipid uptake inhibitor Apoc3, with no 

significant change in lipid uptake enzymes (Lpl, Ldlr) (P > 0.05 or < 1.5-fold) 

(Supplementary Table 5.1). Similarly, during HFD challenging, we also observed an 

increase (2.64-fold) (P �” 0.05) in Apoc3 gene expression in Mstn-/- WAT, with no 

significant change in either Lpl or Ldlr expression (P > 0.05 or < 1.5-fold) 

(Supplementary Table 5.1). Consistent with the microarray result, qPCR analysis 

revealed a 2.4-fold (P < 0.05) increase in Apoc3 gene expression in Mstn-/- mice during 

HFD feeding, when compared to relevant WT mice controls (Figure 5.5). Therefore, 

Apoc3 gene expression appears to be up-regulated in Mstn-/- WAT, which is consistent 

with reduced lipid uptake in Mstn-/- mice during HFD feeding.  
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Figure 5.5 Relative mRNA expression levels of Apoc3 

Relative mRNA expression levels of Apoc3 normalized to Gapdh mRNA expression 
in WAT (Epididymal) as measured by qPCR in WT and Mstn-/- mice after 12weeks of 
CD and HFD treatment. *P < 0.05. Error bars represent �rSEM (n = 2). 
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5.4 Discussion 

Previous results from our laboratory demonstrate that lack of Mstn promotes the 

development of a lean phenotype and improved insulin sensitivity during HFD feeding 

via enhanced AMPK and PPAR signaling [73, 209]. However, the exact mechanism(s) 

through which the atrophied pehnotype of Mstn-/- WAT is maintained, during HFD 

feeding, remains unclear. In an attempt to further clarify this, we have employed for 

the first time global gene expression (microarray) analysis to compare gene expression 

changes in WAT collected from WT and Mstn-/- mice fed either CD or HFD. 

Microarray data was analyzed using a pathway-based approach with Volcano analysis, 

Heirachical clustering analysis, GO analysis, Venn analysis and GSEA analysis 

performed. Volcano analysis was performed to detect differentially expressed genes 

between the four treatment groups used in this current study: (i) WT group 

(comparison of WT HFD and CD fed mice), (ii) Mstn-/- group (comparison of Mstn-/- 

HFD and CD fed mice), (iii) HFD group (comparison of WT and Mstn-/- HFD fed 

mice) and (iv) CD group (comparison of WT and Mstn-/- CD fed mice). Hierarchical 

clustering analysis aimed to determine the relationship between the differential gene 

expression profiles of the four groups; GO analysis revealed the functional categories 

of the differentially regulated genes; Venn analysis identified differentially expressed 

genes that were both exclusive and commonly regulated between WT and Mstn-/- mice 

fed either CD or HFD and GSEA further revealed the functional groups of the 

differentially expressed genes that were unique to Mstn-/- and WT mice following HFD 

feeding.  
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Subsequent Volcano and Venn analysis revealed that there are a similar number of 

differentially regulated (Volcano analysis 818 vs. 866 [WT vs. Mstn-/-]; Venn analysis 

1134 vs. 1225 [WT vs. Mstn-/-]), and for that matter up- (Volcano analysis 282 vs. 354 

[WT vs. Mstn-/-]; Venn analysis 319 vs. 428 [WT vs. Mstn-/-]) or down-regulated 

(Volcano analysis 536 vs. 512 [WT vs. Mstn-/-]; Venn analysis 745 vs. 727 [WT vs. 

Mstn-/-]), genes between HFD fed WT and Mstn-/- mice, when compared to their 

respective genotype-specific CD fed controls (Figure 5.1A&5.1B&5.4A-C). In 

addition, HFD feeding regimen resulted in a reduction in the total number of 

differentially expressed genes between Mstn-/- mice and WT mice, when compared to 

CD fed Mstn-/- mice vs. WT mice (Volcano analysis 1453 vs. 942 [CD vs. HFD]; Venn 

analysis 1894 vs. 1504 [CD vs. HFD]) (Figure 5.1C&5.1D&5.4D-F).  Taken together 

these data indicate that WT and Mstn-/- mice may have a similar gene expression 

profile upon HFD and that there may be an increase in the number of genes that have a 

common expression pattern between Mstn-/- and WT mice in response to HFD regimen; 

further suggesting that Mstn-/- mice may be adopting a gene expression profile more 

associated with HFD-induced obesity, as observed in HFD fed WT mice.  In 

agreement with this we do observe an increase in adipose tissue mass in HFD diet fed 

Mstn-/- mice when compared to CD fed Mstn-/- mice (Figure 3.1F).  However, it is 

important to mention that the increase in adipose tissue weight observed in Mstn-/- 

mice was not statistically significant (Figure 3.1F). Moreover, as we observed a 

greater number of up-regulated genes in Mstn-/- mice vs. WT mice upon HFD feeding, 

and a greater number of down-regulated genes in Mstn-/- mice vs. WT mice fed normal 

CD, we suggest that the overall gene expression profile observed in WAT from Mstn-/- 

mice differs from that of WT mice in both HFD and CD fed conditions (Figure 

5.1C&5.1D, Supplementary Table 5.1). Consistent with this, Venn analysis revealed 
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that the vast majority of differentially expressed genes in HFD vs. CD fed Mstn-/- mice 

were different from those detected in HFD vs. CD fed WT mice. In fact, only 73 

differentially expressed genes were common to both Mstn-/- and WT mice, which 

further suggests that HFD feeding results in a very distinct differential gene expression 

profile between WT and Mstn-/- mice. These data are also in agreement with the 

Heirarchical clustering analysis results, which showed that the differentially expressed 

genes observed in HFD fed Mstn-/- mice clustered more closely with the gene 

expression profiles observed in both CD fed WT and Mstn-/- mice, rather than HFD fed 

WT mice (Figure 5.2).  Taken together HFD feeding appears to induce a 

fundamentally different response between WT and Mstn-/- mice, which we propose 

may form the underlying mechanism through which absence of Mstn protects against 

diet-induced obesity (See Chapter 3 and Chapter 4). 

 

GO analysis revealed that the majority differentially expressed genes were separated 

into biological process and molecular function categories, rather than the cellular 

component category. Interestingly, although almost all of the differentially expressed 

genes detected in HFD vs. CD fed Mstn-/- mice were different from those detected in 

HFD vs. CD fed WT mice (Figure 5.4A), we find that the percentage of these genes 

categorized into biological process, cellular component and molecular function are 

almost identical between Mstn-/- (HFD vs. CD fed) and WT (HFD vs. CD fed) mice 

(Figure 5.3A&5.3B).  In addition, when we compare the percentages of the genes 

separated into the three categories between CD (Mstn-/- vs. WT) and HFD (Mstn-/- vs. 

WT) fed mice we observe a noticeable change.  Specifically, we observed reduction in 

the percentage (from 35% to 21%) of genes in the molecular function category and an 

increase in the percentage (from 16% to 35%) of genes assigned to the cellular 
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component category in HFD fed mice (Mstn-/- vs. WT), when compared to CD fed 

mice (Mstn-/- vs. WT).  Therefore it is interesting to surmise that the increased 

percentage of differentially expressed genes observed in the cellular component 

category may be indicative of the difference in the response between Mstn-/- and WT 

mice to HFD feeding. 

 

We suggest genes that are exclusively expressed in Mstn-/- mice in response to HFD 

are of particular interest and may be potential targets for further study regarding the 

role of Mstn in lipid metabolism. As such we selected this exclusive set of genes for 

further GSEA.  Subsequent GSEA revealed a functional group, with a high gene 

erichment score (2.08), exclusively expressed in Mstn-/- mice.  Specifically, genes 

associated with lipid localization and lipid transport were enriched in Mstn-/- mice, 

which we suggest may play a role in the maintaining the atrophied WAT phenotype in 

Mstn-/- mice challenged with HFD (Table 5.1, Supplementary Table 5.4). Among the 

genes identified ATP8A2, STARD6, Apoa2, Apob, Apol9b, CROT, GLTPD2, Hexb and 

Slc27a5 were up-regulated, while OSBP, OSBP2, ABCG4 were down-regulated 

exclusively in Mstn-/- WAT during HFD challenge. Interestingly, OSBP, which is 

located in cytosol, functions to down-regulate cholesterol synthesis and stimulate 

cholesterol esterification [214-215]. Therefore, exclusive down-regulation of OSBP in 

Mstn-/- WAT during HFD challenge may suggest that there is reduced cholesterol 

storage in Mstn-/- WAT, when compared to WT mice WAT. In addition, Carnitine O-

octanoyltransferase (Crot) plays an important role in fatty acid degradation. During the 

obesity state, hyperinsulinemia has been shown to lead to the up-regulation of miR-

33b, which represses Crot expression, leading to TAG accumulation [216]. Therefore, 
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it is interesting to surmise that up-regulation of Crot in Mstn-/- WAT may indicate 

reduced lipid accumulation. 

 

High calorie intake did not impair the mRNA expression of the enzyme Apoc3, which 

may function to counteract increased lipid consumption (although Mstn-/- mice already 

displayed a significant increase in Apoc3 gene expression during CD feeding).  Apoc3 

is a critical negative regulator of lipid uptake due to its function in inhibiting the key 

lipid uptake enzyme, LPL.  In support, Apoc3-/- mice have increased storage of fatty 

acid in WAT, causing more susceptibility to diet-induced obesity and insulin 

resistance [217]. Moreover, in humans, a high risk of non-alchoholic fatty liver disease 

and further liver fibrosis was observed in subjects that express Apoc3 risk variants 

[218]. Our global gene expression study clearly showed that Mstn-/- WAT displayed 

significant up-regulation (4.14-fold) of Apoc3 expression, when compared to WT mice 

(Supplementary Table 5.1), which was maintained upon HFD feeding (2.64-fold) 

(Supplementary Table 5.1). Consistent with the microarray result, qPCR analysis 

revealed a significant 2.4-fold induction of WAT Apoc3 gene expression (Figure 5.5), 

in response to high calorie loading in Mstn-/- mice when compared with WT controls. 

Therefore, Apoc3 may be a potential candidate gene responsible for the atrophied 

WAT phenotype in Mstn-/- mice and may exert its function through down-regulating 

Lpl activity, further limiting lipid uptake in WAT.  

 

In summary, lack of Mstn protects against gene profile changes that occur during HFD 

challenge. Furthermore these data presented in this chapter suggest that the atrophied 

WAT documented in Mstn-/- mice may be explained through a combination of 
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significantly reduced lipid uptake and decreased lipid storage. We further propose that 

the excess lipid generated from HFD feeding may be preferentially transported to 

peripheral tissues to generate energy, which is quite consistent with the significantly 

increased fatty acid oxidation and BAT phenotype observed in Mstn-/- mice (see 

Chapter 3 and 4). 
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Abstract 

Myostatin (Mstn) is a secreted growth and differentiating factor that belongs to the 

transforming growth factor-�� (TGF-��) superfamily. Mstn has been well characterized 

as a regulator of myogenesis, and is shown to play a critical role in postnatal muscle 

regeneration. Herein, we report for the first time that Mstn is expressed in both the 

epidermis and dermis of murine and human skin. Furthermore, we found that Mstn-

null (Mstn-/-) mice exhibited delayed skin wound healing due to a combination of 

effects resulting from delayed epidermal re-epithelialization and dermal contraction. 

In the epidermis, reduced keratinocyte migration and protracted keratinocyte 

proliferation were observed, which subsequently led to delayed recovery of epidermal 
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thickness and slower re-epithelialization.  Consistent with this observation, primary 

keratinocytes derived from Mstn-/- mice displayed reduced migration capacity as 

assessed through in vitro migration and adhesion assays. Furthermore, Mstn-/- primary 

keratinocytes also exhibited an increased proliferation rate as indicated by BrdU 

incorporation and Western blotting analysis. Moreover, in the underlying dermal layer, 

both fibroblast-to-myofibroblast transformation and collagen deposition were 

concomitantly reduced, resulting in the delayed dermal wound contraction.  These 

decreases are due to the inhibition of TGF-�� signaling as a result of an elevated 

expression of decorin, a naturally occurring TGF-�� suppressor, in the Mstn-/- mice. 

These observations highlight the interplay between TGF-�� and Mstn signaling 

pathways, specifically, through regulation of Mstn-regulated decorin levels during the 

skin wound healing process. Thus, we propose that Mstn agonist might be beneficial 

for skin wound repair.  

 

Keywords: Myostatin, Wound healing, Decorin, Skin, TGF-�E. 
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6.1 Introduction 

Skin wound healing is critical for the maintenance of skin homeostasis after acute skin 

injury. The skin consists of two major layers: epidermis, the upper layer consisting of 

numerous cell types which include keratinocytes, melanocytes, Langerhans, and 

Merkel cells; and dermis, the lower layer of connective tissue including collagen and 

elastic fibers. After deep skin injury, wound healing can be categorized into four 

processes (i.e. inflammation, migration, proliferation, and maturation) which overlap 

spatio-temporally. During the inflammatory phase, a blood clot is formed at the 

wounded area to prevent excessive blood loss, followed by vasodilation and secretion 

of key growth factors such as TGF-�� and platelet-derived growth factor (PDGF) from 

inflammation-responsive cells; which further facilitate the influx of macrophages, 

neutrophils, and mesenchymal stem cells to the site of injury. Next, peri-wound 

keratinocytes become activated to form a migratory tongue from each side of the 

wound edge. This involves the migration of cells from the unwounded area of the 

stratum basale to form a repair bridge covering the underlying re-generating dermis, 

where the activated myofibroblasts migrate to, and the formation of granulation tissue 

takes place to regenerate the wound bed. During the proliferative and maturation 

phases, the activated and alpha-smooth muscle actin (�.-SMA)-expressing 

myofibroblasts undergo augmented proliferation and increase the production of 

collagen and vessels that eventually fill the wound area. 

Growth factors play a major role in skin wound healing.  Several studies have 

unravelled the important function of TGF-��1 in skin wound healing.  It is reported that 

TGF-��1 stimulates collagen deposition and extracellular matrix growth, resulting in 

the accumulation of fibrotic tissue, suggesting that TGF-�� as an important mediator 

during fibrosis [219]. This is further supported by the observation that Smad3-null 



Chapter 6 Myostatin-null Mice Exhibit Delayed Skin Wound Healing through the 
Blockage of Transforming Growth Factor-�� Signaling by Decorin 

182 | P a g e 
 

mice (in which TGF-�� signaling is perturbed) exhibit accelerated wound healing with 

reduced scarring [87].  Decorin, a small leucine-rich proteoglycan, is mainly expressed 

in connective tissue [220]. Being a crucial regulator of extracellular matrix assembly, 

decorin is able to bind to type I collagen fibrils [221-222], participating in the 

regulation of collagen fibril formation [223], thus modulating connective tissue 

formation, skeletal muscle cell differentiation, and migration [224-226]. Decorin has 

been reported to be a binding partner of TGF-�� receptors, thereby it is an important 

regulator of TGF-�� bioavailability and subsequent downstream signaling [227]. It has 

also been demonstrated that collagen-bound decorin can still interact with TGF-�� 

[228], indicating that TGF-�� can be immobilized to the ECM and prevented from 

interacting with its receptor at the cell membrane. Therefore decorin, by regulating 

bioavailabily of TGF-�E, plays a role in skin wound healing.  It is noteworthy to 

mention that in addition to TGF-��, decorin can also sequester, and thus regulate the 

activity of, another TGF-�� super-family member, Myostatin (Mstn) [229]. Mstn, also 

known as growth and differentiation factor 8 (GDF-8) is primarily expressed in 

skeletal muscle, but relatively low expression of Mstn has also been detected in 

adipose tissue [118] and heart [129]. In mice and humans, loss of Mstn leads to 

increased muscle growth due to both hypertrophy and hyperplasia [118, 122]. 

Therefore, Mstn functions as a negative regulator for skeletal muscle growth. 

Functionally, Mstn has been found to regulate not only the proliferation and 

differentiation of myoblasts [125, 138], but also the activation and proliferation of 

muscle stem cells, also known as satellite cells [139]. In a muscle regeneration study, 

Mstn-deficient mice demonstrated accelerated muscle healing accompanied by 

reduced fibrosis [92] due to enhanced activation of satellite cells, accelerated 

migration of macrophages and myoblasts into the injured area, and less fibrotic tissue 
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formation [92].  Although a number of reports have previously demonstrated that Mstn 

plays an important role in muscle regeneration through TGF-�� signaling, its expression 

and role in skin wound healing is not known. 

Herein, we demonstrate for the first time that Mstn is expressed in skin and its 

deficiency leads to delayed skin closure due to a delay in epidermal re-epithelialization 

and dermal contraction. We find that the delay in skin wound healing in Mstn-null 

(Mstn-/-) mice is attributed to blockade of TGF-�� signaling due to increased decorin 

expression during skin wound repair. These findings reveal Mstn as a novel regulator 

of skin wound healing, and suggest that Mstn agonist may be a potential therapeutic 

solution for the treatment of skin wounds.  
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6.2 Materials and Methods 

 

6.2.1 Animals and human biopsy 

The Mstn-/- mice (C57BL/6) were kindly gifted by Dr. Se-Jin Lee (The Johns Hopkins 

University, Baltimore, MD, USA). Wild-type (WT) mice (C57BL/6) were obtained 

from the Centre for Animal Resources (National University of Singapore, Singapore).  

2 mice per genotype per timepoint and all mice were derived from different litters.  

All experiments were performed according to the approved protocols of the Institute 

Animal Ethics Committee (IACUC), Singapore. The human biopsy was kindly 

provided by Dr. Cleo Choong Swee Neo (Nanyang Technological University, 

Singapore). 

 

6.2.2 Skin wounding experiment and biopsy procurement 

Six-week-old Mstn-/- and WT female mice were first anaesthetised and the area 

assigned for wounding was shaved. Two 0.25 cm2 (0.5 cm x 0.5 cm) excisional 

wounds were generated on the dorsal skin. Prior to the procurement of wound biopsies 

at specific time points (non-wounded and post-wounding day 1, 3, 5, 7, 10, 12, and 

15), the wound area was measured using callipers. Mouse wound biopsies and the 

human biopsy were embedded in OCT compound before freezing in liquid nitrogen. 

Sections (6 µm thickness) were subsequently cut using the Leica CM3050S cryostat 

microtome. The slides were stored at -20 ºC until further use.  

 

6.2.3 Antibodies 
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Details of the antibodies used in this manuscript are provided below: Anti-Ki67 and 

anti-cytokeratin 6 (K6) antibodies were purchased from Novocastra; anti-�.-smooth 

muscle actin (�.-SMA), anti-GDF8 (Mstn), anti-Phospho-Smad2/3 (p-Smad2/3) and 

anti-PCNA antibodies were from Santa Cruz Biotechnology; anti-decorin was 

obtained from Developmental Studies Hybridoma Bank; anti-Cyclin D1 was from 

Thermo Lab Vision; AlexaFluor® 488 goat anti-rabbit IgG, AlexaFluor® 594 goat anti-

rabbit IgG, AlexaFluor® 594 goat anti-mouse IgG and streptavidin-conjugated 

AlexaFluor® 488 antibodies were from Molecular Probes, Invitrogen; biotinylated 

goat anti-rat IgG was from GE Healthcare Life Sciences; goat anti-rabbit HRP, goat 

anti-rat HRP and goat anti-mouse HRP were from Santa Cruz Biotechnology. 

 

6.2.4 Histology 

Hematoxylin and eosin (H&E) staining was performed as unpublished lab protocol 

described (details see section 2.2.26). Sections were fixed with 4% paraformaldehyde 

for 10 min, rinsed with water, and immersed in 0.1% HCl for 2 seconds. The sections 

were then stained with eosin for 27 seconds and hematoxylin for 150 seconds. Finally, 

sections were dehydrated and mounted with DPX. Images were captured using 

MIRAX MIDI slide scanner microscope (Carl Zeiss) with a 10x objective and 

MIRAX Scan software. 

Van Gieson staining was performed as previously described [147] (details see section 

2.2.27). Briefly, sections were stained with Weigert’s iron hematoxylin and rinsed 

with water, followed by staining in Van Gieson solution for 5 min. Then the sections 

were immersed in 90% and 100% ethanol with 6 drops of saturated picric acid for 1 

min respectively. Finally, sections were immersed twice in xylene (5 min each) and 
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mounted with DPX. Images were captured using MIRAX MIDI slide scanner 

microscope (Carl Zeiss) with a 10x objective and MIRAX Scan software. 

 

6.2.5 Immunohistochemistry 

Detailed description of immunohistochemistry was listed in section 2.2.28. 

Cryosections were fixed in 100% acetone at -20 ºC for 5 min and then rinsed with 1x 

PBS for 5 min. Antigen retrieval was performed only for Ki67 immunostaining. For 

antigen retrieval, sections were immersed in 95-100 ºC citrate buffer (pH = 6.0) for 10 

min and then cooled for 30 min. Next, sections were blocked with their respective 

blocking buffer for a specific incubation time in a humid chamber. Sections were then 

incubated with the respective primary and secondary antibodies as described above, 

with exception of Mstn, which was detected using a streptavidin-conjugated tertiary 

antibody. Finally, sections were mounted with DAPI-containing mounting media 

(Vector Laboratories).  

 

6.2.6 Isolation and culture of primary mouse keratinocyte  

Primary mouse epidermal keratinocytes were isolated from neonates (0–2 days old) 

according to the protocols previously described with slight modifications [230]. 

Briefly, pups were decapitated with limbs and tail removed. A ventral cut was made 

from neck to tail and the whole skin was peeled off. Each skin was then submerged in 

3 ml of cold dispase solution (0.5 U/ml) overnight at 4 °C. Epidermis and dermis were 

separated the next day with fine forceps. Epidermis extracted from 5–8 pups were 

pooled and transferred to a 50-ml tube containing 10 ml of low-calcium (0.06 mM) 

SFM keratinocytes medium (Invitrogen) supplemented with recombinant epidermal 
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growth factor (0.4 ng/ml) and bovine pituitary extract (40 ��g/ml). Epidermal 

keratinocytes were mechanically separated by vigorous shaking for 20 s. Cell clumps 

were then removed by passing the cell suspension through a 100-��m cell strainer. 

Cultures were maintained in a 5% CO2 37°C humidified incubator. Medium was 

changed every 2 days and cells were subcultured upon reaching 70% confluence. For 

subculture, medium was removed followed by washing the cells with PBS. Trypsin 

(0.25%), EDTA (1 mM) in PBS was added to the culture and incubated at 37°C for 10 

min, after which the flask was rapped gently to dislodge cells from the surface. To 

neutralize the action of Trypsin, PBS containing 1% dialyzed fetal bovine serum was 

added, and the cells were collected by centrifugation at 160 × g for 5 min. The cell 

pellet was resuspended with fresh medium and subcultured in a new flask at 2.5 × 103 

cells/cm2. 

 

6.2.7 In Vitro  scratch-wound assay 

Scratch-wound assay was based on the previous published protocol [231]. When 

primary cultured keratinocytes reached confluence, a pipette tip was used to scratch a 

line followed by washing with PBS to remove scratched cells. Mitomycin C was 

added at the concentration of 2 µg/ml to inhibit cell proliferation prior to image 

capture at 5-min intervals over 12 h with a Carl Zeiss live imaging microscope. 

 

6.2.8 Cell proliferation assay  

To determine cell proliferation rate of WT and Mstn-/- primary keratinocytes, primary 

keratinocytes were seeded at a density of 2.5 × 103 cells/cm2. Cells were pulsed with 

BrdU (10 ��l of 1 mM BrdU per ml of medium) and the cells were then incubated for a 
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further 5 consecutive days in the presence of BrdU. Cells were then stained using the 

FITC BrdU Flow kit and quantified by flow cytometry (FACS), as per the 

manufacturer’s protocol (Becton Dickinson). 

 

6.2.9 Cell adhesion assay 

Primary keratinocytes of similar passage number (3-5 passages) were seeded onto a 

96-well plate at a density of 2 × 104 cells/well. At the indicated time points, cells that 

were not adhered to the surface were removed by three washes with 1 × PBS. 

Attached cells were then fixed with 1% glutaraldehyde for 15 min followed by 

incubation with 0.05% crystal violet for 10 min at room temperature. After staining, 

excess dye was removed and the cells were then washed three times with 1 × PBS. 

The plate was subsequently dried at room temperature overnight, after which, 50 ��l of 

1% triton-X/PBS was added to each well to solubilize the dye. The absorbance of the 

crystal violet was read at OD590nm. 

 

6.2.10 RNA extraction and quantitative real-time PCR (qPCR) 

Detailed description of RNA extraction and qPCR were listed in section 2.2.3, 2.2.4, 

2.2.5, 2.2.7, and 2.2.8. Total RNA was extracted from the skin wound biopsy using 

TRIzol reagent, as per the manufacturer’s instructions (Invitrogen). RNA was further 

purified using the RNeasy mini kit (Qiagen) prior to cDNA synthesis using the 

Superscript II First strand synthesis system (Invitrogen) from 1 µg of total RNA. 

qPCR was performed in duplicate in 10 µl reactions using Sso Fast Evagreen (Bio-

Rad) in the CFX96 real-time PCR machine (Bio-Rad). Primer sequences used in this 

study are listed in Table 6.1.  
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Table 6.1 Primer sequences used in qPCR 

 Forward Reverse 

TGF-��1 CCGCAACAACGCCATCTATG CTCTGCACGGGACAGCAAT 

Ki67 CTGCCTCAGATGGCTCAAAGA GAAGACTTCGGTTCCCTGTAAC 

FGF2 GCGACCCACACGTCAAACTA TCCCTTGATAGACACAACTCCTC 

Mstn CATATGGATTTTGGTCTTGACTGT

GAT 

CATATGTCATGAGCACCCACAGC

GGTC 

 

6.2.11 Immunoblotting 

Detailed description of immunobloting was listed in section 2.2.2. Skin wound 

biopsies were homogenized in protein lysis buffer containing 50 mM Na2H2PO4, 250 

mM NaCl, 1% Triton X-100, and 0.1% SDS. This was followed by centrifugation at 

12,000 rpm for 15 min. The supernatant was collected and 10 µg of the extracted 

proteins were resolved by 4–12% NuPAGE (Invitrogen) followed by transfer onto a 

nitrocellulose membrane. Membranes were blocked with polyvinylpyrrolidone (PVP) 

blocker (1% PVP, 1% polyethylene glycol, and 0.3% bovine serum albumin in TBST) 

for 1 h. Primary and secondary antibodies were both incubated in the PVP blocking 

solution overnight and for 1 h, respectively. Immunoreactivity was detected through 

enhanced chemiluminescence. 

 

6.2.12 Statistical analysis 
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Mann-Whitney test was used for statistical analysis of cell migration and adhesion 

assay.  Two-tailed Student’s t-test was used for all other statistical significance 

determinations. P < 0.05 was considered statistically significant. Error bars represent 

±SEM. 
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6.3 Results 

 

6.3.1 Expression of Mstn is restricted to the epidermis, dermis and hair follicles in 

skin 

As a first step towards understanding the role of Mstn in skin wound healing, we 

determined the expression of Mstn in skin.  Our qPCR results showed that Mstn was 

expressed in skin, and that the expression was relatively lower than in muscle (Figure 

6.1A). Immunohistochemical analysis in mouse (Figure 6.1C) and human (Figure 

6.1D) showed that Mstn was highly expressed in the epidermal layer while lower 

levels of Mstn expression were seen in the dermis and hair follicles. Consistent with 

the result from qPCR and immunohistochemical analysis, western blotting analysis 

also revealed a detectable level of Mstn protein during skin wound healing (Figure 

6.1B). The distribution of Mstn in skin suggests that Mstn may play an important role 

in epidermis and dermis during skin wound repair. 
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Figure 6.1 Expression of Mstn is restricted to the epidermis, dermis and hair follicles 

in skin. 

(A) Relative fold change of Mstn mRNA expression levels normalized to L27 mRNA 
expression levels in skin and muscle of WT mice as measured by qPCR. (B) Mstn 
protein level in skin of WT mice at specific time points during skin wound healing as 
measured by Western blotting analysis. Both full-length and mature Mstn are 
expressed in skin during wound healing. Representative images of Mstn 
immunostaining on WT skin in mouse (C) and human (D). Mstn (green)-
immunostained cryosections were counterstained with DAPI (nuclei; blue). Arrows 
indicate Mstn positive cells are on epidermis, hair follicles and dermis. Negative 
control (Non-primary antibody control) images indicate non-specific staining. White 
dashed lines demarcate the epidermis from the dermis. Scale bar: 100µm. **P < 0.01. 
Error bars represent �rSEM, n = 5. 
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Figure 6.2 Delayed wound healing in Mstn-/- mice. 

(A) Images of skin wounds at different time points after excisional wounding. Mstn-/- 
mice exhibited delayed wound healing. Small divisions of ruler =1 mm. (B) Wound 
healing analysis of Mstn-/- mice and their WT littermates. Average wound area was 
presented as percentage of the wound area on day 0 (100%).  * P < 0.05, **P < 0.01. 
Error bars represent �rSEM, n = 5. 
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6.3.2 Delayed wound healing in Mstn-/- mice 

A significant difference in wound healing duration was observed between WT and 

Mstn-/- mice (Figure 6.2A).  Following full-thickness excisional wounding, the rate of 

wound healing was delayed in Mstn-/- mice when compared to the WT mice as 

indicated by the wound area (Figure 6.2B). In particular, the wound area of Mstn-/- 

mice was 1.78, 5.56, 23.39 and 5.13-fold larger than that of the WT mice at post-

wounding day 3,5,7 and 10 respectively (P < 0.05). An approximate delay of 8 days in 

complete wound closure was observed in the Mstn-/- mice as compared to the WT 

mice, with similar wound healing observed between Mstn-/- mice on day 15 and WT 

controls on day 7 post-wounding. 
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6.3.3 Slower wound healing in Mstn-/- mice is due to delayed re-epithelialization 

and wound contraction 

To determine the reason for delayed wound healing in Mstn-/- mice, we performed 

histomorphometric analysis on the wounded skin biopsies at various time points 

(Figure 6.3A). As the rate of wound healing is mainly determined by the rate of re-

epithelialization and the contractile action of myofibroblasts, we measured several 

parameters, including area and length of migratory tongues, thickness of epidermis, 

and the distance between the peri-wound hair follicles. The initial proliferation rate of 

keratinocytes is indicated by the area of migratory tongues. The area of migratory 

tongues on day 3 post-wounding in Mstn-/- mice was significantly smaller than WT 

mice (WT vs. Mstn-/-:73752.63 ± 5542.14 ��m2 vs. 47978.37 ± 338.35 ��m2, P < 0.05) 

(Figure 6.3B), implying slower proliferation of migratory tongues (keratinocytes) at 

the initial stage of wound healing. The length of migratory tongues in Mstn-/- mice was 

also found to be significantly reduced when compared to WT mice on day 3 post-

wounding (WT vs. Mstn-/-: 194.03 ± 21.7 ��m vs. 70.88 ± 2.06 ��m, P < 0.05) (Figure 

6.3C). Smaller area and shorter length of migratory tongues in Mstn-/- mice, during the 

initial stage of wound healing, is indicative of decreased migration of keratinocytes in 

Mstn-/- mice. In addition to reduced keratinocyte proliferation, we also observed that 

the wounded epidermal region in the Mstn-/- mice was significantly thicker than WT 

mice after 10 days post-wounding (WT vs. Mstn-/-: 68.82±2.39 ��m vs. 108.72±4.94 

��m respectively, P < 0.01) (Figure 6.3D). Taken together, these data suggest that there 

is delayed re-epithelialization in Mstn-/- mice during skin wound regeneration. Next 

we assessed the extent of dermal wound contraction, as quantified by the distance 

between peri-wound hair follicles.  As shown in Figure 6.3E, we observed a 

significant increase in the distance between peri-wound hair follicles in Mstn-/- mice 
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(WT vs. Mstn-/-: 1266.76 ± 26.59 ��m vs. 1560.57 ± 7.03 ��m, P < 0.01) at day 10 post-

wounding (Figure 6.3E), which is indicative of reduced dermal wound contraction. In 

summary, we conclude that the slower wound healing observed in Mstn-/- mice is a 

result of delayed re-epithelialization and wound contraction. 
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Figure 6.3 Slower wound healing in Mstn-/- Mice is due to delayed re-epithelialization 

and wound contraction. 

(A) H&E staining of WT and Mstn-/- mice wound biopsies on day 3 and day 10 post-
wounding. White dashed lines demarcate the epidermis from the dermis. Scale bar: 
100µm. (B) Area of migratory tongues on day 3 post-wounding, presented in µm2. (C) 
Length of migrating tongue on day 3 post-wounding. (D) Epidermis thickness on day 
10 post-wounding. (E) Distance between the peri-wound hair follicles on day 10 post-
wounding, as a measure of the extent of wound contraction.  *P < 0.05, **P < 0.01. 
Error bars represent �rSEM, n = 5. 
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6.3.4 Delayed recovery to normal epidermal thickness is due to protracted 

keratinocyte proliferation in Mstn-/- mice  

To determine whether Mstn affects the proliferation of keratinocytes, resulting in the 

observed delay in recovery to normal epidermal thickness, we next stained sections 

with anti-K6 antibody, which is used as a marker of the hyperproliferative regions of 

the wound biopsies. On day 7 post-wounding, the enhanced K6 expression coincided 

with the increase in epidermis thickness in Mstn-/- mice. On day 10, K6 expression 

was dramatically higher in Mstn-/- mice compared to WT mice (Figure 6.4A). Ki67 is 

a molecular marker for proliferating cells, therefore, to detect whether or not there is 

protracted proliferation of cell populations in the wound site of Mstn-/- mice, we 

performed Ki67 staining. As shown in Figure 6.4B, Mstn-/- mice exhibited increased 

proliferative cells on day 15, whereas few Ki67 positive cells were detected in WT 

mice (Figure 6.4B). To further strengthen our findings, we performed qPCR analysis 

of Ki67 mRNA expression. On day 10, nearing the end of the skin wound healing 

period, we found relatively higher Ki67 expression in Mstn-/- mice as compared with 

WT controls (Figure 6.4C); moreover, increased PCNA protein abundance was also 

observed in Mstn-/- mice on day 10 post-wounding (Figure 6.4D), supporting the 

presence of increased numbers of proliferating cells in Mstn-/- mice. To analyze 

keratinocyte proliferation in vitro, we assessed the proliferation rate of primary 

keratinocytes extracted from WT and Mstn-/- mice through BrdU staining and FACS 

analysis and also assessed the expression of markers associated with proliferation via 

Western blotting analysis. Consistent with enhanced proliferation, we observed a 

significant increase in number of keratinocytes positive for BrdU (81.1% vs. 55.7% of 

the 20,000 cells sampled using FACS) from Mstn-/- mice when compared to WT 

keratinocytes, indicating that keratinocytes isolated from Mstn-/- mice exhibit 
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prolonged proliferation when compared to WT controls (Figure 6.5A). Furthermore, 

we also observed more than 2.5-fold increase in both PCNA and Cyclin D1 protein 

expression in isolated primary keratinocytes from Mstn-/- mice when compared to WT 

(Figure 6.5B). Altogether, Mstn-/- keratinocytes displayed protracted proliferation both 

in vitro and in vivo, which we suggest attenuates recovery of the epidermal layer to a 

normal thickness.  
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Figure 6.4 Delayed recovery to normal epidermal thickness is due to protracted 

keratinocyte proliferation in Mstn-/- mice.  

(A) K6 immunofluorescence on WT and Mstn-/- mice wound biopsies on day 7 and 
day 10 post-wounding. Higher magnification images are listed at the right panel of 
each day. K6 (red)-immunostained cryosections were counterstained with DAPI 
(nuclei; blue). Negative control (Non-primary antibody control) images show non-
specific staining of the stratum corneum. (B) Ki67 immunofluorescence on WT and 
Mstn-/- mice wound biopsies on day 15 post-wounding. Higher magnification images 
are exhibited at the right panel. Unmerged DAPI and Ki67 staining is also displayed 
respectively in higher magnification images. Ki67-positive cells are indicated by white 
arrows. Ki67 (green)-immunostained cryosections were counterstained with DAPI 
(nuclei; blue). Area with non-specific staining is indicated by negative control (Non-
primary antibody control). White dashed lines demarcate the epidermis from the 
dermis. Scale bar: 50µm (20 µm in higher magnification image). White arrows 
indicate wound edges and regions between arrows represent wounded area. White 
boxes indicate the regions used in higher magnification images. (C) Relative fold 
change of Ki67 mRNA expression levels normalized to L27 mRNA expression levels 
in skin at day 10 post-wounding as measured by qPCR in WT and Mstn-/- mice. (D) 
PCNA protein expression levels in skin of WT and Mstn-/- mice at day 10 post-
wounding as measured by Western blotting analysis. Numbers under images indicate 
the fold changes of band density normalized to the first band. The levels of �D-tubulin 
were assessed to ensure equal loading of samples. *P < 0.05. Error bars represent 
�rSEM, n = 5.  
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6.3.5 Delayed migration and impaired cell adhesion in keratinocytes isolated from 

Mstn-/- mice 

To analyze keratinocyte migration in further detail, we performed an in vitro scratch-

wound assay [231] which mimics the in vivo keratinocyte migration during wound 

healing. As shown in Figure 6.5C, a significant delay in keratinocyte migration can be 

seen in Mstn-/- cultures when compared to WT cultures. Next we quantified the extent 

of keratinocyte migration by measuring the area of the cell culture dish remaining 

uncovered (analogous to the in vivo wound gap) at each time point and expressing this 

as a percentage of 0 h.  Subsequent quantification revealed a significant delay in 

keratinocyte migration in Mstn-/- cultures, which was apparent at 3 h post-scratch 

wounding (with 80% and 95% of the gap area remaining when compared to 0 h for 

WT and Mstn-/- respectively; P < 0.05), and further exaggerated at 6, 9 and 12 h post-

scratch wounding (Figure 6.5C&6.5D).  
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Keratinocyte adhesion is an important marker for migration, whereby reduced 

adhesion is indicative of slower migration and increased apoptosis. Keratinocytes 

isolated from Mstn-/- mice displayed decreased cell adhesion, in an in vitro cell 

adhesion assay, with a significant reduction in cell adhesion initially observed at 30 

min (P < 0.05), and a sustained comparable reduction in cell adherence observed from 

60 min onwards (P < 0.05) (Figure 6.5E). Taken together these data suggest that Mstn-

/- keratinocytes exhibit a decreased migratory rate, which we suggest results in delayed 

re-epithelialization.  

  



Chapter 6 Myostatin-null Mice Exhibit Delayed Skin Wound Healing through the 
Blockage of Transforming Growth Factor-�� Signaling by Decorin 

206 | P a g e 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Increased proliferation, delayed migration and impaired adhesion in 

keratinocytes isolated from Mstn-/- mice 

(A) Cell proliferation analysis as measured through BrdU incorporation and FACS 
analysis in WT and Mstn-/- primary keratinocytes. (B) Immunoblot analysis of the 
indicated proliferation markers from WT and Mstn-/- primary keratinocytes. Values 
below the bands represent mean fold difference in protein expression levels when 
compared with WT, which was assigned the value 1. �E-tubulin was assessed to ensure 
equal loading of samples. (C) Representative time-lapsed images of scratch-wounded 
primary keratinocyte cultures treated with mitomycin C (2 ��g/ml) showing the cell 
migration kinetics of WT and Mstn-/- primary keratinocytes at the indicated time 
points after scratch-wounding. Yellow dotted lines demarcate the scratch gap at the 
time of wounding. (D) The graph shows the area remaining to be covered by the 
migrating keratinocytes expressed as a percentage of 0 h (=100%) in vitro wound gap 
area. (E) Absorbance of crystal violet stain (OD590nm) at the indicated time points after 
2 × 104 WT and Mstn-/- primary keratinocytes were seeded. *P < 0.05; **P < 0.01; 
***P < 0.001. Error bars represent ± SEM, n = 4.  
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6.3.6 Elevated decorin and reduced TGF-�� expression in Mstn-/- mice 

It has been previously shown that TGF-�� stimulates collagen deposition and 

extracellular matrix growth, leading to the accumulation of fibrotic tissue [219], 

fibroblast activation, and subsequent myofibroblast transformation [91, 232]. 

Activated myofibroblasts are essential for wound contraction by pulling together the 

wound edges to complete the skin wound healing process. It has been reported that 

decorin can compete with TGF-�� by binding to the TGF-�� receptor or through directly 

interacting with TGF-�� to restrict its bioavailability, therefore inhibiting TGF-�� 

signaling [227-228]. To determine the interplay between TGF-�� and decorin proteins 

and how they regulate wound healing in Mstn-/- mice, we examined the mRNA and 

protein expression profiles of these proteins during wound healing. We found that 

TGF-�� gene expression was reduced in Mstn-/- mice at all time points during wound 

healing (Figure 6.6A), in particular at critical times when extracellular matrix 

deposition and myofibroblasts activation should normally occur. Moreover, Mstn-/- 

mice showed consistently elevated decorin expression as compared to WT mice 

throughout the entire healing period, with the exception of day 15 post-wounding, 

when decorin levels were comparable between WT and Mstn-/- mice (Figure 6.6B). 

Coinciding with the increased expression of decorin, phospho-Smad2/3 (p-Smad2/3) 

expression decreased in Mstn-/- mice during skin wound repair, which is indicative of 

reduced TGF-�� signaling (Figure 6.6B).  
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Figure 6.6 Elevated decorin and reduced TGF-�� expression in Mstn-/- mice. 

(A) Relative fold change of TGF-��1 mRNA expression normalized to L27 mRNA 
expression in skin at specific time points during skin wound healing as measured by 
qPCR in WT and Mstn-/- mice. (B) Decorin and p-Smad2/3 protein expression levels 
in skin of WT and Mstn-/- mice at specific time points during skin wound healing as 
measured by Western blotting analysis. Numbers under images indicate the fold 
changes of band density normalized to the first band. The levels of �D-tubulin were 
assessed to ensure equal loading of samples. *P < 0.05, **P < 0.01, ***P < 0.001. 
Error bars represent �rSEM, n = 5.  
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6.3.7 Mstn deficiency attenuated dermal contraction and collagen deposition  

As described above, Mstn-/- mice exhibit impaired dermal contraction during wound 

healing. To delineate the underlying mechanisms, we performed myofibroblast-

specific staining using an antibody against �.-smooth muscle actin (�.-SMA) as well as 

Van Geison staining of collagen. During wound healing, fibroblasts are activated and 

are transformed into �.-SMA-expressing myofibroblasts. Myofibroblasts are involved 

in both wound contraction through intracellular contraction via integrin-mediated 

collagen fiber alignment [233-235]and extracellular collagen fiber deposition to 

strengthen wound site [236-237]. As shown in Figure 6.7A, myofibroblasts were 

readily detected in the skin wound area of WT mice, as indicated by the intense �.-

SMA staining. However, in contrast, the level of �.-SMA staining in the skin wound of 

Mstn-/- mice was greatly reduced (Figure 6.7A).  

To further confirm the observation of reduced myofibroblast formation in the wound 

area of Mstn-/- mice, mRNA expression of fibroblast growth factor (FGF) was 

examined during wound healing. The expression of FGF, in particular subtype 2, has 

been reported to be increased in the acute wound area, correlating with its function in 

granulation tissue formation, fibroblast migration, myofibroblast transformation, and 

collagen production [238]. Consistent with impaired myofibroblast formation, we 

found significantly reduced FGF2 mRNA expression in Mstn-/- mice day 7 post-

wounding skin biopsies, when compared to WT controls (Figure 6.7B). 

In addition to analyzing FGF2 expression we next analysed the protein levels of �.-

SMA via western blotting analysis, and as shown in Figure 6.7C, reduced �.-SMA 

protein expression was observed in Mstn-/- mice at day 7, 10 and 15 post-wounding 

(Figure 6.7C), which is further consistent with inhibition of FGF2 expression and 

reduced myofibroblast formation. Next we performed Van Geison staining to detect 
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the presence of collagen, and consistent with reduced �.-SMA staining, reduced 

myofibroblast number and reduced FGF expression, we also observed reduced 

collagen (indicated by the decrease in red colour observed in the dermis of the wound 

area) in Mstn-/- mice (Figure 6.7D), implicating reduced wound contraction strength. 

Considering the crucial roles of myofibroblasts in dermis wound healing, these results 

may partially explain the delayed wound contraction in Mstn-/- mice. 
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Figure 6.7 Mstn deficiency attenuated dermal contraction and collagen deposition. 

(A) �.-SMA immunofluorescence on WT and Mstn-/- mice wound biopsies on day 7 
after wounding. Higher magnification images are listed at the right panel. �.-SMA 
(red)-immunostained cryosections were counterstained with DAPI (nuclei; blue). 
White dashed lines demarcate the epidermis from the dermis. Scale bar: 50 µm (20 
µm in higher magnification image). White arrows indicate wound edges and regions 
between arrows represent wounded area. White boxes indicate the regions of higher 
magnification images. (B) Relative fold change of FGF2 mRNA expression 
normalized to L27 mRNA expression in skin on day 7 post-wounding as measured by 
qPCR in WT and Mstn-/- mice. (C) �.-SMA protein expression levels in skin of WT 
and Mstn-/- mice at specific time points during skin wound healing as measured by 
Western blotting analysis. Numbers under images indicate the fold changes of band 
density normalized to the first band.  The levels of �D-tubulin were assessed to ensure 
equal loading of samples. (D) Van Geison staining of WT and Mstn-/- mice wound 
biopsies on day 7 after wounding. Higher magnification images are listed at the right 
panel. White dashed lines demarcate the epidermis from the dermis. Scale bar: 200µm 
(20 µm in higher magnification image). Black arrows indicate wound edges and 
regions between arrows represent wounded area. Black boxes indicate the regions of 
higher magnification images. *P < 0.05. Error bars represent �rSEM, n = 5. 
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6.4 Discussion 

Here, we show for the first time that mice lacking Mstn exhibit delayed skin wound 

healing due to impaired epidermal re-epithelialization and dermal contraction. These 

two events are caused by a decrease in TGF-�� signaling through elevated expression 

of decorin, which can either compete with TGF-�� for binding to its receptor or 

physically bind to TGF-�� itself, sequestering it in the ECM and preventing TGF-

��/membrane receptor interaction. The present study provides a novel insight into the 

involvement of Mstn in skin wound healing, thus highlighting Mstn as a potential 

candidate for further study, to gain greater understanding of the pathology behind 

delayed wound healing. 

We demonstrated that decreased re-epithelialization in Mstn-/- mice was due to a 

reduction in TGF-�� signaling. TGF-��1 has been shown to inhibit keratinocyte 

proliferation [239-241], which is further supported by the finding that Smad3-null 

mice exhibit accelerated re-epithelialization due to inactivation of the inhibitory 

effects of TGF-��/Smad3 signaling on the early keratinocyte proliferative response 

[242]. Interestingly, in vitro and in vivo studies have indicated that TGF-��1 promotes 

the migration of keratinocytes through upregulation of integrin expression and 

enhanced integrin-mediated signaling [90]. These observations might account for the 

apparent paradox that TGF-��1-dependent stimulation of epidermal wound healing is 

associated with a growth inhibitory effect on epithelial cells. In agreement with the 

inhibitory function of TGF-��1 in keratinocyte proliferation and stimulatory function of 

TGF-��1 in keratinocyte migration, we show that by inhibiting TGF-�� signaling, (1) 

Mstn-/- mice exhibit delayed epidermal thickness recovery as a result of protracted 

proliferation of keratinocytes (Figure 6.4). This was further validated by the increased 

abundance of proliferating cells in Mstn-/- primary keratinocyte cultures, as evidenced 
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through increased BrdU incorporation and enhanced protein levels of the proliferation 

markers PCNA and Cyclin D1 (Figure 6.5A&6.5B). Consistent with reduced TGF-�� 

signaling, keratinocytes also exhibit a reduced migration rate during the initial stages 

of wound healing in Mstn-/- mice (Figure 6.3B&6.3C); which was further confirmed 

through in vitro migration and adhesion assays performed on primary keratinocytes 

(Figure 6.5C, 6.5D&6.5E). Activation of TGF-�� signaling has previously been shown 

to lead to increased integrin expression and enhanced integrin-mediated signaling in 

migrating epithelial tongues at the wound edge [90]. Therefore, we propose that the 

reduced TGF-�� signaling observed in Mstn-/- mice may block integrin 

expression/signaling, resulting in delayed keratinocyte migration in Mstn-/- mice 

during skin wound healing. Importantly, although we observed increased proliferation 

of keratinocytes in the absence of Mstn, we found impaired keratinocyte migration 

and subsequent delayed wound healing, suggesting that keratinocyte migration, as 

opposed to keratinocyte proliferation alone, is critically important for timely skin re-

epithelialization.  

In Mstn-/- mice, increased decorin expression has previously been reported in skeletal 

muscle [92] and here we show for the first time elevated decorin expression in skin 

from Mstn-/- mice (Figure 6.6). Elevated levels of decorin in Mstn-/- mice have been 

suggested to result in inhibition TGF-��1 signaling, resulting in reduced fibrosis during 

skeletal muscle regeneration [243]. Also, increased decorin mRNA expression, as 

observed in the Mstn-/- mice, can sequester the TGF-�� latency complex in the ECM, 

thus preventing TGF-��-mediated signaling [244]. Consistent with this, we observed 

increased decorin expression concomitant with reduced expression of TGF-�� and p-

Smad2/3 in Mstn-/- mice (Figure 6.6). 
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Myofibroblasts have been reported to have two main functions during wound healing, 

firstly, exerting contractile strength and aligning collagen via integrins to contract 

wound edges [233-235], and secondly, depositing ECM collagen fibers to strengthen 

the wound [236-237], thus, myofibroblast activation and differentiation is a crucial 

step in wound contraction. TGF-�� has been shown to be a critical factor in 

myofibroblast activation via its stimulatory action on fibroblast proliferation, 

myofibroblast differentiation, and matrix deposition [91, 219]. Therefore, reduced 

TGF-�� signaling may be responsible for the diminished myofibroblasts and delayed 

dermal wound contraction observed in Mstn-/- mice. To date, however, the 

mechanism(s) by which TGF-��1 regulates myofibroblast activation and differentiation 

still remain unclear. Nonetheless, it has been proposed that TGF-��1 regulates 

myofibroblast activation and differentiation via cell adhesion-dependent integrin 

signaling-mediated regulation of focal adhesion kinase (FAK). Specifically, it has 

been reported that TGF-�� stimulates the expression of integrin and fibronectin, thus 

leading to autophosphorylation/activation of FAK, which is essential for 

myobfibroblast activation and differentiation [245]. This further supports our 

observation of up-regulated �.-SMA in WT mice, but not in Mstn-/- mice.  

While we find that Mstn-/- mice show delayed skin wound healing due to slower re-

epithelialization and dermal wound contraction, previously published data from our 

lab revealed that there is enhanced skeletal muscle regeneration in Mstn-/- mice [92].  

This difference in wound healing between tissues could be due to differences in the 

underlying mechanism(s).  Enhanced skeletal muscle regeneration in Mstn-/- mice was 

found to be due to increased Satellite Cell activation and proliferation and accelerated 

myoblast and macrophage migration.  Furthermore, decreased fibrosis in regenerated 

Mstn-/- muscles was due to increased expression of decorin, which can either bind to 
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and sequester TGF-�� in the ECM [244], or compete with TGF-�� for receptor binding 

[227], thereby blocking TGF-�� signaling and reducing skeletal muscle fibrosis.  

Similar to skeletal muscle, increased decorin levels and reduced TGF-�� signaling were 

also seen in regenerating skin of Mstn-/- mice (Figure 6.6).  In contrast to skeletal 

muscle, reduced TGF-�� signaling leads to protracted epidermal proliferation resulting 

in the delayed recovery of the hyperproliferative wound epidermis to normal thickness.  

In addition, the impaired TGF-�� signaling also results in less myofibroblast activation 

and differentiation as well as reduced collagen deposition, ultimately leading to 

impaired wound contraction.  

Herein, we propose a mechanism that lack of Mstn leads to increased decorin 

expression during skin wound healing. Subsequently, the elevated decorin either binds 

to TGF-�� or competes with TGF-�� to bind to its receptor to block TGF-�� downstream 

signaling, resulting in decreased keratinocyte migration, protracted keratinocyte 

proliferation, delayed re-epithelialization in the epidermis; as well as aberrant 

myofibroblast formation, reduced collagen protein secretion and finally delayed 

wound contraction in the dermis. Altogether, we propose that these events result in the 

delayed wound healing observed in Mstn-/- mice (Figure 6.8). 
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Figure 6.8 Proposed mechanism. 

In Mstn-/- mice, increased levels of decorin bind to TGF-��, either sequestering it in the 
ECM, preventing TGF-�� receptor binding, or compete with TGF-�� for binding to its 
receptor. In the epidermis, reduced TGF-�� signaling results in reduced keratinocyte 
migration, protracted keratinocyte proliferation, and delayed epidermis thickness 
recovery, leading to delayed re-epithelialization. In the dermis, impaired TGF-�� 
signaling results in less myofibroblast formation and collagen deposition, leading to 
delayed wound contraction in the dermis. Overall, absence of Mstn results in delayed 
epidermis and dermis wound healing. 
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Chapter 7 Prospectives 

Myostatin (Mstn), a TGF-�� superfamily member, is a negative regulator for muscle 

growth [118-119]. Mutation in the Mstn gene is reported to lead to double muscling 

due to hypertrophy and hyperplasia [118-119]. Although extensive studies have been 

performed in our lab to understand the role of Mstn in skeletal muscle growth [125, 

138, 151, 186, 246], no research has yet been undertaken to study the molecular 

mechanism behind Mstn regulation of muscle metabolism. It has been previously 

shown that Mstn deficiency results in a lean phenotype due to reduced fat pad weight 

[165]. It is also reported that in either Myostatin-null (Mstn-/-) mice, or in mice with 

muscle-specific suppression of Mstn, there is reduced total body fat mass as well as 

improved insulin sensitivity [73, 166]. However, the exact molecular mechanism 

through which Mstn regulates skeletal muscle and adipose tissue metabolism remains 

unclear. Therefore, it is highly relevant to unravel the underlying signaling pathway 

behind Mstn function in carbohydrate and lipid metabolism.  Thus, through utilizing 

the Mstn-/- mouse model, this thesis aimed to delineate the molecular mechanism 

through which Mstn regulates whole body carbohydrate and lipid metabolism and to 

further study the efficacy of the Mstn antagonist, soluble activin type IIB receptor 

(sActRIIB), as a potential therapy for counteracting obesity and type 2 diabetes.  

 

Role of Mstn in regulating AMP-activated protein kinase (AMPK) signaling 

Our results reveal that Mstn may regulate muscle and adipose tissue metabolism 

through AMPK signaling.  However, the actual mechanism through which loss of 

Mstn promotes AMPK remains unclear, as such further studies will be performed to 
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characterize this in further detail in the future. AMPK is an energy balancing enzyme, 

which is activated in response to high [AMP]/[ATP] ratio, such as observed during 

exercise and in conditions of hypoxia [67, 185]. AMPK is a heterotrimeric protein 

kinase, consisting of a catalytic �. subunit and two regulatory �� and �� subunits [182-

184], with the �.2, ��2 and ��3 AMPK subunits specific for skeletal muscle [65-66]. 

Recently, Fujii et al reported that blocking of the AMPK �.2 subunit further 

exacerbates high-fat diet (HFD)-induced insulin resistance [188]. With this in mind, 

AMPK deficient mice will be crossed with Mstn-/- mice, to determine whether or not 

these double mutant mice have improved insulin sensitivity.  Such mutant mice would 

provide an ideal opportunity to confirm the contribution of AMPK to the anti-diabetic 

phenotype of Mstn-/- mice during HFD feeding. Specifically, if these double mutant 

mice display an obese phenotype and insulin resistance during HFD feeding, we could 

propose that AMPK is critically involved in the lean and insulin sensitive phenotype of 

Mstn-/- mice.  

It is well known that Mstn regulates downstream target genes through Smad3 

signaling [138, 246-247]. Recently, Yadav et al reported that absence of Smad3 

protected against type 2 diabetes and obesity through up-regulating PGC-1�. [248]; 

moreover, Tan et al demonstrated that the improved insulin sensitivity and anti-obesity 

phenotype seen in Smad3-null (Smad3-/-) mice was due to the up-regulation of 

PPAR��/�/ and down-regulation of PPAR�� [249]. Although Mstn-/- mice and Smad3-/- 

mice are similarly protected against diet-induced obesity and insulin resistance, no one 

has yet studied the role of AMPK in Smad3-/- mice.  Therefore, AMPK expression and 

activity in Smad3-/- mice will be assessed.  Furthermore, Smad3-/- mice will be crossed 

with AMPK deficient mice, after which they will be subjected to HFD feeding, to 
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verify the role of AMPK signaling in the anti-obesity phenotype observed in Smad3-/- 

mice.  

Adiponectin is an adipose tissue exclusive secreted protein hormone, and unlike other 

hormones, the level of adiponectin is inversely correlated with type 2 diabetes and 

body mass index (BMI). AdipoR1 and AdipoR2 are two well-characterized 

adiponectin receptors. Importantly, up-regulation of AdipoR1 results in enhanced 

AMPK, PPAR (especially PPAR�.) and COX-2 signaling, triggering fatty acid 

oxidation, glucose uptake and improving insulin sensitivity in skeletal muscle [250-

254]. In addition, activation of AdipoR2 in the liver stimulates AMPK and PPAR�., 

increasing fatty acid oxidation as well as insulin sensitivity [250-251, 255]. 

Interestingly, Bernardo et al recently reported that blockade of Mstn via addition of a 

specific anti-Mstn antibody resulted in enhanced circulating levels of adiponectin 

[154]. In addition, our PCR array data revealed that in Mstn-/- mice there is a ~45-fold 

increase in Adiponectin gene expression in white adipose tissue (WAT) when 

compared to wild-type (WT) mice during HFD feeding. Therefore, we would like to 

determine whether or not the increased adiponectin expression in Mstn-/- mice is 

responsible for the enhanced activation of AMPK and resulting improved insulin 

sensitivity observed in Mstn-/- mice fed high-fat diet.  To study this, adiponectin-

deficient mice [256] will be crossed with Mstn-/- mice, to determine whether or not 

AMPK function is perturbed. 

 

Role of Mstn in metabolism during early postnatal growth  

This thesis has mainly focussed on the role of Mstn in carbohydrate and lipid 

metabolism during later stages of development, especially after sexual maturity (7-8 
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weeks). However, the metabolic function of Mstn in early stages of postnatal growth 

and moreover, the difference in metabolic role of Mstn between early and later stages 

of postnatal growth remains unclear. Therefore, future research will aim to delineate 

the role of Mstn in regulating catch up growth.   

Catch up growth is an accelerated growth in infants or during the early childhood 

period and it is especially apparent in infants who initially have a low-birth weight. It 

has been demonstrated that infants with catch up growth are more prone to suffer from 

obesity, type 2 diabetes and other metabolic syndromes during their childhood and 

adulthood [34]. In this thesis, it has been proved that lack of Mstn leads to a lean 

phenotype and improved insulin sensitivity, therefore, it is interesting to analyze 

whether or not Mstn is involved in catch up growth.   

The primary question that needs to be addressed is whether lack of Mstn is able to 

counteract catch up weight gain. Catch up growth animal models can be set up by 

restricting food intake in experimental WT and Mstn-/- pregnant female mice and 

giving ad libitum access to food to the offspring mice. At specific time intervals the 

extent of obesity and insulin resistance will be measured.   

The second experiment to carry out will be to analyze the role of Mstn in the 

hypertrophied adipose tissue caused by catch up growth at the molecular level. It is 

reported that catch up growth results in the enlargement of adipocyte size, but not 

adipocyte number [39]. However, in chapter 4 & 5 of this thesis, it is demonstrated 

that Mstn-/- mice display reduced lipid uptake and increased fatty acid synthesis, 

lipolysis, and fatty acid oxidation in WAT, resulting in atrophied adipocytes and a 

multilocular lipid droplet phenotype. Therefore, it is interesting to investigate the role 

of Mstn in lipogenesis and adipogenesis during catch up growth. This study may help 
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us to better understanding the reason for the lean phenotype of Mstn-/- mice, especially 

during later postnatal growth phases.   

The final aim is to evaluate the role of Mstn in regulating insulin sensitivity during 

catch up growth. Surprisingly, human infants with low birth weight have improved 

insulin sensitivity during catch up growth [257], however, these low birth weight 

infants are more likely to develop obesity and type 2 diabetes in childhood and 

adulthood [34, 257-258]. Therefore, insulin sensitivity may not be constant during the 

whole life time; instead, temporal alterations may occur with aging [259]. Since Mstn-/- 

mice display an insulin sensitive phenotype, it is important to delineate the role of 

Mstn in regulating carbohydrate metabolism during early postnatal development, to 

detect whether or not the function of Mstn has temporal variation during aging.  

sActRIIB has been shown to be an effective antagonist for Mstn in counteracting 

obesity and insulin resistance [173]. So treating low birth weight mice with sActRIIB 

could give us a clearer indication of the effect of postnatal inhibition of Mstn in 

carbohydrate metabolism.  

 

Conclusion 

In summary, this thesis is the first study analyzing the molecular mechanism of Mstn 

in carbohydrate and lipid metabolism. Mstn-/- mice exhibit a lean phenotype and 

improved insulin sensitivity. The data presented here indicates that the improved 

insulin sensitivity and lean phenotype are due to accelerated glucose uptake and 

increased fatty acid oxidation, as well as the adoption of a brown adipose tissue (BAT) 

phenotype in WAT. In addition, Mstn-/- WAT displays reduced adipocyte size, and the 
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atrophy in adipocyte is due to the reduced lipid uptake and increased fatty acid 

synthesis, lipolysis, and fatty acid oxidation. Molecularly, lack of Mstn activates 

AMPK and PPAR signaling, further leading to increased glucose uptake and fatty acid 

oxidation to enhance insulin sensitivity.  

Moreover, in chapter 6, the results demonstrate for the first time that Mstn is detected 

in skin, in both the epidermis and dermis. Interestingly, skin wound healing in Mstn-/- 

mice is significantly delayed due to delayed re-epithelialization in the epidermis and 

wound contraction in the dermis. Results reveal that the slower wound contraction is a 

result of decreased fibroblast-to-myofibroblast transformation and collagen deposition 

due to impaired TGF-�� signaling.   

In recent times, obesity and diabetes have become worldwide issues. To date however, 

no efficient therapy has been developed, thus, research on target-directed first-line 

drugs is in high demand. Herein, for the first time, we propose Mstn as a potential 

therapeutic target in obesity, type 2 diabetes and skin wound healing, moreover, the 

studies done so far have built up a novel and practical relationship between Mstn and 

metabolic disorder, as well as skin regeneration.  
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