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Abstract 

 

The skeletal muscle not only plays a role in maintaining posture and generating force 

(contraction), but also is a dynamic metabolically active tissue that plays a central role in the 

regulation of glucose metabolism.  Western diets and a sedentary lifestyle reduce the contribution 

of skeletal muscle to the regulation of blood glucose.  In addition, inflammation resulting from 

chronic elevated levels of pro-inflammatory cytokines is implicated in the development of insulin 

resistance, metabolic disease and loss of skeletal muscle mass. 

The gut plays a central role in the maintenance of metabolic health and disease.  Metabolic 

disease is associated with gut dysbiosis and “leaky” gut syndrome releasing lipopolysaccharide 

(LPS) into the circulation driving a chronic proinflammatory cytokine response.  

To date there have been numerous studies demonstrating that Aspalathus linearis (rooibos) plant 

polyphenols protect against the development of metabolic diseases.  The aim of this study was 

three-fold.  Firstly, study the effects of LPS on skeletal muscle growth and metabolism in vitro 

using murine C2C12 myoblasts.  Secondly, to study the effect(s) of 3T3-L1 adipocyte derived 

adipokines on LPS-induced pro-inflammatory cytokine secretion by myoblasts, and thirdly, to 

investigate the effect of an aspalathin-rich green rooibos extract (Afriplex GRT™) on the LPS-

induced immune responses. 

To establish the skeletal muscle model of inflammation, C2C12 myoblasts were exposed to LPS 

(0.1 μg/mL and 1 μg/mL) for 24 hours and treated with Afriplex GRTTM (GRT) (1 μg/mL and 10 

μg/mL) for 24 hours.  Cell viability, inflammation (IL-6 secretion), glucose uptake, and expression 

of relevant genes and proteins were assessed.  Furthermore, C2C12 myoblasts were 

differentiated in the presence of LPS to assess the effects of inflammation on myogenesis.  A co-

culture system using C2C12 myoblasts and 3T3-L1 pre-adipocytes and mature adipocytes were 

used to study the secretion of IL-6 and adiponectin. 

LPS was a potent inducer of pro-inflammatory IL-6 cytokine response, specifically in myoblasts 

as opposed to myotubules, suggesting that IL-6 is differentially regulated in myotubules.  

Myoblasts exposed to LPS during differentiation results in decreased myotube width and number 

suggesting that metabolic endotoxemia affects muscle mass and potentially affecting skeletal 

muscle energy metabolism.  The myogenic regulatory factors, myogenin, MyoD and myostatin 

were downregulated by LPS during myoblast differentiation.  In co-culture, LPS significantly 

increased IL-6 secretion in both myoblasts and 3T3-L1 pre-adipocytes, whereas IL-6 secretion 
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was modulated by the differentiated 3T3-L1 adipocytes in co-culture.  A dramatic increase in 

adiponectin levels secreted by the differentiated 3T3-L1 adipocytes compared to the pre-

adipocytes could have accounted for the lower IL-6 secretion in the co-culture.  GRT was unable 

to ameliorate the effects of LPS-induced inflammation. 
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Opsomming 

 

Die skeletspier speel nie slegs 'n rol met liggaamshouding en die lewering van krag 

(sametrekking) nie, maar is ook 'n dinamiese metabolies-aktiewe weefsel wat 'n sentrale rol in die 

regulering van glukose-metabolisme speel.  Westerse diëte en 'n onaktiewe lewenstyl verminder 

skeletspiere se vermoë om bloedglukose vlakke te help reguleer. Ook is inflammasie, as gevolg 

van chroniese verhoogde vlakke van pro-inflammatoriese sitokiene, betrokke by die ontwikkeling 

van insulienweerstandigheid, metaboliese siektes en verlies aan skeletspiermassa.  Die 

dermkanaal speel 'n sentrale rol in die instandhouding van metaboliese gesondheid en siektes. 

Die 'lekkende' dermsindroom, wat met metaboliese siekte geassosieer word, veroorsaak dat 

lipopolisakkaried (LPS) vrygestel word in die sirkulasie wat dan 'n kroniese pro-inflammatoriese 

sitokienrespons dryf.  Tans is daar talle studies wat toon dat Aspalathus linearis (rooibos) en sy 

polifenool aspalatien teen die ontwikkeling van metaboliese siektes beskerm. Die doel van hierdie 

studie was drievoudig.  Eerstens om die effek van LPS op skeletspiergroei en metabolisme te 

bestudeer deur muis C2C12 mioblaste te gebruik.  Tweedens, om die effek(te) wat 3T3-L1 

adiposiete op LPS-geïnduseerde pro-inflammatoriese sitokienafskeiding het deur mioblaste te 

bestudeer, en derdens om te bepaal of 'n aspalatienryke groen rooibosekstrak (Afriplex GRT ™) 

die LPS-geïnduseerde immuunresponse kan beïnvloed. 

Om die inflammatoriese skeletspiermodel te vestig, is C2C12 mioblaste 24 uur lank aan LPS (0,1 

μg/mL en 1 μg/mL) blootgestel en ook behandel met Afriplex GRTTM (GRT) (1 μg/mL en 10 μg/ml) 

vir 24 uur.  Sellewensvatbaarheid, inflammasie (IL-6-afskeiding), glukose-opname en uitdrukking 

van relevante gene en proteïene is bepaal.  Verder is C2C12 mioblaste gedifferensieer in die 

teenwoordigheid van LPS om die effekte van inflammasie op miogenese te bepaal.  'n Ko-

kultuurmodel van C2C12 mioblaste en 3T3-L1 pre-adiposiete en adiposiete is gebruik om die 

afskeiding van IL-6 en adiponektien te bestudeer. 

LPS was 'n kragtige induseerder van pro-inflammatoriese IL-6 sitokienrespons, spesifiek in 

mioblaste in teenstelling met miotubules, wat daarop dui dat IL-6 differensiaal in miotubules 

gereguleer is.  As mioblaste tydens differensiasie aan LPS blootgestel word, is daar 'n afname in 

miotubule-breedte en -getal wat daarop dui dat LPS die spiermassa beïnvloed en moontlik die 

energiemetabolisme van die skeletspier beïnvloed.  Die regulatoriese miogene, miogenien, MioD 

en miostatien, word deur LPS gedurende die mioblastdifferensiasie afgereguleer.  In ‘n ko-kultuur 

model het LPS die IL-6-afskeiding in beide mioblaste en 3T3-L1-preadiposiete beduidend 

verhoog, terwyl IL-6-afskeiding deur die gedifferensieerde 3T3-L1-adiposiete in ko-kultuur 
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gemoduleer is.  'n Dramatiese toename in adiponektienvlakke wat deur die gedifferensieerde 3T3-

L1-adiposiete afgeskei word, in vergelyking met die pre-adiposiete, het waarskynlik IL-6-

afskeiding in die mede-kultuur gemoduleer.  GRT kon nie die effekte van LPS-geïnduseerde 

inflammasie verbeter nie.  
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1.1 Background 

 

Skeletal muscle plasticity allows the muscle tissue to be metabolically and structurally flexible, 

thus being able to adapt to the environmental conditions.  It is well-known that exercise can 

increase skeletal muscle mass (Konopka & Harber, 2014) and improve skeletal muscle insulin 

sensitivity (Sjøberg et al., 2017) and is prescribed as a non-pharmacological intervention for the 

treatment of metabolic disease.  Increasing skeletal muscle mass is associated with increased 

insulin sensitivity (Cleasby et al., 2014; Haines et al., 2020; Han et al., 2018) where as a decline 

in muscle mass, often related to aging, results in decreased insulin sensitivity (Shou et al., 2020).  

Insulin resistance is a major predisposing factor to the development and progression of type 2 

diabetes mellitus (T2DM) (Boden et al., 2005; Chatterjee & Scobie, 2002; Shimabukuro et al., 

1998) and has also been associated with muscle protein degradation (Wang et al., 2006).  Lack 

of exercise and over nutrition are sedentary lifestyle factors that increase the development of 

insulin resistance (Zimmet, 2017).  Chronic low-grade inflammation has been associated with 

insulin resistance, obesity and T2DM, resulting in increased levels of circulating pro-inflammatory 

cytokines that have negative effects on skeletal muscle metabolism and structure. 

Polyphenols are biomolecules naturally found in plant foods (e.g., herbs, vegetables, spices, tea, 

etc.), and have been attributed to the prevention and amelioration of metabolic syndrome (Chiva-

Blanch & Badimon, 2017).  Rooibos is a South African herbal tea produced from Aspalathus 

linearis, a shrub-like bush indigenous to the Cederberg region of the Western Cape Province 

(Joubert & de Beer, 2012).  Rooibos is known for its antioxidant activity and has been associated 

with various health-promoting properties (Joubert et al., 2008; Marnewick et al., 2011).  In 

particular, unfermented rooibos extract as well as aspalathin, the major bioactive flavonoid in 

rooibos, have been shown to ameliorate insulin resistance and glucose uptake skeletal muscle 

cells in vitro (Mazibuko et al., 2013; Muller et al., 2012). 

T2DM is a growing epidemic world-wide and is a major concern in healthcare.  Approximately 462 

million individuals were affected by T2DM in 2017 and accounting for 1 million deaths and 

projected to rise over the next decade (Khan et al., 2019).  Over the years, there has been an 

increasing interest in herbal/natural remedies (plant polyphenols) and consumption of these 

polyphenol rich foods has been shown to modulate diet-induced low-grade inflammation (Serrano 

et al., 2020; Zhao et al., 2019) a causal factor for the development of T2DM.  Research has been 

geared towards the development of plant polyphenol extracts with the aim of alleviating/combating 

the symptoms and complications that come with metabolic diseases.  Thus, in this study the use 
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of a pharmaceutical grade green rooibos extract (Afriplex GRTTM) has been investigated for its 

ability to improve or prevent the development of metabolic disease.   

 

1.2 Hypothesis 

 

Aspalathin-rich green rooibos extract (Afriplex GRTTM) ameliorates LPS-induced inflammation 

and muscle wasting in C2C12 myoblasts and modulates inflammatory adipocyte-myocyte 

crosstalk. 

 

1.3 Aims and Objectives 

 

1.3.1 Aim 

 

The aim of this study is to understand LPS-induced inflammation as a mechanism of skeletal 

muscle insulin resistance and atrophy as well as the adipocyte-myocyte paracrine crosstalk and 

to elucidate the modulatory action of an aspalathin-rich green rooibos extract (Afriplex GRTTM) on 

LPS-induced inflammation in C2C12 myoblasts including adipocyte-derived pro-inflammatory 

cytokines using cell co-culture. 

 

1.3.2 Objectives 

 

In order to address the specific aim of this study, C2C12 skeletal muscle cells will be cultured 

alone (monoculture) or co-cultured with 3T3-L1 adipocytes in high (33 mM) glucose, and LPS will 

be used to induce skeletal muscle IR in vitro. 

 Examine the effects of high glucose and LPS on 3T3-L1 adipocyte pro-inflammatory cytokine 

secretion. 

 Establish the effects of the culture profile on glucose at a functional level including gene and 

protein expression in the C2C12 muscle and 3T3-L1 adipocytes in co-culture. 

 Examine the effects of LPS on myogenesis. 
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 Examine the effects of rooibos phenolic compounds as a modulating treatment and/or 

preventative measure on the pathophysiology identified above. 
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2 LITERATURE REVIEW 
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2.1 Skeletal muscle structure, physiology and function 

 

The skeletal muscle is the most abundant tissue that represents about half of total body weight 

and contributes to multiple bodily functions (Costamagna et al., 2015; Gransee et al., 2012).  This 

dynamic tissue has the unique ability to alter its structural and functional properties in response 

to growth and aging as well as to stimuli such as muscle injury, mechanical loading and over 

nutrition (Costamagna et al., 2015; Gransee et al., 2012).  The skeletal muscle tissue is well-

structured and organized, as well as highly vascularised and innervated.  This is directly related 

to its functions including contraction and energy metabolism (Mukund & Subramaniam, 2019).  

Mechanically, the function of the skeletal muscle is to convert chemical energy into mechanical 

energy to generate force and power, produce movement (locomotion), and maintain posture.  

Apart from mechanical functions, the skeletal muscle also plays an essential role in the 

maintenance and regulation of whole-body energy metabolism, thermal homeostasis and storage 

of energy substrates such as carbohydrates in the form of glycogen (Frontera & Ochala, 2015; 

Mirzoev, 2020). 

 

2.1.1 Skeletal muscle structure: myofiber to whole muscle 

 

The skeletal muscle tissue is made up of bundles of muscle fibers that are covered with 

connective tissue.  Muscle fibers (myofibers or myocytes) are mature multinucleated cells that 

form the basic cellular unit of skeletal muscle tissue (Exeter & Connell, 2010; Frontera & Ochala, 

2015; Gransee et al., 2012; Mukund & Subramaniam, 2019).  Each muscle fiber is encapsulated 

by a sheath of connective tissue known as the endomysium and these bundles of muscle fibers 

are then encapsulated by another sheath of connective tissue, the perimysium, forming structures 

known as fascicles.  Together, bundles of fascicles form the muscle tissue which is also 

encapsulated by another sheath of connective tissue, termed the epimysium (Exeter & Connell, 

2010; Frontera & Ochala, 2015; Mukund & Subramaniam, 2019).  Muscle fibers consist of highly 

organised structures called myofibrils and each myofibril is composed of a series of subunits 

called sarcomeres.  Sarcomeres are the basic functional units of the myofibril and are made up 

of thick and thin filaments (thick filaments are mainly composed of myosin, whereas actin, troponin 

and tropomyosin are the main components of thin filaments) which are anchored to Z-discs 

(Exeter & Connell, 2010; Gransee et al., 2012; Mukund & Subramaniam, 2019).   The Z-disc 
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defines the boundary of the sarcomere and is the attachment site for thin filaments between 

adjacent sarcomeres.  The precise and orderly arrangement of the thick and thin filaments give 

the skeletal muscle its striated appearance (Frontera & Ochala, 2015; Gransee et al., 2012; Lowe 

& Anderson, 2015). 

 

 

Figure 2.1: Structure of skeletal muscle.  Figure obtained from (Frontera & Ochala, 2015). 

 

2.1.2 Skeletal muscle: role in energy metabolism 

 

The skeletal muscle tissue is responsible for approximately 70 - 80% of peripheral insulin-

stimulated glucose uptake and clearance from the circulation and, therefore, has a significant 
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contribution to whole-body glucose homeostasis (DeFronzo & Tripathy, 2009; Kumar & Dey, 

2003; Wu & Ballantyne, 2017).  In conjunction with carbon-13 nuclear magnetic resonance 

spectroscopy Cline and colleagues (1998) showed that non-oxidative glucose phosphorylation is 

the principal pathway for glucose disposal by skeletal muscle (Cline et al., 1998; DeFronzo & 

Tripathy, 2009; Roden et al., 1996).  The glucose taken up by the skeletal muscle is stored as 

glycogen and used as an energy substrate for exercise (Jensen et al., 2011).  Insulin stimulates 

skeletal muscle glucose uptake by increasing glucose transporter protein concentration at the 

plasma membrane, particularly glucose transporter 4 (GLUT4) (Jensen et al., 2011). 

The skeletal muscle is a metabolically flexible tissue, being able to use both glucose and free fatty 

acids as energy sources for adenosine triphosphate (ATP) production in the fed or fasting state 

(Goodpaster & Sparks, 2017).  In the skeletal muscle, ATP provides the energy to power the 

contraction in working muscle, thus this energy rich molecule is critical to skeletal muscle function 

as well as meeting increased energy demands during periods of intense exercise or normal daily 

activities (Baker et al., 2010; Mukund & Subramaniam, 2019).  Upon entry into the skeletal 

muscle, glucose is phosphorylated by hexokinase forming glucose-6-phosphate and is either 

destined towards glycogen synthesis or glycolysis (Richter & Hargreaves, 2013).  The skeletal 

muscle is an energy consuming tissue and therefore, generation of ATP through glycolysis plays 

a critical role in skeletal muscle contractile function (Mukund & Subramaniam, 2019).  The 

glycolysis pathway produces 2 ATP molecules as well as 2 pyruvate molecules that are either 

shunted towards the tricarboxylic acid (TCA) cycle by the oxidation of pyruvate to acetyl-

Coenzyme A (acetyl-CoA) by pyruvate dehydrogenase or converted to lactate by lactate 

dehydrogenase (Lodish et al., 2000).  The complete oxidation of glucose begins with the entry of 

pyruvate into the TCA cycle which results in the subsequent production of electron carrier 

molecules, nicotinamide adenine dinucleotide (NADPH) and flavin adenine dinucleotide (FADH2), 

which are oxidized in the electron transport chain (ETC) yielding 32 ATP molecules through 

oxidative phosphorylation in the mitochondria (Brody, 1999; Lodish et al., 2000). 

In the fasting state, plasma insulin levels decrease with a concomitant decrease in phosphorylated 

protein kinase B (PKB/Akt) and Akt substrate of 160 kDa (AS160) activity (Soeters et al., 2012; 

Wijngaarden et al., 2014).  This results in the shift in substrate metabolism, from glucose oxidation 

to fatty acid oxidation.  The increase in AMP-activated protein kinase (AMPK) activity inhibits 

muscle specific acetyl-CoA carboxylase 2 (ACC 2) isoform by phosphorylating the Serine 221 

residue (Serine 212 in mice) (Lange et al., 2006; O’Neill et al., 2014; Wijngaarden et al., 2014).  

However, studies have shown that although AMPK is not increased in human skeletal muscle, 
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ACC 2 phosphorylation is decreased in the fasted state (Vendelbo et al., 2012; Wijngaarden et 

al., 2014).  The inhibition of ACC 2 and activation of malonyl-CoA decarboxylase by AMPK results 

in the decrease in malonyl-CoA levels, allowing the interaction of free fatty acids with carnitine 

palmitoyltransferase 1 (CPT1) and thereby enhancing fatty acid oxidation (Beta oxidation) (Foster, 

2012).  Like the glycolysis pathway, beta oxidation yields acetyl-CoA and electron carrier 

molecules that enter the TCA cycle and ETC, respectively to produce ATP after each round of 

oxidation, which is dependent on the length of the fatty acid chain (de Carvalho & Caramujo, 

2018).  Thus, mitochondria are an essential element in skeletal muscle energy metabolism, 

especially during increased energy demand and have been implicated in skeletal muscle 

dysfunction and metabolic disease. 

 

2.1.2.1 Mitochondrial bioenergetics: critical for ATP production 

 

The mitochondria are responsible for the majority ATP production (via oxidative phosphorylation) 

in times of increased skeletal muscle energy demand.  Flavin adenine dinucleotide (FADH2) and 

nicotinamide adenine dinucleotide (NADH) are high energy electron carriers used to transport 

electrons generated in glycolysis and TCA cycle to the ETC.  The ETC is composed of a series 

of protein complexes (complex I to IV) embedded in the inner mitochondrial membrane and 

function to transport/pump hydrogen ions (H+) across the inner mitochondrial membrane (from 

mitochondrial matrix into the intermembrane space) creating the proton gradient necessary to 

drive ATP synthesis (oxidative phosphorylation) (Ahmad et al., 2021; Martínez et al., 2020).  At 

the inner mitochondrial membrane, the high energy electron carriers become oxidized, NADH to 

NAD+ and FADH2 to FAD at complex I and complex II respectively.  The donated electrons are 

then transported across the ETC protein complexes resulting in the pumping of H+ across the 

membrane at complexes I, III and IV.  The proton gradient is then generated by the accumulation 

of H+ in the intermembrane space and a reduction of H+ concentration in the mitochondrial matrix 

(Ahmad et al., 2021; Martínez et al., 2020).  The ATP synthase (complex V) can be divided into 

2 regions, F0 region (proton pump subunit) and F1 region (catalytic subunit).  As H+ from the 

intermembrane space pass through the F0 region of ATP synthase, this results in the rotation of 

the subunits in the F0 and F1 region.  This rotation catalyses the reaction of adenosine diphosphate 

(ADP) and organic phosphate (Pi) producing ATP in the beta subunit of the F1 region (Neupane 

et al., 2019).  The ATP synthase is critical to energy production, where mutations, defects or 
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functional impairments of ATP synthase can result in cardiomyopathy and various neuromuscular 

disorders and even death (Houštek et al., 1999; Kucharczyk et al., 2009). 

 

2.1.3 Insulin signalling and regulation 

 

In insulin sensitive tissues, particularly the skeletal muscle, insulin signalling is initiated by the 

binding of insulin to the insulin receptor.  The insulin receptor is a heterotetrametric protein 

consisting of two α subunits (extracellular) and two β subunits (membrane-spanning).  The binding 

of insulin results in the conformational change of the insulin receptor leading to the 

phosphorylation of the tyrosine molecules on the receptor (Petersen & Shulman, 2018).  

Phosphorylation of the insulin receptor results in the internalization of the insulin receptor and 

recruitment of insulin receptor substrate-1 (IRS-1) (DeFronzo & Tripathy, 2009; Petersen & 

Shulman, 2018).  IRS-1 becomes phosphorylated and activates the p85 regulatory subunit of 

phosphatidylinositol-3-kinase (PI3-kinase) as well as the p110 catalytic subunit.  Activated PI3-

kinase catalyses the formation of phosphatidylinositol-3,4,5-triphosphate (PIP3).  The increase in 

PIP3 levels results in the binding of phosphoinositide-dependent kinase-1 (PDK-1) followed by 

the phosphorylation of protein kinase B (Akt).  Activated Akt in turn phosphorylates AS160 and 

several proteins downstream initiating the translocation of GLUT4 from intracellular storage 

vesicles to the plasma membrane, facilitating glucose transport into the muscle cells (DeFronzo 

& Tripathy, 2009; Petersen & Shulman, 2018; Schmitz-Peiffer, 2000).  

An increase in the activity of protein tyrosine phosphatase 1B (PTP1B) negatively regulates 

insulin signalling by dephosphorylating the insulin receptor upon internalisation therefore, 

terminating insulin signalling.  To circumvent the activity of PTP1B, the insulin receptor activates 

NAD(P)H oxidase 4 (NOX-4) activity.  The activation of NOX-4 results in the inhibition of PTP1B 

via NOX-4-derived H2O2 thereby providing a continued amplification of insulin signalling (Petersen 

& Shulman, 2018; Polonsky & Burant, 2016).  Skeletal muscle insulin sensitivity is crucial for 

energy metabolism, decreased insulin sensitivity and impairment in insulin signalling potentially 

leads to the development of metabolic diseases and associated complications (DeFronzo, 2004; 

Jové et al., 2006; Perry et al., 2016; Stumvoll et al., 2005). 
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2.1.4 Regulation of skeletal muscle mass 

 

Skeletal muscle mass is maintained by an intricate balance between the rate of protein synthesis 

and degradation.  Factors such as inflammation, exercise, growth factors, steroids, muscle 

disuse/immobility and disease are able to cause a shift between this balance causing changes in 

composition, appearance and performance of the muscle fiber (Dirks et al., 2016; Distefano & 

Goodpaster, 2018; Hong et al., 2019; Meex, Blaak, & Loon, 2019; Mukund & Subramaniam, 2019; 

Sandri et al., 2004; Stitt et al., 2004; Teng & Huang, 2019).  Of most importance, loss of muscle 

mass (sarcopenia) is a general feature of ageing as well as a characteristic feature of various 

pathologies including sepsis, cancer, obesity and diabetes (Lipina & Hundal, 2017; Rosenberg, 

1997; Sishi et al., 2011; Tisdale, 2008; Trierweiler et al., 2018).  Skeletal muscle atrophy occurs 

when the balance is shifted towards degradation, leading to a loss of myofibrillar proteins.  

Skeletal muscle size can increase either through hypertrophy (the increase in size of existing 

muscle fibers) or by hyperplasia (an increase in the number of muscle fibers) (Exeter & Connell, 

2010).  Hypertrophy occurs as a response to normal growth and exercise whereas hyperplasia 

occurs in response to significant muscle injury (Exeter & Connell, 2010).  Loss of muscle mass 

can impact muscle function, reduce muscle strength and contribute to the development of 

impaired glucose and lipid homeostasis (Trierweiler et al., 2018). 

 

2.1.5 Protein synthesis and degradation 

 

The PI3K/Akt/mTOR pathway is the major pathway that regulates protein synthesis (Bodine et 

al., 2001; Mirzoev, 2020; Rommel et al., 2001).  Akt1, Akt2 and Akt3 are members of the AKT 

serine-threonine kinase family.  In skeletal muscle, Akt1 and Akt2 are highly expressed compared 

to Akt3 which is predominantly expressed in the brain.  Insulin-like growth factor-1 (IGF-1) 

activates Akt1, whereas Akt2 is activated by insulin, however insulin is able to activate Akt1 (Kim 

et al., 1999).  Studies showed that Akt1 knockout mice displayed growth retardation and muscle 

atrophy, whereas Akt2 knockout mice became diabetic and Akt3 knockout mice had impaired 

brain development (Sandri, 2008; Yang et al., 2004) demonstrating that Akt is involved in muscle 

growth and glucose metabolism. 
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The mechanistic target of rapamycin (mTOR), also referred to as mammalian target of 

rapamycin is a serine/threonine protein kinase that forms the catalytic subunit of two distinct 

protein complexes, mTOR Complex 1 (mTORC1) and 2 (mTORC2).  Upon phosphorylation of 

mTOR (Ser2448) by Akt, mTOR forms a complex with the regulatory associated protein of mTOR, 

complex 1 (RPTOR) to form mTORC1.  The mechanistic target of rapamycin complex 1 promotes 

protein synthesis by directly phosphorylating p70S6 Kinase 1 (S6K1) and eIF4E-binding protein 

(4EBP), an inhibitor of protein synthesis.  The phosphorylation of 4EBP results in its dissociation 

from eukaryotic initiation factor 4E (eIF4E) which subsequently results in the recruitment of 

eukaryotic initiation factor 4G (eIF4G) allowing mRNA translation to occur (Gransee et al., 2012; 

Mao & Zhang, 2018; Mukund & Subramaniam, 2019; Saxton & Sabatini, 2017).  Another 

downstream target of Akt is the glycogen synthase pathway.  Akt promotes protein synthesis by 

phosphorylating and inhibiting glycogen synthase kinase-3 beta (GSK-3β).  The inhibition of GSK-

3β results in the release of eukaryotic initiation factor 2B (eIF2B) and therefore increasing protein 

synthesis (Mirzoev, 2020; Mukund & Subramaniam, 2019; Rommel et al., 2001). 

Protein degradation is suppressed when Akt phosphorylates Forkhead box O (FOXO), inhibiting 

its translocation to the nucleus (Bodine et al., 2001; Gransee et al., 2012; Mukund & 

Subramaniam, 2019).  The inhibition of Akt results in the failure to suppress FOXO, leading to its 

subsequent translocation to the nucleus and up-regulating the muscle specific E3 ubiquitin ligases 

(Frontera & Ochala, 2015; Gransee et al., 2012; Hulmi et al., 2012; Lipina & Hundal, 2017; 

Mukund & Subramaniam, 2019).  Atrogin-1 (also known as MAFbx) and muscle ring-finger 

protein-1 (MuRF1) are well known E3 ubiquitin ligases involved in muscle protein degradation 

and are both implicated in diabetic and obese-induced muscle atrophy, as well as shown to be 

up-regulated in animal models of muscle wasting as well as studies pertaining to muscle atrophy 

in obese and diabetic patients as well as animal models of sepsis (Dehoux et al., 2004; Lagirand-

Cantaloube et al., 2008; Ono et al., 2020; Pellegrinelli et al., 2015; Perry et al., 2016; Sishi et al., 

2011).  Atrogin-1 targets MyoD, an essential muscle regulatory factor involved in the process of 

myogenesis, as well as eukaryotic initiation factor 3 subunit F (eIF3-f) for degradation whereas, 

MuRF-1 targets myofibrillar proteins including myosin and actin (Clarke et al., 2007; Cohen et al., 

2009; Lagirand-Cantaloube et al., 2008; Polge et al., 2011; Scicchitano et al., 2018; Sishi et al., 

2011). 
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Myostatin is abundantly expressed in the muscle tissue and has been positively associated with 

insulin resistance and obesity (Allen et al., 2011; Amor et al., 2019).  Myostatin is up-regulated in 

obese and T2DM individuals (Amor et al., 2019) and its inhibition reduced TNF-α expression and 

protected muscle and liver tissue against obesity-induced insulin resistance (Wilkes et al., 2009).  

Myostatin is also thought to be a negative regulator of myogenesis, and exerts its effects through 

Smad2/3 signalling and inhibiting protein synthesis (Burks & Cohn, 2011; Han et al., 2013).  Upon 

phosphorylation, Smad2/3 form a complex with Smad4.  The Smad2/3/4 complex then stimulates 

FOXO-dependent transcription, suppressing Akt/mTOR mediated signalling pathway and up-

regulating protein degradation pathways (Burks & Cohn, 2011; Han et al., 2013). 

 

2.1.6 Muscle regeneration  

 

Different stimuli, including muscle injury, exercise (muscle overloading), and denervation activate 

the muscle regeneration process by activating muscle satellite cells which transform into 

myoblasts.  The myoblasts proliferate into myocytes and subsequently fusing with existing muscle 

fibres or fuse with each other to form multinucleated myotubes and mature to form new muscle 

fibres (Costamagna et al., 2015; Teng & Huang, 2019).  Muscle satellite cells are progenitor cells 

derived from cells that express paired box (Pax) 3/7 during embryogenesis (Buckingham & Relaix, 

2015; Gros et al., 2005; Tajbakhsh et al., 1997; Yablonka-Reuveni, 2011) and are located 

between the basal lamina and plasma membrane of muscle fibers (Buckingham & Relaix, 2015; 

Fujimaki et al., 2016; Mukund & Subramaniam, 2019; Yin, Price, & Rudnicki, 2013).  These 

progenitor cells are key to skeletal muscle plasticity.  Under physiological conditions, muscle 

satellite cells remain dormant, and are characterised by the expression of Pax7.  Pax7 is located 

upstream of both MyoD and Myf5, regulating the expression of both genes.  The expression of 

Pax7 is also essential for muscle satellite cell expansion and survival (Buckingham, 2007). 

Pax7-deficient primary myoblasts and mice exhibited cell-cycle arrest and dysregulation of 

myogenic regulatory factors, as well as reduced muscle regeneration (von Maltzahn et al., 2013), 

supporting the notion that Pax7 is critical in the maintenance and expansion of the skeletal muscle 

satellite cell pool as well entry into the myogenic programme.  In response to stimulation such as 

muscle injury, the muscle satellite cells become activated.  Upon activation, muscle satellite cells 

express MyoD, allowing the cells to enter the myogenic programme, committed to the myoblastic 

proliferation phase.  The activated cells proliferate and differentiate into myoblasts, which then 
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differentiate into mature muscle fibers fusing with existing fibers or creating new muscle fibers.  

However, some of the stimulated satellite cells do not differentiate into myoblasts, they proliferate 

and return to a quiescent state to maintain the muscle stem cell pool (Bjornson et al., 2012; 

Mukund & Subramaniam, 2019; Teng & Huang, 2019; Yin et al., 2013). 

Muscle repair is dependent upon the coordinated activation of inflammatory response and 

myogenesis.  In response to injury, the complement system is activated, stimulating the 

recruitment of immune cells to the site of injury (Frenette et al., 2000).  Mast cells and neutrophils 

are the first inflammatory cells that infiltrate the injured muscle.  Skeletal muscle resident mast 

cells are activated, leading to their subsequent degranulation and release of inflammatory 

mediators (TNF-α, interferon gamma and IL-1β), stimulating the recruitment of neutrophils to the 

site of injury (Arnold et al., 2007; Bortolotto et al., 2004; Howard et al., 2020). 

Neutrophils function to remove myofiber debris and stimulate the recruitment of other immune cell 

populations including monocytes and macrophages by secreting IL-1, IL-8 and IL-6.  The 

recruitment of monocytes and macrophages is critical to muscle regeneration-related myogenesis 

(Howard et al., 2020).  Lu et al (2011) demonstrated Ccr2-/- mice had reduced muscle 

inflammation and impaired muscle regeneration after barium chloride-induced muscle injury, 

suggesting that the inhibition of monocyte/macrophage accumulation/recruitment impairs the 

skeletal muscle regenerative response (Lu et al., 2011).  Initially, the infiltrating macrophages are 

polarized towards an M1 pro-inflammatory (Ly6C+) phenotype, releasing pro-inflammatory 

cytokines (TNF-α, IL-1, IL-6) and stimulating myoblast proliferation (Zhang et al., 2013).  The 

clearance of muscle debris by neutrophils and clearance of apoptotic neutrophils by M1 

macrophages, as well as the release of IL-4 by myoblasts induce the switch from M1 to M2 state 

(Arnold et al., 2007; Chazaud et al., 2003; Horsley et al., 2003).  The M2 macrophage (Ly-6C−) 

phenotype is anti-inflammatory, releasing anti-inflammatory mediators, including transforming 

growth factor-β1 (TGF-β1), IGF-1 and IL-10 and the secretion of these anti-inflammatory 

mediators promote myoblast differentiation, thus supporting myogenesis (Arnold et al., 2007; 

Chazaud et al., 2003; Sonnet et al., 2006).  The tightly orchestrated balance between the duration 

of pro-/anti-inflammatory factors is essential in the muscle regeneration programme and 

maintenance of muscle health.  An imbalance can lead to deleterious effects such as reduced 

myofiber growth and regeneration, uncontrolled wound healing and fibrosis, as well as muscle 

atrophy (Costamagna et al., 2015; Segawa et al., 2008). 
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2.2 Effect of metabolic disease on skeletal muscle 

 

2.2.1 Insulin resistance 

 

Insulin Resistance (IR), a characteristic feature of the metabolic syndrome and regarded as the 

hallmark of type 2 diabetes mellitus (T2DM) has been commonly associated with obesity, 

hypertension and cardiovascular disease.  Insulin resistance is defined as a metabolic disorder 

where insulin sensitive tissues (skeletal muscle, liver, and adipose tissue) become unresponsive 

to the action of insulin, thus resulting in the inability of the body to maintain plasma glucose levels 

at euglycaemic levels (glucose homeostasis).  Therefore, to compensate for insulin resistance 

pancreatic beta cells hyper secrete insulin resulting in hyperinsulinaemia, that further perpetuates 

insulin unresponsiveness.  A decrease in insulin sensitivity results in decreased glucose uptake 

in skeletal muscle, unhindered lipolysis in adipose tissue and increased gluconeogenesis in the 

liver resulting in the failure to maintain systemic energy homeostasis (DeFronzo & Tripathy, 2009; 

Mlinar et al., 2007; Schmitz-Peiffer, 2000; Ye, 2013).  The ineffective clearance of glucose by 

skeletal muscle is considered to be a major contributor to glucose intolerance and 

hyperglycaemia, ultimately leading to the development of T2DM.  Thus, the understanding of the 

aetiology of this metabolic syndrome is of significant importance. 

 

2.2.2 Insulin resistance in skeletal muscle 

 

In a lipid infusion study using healthy subjects, Roden and his colleagues (Roden et al., 1996) 

established that insulin resistance caused the elevation of plasma FFAs and resulted in the 

reduction of muscle glycogen synthesis and glucose oxidation rates through the inhibition of the 

glucose transport or phosphorylation activity.  Similar data was observed in type 2 diabetic 

patients (Rothman et al., 1992).  The use of in vitro methodologies (tissue culture) showed that 

palmitate, a saturated fatty acid, inhibited insulin-stimulated glucose uptake in mouse skeletal 

muscle cells.  This was observed in the reduction in glycogen synthesis and the down-regulation 

of GLUT4 mRNA expression in palmitate-treated cells compared to the untreated control cells 

(Jové et al., 2005; Mazibuko et al., 2013).  Palmitate also induced the accumulation of 

diacylglycerol (DAG) and ceramides in C2C12 myotubes and these effects were not seen in 3T3-

L1 adipocytes (Chavez & Summers, 2003). 
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To further establish how elevated plasma FFAs cause insulin resistance, Dresner and colleagues 

were able to show that elevated plasma FFAs caused a significant reduction in intracellular 

glucose concentration compared to the control study, therefore demonstrating that glucose 

transport is the rate-limiting step responsible for the reduced insulin-stimulated glucose disposal.  

This was based on the idea that intracellular glucose is an intermediate between glucose transport 

and hexokinase II and thus its concentration reflects the relative activities of glucose transport 

and hexokinase II (Dresner et al., 1999). 

A number of studies have also implicated IRS-1–associated PI3-kinase as mediator in skeletal 

muscle insulin resistance (Cusi et al., 2000; Kruszynska et al., 2002; Yu et al., 2002).  Elevations 

in plasma FFA concentration abolished the IRS-1-associated PI3-kinase activity thus causing a 

reduction in insulin-stimulated glucose activity in skeletal muscle (Dresner et al., 1999).  Other 

mechanisms independent of insulin-signalling have been proposed as contributing factors to the 

development of insulin resistance.  Plasma FFAs are also TLR4 agonists, suggesting that the 

inflammatory pathway is also involved in the development of insulin resistance in skeletal muscle 

(Radin et al., 2008; Shi et al., 2006). 

 

2.2.3 Type 2 diabetes mellitus 

 

Type 2 diabetes mellitus (T2DM), a life-style disease characterised by raised plasma blood 

glucose levels, accounts for 90% of all diabetes cases and is a major source of morbidity, mortality 

and health costs globally (International Diabetes Federation, 2019).  Most patients with T2DM are 

obese, with obesity itself causing some degree of insulin resistance (“Diagnosis and Classification 

of Diabetes Mellitus,” 2010).  Since hyperglycaemia develops gradually over the years, T2DM 

frequently goes undiagnosed thus the onset of the disease is usually impossible to determine.  

The International Diabetes Federation estimates that in 2019, 463 million adults worldwide had 

diabetes.  This number is estimated to increase to 578 million cases by 2030, with 700 million 

cases by the year 2045, thus estimating a 51% increase in diabetes cases worldwide 

(International Diabetes Federation, 2019). 

The pathogenesis of T2DM involves defects in both insulin secretion and action.  Although the 

exact mechanisms are not yet fully understood, hypotheses have been suggested over the years 

that pancreatic β-cell dysfunction is a more common feature.  Chronic insulin resistance results 

in hyperglycaemia, hyperinsulinaemia and increased plasma FFA concentrations, and the 
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progressive failure of β-cells to produce sufficient levels of insulin that determines the onset and 

progression of T2DM (DeFronzo, 1992; DeFronzo, 2004; Leahy, 2005; Poitout & Robertson, 

2008). 

Studies by Spranger et al, (2003) and Pradhan et al, (2001) show that subclinical activation of the 

immune system is involved in the pathogenesis of T2DM, where case subjects (termed as 

individuals free of T2DM at baseline and developed diabetes in the 2-3 year follow up) showed to 

have increased levels of circulating cytokines (IL-6, IL-1β and TNF-α).  Spranger et al, (2003) 

suggested that IL-6 and IL-1β are determining risk factors for T2DM development.  Therefore, β-

cell dysfunction/death is a critical factor in the onset and pathogenesis of overt T2DM (Pradhan 

et al., 2001; Spranger et al., 2003). 

 

2.2.4 Muscle atrophy in type 2 diabetes mellitus and inflammation 

 

Diseases characterised by chronic inflammation, sepsis and sarcopenia have been associated 

with muscle dysfunction (Dirks et al., 2016; Ono et al., 2020; Perry et al., 2016; Sishi et al., 2011; 

Sumi et al., 2020).  Myogenesis is an essential process required for muscle repair, maintenance 

of skeletal muscle mass and function.  Multiple studies have shown that conditions of 

inflammation, insulin resistance, and obesity disrupt muscle function by up-regulating the protein 

degradation pathways, including the muscle specific ubiquitin E3 ligases, MuRF-1 and Atrogen-

1, targeting the myofibrillar proteins and resulting in a negative balance in muscle homeostasis 

(Ato et al., 2019; Luo et al., 2019; Ono et al., 2020).  Muscle wasting is a gradual process that 

progresses with age and is more substantial in T2DM patients (Perry et al., 2016). 

Type 2 diabetes mellitus associated muscle atrophy is thought to be a contributing factor to the 

progression of other diabetic complications based on the key role skeletal muscle plays in glucose 

homeostasis and locomotion (Hernandez-Ochoa et al., 2017) exacerbating the progression of 

T2DM over time thus decreasing the capacity to perform activities of daily living and increasing 

mortality (Hernandez-Ochoa et al., 2017; D’ Souza et al., 2013).  As previously mentioned, the 

skeletal muscle accounts for 70 – 80% of insulin stimulated glucose uptake from circulation and 

represents up to 40% of body weight.  Therefore loss of muscle mass leads to decreased capacity 

and strength as well as persistent hyperglycaemia, ultimately leading to increased mortality in 

patients with T2DM (Perry et al., 2018). 
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The myogenic potential of muscle satellite cells is altered in a diabetic environment.  Muscle 

satellite cells derived from T2DM patients were found to retain their diabetic phenotype (Gaster 

et al., 2002; Green et al., 2011).  Basal glucose uptake as well as insulin-stimulated glycogen 

synthase activity was reduced in muscle satellite cells isolated for T2DM patients (Gaster et al., 

2002) as well as reduced proliferative capacity (Petersen et al., 2007).  Green et al, (2011) showed 

that the inflammatory and insulin resistant phenotype was conserved in muscle satellite cells 

isolated from obese impaired glucose tolerant and obese T2DM subjects.  Nuclear factor-kappa 

β-p65 DNA binding activity was elevated and insulin-stimulated glucose uptake was suppressed 

in muscle satellite cells from these individuals (Green et al., 2011).  Moreover, 3 week-old mice 

fed a high-fat diet for 3 weeks had reduced muscle mass as well as reduced muscle regeneration 

capacity (Woo et al., 2011).  In another study, muscle satellite cell activation and proliferation was 

impeded in high-fat diet mice after cardiotoxin induced muscle injury (Fu et al., 2016).  Therefore, 

the targeted degradation of muscle protein, regulatory and transcription factors as well as altered 

muscle regeneration in T2DM patients are factors that potentially exacerbate disease progression 

and co-morbidity development. 

Studies have shown the involvement of pro-inflammatory cytokines and endotoxin-derived 

inflammation in muscle wasting.  IL-6 infusion induced muscle wasting and muscle specific 

degradation genes were up-regulated in a model of sepsis (Haddad et al., 2005), whereas Ono 

et al, (2020) showed that LPS-induced inflammation induced the expression of MuRF-1 and 

Atrogen-1 and a down regulation in muscle regulatory factors (MyoD and myogenin) resulting in 

a decrease in muscle fiber size (Ono et al., 2020).  In another study, muscle wasting associated 

with an increase in ubiquitin and proteasome expression was observed in healthy animals 

exposed to pro-inflammatory cytokines (Costamagna et al., 2015; Tisdale, 2008).  The activation 

of nuclear factor-κB (NF-κB) is thought to be the mediating factor of increased pro-inflammatory 

cytokines (Ono et al., 2020; Ono & Sakamoto, 2017).  The activity of NF-κB has been implicated 

in inflammation-mediated diseases and has been associated with the positive regulation of genes 

involved in atrophy (Baker et al., 2011; Costamagna et al., 2015; Holland et al., 2011; Tisdale, 

2008).  Structural proteins, such as myosin and actin, which are essential components in the 

process of muscle contraction are the major proteins that are degraded in muscle atrophy 

(Hasselgren et al., 2005; Ono et al., 2020).  Endotoxin has also been shown to suppress insulin 

signalling via the upregulation of pathways involved in inflammation (Liang et al., 2013). 
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2.3 Obesity-induced inflammation 

 

Adipose tissue plays an essential role in energy homeostasis.  Adipocytes function by storing free 

fatty acids in the form of triglycerides and releasing them as non-esterified fatty acids into the 

circulation (Tsatsoulis et al., 2013).  Adipocytes also function as an endocrine and paracrine 

organ, secreting cytokines such as TNF-α, IL-6, and adipokines including leptin and adiponectin 

which influence food intake, systemic insulin sensitivity as well as nutrient homeostasis (Makki et 

al., 2013; Sell et al., 2006).  

Obesity is characterised by the excessive accumulation of fat resulting in increased adipose 

mass.  The increase in adipose mass is thought to be as a result of adipocyte hypertrophy and 

has been associated with adipocyte dysfunction characterised by increased secretion of free fatty 

acids, altered production of adipokines and increased secretion of inflammatory factors (Jack et 

al., 2019).  Chronic elevated levels of plasma FFAs and pro-inflammatory cytokines, particularly 

TNF-α and IL-6, induce insulin resistance in peripheral tissues such skeletal muscle and liver and 

exacerbates β-cell dysfunction (Ruan & Lodish, 2003).  Adipose tissue inflammation is also 

attributed to the infiltration of classically activated macrophages (M2 phase).  The accumulation 

of these macrophages contributes to the secretion of inflammatory factors seen by the formation 

of crown-like structures as a result of macrophage aggregation around dead adipocytes (Cinti et 

al., 2005; Sam & Mazzone, 2014; Sun et al., 2011).  Another source of inflammation has been 

attributed to gut derived endotoxins (Cani et al., 2007; Guerville et al., 2017).  Elevated circulating 

levels of plasma endotoxin has been associated with metabolic syndrome and contributing to the 

chronic elevated levels of pro-inflammatory cytokines (Chen et al., 2015; Lassenius et al., 2011; 

Liang et al., 2013, 2018).  Therefore, this supports the notion of a chronic low-grade inflammation 

observed in obese and T2DM patients, contributing to the development of insulin resistance and 

pathogenesis of T2DM. 

 

2.3.1 Lipid overload: Fatty acid modulation of skeletal muscle mass and function 

 

Free fatty acids (FFAs) have been identified as mediators of skeletal muscle dysfunction.  FFA 

induce insulin resistance in humans by inhibiting glucose transport and reducing the rate of 

muscle glycogen synthesis and glucose oxidation by approximately 50% (Roden et al., 1996).  

Palmitate is the most abundant circulating saturated fatty acid and has been shown to suppress 
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insulin signalling and decrease myotube diameter (Bryner et al., 2012; Chavez & Summers, 2003, 

2010; Lipina & Hundal, 2017; Mazibuko et al., 2013).  Saturated FFAs induce skeletal muscle 

inflammation through interaction with toll-like receptors 2 and 4 (TLR2, TLR4) (Holland et al., 

2008, 2011; Senn, 2006) and TLR4 deletion improves peripheral insulin sensitivity in animals fed 

high-fat diets (Cani et al., 2008; Kim et al., 2007; Poggi et al., 2007).  In in vivo and in vitro studies 

Radin and colleagues were able to show that inhibition or deletion of TLR4 confers protection 

against lipid-induced insulin resistance as well as palmitate-induced activation of NF-κB (Radin 

et al., 2008).  Increased TLR4 expression and signalling is also observed in obese and T2DM 

subjects (Reyna et al., 2008), suggesting that lipid overload modulates muscle function by up-

regulating pro-inflammatory genes via NF-κB activation (Green et al., 2011; Jové et al., 2005; 

Jové et al., 2006). 

 

2.4 Role of gut-derived endotoxin in metabolic syndrome 

 

It is well known that high-fat Western diets and physical inactivity are the major factors responsible 

for the growing obesity and diabetes epidemic.   In particular, the Western diet was shown to alter 

the intestinal barrier, resulting in the passage of bacterial endotoxin lipopolysaccharides (LPS) 

into the systemic circulation (Guerville et al., 2017; Rohr et al., 2019).  Lipopolysaccharides are 

large, heat stable molecules and are the major constituents on the outer membrane of gram-

negative bacteria (Caroff & Karibian, 2003; Erridge et al., 2002).  Low, yet significant amounts of 

LPS are found in the plasma of obese individuals, described as metabolic endotoxemia, referring 

to a state of chronically elevated plasma LPS concentration induced by fatty acid rich western 

diets (Boutagy et al., 2016; Clemente-Postigo et al., 2019).  Thus suggesting that metabolic 

endotoxemia is a mediating source of increased inflammatory environment seen in obese rodents 

(Cani et al., 2007). 

LPS enters the circulation by crossing the gastrointestinal barrier via leaky intestinal tight junctions 

or by infiltrating lipoproteins involved in the transport of dietary lipids from the gut chylomicrons 

(Levels et al., 2005).  Once in circulation, LPS is bound by LPS-binding protein (LBP), an acute 

phase protein synthesized in the liver in response to LPS, and interacts with tissues such as the 

liver, adipose tissue, and skeletal muscle as well as triggering the innate immune response.  TLR4 

is a target ligand for LPS and is ubiquitously expressed in adipose tissue and skeletal muscle.  

The activation of TLR4 results in the downstream signalling cascade that activates the NF-κB 
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protein complex.  Nuclear factor kappa B then translocates to the nucleus where it induces the 

expression of pro-inflammatory genes (TNF-α, IL-6) (Baker et al., 2011; Ono & Sakamoto, 2017).  

As previously mentioned, increased pro-inflammatory cytokines exert their mechanisms on 

peripheral tissue, concomitantly exacerbating pro-inflammatory cytokine concentrations. 

 

2.5 Adipocyte-myocyte crosstalk interaction between skeletal muscle and adipose 

tissue 

 

It is well known that increased levels of plasma FFAs contribute to insulin resistance in peripheral 

tissues such as skeletal muscle and liver (Bays et al., 2004; Boden et al., 2005).  The adipose 

tissue is acknowledged as an endocrine organ secreting various adipokines that have paracrine 

action on whole body metabolism.  It is also well established that the adipose tissue of obese 

individuals has an altered secretory profile, largely due to expanded and inflamed adipocytes.  It 

has been reported that adipose tissue inflammation is geared towards a pro-inflammatory state, 

thus secreting elevated levels of pro-inflammatory adipocytokines.  These adipocytes have been 

hypothesised to be involved in the development of insulin resistance (Clemente-Postigo et al., 

2019; Kershaw & Flier, 2004; Makki et al., 2013; Mohamed-Ali et al., 1998; Sun et al., 2011).  

Adiponectin is predominantly expressed and secreted by differentiated adipocytes (Körner et al., 

2005) and its expression has been shown to be decreased in ob/ob mice and obese humans (Hu 

et al, 1996).  The insulin sensitising effects of adiponectin were demonstrated by Yamauchi et al 

in an insulin resistant lipoatrophic mouse model, which displays both adiponectin and leptin 

deficiencies.  Administration of adiponectin to this mouse model ameliorated insulin resistance by 

decreasing triglyceride content in liver and muscle (Yamauchi et al., 2001), suggesting the 

association between adiponectin and the development of insulin resistance. 

Much like the adipose tissue, the skeletal muscle is also recognised as an endocrine organ, 

secreting myokines, including myostatin, IL-6, myonectin, fibroblast growth factor-21 (FGF21) and 

irisin as well as IL-15 (Li et al., 2017).  Proliferating myoblasts secrete myokines that suppress 

neurogenesis and adipogenesis, while secreting myokines that specifically promote myotube 

formation, vascularisation, and neurogenesis during differentiation, suggesting that muscle cells 

secrete a variety of myokines at different stages of growth (Ojima et al., 2014; Podbregar et al., 

2013).  Interleukin-6 is a well-documented myokine and it has been shown that proliferating 

myoblasts secrete IL-6, which is thought to play a role in myogenesis, including muscle 
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regeneration (Austin, Bower, Kurek, & Vakakis, 1992; Serrano et al., 2008).  Skeletal muscle 

significantly secrete IL-6 during exercise that is related to the intensity and duration of the exercise 

suggesting that IL-6 may have anti-inflammatory/paracrine effects that mediate hepatic glucose 

output necessary to maintain blood glucose homeostasis during exercise (Helge et al., 2003; 

Bente Klarlund Pedersen et al., 2001).  However, as mentioned previously, chronic elevated 

plasma IL-6 levels derived from inflamed, hypertrophied and dysfunctional adipocytes has the 

opposite effect, inducing insulin resistance in skeletal muscle tissue (Ruan & Lodish, 2003). 

On the other hand, myonectin promotes fatty acid uptake by adipocytes and hepatocytes by 

upregulating the expression of genes that are involved in lipid uptake, resulting in the reduction 

of circulating FFAs.  Myonectin expression stimulated by exercise is found to be decreased in 

obesity (Li et al., 2017; Seldin et al., 2012; Wu & Ballantyne, 2017).  Irisin is thought to improve 

glucose homeostasis and induce browning of white adipose tissue via the upregulation of PGC1-

α, however, irisin expression is reduced in obese subjects (Boström et al., 2012; Lee et al., 2014; 

Li et al., 2017; Vaughan et al., 2014; Wu & Ballantyne, 2017).  Therefore, a sedentary lifestyle 

results in the lack of contraction-induced myokines and eventually results in chronic low-grade 

inflammation, therefore significantly affecting skeletal muscle function and structure. 

 

2.5.1 Co-culture system: Adipocyte-myocyte crosstalk 

 

Co-culture is a developed method using two different cell types cultured in a common medium.  

This type of cell culture allows interaction between the two cell types, where one cell type may 

have an influence on cell function and interaction on another cell type (Muthuraman, 2014).  This 

allows for the paracrine communication between two different cell types, mimicking the molecular 

interaction between different cell types and tissues in vivo.  A common method of co-culture is 

using trans-well plates where one cell type is grown on a permeable membrane (trans-well insert) 

that is suspended in a shared common medium with the second cell type (figure 1).  This 

arrangement allows for the study on the effects of secreted products (e.g. cytokines) on adjacent 

cell types (Pandurangan & Hwang, 2014).  

Using co-culture, Chu et al, (2016) showed that differentiated C2C12 myotubes significantly 

decreased mRNA levels of Cyclin D and Cyclin E, increased FAS mRNA levels, and increased 

the activity of caspase 3 in 3T3-L1 adipocytes, resulting in the inhibition of cell proliferation and 

induction of cell apoptosis in 3T3-L1 adipocytes, demonstrating that co-culture is an appropriate 
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method to study critical regulatory mechanisms between cells types (Chu et al., 2016).  Moreover, 

Pandurangan et al, (2012) demonstrated that calpain, caspase, and HSP mRNA expressions 

were significantly changed in the C2C12 and 3T3-L1 co-culture as compared to their respective 

single monolayer controls (Pandurangan et al., 2012).  The co-culture of adipocytes and skeletal 

muscle cells has allowed researchers to study and analyse the adipocyte-myocyte paracrine 

crosstalk (Dietze-Schroeder et al., 2005; Dietze et al., 2002; Kudoh et al.2018; Sarr et al., 2017; 

Seyoum, Fite, & Abou-Samra, 2011; Vu et al., 2007).  Adipocyte-skeletal muscle co-culture results 

in insulin resistance in muscle cells as shown by a decreased IRS-1 and Akt phosphorylation 

(Dietze et al., 2002; Sarr et al., 2017) and suppressed insulin-stimulated glucose uptake in muscle 

cells (Kudoh et al., 2018).  Muscle cells in co-culture also showed a decreased insulin-induced 

Akt (Ser473) phosphorylation and was proportional to adipocyte density (Kudoh et al., 2018). 

These co-culture models have demonstrated that there is direct crosstalk between skeletal 

muscle and adipose tissue.  Adipose tissue not only acts as the main site for energy storage, but 

also acts as an endocrine organ regulating satiety and energy homeostasis, and more specifically 

related to this study, energy homeostasis regulation via skeletal muscle and adipose tissue 

communication with each other through the release of adipokines and myokines (Sell et al., 2006; 

Wu & Ballantyne, 2017).  In obesity-induced inflammation, the adipocytes themselves are insulin 

resistant and dysfunctional, exacerbating metabolic disorders including insulin resistance in 

skeletal muscle (Sell et al., 2006). 

 

2.6 Rooibos (Aspalathus linearis) 

 

Aspalathus linearis, commonly known as rooibos, is a South African herbal fynbos plant species 

enjoyed as a hot or cold beverage and loved for its taste and aroma.  The rooibos shrub is 

indigenous to the Cederberg region of the Western Cape Province of South Africa (Joubert & de 

Beer, 2012).  Rooibos health-promoting benefits include its anti-diabetic and anti-obesity 

properties, improved appetite, cure for insomnia, stimulation of milk production in breast-feeding 

women, and reduced nervous tension, has further contributed to its popularity (Canda, et al., 

2014; Joubert & de Beer, 2012; Kamakura et al., 2015; Muller et al., 2012; Sanderson, et al., 

2014). 

Over the past few years there has been much scientific interest in the role of rooibos phenolic 

compounds in ameliorating metabolic syndrome.  Mazibuko et al, (2013 and 2015) demonstrated 
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an ameliorative effect of an aspalathin-enriched green rooibos extract (GRE) and aspalathin (the 

major flavonoid in rooibos) on insulin resistance in C2C12 skeletal muscle cells and 3T3-L1 

adipocytes, respectively.  GRE improved insulin stimulated glucose uptake and increased Akt 

phosphorylation and insulin-stimulated GLUT 4 expression (Mazibuko et al., 2013).  Studies have 

also shown that rooibos and/or its phenolic compounds modulated adipogenesis by decreasing 

leptin expression (Sanderson et al., 2014).  The consumption of rooibos (six cups/day for 6 weeks) 

showed a reduction in serum low-density lipoprotein (LDL) as well as triglycerides in individuals 

at risk for cardiovascular disease (Marnewick et al., 2011) and increased plasma anti-oxidant 

potential in healthy subjects (Villaño et al., 2010).  Aspalathin also exhibited anti-inflammatory 

effects in LPS-stimulated human umbilical vein endothelial cells (HUVECs) where  cytokine 

secretion (IL-6 and TNF-α) was reduced after treatment, furthermore, aspalathin also suppressed 

NF-κB and ERK1/2 activation by LPS (Lee & Bae, 2015).  Aspalathin also improved mitochondrial 

respiration in palmitate-induced insulin resistant C3A liver cells.  Basal respiration was improved 

after incubation with aspalathin.  Aspalathin was shown to increase ATP production, maximal 

respiration and spare respiratory capacity, suggesting that aspalathin has the ability to improve 

intracellular energy levels (Mazibuko-Mbeje et al., 2019) under metabolic stress conditions. 

Afriplex GRTTM (GRT), an aspalathin-rich green rooibos extract, is a pharmaceutical grade 

product containing 12.8% aspalathin (Patel et al., 2016).  GRT has been shown to have 

hypoglycaemic and lipid lowering properties in high-fat diet-induced diabetic primates (Orlando et 

al., 2019).  This was supported by the decrease in low-density lipoprotein (LDL) in diabetic 

monkeys, where as non-diabetic monkeys had increased high-density lipoprotein (HDL) (Orlando 

et al., 2019).  The effects of GRT is under investigation to further elucidate its modulating effects 

on the metabolic syndrome. 

 

2.7 In vitro Models 

 

2.7.1 C2C12 myoblast 

 

C2C12 muscle cells, an immortalized myoblast cell line derived from satellite cells, show a typical 

behaviour that corresponds to that of progenitor lineage (Blau et al., 1983; Burattini et al., 2004; 

Wong et al., 2020; Yaffe & Saxel, 1977). The C2C12 myoblast cell line is a well-documented in 

vitro model that has facilitated our understanding in the myogenesis pathway (Dedieu et al., 
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2002), metabolic disease progression (Wong et al., 2020) and muscle atrophy (Ono & Sakamoto, 

2017; Thomas et al., 2000).  Multiple studies using this cell line have allowed us to have a 

comprehensive understanding of the metabolic processes at cellular levels including glucose 

transport and metabolism, insulin signalling mechanisms, and oxidative stress which have been 

implicated in insulin resistance (Frisard et al., 2015; Jové et al., 2006; Luo et al., 2019; Mazibuko 

et al., 2013; Muller et al., 2012; Ono & Sakamoto, 2017; Thomas et al., 2000). 

In the undifferentiated state, the myoblasts appear as flat stellate or spindle-shaped 

mononucleated cells (figure 2.2) (Burattini et al., 2004; Kataoka et al., 2003; Wong et al., 2020). 

C2C12 myoblasts express MRFs (MyoD, myogenin, Myf5 and MRF-4), proteins known to be 

exclusively expressed in cells committed to the myogenic lineage (Burattini et al., 2004; Dedieu 

et al., 2002; Delgado et al., 2003; Krempler & Brenig, 1999).  The expression of these MRFs is 

tightly regulated during myogenesis and each possesses a critical function within the myogenesis 

pathway (Dedieu et al., 2002).  This was shown by Dedieu et al, (2002) where the transfection of 

C2C12 cells with an antisense strategy using oligonucleotides against MyoD, myogenin, and Myf-

5 significantly affected myoblast fusion compared to the non-treated control, therefore concluding 

that the fusion of myoblasts is a critical step in the elongation of multinucleated muscle fibres 

during muscle differentiation.  Glucose transporter 4 (GLUT4), predominantly activated by insulin 

stimulation, is highly expressed in C2C12s, making this cell line useful in studies related to 

glucose transport/metabolism and insulin signalling in metabolic disease (Luo et al., 2019; 

Mangnall et al., 1993; Mazibuko et al., 2013; Muller et al., 2012).  Another characteristic feature 

of mature muscle fibres is the expression of myosin heavy chain II (MyHC II), which has also been 

used as a marker for identifying mature multinucleated myotubes upon differentiation of C2C12 

myoblasts (Ono & Sakamoto, 2017). 
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Figure 2.2:  Photomicrograph of C2C12 myoblasts viewed under the microscope (Senn, 2006).  C2C12 myoblasts 

at low density appear as flat stellate cells (A).  At high density, myoblasts begin to align and elongate to form the 

characteristic myotubules, as shown by arrows (B).  (American Type Culture Collection, 2017) 

https://www.atcc.org/products/all/CRL-1772.aspx#characteristics 

 

2.7.2 C2C12 myoblast differentiation 

 

The C2C12 cell line is a model of choice in many studies due to its ability to rapidly proliferate 

and differentiate to form contractile multinucleated myotubes.  C2C12 myoblasts are commonly 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing glucose (4.5 g/L) and 

supplemented with foetal bovine serum (FBS), usually at 10% final concentration and antibiotics 

such as gentamycin, amphotericin B and a cocktail of penicillin and streptomycin (PenStrep).  To 

differentiate, the myoblasts are allowed to proliferate to confluence and thereafter fed with 

differentiation medium containing 2% horse serum (HS).  Upon differentiation, C2C12 myoblasts 

develop myocytes which fuse to form elongated multinucleated fibre-shaped structures 

(myotubes) within 3 – 7 days after the addition of differentiation medium.  (Mazibuko et al., 2013; 

Muller et al., 2012; Wong et al., 2020).  It is worth noting that the differentiation potential of the 
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myoblasts is dependent on how the cells are subcultured.  Thus, to prevent the loss of myoblastic 

properties during subculturing, it is critical that the cells are not allowed to reach confluence 

(American Type Culture Collection, 2017). 

 

2.7.3 In vitro model of obesity 

 

3T3-L1 is a pre-adipose cell line isolated and expanded from Swiss 3T3 cells.  This was based 

on their ability to accumulate lipids (Green & Kehinde, 1975; Green & Meuth, 1974).  3T3-L1 pre-

adipocytes are widely used as an in vitro model of white adipocytes to study and understand 

adipogenesis.  It is also a well-established model of obesity (Dludla et al., 2018; Jack et al., 2017; 

Mazibuko-Mbeje et al., 2020; Sanderson et al., 2014).  Upon confluency, 3T3-L1 preadipocytes 

undergo growth arrest and differentiate into mature adipocytes with the use of pro-differentiation 

treatment/agents such as insulin, synthetic glucocorticoids and 1-methyl-3-isobutyl xanthine 

(IBMX), a phosphodiesterase inhibitor (Morrison & McGee, 2015). 
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3 METHODS 
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3.1 Materials 

 

The materials together with their suppliers and product/catalogue numbers used in this study are 

listed in the Appendix section. 

 

3.2 General cell culture protocol 

 

3.2.1 Thawing cells 

 

Two cryogenic vials each containing 3T3-L1 (1x106 cells/mL) and C2C12 (1x106 cells/mL) in 

cryopreservation media constituting of DMEM supplemented with 10% FBS and 7% dimethyl 

sulfoxide (DMSO) was thawed in a pre-warmed water bath (37ºC).  One milliliter of the thawed 

cell suspension was then transferred into a 15 mL centrifuge tube containing 9 mL of pre-warmed 

growth media (DMEM supplemented with 10% FBS).  Cells were pelleted by centrifugation at 800 

rpm for 5 minutes.  After centrifugation, the supernatant was gently removed by aspiration and 

the cell pellet was re-suspended in pre-warmed growth media by gently mixing up and down to 

dislodge pellets into single cells.  Thereafter, 1 mL of cell suspension was transferred into T75 

cell culture flasks containing 17 mL of pre-warmed growth media in each flask containing 3T3-L1 

or C2C12 cells, respectively.  The flasks were incubated in a humidified incubator at 37ºC and 

5% carbon dioxide (CO2) until they reached 60 – 70% confluence.  Cells were refreshed on day 

2 post inoculation by removing spent media and replacing with fresh pre-warmed growth media.  

After 3 days, cells were then sub-cultured as described in the section below. 

 

3.2.2 Subculture and maintenance 

 

Upon reaching 60 - 70% confluency, sub-cultures of 3T3-L1 and C2C12 cells were produced.  

Spent growth media was aspirated and cells were washed with 8 mL Dulbecco’s phosphate 

buffered saline (DPBS).  Thereafter, cells were incubated with 2 mL of trypsin-versene for 5 

minutes at 37ºC.  To ensure adequate detachment, cells were observed under an inverted 

microscope.  Trypsinization was inhibited by the addition of pre-warmed growth media.  Using a 

10 mL serological pipette, cells were gently dissociated by pipetting up and down.  The cell 

suspension was then transferred into a centrifuge tube and pelleted by centrifugation and the 

supernatant was removed by aspiration.  To dislodge the cell pellet into single cells, cells were 

re-suspended in pre-warmed growth media and the number of viable cells were counted.  
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Thereafter, 3T3-L1 and C2C12 cells were sub-cultured into T75 cell culture flasks at 1:8 split ratio 

and incubated in at 37ºC in 5% CO2 and humidified air.  Cells were passaged every 2 - 3 days 

upon confluency of 60 - 70%.  C2C12 myoblasts and 3T3-L1 preadipocytes were used between 

passages 20 – 28 and 13 – 20, respectively, for all experiments. 

 

3.2.3 Trypan blue exclusion assay 

 

Cell counting was determined by employing the trypan blue exclusion assay (Strober, 2015).  The 

assay allows for light microscopic quantitation of cell viability.  The basic principle of the assay 

relies on the integrity of the cell membrane where, live cells possess an intact cell membrane that 

excludes the trypan blue dye, whereas non-viable cells do not and therefore absorb the dye 

(Strober, 2015).  To determine the number of viable cells in a cell suspension, 10 µL of 0.4% 

trypan blue dye was added to 10 µL cell suspension and mixed gently.  Subsequently, 10 µL of 

the trypan blue and cell suspension mixture was loaded on to one chamber of the 

haemocytometer and viewed under an inverted microscope, where viable and non-viable cells 

were counted.  Thereafter, the percentage and total number of viable cells were calculated as 

shown in the equations below.  Required seeding densities were prepared thereafter (Table 1). 

 

 

𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 (%)  =  
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 (𝑣𝑖𝑎𝑏𝑙𝑒 + 𝑛𝑜𝑛 𝑣𝑖𝑎𝑏𝑙𝑒)
 ×  100% 

 

𝑐𝑒𝑙𝑙𝑠/𝑚𝐿 =  
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 10 000

𝑛𝑜. 𝑜𝑓 𝑞𝑢𝑎𝑑𝑟𝑎𝑛𝑡𝑠
 

 

3.2.4 Seeding of 3T3-L1 pre-adipocytes and C2C12 myoblasts 

 

After quantifying the number of viable cells (section 3.2.3), 3T3-L1 pre-adipocytes and C2C12 

myoblasts were seeded in respective multiwell plates (Table 1) at 20 000 cells/mL and 25 000 

cells/mL for assay purposes, respectively. Thereafter, cells were incubated at 37ºC in 5% CO2 

and humidified air until they reached 90 – 100% confluency. 

 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

52  

Table 1: Cell densities for seeding 3T3-L1 pre-adipocytes and C2C12 myoblasts. 

Cell line Multiwell Plate 

Cell 

concentration 

(cells/mL) 

Cell density 

(cells/well) 

Volume 

3T3-L1 24 well (Transwell) 2.0x104 1.0x104 500 μL 

C2C12 

96 well 2.5x104 5.0x103 200 μL 

24 well 2.5x104 2.5x104 1 mL 

6 well 2.5x104 7.5x104 2 mL 

 

3.2.5 Differentiation 

 

3.2.5.1 3T3-L1 pre-adipocyte 

 

When cells reached 100% confluence, growth medium was substituted with adipocyte 

differentiation medium (ADM).  The ADM consisted of DMEM, supplemented with 10% FBS, 1 

μg/mL insulin, 0.5 mM 3-isobuytl-1-methylxanthine (IBMX) and 1 μM dexamethasone to induce 

differentiation (day 0).  After 72 hours (day 3), ADM was removed from the cells and replaced with 

adipocyte maintenance medium (AMM) which consisted of DMEM, supplemented with 10% FBS 

and 1 μg/mL insulin for an additional two days.  On the fifth day of differentiation AMM was 

removed and replaced with growth medium for an additional 2 days.  Cells were incubated at 

37ºC in 5% CO2 and humidified air.  Thereafter, relevant treatments and assays were performed. 

 

3.2.5.2 C2C12 myoblasts 

 

To induce differentiation, seeded myoblasts were grown to confluence 72 hours post seeding. 

Growth medium was removed and replaced with differentiation medium (DMEM supplemented 

with 2% HS) for 3 days, cells were refreshed on the second day from induction of differentiation 

(day 0).  On the third day of differentiation, the myocytes had fused to form mature myotubes as 

could be observed under the inverted light microscope.  Cells were incubated at 37ºC in 5% CO2 

and humidified air. 
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3.3 Treatment preparation 

 

All final concentrations were prepared in phenol red-free DMEM, containing 33 mM glucose and 

sodium bicarbonate, supplemented with 2% fatty acid-free bovine serum albumin (BSA) unless 

otherwise stated.  For lipopolysaccharide preparation, 1 mg of LPS was dissolved in 1 mL 

phosphate buffered saline (PBS) to obtain a stock concentration of 1 mg/mL.  Stock solution of 

LPS was aliquoted and stored at -20ºC until required.  A working concentration of 20 µg/mL LPS 

solution was prepared in DMEM, thereafter appropriate treatment concentrations were prepared 

from the working LPS solution. A concentrated stock solution of Afriplex GRTTM (GRT) (10 mg/mL) 

was prepared in 10% DMSO and thereafter a working stock solution of a 1 mg/mL solution was 

prepared in DMEM. 

 

3.4 Adipocyte-myocyte crosstalk 

 

3.4.1 Adipocyte-skeletal muscle co-culture 

 

3T3-L1 adipocytes and C2C12 skeletal muscle cells were seeded and differentiated as previously 

described.  On the 7th day of post-differentiation, cell culture inserts containing mature 3T3-L1 

adipocytes were individually transferred to cell culture plates containing C2C12 myoblasts using 

sterile forceps.  This assembly resulted in a co-culture system where the two cell types shared 

the same medium but remained separated.  C2C12 myoblasts were co-cultured with either 3T3-

L1 pre-adipocytes or mature adipocytes in DMEM supplemented with 10% FBS. 

 

3.5 Cell culture treatment 

 

The C2C12 myoblast monoculture and co-culture were washed with pre-warmed DPBS.  

Thereafter, the cell culture was treated with LPS and/or GRT, prepared as described in section 

3.3 for 24 hours.  Insulin (1 µM) was added the last 15 minutes of treatment.  The concentration 

of LPS selected was based on preliminary experiments and previously published data (Frost et 

al., 2002, 2003; Hussey et al., 2013; Liang et al., 2013; Ono & Sakamoto, 2017; Perry et al., 

2018). 
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3.6 Inflammation-induced inhibition of myogenesis 

 

3.6.1 Effect of LPS on myoblasts 

 

C2C12 myoblast were seeded in multiwell plates as described in section 3.2.4.  After 48 hours, 

cells were treated with or without LPS (0.1 μg/mL and 1 μg/mL) for 24 hours.  Thereafter, 2-

deoxyglucose uptake was conducted and media was collected for the measurement of cytokine 

secretion by enzyme-linked immunosorbent assay (ELISA).  Cells were harvested for Western 

blot analysis and quantitative reverse transcription polymerase chain reaction (qRT-PCR). 

 

 
Figure 3.1: Experimental design of in vitro C2C12 model. 

 

3.6.2 Effect of LPS on myogenesis study 

 

To determine the effect of LPS on myogenesis, C2C12 myoblasts were seeded in 6 well plates 

as described in section 3.2.4 with minor modifications.  After 48 hours, myoblasts were washed 

with pre-warmed DPBS and subsequently treated with or without LPS (0.1 μg/mL and 1 μg/mL) 

in growth media.  After 48 hours, the growth medium was removed and replaced with 

differentiation media to induce myoblast differentiation for a further 48 hours with or without LPS. 

On the third day (day 3) the formation of myotubes were observed under an inverted light 

microscope (Figure 3.2.). 
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Figure 3.2: C2C12 myogenesis experimental design.  C2C12 myoblasts were differentiated in the presence of LPS. 

 

3.7 Cell viability assessment of LPS and GRT in C2C12 model 

 

C2C12 cells were seeded and either differentiated or not in 96 well culture plates mentioned in 

section 3.2.4.  Thereafter, cells were treated with a range of concentrations of LPS (0.05 µg/mL 

– 1 µg/mL) for 24 hours.  For GRT treatments, C2C12 myoblasts were seeded and differentiated 

in 24 well plates.  Cells were then treated with various concentrations of GRT (0.001 µg/mL – 100 

µg/mL) at different time points, i.e., 4, 8, 16 and 24 hours. 

 

3.8  3- [4, 5-dimethylthiazol-2-yl]-2, 5 diphenyltetrazolium bromide (MTT) assay 

 

MTT assay is a quantitative colorimetric assay that measures cell metabolic activity as an indicator 

of cell viability, proliferation and cytotoxicity based on mitochondrial activity.  This assay 

developed by Mosmann, (1983) measures the reduction of the yellow tetrazolium salt (MTT) to 

water insoluble purple formazan crystals in metabolically active cells by mitochondrial succinate 

dehydrogenase (Mosmann, 1983). 

 

C2C12 cells were treated as mentioned in section 3.7, thereafter, medium was aspirated.  Cells 

were washed with pre-warmed DPBS and 50 µL of pre-warmed MTT solution (2 mg/mL) was 

added to each well in both 96 well and 24 well plates, respectively.  Thereafter, cells were 

incubated at 37ºC in 5% CO2 and humidified air for 30 minutes.  The MTT solution was aspirated, 

and the purple formazan crystals were dissolved in 25 µL Sorenson’s glycine buffer and 200 µL 

of DMSO.  Absorbance was measured at 570 nm using the BioTek ELx800® plate reader and 

Gen5® software for data acquisition. 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

56  

3.9 Enzyme-linked immunosorbent assay (ELISA) 

 

A mouse IL-6, IL-10 and adiponectin/Acrp30 sandwich ELISA kit was used for detection and 

quantitation of IL-6, IL-10 and adiponectin secreted by 3T3-L1 and C2C12 (adiponectin was only 

for 3T3-L1 adipocytes) cells into the media according to the manufacturer’s instructions.  Briefly, 

spent culture media was collected from adipocyte-myocyte co-culture and C2C12 mono-culture, 

after 24 hours of LPS, GRT treatment and the combination thereof.  Ninety-six well microplates 

were coated with primary antibody diluted to working concentration in coating buffer and 

incubated at room temperature overnight.  The plates were washed three times with 1x wash 

buffer and blocked with 1% BSA solution for 1 hour.  Thereafter, prepared standards and thawed 

media samples were added to the microplates and incubated for 2 hours at room temperature.  

Bound IL-6 protein was detected using a secondary antibody, streptavidin-horseradish 

peroxidase, substrate solution (H2O2 and tetramethylbenzidine) and 2N sulfuric acid.  

Absorbance was measured at 450 nm in a multifunction microplate reader.  To correct for 

optical imperfections at 450 nm, OD at 540 nm was subtracted from 450 nm OD readings.  A 

standard curve was generated, and IL-6, IL-10 and adiponectin concentrations were 

extrapolated thereof.  The IL-6 concentrations used for the standard curve were 15.6, 31.3, 

62.5, 125, 250, 500 and 1000 pg/mL, and 31.3, 62.5, 125, 250, 500, 1000, and 2000 pg/mL 

for IL-10 and adiponectin, respectively. 

 

3.10 2-deoxyglucose uptake assay 

 

A glucose uptake kit was used to quantify 2-deoxyglucose (2DG) uptake by C2C12 myoblasts 

according the manufacturer’s instructions and Valley et al., (2016), with minor modifications.  

After treatment, C2C12 myoblasts were washed once with pre-warmed DPBS.  Thereafter, 

250 µL of 0.1% BSA KRBH was added to each well and cells were serum and glucose starved 

for 2 hours with insulin (1 µM) added in the last 20 minutes.  Twenty-five microliters of 1 mM 

2DG in KRBH was added to each well except for the negative control (without 2DG) and 

incubated for 30 minutes at 37°C in 5% CO2 and humidified air.  To stop the enzymatic 

reaction, cells were lysed by adding 125 µL of acidic detergent (2% 

dodecyltrimethylammonium bromide (DTAB) in 0.4M HCl) to each well and placed on a plate 

shaker for 10 minutes at 60 x 10 rpm for thorough lysing and mixing.  Seventy-five microliters 

of cell lysate were transferred into white walled 96 well microplates and 25 µL of neutralization 
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buffer (1M Trizma) was added to each well to neutralize the pH.  2-deoxyglucose-6-phosphate 

(2DG6P) was then detected by adding 100 µL of detection reagent.  Luminescence was 

measured at 15-minute intervals for 1 hour and 30 minutes using the Spectramax i3® multi-

mode plate reader.  Acidic detergent, neutralization buffer, and 2DG6P detection reagent 

contain critical components for the detection reaction and thus were also added to the 

standards.  The standard curve was generated using the 1-hour luminescence values to 

determine 2DG6P concentration.  Luminescence signal produced in this assay is proportional 

to the rate of glucose uptake (Valley et al., 2016). 

 

3.11 C2C12 myoblast mitochondrial function 

 

Oxygen consumption rate (OCR) was measured with the Mito Stress assay kit, using the XF96 

Extracellular Flux analyzer from Agilent.  C2C12 myoblasts were seeded into XF96 cell culture 

microplates at 12 000 cells per well for 24 hours.  After 24 hours, confluent cells were differentiated 

with differentiation medium for a further 24 hours.  Cells were then treated with GRT as previously 

described.  After treatment, cells were washed twice with 180 μL of pre-warmed XF base medium 

containing 8 mM glucose, 1 mM sodium pyruvate and 2 mM glutamine (pH was adjusted to 7.4), 

and subsequently incubated with 180 μL of XF assay medium at 370C in an incubator (non-CO2) 

for 45 min to equilibrate temperature and pH prior to the measurement of OCR.  The XF96 

microplate plate containing cells was then transferred to the Seahorse XF96® extracellular flux 

analyzer.  The microplate containing cells subjected to a 10-minute equilibration period at three 

assay cycles, comprising of a 1-minute mix, 3 minutes wait, and 3 minutes measure period cycle.  

Once equilibration was complete, oligomycin (1 μM) was injected to inhibit ATP synthase.  After 

3 assay cycles, 0.75 μM carbonyl cyanide-4-trifluoromethoxy-phenylhydrazone (FCCP) was 

injected to measure maximal respiration.  Thereafter, a combination of rotenone (complex I 

inhibitor) and antimycin (complex III inhibitor) was injected to collapse mitochondrial respiration 

and enable the calculation of non-mitochondrial respiration.  At the end of the incubation period, 

the protein concentration was assessed using the Bradford protein assay.  OCR (pmol/min) was 

normalized relative to the protein content. 
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3.12 Histological assessment 

 

Cells were cultured and treated as mentioned in section 3.6.2 and subjected to haematoxylin and 

eosin (H & E) staining.  C2C12 myotubes were washed with PBS and fixed with 1 mL of ice-cold 

100% methanol and incubated at 4ºC for 5 minutes.  Methanol was removed and cells were again 

washed with 1 mL PBS.  Thereafter, cells were incubated with 1 mL of haematoxylin for 5 minutes 

at room temperature.  The stained cells were rinsed twice with 2 mL of tap water (this allowed the 

conversion of the bright red colour to blue/purple termed as “Blueing”).  Thereafter, 1 mL of eosin 

was added to each well and allowed to stain for 5 minutes at room temperature.  Eosin was 

removed and stained cells were washed twice with PBS.  Stained myotubes were visualized and 

imaged using the Nikon® microscope using the NIS elements software and five photomicrographs 

of non-overlapping fields were randomly selected.  The width and number of each myotube 

containing ≥ 3 nuclei was measured and counted using imageJ software.  Data is calculated and 

represented as an average of width and number of myotubes. 

 

3.13 Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

 

3.13.1 RNA extraction 

 

Following exposure to treatment, cells were washed with cold DPBS.  Three hundred microliters 

of QIAzol® lysis reagent was added per well and cells were scraped with a cell scraper and 

transferred into clean 1.5 mL Eppendorf tubes.  Two hundred microliters of chloroform was added 

into each sample and mixed by inverting the tubes.  The samples were incubated at room 

temperature for 10 minutes followed by centrifugation at 15 000 g for 20 minutes at 4ºC.  The 

upper aqueous phase containing RNA was gently removed into clean 1.5 mL Eppendorf tubes.  

Thereafter, 0.5 mL of isopropanol was added to each sample and incubated at 20ºC overnight to 

precipitate the RNA.  After overnight incubation, samples containing precipitated RNA were 

centrifuged at 15 000 RCF for 20 minutes at 4ºC to pellet the RNA.  The supernatant was 

discarded, and the pellet was washed with 75% (% v/v) ethanol, followed by centrifugation at 15 

000 RCF for 10 minutes at 4ºC.  The wash step was repeated twice thereafter, the supernatant 

discarded, and the RNA pellet was air dried.  The air-dried RNA pellet was re-dissolved in 50 µL 

of nuclease-free water and mixed by pipetting up and down several times.  Samples were stored 

at -80ºC until required. 
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3.13.2 RNA quantification 

 

RNA concentration and purity were assessed using the NanoDrop® spectrophotometer.  The 

absorbance ratios, 260 nm/280 nm (A260/280) and 260 nm/230 nm (A260/230), are used to indicate 

the quality and purity of RNA.  Ratios greater than 1.8 are accepted as measure of good quality 

of RNA (Garcia-Elias et al., 2017).  To quantify the RNA, the spectrophotometer was blanked with 

1 µL of RNase-free water.  Thereafter, absorbance of each RNA sample was measured in 

duplicate and the mean value of the two readings were used to calculate the concentration. 

 

3.13.3 Reverse transcription 

 

Total RNA was reverse transcribed into complementary DNA (cDNA) using the QuantiTect 

Reverse Transcription Kit according to the manufacturer’s instructions.  RNA samples were 

thawed on ice and 1 µg of RNA sample was added to nuclease-free water to a total volume of 12 

µL in clean 0.2 mL PCR tubes.  To DNase treat the samples, 2 µL of gDNA Wipeout buffer was 

added to the RNA sample to a final volume of 14 µL and mixed by pipetting up and down twice.  

The RNA samples were then incubated at 42ºC for 2 minutes in a thermal cycler.  Thereafter, 

master mix containing reverse transcriptase, buffer, and RT primer mix was prepared (Table 2) 

and scaled up to the number of samples requiring to be reverse transcribed.  Six microliters of 

master mix were then added the RNA samples to a final volume of 20 µL and mixed thoroughly 

by pipetting up and down.  The samples were briefly centrifuged (500 rpm) using a bench top 

microfuge.  Subsequently RNA samples were reverse transcribed using a thermal cycler at the 

following settings: 30 minutes at 42ºC and 3 minutes at 95ºC.  The samples were removed from 

the thermal cycler and diluted 1/10 by adding 180 µL of nuclease-free water and mixed by 

pipetting up and down several times.  Samples were then stored at -20ºC until required. 

 

 

 

 

 

 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

60  

Table 2: Reaction components for reverse transcription. 

Reverse-transcription Master Mix components Volume/reaction  

Quantiscript Reverse Transcriptase* 1 µL 

Quantiscript RT buffer+ 4 µL 

RT Primer Mix 1 µL 

Total volume 6 µL 

* Also contains RNase inhibitor 

+ Includes Mg2+ and dNTPs 

 

3.13.4 Gene expression analysis 

 

A reaction mixture to a volume of 6 µL containing 5 µL TaqMan™ Fast Advanced Master Mix, 0.5 

µL of TaqManTM Gene Expression Assay and 0.5 µL nuclease-free water was prepared and 

scaled up according the number of samples to be assayed.  Four microliters of each cDNA sample 

were added in duplicate into each well of a 384-well PCR plate followed by the addition of the 

reaction mixture to a final volume of 10 µL.  A sample substituted with 4 µL of nuclease-free water, 

a no template control (NTC) sample (sample without cDNA), was designated as a negative control 

in all PCR reactions.  The PCR plates were covered with an adhesive film, centrifuged briefly, and 

mixed using a plate shaker and followed by brief centrifugation.  Thereafter, the PCR plate was 

analysed using the QuantStudio™ 7 Flex Real-Time PCR System using the QuantStudioTM Real-

Time PCR software for data acquisition.  The delta-delta Ct (2-ΔΔCt) method was used to analyse 

the genes of interest.   

 

3.14 Western blot analyses 

 

3.14.1 Protein isolation and quantification 

 

Following exposure of the cells to the stressor and optimized concentration of GRT, cells were 

washed once with ice cold DPBS (1 mL).  Each condition was plated in triplicate and therefore 

100 µL of commercial cell lysis buffer (supplemented with protease inhibitor cocktail tablets and 

1 µM PMSF) was pipetted into each well.  The cells were scraped using a cell scraper (blade 

width, 20 mm), pooled, and transferred to a 2 mL centrifuge tube to have a final volume of 300 

µL.  Samples were lysed by adding a stainless-steel bead into each tube and employing the use 

of the tissue lyser to homogenize the samples.  Samples were homogenized at 25 Hz for 1 minute 
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and rested on ice at 1-minute intervals, this step was performed 5 times.  The homogenized cell 

lysate was centrifuged at 13 000 rpm at 4ºC for 15 minutes and the supernatant, containing the 

cytoplasmic fraction, was transferred into an empty 1.5 mL centrifuge tube.  The RCDC™ 

(reducing agent and detergent compatible) protein assay kit was used to quantify sample protein 

concentration.  Five microliters of BSA standard concentrations (0.125, 0.25, 0.5, 0.75, 1.0, 1.5, 

and 2.0 mg/mL) and 5 µL of sample was transferred to a clean 96-well assay plate.  Thereafter, 

25 µL reagent A’ and 200 µL or reagent B were added to each well.  The plate was briefly agitated 

and incubated for 15 minutes at room temperature before measuring absorbance at 630 nm on a 

multi-mode plate reader.  Absorbance readings were used to generate a BSA standard curve, 

which aided in the subsequent extrapolation of sample protein concentrations.  

 

3.14.2 Preparation of acrylamide gels 

 

The TGX Stain-FreeTM FastCastTM Acrylamide kit was used to make 12% polyacrylamide gels.  

The resolving and stacking gels were prepared according to Table 3.  To make the resolving gel 

solution, equal volumes of resolver A and resolver B solutions were mixed and thereafter, 10% 

ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) were added and mixed 

gently.  The resolver solution was gently added to 1.5-mm glass plates using a clean 10 mL 

serological pipette.  Glass plates were placed on a casting stand to stabilize the plates during 

casting (step 1, Figure 2.3).  For the stacking gel, equal volumes of stacker A and stacker B were 

mixed with 10% APS and TEMED.  The stacking gel solution was added immediately above the 

resolving solution (step 2, Figure 2.3).  The stacking gel solution was added gently to avoid mixing 

of the two gel solutions.  Gels were allowed to polymerize for 30 – 45 minutes.  If not used 

immediately, gels were covered with a paper towel moistened with deionized water and stored in 

a sealed plastic bag at 4ºC and used the following day. 
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Table 3: Hand-casting gel preparation volumes, where n is the number of gels required (Bio-rad). 

 1.0 mm Bio-Rad Glass 

plates 

(n = gels) 

1.5 mm Bio-Rad Glass plates 

(n = gels) 

 Stacker Resolver Stacker Resolver 

Resolver A - 3 mL x n - 4 mL x n 

Resolver B - 3 mL x n - 4 mL x n 

Stacker A 1 mL x n - 1.5 mL x n - 

Stacker B 1 mL x n - 1.5 mL x n - 

Total Volume 2 mL x n 6 mL x n 3 mL x n 8 mL x n 

     

TEMED 2 µL x n     

10% APS 10 µL x n 30 µL x n 15 µL x n 40 µL x n 

 

 

Figure 3.3: Image representing hand casting gels for SDS-PAGE.  Resolving and stacking gels were added into 

1.5 mm spacer plates. 
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3.14.3 Separation of proteins by SDS-PAGE  

 

Prepared gels were placed in a mini protein tetra cell tank and filled with running buffer.  To 

denature the proteins, protein samples were diluted 1:3 with 4x Laemmli sample buffer and heated 

at 95ºC for 5 minutes on a heating block.  Thereafter, 30 - 40 µg of protein for each sample was 

loaded on to a 12% TGX Stain-FreeTM polyacrylamide gel electrophoresis (PAGE) gel.  A 

molecular weight standard marker was loaded and was used to monitor the protein separation 

through the gel.  The gels were run for approximately 2 hours at 120V. 

 

3.14.4  Protein transfer 

 

Once proteins were separated, the gels were transferred to pre-cut 0.2 µm nitrocellulose 

membranes.  Briefly, the cassette was removed from the Trans-Blot Turbo system and the transfer 

sandwich was assembled as illustrated in Figure 2.4.  Filter paper (ion reservoir stack) from the 

Trans-Blot Turbo midi nitrocellulose transfer packs was placed on the cassette base (bottom ion 

reservoir stack) followed by the nitrocellulose membrane PAGE gel containing separated proteins 

and the top reservoir stack.  Care was taken to remove air bubbles during the process of the 

sandwich assembly.  The cassette lid was place firmly on to the sandwich stack and locked to the 

cassette base.  Thereafter, the cassette was placed in the Trans-Blot Turbo system and the 

proteins were transferred for 10 minutes at 25V.  Ponceau S stain was applied to the membrane 

for 5 minutes by gentle agitation on an orbital shaker to confirm transfer of proteins.  The positively 

visualized proteins on the membrane were imaged using the ChemiDoc MPTM System.  To de-

stain the membrane, the nitrocellulose membrane was washed with Tris buffered saline 

containing Tween 20 (TBS-T) for 5 minutes. 
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Figure 3.4: Sandwich assembly in the cassette.  Proteins separated on SDS-PAGE were transferred to nitrocellulose 

membranes using the Trans-Blot Turbo system.  Image obtained from Bio-rad Trans-Blot® Turbo™ Transfer System 

Quick Start Guide (https://www.bio-rad.com/sites/default/files/webroot/web/pdf/lsr/literature/10016505E.pdf). 

 

3.14.5 Blocking and labelling of antibodies 

 

To minimize nonspecific antibody binding, the nitrocellulose membrane was blocked with 5% BSA 

diluted in TBS-T for 1 hour at room temperature with gentle agitation on the orbital shaker.  

Primary antibody (Table 4) was diluted in TBS-T and was applied to each membrane and 

subsequently incubated overnight at 4ºC with gentle agitation on an orbital shaker.  The 

membranes were washed three times in TBS-T for 5 minutes by gentle agitation on the orbital 

shaker.  Thereafter, the membranes were incubated with secondary antibody (anti-rabbit or IgG-

HRP) at a 1:4000 dilution in 2.5% BSA-TBS-T for 90 minutes with gentle agitation on an orbital 

shaker.  After detection of primary phosphor-proteins, membranes were washed once in TBS-T 

for 5 minutes and subsequently blocked with 5% non-fat dried milk diluted in TBS-T for 1 hour at 

room temperature and thereafter washed trice with TBS-T for 5 minutes.  Anti-β-actin antibody, 

diluted 1:1000 in TBS-T, was applied to each membrane and subsequently incubated overnight 

at 4ºC.  Following overnight incubation, membranes were washed three times in TBS-T for 5 

minutes with gentle agitation on an orbital shaker and subsequently incubated with secondary 

antibody (donkey anti-mouse IgG-HRP) at a 1:4000 dilution in 2.5% non-fat milk-TBS-T for 90 

minutes.  To detect total protein of the respective phosphor-proteins (Table 4), membranes were 
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stripped of the previously detected proteins by immersing the membranes in stripping buffer for 8 

minutes.  Thereafter, the membrane was washed twice in PBS by gentle agitation on an orbital 

shaker for 5 minutes followed by 2 times washes in 1x (Tris buffered saline) TBS for 5 minutes.  

The membranes were then labelled with primary antibodies as previously mentioned. 

 

Table 4: Primary antibodies. 

Primary antibody Dilution Catalogue no. Manufacturer 

phospho-Akt 1:2000 ab82183 Abcam 

phospho-mTOR 1:800 2971 Cell Signaling Technology 

phospho-AMPK 1:800 2535 Cell Signaling Technology 

β-actin (housekeeping) 1:1000 Sc-47778 Santa Cruz Biotechnology 

Akt 1:1000 9272 Cell Signaling Technology 

mTOR 1:800 2972 Cell Signaling Technology 

AMPK 1:1000 2532 Cell Signaling Technology 

 

3.14.6 Chemiluminescence detection 

 

A Clarity™ Western ECL Substrate detection kit was used to visualise proteins of interest by 

adding equal volumes of Clarity Western Peroxide Reagent and Clarity Western 

Luminol/Enhancer Reagent (detection reagent).  The membrane was incubated in 

chemiluminescent detection reagent for 5 minutes in the dark.  Thereafter, images were captured 

using the ChemiDoc MPTM imaging system.  Image Lab 6.1 software was used to analyse proteins 

of interest.  Proteins detected were normalised to β-actin. 

 

3.15 Statistical analysis 

 

Statistical analysis was performed using GraphPad Prism® 8.0.1 (GraphPad Software, La Jolla, 

California, United States of America).  Statistical differences between groups were determined 

using one-way analysis of variance (ANOVA) followed by Tukey or Dunnett’s post hoc tests 

unless otherwise stated.  Data are presented as mean ± standard deviation (SD) and p-values of 

≤ 0.05 were considered statistically significant.  
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4 RESULTS 
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4.1 C2C12 myoblasts:  an in vitro model for skeletal muscle development 

 

Murine C2C12 myoblast behavior corresponds with that of activated progenitor cells, and 

therefore, provide a good model for studying muscle differentiation, function, and regeneration.  

In culture, C2C12 myoblasts spontaneously differentiate to form contractile, multinucleated 

myotubules, synonymous with myofibers. 

 

4.2 Effect of LPS on cell viability in C2C12 skeletal muscle cells 

 

C2C12 myoblasts and myotubules were exposed to various concentrations of LPS (0.05 μg/mL 

to 1 μg/mL) for 24 hours.  After 24 hours of exposure to LPS, the myoblasts and myotubules were 

imaged under brightfield using an Olympus inverted microscope, before performing a MTT 

cytotoxicity assessment.  Visually, the addition of LPS did not induce overt adverse effects on the 

morphology of the myoblasts (figure 4.2.1 A to C) and myotubules (figure 4.2.1 D to F).  In 

addition, no cytotoxic effects of LPS were detected in both myoblasts and myotubes using the 

MTT assay (figure 4.2.2 G and H).  

 

 
Figure 4.2.1: Comparative assessment of LPS treated C2C12 cell morphology using brightfield microscopy.  

C2C12 myoblasts (A, B and C) and myotubules (D, E and F) were exposed to LPS (0.05 μg/mL to 1 μg/mL) for 24 

hours.  Images were obtained at 100x magnification (scale bar = 100 µm). 
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Figure 4.2.2: Effect of LPS on MTT mitochondrial activity of C2C12 cells.  C2C12 myoblasts (A) and myotubes (B) 

were exposed to LPS (0.05 μg/mL to 1 μg/mL) for 24 hours.  MTT activity was quantified at 570 nm (O.D.).  Results 

are expressed as mean ± SD of three independent biological repeats (n = 3) relative to the control set at 100%.  A one-

way Analysis of Variance was performed. 

LPS = Lipopolysaccharides, MTT = 3- [4, 5-dimethylthiazol-2-yl]-2, 5 diphenyltetrazolium bromide 

 

4.3 Lipopolysaccharide-induced interleukin-6 secretion is more abundant in myoblasts 

compared to myotubes 

 

To induce an inflammatory response in C2C12 skeletal muscle cells, we used LPS from 

Escherichia coli O127:B8.  C2C12 myoblasts and myotubes were stimulated with 0.1 and 1 µg/mL 

LPS for 16 and 24 hours, respectively.  LPS induced IL-6 secretion in a concentration dependent 

manner after 16 hours of treatment, with a significant increase observed in myoblasts stimulated 

with 1 μg/mL LPS (399.4 ± 286.5 pg/mL vs control 71.99 ± 7.68 pg/mL, p < 0.001).  Moreover, a 

similar trend was observed after 24 hours of exposure with LPS in C2C12 myoblasts (661.6 ± 

444.1 pg/mL vs control 87.06 ± 21.57 pg/mL, p < 0.001) (figure 4.3.1 A and B).  However, although 

baseline values were much higher, this effect was not seen in differentiated muscle cells 

(myotubules) both at 16 and 24 hours (figure 4.3.1 C and D). 
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Figure 4.3.1: Effect of LPS on IL-6 secretion of C2C12 cells.  C2C12 myoblasts and myotubules were cultured with 

LPS (0.1 or 1 µg/mL) for 16 h (A and C) and 24 h (B and D).  Media was collected and assayed for secreted IL-6 using 

enzyme-linked immunosorbent assay (ELISA).  Data are presented as the mean ± SD of three independent biological 

repeats (n = 3).  A one-way Analysis of Variance was performed with a Dunnett’s post hoc test.  *** p < 0.001 vs control. 

LPS = Lipopolysaccharides, IL-6 = Interleukin-6 
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Figure 4.3.2: Effect of LPS on IL-6 mRNA expression of C2C12 cells.  C2C12 myoblast IL-6 mRNA was quantified 

using quantitative real time PCR (q-RT PCR) and IL-6 expression was normalized to the average of beta-2-

microglobulin (B2M).  Data are presented as the mean ± SD of three independent biological repeats (n = 3) relative to 

the control.  Data were analysed using one-way Analysis of Variance. 

LPS = Lipopolysaccharides, IL-6 = Interleukin-6 

 

After exposure to LPS for 24 hours, IL-6 mRNA expression in C2C12 myoblasts remained 

unchanged compared to the control (figure 4.3.2). 

 

4.4 Lipopolysaccharide-induced Inflammation suppresses glucose uptake in C2C12 

myoblasts 

 

The effect of LPS on glucose uptake by C2C12 myoblasts was determined by measuring glucose 

taken up by the cells from the culture media, and by estimating the intracellular glucose uptake 

using a 2-deoxyglucose assay after 24 hours.  Exposure of C2C12 myoblasts to LPS (0.1 µg/mL) 

reduced basal glucose uptake from 100 ± 18.7 to 77.5 ± 19.0 mmol/L compared to the control; 

however, reduction was not significant.  At the highest concentration, LPS (1 µg/mL) significantly 

reduced glucose uptake from 100 ± 18.77 to 56.5 ± 28.4 mmol/L compared to the control set at 

100%, p < 0.01 (figure 4.4 A).  In terms of insulin-stimulated glucose uptake, insulin reversed the 

LPS effect at both concentrations tested compared to basal levels (figure 4.4 B). 
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Figure 4.4: Effect of LPS on myoblast glucose utilization.  Glucose uptake from the media (A) and insulin-stimulated 

intracellular 2-deoxyglucose uptake (B) by C2C12 myoblasts exposed to LPS for 24 hours.  Media glucose 

concentration was determined using a glucose oxidase assay.  For the insulin stimulated glucose uptake, cells were 

serum and glucose starved before pulsed with 2-deoxyglucose.  Data are presented as the mean ± SD of three 

independent biological repeats (n = 3), relative to the control set at 100%.  A one-way Analysis of Variance was 

performed with a Tukey post hoc test.  ** p < 0.01, *** p < 0.001 vs control. 

LPS = Lipopolysaccharides, 2DG = 2-deoxyglucose 

 

4.5 Lipopolysaccharide-induced inflammation suppresses Akt activation 

 

To investigate the effect of LPS on insulin signalling in C2C12 myoblasts, the expression and 

activation of Akt by insulin was assessed.  Western blot analysis showed that insulin (1 µM) 

increased Akt phosphorylation by more than 60-fold compared to basal levels (63.55 ± 14.08-fold 

vs. basal 1.00 ± 0.35-fold, p < 0.001) (figure 4.5 A) and that LPS (0.1 and 1 μg/mL) did not 

significantly alter the activation of Akt by insulin (figure 4.5 A).  Western blot analysis with 

antibodies against total Akt showed that total Akt expression appeared to be reduced by insulin 

stimulation, both in the insulin stimulated control (0.39 ± 0.13 vs basal 1.00 ± 0.11-fold, p < 0.01) 

and in the LPS treated samples (0.1 µg/mL: 0.46 ± 0.26; 1 µg/mL: 0.41 ± 0.11, vs basal 1.00 ± 

0.11-fold, p < 0.05) (figure 4.5 B).  However, the pAkt/tAkt ratio did not change significantly (figure 

4.5 C). 
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Figure 4.5: LPS-induced inflammation suppresses Akt phosphorylation.  C2C12 myoblasts were exposed to LPS 

for 24 hours and stimulated with insulin (1 µM) for 15 minutes.  Cells were lysed and subjected to SDS-PAGE for 

Western blot analysis.  Western blot is a representative image of three independent experiments and data presented 

as the mean ± SD of three independent biological repeats.  A one-way Analysis of Variance was performed with a 

Tukey post hoc test.  * p < 0.05, ** p < 0.01, *** p < 0.001 vs control. 

LPS = Lipopolysaccharides, SDS-PAGE = Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

 

4.6 The effect of LPS on muscle growth and differentiation 

 

To determine the effects of inflammation on myogenesis, C2C12 myoblasts were initially treated 

with LPS (0.1 and 1µg/mL) for 24 hours, before being subjected to differentiation media to induce 
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differentiation.  At a protein level, LPS had no effect on mTOR compared to the control (figure 

4.6.1 A – C) and that LPS did not affect AMPK protein expression and phosphorylation (figure 

4.6.2 A - C). 

 

 

Figure 4.6.1: Effect of LPS on mTOR expression in C2C12 myoblasts.  mTOR protein expression in C2C12 

myoblasts was quantified by Western blot after LPS exposure for 24 hours (A - C).  Western blot is a representative 

image of three independent experiments and data presented as the mean ± SD of three independent experiments.  A 

one-way Analysis of Variance demonstrated no significant changes of mTOR expression. 
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Figure 4.6.2: Effect of LPS on AMPK protein expression of C2C12 myoblasts.  C2C12 myoblasts were exposed 

to LPS for 24 hours.  Myoblast AMPK protein expression (A - C) was quantified by Western blot analysis.  The Western 

blot is a representative image of three independent experiments and data presented as the mean ± SD of three 

independent experiments).  A one-way Analysis of Variance demonstrated no significant changes of AMPK expression. 

 

The addition of LPS during C2C12 differentiation induced a strong concentration related IL-6 

response during the myoblastic phase of differentiation (day -1 and day 0) (figure 4.6.3).  In 

addition, LPS reduced the formation and width of multinucleated myotubules produced from 

C2C12 myoblasts as shown in figure 4.6.4 A and D.  Histological assessment on H & E stained 

cells shows decreased myotube formation at the highest concentration of LPS (1 μg/mL) 

compared to the control (figure 4.6.4 A) and this was confirmed by a decrease in myotube width 

(figure 4.6.4 B) and number (figure 4.6.4 C).  LPS (0.1 and 1 μg/mL) significantly decreased 

myotube width by 26.5% (27.9 ± 11.5 to 20.5 ± 8.4 µm, p < 0.0001) and 35.1% (27.9 ± 11.5 to 

18.1 ± 5.6 µm, p < 0.0001), respectively compared to the control (figure 4.6.4 B).  The higher 
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concentration of LPS (1 µg/mL) significantly decreased myotube number (14.6 ± 4.5 vs 19.9 ± 

4.5, p < 0.01) compared to the control, as shown in figure 4.6.4 C. 
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Figure 4.6.3: Effects of LPS on IL-6 secretion in differentiating C2C12 myoblasts.  C2C12 myoblasts were 

differentiated with or without LPS.  Media was collected for cytokine analysis using an ELISA kit.  Data presented as 

the mean ± SD of three independent experiments (n = 3).  A one-way Analysis of Variance was performed with a Tukey 

post hoc test.  **** p < 0.0001 vs control. 

LPS = Lipopolysaccharides, ELISA = Enzyme-linked immunosorbent assay. 

 

 

A 
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Figure 4.6.4: LPS inhibits myogenesis in C2C12 muscle cells.  C2C12 myoblasts were cultured and differentiated 

with or without LPS.  Differentiated myotubes were fixed and subjected to H & E staining (A), thereafter myotube width 

(B), the myotube number (C) and the distribution of myotube widths (D) were calculated.  Images captured at 100X 

magnification (scale bar = 100 μm).  Data are the mean ± SD of 3 independent experiments, each examining 5 randomly 

selected non-overlapping fields.  A one-way Analysis of Variance was performed with a Tukey post hoc test.  ** p <0.01, 

**** p < 0.0001 vs control.  

H&E = Haematoxylin and Eosin, LPS = Lipoplysaccharides. 

 

Day 0 represents confluent C2C12 myocytes in growth media before being exposed to 

differentiation media with or without LPS, and day 1 represents differentiating myocytes after 24 

hours culture in differentiation media with or without LPS.  As expected, the myogenic genes, 

myogenin and MyoD mRNA expression increased from day 0 to days 1 and 3 of myotube 

differentiation (figure 4.6.5 A and B).  MyoD expression was not significantly different at day 1 and 

day 3 of differentiation compared to day 0 (figure 4.6.5 A).  However, myogenin expression 

increased by 88% (1.0 ± 0.6 to 8.8 ± 2.9-fold, p < 0.001) and 87% (1.0 ± 0.6 to 7.9 ± 1.9-fold, p < 
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0.01) at day 1 and day 3 of differentiation compared to day 0, respectively (figure 4.6.5 B).  The 

expression of myogenin increased after 24-hour exposure to LPS in differentiation media (day 1), 

but by 72 hours (day 3) exposure to LPS reduced the expression of myogenin compared to day 

0 (figure 4.6.5 B).  Myostatin gene expression increased by 74% (1.0 ± 0.3 to 3.8 ± 0.9-fold, p < 

0.001) on the third day of differentiation compared to day 0. LPS concentration-dependently 

reduced the expression of myostatin on day 1 and day 3 of differentiation (figure 4.6.5 C). 

 

 

 

Figure 4.6.5: Effects of LPS on myogenic genes in differentiating C2C12 myoblasts.  C2C12 myoblasts were 

differentiated with or without LPS.  Cells were harvested for quantitative reverse transcription polymerase chain reaction 

(qRT-PCR) where MyoD (A), myogenin (B) and Myostatin (C), mRNA expression was normalized to the average of 

beta-2-microglobulin (B2M), data expressed as fold change.  Data are presented as the mean ± SD of three 

independent experiments (n = 3).  A one-way Analysis of Variance was performed with a Tukey post hoc test.  *** p < 

0.001, ** p < 0.01 vs Day 0. 

LPS = Lipopolysaccharides. 
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4.7 Effect of Afriplex GRTTM on MTT (mitochondrial dehydrogenase) activity in C2C12 

skeletal muscle cells 

 

A MTT assay was performed to determine the effects of GRT on mitochondrial activity and thus 

cell viability of C2C12 muscle cells.  GRT was tested for cytotoxicity at various concentrations 

(0.001 μg/mL to 100 μg/mL) at various time points (4, 8, 16, and 24 hours).  The study showed 

that GRT did not decrease MTT activity at the concentrations tested over 24 hours.  Interestingly, 

increases in MTT activity were noted at 4 hours of GRT treatment for concentrations 0.001 μg/mL 

(8.8%, p < 0.05), 0.01 µg/L (16%, p < 0.001), 10 µg/mL (14%, p < 0.001) and 100 μg/mL (22%, p 

< 0.001) compared to the control, respectively (figure 4.7 A).  At 8 hours increased MTT activity 

was only observed for the 100 μg/mL concentration (19.19%, p < 0.01) (Figure 4.7 B).  By 16 and 

24 hours GRT had no significant measurable effect on mitochondrial activity (Figure 4.7 C and 

D). 
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Figure 4.7: MTT activity of C2C12 muscle cells treated with Afriplex GRT for 4 hours (A), 8 hours (B), 16 hours 

(C) and 24 hours (D).  C2C12 myocytes were treated with GRT (0.001 to 100 μg/mL) for 4, 8, 16 and 24 hours, 

thereafter mitochondrial activity was quantified by MTT assay.  Results are expressed as mean ± SD of three 

independent experiments relative to the control (n = 3).  A one-way Analysis of Variance was performed with a Dunnett’s 

post hoc test, * p < 0.05, ** p < 0.01, **** p < 0.001 vs control at 100%. 

GRT = Afriplex GRTTM (aspalathin-rich green rooibos extract), MTT = 3- [4, 5-dimethylthiazol-2-yl]-2, 5 

diphenyltetrazolium bromide 
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4.8 Afriplex GRT™ enhances mitochondrial activity in C2C12 muscle cells  

 

The effect of GRT on mitochondrial function was assessed using the Mito stress Seahorse 

bioenergetics test kit according to manufacturer’s instructions.  The combined results of the 

oxygen consumption rate (OCR) after treatment with GRT and positive controls (insulin and 

metformin) are shown in figure 4.8 A and individual parameters shown in figure 4.8 B - E.  GRT 

significantly increased basal OCR at concentrations of 0.01 μg/mL (72.6 ± 5.4 pmol/min/mg 

protein), p < 0.001), 0.1 μg/mL (74.5 ± 6.2 pmol/min/mg protein, p < 0.001), 10 μg/mL (67.3 ± 6.8 

pmol/min/mg protein, p < 0.01) and 100 μg/mL (65.2 ± 8.8 pmol/min/mg protein, p < 0.05) 

compared to the control (55.1 ± 5.5 pmol/min/mg protein), respectively.  The positive control, 

metformin, also significantly increased basal OCR (64.6 ± 6.0 pmol/min/mg protein, p < 0.05) 

compared to the control.  Moreover, GRT significantly increased ATP production at concentrations 

of 0.01 μg/mL (21.8 ± 3.9 pmol/min/mg protein, p < 0.01), 0.1 μg/mL (23.4 ± 2.3 pmol/min/mg 

protein, p < 0.001) and 10 μg/mL (22.8 ± 3.5 pmol/min/mg protein, p < 0.01) compared to the 

control (16.28 ± 2.76 pmol/min/mg protein), respectively (figure 4.8 C).  Metformin also showed a 

significant increase ATP production (22.9 ± 2.3 pmol/min/mg protein, p < 0.01) compared to the 

control (Figure 4.8 C).  After the addition of FCCP, an uncoupler of oxidative phosphorylation, 

both GRT (0.01 μg/mL to 100 μg/mL) and positive controls (insulin and metformin) significantly 

increased maximal respiration in C2C12 myotubules compared to the control (119.9 ± 17.64 

pmol/min/mg protein) (figure 4.8 D).  However, GRT did not affect spare respiration capacity 

(figure 4.8 E). 
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Figure 4.8: Assessment of GRT on C2C12 mitochondrial function.  The Mito test assay demonstrated that GRT 

improved mitochondrial bioenergetics (A), as shown by an increase in basal oxygen consumption rate (OCR) (B), ATP 

production (C), maximal respiration (D) and spare capacity (E) in differentiated C2C12 skeletal muscle cells exposed 

to various concentrations of GRT for 24 hours.  Cells were also treated with insulin (1 μM) and metformin (1 μM) as 

positive controls.  Results are expressed as mean ± SD of two independent experiments (n = 2).  A one-way Analysis 

of Variance was performed with a Tukey post hoc test.  *p < 0.05, **p ˂ 0.01, ***p ˂ 0.001 vs the control. 

GRT = Afriplex GRTTM (aspalathin-rich green rooibos extract), FCCP = Trifluoromethoxy carbonyl cyanide 

phenylhydrazone, Rot = Rotenone, AA = Antimycin A 
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4.9 Lipopolysaccharide-induced inflammation was not affected by Afriplex GRTTM in 

C2C12 myoblasts 

 

Myoblast IL-6 secretion was significantly increased in myoblasts stimulated with LPS by 84%, p< 

0.0001) (Figure 4.9.1 A).  There was no difference between the LPS and GRT (GRT1 = 1 μg/mL) 

and (GRT10 = 10 μg/mL) combination treatment compared to LPS alone (figure 4.9.1 A). 

 

 

Figure 4.9.1: LPS-induced IL-6 secretion from C2C12 myoblasts.  C2C12 myoblasts were cultured with or without 

LPS and two GRT concentrations (GRT1 = 1 μg/mL and GRT10 = 10 μg/mL) for 24 hours.  Thereafter, media was 

collected and assayed for IL-6 secretion using ELISA.  Data presented as the mean ± SD of three independent 

experiments (n = 3).  A one-way Analysis of Variance was performed with a Tukey post hoc test.  **** p < 0.0001.  n.d 

= not detectable < 15.6 pg/mL. 

GRT = AfriplexTM green rooibos extract, LPS = Lipopolysaccharides, IL-6 = Interluekin 6, ELISA = Enzyme-linked 

immunosorbent assay. 

 

 

 

Stellenbosch University  https://scholar.sun.ac.za



 

83  

 

 

Figure 4.9.2: Effect of GRT on glucose uptake.  C2C12 myoblasts stimulated with or without LPS and GRT for 24 

hours.  Insulin-stimulated 2-deoxyglucose uptake was measured using luminescence.  Data presented as the mean ± 

SD of three independent experiments (n = 3), relative to the control.  A one-way Analysis of Variance was performed 

with a Tukey post hoc test.  * p < 0.05 vs non-insulin control. 

GRT1 = 1 μg/mL and GRT10 = 10 μg/mL, LPS = Lipopolysaccharides, 2DG = 2-deoxyglucose. 

 

GRT did not significantly increase 2DG uptake in LPS stimulated myoblasts, however insulin 

significantly increased insulin-stimulated 2DG uptake (136.0 ± 21.7% vs 100 ± 7.5%, p<0.05) 

(figure 4.9.2).  Akt phosphorylation was increased by insulin stimulation compared to basal levels 

(1.00 ± 0.85 to 3.66 ± 1.98-fold).  The combination of GRT (GRT1 and GRT10) and insulin 

markedly increased Akt activation (2.75 ± 0.38 and 2.67 ± 0.46-fold, p < 0.05; respectively) 

compared to basal (figure 4.9.3 A).  Interestingly, treatment with GRT1 and insulin ameliorated 

Akt activation in C2C12 myoblasts exposed to LPS (0.25 ± 0.14 to 3.19 ± 0.41-fold) (figure 4.9.3 

A).  In terms of pAkt/tAkt expression, insulin (7.14 ± 1.61-fold, p < 0.001) as well as the 

combination of insulin and GRT1 (5.04 ± 3.07-fold) significantly affected activation of Akt 

compared to the non-insulin stimulated control (1.00 ± 0.37-fold) (figure 4.9.3 C).   
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Figure 4.9.3: Effect of GRT on LPS-induced inflammation in C2C12 myoblasts.  C2C12 myoblasts treated with 

LPS and GRT for 24 hours.  Akt protein expression and activation was quantified by Western blot (A – C).  Western 

blot is a representative image of two independent experiments and data presented as the mean ± SD of two 

independent experiments.  * p <0.05, ** p < 0.01, *** p < 0.001 vs non-insulin control.  A one-way Analysis of Variance 

was performed with a Tukey post hoc test.  ## p < 0.01 vs LPS. 

GRT1 = 1 μg/mL, GRT10 = 10 μg/mL, LPS = Lipopolysaccharides. 
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The incubation of C2C12 myoblasts with LPS combined with GRT did not significantly affect the 

protein expression of AMPK (figure 4.9.4 A - C). 

 

 

 

Figure 4.9.4: Effect of GRT on AMPK in LPS-induced inflammation C2C12 myoblasts.  C2C12 myoblasts treated 

with and without LPS and GRT for 24 hours.  AMPK protein expression and activation were quantified by Western blot 

(A – C).  Western blot is a representative image of three independent experiments and data are presented as the mean 

± SD of three independent experiments.  A one-way Analysis of Variance was performed with a Tukey post hoc test. 

GRT1 = 1 μg/mL, GRT10 = 10 μg/mL, LPS = Lipopolysaccharides. 
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LPS significantly decreased MyoD (1.01 ± 0.13 to 0.48 ± 0.05-fold, p < 0.001) and myogenin (1.01 

± 0.17 to 0.38 ± 0.27-fold, p < 0.001) gene expression compared to the controls, respectively 

(figure 4.9.5 A and B).  The addition of GRT did not change the LPS-induced down regulation of 

MyoD (GRT1: 0.58 ± 0.22-fold, p < 0.05; GRT10: 0.46 ± 0.17-fold, p < 0.001) compared to the 

GRT controls (GRT1: 0.86 ± 0.20-fold, GRT10: 0.89 ± 0.40-fold) (Figure 4.9.5 A).  The same trend 

was seen with myogenin, where both concentrations of GRT (GRT1: 0.30 ± 0.21-fold, p < 0.01; 

GRT10: 0.31 ± 0.27-fold, p < 0.01) were not able to rescue the down regulation of myogenin by 

LPS compared to the controls (GRT1: 0.79 ± 0.25-fold, GRT10: 0.85 ± 0.62-fold) (figure 4.9.5 B). 

 

Figure 4.9.5: The effect of LPS on the myogenic genes, MyoD and Myogenin in C2C12 myoblasts.  C2C12 

myoblasts were treated with LPS and GRT for 24 hours.  Thereafter, gene expression of MyoD (A) and myogenin (B) 

mRNA expression was quantified using quantitative reverse transcription polymerase chain reaction (qRT-PCR) and 

expression was normalized to the average of B2M, data was expressed as fold change.  Data presented are the mean 

± SD of three independent experiments (n = 3).  A one-way Analysis of Variance was performed with a Tukey post hoc 

test.  *** p < 0.001 vs Control. 

GRT1 = 1 μg/mL, GRT10 = 10 μg/mL, LPS = Lipopolysaccharides, MyoD = myoblast determination protein 1. 
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4.10 Effect of LPS-induced adipocyte-derived pro-inflammatory cytokines on C2C12 

myoblasts 

 

For co-culture studies, C2C12 myoblasts were co-cultured with 3T3-L1 pre-adipocytes and/or 

differentiated adipocytes.  The co-culture was treated with or without LPS or co-treated with GRT 

for 24 hours.  After 24 hours media was collected, and IL-6 secretion was determined.  Data 

shows that the co-culture of 3T3-L1 pre-adipocytes or mature adipocytes did not induce any 

detectable IL-6 secretion in myoblasts (detection < 15.6 pg/mL) (figure 4.10.1 A and B).  The 

addition of LPS significantly increased IL-6 secretion in the myoblast/pre-adipocyte co-cultures 

(figure 4.10.1 A).  In terms of whether GRT could affect IL-6 secretion, there were no significant 

differences between the LPS and LPS-GRT1 and LPS-GRT10 treatments.  LPS significantly 

increased IL-6 secretion specifically in the compartment containing the pre-adipocytes (figure 

4.10.1 A). 

 

Co-culture of myoblasts with mature adipocytes did not induce IL-6 secretion as seen figure 4.10.1 

B (detection limit < 15.6 pg/mL).  Myoblast IL-6 secretion was significantly induced in myoblasts 

(273.27 ± 250.65 pg/mL, p < 0.001) compared to the adipocytes (89.63 ± 104.47 pg/mL) in groups 

exposed to LPS (figure 4.10.1 B).  The contribution of IL-6 secretion from the adipocytes to the 

co-culture was greatly reduced compared that contributed by the pre-adipocytes (figure 4.10.1 A 

and B).  Adiponectin is an anti-inflammatory adipokine and to determine whether adiponectin was 

the mediating factor in LPS-induced IL-6 secretion in differentiated adipocytes, media from both 

pre- and differentiated 3T3-L1 adipocytes assayed for adiponectin using and ELISA kit.  Data 

shows that adiponectin was significantly increased in differentiated 3T3-L1 adipocytes (p < 

0.0001) compared to the pre-adipocytes (figure 4.10.2). 
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Figure 4.10.1: IL-6 secretion from 3T3-L1 pre-adipocytes, differentiated 3T3-L1 adipocytes and myoblast co-

cultures.  Co-culture was treated with LPS and two GRT concentrations (GRT1 and GRT10) for 24 hours.  Thereafter, 

media collected from the upper and lower compartments was assayed for IL-6 secretion using ELISA.  Data presented 

are the mean ± SD of three independent experiments (n = 3).  A two-way Analysis of Variance was performed with a 

Tukey post hoc test.  **** p < 0.0001 vs control.  n.d = no detection < 15.6 pg/mL. 

GRT1 = 1 μg/mL, GRT10 = 10 μg/mL, LPS = Lipopolysaccharides, IL-6 = Interleukin 6, ELISA = enzyme-linked 

immunosorbent assay. 
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Figure 4.10.2: Adiponectin secretion from 3T3-L1 pre-adipocytes and differentiated 3T3-L1 adipocytes.  Media 

was collected from 3T3-L1 pre-adipocytes and thereafter differentiated.  Differentiated 3T3-L1 adipocytes were treated 

with LPS and two GRT concentrations (GRT1 and GRT10) for 24 hours.  Thereafter, media collected from the upper 

insert compartment was assayed for adiponectin secretion using an ELISA.  Data presented are the mean ± SD of 

three independent experiments (n = 3), relative to pre-adipocytes.  A one-way Analysis of Variance was performed with 

a Tukey post hoc test, **** p < 0.0001. 

GRT1 = 1 μg/mL, GRT10 = 10 μg/mL, LPS = Lipopolysaccharides, ELISA = enzyme-linked immunosorbent assay. 
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5 DISCUSSION 
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5.1 Skeletal muscle plays a crucial role in metabolic homeostasis 

 

In the human, skeletal muscle mass peaks between 25 – 30 years of age attaining an average 

muscle mass in men of around 44% and women around 33% of body weight (Gallagher & 

Heymsfield, 1998; Kallman et al., 1990; Metter et al., 1997, 1999).  Apart from movement, skeletal 

muscle is responsible for peripheral blood glucose and lipid uptake from the circulation in 

response to various stimuli (Costamagna et al., 2015; DeFronzo & Tripathy, 2009; Mukund & 

Subramaniam, 2019).  In terms of glucose, the major glucose transporter, GLUT4 is responsive 

to insulin stimulation and intracellular signals such as during exercise via the energy sensing 

signaling system, AMPK triggered by the intracellular AMP/ATP ratio (Kurth-Kraczek et al. ,1999; 

Richter & Hargreaves, 2013).  The skeletal muscle also utilizes fatty acids from the circulation 

that enter the muscle either by passive diffusion or by protein mediated transport where after the 

lipids are bound to cytoplasmic fatty acid-binding protein and conjugated to coenzyme A for beta-

oxidation or fatty acid synthesis (Kelley, 2005).  Therefore, muscle and by implication muscle 

mass plays a crucial role in the body’s ability to utilize energy available from various substrates 

as required by the body during periods of feast, fast and exercise.  The role of exercise as a 

modifiable lifestyle to protect against and prevent the development of metabolic disease is broadly 

promoted.  Exercise has a positive impact on whole body metabolism and is one of the strategies 

in the management of metabolic diseases (Holten et al., 2004) moreover, increased muscle mass 

has been associated with increased insulin sensitivity (Holten et al., 2004; Srikanthan & 

Karlamangla, 2011).  It is also well known that the skeletal muscle is a metabolically active tissue 

that secretes various myokines especially during periods of exercise (Carey et al., 2006; Hartwig 

et al., 2014) therefore, a sedentary lifestyle would result in a lack of these contraction-induced 

myokines which have beneficial effects on energy metabolism with the muscle tissue and other 

body organs or tissues (Huh et al., 2014; Li et al., 2017; Pedersen et al., 2007; Zhang et al., 2014). 

Metabolic syndrome has been associated with a decrease in muscle mass, resulting in a loss of  

insulin mediated glucose uptake in prediabetic individuals (Jeon et al., 2020; Srikanthan & 

Karlamangla, 2011).  As skeletal muscle accounts for ca. 70 - 80% of the glucose uptake from 

the circulation, loss of insulin responsiveness can result in persistent hyperglycaemia (DeFronzo, 

1992; DeFronzo et al., 1979; DeFronzo, 2004; DeFronzo & Tripathy, 2009; Tripathy & Chavez, 

2010).  Chronic insulin resistance is a serious condition that affects the ability of insulin responsive 

tissues, especially skeletal muscles, to remove post-prandial glucose from the circulation.  A 

major cause of insulin resistance in muscle is attributable to chronic inflammation primarily 
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resulting from the gut and perpetuated by the adipose tissue (Cani et al., 2007; Guerville et al., 

2017). 

In the gut, diet and dysbiosis (unhealthy gut microbiota) induce an inflammatory state driven by 

release of inflammatory mediators such as lipopolysaccharides (LPS) derived from nefarious 

gram-negative gut bacteria (Boulangé et al., 2016).  In the circulation, LPS interacts with 

peripheral tissue and the innate immune system thereby, contributing to a state of chronic low-

grade inflammation (Ferrante, 2007; Weisberg et al., 2003; Wu & Ballantyne, 2017).  As obese 

and T2DM individuals have higher circulating plasma LPS levels (metabolic endotoxemia) this 

has been attributed to ‘leaky gut’ syndrome.  Subjects with metabolic syndrome have altered 

intestinal wall permeability therefore allowing the translocation of endotoxin into the circulation 

where it interacts with peripheral tissues, particularly adipose and muscle tissue (Gomes et al., 

2017; Jayashree et al., 2014). 

In adipose tissue, LPS-induced metabolic endotoxemia results in the up-regulation and secretion 

of various pro-inflammatory cytokines, including IL-6, TNF-α, MCP-1, of which are associated with 

the metabolic syndrome (Clemente-Postigo et al., 2019; Hotamisligil et al., 1993; Pereira & 

Alvarez-Leite, 2014).  Chronic elevation of these cytokines have a detrimental effect on skeletal 

muscle insulin sensitivity and underlie the development of insulin resistance and glucose 

intolerance, and are risk factor for a series of metabolic diseases such as T2DM (Feinstein et al., 

1993; Kern et al., 2001; Rasouli & Kern, 2008; Shoelson, 2006).  What is generally not considered 

is the cytokine response of skeletal muscle in response to metabolic endotoxemia.  IL-6 and TNF-

α are up-regulated in response to metabolic endotoxemia, and results in a decrease in insulin 

sensitivity (Sell et al., 2006, 2008).  IL-10, a well-known anti-inflammatory cytokine is reduced in 

skeletal muscle in obese individuals (Wu & Ballantyne, 2017).  In skeletal muscle the inflammatory 

response could either be modulated or worsened by the paracrine effect of adiponectin and IL-6 

(Christiansen et al., 2010; Nicholson et al., 2018).  Franckhauser et al (2008) showed that chronic 

elevation of circulating IL-6 promoted insulin resistance characterised by hyperinsulinaemia, 

impaired insulin-stimulated glucose uptake by the skeletal muscle and hepatic inflammation in 

mice overexpressing IL-6 (Franckhauser et al., 2008). 

This study investigated the effect of LPS on C2C12 myoblasts and specifically, their ability to 

differentiate and form myotubules as a surrogate in vitro model for myogenesis.  As an 

inflammatory marker the pro-inflammatory cytokine IL-6 was selected.  The effect of LPS on the 

myogenic genes myogenin, MyoD and myostatin, as well as other signaling pathway effectors 

such as Akt, AMPK and mTOR were investigated to better understand the underlying 

Stellenbosch University  https://scholar.sun.ac.za



 

94  

mechanisms as well as the phenotypic effect on myoblast to myotubule differentiation.  The effect 

of LPS on insulin sensitivity and glucose uptake was also measured.  The study also included an 

in vitro co-culture model, using 3T3-L1 pre-adipocytes and differentiated 3T3-L1 adipocytes 

cultured on an insert membrane into a well containing C2C12 myoblasts. 

 

5.2 Lipopolysaccharide was not cytotoxic to C2C12 skeletal muscle cells 

 

In this study a MTT assay confirmed that LPS at the concentrations tested (0.05, 0.1 and 1 µg/mL) 

was not cytotoxic to either the C2C12 myoblast nor the differentiated myotubules (figure 4.2.2).  

This was further confirmed by an unchanged morphology of the myoblasts and myotubules after 

24-hour exposure to LPS (figure 4.2.1).  In agreement with our findings, Podbregar and 

colleagues found LPS (100 ng/mL) was not cytotoxic to myoblasts or myotubes (Podbregar et al., 

2013).  In addition a study by Shang et al (2015) reported that incubation with LPS for 24 hours 

at concentrations up to 50 μg/mL were not toxic to C2C12 myoblasts and only high concentrations 

(100 – 150 μg/mL) affected myoblast morphology (Shang et al., 2015). 

 

5.3 Lipopolysaccharide induces Interleukin-6 secretion in myoblasts but not in 

myotubules 

 

LPS is a potent inducer of pro-inflammatory cytokine IL-6 and strongly induces pro-inflammatory 

cytokine IL-6 secretion in murine C2C12 myoblasts (Frost et al., 2002; Frost et al., 2003; Liang et 

al., 2013; Podbregar et al., 2013).  The role of the pro-inflammatory cytokine IL-6 is well described 

and is identified as a major driver of insulin resistance, obesity and the development of T2DM 

(Kim, Bachmann, & Chen, 2009).  Although approximately 35% of IL-6 is secreted by the adipose 

tissue, including resident adipose tissue macrophages, IL-6 is also produced by muscle during 

strenuous exercise and thus can also be regarded as a myokine, owing to the fact that IL-6 

deficient (IL-6-/-) mice have reduced endurance and energy expenditure during exercise (Fäldt et 

al., 2004; Helge et al., 2003; Pedersen et al., 2004; Pedersen & Fischer, 2007).  Paradoxically, in 

skeletal muscle, IL-6 appears to have an insulin sensitizing effect and plays an active role in 

muscle repair of skeletal muscle (Carey et al., 2006; Pedersen et al., 2004).  Conversely IL-6 has 

also been associated with muscle atrophy and wasting (Haddad et al., 2005). 
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This study confirmed that C2C12 myoblasts produce and secrete significant amounts of IL-6 in 

response to LPS (figure 4.3.1 A and B, p < 0.001), whilst differentiated myotubules where 

unresponsive to LPS (figure 4.3.1 C and D).  This corresponds to findings from studies on isolated 

human skeletal muscle cells that showed a significant increase in myoblast IL-6 secretion 

compared to myotubes (Podbregar et al., 2013).  Using the C2C12 myoblast cell line, Frost et al 

(2003) demonstrated that both cell types (myoblasts and myotubules) had a similar increase in 

IL-6 mRNA after 4 hours of exposure to LPS, however, IL-6 protein secretion by myotubules was 

significantly reduced compared to myoblasts (Frost et al., 2003) suggesting that IL-6 gene 

expression may be differentially regulated between the two cell types.  In C2C12 myoblasts, LPS 

concentration dependently (0.01 to 10 μg/mL) increased IL-6 mRNA expression after 4 hours and 

was elevated nearly 5-fold above basal levels after 18 hours in myoblasts exposed to 1 μg/mL 

LPS (Frost et al., 2002).  In a follow up study Frost et al, (2003) again demonstrated a strong LPS 

stimulated IL-6 secretion response by myoblasts up to 16 hours.  Western blot analysis showed 

maximum protein expression for IL-6 occurred at 2 - 3 hours and IL-6 mRNA expression was also 

seen maximally expressed (~ 9-fold) at 3 hours but had decreased to baseline by 16 hours (Frost 

et al., 2003).  These findings could explain why we did not see increased IL-6 mRNA expression 

in the C2C12 myoblasts after 24 hours (figure 4.3.2).  

 

5.4 Lipopolysaccharide partially suppresses insulin signalling  

 

To determine whether LPS affects glucose uptake in skeletal muscle and whether it in fact could 

sensitize muscle to insulin, was investigated by exposing myoblasts with LPS for 24 hours.  

Glucose removal by the C2C12 myoblasts from the media as well as the intracellular glucose 

uptake using 2-deoxyglucose as an indicator of insulin stimulated intracellular glucose uptake was 

evaluated.  Interestingly, LPS concentration dependently decreased the removal of glucose from 

the media (figure 4.4 A, p < 0.01), whilst both basal and insulin stimulated intracellular uptake as 

measured by 2-deoxyglucose uptake, were not affected by LPS (figure 4.4 B).  This suggests that 

although the LPS has some downstream effect on glucose metabolism, the insulin 

responsiveness of the C2C12 myoblast was not affected by LPS.  Supporting the notion that in 

skeletal muscle derived IL-6 does not induce insulin resistance.  Although the activation of Akt of 

C2C12 myoblasts by insulin was attenuated by LPS (figure 4.5 A and C), suggesting that insulin 

signalling was affected, this was further supported by Liang et al, (2013), where LPS (100 ng/mL) 

reduced insulin-stimulated Akt phosphorylation (Liang et al., 2013).  The mechanistic target of 
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rapamycin is a well-known kinase involved in the regulation of muscle mass, thereby controlling 

protein translation; however, AMPK is a negative regulator of mTOR gearing the cellular 

processes toward a catabolic state (Sukumaran et al., 2020).  In this study, protein expression or 

activation of mTOR was not affected by LPS suggesting that the skeletal muscle anabolic and 

catabolic processes were not affected (figure 4.6.1 A – C).  Neither was AMPK protein expression 

and activation affected, suggesting that cellular AMP/ATP levels were not affected by the LPS 

(figure 4.6.2 A – C). 

 

5.5 Lipopolysaccharide inhibits myogenesis 

 

Murine C2C12 myoblasts readily differentiate into myocytes that fuse to form myotubules when 

the FBS serum content of the media is reduced from 10% to 0.5%, or the 10% FBS is replaced 

by 2% HS (Langen et al., 2003).  In this study the latter method of differentiation was used once 

the myoblast cultures were ca. 80% confluent.  Three days after differentiation, multiple elongated 

myotubules had formed and in this study, these were used to study the effects of LPS on 

differentiated skeletal muscle.  A major issue in the maintenance of muscle mass revolves around 

a balance between skeletal muscle damage, muscle repair and the building of new muscle fibers 

from muscle satellite cells in response to myogenic stimuli (Costamagna et al., 2015; Frontera & 

Ochala, 2015; Gordon et al., 2013; Gransee et al., 2012; Mukund & Subramaniam, 2019).  

Interestingly IL-6 secretion during vigorous exercise and muscle damage/injury plays an important 

role in the repair process (Belizário, Fontes-Oliveira, Borges, Kashiabara, & Vannier, 2016; 

Muñoz-Cánoves, Scheele, Pedersen, & Serrano, 2013; Serrano et al., 2008).  In this study we 

investigated the effect that LPS has on the differentiation of C2C12 myotubules from myoblasts.  

In this experiment myoblast differentiation was induced by replacing the 10% FBS in the media 

with 2% HS for three days, with or without exposure to LPS.  After three days the number and 

width of the myotubules were measured using a digitized image and imaging software by using 

point-to-point measurements.  Based on the morphology and measurements, LPS did reduce the 

number of myotubules that formed during differentiation (figure 4.6.4 C, p < 0.01).  In addition, the 

width of the myotubules was also reduced, when differentiated in the presence of LPS (figure 

4.6.4 B, p < 0.0001).  This finding is in agreement with a study by Ono et al, (2017) where LPS 

reduced myotubule width and fusion index in C2C12 myoblasts differentiated in the presence of 

LPS (Ono & Sakamoto, 2017).  In a follow up study, Ono et al, (2020) demonstrated that LPS 

induced muscle mass loss in a mouse model of endotoxemia-associated muscle weakness, and 
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was confirmed by the histological examination of the tibialis anterior muscle sections which 

showed that LPS induced shrinkage of muscle fibres (Ono et al., 2020). 

Interestingly, IL-6 secretion peaked just before differentiation (figure 4.6.3, p < 0.0001) and 

reduced to near control levels once the differentiating media containing the 2% horse serum was 

added.  This suggests that the reduction in myotubule formation was the result of the LPS and 

not IL-6.  In terms of myogenic gene expression LPS suppressed myogenin mRNA expression 

(figure 4.6.5 B) the myogenic factor that is activated during serum deprivation as is the case for 

reducing the 10% FBS to 2% HS in the C2C12 differentiation media.  Myogenin induces cell cycle 

arrest and commits the myoblast to the myocyte lineage (Andrés & Walsh, 1996).  The other 

myogenic gene MyoD, plays an important role in the proliferation of myoblasts and regulation of 

other myogenic regulatory factors (Almeida et al., 2016; Burattini et al., 2004; Dedieu et al., 2002).  

In this case, the C2C12 myoblasts were almost 80% confluent when differentiation was initiated 

and therefore these cells were already approaching senescence, explaining the low levels of 

MyoD expression (figure 4.6.5 A) (Moran et al., 2002).   

Myostatin protein expression was also investigated during differentiation.  Although myostatin is 

generally associated with muscle catabolism and muscle wasting (Lautaoja et al., 2020; Ono & 

Sakamoto, 2017; Rı́os et al., 2002; Taylor et al., 2001; Thomas et al., 2000).  In this study 

myostatin expression increased during C2C12 myoblast differentiation (figure 4.6.5 C) suggesting 

that it could play a role in the regulation of myoblast proliferation and the cell survival (Artaza et 

al., 2002; Ríos et al., 2001).  However, myostatin expression was down regulated in differentiating 

myoblasts exposed to LPS and this was also seen for myogenin and MyoD.  These findings were 

also demonstrated by Ono et al (2017), where LPS down regulated myogenin and MyoD, in 

C2C12 myoblasts differentiated in the presence of LPS, but not myostatin.  Myostatin expression 

was increased in the presence of LPS both at mRNA and protein level (Ono & Sakamoto, 2017).  

Weber et al (2005) showed that LPS injection decreased the MyoD and myostatin mRNA 

expression after 24 hours in muscle samples from channel catfish (Ictalurus punctatus) (Weber 

et al., 2005).  A study by Lang et al (2001) showed that myostatin mRNA expression was not 

altered 24 hours post LPS injection in their rat model (Lang et al., 2001), whereas a study by 

Smith et al (2010) showed reduced myostatin mRNA expression and unchanged protein levels in 

cecal ligation and puncture sepsis-induced rats (Smith et al., 2010).  Although there is 

contradicting data in the regulation of myostatin, this study confirms that MyoD and myogenin are 

actively involved in myogenesis and their regulation is critical for myotube size and number as 

denoted in the study by Dedieu et al (2002). 
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5.6 Potential properties of Afriplex GRTTM in modulating mitochondrial metabolism 

 

After establishing the in vitro C2C12 skeletal model and the effects of LPS on the IL-6 production, 

glucose utilization, insulin sensitivity and myoblast differentiation into myotubules. The effects of 

an aspalathin-rich green rooibos extract GRT, previously shown to enhance glucose metabolism, 

was evaluated on LPS treated C2C12 myoblasts.  GRT was not cytotoxic to C2C12 myoblasts up 

to a concentration of 100 μg/mL, after 24 hours of treatment (figure 4.7 D).  This is in agreement 

with a study conducted by Millar et al (2020), where GRT at 10 and 100 μg/mL showed no 

cytotoxic effect on C3A liver cells (Millar et al., 2020).  To further assess the effect of GRT on 

mitochondrial bioenergetics, we performed a Seahorse XF Cell Mito Stress Test assay.  In 

agreement with the MTT data, that demonstrated GRT increased MTT activity, we observed that 

GRT increased OCR capacity in terms of basal, maximal respiration and ATP production (figure 

4.8 B - D).  This suggests that GRT has the potential to improve or enhance mitochondrial 

respiratory capacity and therefore increase energy output of the cells, and to maintain cellular 

functions under stress conditions as energy demands increase (Hill et al., 2012).  This 

corresponds with a previous study by Uličná et al, (2019) showing that an aqueous extract of 

green rooibos improved ATP production in isolated mitochondria from carbon tetrachloride 

(CCl4)-induced liver damage rats (Uličná et al., 2019).  Spare respiratory capacity is hypothesized 

as the compensatory mechanism available to the cells in response to increased energy demand 

or stress (Brand & Nicholls, 2011; Decleer et al., 2018).  The exposure of C2C12 cells to GRT did 

not affect spare respiratory capacity (calculated as the difference between basal and maximal 

respiration) (figure 4.8 E).  This suggests that GRT enhances mitochondrial respiration i.e., 

increasing both basal and maximal respiration without depleting spare respiratory capacity, 

leaving the cells reserve to produce additional ATP in case of extra need intact.  Taking it all 

together, this provides evidence of the potential properties of GRT in its ability to modulate and 

ameliorate mitochondrial metabolism in insulin resistant tissues. 

 

5.7 Lipopolysaccharide-induced Inflammation is not affected by rooibos extract 

 

Although previous studies have suggested that rooibos reduced IL-6 plasma concentrations in 

vivo, in vitro blood cultures in fact increased IL-6 secretion (Smith & Swart, 2016).  However, in 

this study treatment of C2C12 myoblasts with GRT did not influence LPS-induced IL-6 secretion 
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over a 24-hour period (figure 4.9.1).  In terms of intracellular glucose uptake rate as determined 

by intracellular 2-deoxyglucose, GRT did not significantly affect basal, or insulin stimulated uptake 

rates in the presence LPS (figure 4.9.2).  Although GRT did not have a significant effect on the 

insulin-stimulated Akt protein expression and activation except for the low GRT concentration 

(GRT1), which significantly affected the expression of and activation of insulin-Akt expression 

compared to the non-stimulated control (figure 4.9.3 A - C).  Interestingly, the low concentration 

of GRT significantly improved insulin stimulated Akt activation blunted by the LPS (figure 4.9.3 

A).  This is in keeping with several other in vitro and in vivo studies have been conducted to 

evaluate the glucose lowering ability of rooibos extracts or rooibos components.  The mechanisms 

proposed by these studies constantly involved increased activation of Akt and AMPK (Dludla et 

al., 2017; Kawano et al., 2009; Mazibuko et al., 2013; Muller et al., 2012).  Unfortunately, the 

AMPK results were inconclusive and could not support such a hypothesis (figure 4.9.4 A – C).  

Interestingly LPS reduced the mRNA expression of the myogenic genes myogenin and MyoD in 

the C2C12 myoblast after 24 hours.  GRT appeared not to affect the expression of these myogenic 

genes either with or without LPS treatment (figure 4.9.5 A and B).  

 

5.8 Lipopolysaccharide-induced interleukin-6 secretion in C2C12 co-cultured with 3T3-

L1 adipocytes 

 

Next, we investigated the effect of LPS in a co-culture model of 3T3-L1 pre-adipocytes or 

differentiated 3T3-L1 adipocyte culture on a membrane insert to establish the relative contribution 

of IL-6 from the adipose cells on the apical side of the membrane to the IL-6 secreted by the 

C2C12 myoblasts in the basolateral compartment.  Interleukin-6 secretion by the pre-adipocytes 

(figure 4.10.1 A, p < 0.0001) was significantly higher into apical compartment than that by the 

differentiated 3T3-L1 adipocytes (figure 4.10.1 B).  This finding corresponded to that of Harkins 

et al, (2004), showing that the 3T3-L1 pre-adipocytes expressed higher levels of LPS-induced IL-

6 mRNA and secreted IL-6 than the differentiated cells.  In addition, ob/ob mice stromal adipose 

tissue secreted more IL-6 than mature fully differentiated adipocytes (Harkins et al., 2004). 

In this study, it was also interesting to note that in the 3T3-L1 pre-adipocytes, the IL-6 

concentrations were similar in both compartments (apical and basolateral) (figure 4.10.1 A), whilst 

in the co-culture with the differentiated adipocytes, the contribution from the adipocytes was less 

and indeed the IL-6 secretion by the C2C12 myoblasts was also attenuated (figure 4.10.1 B).  
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Seyoum et al (2011) also demonstrated that the addition of LPS (1 μg/mL) increased IL-6 mRNA 

expression in L6 myocytes co-cultured with 3T3-L1 pre-adipocytes by 9.5-fold compared to a 8.2-

fold increase when co-cultured with differentiated 3T3-L1 adipocytes.  In addition IL-6 secretion 

was increased in L6 myocytes co-cultured with 3T3-L1 pre-adipocytes (Seyoum et al., 2011) as 

is confirmed in this study, and is in agreement with that of Harkins et al (2004).  This suggests 

that some crosstalk could exist and that differentiated adipocytes could have some anti-

inflammatory properties.  Mediators of such anti-inflammatory effects by adipocytes could include 

adipokines such as adiponectin and cytokines such as IL-10 (Lira et al., 2012).  Indeed, this study 

supported the aforementioned, as adiponectin was highly secreted by differentiated 3T3-L1 

adipocytes compared to the minimal secretion observed in 3T3-L1 pre-adipocytes (figure 4.10.2).  

This finding confirmed the observations by Körner and colleagues (2005) where they observed 

that adiponectin protein was not expressed by human pre-adipocytes and expression was only 

observed in mature adipocytes (differentiated adipocytes) (Körner et al., 2005). 

A study by Zoico et al, (2009) showed that adiponectin significantly suppressed LPS-induced 

expression of IL-6 mRNA expression and protein secretion in differentiated 3T3-L1 adipocytes 

exposed to LPS (1 μg/mL), the same was observed with MCP-1 expression, therefore showing 

that adiponectin acts as a modulator of the inflammatory response by suppressing the expression 

of pro-inflammatory cytokines (Zoico et al., 2009).  Chirumbolo et al (2014) demonstrated that IL-

10 expression was increased at low concentrations (1 to 10 ng/mL) but was downregulated with 

increasing LPS concentration (up to 10 000 ng/mL) and incubation times in differentiated 3T3-L1 

adipocytes (Chirumbolo et al., 2014).  In this study, however, IL-10 secretion was not detected in 

the media collected from C2C12 myoblasts as well as the 3T3-L1 pre-adipocytes and the mature 

adipocytes (data not shown).  
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6 CONCLUSIONS 
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6.1 Concluding Remarks 

 

Lipopolysaccharide (LPS) proved to be a formidable inducer of IL-6 cytokine inflammatory 

response in C2C12 myoblasts compared to myotubules.  Although, LPS had no effect on 

myoblast morphology, myotubule formation was significantly reduced with a concurrent decrease 

in myogenic regulatory factors, MyoD and myogenin, as well as a decrease in myotube width.  In 

terms of energy metabolism, C2C12 myoblasts were still responsive to insulin stimulation.  GRT 

was able to increase C2C12 skeletal muscle maximal oxidation consumption, suggesting a 

protective effect on mitochondrial bioenergetics and energy modulatory properties, however this 

was not seen in combination with LPS.  Further, in this study GRT did not modulate the 

inflammatory response nor alter the cellular energy status of the cells in terms of AMPK and 

mTOR activation.   

Adipokine-myocyte crosstalk is particularly important in maintaining healthy whole-body 

metabolism.  This study suggests that in co-culture the LPS-induced inflammatory IL-6 response 

by myoblasts was modulated by differentiated 3T3-L1 adipocytes, and this was accommodated 

by a dramatic increase of adiponectin but not IL-10.  The co-culture model established in this 

study allows for further investigation on the role of such adipokine crosstalk in between adipocytes 

and muscle into paracrine/endocrine function. 

 

6.2 Limitations of the study 

 

Mitochondrial bioenergetics of myoblasts exposed to LPS and GRT were not conducted due to 

time and budget constraints.  Determining the OCR parameters to access the energy status of 

the myoblasts following LPS exposure, and if the rooibos extract was able to decrease or enhance 

mitochondrial energy capacity under stress.  The extracellular cytoplasmic acidification rates 

(ECAR) were not determined, and these would have been beneficial to understand the effect of 

LPS and GRT on glycolysis. 

This study also showed that LPS inhibits myogenesis through a decrease in myotube size and 

width.  As the Western blot protein expression of mTOR and AMPK was inconclusive, assessing 

these and other insulin signaling genes such as AKT, AS160 and GLUT4 would have contributed 
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to a better understanding of how LPS impacts on myoblast differentiation and the mechanism(s) 

involved in glucose metabolism and cellular energy homeostasis in atrophying muscle. 

 

6.3 Future work 

 

To address the limitations of the study, proposed future experiments will include the assessment 

of glucose metabolism in myoblasts differentiated in the presence of LPS as well as PCR array 

to access and/or identify genes related to disease progression in metabolic syndrome and muscle 

wasting. 

Agilent Seahorse XF Analyzer will be used to access the mitochondrial bioenergetics in myoblasts 

fully differentiated in the presence of LPS (OCR and ECAR).  Determining OCR and ECAR of the 

myoblasts following LPS exposure will establish if the rooibos extract was able to decrease or 

enhance mitochondrial energy capacity. 

Furthermore, adiponectin was significantly secreted in differentiated adipocytes, potentially 

offering protective anti-inflammatory effects as seen by a reduced IL-6 secretion in differentiated 

adipocytes compared to the 3T3-L1 pre-adipocytes.  Therefore, further gene expression and 

protein analysis of adipocyte-myocyte co-culture can elucidate the effects of adipocytes on 

myoblast gene expression and the mechanisms involved.   

 

6.4 Contributions to the study 

 

Prof C.J.F. Muller contributed to the conception and design of the study.  Nnini Obonye 

contributed to the data collection.  Nnini Obonye and Prof S.E. Mazibuko-Mbeje provided data 

analysis and interpretation.  The drafting of the thesis was provided by Nnini Obonye and Prof 

C.J.F. Muller.  Prof C.J.F. Muller, Nnini Obonye, Prof S.E. Mazibuko-Mbeje and Prof H. Strijdom 

contributed to the critical revision of the thesis and final approval of the version to be submitted. 
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8.1 Reagents and kits 

 

Table 5: List of reagents and kits. 

Reagents and Kits 
Catalogue 

number 
Supplier 

β-mercaptoethanol  Fluka, Bucharest, Romania 

β-actin (housekeeping) Sc-47778 Santa Cruz Biotechnology 

3-isobutyl -1-methyl-xanthine (IBMX)  I5879  Sigma-Aldrich, St Louis, MO, USA  

3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 

tetrazolium bromide 
M5655 Sigma-Aldrich, Missouri, USA 

3T3-L1 pre-adipocyte cell line CL-173 
American Type Culture Collection, 

Virginia, USA 

Akt Antibody 9272S 
Cell Signaling Technology, Inc., 

Massachusetts, USA 

AMPKα Antibody 2532S 
Cell Signaling Technology, Inc., 

Massachusetts, USA 

Beta-2 Microglobulin (Mm00437762_m1) 

Assay 
4331182 

Applied Biosystems, 

Massachusetts, USA 

Bovine Serum Albumin Standard 5000207 Bio-Rad, California, USA 

C2C12 cell line CRL-1772 
American Type Culture Collection, 

Virginia, USA  

Chloroform 136112-00-0 Sigma-Aldrich, Missouri, USA 

Clarity™ Western enhanced 

chemiluminescence (ECL) Substrate 
1705061 Bio-Rad, California, USA 

Dexamethasone D4902 Sigma-Aldrich, Missouri, USA 

Dimethyl sulfoxide 276855 Sigma-Aldrich, Missouri, USA 
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Dulbecco's Modified Eagle's Medium BE12-604F Lonza, Basel, Switzerland 

Dulbecco's Phosphate Buffered Saline BE17-513F Lonza, Basel, Switzerland 

DuoSet Ancillary Reagent Kit DY008 R&D Systems, Minnesota, USA 

Ethanol (Absolute, Molecular Grade) E7023-500 Sigma-Aldrich, Missouri, USA 

GIBCO Fetal bovine serum (Heat 

Inactivated) 
10493106 

Thermo Fisher Scientific, 

Massachusetts, USA 

Glucose D5030 Sigma-Aldrich, Missouri, USA 

Insulin (human) I92785 Sigma-Aldrich, Missouri, USA 

Isopropanol I9516 Sigma-Aldrich, Missouri, USA 

Laemmli protein sample buffer 1610747 Bio-Rad, California, USA 

Lipopolysaccharides from Escherichia 

coli O127:B8 
L4516-1MG Sigma-Aldrich, Missouri, USA 

Nuclease-free water (Ambion) AM9920 
Invitrogen, California, USA 

 

Mouse Adiponectin/Acrp30 DuoSet 

ELISA kit 
DY1119 R&D Systems, Minnesota, USA 

Mouse IL-6 DuoSet ELISA Kit DY406-05 R&D Systems, Minnesota, USA 

Mouse IL-10 DuoSet ELISA kit DY417-05 R&D Systems, Minnesota, USA 

Mstn (myostatin) Assay 

(Mm01254559_m1) 
4331182 

Applied Biosystems, 

Massachusetts, USA 

Myod1 Assay (Mm00440387_m1) 4331182 
Applied Biosystems, 

Massachusetts, USA 

Myog Assay (Mm00446194_m1) 4331182 
Applied Biosystems, 

Massachusetts, USA 
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mTOR Antibody 2972S 
Cell Signaling Technology, Inc., 

Massachusetts, USA 

Phospho-AKT (Ser473) ab81283 Abcam, Cambridge, UK 

Phospho-AMPKα (Thr172) 2535S 
Cell Signaling Technology, Inc., 

Massachusetts, USA 

Phospho-mTOR (Ser2448) 2971S 
Cell Signaling Technology, Inc., 

Massachusetts, USA 

Phosphate Buffered Saline BE17-516F Lonza, Basel, Switzerland 

Ponceau S solution P7170 
Sigma-Aldrich, Missouri, United 

States 

Promega Glucose Uptake-GLO Assay 

Kit 
PRJ1343 Promega, Wisconsin, USA 

QIAzol Lysis Reagent 79306 Qiagen, Hilden, Germany 

QuantiTect Rev. Transcription Kit 205311 Qiagen, Hilden, Germany 

RC DC™ Protein Assay Kit II 5000122 Bio-Rad, California, USA 

Seahorse XF9 Cell Mito Stress Test kit 103010-100 
Agilent Technologies, California, 

USA 

Sodium bicarbonate S3817 Sigma-Aldrich, Missouri, USA 

TaqMan Fast Advanced Master Mix 4444557 
Applied Biosystems, 

Massachusetts, USA 

TGX Stain-Free™ FastCast™ 

Acrylamide Kit, 12% 
1610185 Bio-Rad, California, USA 

Trans-Blot® Turbo™ Midi Nitrocellulose 

Transfer Pack 
1704159 Bio-Rad, California, USA 

Trans-Blot® Turbo™ RTA Mini 

Nitrocellulose Transfer Kit 
1704270 Bio-Rad, California, USA 
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Tris/Glycine/SDS running buffer 1610732 Bio-Rad, California, USA 

Trypan blue 15050-065 Invitrogen, California, USA 

Trypsin Versene (0,5g/L trypsin 1:250 

and 0,2g/L Versene 
BE17-161E Lonza, Basel, Switzerland 

Water for Cell Culture BE17-724Q Lonza, Basel, Switzerland 

 

8.2 Consumables 

 

Table 6: List of consumables 

Consumables Catalogue 

number 

Supplier 

2ml Eppendorf Safe-Lock PCR Clean 

Tubes 

EP003012334

4 

 Eppendorf, Hamburg, Germany 

10mL serological pipettes 607160 Greiner, Kremsmünster, Austria 

15ml Centrifuge tubes 601001 Nest Scientific, Rahway, NJ, USA 

25mL serological pipettes 760160 Greiner, Kremsmünster, Austria 

50mL serological pipettes 768160 Greiner, Kremsmünster, Austria 

50ml Self standing centrifuge tubes 602072 Nest Scientific, Rahway, NJ, USA 

75cm² Cell culture flask 708001 Nest Scientific, Rahway, NJ, USA 

96 Well CellBIND® Microplates CLS3300 Corning, New York, USA 

24 Well CellBIND® Multiple Well Plate CLS3336 Corning, New York, USA 

6 Well CellBIND® Multiple Well Plate CLS3335 Corning, New York, USA 

Cell Scrapers (Large), 280mm Handle, 

20mm Blade 

710011 Nest Scientific, Rahway, NJ, USA 
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Cell Scrapers (Small), 220mm Handle, 

13mm Blade 

710001 Nest Scientific, Rahway, NJ, USA 

Contour Plus Glucometer Glucose Strips 84627470 Ascensia Diabetes Care Holdings 

AG, Basel, Switzerland 

MicroAmp EnduraPlate Optical 384 Well 

Clear Reaction Plates 

44-832-85 Applied Biosystems, 

Massachusetts, USA 

Millex syringe filter unit (0.22 um) SLGP033RS Merk, Massachusetts, USA 

SPL Insert Hanging, PET membrane, 24 

well, 0.4um pore size 

36024 SPL Life Sciences, Gyeonggi-do, 

Korea  

Stainless steel beads (5 mm) 69989 Qiagen, Hilden, Germany 

TPP vacuum filtration systems 99500 TPP Techno Plastic Products AG, 

Zollstrasse, Switzerland 

XF96 Cell Culture Microplates 101085-004 Agilent Technologies, California, 

USA 

 

8.3 Equipment and Software 

 

Table 7: List of equipment and software 

Equipment and Software Supplier 

cellSens Entry Imaging software Olympus Corporation, Tokyo, Japan 

Bio-Rad ChemiDocTM MP System Bio-Rad, California, United States 

BioTek ELx800 microplate reader BioTek Instruments, Inc., Winooski, 

VT, USA 

Gen5 version 1.05 BioTek Instruments, Inc., Winooski, 

VT, USA 
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GraphPad Prism® 8.0.1 GraphPad Software, La Jolla, 

California, USA 

Haemacytometer (Neubauer-improved) Paul Marienfeld GmbH & Co., Lauda-

Königshofen, Germany 

ImageJ software (1.53g) National Institutes of Health 

Image LabTM Software Bio-Rad, California, United States 

NIS-Elements Imaging Software Nikon Instruments Inc., New York, 

USA 

Nikon Inverted Microscope Eclipse Ti-S Nikon Instruments Inc., New York, 

USA 

Olympus CKX31 inverted light microscope Olympus Corporation, Tokyo, Japan 

PowerPacTM Basic Bio-Rad, California, United States 

QuantStudioTM 7 Flex Real-Time PCR System Applied Biosystems, Massachusetts, 

USA 

QuantStudioTM Real-Time PCR Software v1.7 Applied Biosystems, Massachusetts, 

USA 

RS Biotech Galaxy R CO2 Incubator Eppendorf Inc., Hamburg, Germany 

Seahorse XFe96 Analyzer Agilent Technologies, California, USA 

Seahorse Wave Controller Software 2.4.2 Agilent Technologies, California, USA 

SoftMax Pro 7 software, version 7.0.2 Molecular Devices, LLC, Sunnyvale, 

CA, USA 

SpectraMax i3x multi-mode microplate reader Molecular Devices, LLC, Sunnyvale, 

CA, USA 

Thermo Scientific™ NanoDrop™ One Microvolume 

UV-Vis Spectrophotometer 

Thermo Fisher Scientific, 

Massachusetts, USA 

Trans-Blot® TurboTM transfer cassette Bio-Rad, California, United States 
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8.4 Complete growth media  

 

Complete growth media was prepared aseptically in a biosafety cabinet by adding 50 mL of FBS 

to 450 mL of DMEM.  This was carefully mixed by pipetting up and down.  Media was stored at 

40C. 

 

8.5 Differentiation media 

 

Differentiation media was prepared aseptically in a biosafety cabinet by adding 10 mL of HS to 

490 mL of DMEM.  The was mixed carefully and stored at 40C. 

 

8.6 Sorenson’s glycine buffer 

 

To prepare the sorenson’s buffer, 0.751 g of glycine and 0.584 g of NaCl was dissolved in 100 

mL of cell culture tested dH2O to yield a final concentration of 0.1 M buffer solution.  The pH was 

adjusted to 10.5 using NaOH. 

 

8.7 Krebs ringer bicarbonate HEPES buffer (KRBH) 

 

Krebs buffer was prepared using the following formulation: 

Table 8: Krebs ringer bicarbonate HEPES buffer 

Reagent Final concentration Weight 

NaCl 115 mM 3.36 g 

NaHCO3 24 mM 1.008 g 

KCl 5 mM 0.186 g 
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MgCl2 1 mM 0.048 g 

CaCl2 2.5 mM 0.139 g 

BSA 0.1% (w/v) 0.5 g 

HEPES (1 M) 10 mM 5 mL 

 

Reagents were dissolved in 500 mL cell culture tested water and filter sterilized using a 0.22 µm 

filtration system.  Buffer was stored at 40C. 
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9 Appendix II 
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