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Thesis Abstract 

Introduction: Cardiometabolic disease (CMD) encompasses all metabolic and cardiovascular 

disorders including metabolic abnormalities such as dyslipidaemia, hypertension, insulin 

resistance, abdominal obesity and inflammation. Skeletal muscle accounts for the largest 

increase in insulin stimulated glucose uptake. In accordance with this, skeletal muscle mass 

and function has an inverse association with CMD, type 2 diabetes (T2D) and cardiovascular 

disease (CVD). Poor lifestyle choices can disrupt the metabolic environment causing skeletal 

muscle insulin resistance further exacerbating CMD and risk of T2D and CVD. Low 

carbohydrate (LC) diets have shown to improve markers of CMD. However, the impact of the 

metabolic environment on skeletal muscle insulin dynamics are yet to be investigated. 

Anabolic-androgenic steroid (AAS) are derived from the hormone testosterone which plays a 

key role in regulating skeletal muscle mass and cardiometabolic health. Paradoxically, 

although AAS increase muscle mass, supraphysiological levels of testosterone increase CMD 

and risk of CVD. Further research is warranted on markers of CMD among AAS users in 

addition to its impact on the metabolic environment and subsequent skeletal muscle insulin 

mechanisms. Therefore, this thesis aims to investigate how markers of CMD are impacted by 

diets differing in carbohydrate intake and anabolic-androgenic steroid use and how their 

subsequent metabolic environment impacts skeletal muscle cellular mechanisms. 

Methods: In a randomised parallel design, willing participants followed either a VLC or high 

carbohydrate (HC) and provided anthropometrics, blood samples, physical activity and food 

diaries at 0, 4 and 8 weeks. In a cross-sectional design, resistance-trained males who use 

AAS and did not use (NAT) provided similar measures. Blood samples were processed for 

plasma and serum and analysed for markers of CMD. Mechanisms of insulin signalling were 

investigated using the murine C2C12 skeletal muscle cell line. Under standard cell culture 

procedures (Differentiating media: DM), C2C12 myoblasts and myotubes were stimulated with 

insulin to investigate cellular signalling and glucose uptake. To investigate the impact of diet 

or AAS use on insulin signalling, C2C12 myoblasts and myotubes were incubated in serum 

derived from participants and stimulated with insulin. The impact of human serum on C2C12 

metabolism was also determined. 

Results: Both diets significantly (P < 0.05) improved triglyceride, insulin, HOMA IR and 

leptin:adiponectin levels. Compared with HC, the VLC diet showed significantly (P < 0.05) 

greater improvements in blood pressure, fat mass, leptin and small dense low-density 

lipoprotein cholesterol (sdLDL-C) low-density lipoprotein cholesterol ratio. The VLC diet also 

reported trends in improving sdLDL-C, FGF21 and waist circumference (P = 0.06). In 

myoblasts, serum from both groups showed a tendency (P = 0.07) of increasing Akt 
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phosphorylation (p-AKT) but had no effect on the insulin stimulated fold-change. In myotubes, 

both diets showed a significant (P < 0.01) decrease in p-Akt but had no effect on the insulin 

stimulated fold-change. Insulin stimulated glucose uptake also did not significantly change 

with either diet. In myotubes, both diets resulted in a significant (P < 0.05) decrease in p-

AMPKthr172 and which may have caused the reduction in p-Akt in myotubes. 

The AAS group showed significantly (P < 0.05) lower levels of high-density lipoprotein 

cholesterol (HDL-C), apolipoprotein A1 (ApoA1) and plasminogen activator inhibitor 1. 

Myoblasts and myotubes significantly (P < 0.01) increased p-Aktser473 in response to insulin 

stimulation in NAT and AAS conditions. No difference was observed between groups. CK 

activity significantly (P < 0.01) increased comparably between conditions yet protein 

abundance was significantly (P = 0.04) higher in AAS serum vs. DM after 96 hr. In myoblasts, 

serum significantly (P < 0.05) increased Aktser473, mTORser2448, ERK1/2T202/Y204 and P38t180/Y182 

phosphorylation. ERK and P38 phosphorylation was significantly (P < 0.05) higher compared 

to DM. In myotubes, all conditions similarly significantly (P < 0.05) increased p-Aktser473 and p-

ERKT202/Y204 at 30 mins. MPS and the rate of MPB was similar between groups at all timepoints. 

Conclusion: In summary, both a VLC and HC diet showed similar improvements in some 

markers of CMD. However, a VLC diet induced greater improvements in blood pressure, fat 

mass and sdLDL/LDL-C. Serum from both groups reduced cellular energy stress as shown by 

the reduction in p-AMPK which is likely to have increased insulin sensitivity at baseline. 

AAS users display reduced HDL-C and ApoA1 leading to increased CVD risk. Serum derived 

from AAS users does not impair insulin signalling or glucose uptake compared to non-users. 

Serum derived from resistance trained males may enhance skeletal muscle differentiation 

similarly to AAS users via increased P38 and ERK activity compared with DM. 
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1.1. General introduction 

Prior to the modern era, cardiovascular disease (CVD) was evident in humans dating back as 

early as 3300 BC (Thompson et al., 2013; Clarke et al., 2014). Since then, improvements in 

healthcare and sanitation largely decreased human mortality rates due to infectious diseases, 

allowing CVD and non-communicable diseases such as diabetes and cancer to dominate the 

modern day causes of death worldwide (World Health Organization, 2018). All diseases of the 

heart and circulatory system are referred to as CVD, with type 2 diabetes (T2D),  a metabolic 

dysfunction in which glucose uptake by tissues and organs is impaired, increasing the risk of 

CVD (Samuel and Shulman, 2016; British Heart Foundation, 2020). Globally, an estimated 

17.8 million and 1.4 million deaths were caused by CVD and diabetes respectively in 2017, 

an increase of 21% in CVD and 34% in diabetes from 2007 (Roth et al., 2018). In Europe, 

19.9 million people are anticipated to be living with CVD and 60 million are living with diabetes 

(Saeedi et al., 2019; Timmis et al., 2020). CVD costs the UK economy £7.4 billion annually 

and the global economic burden of CVD is projected to reach $1,044 billion by the year 2030, 

nearly a $200 billion rise from 2010 (Timmis et al., 2020). Similarly, the current global cost of 

diabetes is estimated to be $760 billion and projected to cost $825 billion by 2030 (Williams et 

al., 2020). Although recent healthcare advances have helped to reduce the rise in mortality 

rates, the very high prevalence rates of CVD and diabetes and the associated costs are 

widespread. 

Leading an unhealthy lifestyle such as poor nutrition, drug use, lack of physical activity , and 

smoking can increase the risk of developing T2D and CVD (Sattar, Gill and Alazawi, 2020; 

Yusuf et al., 2020). Associated with these diseases are the interrelated clustering of metabolic 

abnormalities such as high triglycerides, low high-density lipoprotein cholesterol (HDL-C), 

elevated blood glucose, hypertension and elevated waist circumference (WC), also referred 

to as metabolic syndrome (MetS) (Alberti et al., 2009; Sperling et al., 2015). Additionally, 

insulin resistance (IR), high visceral adipose tissue (VAT) and small dense low-density 

lipoprotein cholesterol are associated with MetS (Sperling et al., 2015). This accumulation of 

abnormalities is often referred to as cardiometabolic disease (CMD) and highly associated 

with T2D and CVD (Martín-Timón, 2014; Sperling et al., 2015).  

Diet has a great influence on overall health and wellbeing and poor dietary patterns are 

associated with CMD and risk of developing T2D and CVD (Rodríguez-Monforte et al., 2017; 

Medina-Remón et al., 2018). The current UK guidelines suggest a diet high in carbohydrates 

(although low in sugar) and low to moderate in fat (particularly saturated fat) (PHE, 2015; 

2016). These guidelines were adopted in 1983 to combat the rise in CVD in the UK (Walker, 
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1983). Conversely, lower carbohydrate (<20 % of energy intake) high fat diets have shown to 

at least perform as well as high carbohydrate diets in reducing body fat and improving 

metabolic health risk factors even with an increase in saturated fatty acids (SFA) intake (Bueno 

et al., 2013; Mansoor et al., 2016; Gardner et al., 2018; Tay et al., 2018). With such conflicting 

data and recommendations, further research is warranted on the effect of carbohydrates and 

fat on CMD and the underlying physiological and biochemical mechanisms. For example; 

skeletal muscle and adipose tissue can undergo drastic modifications in response to lifestyle 

(Beavers et al., 2017) thus, investigation of such tissues may help elucidate mechanisms of 

disease. 

Under euglycaemic-hyperinsulinaemic conditions skeletal muscle shows a pronounced 

increase (~80%) in glucose uptake, thus highlighting its importance in regulating whole-body 

glucose homeostasis (Defronzo et al., 1981; Kelley et al., 1988; DeFronzo and Tripathy, 2009). 

The human body requires approximately 4 g of glucose in the circulation and is required to 

sustain energy metabolism (Wasserman, 2009). When homeostasis is challenged, in 

response to exercise for example, glucose uptake by skeletal muscle is significantly increased; 

however, to maintain blood glucose levels glycogenolysis occurs within the liver to increase 

blood glucose and prevent hypoglycaemia (Wasserman, 2009). In contrast, a meal containing 

carbohydrates will rapidly increase blood glucose levels. To prevent hyperglycaemia, insulin 

is released by the pancreas to increase glucose uptake by the liver and muscles (Wasserman, 

2009). A disruption in this precise regulatory network can have dire consequences on human 

health, potentially leading to MetS, T2D and subsequent CVD. 

Approximately 30-40% of human body mass consists of skeletal muscle and increased levels 

have shown to reduce the risk of CVD (Stump et al., 2006; Srikanthan, Horwich and Tseng, 

2016; Tyrovolas et al., 2020). Skeletal muscle tissue displays high plasticity and undergoes 

significant remodelling throughout the lifespan as the muscle’s size and quality changes in 

response to ageing, hormonal changes, nutrition and physical activity levels and types (Flück 

and Hoppeler, 2003). Furthermore, elevated adipose tissue levels, particularly VAT, lead to 

increased inflammation and lipid toxicity resulting in skeletal muscle dysfunction (De Carvalho 

et al., 2019). Although evidence has shown skeletal muscle mass and function to have an 

inverse association with CMD (Atlantis et al., 2009; Tyrovolas et al., 2020), pharmaceutical 

enhancement of skeletal muscle may increase the risk of CVD (Thiblin et al., 2015; Goldman, 

Pope and Bhasin, 2019). For instance, anabolic-androgenic steroid (AAS) use has grown 

since the 1980s in the recreational gym user, primarily to increase muscle mass (Sagoe et al., 

2014). However, AAS use is an independent risk factor for premature death and cardiac 

events (Thiblin et al., 2015).  
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The anabolic hormone testosterone, of which AAS are derived from, plays an integral role in 

regulating skeletal muscle mass and cardiometabolic health (Traish and Kypreos, 2011; 

Goldman, Pope and Bhasin, 2019). It is estimated that 6.4% of males and 1.6% of females 

use AAS to improve perceived body image (Sagoe et al., 2014). Considering the relatively 

high prevalence rates, there is currently a lack of research on the impact on overall 

cardiometabolic risk and poor understanding of the cellular mechanisms driving the risk. In 

addition to increasing the risk of cardiovascular events, supraphysiological levels of circulating 

testosterone also dramatically reduce HDL-C levels, increase low-density lipoprotein 

cholesterol (LDL-C) levels (Achar, Rostamian and Narayan, 2010). AAS use has also been 

shown to be associated with elevated markers of CMD such as, increased VAT, IR and 

hypertension (Rasmussen et al., 2017, 2018). Elevated CMD markers particularly IR and VAT 

lead to a perpetual cycle of dysfunctional metabolism which further exacerbates CMD (Kirk 

and Klein, 2009; Abdul-Ghani and DeFronzo, 2010). Understanding the effects of 

dysregulated metabolism on key cellular mechanisms such as insulin signalling is paramount 

in developing effective interventions to reduce CMD risk.  

A key feature of CMD is IR which involves the inadequate response of normal insulin 

concentrations in adipose, muscle and liver tissues and is the precursor to T2D (Meshkani 

and Adeli, 2009). Within healthy insulin sensitive tissues, a highly conserved insulin signalling 

pathway regulates glucose uptake. Upon sensing an increase in blood glucose by the β-cells 

within the pancreas, insulin is secreted to increase cellular glucose uptake (Samuel and 

Shulman, 2016). Insulin binds to the insulin receptor and activates downstream signalling 

including Akt, a key mediator in insulin signalling. Activation of Akt results in glucose 

transporter 4 translocation to the plasma membrane allowing for glucose uptake (Karlsson et 

al., 2005; Sakamoto and Holman, 2008). IR occurs when this signalling cascade is diminished 

resulting in reduced activation of key molecules, reduced cellular glucose uptake and 

subsequent hyperglycaemia (Samuel and Shulman, 2016). Lipotoxicity, inflammation, 

oxidative stress, hyperglycaemia and mitochondrial dysfunction, all features of CMD, are 

known to cause inhibition of the insulin signalling cascade (Boucher et al., 2014). Therefore, 

the metabolic environment created by poor lifestyle choices such as diet and AAS use, in 

addition to ageing are highly responsible for IR and subsequent T2D and CVD and further 

research on the underpinning cellular mechanisms is required. 

The development of cell culture techniques has been key in progressing the understanding of 

biology and has benefited society greatly in developing lifesaving treatments (Yao and 

Asayama, 2017). Cell culture media has been developed and modified for over 100 years to 

allow successful culture of biological systems such as skeletal muscle (Yao and Asayama, 

2017). For example, Dulbecco’s modified minimum essential medium (DMEM) is a synthetic 
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medium containing high concentrations of amino acids and glucose which, when 

supplemented with serum, allows for successful proliferation and fusion of murine C2C12 

cells, which allows for the study of skeletal muscle metabolism, structure and function 

(Freshney, 2015; Yao and Asayama, 2017). Serum derived from animals improves cellular 

proliferation and survival due to it containing various components such as proteins, lipids, 

hormones and growth factors (Yao and Asayama, 2017). However, serum is ill-defined as its 

components can vary from different batches limiting the potential reproducibility of results 

(Freshney, 2015; Yao and Asayama, 2017). Furthermore, media development has been 

optimised to improve cell culture conditions but not to replicate in vivo conditions which may 

limit its relevance depending on the investigation (Freshney, 2015). To increase the 

mechanistic understanding of human metabolism, cellular experiments should aim to replicate 

the in vivo environment without compromising cell culture conditions.  

As lifestyle factors influence the in vivo metabolic environment such as insulin signalling, use 

of serum derived from humans for cell culture use may offer a relevant cellular model to 

investigate cellular mechanisms associated with those lifestyles, i.e. exercise, diet or hormonal 

changes. Therefore, this thesis aims to investigate how markers of CMD are impacted by the 

lifestyle factors of diet and anabolic-androgenic steroid use and how their subsequent 

metabolic environment effects skeletal muscle cellular mechanisms (Figure 1.1). 

Figure 1.1. Overview of thesis goals. 

AAS; Anabolic-androgenic steroids; CMD; cardiometabolic disease, HC; High carbohydrate; LC, Low 

carbohydrate. 
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1.2. Literature review  
 

1.2.1. Skeletal muscle  

1.2.1.1. Structure and function 

Skeletal muscle contains 50-75% of all body proteins and is comprised of water (75%), protein 

(20%) and minerals, inorganics salts, fats and carbohydrates (5%) (Frontera and Ochala, 

2015). The human body contains around 600 skeletal muscles and their primary functions 

include: locomotion, postural control, energy metabolism and generating heat (MacLaren and 

Morton, 2011). Skeletal muscle is a highly adaptable and organised tissue. It is surrounded by 

the epimysium, connective tissue that comprises of bundles of myofibres. These bundles of 

myofibres are surrounded by more connective tissue called the perimysium (Frontera and 

Ochala, 2015). Myofibres are unique in that they are multinucleated post-mitotic cells and each 

myofibre is surrounded by the cell membrane (sarcolemma) (Figure 1.2). The sarcolemma 

contains the sarcoplasm, which contains the subcellular organelles such as mitochondria and 

nuclei and vital energy stores such as carbohydrates (glycogen) and fats (triglycerides) 

(MacLaren and Morton, 2011). The largest component of the sarcoplasm are the myofibrils 

which are considered the contractile machinery of the muscle and contain actin (thin filament) 

and myosin (thick filament) proteins (MacLaren and Morton, 2011).  

1.2.1.2. Regeneration, differentiation and growth 

A key feature of skeletal muscle tissue is its ability to regenerate and is characterised by 

activation, proliferation and differentiation of satellite cells (SC) (Mukund and Subramaniam, 

2020). Satellite cells are located in a specialised niche between the basal lamina and 

sarcolemma (Mauro, 1961; Dumont, Wang and Rudnicki, 2015). SC are tethered to binding 

sites within the basal lamina to relay intracellular signals from myofibres and their niche 

contains growth factors, chemokines and signalling molecules which all can regulate SC 

activity (Mukund and Subramaniam, 2020). Under resting conditions SC are quiescent and 

are characterised by expression of Pax7 protein (Dumont, Wang and Rudnicki, 2015). Upon 

activation (by injury or growth stimulus), SC become activated and express myogenic 

regulatory factors (MRF), myogenic factor 5 and myoblast determination 1 (MyoD) and 

proliferate extensively. The now activated SC or myoblast downregulate Pax7 expression 

while upregulating expression of further MRFs; myogenin, myocyte enhancer factor-2 and 

MRF4 resulting in exit of the cell cycle, differentiation and fusion to the myofibre (Figure 1.3) 

(Dumont, Wang and Rudnicki, 2015; Mukund and Subramaniam, 2020). During regeneration, 
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some of the activated SC will not commit to differentiation and go through the process of self-

renewal to replenish the SC pool for future regeneration (Mukund and Subramaniam, 2020). 

 

Figure 1.2. Skeletal muscle structure and components. 

 

Figure 1.3. Satellite cell myogenic lineage and expression of transcription factors during skeletal muscle 

regeneration. MEF2; myocyte enhancer factor 2, MRF4; myogenic regulatory factor 4; MyoD; Myoblast 

determination 1; Myf5, myogenic factor 5. 

1.2.1.3. Culture of skeletal muscle 

Skeletal muscle cells have been acquired for study in vitro over numerous decades (Yao and 

Asayama, 2017). The myogenic cell line, C2 was initially derived from the thigh of 2-month old 

C3H mice and later re-cloned to produce the commercially available murine C2C12 cell line 

(Blau, Chiu and Webster, 1983; Scharner and Zammit, 2011). The C2C12 cell line is well 



33 
 

recognised within the literature and has been shown to be a good model to investigate skeletal 

muscle anabolism/catabolism, ageing, signalling and metabolism (Taylor et al., 2001; 

Sharples et al., 2011; Turner et al., 2018). The production of cell lines has allowed researchers 

to study the same homogenous sample of cells (Yao and Asayama, 2017). There are also 

universal protocols specific to each cell line such as recommended media and supplements 

i.e. types of serum, increasing reproducibility of results globally (Yao and Asayama, 2017). 

However, as media and supplements were developed to enhance cell culture conditions, they 

may contain supraphysiological levels of nutrients, hormones or growth factors which may limit 

their relevance in vivo (Freshney, 2015). Furthermore, in addition to modifying acute cellular 

signalling, function and metabolism, supplements and media may alter the phenotype 

expression of the cell line leading to inappropriate experimental conditions. Therefore, media 

and supplement selection must be considered based on the investigation. For example; use 

of serum/plasma derived from in vivo with an in vitro model may provide a more physiologically 

relevant model, while also maintaining the flexibility of experimentation (Carson et al., 2018; 

Kalampouka, van Bekhoven and Elliott, 2018; Cogan et al., 2019).  

Investigations studying the acute effects of conditioned serum/plasma have demonstrated the 

effect of nutrient availability on skeletal muscle signalling (Carson et al., 2018; Cogan et al., 

2019). When used as a supplement for culture media, serum derived from participants (n=4) 

prior to and following (60 min) whey protein ingestion demonstrated significant increases in 

anabolic signalling in C2C12 myotubes (Carson et al., 2018). However, no significant increase 

in muscle protein synthesis (MPS) was observed between fasted and fed serum indicating 

that other endocrine factors may have maximised MPS (Carson et al., 2018). In a double 

blinded randomised crossover control trial, the impact of fasted and fed serum on glucose 

transporter 4 (GLUT4) translocation was investigated prior to and following the ingestion of 

different protein sources. Data demonstrated that cells cultured with 5% fasted human serum 

resulted in similar maximal increases in GLUT4 translocation as observed with 1 µM of insulin  

(Cogan et al., 2019). Therefore, to maintain GLUT4 sensitivity during fed experiments cells 

were exposed to 1% serum. Following exposure of cells for 60 min with serum derived from 

participants who consumed hydrolysed whey protein or an isonitrogenous non-essential 

amino acids, GLUT4 translocation increased only in the hydrolysed whey protein group 

(Cogan et al., 2019). These novel data highlight the impact of fasted and fed serum on acute 

insulin and protein dynamics of the cell. Not only can serum impact glucose and protein 

metabolism of skeletal muscle cells, it can also alter cell signalling pathways associated with 

human phenotype (Kalampouka, van Bekhoven and Elliott, 2018). For example, plasma 

derived from young (27 ± 2 y/o) and older (64 ± 2 y/o) adults demonstrated differential effects 

on acute C2C12 signalling. When cultured with older plasma, cells experienced reduced 
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myoblast migration in response to injury and reduced myotube diameter compared with young 

plasma (Kalampouka, van Bekhoven and Elliott, 2018). These results are synonymous with in 

vivo and in vitro data that indicates that older adults have a reduced capacity of skeletal muscle 

repair compared with young (Brzeszczyńska et al., 2018). This highlights that the endocrine 

environment of human plasma or serum can impact the phenotype expressed by muscle cells 

and is representative of the in vivo phenotype. While investigations by Carson et al. (2018), 

Kalampouka, van Bekhoven and Elliott (2018) and Cogan et al. (2019) have demonstrated the 

acute effects of human serum and plasma on skeletal muscle metabolism and signalling a 

chronic model is yet to be investigated. A chronic model of growing and differentiating 

myotubes with human serum for 4-6 days may also impact in vitro metabolism dynamics 

through altering phenotype expression relevant to the in vivo phenotype. Such experiments 

warrant investigation as this may lead to a more physiologically relevant model when 

investigating cellular metabolism compared with traditional models using animal serum. It may 

also reduce the reliance on invasive measures such as muscle biopsies and animal products 

which is a focus of many bodies. 

1.2.1.4. Skeletal muscle metabolism and health regulation 

Skeletal muscle is highly metabolic due to high requirements of adenosine triphosphate (ATP) 

to enable force production and accounts for ~20-30% of resting energy expenditure (Zurlo et 

al., 1990). The primary sources of energy for skeletal muscle are glycolysis and oxidative 

metabolism. Under euglycaemic-hyperinsulinaemic conditions skeletal muscle glucose uptake 

increases by ~80% (Defronzo et al., 1981; Kelley et al., 1988; DeFronzo and Tripathy, 2009). 

Skeletal muscle also plays a key role in protein metabolism and during the fasted state or 

when exogenous amino acids are unavailable, muscle protein is used to maintain the amino 

acid pool. This maintains a steady supply of amino acids for the vital organs and to be used 

as a precursor for gluconeogenesis to maintain euglycaemia, resulting in decreased muscle 

mass. With skeletal muscle contributing to such a high proportion of whole-body metabolism, 

any disruption in its ability to do so will negatively impact health, thus, it’s not surprising that 

skeletal muscle has shown to regulate weight management and insulin sensitivity (Wolfe, 

2006). 

Obesity is primarily due to an imbalance of energy intake and energy expenditure and is widely 

associated with many diseases (Blüher, 2019). A major component of resting energy 

expenditure is skeletal muscle (Zurlo et al., 1990), but its metabolic requirements can vary 

between individuals or within one individual across the lifespan (Manini, 2010). This variability 

in muscle metabolic requirements can be primarily contributed to differences in MPS due to 

changes in muscle mass. Muscle protein synthesis requires large amounts of energy, It is 
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therefore estimated that MPS costs a young athletic male ~360 kcal/d more than an elderly 

woman however, this can be much more in extreme cases (Wolfe, 2006). Although, increased 

fatness is associated with insulin resistance (IR) and the development of type 2 diabetes (T2D) 

(Nguyen et al., 2008), the metabolic functionality of skeletal muscle also plays a direct role in 

regulating insulin sensitivity (Li et al., 2015; Brøns and Grunnet, 2017). Deposition of 

triglycerides in muscle has shown to be associated with IR however, in participants with 

obesity without IR, muscular triglyceride deposition has not shown to be associated (Kelley et 

al., 1999; Manco et al., 2000). Therefore, an imbalance between muscle fatty acid uptake and 

disposal can result in an accumulation of intracellular triglycerides leading to disruption in 

metabolic function of muscle (Goodpaster and Sparks, 2017). Fatty acid uptake by muscle is 

proportional to delivery and within obese conditions, fatty acid delivery is increased however, 

as not all obese conditions are associated with increased muscular triglyceride deposition and 

IR, impaired disposal of fatty acids may be the contributing factor (Kelley et al., 1999; Wolfe, 

2006). Individuals with IR and T2D show impaired fatty acid oxidation resulting in reduced 

exercise performance (Goodpaster and Sparks, 2017). Physical inactivity, a common lifestyle 

factor of individuals with T2D, is a key contributor to reduced mitochondrial functionality thus 

causing impaired fatty acid oxidation (Turner et al., 2014). Fatty acids that do not undergo 

oxidation are used as substrates for triglyceride and phospholipid synthesis resulting in the 

production of second messenger signals such as diglycerides and ceramides which have been 

shown to interfere with the insulin signalling cascade (Turner et al., 2014; Li et al., 2015; 

Petersen and Shulman, 2018). 

As skeletal muscle tissue is highly adaptable it can undergo significant remodelling in 

response to physical activity, nutrition, lipotoxicity,  hormonal changes and inflammation (Flück 

and Hoppeler, 2003; Egan and Zierath, 2013; Lipina and Hundal, 2017). Due to this, 

maintenance of muscle health throughout the lifespan by following a healthy lifestyle can 

reduce the risk of developing CMD, T2D and CVD (Strasser, Siebert and Schobersberger, 

2010; Srikanthan, Horwich and Tseng, 2016; Liu et al., 2019; Tyrovolas et al., 2020). For 

example; handgrip strength, a surrogate for skeletal muscle mass/strength, has been shown 

to be inversely associated with systolic blood pressure (SBP) and fasting levels of 

triglycerides, glucose, insulin and, positively associated with high-density lipoprotein 

cholesterol (HDL-C) all of which are associated with CVD risk (Lawman et al., 2016). A 

systematic review of 160 randomised control trials (RCT) in healthy participants showed 

exercise to significantly reduce CMD by improving levels of cardiorespiratory fitness, plasma 

triglycerides, HDL-C, insulin and haemoglobin a1c (HbA1c) (Lin et al., 2015). Furthermore, 

overnutrition can result in ectopic fat accumulation resulting in skeletal muscle IR (Shulman, 



36 
 

2014); however, weight loss in individuals with obesity can decrease intermuscular adipose 

tissue and increase insulin sensitivity (Addison et al., 2014; Gower and Goss, 2015).  

1.2.2. Cardiometabolic disease  

CMD encompasses all metabolic and cardiovascular disorders including T2D and CVD. It is 

typically associated with the often interconnected constellation of metabolic abnormalities 

such as dyslipidaemia, hypertension, IR (hyperglycaemia and hyperinsulinaemia) abdominal 

obesity and inflammation (Sperling et al., 2015) (Figure 1.4). Specifically, increased fasting 

plasma triglycerides, hypertension, hyperglycaemia and abdominal obesity are referred as the 

medical condition, metabolic syndrome (MetS) (Alberti et al., 2009). With the exception of 

hyperinsulinaemia and inflammation each condition is defined by specific thresholds to infer 

CVD risk (Table 1.1) (Arnett et al., 2019; Mach et al., 2020).  

 

Figure 1.4. Cardiometabolic disease and metabolic abnormalities that attribute to it.  

DBP; diastolic blood pressure, HDL-C; high-density lipoprotein cholesterol, SBP; systolic blood 

pressure, sdLDL; small-dense low-density lipoprotein, TG; triglycerides. 
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Table 1.1: Cardiometabolic disease thresholds. 

Cardiometabolic measure Cut off: 

Fasting glucose > 5.5 mmol/L 

Fasting triglycerides > 1.7 mmol/L 

Fasting HDL-C < 1.0 mmol/L (males), < 1.3 mmol/L (females) 

Fasting LDL-C > 3.0 mmol/L 

Waist circumference: > 102 cm (males), > 88 cm (females) 

Systolic blood pressure: > 140 mmHg 

Diastolic blood pressure: > 90 mmHg 

HDL-C; high-density lipoprotein cholesterol, LDL-C; low-density lipoprotein cholesterol (Alberti et al., 

2009; Arnett et al., 2019; Mach et al., 2020) 

 

High fasting glucose was original defined as > 6.1 mmol/L in 1997, however, to align with the 

population risk associated with impaired glucose tolerance (defined as 2 hr blood glucose 

concentration > 7.8 mmol/L), it was later changed to > 5.5 mmol/L in 2003 (Nathan et al., 

2007). 

1.2.2.1. Dyslipidaemia 

Atherogenic dyslipidaemia is underpinned by high levels of triglycerides, prevalence of small 

dense low-density lipoprotein (sdLDL) particles and/or low levels of HDL-C and is associated 

with increased CVD risk (Arnett et al., 2019; Sandesara et al., 2019; Mach et al., 2020).  

Increased triglyceride levels are reported to be associated with increased risk of CVDs as 

demonstrated by two large prospective cohort studies from Copenhagen (Nordestgaard et al., 

2007; Freiberg et al., 2008). In 13,981 adults not taking lipid-lowering therapy, higher levels of 

non-fasting triglyceride levels were associated with CVDs and mortality after 27 years of 

follow-up. Compared to <1 mmol/L of triglyceride levels, participants with >5 mmol/L had an 

increased risk of myocardial infarction (5-fold; females, 2-fold; males), ischaemic heart 

disease (3-fold; females, 2-fold; males), ischaemic stroke (4-fold; females, 3-fold; males)  and 

all-cause mortality (3-fold; females, 2-fold; males) when adjusted for medications, body mass 

index (BMI), age and lifestyle factors (Nordestgaard et al., 2007; Freiberg et al., 2008). 

However, the emerging risk factors collaboration (ERFC) trial which included 303,430 

participants without CVD with a follow up of 2.79 million person-years showed attenuated 

association of triglycerides on CVD risk when accounting for HDL-C levels and no risk with 

the addition of non-HDL-C levels (Di Angelantonio et al., 2009). Indicating that HDL-C levels 

may be of greater importance than triglyceride levels; however, RCTs that have increased 

HDL-C levels have failed to improve CVD risk and focus has shifted back to the role of 
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triglycerides on cardiovascular health (Sandesara et al., 2019). As triglycerides are used for 

fuel by most cells, it is unlikely to have a causal effect on atherosclerosis. However, the 

cholesterol content of triglyceride-rich lipoproteins (TRL) are not easily degraded and may be 

more likely to cause CVD (Nordestgaard and Varbo, 2014). Like low density lipoprotein (LDL), 

TRL can enter the arterial intima but may lead to greater preferential retention of cholesterol-

enriched remnants due to their larger size (Nordestgaard and Varbo, 2014; Duran et al., 2020). 

TRLs can undergo direct phagocytosis by macrophages contributing to foam cell formation, 

inflammation and atherosclerotic plaque, unlike LDL; which requires modification by oxidation 

prior to phagocytosis (Nordestgaard and Varbo, 2014; Duran et al., 2020). Liberation of free 

fatty acids and pro-inflammatory molecules due to lipoprotein lipase (LPL) activity of the TRL 

may also cause local injury and inflammation to blood vessels (Nordestgaard and Varbo, 

2014). Therefore, high triglyceride levels may indicate as a marker for remnant lipoprotein 

particles rich in cholesterol that have a greater efficiency for contributing to atherosclerosis 

compared to LDL (Nordestgaard and Varbo, 2014) and thereby CVD risk. Increased 

concentrations of triglyceride rich lipoprotein cholesterol (TRL-C) associated with atherogenic 

dyslipidaemia is associated with a 2-fold increase in total CVD and cerebrovascular disease 

risk, 3-fold increased risk of myocardial infarction, and 2.5-fold increased risk of peripheral 

artery disease (Duran et al., 2020) 

Epidemiological studies have regularly validated LDL-C to be a reliable marker of CVD risk 

and LDL has shown to have a causal effect on CVD (Ference et al., 2017). The Framingham 

heart study reported that men (n = 2489) and women (n = 2856) with LDL-C levels of >4.14 

mmol/L had a >65% increase in CVD risk compared with LDL-C levels <3.37 mmol/L over a 

ten-year period (Wilson et al., 1998). The Atherosclerosis Risk in Communities (ARIC) Study 

also showed that CVD risk increase by approximately 40% for every 1 mmol/L increment in 

LDL-C levels (Sharrett et al., 2001). Although LDL-C was not a primary measure by the ERFC 

study in relation to CVD risk, higher non-HDL-C which highly correlates with LDL-C, was 

associated with a 50% increase in coronary heart disease risk (Di Angelantonio et al., 2009). 

Furthermore, subsample (n = 44,234) analysis where LDL-C and non-HDL-C concentrations 

were both available, showed similar levels of risk in developing coronary heart disease (Di 

Angelantonio et al., 2009). However, LDL (LDL-P) number rather than LDL-C may represent 

a more accurate estimation of CVD risk due to discordance between both measures (Otvos et 

al., 2011). When discordance occurs (LDL-P > LDL-C), LDL-P shows a greater association 

with CVD events and markers of metabolic health compared with LDL-C (Otvos et al., 2011). 

This discordance indicates the heterogeneity of LDL particles that vary in size, density, and 

lipid content (Ivanova et al., 2017). 
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LDL can be separated into 4 groups: large and buoyant (lbLDL), intermediate size and density 

(idLDL), small and dense (sdLDL) and very small and dense (vsdLDL) (Ivanova et al., 2017). 

High circulating particles of sdLDL and vsdLDL indicate a greater risk of CVD events 

compared to total LDL alone or lbLDL (Hoogeveen et al., 2014; Ivanova et al., 2017). 

Cholesterol is primarily synthesized in the liver and circulates around the body as very-low-

density lipoprotein (VLDL) (rich in triglycerides) of which apolipoprotein B100 (ApoB) is the 

major apolipoprotein and is a surrogate for LDL-P (Packard et al., 2000; Sniderman et al., 

2019). Upon interaction with lipases at various tissues, the VLDL containing triglycerides are 

hydrolysed, and free fatty acids are released for energy or subsequent storage as adipose 

tissue (Figure 1.5) (Freeman and Walford, 2015). The remaining lipoprotein is now cholesterol-

rich, triglyceride poor LDL (or LDL-C). This LDL will bind to the hepatic LDL receptor to 

increase LDL-C clearance (Freeman and Walford, 2015). With dysregulated metabolism, as 

observed in CMD, there is an increase in circulating sdLDL which, has a lower affinity for the 

LDL receptor, therefore, having a reduced clearance rate, subsequently increasing circulating 

levels and CVD risk (Thongtang et al., 2017). The sdLDL can also penetrate the arterial wall 

easier compared to lbLDL due to its small size increasing the risk of trapping ApoB depositing 

atherogenic cholesterol and increasing the risk of a CVD event (Sniderman et al., 2019). As 

each sdLDL particle has less cholesterol than lbLDL particle, when cholesterol is equal there 

is a great number of sdLDL particles highlighting why LDL-P may estimate CVD risk compared 

with LDL-C. In accordance with the association of the composition of LDL particles and CVD 

risk, 2 main phenotypes (A and B) have been described (Diffenderfer and Schaefer, 2014). 

Phenotype A is characterised by the prevalence of lbLDL and idLDL whereas, phenotype B is 

characterised by the prevalence of sdLDL and vsdLDL (Diffenderfer and Schaefer, 2014; 

Ivanova et al., 2017). Phenotype B has been found to be associated with low HDL-C and high 

TG and has also been observed in many metabolic diseases (Hoogeveen et al., 2014; Fan et 

al., 2019). 



40 
 

Figure 1.5. Normal lipoprotein metabolism. During normal lipoprotein metabolism, intestinally produced chylomicrons carrying dietary lipids are hydrolysed by 

lipoprotein lipase (LPL). Free fatty acids (FFA) are liberated and taken up by tissues. Resulting chylomicron remnants are taken up by the liver via low-density 

lipoprotein receptor (LDL-R) and the LDL receptor-related protein (LRP). Meanwhile, hepatically produced VLDL transport cholesterol esters (CE) and 

triglycerides (TG) through blood vessels, during which they undergo LPL hydrolysis, releasing FFA which are taken up by peripheral tissues. This loss of TG 

reduces VLDL particle size (and therefore density) and renders it cholesterol-enriched idLDL. Due to the action of HTGL, idLDL particles reduce in size again 

to form LDL. LDL particles have an increased propensity to deposit cholesterol in peripheral tissues; however, they primarily transport cholesterol to the liver, 

where they are taken up by the LDL-R. The intestine also produces precursors which contribute towards the production of HDL. Small HDL3 particles acquire 

CE and TG and form larger HDL2 particles, which with the assistance of lecithin–cholesterol acyltransferase (LCAT) subsequently exchange CE for even more 

TG with VLDL particles and chylomicrons, before travelling to the liver where they are taken up by scavenger receptor B1 (SR-B1) or LDL-R.
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In contrast to LDL-C, HDL-C has a strong inverse association with CVD risk and measures of 

CMD (Rader and Hovingh, 2014). Higher levels of HDL-C have been shown to be associated 

with reduced CVD risk as shown by the Framingham heart, ARIC and ERFC trials (Wilson et 

al., 1998; Sharrett et al., 2001; Di Angelantonio et al., 2009). HDL-C concentrations of >1.5 

mmol/L showed a reduced CVD risk by approximately 35 and 40% in females and males 

respectively (Wilson et al., 1998). However, in contrast with LDL-C lowering therapies, 

therapies to increase HDL-C have shown a lack of improvement in CVD risk (Katzmann and 

Laufs, 2019; Riaz et al., 2019). A recent systematic review and meta-analysis of 31 RCTs 

revealed that HDL-C raising therapies (niacin, fibrates or cholesterol ester transfer protein 

inhibitors) did not improve CVD risk (Riaz et al., 2019). Furthermore, Mendelian trials of 

metabolic disorders resulting in very low HDL-C levels did not result in cardiovascular disease  

(Rader and Hovingh, 2014). Due to this, the functionality of HDL rather than HDL-C may have 

a more causal relationship with CVD (Rader and Hovingh, 2014).  

HDL, particularly subfraction HDL2 transports cholesterol away from peripheral tissue, 

including arterial lesions, to the liver to be excreted, through a process of reverse cholesterol 

transport (Fuster et al., 2005; Santos-Gallego et al., 2011). This process of cholesterol efflux 

from macrophages may offer atheroprotection and has shown to be inversely associated with 

CVD independent of HDL-C concentrations (Khera et al., 2011; Qiu et al., 2017). HDL and its 

major apolipoprotein, apolipoprotein A1 (ApoA1), has also been observed to elicit an anti-

inflammatory and antioxidant effect on the vascular system further reducing the potential of 

CVD (Barter et al., 2004; Rader and Hovingh, 2014). Due to this, interventions that improve 

the functionality of HDL may be of greater importance rather than increasing HDL-C levels. 

Nonetheless, HDL-C is still a strong biomarker of cardiovascular health and associated with 

metabolic abnormalities in relation to IR (Robins et al., 2011). 

1.2.2.2. Insulin resistance 

Insulin resistance is the precursor of the development of Type 2 diabetes (T2D), with lipid 

accumulation and inflammation being implicated as the primary triggers (Meshkani and Adeli, 

2009; Esser et al., 2014; Samuel and Shulman, 2016). IR can be measured by the 

hyperinsulinaemic-euglycemic clamp with IR being defined as a glucose disposal rate below 

5.6 mg/kg of fat free mass+17.7/min (Tam et al., 2012). IR is a key feature of CMD as it is 

regularly present in individuals with CVD, MetS, hypertension, obesity, polycystic ovary 

syndrome (PCOS), chronic low grade inflammation, testosterone deficiency and ageing 

(Karpe, Dickmann and Frayn, 2011; Kelly and Jones, 2013; Tangvarasittichai, 2015; 

Ormazabal et al., 2018; Shorakae et al., 2018; Arpón et al., 2019).  
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Skeletal muscle is the largest tissue for insulin-induced glucose uptake but adipose tissue and 

the liver are also involved (Wilcox, 2005). A key regulator of insulin induced glucose uptake is 

the serine/threonine kinase Akt (Whiteman, Cho and Birnbaum, 2002). In addition to mediating 

insulin signalling, Akt is a multifunctional protein kinase implicated in glycogen synthesis, cell 

proliferation and survival, protein synthesis and inhibition of catabolic pathways (Manning and 

Toker, 2017). There are 3 isoforms of Akt, Akt1, 2 & 3, with Akt2 being primarily expressed in 

metabolic tissues and playing a key role in insulin induced glucose uptake (Garofalo et al., 

2003; Gonzalez and McGraw, 2009).  

In healthy insulin sensitive tissue, insulin binds to the insulin receptor on the cell membrane 

causing its tyrosine phosphorylation of the receptor (Figure 1.6). The now activated insulin 

receptor causes phosphorylation of insulin receptor substrate-1 (IRS-1) on tyrosine residues, 

which allows the recruitment of the Type IA phosphatidylinositol -3- phosohate kinase (PI3K). 

PI3K catalyses the formation of PI(4,5)-bisphosphate (PIP2) to PI(3,4,5)-trisphosphate (PIP3) 

thus recruiting 3' phosphoinositide-dependent kinase-1 (PDK-1) which phosphorylates Akt at 

the catalytic domain Thr308 (Meshkani and Adeli, 2009; Boucher et al., 2014; Samuel and 

Shulman, 2016; Haeusler, McGraw and Accili, 2018). Furthermore, conversion of PIP2 to PIP3 

by insulin results in mammalian target of rapamycin complex 2 (mTORc2) activation which 

causes maximal activation of Akt by phosphorylation of ser473 in the hydrophobic domain 

(Manning and Toker, 2017). Activation of Akt initiates phosphorylation of 160-kDa substrate 

of Akt (AS160) which stimulates translocation of glucose transporter 4 (GLUT4) storage 

vesicles to fuse at the cell surface to release GLUT4 into the plasma membrane allowing 

cellular glucose uptake (Sakamoto and Holman, 2008; Li et al., 2019).  

Figure 1.6. Mechanisms of Insulin stimulated cellular glucose uptake. AS160, 160-kDa substrate of 

Akt; GLUT4, Glucose transporter type 4; IRS-1, Insulin receptor substrate-1; mTORc2, mammalian 
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target of rapamycin complex 2; PDK-1, 3' Phosphoinositide-dependent kinase-1; PI3K, 

phosphatidylinositol 3' kinase; PIP2, PI(4,5)-bisphosphate; PIP3, PI(4,5) trisphosphate. 

However, within IR tissue this signalling cascade is diminished with lipotoxicity, inflammation, 

oxidative stress, hyperglycaemia, hyperinsulinaemia and mitochondrial dysfunction all being 

implicated (Boucher et al., 2014; Samuel and Shulman, 2016; Yang, Vijayakumar and Kahn, 

2018). This diminished response due to metabolic disturbances is reported to occur upstream 

of Akt at the insulin receptor or IRS-1 resulting in reduced Akt activity, glucose uptake and 

protein synthesis (Figure 1.7) (Boucher et al., 2014; Samuel and Shulman, 2016). 

Accumulation of lipid products such as diacylglycerols and ceramides, most likely from 

following a lifestyle consisting of poor nutrition and physical inactivity, can activate protein 

kinase C (PKC) isoforms which can cause serine or threonine phosphorylation of the insulin 

receptor thereby reducing insulin stimulated tyrosine phosphorylation (Turban and Hajduch, 

2011; Yang, Vijayakumar and Kahn, 2018). Elevated free fatty acids (FFA) as a result of 

obesity can induce stress signalling response pathways such as cJun-N-terminal-kinase (JNK) 

which has shown to inhibit IRS-1 phosphorylation (Solinas and Becattini, 2017).  Furthermore, 

pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumour necrosis factor alpha 

(TNF-α) derived from immune cells or adipocytes is positively associated with populations of 

obesity and diabetes (Esser et al., 2014; Liu et al., 2016) and can also cause serine or 

threonine phosphorylation of the insulin receptor triggering IR (Boucher et al., 2014). Nutrient 

overload is also reported to increase IR via chronic activation of ribosomal protein S6 Kinase 

1 (S6K1) which inflicts serine phosphorylation of IRS-1 leading to reduced insulin sensitivity 

(Um, D’Alessio and Thomas, 2006; Yoon and Choi, 2016). For example, amino acids, 

particularly leucine, activate the mammalian target of rapamycin complex-1 (mTORc1) 

pathway leading to S6K1 activation (Um, D’Alessio and Thomas, 2006; Yoon and Choi, 2016). 

In addition to amino acids, chronic high glucose concentrations may also induce IR via 

Akt/mTORc1 dependent pathway. For example, in murine skeletal muscle cells (C2C12 

myoblasts), high glucose concentrations are reported to induce IR and reduce Akt stimulation. 

However, inhibition of mTORc1/S6K1 signalling with rapamycin restored insulin-induced Akt 

stimulation (Leontieva, Demidenko and Blagosklonny, 2014). All the above interrelated factors 

that can influence insulin sensitivity are all associated with CMD and following an unhealthy 

lifestyle (Czech, 2017). For example, physical inactivity and poor nutrition are likely to trigger 

IR by favouring fat storage over fat oxidation resulting in lipid accumulation and inflammation 

(Eckardt, Taube and Eckel, 2011). Similarly, the same conditions are associated with 

abdominal obesity, hypertension and atherogenic dyslipidaemia (Esser et al., 2014).  
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Figure 1.7. Inhibitory factors of insulin signalling via activation of serine/threonine kinases. (Adapted 

from Boucher et al. (2014)) 

1.2.2.3. Abdominal obesity   

Accumulation of VAT is an important indicator of glucose tolerance, MetS and CVD risk, much 

more so than subcutaneous adipose tissue (Wajchenberg, Lé and Wajchenberg, 2000; Lee et 

al., 2008; Preis et al., 2010). VAT levels can easily be estimated by measuring WC and/or the 

waist to hip ratio (WHR). Cut off values in determining CVD risk are WC measures of >102 

cm for men and >88 cm for women and WHR measures of >0.95 for men and >0.88 for women 

(Zhang et al., 2008; Arnett et al., 2019) and both WC and WHR have shown to be significantly 

associated with all-cause mortality and CVD induced mortality in a population of 44,636 

women (Zhang et al., 2008). Use of WC and WHR have also shown to successfully predict 

T2D incidence (Vazquez et al., 2007). A prospective meta-regression analysis of 258,114 

adults from 15 studies demonstrated that for every 1 cm increase in WC and 0.01 increase in 

WHR there is a 2% and 5% increase in CVD risk, respectively (De Koning et al., 2007). 

Furthermore, when adjusted for confounding lifestyle and CMD factors no attenuation of 

results was observed demonstrating VAT as an independent marker of CVD (De Koning et 

al., 2007). A recent genome-wide association study identified 102 novel loci associated with 

VAT and mendelian randomisation demonstrated a causal effect of VAT on hypertension, 

heart attack/angina, T2D and hyperlipidaemia (Karlsson et al., 2019). 

In healthy adipose tissue, when surplus energy is consumed, the energy is stored in 

subcutaneous adipose tissue. However, dysfunctional adipose tissue may not be able to 

expand via hyperplasia leading to lipid spillover which will be deposited in VAT and a variety 
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of organs including muscle tissue (Després and Lemieux, 2006; Tchernof and Després, 2013). 

The lipolytic rate of VAT is elevated compared to subcutaneous adipose tissue due to the 

increased effect of pro-lipolytic catecholamines and decreased effect of anti-lipolytic insulin 

(Wajchenberg, Lé and Wajchenberg, 2000; Tchernof and Després, 2013). This increases the 

flux of FFA to the liver, which may further increase hepatic IR and increased VLDL synthesis 

(Wajchenberg, Lé and Wajchenberg, 2000). An increase in VLDL with chylomicrons, 

increases competition for LPL allowing cholesterol ester transfer protein to exchange 

triglycerides with cholesterol from LDL. The now triglyceride enriched LDL has a higher affinity 

for hepatic lipase which hydrolyses the triglycerides producing sdLDL (Klop, Elte and 

Cabezas, 2013; Freeman and Walford, 2015).  In addition to being involved in lipid storage 

and mobilisation, adipocytes are also an endocrine tissue, releasing cytokines and adipokines. 

An increase in VAT leads to a pro-inflammatory state as shown by an increase in C-reactive 

protein (CRP) and TNF-a which may further increase IR and increased risk of CVD (Park, 

Park and Yu, 2005; Kang et al., 2016). The metabolic environment created by increased VAT, 

due to a poor lifestyle, has multiple health implications as shown by its effects on IR, sdLDL-

C and inflammation production. 

1.2.2.4. Hypertension 

Hypertension is highly associated with CMD, T2D and CVD risk (Sookoian and Pirola, 2011; 

Sperling et al., 2015). A prospective cohort study including 57,303 participants across low, 

middle and high income countries reported that hypertension is the largest risk factor for CVD, 

contributing to 22% of its population-attributable fractions (Yusuf et al., 2020). This is in 

accordance with results observed in the Framingham Heart study where the highest tier of 

hypertension demonstrated the highest 10 year CVD risk in males and females (Wilson et al., 

1998). Obesity is highly associated with hypertension and is estimated that for every 5% 

increase in fat mass, there is a 20-30% risk in developing hypertension (DeMarco, Aroor and 

Sowers, 2014).   

Progression to hypertension is multifactorial and includes a combination of genetic, 

environmental and lifestyle factors which can cause dysregulated vascular, renal, sympathetic 

nervous system and renin–angiotensin–aldosterone system (DeMarco, Aroor and Sowers, 

2014). Hypertension is caused by an increase in vascular stiffness due to degenerative 

changes in the extracellular matrix derived from an imbalance of arterial scaffolding proteins 

such as elastin and collagen (Xu and Shi, 2014). Chronic low-grade inflammation, 

underpinned by cytokines such as CRP, TNF-α and IL-6, induced by ageing, increased VAT, 

T2D or an atherogenic lipid profile results in endothelial and smooth muscle cell proliferation, 

hypertrophy, remodelling and apoptosis (Mahmud and Feely, 2005; Petrie, Guzik and Touyz, 
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2018). This vascular proinflammatory state characterised by angiotensin II results in 

upregulation of matrix metalloproteinases leading to degradation of elastin fibres and 

increased collagen deposition resulting in extracellular matrix remodelling and arterial 

stiffening (Sun, 2015; Wang et al., 2015). Obesity may also upregulate intravascular and 

intrarenal renin–angiotensin–aldosterone system activity triggering angiotensin II synthesis 

resulting in vascular stiffness (DeMarco, Aroor and Sowers, 2014). Furthermore, metabolic 

disorders such as T2D can cause disruption of vasodilation (nitric oxide) and vasoconstriction 

(endothelin) regulators resulting in hypertension (Petrie, Guzik and Touyz, 2018). An increase 

in adipose tissue can also result in an increase of tubular sodium absorption which causes a 

rise in the pressure of natriuresis curve towards higher blood pressure (BP) (DeMarco, Aroor 

and Sowers, 2014).  

1.2.3. Impact of dietary carbohydrates and fat on CMD  

While physical activity is a key lifestyle factor in the regulation of skeletal muscle health and 

the development of CMD, it is not the within the scope of this thesis. The focus of this thesis 

is dietary manipulation of carbohydrates and fats. Carbohydrates and fats are derived from 

dietary sources primarily to provide energy for cells which can be used immediately or stored. 

Carbohydrates are provided in 3 primary forms depending on their complexity due to the 

amount of glycosidic bonds including; monosaccharides, disaccharides and polysaccharides 

(Scientific Advisory Committee on Nutrition, 2015). Carbohydrates are stored as 

polysaccharides and therefore make up much of the carbohydrate intake from food (rice, 

pasta, potatoes etc) (Scientific Advisory Committee on Nutrition, 2015). Digestion of 

carbohydrates produces the monosaccharide glucose which will be used to produce ATP for 

energy via glycolysis in the cytoplasm or tricarboxylic acid cycle (TCA) in the mitochondria 

Additionally, carbohydrates can be stored in muscle as glycogen or can be converted to 

triglycerides to be stored in adipose tissue. The fate of a glucose molecule depends on the 

energy status of the cell and hormones such as insulin and glucagon (MacLaren and Morton, 

2011; McArdle, Katch and Katch, 2015). 

Lipids are essential nutrients as they form the cellular membrane and also provide the 

backbone of sex hormones in addition to being used for or stored as energy (Cooper, 2019). 

Fatty acids (FA), defined by their length and saturation can be grouped into short chain (2–6 

carbon atoms), medium chain (8–12 carbon atoms), long chain (14–18 carbon atoms) and 

very long chain (20–26 carbon atoms) FA (Turner et al., 2014). Saturated (0 double bonds), 

monounsaturated (1 double bonds) and polyunsaturated (>2 double bonds) FA are defined by 

their double bonds between carbon atoms (Scientific Advisory Committee on Nutrition, 2019). 

Mono (MUFA) and polyunsaturated FA (PUFA) are found in a variety of food from animal and 
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plant sources whereas saturated FA (SFA) are typically derived from animal products, (Lunn 

and Theobald, 2006). Digestion of lipids results in the production of FA which are repackaged 

with glycerol to form triglycerides within chylomicrons in the small intestine before being 

released in the blood stream. Chylomicrons carry the triglycerides to relevant tissues such as 

muscle or adipose tissue where it is broken down by LPL releasing FA to be carried by FA 

transporter proteins into the cell. FA then undergo β-oxidation within the mitochondrial matrix 

producing ATP and acetyl-coA for the TCA cycle or can be used to resynthesize triglycerides 

which can be stored in adipose tissue. Similarly to carbohydrate metabolism, this is dependent 

on the energy status of the cell with insulin playing a key role (MacLaren and Morton, 2011). 

To combat CVD and metabolic disorders, many global bodies recommend a diet high in 

carbohydrates (although low in sugar) and low to moderate in fat (particularly SFA) (Public 

Health England, 2016; World Health Organization and World Health Organization., 2019; U.S. 

Department of Health and human services, 2020) due to its association with LDL-C and T2D 

(Scientific Advisory Committee on Nutrition, 2019). However, lower carbohydrate (<26 % of 

energy intake) higher fat (LC) diets have shown to at least perform as well as high 

carbohydrate (HC) diets in reducing body fat and improving metabolic health even with an 

increase in SFA intake (Figure 1.8) (Bueno et al., 2013; Mansoor et al., 2016; Gardner et al., 

2018; Tay et al., 2018). 

Although there is no standard definition, LC diets can be described based on the % of total 

energy intake (Table 1.2) (Hite, Berkowitz and Berkowitz, 2011; Gjuladin-Hellon et al., 2019). 

A very low carbohydrate (VLC) diet may also be referred to as a ketogenic diet as it results in 

the increased production of ketone bodies to be used as energy in the absence of 

carbohydrate availability (Paoli et al., 2013). The remaining energy is primarily replaced by an 

increase in dietary fat intake and protein intake typically increases only slightly (Paoli et al., 

2013; Feinman et al., 2015). The increase in relative fat and protein intake usually results in 

greater satiety resulting in a decrease in energy intake (Feinman et al., 2015).  

Table 1.2. Carbohydrate intake thresholds. 

Definition % of energy intake 

High carbohydrate  ≥45% 

Moderately low carbohydrate ≤44% to >26% (or 130 to 225 g/day) 

Low carbohydrate, higher fat 10% to <26% (or 50 to 130 g/day) 

Very low carbohydrate high fat <10% or < 50g p/day 
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1.2.3.1. Dyslipidaemia 

An increase in dietary carbohydrates can result in an increase in hepatic de novo lipogenesis 

resulting in in an increase in fasting triglyceride concentrations (Schwarz et al., 2003). In 

healthy lean men, an isocaloric HC diet (65% of total energy intake) was associated with a 

12% increase in de novo lipogenesis compared to a < 3% increase with a lower carbohydrate 

diet (46% of total energy intake). The HC diet also correlated with the increase in plasma 

triglycerides (P < 0.05, R = 0.87) (Schwarz et al., 2003). Additionally, a recent meta-analysis 

reported long-term benefits on plasma triglycerides, HDL-C without effecting LDL-C in 

response to LC diets (Gjuladin-Hellon et al., 2019). Though, short-term RCTs comparing VLC 

and HC diets have shown conflicting results (Volek et al., 2009; Veum et al., 2017). Volek et 

al. (2009) (Table 1.3) reported that a hypocaloric VLC diet in participants with obesity and 

dyslipidaemia resulted in significantly (P < 0.05) greater improvements in triglyceride, HDL-C 

and sdLDL-C concentrations compared with similarly hypocaloric HC diet after 12 weeks. 

However, in a similar RCT but with participants only presenting with obesity (N = 36), the 

hypocaloric VLC diet only showed significantly (P < 0.05) greater improvements in HDL-C 

levels compared with the HC diet (Veum et al., 2017) (Table 1.3). Both diets showed similar 

improvements in triglyceride levels but the HC diet induced greater improvements in LDL-C 

concentrations (Veum et al., 2017). However, LDL composition was not measured which has 

shown to improve with a VLC diet when total LDL-C remains unchanged (Volek et al., 2009). 

The differences in results may be attributed to the populations studied as Volek et al. (2009) 

recruited males and females with obesity and dyslipidaemia; however, Veum et al. (2017) only 

recruited overweight males (Table 1.3). Furthermore, although diets were hypocaloric, both 

studies observed ~250 kCal per day difference between groups (the VLC group consumed 

less in study by Volek et al. (2009) and consumed more in study by Veum et al. (2017)) which 

may have influenced fat loss results, impacting CMD markers. Moreover, protein intake was 

significantly higher in the VLC group in study by Volek et al. (2009) which may also have 

affected results. For example, the VLC group lost greater VAT compared with the HC group 

in the study by Volek et al. (2009) but no difference was observed between groups by Veum 

et al. (2017). A 12-month RCT in participants with obesity and ~35% with MetS, reported 

findings similar to both Volek et al. (2009) and Veum et al. (2017) (Gardner et al., 2018) (Table 

1.3).  

Additionally, long-term studies (12 months) have shown that participants following hypocaloric 

moderately low carbohydrate (MLC) diets display greater improvements in triglycerides and 

HDL-C concentrations compared with a calorie matched hypocaloric HC diets (Table 1.3) 

(Bazzano et al., 2015; Gardner et al., 2018). However, only Gardner et al. (2018) reported 

greater improvements in LDL-C by the HC diet whereas no difference was observed between 
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groups by Bazzano et al. (2015). Divergent LDL-C results may be due to differences in 

participants tested as both studies used participants who were on controlled medication which 

may impact results, particularly lipid lowering medication. Although not as well controlled, ad 

libitum VLC diets have also shown to improve markers of dyslipidaemia (Foster et al., 2010) 

(Table 1.3). Compared with a hypocaloric HC diet, an ad libitum VLC displayed greater 

improvements in triglycerides, HDL-C and VLDL-C at 3 and 6 months (Foster et al., 2010). 

However, triglycerides and VLDL-C were similar between groups at 12 and 24 months 

respectively (Foster et al., 2010). Moreover, in the absence of weight loss a VLC diet may 

result in greater improvements in metabolic health (Hyde, Krauss and Volek, 2019) (Table 

1.3).  

In a randomised crossover design in participants following either an isocaloric VLC, MLC and 

a HC diet resulted in significant (P < 0.01) increases in fasting triglycerides and sdLDL-C levels 

and decreasing HDL-C concentrations with higher carbohydrate diets (Hyde et al., 2019) 

(Table 1.3). In a similar design, a metabolic ward study in participants with obesity also 

reported greater reductions in triglyceride levels after 6 days of following a hypocaloric VLC (n 

= 15) diet compared with a calorie matched HC diet (n = 16) (Hall et al., 2015) (Table 1.3). 

The HC diet also induced greater reductions in HDL-C and LDL-C (Hall et al., 2015). However, 

LDL subclasses were not measured and as low HDL-C levels are associated with LDL pattern 

B phenotype, it is difficult to determine if there is an improvement in metabolic risk (Ivanova et 

al., 2017). Furthermore, in free living obese participants with MetS (n = 16), a hypocaloric VLC 

diet progressing to a HC diet with incremental increases in carbohydrate every 3 weeks for a 

total 18 weeks showed different results (Volk et al., 2014) (Table 1.3). No change was reported 

in LDL-C or HDL-C levels throughout; however, although the hypocaloric VLC diet significantly 

(P < 0.01) reduced triglyceride levels compared with baseline levels, increasing carbohydrates 

(still hypocaloric) resulted in significant (P < 0.01) increases in triglyceride levels (Volk et al., 

2014). Additionally, LC diets have been shown to consistently outperform HC diets in 

improving triglyceride and HDL-C concentrations as shown by several meta-analyses, 

although the long-term effects on LDL-C are equivocal (Bueno et al., 2013; Schwingshackl 

and Hoffmann, 2014; Mansoor et al., 2016; Gjuladin-Hellon et al., 2019). LC diets therefore 

may reduce CVD risk by reducing de novo lipogenesis resulting in a reduction in triglyceride 

concentrations and synthesis of TRL-C which contribute to atherosclerotic plaque production 

(Nordestgaard and Varbo, 2014). The increase in HDL-C also highlights a reduction in CVD 

risk due to its strong inverse association (Wilson et al., 1998; Sharrett et al., 2001; Di 

Angelantonio et al., 2009). Further research is warranted on the effects of a VLC diet on LDL 

size, particle number, and molecular composition rather than LDL-C to determine its effects 

on cardiovascular health.  
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Table 1.3. Key research papers on the LC and HC diets on CMD. 
Author Duration and design N = (M/F) Population LC diet at end of intervention Control diet at end of intervention 

(Volek et al., 
2009) 

12-weeks, RCT 
40 

(20/20) 
BMI >25 kg/m2, dyslipidaemia 

Hypocaloric, 1504 kcal, 12% CHO, 
28% PRO, 59% fat 

Hypocaloric, 1478 kcal, 56% CHO, 
20% PRO, 24% fat. 

(Veum et al., 
2017) 

12-weeks, RCT 
44  

(44/0) 
BMI >29 kg/m2, WC >98 cm 

Hypocaloric, 2126 kcal, 56 g CHO, 
89 g PRO, 167g fat 

Hypocaloric, 2205 kcal, 281 g CHO, 
92 g PRO, 72 g Fat. 

(Gardner et 
al., 2018) 

1-year, RCT 
609 

(263/346) 

BMI >28 <40 kg/m2, 39% 
MetS, 

Controlled medication included 

Hypocaloric, 1697 kcal, 30% CHO, 
23% PRO, 45% Fat. 

Hypocaloric, 1716 kcal, 48% CHO, 
21% PRO, 29% Fat. 

(Bazzano et 
al., 2015) 

1-year, RCT 
148 

(17/131) 
BMI >30 <45 kg/m2 

Controlled medication included   
Hypocaloric, 1448 kcal, 34% CHO, 

24% PRO, 41% Fat 
Hypocaloric, 1527 kcal, 54% CHO, 

19% PRO, 30% Fat 

(Foster et al., 
2010) 

2-years, RCT 
307 

(99/208) 
BMI >30 <40 kg/m2 

Ad libitum fat and protein, <20 g/day 
of CHO for first 12 weeks, an 

increase in 5 g of CHO per week 
thereafter. 

Hypocaloric, 1500 kcal, 55% CHO, 
15% PRO, 30% fat. 

(Hyde et al., 
2019) 

16-weeks, Randomised 
crossover design, 4-week 

diets with 2-week washouts 
between diets 

16  
(10/6) 

BMI >30 kg/m2, MetS 

Isocaloric, 2950 kcal,  
LC; 45 g CHO, 150 g PRO 242 g Fat, 

MLC; 234 g CHO, 146 g PRO 159 g Fat 
HC; 420 g CHO, 144 g PRO 77 g Fat 

(Hall et al., 
2015) 

~5-weeks, Randomised 
crossover design, 5-day 

isocaloric diet followed by 6-
day hypocaloric diet with 2-4-
week washouts between diets 

19  
(10/9) 

BMI >30 kg/m2, 

5-day isocaloric diet, 2740 kcal, 50% 
CHO, 15% PRO, 35% Fat. 

Followed by 6-day hypocaloric diet, 
1918 kcal, 29% CHO, 21% PRO, 

50% Fat. 

5-day isocaloric diet, 2740 kcal, 50% 
CHO, 15% PRO, 35% Fat. Followed 
by 6-day hypocaloric diet, 1918 kcal, 

71% CHO, 21% PRO, 8% Fat. 

(Volk et al., 
2014) 

~18-weeks, single arm, 
hypocaloric VLC diet with 

incremental increases in CHO 
every 3 weeks 

16  
(12/4) 

BMI; 27–50 kg/m2, MetS  

Hypocaloric: 2553 – 2509 kcal 
Week 1-3: VLC; 47 g CHO, 129 g PRO 209 g Fat 
Week 3-6: LC; 83 g CHO, 125 g PRO 193 g Fat  

Week 6-9: MLC; 131 g CHO, 125 g PRO 179 g Fat 
Week 9-12: MLC; 179 g CHO, 123 g PRO 152 g Fat 
Week 12-15: HC; 251 g CHO, 123 g PRO 121 g Fat 
Week 15-18: HC; 346 g CHO, 123 g PRO 80 g Fat 

BMI, body mass index; CHO, Carbohydrates; HC, high carbohydrate diet; LC, low carbohydrate diet; M/F, Males/Females; MetS, metabolic syndrome; MLC, moderately low 
carbohydrate diet; PRO, protein; RCT, randomised control trial; VLC, very low carbohydrate diet. 
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1.2.3.2. Insulin resistance 

As IR and T2D involve the inadequate response of insulin to reduce post-prandial blood 

glucose levels, a diet lower in carbohydrates may be more suitable in reducing IR (Feinman 

et al., 2015). In T2D participants, both a hypocaloric MLC and VLC diet for 24 weeks resulted 

in improvements in glycaemic control; however, the VLC diet reduced the medication required 

in 8/21 participants whereas the MLC reduced the medication required in only 3/29 participants 

(Westman et al., 2008). Similar results were reported by Saslow et al., (2014) where a VLC 

diet resulted in a 44% reduction in T2D medication whereas a MLC diet only resulted in an 

11% reduction. Furthermore, both a hypocaloric VLC and HC diet resulted in similar 

improvements in Hba1c and weight loss but the VLC group reported more than 2-fold greater 

reductions in medicine (Tay et al., 2018). A recent meta-analysis observed that 9 out of 11 

studies reported greater reductions in T2D medication with a LC diet compared to control diets 

(Huntriss, Campbell and Bedwell, 2018).  

Short-term weight-loss RCTs (12-weeks) have demonstrated mixed results on glucose 

metabolism in non-diabetics (Volek et al., 2009; Veum et al., 2017). In participants 

representing with obesity and dyslipidaemia (Table 1.3), a VLC diet induced greater 

improvements with fasting glucose, fasting insulin, postprandial insulin levels and homeostatic 

model of IR (HOMA IR) compared with a HC diet (Volek et al., 2009). However, in males with 

obesity (Table 1.3), compared with the VLC diet, the HC diet resulted in greater improvements 

in fasting glucose concentrations only, but no difference was reported between groups in 

fasting insulin, HOMA IR, or Hba1c (Veum et al., 2017). VAT is highly associated with IR; 

therefore, the differences in results may be due to greater reductions in VAT in the VLC group 

in the study by Volek et al. (2009), whereas changes in VAT mass were similar between 

groups in the study by Veum et al. (2017). Furthermore, partcipants following a hypocaloric 

MLC or HC diet for 1 year exhibited similar WC reductions and comparable decreases in 

fasting insulin and glucose levels (Bazzano et al., 2015; Gardner et al., 2018) (Table 1.3) 

further indicating the potential role of VAT on IR.  

Independent of weight loss, Hyde et al. (2019) (Table 1.3) reported a small but signifcant 

increase in fasting glucose levels with a HC diet compared with a VLC diet but no change in 

fasting insulin levels. However, this led to a trend of reduced HOMA IR levels with the VLC 

diet (Hyde et al., 2019). In contrast, after 6 days of following either a VLC or HC diet, Hall et 

al. (2015) (Table 3) reported greater improvements in fasting glucose levels with the HC diet, 

yet, HOMA IR and fasting insulin levels improved similarly between groups. Furthermore, a 

hypocaloric VLC diet signifcantly decreased fasting insulin, glucose and HOMA IR levels after 

3 weeks; however, incremental increases in carbohydrate until reaching a HC (hypocaloric) 
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diet did not effect these measures any further (Volk et al., 2014) (Table 1.3). These findings 

are consistent with meta-analyses that observed no difference between VLC or HC diets in 

fasting insulin or glucose levels (Schwingshackl and Hoffmann, 2014; Mansoor et al., 2016). 

However, subgroup analyses highlighted that in T2D patients a VLC diet induces a greater 

decrease in fasting glucose levels (Schwingshackl and Hoffmann, 2014). These results 

indicate that neither carbohydrate nor fat quantity appear to have a direct impact on markers 

of IR in non-diabetics. It could also be argued that carbohydrate restriction only simulates 

reduced IR as a dramatic reduction in dietary carbohydrate intake will naturally reduce blood 

glucose levels resulting in a decline in insulin concentrations but when dietary carbohdydrates 

are reintroduced to the diet blood glucose and insulin levels will rise back to IR concentrations. 

Therefore, an increase in endogenous energy use and reduced VAT due to caloric restriction 

is perhaps the primary driver of improving markers of IR. This is likely to reduce circulating 

levels of inflammatory cytokines, FFAs and insulin levels which all can cause IR (Boucher et 

al., 2014; Samuel and Shulman, 2016). Much research has focused on participants with 

obesity, further research is warranted in participants with a BMI <30kg/m2.  

1.2.3.3. Abdominal obesity 

Obesity, particularly abdominal obesity is highly associated with CMD therefore, dietary 

strategies that reduce obesity are of great clinical importance (Després and Lemieux, 2006). 

Short term RCTs have reported significant reductions in VAT levels after 12 weeks of following 

either a hypocaloric VLC or HC diet (Volek et al., 2009; Veum et al., 2017) (Table 1.3). 

However, only Volek et al. (2009) reported enhanced effects of the VLC diet compared with 

the HC diet. Both studies report that habitiual physical activity was maintained; therefore, the 

difference in results is most likely due to the discrepency in caloric intake explained above 

(section 1.2.3.1) as negative energy balance is a key driver of fat loss (Hall and Guo, 2017). 

Long-term RCTs (Table 1.3) have also reported similar effects of hypocaloric MLC and HC 

diets on reducing WC (Bazzano et al., 2015; Gardner et al., 2018). However, Bazzano et al. 

(2015) reported greater reductions in WC in partcipants following the MLC diet at 3 and 6 

months indicating perhaps adherence may have played role. For example, at 12 months 

caloric intake increased by ~200 kcal in the MLC group compared with 3 months of the diet 

which may have influence potential progress (Bazzano et al., 2015). Additionally, Hyde et al. 

(2019) (Table 1.3) reported no change in WC or body composition when switiching between 

isocaloric VLC, MLC or HC diets in a randomised order highlighting a lack of effect of dietary 

composition when calories and protein are equal. A VLC diet may show greater improvements 

in VAT measures in the short term compared with HC diets; however, when diets are matched 

for confounding factors such as energy and protein intake, both diets induce similarly positive 

results on VAT levels indicating an improvement in cardiometabolic risk.  
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1.2.3.4. Hypertension 

Obesity is a primary driver of increased BP leading to hypertension which is also a key feature 

of CMD (DeMarco, Aroor and Sowers, 2014; Sperling et al., 2015). When associated with a 

reduction in fat mass, both a VLC and HC diet are reported to significantly improve SBP and 

diastolic blood pressure (DBP) after 12 weeks (Veum et al., 2017) (Table 1.3). Similar 

improvements in BP are also reported after 12 months of either a MLC or HC hypocaloric diet 

(Bazzano et al., 2015; Gardner et al., 2018) (Table 1.3). A long-term ad libitum VLC diet which 

induced comparable fat loss to a hypocaloric HC diet resulted in a greater decrease in DBP at 

3 and 6 months; however, this was similar between diets at 12 and 24 months (Foster et al., 

2010). Additionally, SBP improved comparably between diets at each timepoint (Foster et al., 

2010). In accordance with the impact of changes in fat mass leading to changes in BP, Hyde 

et al. (2019) observed no change in BP in adults with MetS following either a VLC, MLC or HC 

isocaloric diet. Similarly, after induction of fat loss with a hypocaloric VLC diet, SBP and DBP 

decreased (Volk et al., 2014). However, progression to a HC diet with incremental increases 

in carbohydrate every 3 weeks did not increase BP (Volk et al., 2014) (Table 1.3). 

Several meta-analyses have reported mixed results on the effects of LC diets on reducing BP 

compared with HC diets (Bueno et al., 2013; Schwingshackl and Hoffmann, 2014; Mansoor et 

al., 2016). No difference was observed between diets by Mansoor et al. (2016); however, 

greater beneficial effects of LC diets on DBP were observed by Bueno et al. (2013) and 

Schwingshackl and Hoffmann (2014). Differing effects are most likely due to the quality of 

studies being reported as low (Schwingshackl and Hoffmann, 2014) and heterogenous 

populations being invesitgated. However, a more recent meta-analysis of 67 trials comparing 

13 dietary strategies including 17,230 hypertensive and pre-hypertensive patients reported 

that a LC diet was the third (joint with Mediterranean diet) most effective diet at improving BP, 

after the Palaeolithic and Dietary Approaches to Stop Hypertension diets which were 2nd and 

1st respectively (Schwingshackl et al., 2019). These results indicate that a LC diet has 

beneficial effects on cardiovascular health by reducing hypertension, most likely due to 

reductions in fat mass. However, this may also be achieved by MLC or HC diets provided they 

induce fat loss. 
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Figure 1.8. Summary of the typical effects of low carbohydrate (LC) and high carbohydrate (HC) diets 

on markers of cardiometabolic disease. HDL-C; high-density lipoprotein cholesterol, LDL-C; low-density 

lipoprotein cholesterol, sdLDL; small-dense lipoprotein. 

1.2.4. Impact of anabolic-androgenic steroids on CMD  

While dietary factors have a great impact on cardiometabolic health other lifestyle factors such 

as regular exercise also have a profound effect particularly on skeletal muscle (Lin et al., 2015; 

Fabiani, Naldini and Chiavarini, 2019). The effect of exercise particularly resistance exercise, 

on muscle mass and strength can be augmented through pharmacological aids such as 

anabolic androgenic steroids (AAS) which are products of the anabolic hormone testosterone 

((Bhasin et al., 1996, 2001). Due to advancements in technology and pharmacology, a range 
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of AAS (Table 1.4) have been used by the recreational gym-user since the 1980s, primarily 

by young men to improve body image (Kanayama and Pope, 2018; Goldman, Pope and 

Bhasin, 2019). Although illegal to purchase and distribute for recreational use in many 

countries (ACMD, 2010; Drug Enforcement Agency, 2019; Council of Europe, 2020), it is 

estimated that 6.4% of males and 1.6% of females use AAS globally, with recreational sports 

people being the highest users (Sagoe et al., 2014). While it is common for individuals to use 

AAS for multiple reasons, the greatest motivation to use AAS is primarily to improve body 

image, while competitive bodybuilding and athletic performance (non-bodybuilding) are 

secondary and tertiary respectively (Parkinson and Evans, 2006; Dunn, Mazanov and 

Sitharthan, 2009; Sagoe et al., 2014; Begley, McVeigh and Hope, 2017). Individuals who use 

AAS are reported to be reluctant in seeking medical advice from medical professionals (Pope 

et al., 2004), therefore, needle syringe programs are considered the primary point of care for 

AAS users ((van de Ven et al., 2020). Current data on the use of needle syringe programmes 

by people who use AAS suggests that in the UK, there has been an increase from 1.88 per 

1000 people to 5.72 per 1000, particularly in men aged 20-29 since 1995 (McVeigh and 

Begley, 2017). In Australia, this uptake of needle syringe programs by AAS users has also 

increased from 1-2% in 1995 to 2010 to 7% by 2012 (Dunn, Mckay and Iversen, 2014). Use 

of needle syringe programs may not fully illustrate the increasing prevalence of AAS use as 

individuals who only use oral AAS may never engage with needle syringe programs reducing 

their access to medical advice (van de Ven et al., 2020). This trend on AAS use may be similar 

across the globe as it coincides with the negative impact of increasing social media use on 

body image perceptions (Fardouly and Vartanian, 2016; Griffiths et al., 2018). Typically, an 

increase in muscle mass and function through resistance exercise and appropriate nutrition 

can facilitate reduced incidence of METS and CVD (Strasser, Siebert and Schobersberger, 

2010; Tyrovolas et al., 2020). However,  the growing prevalence of AAS use in the recreational 

gym user (McVeigh and Begley, 2017) may reduce the health promoting potential of regular 

exercise and healthy dietary patterns as AAS use is associated with markers of CMD (Figure 

1.10) and a 2-fold increase in future cardiovascular events and mortality (Achar, Rostamian 

and Narayan, 2010; Thiblin et al., 2015).  

Testosterone and its AAS derivatives increase muscle protein synthesis (MPS) and accretion, 

satellite cell activation and possibly decrease catabolic pathways via genomic and non-

genomic mechanisms (Cheung and Grossmann, 2018). Genomic actions of AAS occur when 

androgens bind to the nuclear androgen receptor and translocate to the cell nucleus, binding 

to specific DNA sequences resulting in enhanced transcription of target anabolic genes (Parr 

et al., 2018; Wilkenfeld, Lin and Frigo, 2018). AAS also exert non-genomic actions by binding 

of the membrane-located androgen receptor and additional membrane receptors such as 
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endothelial growth factor receptor and sex hormone-binding globulin receptor that also alter 

anabolic/catabolic signalling pathways (Parr et al., 2018; Wilkenfeld, Lin and Frigo, 2018). 

Resistance exercise also increases MPS and satellite cell activation resulting in skeletal 

muscle hypertrophy (Egan and Zierath, 2013; Liu and Sabatini, 2020). Although testosterone 

administration and resistance exercise alone may increase skeletal muscle hypertrophy, the 

combination of both profoundly enhances this process (Bhasin et al., 1996) and as a result, 

AAS are commonly used in conjunction with exercise to increase muscle mass and improve 

perceived body image.  

Regular exercise is undoubtedly beneficial for mental, physical and metabolic health 

(Warburton, Nicol and Bredin, 2006). However, the potential benefits acquired from regular 

exercise may be reduced with chronic AAS use, as AAS users are at a higher risk of 

developing CVD, psychological disorders, neuroendocrine disorders, sex-specific disorders 

and a range of other disorders (Pope et al., 2014; Baggish et al., 2017; Bjørnebekk et al., 

2017; Westlye et al., 2017; Goldman, Pope and Bhasin, 2019). Long term AAS use has been 

reported to result in premature death due to cardiovascular events; however, due to AAS use 

only being prevalent since the 1980s, long term longitudinal studies, on their impact, are 

scarce (Thiblin et al., 2015). Furthermore, the direct impact of AAS use on health is difficult to 

determine as users reportedly use other substances to complement their AAS use while also 

using a variety of AAS types, doses and cycles (Table 1.4) (Sagoe et al., 2015; Begley, 

McVeigh and Hope, 2017). 

Table 1.4. List of injectable and oral AAS and typical doses used. 

Injectable AAS Typical weekly dose 

Boldenone Undecanoate 200-400 mg 

Drostanolone Propionate 300-450 mg 

Methenolone Enanthate 200-400 mg 

Nandrolone Decanoate 200-400 mg 

Stanozolol 150-700 mg 

Testosterone Cypionate 200-600 mg 

Testosterone Enanthate 200-600 mg 

Testosterone Propionate 150-300 mg 

Testosterone Suspension 150-700 mg 

Trenbolone Acetate 150-300 mg 

Trenbolone Enanthate 200-300 mg 
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Trenbolone 
Hexahydrobenzylcarbonate 

150-230 mg 

Oral AAS Daily dose 

4-chlorodehydromethyltestosterone 20-80 mg 

Fluoxymesterone 20-40 mg 

Methandrostenolone, 
Methandienone 

20-40 mg 

Mesterolone 50-100 mg 

Oxandrolone 20-40 mg 

Oxymetholone 50-100 mg 

Stanozolol 20-50 mg 

Testosterone Undecanoate 80-160 mg 

 

1.2.4.1. Dyslipidaemia 

Use of AAS has shown to greatly dysregulate lipoprotein metabolism by reducing HDL-C by  

≥70% and increasing LDL-C levels by >20% (Achar, Rostamian and Narayan, 2010). 

Testosterone has been reported to significantly decrease HDL-C, although with differential 

dose and time responses. Increasing doses of testosterone enanthate (Test E) for 20 weeks 

in resistance-trained males has reported to have an inverse dose-response relationship with 

HDL-C and Apo A1 but only 600 mg/wk results in significantly lower levels compared to 

baseline levels (Singh et al., 2002).  However, in contrast, 150 mg/wk for 2 weeks and a 300 

mg dose of testosterone cypionate (Test C) on week 3 resulted in the largest decrease in HDL-

C but no further decrease was observed with 600 mg/wk for a further 4 weeks (Kouri, Pope 

and Oliva, 1996). Furthermore, 3 weeks of 600 mg/wk Test E administration for clinical 

benefits in inactive ageing males resulted in considerable decreases in HDL-C, particularly 

HDL2 (Herbst et al., 2003). Although 200 mg/wk of Test E in resistance training males showed 

decreases in HDL-C after 6 weeks, no effect was observed on HDL2 (Thompson et al., 1989). 

In healthy males, 200 mg/wk of Test E administration for 12 months had a dramatic (mean 

change from,.1.15 mmol/L to 0.09 mmol/L, P < 0.05) reduction on fasting HDL-C levels 

(Meriggiola et al., 1995). Interestingly, neither study observed significant deleterious changes 

in LDL-C or triglyceride levels in fact, Thompson et al. (1989) reported a decrease in LDL-C.  

Nandrolone administration resulted in equivocal effects on lipid metabolism. HDL-C has been 

reported to significantly decrease after a 200 mg starting dose of nandrolone and a further 100 

mg/wk for a total of 8 weeks in male bodybuilders (Kuipers et al., 1991). Although in a similar 

design and population, 200 mg/wk of nandrolone for 8 weeks resulted in no change in HDL-C 

(Hartgens et al., 2004). In healthy adults, 100 mg/wk for 6 weeks resulted in no change in 
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HDL-C in a clinical setting (Glazer and Suchman, 1994). No effect was observed on LDL-C, 

triglycerides, Apo A1 or Apo B levels in the above studies (Kuipers et al., 1991; Glazer and 

Suchman, 1994; Hartgens et al., 2004). Nandrolone administration (200 mg/wk) for 6 months 

in ageing males undergoing haemodialysis reduced HDL-C and increased Apo B levels but 

had no effect on triglycerides or Apo A1. (Teruel et al., 1997). In post-menopausal women, 

clinical administration of 50 mg/wk of nandrolone for 3 weeks decreased HDL-C and Apo A1 

levels (Lippi et al., 1997). In male bodybuilders, 42 mg/wk of oral stanozolol administration has 

shown to reduce HDL-C, ApoA1 and triglycerides after 6 weeks while also increasing LDL-C 

(Thompson et al., 1989). In healthy males, one intramuscular injection of 50 mg of stanozolol 

resulted in a reduction and increase in HDL-C and LDL-C levels respectively 28 days later 

(Small et al., 1982). Both returned to baseline levels after 56 days (Small et al., 1982). Similar 

results have been observed in postmenopausal females with osteoporosis, as 42 mg/wk oral 

stanozolol resulted in reductions in HDL-C and ApoA1 levels after 2 weeks in a clinical setting 

and was maintained until the end of the treatment at 6 weeks along with an increase in LDL-

C levels (Taggart et al., 1982). No change was observed in triglyceride levels (Taggart et al., 

1982).  

Differences in study designs, populations and lack of dietary control in some studies have 

resulted in differing responses in lipid metabolism with AAS administration. Nonetheless, 

increasing doses of testosterone has a large negative impact on HDL-C with no adverse effect 

on other lipid markers. Although inconsistent, the negative effects of nandrolone 

administration are primarily observed on HDL-C levels; however, nandrolone does appear to 

consistently reduce lipoprotein(a) (Lp (a)) levels (Lippi et al., 1997; Teruel et al., 1997; 

Hartgens et al., 2004), an independent risk factor of CVD (Sharrett et al., 2001; Saeedi and 

Frohlich, 2016), yet further research is warranted on the potential benefits of nandrolone, if 

any. In contrast, stanozolol administration may have a greater deleterious effect on lipid 

metabolism as it has shown to negatively affect LDL-C and HDL-C levels.  

Individuals who use AAS for appearance and performance reasons typically do not use one 

type of AAS but rather administer a polypharmacy regime which may lead to different 

implications on lipid metabolism. AAS-related polypharmacy (AAS-p) may involve using 

multiple parenteral or oral types of AAS during a cycle, termed “stacking” in addition to but not 

limited to other image performance enhancing drugs (Zahnow et al., 2020) such as growth 

hormone, insulin-like growth factor I (Anderson, Tamayose and Garcia, 2018). The chemical 

interactions of AAS-related polysubstance use may also elicit additional adverse health 

outcomes. Quantifying the adverse effects of these drugs is further complicated by the 

prevalence of adulterated products, an inevitable consequence of the illicit market (Evans-

Brown, Kimergård and McVeigh, 2009).  

Early studies reported that after 8 weeks of AAS-p administration, HDL-C and LDL-C 
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decreased by 49% and increased by 31% respectively (Lenders et al., 1988). Similarly, this 

suppression on HDL-C, particularly HDL2, is maintained after 14 weeks of self-administration 

(Hartgens et al., 2004). However, Bonetti et al. only reported a decrease in HDL-C after 18 

months (Bonetti et al., 2008). The method of using self-administrating participants, results in 

a variety of AAS dosages, types and cycles being used which may lead to different health 

outcomes thereby making comparisons between studies difficult. Critically, however, although 

they may be less controlled, they may be more representative of the population compared to 

RCTs as it replicates the AAS, and AAS-related polysubstance methods used by this unique 

population. 

A recent cross-sectional study reported similar results in which current users of AAS-p, 

displayed 45% lower HDL-C, and 26% and 35% higher LDL-C and triglyceride levels vs non-

AAS using controls (Rasmussen et al., 2017). A case study of prolonged AAS-p use in a 35-

year-old male demonstrated an almost 100% decrease in HDL-C and a 100% increase in LDL-

C during 5 years of AAS cycling (Li et al., 2018). Similarly, in females, HDL-C is shown to be 

significantly depressed with chronic AAS use compared to healthy controls. While AAS use 

may also exhibit an increase in plasma triglycerides, data remains equivocal as this was only 

reported by Moffatt et al. (Cohen et al., 1986; Moffatt, Wallace and Sady, 1990; Malarkey et 

al., 1991). In addition to small sample sizes in female studies, the variety in AAS use, type, 

dose, and frequency might explain the differences in results. Although, the lipoprotein profile 

is undoubtedly impacted by chronic AAS-p use and therefore highlights the increased risk of 

future CVD incidence, due to the uncontrolled self-administration of AAS and other anabolic 

substances the severity in which it impacts health can be variable. Conversely, AAS-p is also 

reported to improve Lp (a) levels, similar to the effect of nandrolone administration alone 

(Hartgens et al., 2004). Self-administration of AAS-p resulted in a decrease in Lp (a) after 8 

weeks and was maintained after 14 weeks (Hartgens et al., 2004). However, 24 months of 

AAS-p use did not result in a decrease (mean ± SD; 179 ± 117 vs 137 ± 80 mg/dL, P > 0.05) 

in Lp (a) (Bonetti et al., 2008). Although non-significant, it may be clinically significant as Lp(a) 

levels >180 mg/dL are considered high risk of CVD (Mach et al., 2020). The implications of 

AAS induced improvements in Lp(a) concerning CVD risk are unclear and warrant further 

investigation. Use of AAS also doesn’t appear to negatively impact triglyceride levels in males 

as only one cross-sectional study reported higher triglycerides (although not clinically 

significant <1.7 mmol/L) with AAS use, yet self-administration studies showed no negative 

effects (Lenders et al., 1988; Hartgens et al., 2004; Bonetti et al., 2008).  

The mechanisms by which AAS negatively impact lipid metabolism are not fully understood, 

but the upregulated activity of hepatic triglyceride lipase (HTGL) has been implicated (Figure 

1.9) (Thompson et al., 1989; Herbst et al., 2003). Phospholipase activity of HTGL catabolises 
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HDL-C and its removal from the plasma and conversion of idLDL to sdLDL (Glazer, 1991; 

Santamarina-Fojo et al., 2004). Research of the impact of AAS use on LDL density are limited 

with most focusing on total LDL-C; however, one RCT investigated the short-term (3 weeks) 

effects of Test E administration on cholesterol associated with LDL density by density gradient 

ultracentrifugation (Herbst et al., 2003). In older eugonadal males (mean 71 years old), 

clinically administered 600 mg of Test E increased sdLDL-C (Herbst et al., 2003) indicating an 

increase in CVD risk (Hoogeveen et al., 2014). Further research is warranted on the effect of 

AAS use on LDL density and its associated CVD risk.  The type of AAS and route of 

administration also has an impact on the effect of HTGL activity and lipoprotein levels. Orally 

administered stanozolol increased HTGL activity, leading to elevated and reduced LDL-C and 

HDL2-C levels respectively whereas injected Test E showed no change in HDL2-C after 6 

weeks, but decreased LDL-C (Thompson et al., 1989). The slower liver clearance rate of orally 

administered AAS compared to injected AAS could have a greater detrimental effect on 

metabolic health and also increase the risk of hepatoxicity  (Martin, Abu Dayyeh and Chung, 

2008; Solbach et al., 2015; Niedfeldt, 2018). Interestingly, the effect of AAS on the lipoprotein 

profile is reversible, as former users of AAS with long term discontinuation of at least one year, 

are reported to have healthy lipoprotein levels (Urhausen, Torsten and Wilfried, 2003; 

Rasmussen et al., 2017). The reversible effects may be seen as early as 10 weeks of AAS 

cessation as shown by a case study in a 35-year-old male (Li et al., 2018). 
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Figure 1.9. AAS related lipoprotein metabolism. During AAS-influenced lipoprotein metabolism HTGL is upregulated, most likely resulting in a preponderance 

of more atherogenic small, dense LDL III and IV particles, as opposed to the larger and more buoyant LDL I and II particles found in normal lipoprotein 

metabolism. There is also a severe decrease in the number of HDL 2 and 3 particles overall, which are generally regarded as being atheroprotective.   
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1.2.4.2. Insulin resistance 

Acute testosterone administration has been shown to activate the PI3K/Akt pathway and 

GLUT4 translocation in vitro indicating an increase in cellular glucose uptake (Antinozzi et al., 

2017). However, supraphysiological levels of testosterone and nandrolone have been 

reported to significantly (P < 0.05) diminish the response of insulin-induced glucose uptake in 

rodents (Holmang and Bjorntorp, 1992; Frankenfeld et al., 2014). Rodents also showed 

impairments in gluconeogenesis, most likely due to the high fasting insulin levels (Frankenfeld 

et al., 2014). In contrast, increasing doses of testosterone (25-600 mg/wk) for 20 weeks had 

no effect on insulin sensitivity in resistance-trained males (Singh et al., 2002). Additionally, in 

a double-blind crossover design, 300 mg/wk of Test E and nandrolone administration for 6 

weeks did not affect glucose tolerance or fasting insulin levels in healthy males (Hobbs, Jones 

and Plymate, 1996). Although research is lacking, females who use AAS-p for performance 

are reported to display reduced insulin sensitivity (Diamond et al., 1998). In healthy females, 

up to 12 days of methyltestosterone dosing (5 mg), reduced whole-body insulin sensitivity 

(Diamond et al., 1998). Similarly, in postmenopausal females, 120 mg of testosterone 

undecanoate per week resulted in a decrease in insulin sensitivity in a clinical setting (Zang et 

al., 2006). Hyperandrogenism in females is a significant risk factor in developing PCOS which 

increases the risk of developing MetS although the risk of developing CVD is currently unclear 

(Coviello, Legro and Dunaif, 2006; Zhao et al., 2016; Fazleen, Whittaker and Mamun, 2018; 

Ramezani Tehrani et al., 2020). Interestingly, muscle strength determined by bench press and 

handgrip test was shown to be higher in females with PCOS compared to healthy controls, 

further indicating that hyperandrogenism may be implicated in PCOS and MetS (Kogure et al., 

2015).  

Although individual AAS use may not result in reduced insulin sensitivity in males (Hobbs, 

Jones and Plymate, 1996; Singh et al., 2002), limited research suggests chronic AAS-p use 

may be detrimental to glucose metabolism as shown by Cohen et al. (Cohen and Hickman, 

1987). Powerlifting steroid users were reported to have similar fasting glucose levels as non-

using powerlifters and sedentary participants; however, they had higher fasting insulin levels 

that were similar to those observed in obese participants (Cohen and Hickman, 1987). An oral 

glucose tolerance test (OGTT) also revealed the powerlifting steroid users to have a 2-fold 

increase in post-glucose glycaemia compared to non-users, which was a similar increase to 

the obese group. Post-glucose insulinaemia in the powerlifting steroid using group was also 

higher compared to all groups, with it being at least 2-fold higher compared to obese 

participants (Cohen and Hickman, 1987). The authors only report participants use of AAS 

although insulin is commonly used for its anabolic potential and may have also been used by 

participants which may have impacted the results. More recently in males, an OGTT between 
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healthy controls, steroid-using bodybuilders and former steroid-using bodybuilders (mean 

discontinuation of 2.5 years) revealed that current and former AAS-p users had impaired 

glucose tolerance compared to healthy controls (Rasmussen et al., 2017). Reduced insulin 

sensitivity in former AAS-p users, was associated with higher % body fat, which may be due 

to reduced testosterone levels compared to healthy controls (Mammi et al., 2012; Rasmussen 

et al., 2017).  

Chronic AAS use suppresses the hypothalamic-pituitary-testicular axis resulting in reduced 

endogenous testosterone production (Kanayama et al., 2015). Low testosterone levels reduce 

insulin sensitivity and increase risk of developing MetS and CVD (Kelly and Jones, 2013).  

As skeletal muscle is the largest tissue for glucose disposal, increases in muscle mass should 

improve insulin sensitivity; paradoxically, these results indicate that chronic AAS use may 

cause tissue IR. This may be due to an imbalance of regulatory adipokines and cytokines from 

increased VAT levels and circulating lipids leading to a decreased/delayed stimulus of the 

PI3K/Akt signalling cascade in response to glucose ingestion, as also observed in T2D 

individuals (Samuel and Shulman, 2016). This dysregulated metabolism leads to a continuous 

cycle of VAT and IR that potentiate each other. Furthermore, chronic activation of S6K1 

mediated by mTORc1, inflicts serine phosphorylation of IRS1 leading to reduced insulin 

sensitivity (Um, D’Alessio and Thomas, 2006; Yoon and Choi, 2016). It may be possible that 

chronic AAS use, leading to hyperactivation of mTORc1/S6K1 signalling may cause IR (Figure 

1.9). Oestradiol has shown to be higher with AAS use compared to healthy controls and may 

also be a cause of IR in this population. The conversion of testosterone to oestradiol resulting 

in a decrease in the testosterone to oestradiol ratio has been implicated in the development 

of MetS in older males (Maggio et al., 2010). Additionally, oestradiol is reported to bind to 

insulin and the insulin receptor further highlighting its potential role in inducing IR (Figure 1.10) 

(Root-Bernstein, Podufaly and Dillon, 2014). 

Research is currently lacking on the prevalence of increased levels of VAT with AAS use, most 

likely due to AAS typically reducing fat and to its dysregulation of insulin sensitivity. This field 

of research warrants further investigation. 
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Figure 1.10. Potential mechanisms of insulin resistance with chronic anabolic steroid use. 

AAS; Anabolic-androgenic steroid; IRS-1; insulin receptor substrate 1, mTORc1; mammalian target of 

rapamycin complex 1, S6K1; P70 S6 kinase 1, VAT; visceral adipose tissue. 

1.2.4.3. Abdominal obesity 

Although research is scarce on the effects of AAS on VAT a recent cross-sectional study 

reported current users of AAS-p to have 32% higher VAT levels (Rasmussen et al., 2017). 

Although the AAS users had lower % body fat compared to healthy controls and former users, 

they had reduced adiponectin and leptin levels which are all independent predictors of IR, T2D 

and MetS (Hung et al., 2008; Preis et al., 2010; Frühbeck et al., 2017; Rasmussen et al., 2017; 

D’Elia et al., 2019). 

However, a RCT of the dose-response of Test E for 20 weeks showed decreases in VAT with 

higher doses, indicating supraphysiological doses do not increase VAT (Woodhouse et al., 

2004). Although cross-sectional studies cannot determine causation, it may be more 

representative of long term AAS and AAS-associated polysubstance use in this case. 

Individuals typically use a range of AAS types and other complementary drugs, doses, cycles, 

methods of administration and for years rather than weeks or one AAS which may explain the 

differences in results.  
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Accumulation of VAT is an important indicator of glucose tolerance, MetS and CVD risk, much 

more so than subcutaneous adipose tissue (Wajchenberg, Lé and Wajchenberg, 2000; Lee et 

al., 2008; Preis et al., 2010). Lipolysis is typically positively associated with IR and VAT 

(Morigny et al., 2016); however, with AAS use, VAT was associated with lower lipolysis rates 

as determined by lower levels of plasma glycerol (Rasmussen et al., 2017). The unusual lower 

lipolytic activity may be attributable to reduced activity of catecholamines due to AAS 

compounds such as nandrolone downregulating  β3-adrenoceptor expression (Alsiö et al., 

2009). 

1.2.4.4. Hypertension 

Hypertension, as a result of chronic AAS use, is under debate due to conflicting data (Achar, 

Rostamian and Narayan, 2010). Although further research is required, there is some evidence 

to suggest that chronic AAS use in males may lead to increased BP (Urhausen, Albers and 

Kindermann, 2004; Achar, Rostamian and Narayan, 2010; D’Andrea et al., 2018; Rasmussen 

et al., 2018). By contrast, early studies suggested that AAS use did not have a detrimental 

effect on BP even with 24-hour monitoring (Lenders et al., 1988; Kuipers et al., 1991; Palatini 

et al., 1996). Short-term (<8 weeks) testosterone (200 mg/wk) and nandrolone (100-200 

mg/wk) administration resulted in no change in systolic or diastolic BP (Kuipers et al., 1991; 

Chung et al., 2007); however, long term controlled studies are lacking. 

Lenders et al., reported AAS-p use to increase SBP after an average use of 5 months although 

the increase was not clinically relevant (118 ± 2.2 to 121 ± 2.4 mmHg) (Lenders et al., 1988). 

Nevertheless, more recent studies have shown chronic AAS-p users to have higher SBP 

compared to healthy controls and former AAS-p users (D’Andrea et al., 2018; Rasmussen et 

al., 2018). These results may be clinically relevant as mean SBP was reported to be 132 

mmHg and 138 mmHg in current AAS-p users (D’Andrea et al., 2018; Rasmussen et al., 

2018). Current and former AAS users were also reported to have increased aortic stiffness. 

These higher levels in aortic stiffness and SBP were associated with lower mid-regional pro-

atrial natriuretic peptide in AAS users (Rasmussen et al., 2018). Atrial natriuretic peptides 

regulate vasodilation, reduce renin-angiotensin-aldosterone system activity and sympathetic 

nerve activity; yet, high levels of mid-regional pro-atrial natriuretic peptide are associated with 

hypertension and incidence of mortality (Khaleghi et al., 2009; Idzikowska and Zielińska, 

2018). The conflicting results regarding hypertension with AAS use may be partly due to 

differences in study designs. Repeated measure designs as implemented in the early studies 

are more indicative of causal effects compared to the most recent cross-sectional studies; 

however, the cross-sectional studies have larger sample sizes and potentially greater power 

but only association can be conferred. The lack of control on AAS type and quantity also 
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makes it difficult to compare findings. Nonetheless, chronic AAS use may have detrimental 

effects on the vasculature and consequently causing hypertension and increased risk of CVD, 

but more long-term controlled studies are required. 

 

Figure 1.11. Summary of the impact of anabolic-androgenic steroid (AAS) use and AAS related 

polypharmacy (AAS-p) on markers of cardiometabolic disease. 
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1.3. Perspective and Thesis aims 
The manifestation of CMD is a consequence of poor lifestyle choices resulting in increased 

risk of T2D and CVD. While poor dietary intake and sedentary lifestyles are in complete 

contrast to the lifestyle of a highly resistance trained AAS user they exhibit similar metabolic 

abnormalities such as dyslipidaemia. Although further research is needed, they may also 

share impaired skeletal muscle glucose metabolism. Skeletal muscle is a primary site of insulin 

stimulated glucose uptake and increase muscle mass and strength has an inverse association 

with CMD, T2D and CVD risk. Therefore, maintenance of skeletal muscle health and its 

subsequent regulation on insulin dynamics should be of great clinical importance. Research 

has shown that the metabolic environment plays an important role in regulating skeletal 

muscle insulin signalling with circulating lipids and inflammatory cytokines causing insulin 

resistance. This may be the case with individuals who have an elevated metabolic risk due to 

poor dietary intake or AAS use. LC diets have shown to improve markers of CMD; therefore, 

they may improve the metabolic environment and subsequent insulin signalling. However, 

there is currently a lack mechanistic research on how a change in the metabolic environment 

due to diet or AAS use impacts insulin signalling.  

Therefore, the overall goal of this thesis is:  

To investigate markers of CMD in response to a very low carbohydrate diet (objective 1) and 

among users of anabolic-androgenic steroids (objective 3). Furthermore, the subsequent 

impact of the metabolic environment on skeletal muscle mechanisms of insulin signalling and 

metabolism will also be investigated using serum derived from participants (objective 2 + 4) 

(Figure 1.12).  

It is hypothesised that an ad libitum VLC diet will show greater improvements in 

cardiometabolic health markers compared with a HC diet (objective 1) and the greater 

improvements with the VLC diet will lead to better serum conditions resulting in improved in 

vitro insulin signalling and cellular metabolism relative to the HC diet objective 2). It is also 

hypothesised that AAS use will be associated with markers of MetS and CMD compared with 

matched healthy controls (objective 3) and serum derived from AAS users will lead to impaired 

in vitro insulin signalling and cellular metabolism (objective 4). 

The studies included in this thesis aim to achieve the overall goal by completing the following 

objectives: 

1. To investigate if an 8-week ad libitum VLC diet improves key markers of CMD in 

comparison with a HC diet (current UK guidelines). 
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2. To investigate if skeletal muscle metabolism and insulin signalling improves in 

response to serum from participants following VLC or HC diets. 

3. To determine if key markers of CMD are upregulated among users of AAS in 

comparison with healthy controls. 

4. To determine the impact of serum from participants who use and don’t use AAS on 

skeletal muscle metabolism and insulin signalling. 

 

Figure 1.12. Summary of objectives investigating the effects of lifestyle factors on 

cardiometabolic disease and on skeletal muscle insulin signalling and metabolism.  

AAS; Anabolic-androgenic steroids; CMD; cardiometabolic disease, HC; High carbohydrate; LC, Low 

carbohydrate. 
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2.1.  Materials, Equipment and Specialised 

Software 

2.1.1. Cell culture 

All cell culture experiments were conducted using a Kojair Biowizard Silverline class II hood 

(Kojaire, Vippula, Finland). All cells were incubated in a HERAcell 150i carbon dioxide (CO2) 

incubator (Thermo scientific inc. Cheshire, UK). An aspirator vacuum pump (Charles Austen 

Pumps Ltd, Surrey UK) was used to remove cell media and supernatant. Cell culture solutions 

were prepared using purified distilled water (dH2O) through MilliQ water system (Merck, 

Darmstadt, Germany) or dimethyl sulphoxide (DMSO) (Sigma Aldrich, Poole UK) or 

phosphate buffered saline (PBS) (Sigma-Aldrich, Poole, UK). Cell images were performed 

using an inverted light microscope (Olympus, CKX31, Japan). 

2.1.2. Cell culture reagents 

Murine C2C12 cell line was purchased from American type culture collection (ATCC) (Virginia, 

USA). Dulbecco’s Modified Eagle’s medium (DMEM) was purchased from Gibco (Life 

Technologies, California, US) and was used for C2C12 cells. Cells were supplemented with 

heat inactivated horse serum (HS) or heat inactivated newborn calf serum (NBCS) and fetal 

bovine serum (FBS). All sera were purchased from Gibco (Life Technologies, California, US). 

Sera derived from human participants were heat inactivated at 56°C for 30 mins prior to cell 

supplementation. Media were further supplemented with L-glutamine (L-G) (2mM), penicillin 

streptomycin (PS) antibiotic (1 % 50 units penicillin/50 ug streptomycin). PBS purchased from 

Sigma-Aldrich (Poole, UK) in tablet form was used to wash the cells. PBS was reconstituted 

to a working concentration of 0.01 M phosphate buffer, 0.0027 M KCI, 0.137 M NaCl at a pH 

of 7.4 in dH2O. Gelatin type A from porcine skin, purchased from Sigma-Aldrich (Poole, UK) 

was reconstituted to create a working stock of 0.2% gelatin and was used to support cell 

adherence and fusion. Trypsin/ Ethylenediaminetetraacetic Acid (EDTA) purchased from 

Sigma-Aldrich (Poole, UK) was used to detach adherent cells and was composed of 0.05% 

trypsin and 0.02% EDTA.  To promote cell proliferation, murine C2C12 cells were grown in 

growth media (GM) (DMEM, 10 % FBS, 10 % NBCS, 1 % PS, 2mM L-G). To promote cell 

differentiation, cells were switched to differentiating media (DM) (DMEM, 2 % HS, 1 % PS, 

2mM L-G). To investigate the impact of conditioned human serum (CS) on cell fusion, 

metabolism and intracellular signalling, DMEM was supplement with 2 % CS, 1 % PS, 2mM 

L-G. 
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Insulin (INS) solution at 10.2 mg/ml and Fibroblast growth factor 21 (FGF21) were purchased 

in lyophilised form from Sigma-Aldrich (Poole, UK). FGF21 was reconstituted in dH2O at 

concentration of 100ug/ml. 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose, 

(2NBDG) was purchased from Thermo fisher Scientific (Waltham, MA, USA) and reconstituted 

in DMSO at 10 mg/ml. 

2.1.3. Plasticware 

Tissue culture flasks (T75, 6 well and 96 well plates) and 96 well plates for BCA and glucose 

uptake assays were purchased from Nunc Life Sciences, Thermo Fisher Scientific (Rosklide, 

Denmark). BD Falcon 96 well clear UV plates for CK assays were purchased from BD 

Biosciences (San Jose, CA, USA). Eppendorf tubes (0.5, 1.5 and 2 ml) were purchased from 

BD Biosciences (San Jose, CA, USA). Pipette tips (10, 200 and 1000 ul), Stripettes (5, 10, 

and 25 ml), sterile tubes (15 and 50 ml), 2 ml cryogenic vials and cell scrapers were purchased 

from Fisher Scientific UK (Loughborough, UK). Syringes were purchased from Terumo 

(Leuven, Belgium). Bottle top 0.22 μM filters (500 ml) and 0.22 μM syringe filters were 

purchased from Corning (Lowell, MA, USA). 

2.1.4. Biochemical assays 

The Clariostar plate reader was purchased from BMG LABTECH (Ortenberg, Germany) and 

was used to analyse BCATM protein, Creatine kinase and 2-NBDG glucose uptake. BCA 

protein assay reagents were purchased from Pierce (Rosklide, Denmark). Creatine Kinase 

assay reagents were purchased from Catachem incorporation (Conneticut, NE, USA).  

2.1.5. Flow cytometry 

The BD Accuri C6 flow cytometer with BD CFLOW® software (BD Biosciences, Wokingham, 

UK) was used for flow cytometric analyses. Flow cytometry reagents were purchased from BD 

(BD biosciences, San Jose, CA, USA). To detect phosphorylation of Aktser473, mTORs2448, 

ERK1/2T202/Y204 and p38-MAPKT180/Y182 , the following antibodies were used for flow cytometry: 

anti-human/mouse phosphor-AKT (S473; APC; 675/25 nm), antihuman/ mouse phosphor-

ERK1/2 (T202/Y204; Alex-afluor 488; 533/30 nm), antihuman/ mouse phosphor-mTOR 

(S2448; PerCP; 670/LP nm), antihuman/ mouse and phosphor-p38 MAPK (T180/Y182; PE; 

585/40 nm). All were purchased from Thermo Fisher Scientific (Waltham, USA).  
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2.1.6. SDS-Page and Western Blotting 

Mini Protean® Tetra stands with clamp kit were used for gel casting, a PowerpacTM Basic 

power supply was used for electrophoresis and the Tans-blot® TurboTM Blotting system was 

used for protein transfer from gel to nitrocellulose membrane and were all purchased from Bio-

rad (Bio-rad Laboratories, Inc. CA, USA). 

2.1.7. Automated spectrophotometry 

The Rx Daytona, an automated random-access clinical chemistry analyser, was purchased 

from Randox Laboratories (Antrim, Northern Ireland). All wash solutions, controls and 

calibrators were purchased from Randox Laboratories (Antrim, Northern Ireland). Reagents 

used to detect total cholesterol, triglycerides, low-density lipoprotein-cholesterol (LDL-C), 

small dense low-density lipoprotein-cholesterol (sdLDL-C), high-density lipoprotein-

cholesterol (HDL-C), glucose, non-esterified fatty acids (NEFA) and Apolipoproteins (Apo) A1 

and B were purchased from Randox Laboratories (Antrim, Northern Ireland).  

2.1.8. Sandwich chemiluminescent immunoassay 

The Evidence Investigator TM Biochip Array technology uses sandwich chemiluminescent 

immunoassays to simultaneously detect multiple analytes from a single sample and was 

purchased from Randox Laboratories (Antrim, Northern Ireland). The metabolic syndrome I 

and II was purchased from Randox Laboratories (Antrim, Northern Ireland) to determine the 

following plasma cytokines and hormones; Ferritin, interleukin 6 (IL-6), insulin, Leptin, 

Plasminogen activator inhibitor-1 (PAI-1), Resistin, tumour necrosis factor- α (TNF-α), 

adiponectin, C-reactive protein (CRP) and cystatin C.  
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2.2. Cell culture and experiments 

2.2.1. C2C12 Myoblast Cell Culture 

Murine C2C12 myoblasts were used in all experiments and were purchased from the ATCC 

(Virgina USA). The C2C12 cell line was originally a subclone of the C2 cell line which is no 

longer commercially available (Blau et al., 1985). 

C2C12 cells at 1 x 106 cells/ml in 2 ml cryovials were resurrected from liquid nitrogen. Cryovials 

were warmed quickly and once thawed cells were plated onto T75 flasks containing 14 ml of 

GM. T75 flasks were gelatinised prior to plating the cells with 5 ml of 0.2% gelatine and 

incubated at room temperature (RT) for 20 minutes before the excess gelatine was aspirated. 

Flasks were gently agitated to distribute the cells evenly. Cells were incubated up to 72 hr, 

until 80% confluent (Figure 2.1) in a humidified atmosphere of 5% CO2 at 37 °C. Following 

attainment of 80% confluence, cells were washed twice with PBS to remove excess serum 

which inhibits the action of trypsin. To enable cell dissociation, 1 ml of trypsin was added to 

the cells and incubated for 5 minutes at 37 °C. Dissociation was confirmed by microscopy and 

trypsin was neutralised by adding 4 ml GM to the T75 flask. Cells were resuspended using a 

syringe and 21-gauge needle and slowly drawing up and down the cell suspension (5-10 

times), to prevent cell clumping. Cell suspension was prepared for counting in a 1:1 dilution in 

0.4% trypan blue stain (Bio Whittaker, Wokingham, UK). The cell suspension/trypan blue 

mixture was dispensed onto a Neubauer haemocytometer (Assistent, Sondheim, Germany). 

(For counting see section 2.2.2). When cells were counted, depending on experiment they 

were seeded onto 6, 12 or 96 well plates at 40,000 cells per ml. Remaining cells were frozen 

in liquid nitrogen for further experiments (For freezing see section 2.2.3). Upon attainment of 

80% confluence, cells were washed twice with PBS and GM was replaced with DM to begin 

cell experiments.  

 

Figure 2.1. Image of C2C12 cells at 80% confluency at a scale of 200 μm.  
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2.2.2. Cell Counting 

Ten µl 0.4% trypan blue stain and cell suspension (1:1) were transferred onto both grids of the 

Neubauer haemocytometer (Assistent, Sondheim, Germany). To spread the suspension 

evenly a glass coverslip was placed on top. Under 10x magnification, 9 sections of each grid 

were observed and cells within the 4 corner sections were used for counting (Figure 2.2). Only 

viable cells were counted, which were round and small. Non-viable cells were identified as 

trypan blue positive and lost membrane integrity. The average of both grids (8 sections) were 

used to assess the number of cells in 0.1 mm3. The average was multiplied by 2 to account 

for the dilution of cells with trypan blue and then multiplied by 10,000 to equate the number of 

cells from 0.1 mm3 to 1 cm3 which is equivalent to 1 ml to provide cell concentration per ml. 

Cells were seeded at 40,000 cells/ml for plating and would be confluent after 48 hrs. In a 6, 

12 and 96 well plate, 2, 1 and 0.125 ml of cell suspension was added to each well respectively. 

An even number of cells were split across all wells using the following equation: 

1. Cell concentration (cells/ml) = Mean of cell count x 2 (1:1 dilution) x 10,000 (0.1 mm3 to 

1 cm3) 

2.  40,000 (cells/ml) = (40,000 ÷ cell concentration) x total volume of media required (ml) 

 

Figure 2.2. Cell counting with haemocytometer. (Adapted from Freshney, 2015). Cells (black dots) are 

counted in the top and bottom left and right square grids to measure cell concentration. 
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2.2.3. Freezing for cell storage 

Remaining cells were stored in liquid nitrogen at a concentration of 1 x106 cells/ml in GM plus 

10 % of DMSO, which was added to the cell suspension to protect against rapid freezing. 

DMSO protects the cell by replacing water within the cell to reduce ice crystallisation and 

therefore damage to the structure of the cell (Fleming and Hubel, 2006). Cell suspension was 

then aliquoted to 2 ml cryovials and labelled with cell line, passage number, concentration, 

name and date. Cells were then stored in a “Mr Frosty” (Sigma-Aldrich, Poole, UK) with 100 

ml of isopropanol at -80 °C for 24 hours which delays freezing before being transferred to a 

cryovial box in liquid nitrogen for long-term storage.  

2.2.4. Formation of myotubes 

Upon attainment of 80% confluence, myoblasts were washed twice with PBS and incubated 

in DM at 37 °C and 5% CO2 for up to 120 hrs to induce differentiation to myotubes. Media was 

topped up with 50% x well volume DM every 48 hrs. Upon attainment of myotubes at 96-120 

hr cells were imaged (Figure 2.3), washed twice with PBS and processed for experimentation.  

CK activity was measured at 0, 48, 96 and 120 hrs as a measure of biochemical differentiation. 

At each timepoint, media was aspirated, and cells were washed twice with 1 ml PBS prior to 

lysing with 150 μl/well 0.05 M Tris/MES Triton Buffer (TMT; 50 mM Tris MES, 1 % Triton X-

100) for 5 min at RT. After 5 min, cells were scraped in all directions and lysates were 

transferred into 0.5 ml Eppendorf tubes. Samples were stored at -80 °C until further processing 

(See section 2.3.2). 

Figure 2.3. Image of cells during differentiation at A; 48 hr and B; 120 hr. Scale 100 μm. 



76 
 

2.2.5. Human serum  

Serum derived from humans was pooled by groups and heat inactivated by incubating at 56 

°C for 30 mins. The CS was aliquoted in 1 ml Eppendorf’s at -80 °C for long term storage. 

Serum was heat inactivated to inactivate complement which is a group of proteins involved in 

the immune response. This is standard procedure in the growing and fusing of C2C12 cells 

therefore it was necessary to be consistent with all routine cell culture techniques to ensure 

data collected can be attributed to differences in serum metabolites/proteins associated with 

in vivo health. Use of human serum with in vitro experiments in this thesis is exploratory in 

nature therefore, serum was pooled to simplify the experiments by reducing intra and inter 

variability whilst also reducing the costs associated with producing replicates. For example, 

one experiment requires a minimum of n=3 therefore, at least 3 replicates would be required 

per participant increasing the use of consumables 3-fold. 

For experimentation, CS was incubated for 1, 3 and 24 hours on C2C12 cell myoblasts prior to 

stimulation with 100 nM insulin for 20 min. Pre-incubation with CS for 3 hours was most 

consistent and was therefore selected for insulin dosing experiments.  

2.2.6. Myoblast insulin and serum signalling 

Upon attainment of 80% confluence, myoblasts were washed twice with PBS. To measure the 

impact of CS on insulin signalling, cells were incubated for 3 hours in DM containing either 2% 

HS or CS. Cells were then spiked with 100 nM of insulin and incubated at 37 °C and 5% CO2 

for 20 min (Chapter 4, study 2) or 20 and 30 mins (Chapter 6, study 4).  

To measure the effect of serum on cellular signalling, cells were incubated in serum free 

DMEM for 3 hours. After incubation cells were washed twice with PBS and incubated with DM 

containing 2% HS or CS for 0, 15, 30 or 60 mins. At each timepoint, cells were placed on ice, 

media was aspirated, and cells were washed twice with 1 ml ice-cold PBS. Cells were 

trypsinised for 5 mins at 37 °C and 5% CO2 with 200 µl trypsin. After detaching of cells from 

wells, trypsin was neutralised with 800 µl of GM and cells were aliquoted into 2 ml Eppendorf 

tubes. Cells were counted prior to being centrifuged at 800 g for 5 mins at 4 °C. The 

supernatant was removed leaving a cell pellet. The cells were fixed with 100 µl of 2% 

paraformaldehyde (PFA) for 30 min prior to addition of 1 ml ice-cold 100% methanol and 

storage at -20 °C until further processing (See section 2.3.4). 
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2.2.7. Myotube insulin and serum signalling 

After attaining 80% confluence, cells were incubated in DM for 96-120 hr and fully formed 

myotubes were washed twice with PBS and incubated for 3 hours in DM containing 2% HS or 

CS. Cells were spiked with 100 nM insulin and incubated at 37 °C and 5% CO2 for 20 or 30 

mins depending on experiment. After incubation, cells were immediately placed on ice and 

washed twice with ice cold PBS and both were processed for western blot. 

Cells were placed on ice at each timepoint, media was aspirated and washed twice with 1 ml 

of ice-cold PBS and lysed with 150 μl per well of 1 x Radioimmunoprecipitation Assay (RIPA) 

buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM 

EDTA) (Sigma Aldrich, Poole UK). After 5 min, cells were scraped in all directions and lysates 

were transferred into 0.5 ml Eppendorf tubes. Samples were stored at -80 °C until further 

processing (See section 2.3.5). 

2.2.8. Glucose uptake 

To investigate myoblast glucose uptake (See section 2.4), cells were grown until 80% 

confluence in 96 well plates and washed twice with PBS and incubated in serum free, low 

glucose (5.5 mM), 1% Bovine serum albumin (BSA) DMEM for 24 hours, prior to washing 

twice with PBS and transferring to 0% glucose-containing DMEM plus 100µM 2-NBDG and 

2% HS or CS.  

To investigate glucose uptake, fully formed myotubes were washed twice with PBS and 

replaced with serum free, low glucose (5.5 mM), 1% BSA DMEM for 24 hours, prior to washing 

twice with PBS and media being replaced with 0% glucose, DM containing 100µM 2-NBDG.  

Cells were then incubated at 37 °C and 5% CO2 with 0, 10 or 100nm of insulin for 30 mins 

before cellular fluorescence was detected (section 2.3.1).  
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2.3. Principles and procedures 

2.3.1. Glucose uptake 

2.3.1.1. Principle 

Glucose is the primary source of energy for cells and insulin-stimulated glucose uptake is 

essential for glucose homeostasis in muscle. Glucose that’s transported into the cell via 

glucose transporters (GLUTs) is converted to glucose-6-phosphate (G6P) by hexokinase and 

is further metabolised for glycogenesis or glycolysis. 2-NBDG is a fluorescent glucose 

analogue which also enters the cell via GLUTs and is converted to 2-NBDG-6-phosphate by 

hexokinase. 2-NBDG-6-phosphate accumulates in the cell due to low intracellular 

phosphatase and is unable to be metabolised (Yamamoto et al., 2015). Cell fluorescence is 

detected (λex = 460 to 490 nm, λem =530 to 550 nm) using the microplate reader. Insulin 

stimulated cellular uptake of 2-NBDG is expressed relative to 0 nM after subtraction of 

background noise. 

2.3.1.2. Procedure 

Cells were cultured on clear-bottom 96-well plates, prior to incubation for 24 hours in serum 

free, low glucose (5.5 mM), 1% BSA DMEM to reduce interference from growth factors in 

serum. After 24 hours, cells were washed twice with PBS and replaced with 0% glucose-

containing DM with 100µM 2-NBDG. To remove background, a sample of cells contained no 

2-NBDG. Cells were incubated at 37 °C and 5% CO2 with 0, 10 or 100nm of insulin and for 30 

mins. After incubation cells were placed on ice and washed 3 times with ice cold PBS. Cell 

fluorescence was detected (λex = 460 to 490 nm, λem =530 to 550 nm) using the microplate 

reader (Clariostar Ortenberg, Germany). After detection cells were washed 3 times with 100 

µl PBS and lysed for 5 mins in 20 µl of RIPA buffer at RT before undergoing detection for 

protein content (section 2.8). 

2.3.1.3. Development 

Serum is reported to interfere with insulin-stimulated glucose uptake therefore, serum free 

media is recommended for use when investigating 2-NBDG uptake (Yamamoto et al., 2015). 

However, to address the impact of serum on insulin stimulated glucose uptake it would not be 

possible to exclude the serum incubation. In line with insulin signalling experiments, cells were 

incubated with serum for 3 hours prior to 2-NBDG incubation. Stimulation of cells with 10 nM 

of insulin did not significantly increase myoblast (P = 0.20) or myotube (P = 0.17) glucose 

uptake. 
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Further tests were done which showed 100 nM of insulin to show a tendency (P = 0.06) of 

increasing glucose uptake in myoblasts and significantly (P = 0.04) increase glucose uptake 

in myotubes with co-incubation of serum and 2-NBDG (Figure 2.4). Therefore, 100 nM of 

insulin was chosen to investigate the effects of insulin.  

 

Figure 2.4. Effect of insulin on 2-NBDG glucose uptake in DM in A) myoblasts, B) myotubes. 

All data (n = 6 replicates in duplicate) are presented as mean ± SEM. P < 0.05 indicates 

significantly different to 0 nM. 

2.3.2. Creatine Kinase 

2.3.2.1. Principle 

Creatine kinase (CK) activity is a biochemical marker of cell differentiation from myoblasts to 

myotubes. Previous research has validated and shown increases in CK to correlate with 

increases myoblast fusion (Sharples, Al-Shanti and Stewart, 2010; Sharples et al., 2011; 

Dugdale et al., 2018). CK catalyses the reaction of creatine phosphate and adenosine 

diphosphate (ADP) to produce creatine and adenosine triphosphate (ATP). Hexokinase, in 

combination with ATP phosphorylates glucose to produce G6P. In the presence of 

nicotinamide adenine dinucleotide (NAD), G6P is oxidised by glucose-6-phosphate 

dehydrogenase (G-6-PDH) to produce 6-phosphogluconate and Nicotinamide Adenine 

Dinucleotide + Hydrogen (NADH). This reduction of NAD to NADH increases absorbance to 

340 nM and the rate of absorbency is directly related to CK activity (Equation 1).  
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Equation 1: Enzyme reactions involved in creatine kinase assay. 

ADP; adenosine diphosphate, ATP; adenosine triphosphate, CK; Creatine kinase, G-6-P; glucose-6-

phosphate NAD; Nicotinamide Adenine Dinucleotide; 6-PG: 6-Phosphogluconate; NADH; Reduced 

NAD. 

2.3.2.2. Procedure 

In duplicate, 10 µl of sample or a negative control of TMT were added to a 96 well plate. In 

accordance with the manufacturer’s instructions (Catachem Inc, Connecticut, US) CK 

reagents were prepared by adding 5 ml of reagent A to 0.118 g of reagent B (Equation 2). The 

working reagent buffered at pH 6.7, contained 30 mmol/l creatine phosphate, 2 mmol/l ADP, 

5 mmol/l AMP, 2 mmol/l NAD, 20 mmol/l N-acetyl-L-cystine, 3000 U/l HK (yeast), 2000 U/l G-

6-PDH, 10 mmol/l magnesium ions, 20 mmol/l D-glucose, 10 μmol/l Di (adenosine 5’) 

pentaphosphate and 2 mmol/l ETDA. It also contains 0.05 % sodium azide as a preservative. 

Using a multi-channel pipette, 200 µl working reagent was added to each well.  

1. Amount of Reagent A (μl) = Total Reagent needed (200 μl) × (No of Samples) 

2. Amount powder of reagent B per ml of reagent A = 0.118 g ÷ 5 = 0.0236 g 

3. Amount of powder from Reagent B (g) =Amount of Reagent Bottle A (ml) × 0.0236 g 

e.g. If there are 48 samples in duplicate: 

Amount of Reagent Bottle A (μl) = 200 μl × 96 samples (48 in duplicate) = 19.2 ml of A 

Amount of powder from Reagent B (g) = 19.2 ml × 0.0236 g = 0.453 g of B 

Equation 2: Equation to determine quantity of reagents needed for creatine kinase assay. 

After adding working reagent to samples, the plate was incubated in dark at 37 °C for 5 

minutes. Using the Clariostar plate reader samples were measured every minute at an 

absorbance of 340 nM for 20 minutes total. The following equation was used to calculate CK 

activity (equation 3). 

 ΔA.min-1 = (Final A - Initial A) ÷ (Final Reading Time – Initial Reading time (mins))  

CK activity was then determined using the following calculation: 
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CK (U.L-1) = (ΔA.min-1 × 0.21 × 1000) ÷ (6.22 × 0.01 ml) 

 ΔA.min-1 = Change in absorbance per minute at 340 nM 

 0.22 ml = Total volume (ml) (sample and reagent) 

 1000  = Conversion of units per ml to units per litre.    

 6.22  = Millimolar absorptivity of NADH at 340nM 

 0.01 ml =  Sample volume (ml) 

Equation 3: Calculation to determine CK activity. 

2.3.3. Total protein 

2.3.3.1. Principle 

Total protein was determined using BCATM assay. Protein reduces Cu+2 to Cu+1 in an alkaline 

environment (the biuret reaction) and produces a purple colour by bicinchoninic acid. The four 

amino acid residues present in protein molecules, cysteine or cystine, tyrosine, and tryptophan 

and number of protein bonds cause this reduction of copper. The amount of Cu+2 reduced is 

directly proportional to the amount of protein in the sample and therefore the intensity of the 

colour purple (Equation 4). The absorbance was measured at 562 nM. 

 

Equation 4: Enzyme reactions involved in BCA assay. 

2.3.3.2. Procedures 

Protein concentration in the samples was determined against a BSA standard curve. 

Concentrations of 2, 1.5, 1, 0.75, 0.5, 0.25, 0.125 and 0 mg/ml of BSA were prepared by 

diluting with either TMT or RIPA buffer depending on experiment (Table 2.1). The BCA™ 

protein kit (Rockford, IL, USA) contains two reagents. At a ratio of 50:1, reagent A (sodium 

carbonate, sodium biocarbonate, BCA and sodium tartrate in 0.1 M sodium hydroxide) was 

mixed in a mixing trough with reagent B (4 % cupric acid sulphate). In a 96 well plate, 10 µl of 

each standard and sample were added in triplicate and duplicate respectively. Using a multi-

channel pipette, 200 µl of working reagent was added to each well. The plate was incubated 

for 30 minutes at 37 °C and absorbance was measured at 562 nM with Clariostar plate reader. 
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2.3.4. Flow cytometry 

2.3.4.1. Principle 

Flow cytometry involves the measurement of single particles or cells in a fluid suspension 

using a laser. This process involves 3 systems; fluidics, optics and electronic systems (Cram, 

2002). The fluid suspension is ordered into a single stream of cells that can be interrogated 

individually by the detection system. The fluidics system controls this process and consists of 

a central core in which the fluid sample is injected into and enclosed by an outer sheath fluid 

(Figure 2.4). A single stream of individual cells is created due to narrowing of the sheath fluid 

and is called hydrodynamic focusing. Hydrodynamic focusing allows cells to flow in a single 

file through one or more beams of focused light, called the interrogation point (Adan et al., 

2017). Lasers are the most common source of light in flow cytometry and produce a single 

wavelength of light at a specific frequency. Light that interacts with the cell, that is scattered 

in the forward direction 20° offset from the laser beam axis and is known as forward scatter 

(FSC). The FSC gives an indication of the size of the particle as larger particles refract more 

light than smaller particles. Light measured at 90° to the laser beam axis, is called side scatter 

(SSC). The SSC provides information on the complexity of the cell such as internal structures 

(Figure 2.5) (Adan et al., 2017). Different wavelengths of fluorescence measurements 

detected can provide quantitative and qualitative data about fluorophore-labelled intracellular 

molecules. Optical filters block or transmit certain wavelengths to allow for specific detection 

of wavelengths. There are three major filter types; long pass filters; which allow light through 

above a cut-off wavelength; short pass filters permit light below a certain wavelength and band 

pass filters transmit light within a specified narrow range of wavelengths (termed a band width) 

(Cram, 2002). When a cell passes through the interrogation point it generates scattered light 

and fluorescence signals which results in a stream of electrons collected by the detectors. The 

magnitude of the electrons is proportional to the number of photons that is collected by the 

Table 2.1. Serial dilution for BCA assay. 

 
BSA 

concentration 
(mg/ml) 

Volume of 
Dilutent (µl) 

Volume/source of BSA stock (µl) 

A 2 0 300 of stock 
B 1.5 125 375 of stock 
C 1 325 325 of stock 
D 0.75 175 175 of B 
E 0.5 325 325 of C 
F 0.25 325 325 of E 
G 0.125 325 325 of F 
H 0 400 0 
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photodiode or photocathode and therefore is proportional to the intensity of the scatter or 

fluorescence signal generated by the particle. The signal processing electronics system 

digitises the analogue current to quantify the signal height, area and width in numerical values 

(Adan et al., 2017). 

2.3.4.2. Procedures 

To determine intracellular phosphorylation, cells were incubated with fluorophore labelled anti-

phospho antibodies for Aktser473, mTORs2448, ERK1/2T202/Y204 and P38-MAPKT180/Y182. Upon 

interacting with light at a specific wavelength, fluorophores absorb the energy which results in 

excitation of the fluorophores electrons. The fluorophores excitation returns to basal levels 

and it re-emits the absorbed light energy at a longer wavelength and detected by the flow 

cytometer optics and converted to an electronic signal as described above. 

Figure 2.5. Principles of flow cytometry. A single stream of individual cells is created due to narrowing 

of the sheath fluid allowing cells to flow in a single file through one or more beams of focused light. 

Scattering of light allows for the size (FSC) and granularity (SSC) of the cell to be detected. (Adapted 

from Adan et al. 2017). 

Intracellular phosphorylation was optimised by performing a serial dilution of each antibody for 

each experiment (Figure 2.6). The lowest concentration that reached 100% intracellular 

staining was used to minimise background to signal ratio by comparing to a negative control 

(no antibody and 0% staining). 

Following fixation and permeabilization, cells were washed in flow buffer (PBS + 0.5 % FBS) 

and centrifuged at 600 g for 5 minutes at 4 °C and re-suspended at 1x106 in flow buffer. Cells 
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were then incubated at RT for 60 mins in darkness with antibodies for anti-phospho Aktser473 

at 1:800 (Study 4) and at 1:200 (Study 6) dilution, mTORs2448 at 1:200 dilution, ERK1/2T202/Y204 

at 1:200 dilution and p38-MAPKT180/Y182 at 1:100 dilution. Following incubation, cells were 

washed 2 times by centrifuging at 600 g at 4 °C for 5 minutes and resuspending in flow buffer. 

Data from 1000 events were recorded by flow cytometry on a BD Accuri C6 flow cytometer 

with BD CFlow® Software (BD Biosciences, San Jose, CA, USA). Single populations of cells 

were measured by using FSC and SSC gating. 
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Figure 2.6. Serial dilution of phospo-Akt antibody. A) Negative control, B) 1/3200 dilution, C) 1/1600 dilution, D) 1/800, E) 1/400, F) 1/200, G) 1/100.  A dilution 

of 1/800 resulted in the lowest fluorescence intensity and maximally stained cells.
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2.3.5. SDS-PAGE and immunoblotting 

2.3.5.1. Principle 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is a discontinuous 

electrophoretic system and allows for separation of proteins by their molecular weight (kilo 

Daltons (kDa)) (Laemmli, 1970). Proteins are separated using an electrical field therefore, 

SDS, in addition to heat (boiling) and reducing agents, are used to disrupt the protein tertiary 

structure producing a linear molecule. SDS also uniformly coats the linear proteins masking 

their intrinsic charge resulting in a protein charge proportional to its molecular weight. The 

polyacrylamide gel matrix containing different bis-acrylamide concentrations alters the pore 

size of the matrix allowing for different molecular weight proteins to be separated.  The addition 

of ammonium per sulphate (APS) and N, N, N’, N’-Tetramethylethylenediamine (TEMED) to 

bis-acrylamide catalyses polymerisation. Typically, the gel is composed of a stacking gel with 

a lower bis-acrylamide (~5%) concentration buffered at pH 6.8 and a resolving gel (~10%) 

buffered to pH 8.8. This allows samples to be loaded into gel lanes and to align at the resolving 

gel boundary before separation. 

2.3.5.2. Procedures 

Following determination of protein concentration by BCA™ assay (see section 2.7), samples 

were resuspended in 5x Laemmli buffer (2 ml 0.5M Tris pH 6.8, 8.4ml H2O, 3.2ml Glycerol, 

3.2ml 10% SDS, 0.8 ml 2-β-mercaptoethanol (4.5%), 0.05% bromophenol blue) at 1 mg/ml. 

After boiling for 5 minutes at 95 ºC, 30 µg sample was loaded and electrophoresed on 5% 

stacking (1.7 ml 30% acrylamide 1% BIS solution, 5.7 ml H2O, 2.5 ml 0.5 M Tris HCl pH 6.8, 

100 µl 10% SDS, 50 µl 10% APS, 5 µl TEMED) and 10% resolving (6.6 ml 30% acrylamide 

1% BIS solution, 8.2 ml H2O, 5 ml 1.5 M Tris HCl pH 8.8, 200 µl 10% SDS, 100 µl 10% APS, 

10 µl TEMED) gel. Stain-free 10% gels were also purchased from BioRad (Bio-Rad 

laboratories, Hertfordshire, UK). Samples were separated in Tris-glycine running buffer (1:10 

10X Running buffer, Scientific Laboratory Supplies, Nottingham, UK) using Bio-Rad Mini- 

PROTEAN® Tetra vertical electrophoresis cell (Bio-Rad laboratories, Hertfordshire, UK). 

Voltage was set at 100 V until samples entered the resolving gel and then was increased to 

150 V until the samples reached the bottom of the resolving gel. Stain-free gels were 

measured for total protein using fluorescent imaging (ChemiDocTM MP imaging system, Bio-

Rad Laboratories, Inc. CA, USA). 



87 
 

Semi-dry transfer of proteins to a nitrocellulose membrane using BioRad transfer pack was 

carried out. The polyacrylamide gel was stacked on a nitrocellulose membrane on top of thick 

filter paper with another filter paper on top of the gel (Figure 2.6). The nitrocellulose membrane 

and filter paper were pre-soaked in transfer buffer (600 ml H2O, 200 ml ethanol and 200 ml 5x 

transfer buffer (Bio-Rad laboratories, Hertfordshire, UK)). Care was taken to avoid bubbles in 

the transfer stack and were removed using a roller. The sandwich was placed into a transfer 

cassette and pressed evenly with the cassette lid. Proteins were transferred to nitrocellulose 

membrane at 25 V for 10 mins. Transfer of protein was confirmed with ponceau staining of the 

membrane and imaged (ChemiDocTM MP imaging system, Bio-Rad Laboratories, Inc. CA, 

USA). 

Figure 2.7. Assembly of transfer stack for successful transfer of proteins to nitrocellulose membrane 

from polyacrylamide gel. 

Following blocking for 1-hour in 5% non-fat dried milk, membranes were incubated overnight 

at 4 ºC with primary antibodies (Table 2.2). After overnight incubation, membrane was washed 

3 times for 5 min in TBS-Tween (TBST) (Tween-20 at 0.1%) and incubated for 1 hour in 

horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (Thermo 

Fisher Scientific inc, Waltham, USA) at a dilution of 1:1000 in 2.5% milk-containing TBST. All 

antibody incubations were as above, with the exception of puromycin which was incubated 

with goat anti-mouse IgG2a-specific (LI-COR Biosciences UK Ltd, Cambridge, UK) at a 

dilution of 1:10000 in TBST 5% BSA. Following secondary antibody incubation, membranes 

were washed 3 times for 5 minutes in TBST. Proteins were visualised by enhanced 

chemiluminescence (ECL) (Pierce™ western blotting substrate, Thermo Fisher Scientific inc, 

Waltham, USA) by incubating membrane in reagents at 1:1 dilution for 3 min. The membrane 

was then imaged by the ChemiDocTM MP imaging system (Bio-Rad Laboratories, Inc. CA, 

USA).  

Band densities were analysed using Image lab™ (Bio-Rad Laboratories, Inc. CA, USA.). 

Stain-free or ponceau stained image bands were measured for total protein levels. Bands of 
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targeted proteins were measured and normalised to protein concentrations as a loading 

control. Detected phosphorylated proteins were then normalised to its total protein expression 

before being compared between experimental groups.  

Table 2.2. Primary antibodies and dilutions used 

Antibody Dilution Company 

Phosphorylated Aktser473 1:1000 Thermo Fisher 

Total Akt 1:1000 CellSignalling 

Phosphorylated AMPKthr172 1:1000 CellSignalling 

Total AMPK 1:1000 CellSignalling 

Phosphorylated P38MAPKt180/Y182 1:1000 CellSignalling 

Total P38MAPK 1:1000 CellSignalling 

Phosphorylated ERK1/2T202/Y204 1:2000 CellSignalling 

Total ERK1/2 1:1000 CellSignalling 

Puromycin 1:20000 Millipore 

 

2.3.6. Automated spectrophotometry 

2.3.6.1. Principle 

The Rx Daytona, (Randox Laboratories Ltd, UK) is an automated random-access clinical 

chemistry analyser. The Daytona can be considered as an automated spectrophotometer 

fitted with modules that automatically pipette, mix and wash samples. Spectrophotometry is 

based on the Beer-Lambert Law which states that the amount of light absorbed is directly 

proportional to the concentration of the solute in the solution and the thickness of the solution. 

The spectrophotometer measures the relative intensity of light absorbed and reflected by the 

sample solution. At a certain wavelength each solute absorbs and reflects light therefore, 

relative to a known concentration, an unknown concentration can be quantified by measuring 

its relative absorbance and reflection.  

2.3.6.2. Procedure 

Whole blood from the antecubital vein was collected into tubes with EDTA and centrifuged at 

3000 g for 15 min and 4 °C. The remaining plasma was quickly aliquoted into storage tubes 

and stored at -80 °C prior to Daytona analysis. Lyophilised controls and calibrators were 

reconstituted with H2O. Prior to sample analysis, using the relevant calibrator kits a standard 
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curve for each desired analyte was created by the Daytona. After successful calibration, 

plasma samples and analyte controls were loaded into cuvettes which were placed into the 

autosampler unit in the Daytona. Plasma samples and controls were analysed for total 

cholesterol, triglycerides, non-esterified fatty acids, D3-hydroxybutyrate, low-density 

lipoprotein-cholesterol, small dense low-density lipoprotein-cholesterol, high-density 

lipoprotein-cholesterol, glucose, and Apolipoproteins A1 and B (Table 2.3) (Randox 

Laboratories, Antrim, Northern Ireland). If control values were within the desired reference 

ranges, the results were accepted.  

Table 2.3. Randox Daytona analytes precision.  

Randox Daytona analytes 
Intra assay 

precision (CV%) 
Inter assay 

precision (CV%) 
Principle of detection  

Total cholesterol 1.67 – 3.84 1.00 – 1.39 Colorimetric (Equation 5) 

Triglycerides 1.55 – 3.29 1.33 – 3.51 Colorimetric (Equation 6) 

Low-density lipoprotein-
cholesterol 

1.14 – 2.99 1.58 – 2.50 Colorimetric (Equation 7) 

Small dense low-density 
lipoprotein-cholesterol 

<3 - Colorimetric (Equation 8) 

Glucose 1.13 – 1.76 1.52 – 1.86 Colorimetric (Equation 9) 

Non-esterified fatty acids 4.74 – 4.81 4.32 – 4.51 Colorimetric (Equation 10) 

D3-hydroxybutyrate 3.76 – 3.78 5.06 – 5.25 Colorimetric (Equation 11) 

Apolipoprotein A1 2.67 – 4.10 3.18 – 3.22 
Immunoturbidimetric immune 

assay* 

Apolipoprotein B 1.74 – 3.08 2.04 – 3.76 
Immunoturbidimetric immune 

assay* 
* Based on reaction of a sample containing apolipoprotein A1 or B and specific antiserum to form an insoluble 
complex which can be measured turbidimetrically at 340 nm. 

 

 

Equation 5. Colorimetric detection of total cholesterol. Enzymatic hydrolysis and oxidation of 

cholesterol, in the presence of phenol and peroxidase produces the indicator quinoneimine from 

hydrogen peroxide and 4-aminoantipyrine.  
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Equation 6. Colorimetric detection of triglycerides. Triglycerides are hydrolysed by lipases and the 

indicator quinoneimine is formed from hydrogen peroxide, 4-aminophenazone and 4 chlorophenol 

under the catalytic influence of peroxidase. GK; Glycerol kinase, GPO; Glycerol phosphate.  

 

Equation 7. Colorimetric detection of low-density lipoprotein cholesterol. Step 1) Cholesterol esterase, 

oxidase and subsequently catalase eliminates chlyomicrons, VLDL-Cholesterol and high-density 

cholesterol. Step 2) low-density lipoprotein cholesterol is released by detergents and produces the 

indicator quinoneimine is formed under the catalytic influence of peroxidase. 4-AA; 4 – Aminoantipyrine, 

HDAOS; N-(2-hydroxy-3sulfopropyl)-3,5-dimethoxylanline, sodium salt.  
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Equation 8. Colorimetric detection of small-dense low-density lipoprotein cholesterol. Step 1) 

Chlyomicrons, very low-density cholesterol, intermediate-density lipoprotein cholesterol, low-density 

lipoprotein cholesterol and high-density cholesterol are removed by surfactants and enzymes and 

degraded to water and oxygen by cholesterol esterase, oxidase and subsequently catalase. Step 2) 

small density low-density lipoprotein cholesterol is released by detergents and catalyse is inhibited by 

sodium azide resulting in hydrogen peroxides from chleosterol esterase and oxidase reactions and 

subsequently producing a purple-red clour under the catalytic influence of peroxidase. 4-AA; 4 – 

Aminoantipyrine, TOOS; N-Ethyl-N-(2-hydoxy-3sulfopropyl)-3-methylanline. 

 

Equation 9. Colorimetric detection of glucose. Oxidation of glucose by glucose oxidase produces 

hydrogen peroxide and in the presence of peroxidase with phenol and 4-aminophenazone, a red-violet 

quinoneimine dye is produced proportional to glucose concentration. 
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Equation 10. Colorimetric detection of non-esterified fatty acids. Acyl CoA synthetase catalyses the 

production of Acyl co A from non-esterified fatty acids to produce acyl CoA which is oxidized by aclyl 

coA oxidase to produce hydrogen peroxides subsequently producing a purple-adduct under the 

catalytic influence of peroxidase 4-AA; 4 – Aminoantipyrine, TOOS; N-Ethyl-N-(2-hydoxy-3sulfopropyl) 

m-toluidline 

 

Equation 11. Colorimetric detection of D3-hydoxybutyrate. D3-hydroxybutyrate is oxidised by 3-

hydroxybutyrate dehydrogenase to produce acetoacetate and NADH by the reduction of NAD+ and the 

change in absorbance is directly correlated with D3-hydoxybutyrate. 

2.3.7. Sandwich chemiluminescent immunoassay 

2.3.7.1. Principle 

From a single sample, the Evidence Investigator™ Biochip Array technology (Randox 

Laboratories, Antrim, Northern Ireland) simultaneously detects multiple analytes. The Randox 

biochip contains an array of discrete test regions of immobilised antibodies specific to different 

biomarkers. Increased levels of targeted biomarkers in a sample will lead to increased binding 

of antibody labelled with HRP and thus an increase in the emitted chemiluminescent signal. 

Digital imaging technology detects the light signal produced from each test region on the 

biochip and is compared to that from a stored calibration curve. The concentration of the 

biomarker of interest in the sample is calculated from the calibration curve.  

2.3.7.2. Procedure 

Metabolic Syndrome Array I and II (Randox Laboratories, Antrim, Northern Ireland) uses a 

sandwich chemiluminescent immunoassay to detect markers of MetS. Metabolic Syndrome 
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Array I contains antibodies for Ferritin, Insulin, IL-6, Leptin, PAI-1, Resistin and TNFα 

simultaneously. Metabolic Syndrome Array II contains antibodies for Adiponectin, CRP and 

cystatin C (Table 2.4). Whole blood from the antecubital vein was collected into tubes with 

EDTA and centrifuged at 3000 g for 15 min and 4 °C. The remaining plasma was quickly 

aliquoted into storage tubes and stored at -80 °C prior to Evidence Investigator™ analysis. 

Table 2.4. Metabolic syndrome array I & II assay precision. 

MetS array I & II markers 
Intra assay precision 

(CV%) 
Inter assay precision 

(CV%) 

Ferritin 5.7 - 8.2 8.2 – 10.0 

Insulin 9.4 - 7.5 9.0 - 14.0 

Interleukin-6 6.4 - 6.1 4.9 - 8.4 

Leptin 4.6 - 7.7 6.0 - 8.7 

Plasminogen activator 
inhibitor 1 

10.5 - 10.9 13.1 - 14.3 

Resistin 10.1 - 12.1 5.2 - 8.6 

Tumour necrosis factor 
alpha 

5.5 - 6.3 7.4 - 9.2 

Adiponectin 8.2 - 9.6 9.7 - 12.4 

Cystatin C 5.6 - 8.2 5.6 - 7.3 

C-reactive protein 4.5 - 5.3 4.9 - 5.5 

  

Lyophilised controls and calibrators were reconstituted with H2O. Samples/calibrator/control 

were dispensed into each well after adding 200 µl assay dilutent (20 mM TBS, pH 7.2) (Figure 

2.8). Biochips were incubated for 1 hour at 37 °C with mixing at 370 rpm. Following incubation, 

reagents were discarded, and biochips were washed six times using wash buffer (20 mM TBS, 

pH 7.4) diluted 1/31.25 in dH2O and vigorously tapping the biochips for 15 to 20 seconds to 

remove fluid. After the final wash, wash solution was left in biochips for 2 min and dispensed 

onto lint free tissue to remove residual wash buffer. After washing, 300 µl conjugate (20 mM 

TBS, pH 7.5 containing HRP) was added to each well. Biochips were incubated for 1 hour at 

37 °C with mixing at 370 rpm. Following incubation, wash steps were repeated six times. 

Following removal of wash buffer, 250 µl working signal reagent (Luminol-EV840 and Peroxide 

mixed at 1:1) was added to each well and incubated in darkness for 2 minutes. The biochips 

were placed into the Evidence Investigator™ and automatically imaged determined by the 

computer software. Results are processed automatically by the software and If standard curve 

and control values were within the desired reference ranges, the results were accepted. 
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Figure 2.8. Evidence Investigator™ protocol (Randox Laboratories, Antrim, Northern Ireland).  

2.3.8. Separation of LDL subclasses 

2.3.8.1. Principle 

Heterogeneity of LDL subclasses are associated with cardiometabolic risk, with large buoyant 

LDL being associated with positive metabolic health and smaller denser LDL associated with 

increased CVD risk (Ivanova et al., 2017). Separation and analysis of LDL subclasses is 

therefore of clinical interest in determining cardiometabolic health. Methods of separating LDL 

subclasses include 3% PAGE, nuclear magnetic resonance and density gradient 

ultracentrifugation (Krauss and Blanche, 1992; Otvos et al., 1992; Hoefner et al., 2001). 

Separation of LDL by ultracentrifugation involves very high g forces (288 x 106 g·min) and was 

originally developed using high concentrations of salt however, these conditions can cause 

dissociation of lipids and apolipoproteins from the LDL surface (Davies, Graham and Griffin, 

2003). Iodixanol, a self-generating gradient medium, is a non-ionic, iso-osmotic medium and 

requires relatively lower cumulative g force (648 x 105 g·min) thus making it more likely to 

maintain lipoprotein structural integrity and has been shown to be a validated and highly 

reproducible method of detecting LDL subclasses (Davies, Graham and Griffin, 2003).  
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2.3.8.2. Procedure 

Separation of LDL subclasses was performed using the validated method of density gradient 

ultracentrifugation using iodixanol (OptiprepTM Sigma Aldrich, Poole UK) (Davies, Graham and 

Griffin, 2003). Separation of lipoproteins involved using a two-step gradient of a lower layer of 

plasma (3 ml) at a concentration of 120 g/L in iodixanol in a 11.2 ml Beckman Optiseal 

centrifuge tubes and 7.9 ml of a clear Tris-buffered saline solution at a concentration of 90 g/L 

iodixanol of the upper layer. The upper layer was dispensed into the centrifuge tubes before 

3 ml of the sample solution was carefully under-layered with a syringe and cannula. Samples 

were housed in a Beckman NVT65 near-vertical rotor and centrifuged at 341000g(av) and 16 

°C for 3 h (at speed) in a Beckman Optima XL-100 ultracentrifuge, with acceleration program 

5 and deceleration program 5. After centrifugation, centrifuge tubes were eluted into 0.5 ml 

gradient fractions, collected from the top using an Autodensiflow gradient fractionator 

(Labconco), coupled with a Gilson FC 204 automated fraction collector. Each fraction 

underwent refractometry to determine its density by the using the following formula: p = na – 

b, where a = 3.2984, b = 3.3967, n = refractive index, and p = density; based on the density, 

LDL subfractions were categorised as phenotype A (1.022-1.028 kg/L) and phenotype B 

(1.028-1.036 kg/L) (Davies, Graham and Griffin, 2003). Cholesterol was determined in each 

fraction using the Daytona Plus (Randox Laboratories Ltd, UK).  
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2.4. Statistical analysis 
GraphPad Prism version 9 (California, USA) and SPSS version 25 (PASW, Chicago, IL) 

statistical software was used for statistical analysis. Mean ± standard deviations (which are 

appropriate in most circumstances) or non-parametric equivalents are reported in chapter 3 

and 5 to demonstrate the variation of the mean of the populations tested. However, in chapter 

4 and 6, mean ± standard error of the mean are reported to describe how representative the 

sample is of the population tested due to the large variation observed in the data. The alpha 

level for significance was set at P < 0.05. In most scientific settings, particularly biology, 

arbitrary cut-offs can cause misinterpretation of the data collected (Greenland et al., 2016). 

Therefore, due to the exploratory nature of the studies included in this thesis, a trend in data 

was defined as P = 0.05 to < 0.1 to highlight possible areas for future research while 

recognising an increase in the likelihood of a type 1 error (10%) (Banerjee et al., 2009; Wood 

et al., 2014). Detailed statistical analysis and specific statistical tests carried out on data 

collected are presented in each relevant chapter. 
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3.1. Abstract 
Introduction: Poor metabolic health is accompanied by the interrelated clustering of 

abnormalities such as obesity, hypertension, insulin resistance (IR) and dyslipidaemia referred 

to as cardiometabolic disease (CMD). Dietary fat intake was thought to be the main cause of 

CMD therefore triggering the development of many lower fat, high carbohydrate (HC) dietary 

recommendations; however, very low carbohydrate (<26 % of energy intake) high fat (VLC) 

diets have shown to at least perform as well as HC diets in improving CMD. Furthermore, few 

have focused on small dense low-density lipoprotein, apolipoprotein B and novel biomarkers 

such as fibroblast growth factor 21 and adiponectin in ad libitum conditions. Therefore, the 

aim of this study is to investigate the impact of an ad libitum 8-week VLC diet on markers of 

metabolic health compared with a HC diet in adults with a moderately elevated metabolic risk.  

Methods:  Males (n=9) and females (n=7) (19 – 64 years old, BMI of 18.5 – 29.9 kg/m2) were 

randomly assigned to either a VLC (n=8) or HC (n=8) diet for 8 weeks.  At 0, 4 and 8 weeks, 

anthropometrics, blood pressure, body composition (SECA mBCA 515), 4-day food diaries 

and fasting blood samples were collected. Total cholesterol, triglycerides, low-density 

lipoprotein-cholesterol (LDL-C), small dense low-density lipoprotein-cholesterol (sdLDL-C), 

high-density lipoprotein-cholesterol (HDL-C), glucose, apolipoproteins A1 and B and the 

ketone D-3 hydroxybutyrate were measure by Daytona (Randox). Ferritin, IL-6, insulin, Leptin, 

Plasminogen activator inhibitor-1 (PAI-1), Resistin, tumour necrosis factor- α (TNF-α), 

adiponectin, CRP and cystatin C were measured by Evidence investigator (Randox) FGF21 

and apolipoprotein CIII was detected by ELISA analysis.  

Results: The VLC group significantly (P < 0.001) decreased their carbohydrate intake and 

increased their fat intake at week 4 and 8. No change (P > 0.05) in dietary composition was 

reported in the HC group or in energy intake in either group. Both diets significantly (P < 0.05) 

improved triglycerides, insulin, HOMA IR levels and leptin:adiponectin levels. Compared with 

HC, the VLC diet showed significantly (P < 0.05) greater improvements in blood pressure, fat 

mass, leptin and sdLDL:LDL-C. The VLC diet also reported trends in improving sdLDL-C (P = 

0.06), WC (P = 0.05) and FGF21 (P = 0.06) levels. The HC diet showed a tendency (P = 0.08) 

of increasing adiponectin levels. 

Conclusion: These results indicate an 8-week ad libitum VLC diet can improve metabolic 

health at least as well as the current UK guidelines (HC diet) even with an increase in saturated 

fatty acids (SFA). Both diets improved markers of metabolic health indicating a reduction in 

the risk of developing metabolic diseases such as T2D and CVD. An ad libitum VLC diet may 

have greater benefits on markers of metabolic health due to a reduction in fat mass. 

Furthermore, the cellular mechanisms in which each diet exerts its potential benefits on 

metabolic health are yet to be investigated and will investigated in chapter 4. 
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3.2. Introduction 

Poor metabolic health encompasses cardiovascular and metabolic disorders and is 

associated with the interrelated clustering of abnormalities such as high triglycerides, low high-

density lipoprotein cholesterol (HDL-C), elevated blood glucose, hypertension and elevated 

waist circumference (WC) also known as metabolic syndrome (MetS) (Alberti et al., 2009; 

Sperling et al., 2015). Additionally, insulin resistance (IR), visceral adipose tissue (VAT) and 

small dense low-density lipoprotein cholesterol (sdLDL-C) also highly correlate with MetS 

(Sperling et al., 2015). In the last few decades, this accumulation of abnormalities or 

cardiometabolic disease (CMD) has escalated, particularly in people who live with obesity 

(Kelli, Kassas and Lattouf, 2015) and ultimately increases the risk of developing type 2 

diabetes (T2D) and cardiovascular disease (CVD) (Wilson et al., 2005; Lassale et al., 2018). 

CVD and T2D are among the top 10 diseases to cause mortality worldwide (World Health 

Organization, 2018b) intensifying the burden on the healthcare system. It is estimated that 

CVD costs the UK economy £7.4 billion annually and the global cost of CVD is estimated to 

reach USD 1044 billion by the year 2030, nearly a USD 200 billion rise from 2010 (Timmis et 

al., 2020).  

Obesity is commonly thought to be responsible for the rise in poor metabolic health due to its 

association with IR, hypertension, higher triglyceride levels and low physical activity (Strasser, 

2013). However, more specifically VAT may be of greater importance in determining 

cardiometabolic risk as Shah et al., (2014) demonstrated that VAT was associated with a 

greater risk of MetS independent of BMI. There are a variety of treatments to reduce risk of 

developing poor metabolic health, including inducing weight loss, quality of diet, increasing 

physical activity and pharmacological drugs (Kaur, 2014). Diet is a key modifiable risk factor 

in the development of MetS, T2D and CVD (Fabiani, Naldini and Chiavarini, 2019; Yusuf et 

al., 2020). For example, a typical western diet has been implicated in the development of MetS 

and increased CVD risk (Rodríguez-Monforte et al., 2017; Drake et al., 2018). 

The current UK guidelines suggest a diet high in carbohydrates (although low in sugar) and 

low to moderate in fat (particularly saturated fat) (PHE, 2015; 2016). These guidelines were 

adopted in 1983 to combat the rise in CVD in the UK (Walker, 1983). They were based on the 

Seven Countries study by Keys et al., (1966) in which an association between CVD, serum 

cholesterol levels and energy intake provided by saturated fat (SFA) and total fat were 

observed. Furthermore, randomised control trials in the 1970s, showed reducing SFA reduced 

the risk of CVD induced mortality (Leren, 1970; Woodhill et al., 1978; Hooper et al., 2015) 

Conversely, low carbohydrate (<26 % of energy intake) high fat (LC) diets have shown to at 
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least perform as well as high carbohydrate (HC) diets in reducing body fat and improving 

metabolic health risk factors even with an increase in SFA intake (Bueno et al., 2013; Mansoor 

et al., 2016; Gardner et al., 2018; Tay et al., 2018). Individuals who suffer from T2D may also 

show greater benefits in metabolic health following a LC diet due to their inability to metabolise 

carbohydrates effectively; however, higher quality long-term trials are still needed 

(Schwingshackl and Hoffmann, 2014; Meng et al., 2017). Furthermore, a LC diet has shown 

to have favourable effects on HDL-C, triglyceride and fasting glucose compared to a HC diet 

independent of weight loss (Hyde, Krauss and Volek, 2019). 

Although a LC diet shows positive effects on metabolic health markers, one concern that has 

been commonly observed is the increase in low-density lipoprotein cholesterol (LDL-C) 

compared to HC diets; however, a recent meta-analysis showed after 12 months no significant 

differences are observed although dietary compliance maybe an issue (Gjuladin-Hellon et al., 

2019). Nonetheless, high LDL-C is generally considered a risk of CVD (Wadhera et al., 2016) 

but the issue is more nuanced than previously thought. Circulating lipoprotein particles vary in 

their size, density, lipid and apolipoprotein composition and LDL can be separated into 4 

groups: large and buoyant (lbLDL), intermediate size and density (idLDL), small and dense 

(sdLDL) and very small and dense (vsdLDL) (Ivanova et al., 2017). High circulating particles 

of sdLDL and vsdLDL indicate a greater risk of CVD events compared to total LDL alone 

(Hoogeveen et al., 2014; Ivanova et al., 2017). In accordance with the association of the 

composition of LDL particles and CVD risk, 2 main phenotypes (A and B) have been described 

(Diffenderfer and Schaefer, 2014). Phenotype A is characterised by the prevalence of lbLDL 

and idLDL whereas, phenotype B is characterised by the prevalence of sdLDL and vsdLDL 

(Diffenderfer and Schaefer, 2014; Ivanova et al., 2017). Phenotype B has been found to be 

associated with low HDL-C and high triglycerides and has also been observed in many 

metabolic diseases (Hoogeveen et al., 2014; Fan et al., 2019). Additionally, apolipoprotein B 

(ApoB), the primary apolipoprotein of LDL, and LDL particle number may be of greater 

importance than LDL size (Sniderman et al., 2019). Higher circulating levels of ApoB indicate 

an increased risk of trapping ApoB within the arterial wall and depositing atherogenic 

cholesterol resulting in increased risk of a CVD event (Sniderman et al., 2019). Due to this 

only measuring LDL-C as whole may not indicate an accurate change in metabolic health. 

In addition to typical clinical markers, emerging novel biomarkers have also been revealed to 

be associated with metabolic health. These biomarkers include but are not limited to Fibroblast 

growth factor 21 (FGF21), adiponectin, C-reactive protein (CRP), leptin and plasminogen 

activated inhibitor-1 (PAI-1) (Mertens et al., 2006; Soto González et al., 2006; Esteghamati et 

al., 2011; Ahl et al., 2015; Lakhani et al., 2018). For example, FGF21 has shown to be elevated 

in individuals with poor metabolic health, whereas adiponectin is reduced (Hung et al., 2008; 
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Lakhani et al., 2018). While weight loss strategies decrease FGF21 and leptin and increase 

adiponectin (Ma et al., 2016; Gómez-Ambrosi et al., 2017), research is limited in response to 

VLC diets in free living populations. 

 

Therefore, the aim of this study is to investigate the impact of an 8-week VLC diet on markers 

of metabolic health compared with a HC diet (the current UK guidelines) in adults. Although 8 

weeks is considered a short intervention, many of the novel markers of metabolic health have 

yet to be investigated in response to a VLC diet. A study of shorter duration would enhance 

recruitment and adherence to the VLC diet while also providing enough time to stimulate 

changes in blood markers. 

   

The objectives are:  

1. To determine if a VLC diet improves markers of MetS (HDL-C, triglycerides, IR and 

inflammation) compared to a HC diet,  

2. investigate if a VLC diet improves emerging lipoprotein markers such as sdLDL-C and 

ApoB compared to a HC diet,  

3. investigate if a VLC diet improves novel biomarkers of CVD risk compared a HC diet 

and  

4. determine if a VLC diet improves body composition compared to a HC diet. 

 

Hypothesis: a VLC compared to a HC diet will show greater improvements in the following 

four key areas: 

1. markers of MetS (HDL-C, triglycerides, BP, WC, IR and inflammation  

2. lipoprotein metabolism (sdLDL-C and ApoB),  

3. novel biomarkers of CVD risk (FGF21, Leptin and adiponectin);  

4. body composition (body fat %, VAT (l)). 

 

 

 

 

 

 

 

 

 

 

 



102 
 

3.3. Methods 

3.3.1. Participants and study design 

The study was an 8-week dietary intervention, parallel design, randomised control trial in 

Caucasian males (n=9) and females (n=7) aged 19 – 64 years with a BMI of 18.5 – 29.9 kg/m2. 

During a fasted finger prick screening test (Cholestech LDX®, Alere Ltd, Stockport, UK) with 

the addition of blood pressure (BP) and waist measurements, participants cardiometabolic risk 

was calculated based on a points system modified from the RISCK (Reading, imperial, Surrey, 

Cambridge, and Kings) trial (Jebb et al., 2010). A score between 4 and 11 indicated a small-

elevated cardiometabolic risk (Table 3.1). 

Table 3.1: Cardiometabolic risk scoring system. 

Cardiometabolic measure Points 

Fasting glucose: 

> 5.5 mmol/L 
3 

Fasting triglycerides: 

> 1.3 mmol/L 
1 

Fasting HDL-C: 

< 1.0 mmol/L (males), < 1.3 mmol/L (females) 
2 

Waist circumference: 

> 94 cm (males), > 80 cm (females) 
1 

Waist circumference: 

> 102 cm (males), > 88 cm (females) 
2 

Systolic blood pressure: 

> 130 mmHg 
1 

Diastolic blood pressure: 

> 85 mmHg 
1 

Participants were excluded if they, were a smoker, vegan/vegetarian, take dietary 

supplements, had any known food allergies or intolerances, consume alcohol above the 

weekly UK recommendations, suffer from an eating disorder, suffer from current or previous 

renal impairment, have a history of cardiometabolic diseases, or take lipid, BP or blood 

glucose-lowering medication. All procedures were approved by the Liverpool John Moores 

University research ethics committee (REC number: 16/ELS/029) and all participants provided 

written informed consent. This study is registered with clinical trials (REF: NCT03257085). 
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3.3.2. Study protocol and Diet 

After successful screening, participants were randomly assigned to either the UK Eatwell 

guide (HC) (n=8), (PHE 2016) or a VLC diet (n=8) for 8 weeks. Participants were given a 

personalised meal plan, recipes and a detailed guide to follow each diet by a registered 

nutritionist (Chapter 9, appendix 1 and 2). Participants in the HC group were required to eat a 

diet composed of 50% carbohydrates, 15% protein and at most, 35% fat per day. This 

calculated as consuming at least 333 g and 267 g of carbohydrates, 55 g and 45 g of protein 

and at most 97 g and 78 g of fat per average male and female energy requirements of 2500 

kcal and 2000 kcal per day respectively (Committee on Medical Aspects of Food Policy 

(COMA), 1991). The diet also was required to be high in fibre and low in free sugars. 

Conversely, participants in the VLC group were required to eat a diet consisting of no more 

than 50 g of carbohydrates per day to induce ketosis (Westman et al., 2007), increase the 

amount of fat consumed while consuming similar amounts of protein to the HC group. 

Participants were also given information on how to increase fibre intake while also keeping 

carbohydrates low (Chapter 9, appendix 1). Examples of foods consumed by the VLC 

participants included unlimited amounts of beef, poultry, fish, eggs, oils and heavy cream; 

moderate amounts of hard cheeses, low carbohydrate vegetables and salad dressings; and 

small amounts of nuts, nut butters and seeds. Participants restricted fruit and fruit juices, dairy 

products (with the exception of heavy cream and hard cheese), breads, grains, pasta, cereal, 

high carbohydrate vegetables, and desserts. Subjects were instructed to avoid all low 

carbohydrate breads and cereal products. To maintain healthy micronutrient levels 

participants in the VLC group were provided and instructed to consume a daily multivitamin 

(Centrum Women, Centrum, Pfizer Consumer Healthcare Ltd, UK). No specific instructions on 

caloric intake was given to participants in either group, as they were required to eat ad libitum. 

Participants were also contacted at least on a weekly basis by telephone or email to check if 

assistance was needed with recipes or meals to promote adherence. 

Participants were required to attend LJMU laboratories in the morning having been fasted for 

12 hours at 0, 4 and 8 weeks of the diet. On each testing day, anthropometrics, a venous 

blood sample, BP and body composition were collected. During the week prior to each testing 

day participant’s physical activity was measured for 7 days by wearing an activity watch on 

their non-dominant arm (Actigraph GT9X, Florida, USA). On the 2nd and final testing day 

participants were required to complete a fibre intake questionnaire and the VLC group were 

also to report any adverse events associated with the diet (Chapter 9, Appendix 3). 
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3.3.3. Blood measurements 

Whole blood was collected into tubes with EDTA for plasma and tubes with a silica separator 

for serum (plus 30 min rest at room temperature) and centrifuged at 3000 g for 15 min and 

4°C, and quickly aliquoted into storage tubes and stored at -80 °C until further analysis.  

3.3.4. Biochemical markers 

The Evidence Investigator TM Biochip Array technology (Randox Laboratories Ltd, UK) that 

uses sandwich chemiluminescent immunoassays to simultaneously detect multiple analytes 

from a single sample (see section 2.3.7.) was used to determine the following plasma 

cytokines and hormones; ferritin, interleukin-6 (IL-6), insulin, Leptin, PAI-1, resistin, tumour 

necrosis factor-α (TNFα), adiponectin, CRP and cystatin C. The Daytona, (Randox 

Laboratories Ltd, UK) an automated random-access clinical chemistry analyser (see section 

2.3.6 for further details) was used to detect total cholesterol, triglycerides, LDL-C, sdLDL-C, 

HDL-C, glucose, non-esterified fatty acids (NEFA) and apolipoproteins A1 and B and the 

ketone D-3 hydroxybutyrate. FGF21 and apolipoprotein CIII (ApoCIII) was detected by ELISA 

analysis. The homeostatic model of insulin resistance (HOMA IR) was calculated by (fasting 

plasma insulin x fasting plasma glucose)/22.5 (Wallace, Levy and Matthews, 2004).  

3.3.5. Blood pressure and body composition  

Blood pressure was monitored 3 times using a digital sphygmomanometer (Omron Healthcare 

Europe B.V.) with systolic and diastolic measures being recorded. Body composition was 

measured via bioelectrical impedance (SECA mBCA 515, Germany) and although participants 

were encouraged to drink a glass of water when arriving fasted, hydration was not controlled. 

Waist measurements were recorded 3 times to the nearest 0.1 cm at the approximate midpoint 

between the lower margin of the last palpable rib and the top of the iliac crest (Bonita et al., 

2003).  

3.3.6. Food diaries 

Overall compliance with the dietary recommendations over the course of the intervention was 

assessed via 4-day food diaries. All were completed on 3 occasions at 0, 4 and 8 weeks. 

Analysis of food diaries was completed with Dietplan 7 (Forestfield Software Ltd, UK).  
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3.3.7. Statistics 

All normally distributed data are presented as mean ± SD whereas non-normally distributed 

data are presented as medians ± interquartile range (IQR). All data was explored for 

distribution using the Shapiro Wilks test. Normally distributed data underwent a 2 x 3 mixed 

ANOVA with 2 between factors (VLC vs. HC) and 3 within factors (Baseline vs. interim vs. 

endpoint) to investigate significant differences for main and interaction effect. If repeated 

measures data had a missing value, mixed effects analysis was used instead of ANOVA. Data 

with a significant interaction effect, the mean change from baseline and endpoint was 

calculated and if normally distributed, underwent ANCOVA analysis using 2 different models. 

Model one consisted of using the baseline measure and VAT as covariates as the starting 

point may have influenced the results. Model 2 consisted of using the Δ change in calories 

and MVPA as these confounding factors may impact metabolic health. Non-normally 

distributed data underwent Mann Whitney U tests at each time point to investigate differences 

between groups, Friedman’s test for differences within groups throughout the diets and Dunn’s 

test for post-hoc analysis. Independent t-test was also carried out to investigate differences in 

baseline measurements. The alpha level for significance was set at P < 0.05, while a trend 

was defined as P = 0.05 to < 0.08, and GraphPad Prism (California, USA) and SPSS version 

25 (PASW, Chicago, IL) statistical software was used for statistical analysis. R studio 1.1.463 

was used to analyse the raw accelerometer data using GGIR (van Hees et al., 2013).  
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3.4. Results 

Out of the 58 people screened, 34 attended for clinical screening, 22 were excluded leaving 

12 participants randomly assigned to either diet. Due to difficulties in recruitment and time 

constraints the screening criteria was relaxed. A further 7 participants were screened and were 

included in the study. Two participants withdrew before and another after baseline 

measurements due to time constraints. A further person withdrew from the study after the 

interim time point due to illness most likely from following the VLC diet, therefore 15 

participants completed the intervention but all 16 were included in analysis. Exclusion of this 

participant had no significant effect on the results except for sdLDL-C which changed from a 

trend (P < 0.056) to being statistically significantly (P = 0.03) different between groups. 

Participants consisted of 9 males and 7 females with 8 in the VLC group (M/F: 4/4) and 8 in 

the HC group (M/F: 5/3). Baseline measurements are shown in Table 3.2. Although there was 

significant (P < 0.05) differences in body composition (body mass, body mass index (BMI), fat 

mass, fat free mass (FFM), skeletal muscle & WC) between groups, leptin was the only 

biochemical marker that was also significantly different at baseline (P < 0.01). 

Table 3.2. Baseline differences between the VLC (n=8) and HC (n=8) groups. 
 VLC HC  

 Baseline  (P value) 

Age 43.8 ± 10.4 44.6 ± 15.27 - 

Height (cm) 176 ± 11.6 168 ± 11.02 - 

Mass (kg) 89.53 ± 14.85 72.48 ± 14.72 0.04 

BMI (kg/m2) 28.75 ± 2.15 24.56 ± 3.83 0.02 

FM (%)$ 35.65 ± 7.43 25.5 ± 2.5 0.01 

FFM (%)$ 64.2 ± 7.4 74.5 ± 2.5 0.01 

SkM (%) 32.05 ± 4.92 35.8 ± 4.2 0.07 

SBP (mmHg) 130 ± 10 127 ± 12 0.67 

DBP (mmHg) 83 ± 9 78 ± 8 0.37 

VAT (I)$ 3.21 ± 3.43 2.65 ± 1.35 0.33 

WC (cm)$ 101.2 ± 15.87 93.75 ± 22.34 0.05 

TC (mmol/L) 5.98 ± 0.95 5.37 ± 1.18 0.28 

TG (mmol/L)$ 1.14 ± 1.51 1.24 ± 0.45 0.88 

Glucose (mmol/L)$ 5.47 ± 0.75 5.72 ± 0.59 0.52 

HDL-C (mmol/L) 1.28 ± 0.24 1.36 ± 0.38 0.62 

Non-HDL-C (mmol/L) 4.69 ± 1.06 4.01 ± 1.07 0.22 

Calculated LDL-C (mmol/L) 4.08 ± 0.87 3.40 ± 1.03 0.17 
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Values are expressed as means ± SD. $ denotes values expressed as medians ± interquartile range 
(non-parametric data). Significance set at P < 0.05.  
Apo, Apolipoprotein; BMI, Body mass index; CRP, C-Reactive protein;; DBP, Diastolic blood pressure; 
FERR, Ferritin; FGF21, Fibroblast growth factor 21; FM, Fat Mass; FFM, Fat-free mass; HDL-C, High 
density lipoprotein-Cholesterol; HOMA IR, homeostatic model of insulin resistance; IL-6, interleukin-6; 
LDL-C, Low density lipoprotein-cholesterol; NEFA, non-esterified fatty acids; PAI-1, Plasminogen 
activated inhibitor-1; sdLDL-C, small dense Low density lipoprotein-cholesterol; SkM, Skeletal muscle 
mass; TC, total cholesterol; TG, Triglycerides; TNFα, Tumour necrosis factor-α; VAT, Visceral adipose 
tissue. 

3.4.1. Diet 

Food diary analysis showed no significant (P > 0.05) differences in energy or macronutrient 

composition at baseline. As intended, the percentage of energy derived from fat and 

carbohydrate significantly (P < 0.001) increased from 34% to 61% and decreased from 42% 

to 10% respectively in the VLC group. Whereas in the HC group, fat percentage decreased 

slightly from 36% to 33% and carbohydrate percentage remained unchanged at 41% which 

was significantly different from the VLC group (P < 0.001) (Table 3.3). No significant 

LDL-C (mmol/L) 3.98 ± 0.87 3.50 ± 1.33 0.44 

Adiponectin (ug/ml)$ 2.11 ± 1.98 2.69 ± 3.27 0.44 

Apo A1 (mg/dL) 158.71 ± 14.27 164.71 ± 30.25 0.64 

Apo B1 (mg/dL) 107.25 ± 20.35 94.38 ± 20.79 0.23 

Apo CIII (mg/dL)$ 17.83 ± 9.81 19.8 ± 7.21 0.31 

ApoB1:ApoA1 (mg/dL) 0.70 ± 0.15 0.58 ± 0.15 0.14 

CRP (ng/ml) 1.57 ± 0.83 1.25 ± 0.50 0.36 

Ferritin (ng/ml) 172.61 ± 168.17 155.38 ± 83.3 0.80 

IL-6 (pg/ml)$ 1.16 ± 1.14 1.11 ± 1.61 0.57 

Insulin (pmol/L) 67.21 ± 27.64 60.26 ± 15.48 0.55 

HOMA IR 2.9 ± 1.3 2.5 ± 0.6 0.48 

NEFA (mmol/L) 0.79 ± 0.34 0.76 ± 0.25 0.86 

PAI-1 (ng/ml)$ 7.19 ± 10.04 5.14 ± 8.02 0.72 

Resistin (ng/ml)$ 2.76 ± 2.41 3.82 ± 2.57 > 0.99 

sdLDL-C (mmol/L) 1.00 ± 0.50 0.77 ± 0.36 0.32 

sdLDL:LDL-C (mmol/L) 0.26 ± 0.08 0.22 ± 0.09 0.45 

TG:HDL (mmol/L) 1.12 ± 0.77 1.19 ± 1.08 0.89 

TNFa (pg/ml) 6.41 ± 0.69 6.52 ± 1.81 0.87 

D3-Hydroxybutarate 0.07 ± 0.02 0.08 ± 0.05 0.48 

Cystatin C (pg/ml) 0.35 ± 0.11 0.41 ± 0.13 0.47 

Leptin (ng/ml)$ 3.69 ± 2.01 1.31 ± 0.71 0.007 

Leptin/adiponectin (ng/µg)$ 1.58 ± 2.63 0.37 ± 0.41 0.007 

FGF21 (pg/ml) 147.9 ± 114.6 180.7 ± 138.5 0.61 
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differences were observed in energy intake between groups or throughout the intervention (P 

> 0.05). The percentage of total sugar derived from energy also significantly (P < 0.001) 

decreased in the VLC group compared to the HC group. The increase in dietary fat in the VLC 

group also led to a significant (P < 0.01) increase in energy derived from saturated (13% to 

24%), monounsaturated (8% to 17%) and polyunsaturated (3% to 9%) fatty acids compared 

to the HC group. There was also a significant (P = 0.04) decrease in fibre intake in the LC 

group compared to the HC group which remained unchanged. The percentage energy of 

protein significantly (P < 0.001) increased within the VLC group by 7% compared to the HC 

group which only increased by 2%. Plasma D-3 hydroxybutyrate, a marker of ketosis, 

significantly (P = 0.035) increased within the VLC group and was significantly (P < 0.05) 

different from the HC group at week 4 and 8 of the intervention (Table 3.4). 

3.4.2. Body composition 

Body composition largely improved in the VLC group but remained unchanged within the HC 

group over 8 weeks (Table 3.4). Body mass significantly (P < 0.001) decreased in the VLC 

group and led to a significant (P < 0.001) decrease in BMI compared to the HC group which 

remained unchanged throughout. This decrease in body mass was largely attributed to a 

significant (P < 0.001) 3 kg reduction in fat mass in the VLC group. A significant (P < 0.01) 

interaction in FFM was observed between groups, due to a small increase in FFM in the HC 

group and small decrease in the VLC group. However, FFM % significantly (P = 0.02) 

increased in the VLC group and remained unchanged in the HC group. At each time point 

FFM % was significantly (P = 0.02 higher in the HC group. Furthermore, skeletal muscle mass 

% did not significantly (P > 0.05) change with either diet and was only significantly (P = 0.02) 

different between groups at baseline. In the VLC group, WC showed a tendency (P = 0.05) of 

decreasing, with post-hoc analysis showing a significant (P = 0.049) decrease at endpoint vs 

baseline only. No significant (P = 0.35) change was observed in the HC group and no 

significant (P > 0.05) difference was observed between groups at any time point. Similarly, In 

the VLC group, VAT showed a tendency (P = 0.05) of decreasing, with post-hoc analysis 

showing a significant (P = 0.049) decrease at endpoint vs baseline only. No significant (P = 

0.54) change was observed in the HC group and no significant (P > 0.05) difference was 

observed between groups at any time point.
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Values are expressed as means ± SD of n=8 VLC & n=8 HC. b P < 0.05, bb P < 0.01, bbb P < 0.001, denotes significantly different to baseline. 

CHO, Carbohydrates; MUFA, monounsaturated fatty acids, PUFA, polyunsaturated fatty acids; PRO, protein; SFA, Saturated fatty acids

Table 3.3. Changes in dietary composition with the VLC and HC diets. 

 VLC HC  (P value) 

Nutrients Week 0 Week 4 Week 8 Week 0 Week 4 Week 8 TIME T X G 
Energy (kCal) 1974 ± 618 1970 ± 387 1728 ± 482 2263 ± 686 2165 ± 587 2304 ± 742 0.79 0.45 

CHO (g) 218 ± 74 50 ± 18bb 45 ± 20bb 252 ± 189 249 ± 66 258 ± 113 <0.001 <0.001 

CHO (%) 42 ± 9 10 ± 5bbb 10 ± 4bb 41 ± 8 43 ± 8 41 ± 6 <0.001 <0.001 

Sugar (g) 70 ± 21 28 ± 11bbb 26 ± 13bbb 85 ± 45 95 ± 46 86 ± 49 <0.01 <0.001 

Sugar (%) 15 ± 6 6 ± 2bb 6 ± 2bb 14 ± 4 17 ± 6 14 ± 4 <0.01 <0.001 

Fibre (g) 22 ± 4 11 ± 4bbb 16 ± 10 25 ± 12 25 ± 8 27 ± 10 0.03 0.04 

PRO (g) 88 ± 37 120 ± 26 106 ± 33 95 ± 20 95 ± 13 106 ± 23 0.09 0.08 

PRO (%) 17 ± 3 25 ± 5bb 24 ± 4bb 17 ± 3 18 ± 3 19 ± 3 <0.001 <0.001 

Fat (g) 75 ± 25 132 ± 49b 118 ± 39 89 ± 25 82 ± 30 85 ± 31 0.04 <0.01 

Fat (%) 34 ± 4 58 ± 13bb 61 ± 6bbb 36 ± 7 33 ± 7 33 ± 7 <0.001 <0.001 

SFA (g) 28 ± 9 56 ± 25 45 ± 18 28 ± 9 26 ± 11 28 ± 12 0.03 <0.01 

SFA (%) 13 ± 3 24 ± 8b 23 ± 4bb 11 ± 3 10 ± 4 11 ± 3 <0.001 0.001 

PUFA (g) 10 ± 4 20 ± 13 21 ± 10 12 ± 5 11 ± 4 10 ± 4 0.07 0.02 

PUFA (%) 3 ± 1 7 ± 3b 9 ± 5b 4 ± 2 4 ± 2 4 ± 2  <0.01 <0.001 

MUFA (g) 22 ± 13 41 ± 17 40 ± 15 24 ± 13 25 ± 13 21 ±9 0.03 0.02 

MUFA (%) 8 ± 4 15 ± 8b 17 ± 7bb 8 ± 4 8 ± 5 7 ± 4 <0.01 <0.01 
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3.4.3. Clinical biochemical markers of metabolic health 

Both diets exerted benefits in markers of metabolic health (Table 3.4). Systolic (SBP) and 

diastolic blood pressure (DBP) both significantly improved (P = 0.01) in the VLC group 

compared to the HC group which remained unchanged. SBP decreased by 7 mmHg and DBP 

by 8 mmHg in the VLC group over the 8 weeks. Both diets showed similar significant (P < 

0.05) improvements in triglycerides, insulin and HOMA-IR. Fasting insulin decreased from 

67.21 ± 27.64 pmol/L at baseline to 55.53 ± 12.77 pmol/L at interim and 41.13 ± 17.4 pmol/L 

at endpoint in the VLC group and 60.26 ± 15.48 pmol/L at baseline to 52.44 ± 8.42 pmol/L at 

interim and 44.02 ± 11.23 pmol/L at endpoint in the HC group (Figure 3.1). Fasting triglyceride 

levels decreased similarly in both groups from baseline (VLC; 1.33 ± 0.77, HC; 1.34 ± 0.68 

mmol/L) to interim (VLC; 1.07 ± 0.4, HC; 1.15 ± 0.32 mmol/L) and endpoint (VLC; 1.11 ± 0.29, 

HC; 1.24 ± 0.56 mmol/L) (Figure 3.2). HOMA-IR decreased by 1.1 points and 0.6 points in the 

VLC and HC groups respectively. Similarly, in both groups total cholesterol significantly (P < 

0.05) increased; in the VLC group by 0.37 mmol/L and 0.40 mmol/L in the HC group. LDL-C, 

glucose and HDL-C did not significantly (P > 0.05) change throughout the intervention; 

however, HDL-C did show a trend for improvement with the VLC diet (P = 0.09). While 

apolipoproteins A1 (apo A1), B (Apo B) and C-III (apo CIII) showed no change throughout the 

diet, apo CIII was significantly (P < 0.05) different between groups at week 4, with higher levels 

observed in the HC group. sdLDL-C showed a trend (P = 0.056) of decreasing in the VLC 

group (Baseline: 0.99 ± 0.5; Interim: 0.92 ± 0.34; Endpoint: 0.86 ± 0.3 mmol/L) compared to 

the HC group (Baseline: 0.77 ± 0.36; Interim: 0.85 ± 0.32; Endpoint: 0.84 ± 0.43 mmol/L) 

(Figure 3.3). This change in sdLDL-C led to a significant (P = 0.01) decrease in sdLDL/LDL-C 

ratio in the VLC group compared to the HC group which showed a slight increase. NEFA 

showed a trend of (P = 0.08) of increasing in both groups after 4 weeks and then decreasing 

at 8 weeks (Table 3.4).  

3.4.4. Physical activity 

There was no significant difference at baseline in total physical activity (VLC; 218 ± 44.1 min 

p/day vs HC; 216.15 ± 49 min p/day) or total moderate to vigorous intensity (MVPA) (VLC; 

214 ± 44.5 min p/day vs HC; 205.9 ± 48 min p/day). There was also no significant (P > 0.05) 

difference in total physical activity over 8 weeks (VLC; 218 ± 44.1 to 270.81 ± 101.5 min p/day 

vs HC; 216.15 ± 49 to 222.7 ± 70.4 min p/day) between groups or MVPA (VLC; 214 ± 44.5 to 

266.5 ± 102.5 min p/day vs HC; 205.9 ± 48 to 209.2 ± 71.7 min p/day). 
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3.4.5. Novel biochemical markers of metabolic health 

FGF21 showed a trend (P = 0.05) in overall change throughout in the VLC diet, an initial 

decrease after 4 weeks (Median ± IQR: 148.16 ± 203.49 to 99.4 ± 92.43 pg/ml) and increased 

at 8 weeks (Median ± IQR: 167.38 ± 152.08 pg/ml), whereas no change was observed in the 

HC group (Median ± IQR: 138 ± 243.56 to 136.4 ± 233.41 to 201.3 ± 406.55 pg/ml, P = 0.94) 

(Figure 3.4). No significant (P > 0.05) difference was observed between groups at any time 

point. In contrast, adiponectin showed a trend (P = 0.08) of increasing in the HC group (Median 

± IQR: 2.69 ± 3.27 to 3.33 ± 1.91 to 3.19 ± 3.33 µg/ml) but remained unchanged in the VLC 

group (Median ± IQR: 2.01 ± 2.09 to 2.12 ± 1.51 to 2.12 ± 1.85 µg/ml P = 0.96) (Figure 3.5). 

No significant (P > 0.05) difference was observed between groups at any time point although, 

there was a trend (P = 0.07) of adiponectin being higher at week 4 in the HC group. Leptin 

also significantly (P = 0.001) decreased within the VLC group from being significantly (P < 

0.01) different to the HC group at baseline to similar levels (P = 0.40) at 8 weeks (Table 3.4). 

The changes observed in adiponectin and leptin led to a significant (P < 0.05) decrease in 

leptin/adiponectin ratio (LAR) in both groups (Table 3). Groups were significantly (P < 0.05) 

different at baseline and week 4. Ferritin showed a significant (P < 0.05) decrease with both 

diets (Table 3). No significant (P > 0.05) change in C-reactive protein (CRP) was observed 

following both diets; however, CRP was significantly (P <0.01) different between groups at 4 

weeks only (Table 3). No significant (P > 0.05) change within or between groups was observed 

in cystatin C, IL-6, TNFα, resistin and PAI-1 (Table 3.4).



112 
 

Table 3.4. Changes in anthropometric variables and biochemical markers of metabolic health following the VLC and HC diets for 8 weeks. 
 VLC HC   
Measurement Week 0 Week 4 Week 8 Week 0 Week 4 Week 8 TIME T X G 

 
Mass (kg) 89.53 ± 14.85 86.51 ± 14.51bb 86.39 ± 14.25 72.48 ± 14.72 72.01 ± 14.88 72.27 ± 14.7 

 
<0.001 

 
<0.001 

 
BMI (kg/m2) 28.75 ± 2.15 27.76 ± 1.98bb 27.61 ± 1.26b 24.56 ± 3.83 24.40 ± 3.98 24.50 ± 3.98 

 
<0.001 

 
<0.001 

FM (kg) 32.08 ± 4.28 29.80 ± 3.6bb 29.10 ± 3.41bb 19.89 ± 7.46 19.48 ± 7.89 19.60 ± 8.22 0.01 <0.001 

FFM (kg) 57.39 ± 11.62 56.71 ± 11.87 57.28 ± 11.95 52.59 ± 11.63 52.52 ± 11.74 52.67 ± 11.54 0.008 0.003 

SBP (mmHg) 130 ± 10 120 ± 10b 123 ± 9b 127 ± 12 128 ± 12 129 ± 14 0.04 0.01 

DBP (mmHg) 83 ± 9 77 ± 9 75 ± 9bb 78 ± 8 79 ± 8 78 ± 9 0.01 0.01 

TC (mmol/L) 5.98 ± 0.95 6.22 ±1.15 6.35 ± 0.64 5.37 ± 1.18 5.64 ± 1.07 5.73 ± 1.27 0.047 0.71 

Non-HDL-C 
(mmol/L) 

4.69 ± 1.06 4.91 ± 1.36 4.92 ± 0.85 4.01 ± 1.06 4.26 ± 0.88 4.27 ± 1.08 0.11 0.47 

Calculated LDL-C 
(mmol/L) 

4.08 ± 0.87 4.42 ± 1.22 4.41 ± 0.77 3.40 ± 1.03 3.73 ± 0.81 3.70 ± 1.00 0.02 0.76 

sdLDL:LDL-C 
(mmol/L) 

0.26 ± 0.08 0.21 ± 0.03 0.20 ± 0.03 0.22 ± 0.09 0.23 ± 0.06 0.23 ± 0.08 0.08 0.01 

Apo A1 (mg/dL) 158.71 ± 14.27 166.50 ± 23.09 173.00 ± 29.42 164.71 ± 30.25 172.50 ± 29.44 174.00 ± 32.83 0.46 0.88 

Apo B (mg/dL) 107.25 ± 20.35 111.38 ± 24.81 111.43 ± 19.93 94.38 ± 20.79 105.00 ± 20.13b 99.00 ± 29.09 0.14 0.66 
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ApoB:ApoA1 
(mg/dL) 

0.70 ± 0.15 0.68 ± 0.17 0.66 ± 0.16 0.58 ± 0.15 0.62 ± 0.13 0.58 ± 0.19 0.21 0.76 

Glucose (mmol/L) 5.69 ± 0.41 5.78 ± 0.47 5.68 ± 0.47 5.79 ± 0.35 5.60 ± 0.54 5.80 ± 0.53 0.84 0.16 
 

HOMA IR 
 

2.9 ± 1.3 
 

2.4 ± 0.6 
 

1.8 ± 0.8 
 

2.5 ± 0.6 
 

2.2 ± 0.5 
 

1.9 ± 0.6 
 

<0.01 
 

0.54 

Cystatin C (ug/ml) 0.36 ± 0.11 0.31 ± 0.06 0.36 ± 0.09 0.41 ± 0.13 0.43 ± 0.17 0.43 ± 0.15 0.62 0.20 

Ferritin (ng/ml) 172.61 ± 168.17 162.49 ± 159.66 173.14 ± 162.87 155.38 ± 83.3 128.14 ± 72.66 141.38 ± 89.82 0.04 0.29 

NEFA (mmol/L) 0.79 ± 0.34 0.96 ± 0.30 0.80 ± 0.24 0.76 ± 0.25 0.79 ± 0.22 0.62 ± 0.17 0.08 0.59 

Non-parametric testing 
VLC 

(Time) 
HC 

(Time) 
         

FM (%) 34.4 ± 9.0* 32.8 ± 7.5b* 30.6 ± 8.0b* 25.5 ± 2.5 24.9 ± 2.68 25.05 ± 3.98 0.02 0.53 
 

FFM (%) 65.3 ± 9.0* 67.2 ± 7.5b* 66.7 ± 8.0b* 74.5 ± 2.5 75.05 ± 2.67 74.95 ± 3.97 0.02 0.53 
 

SKM (%) 33.0 ± 5.6* 33.7 ± 6.2 33.3 ± 7.5 35.8 ± 4.2 36.25 ± 3.88 35.9 ± 4.37 0.26 0.77 
 

WC (cm) 101 ± 15.8 99.1 ± 17.2 98.4 ± 16.9b 93.8 ± 22.4 93.1 ± 21.9 92 ± 22.1 0.05 0.35 
 

VAT (l) 
 

4.23 ± 3.09 
 

3.83 ± 3.09b 
 

3.19 ± 3.06 
 

2.65 ± 1.98 
 

2.46 ± 1.90 
 

2.46 ± 1.84 0.05 0.54 
 

LDL-C (mmol/L) 
 

3.62 ± 1.26 
 

4.7 ± 2.02 
 

4.27 ± 1.59 
 

3.31 ± 1.91 
 

3.66 ± 0.71 
 

3.65 ± 1.23 
 

0.43 
 

0.39 

HDL-C (mmol/L) 1.26 ± 0.39 1.27 ± 0.47 1.28 ± 0.32 1.43 ± 0.72 1.33 ± 0.63 1.47 ± 0.77 0.09 0.24 

Apo CIII (mg/dL) 17.83 ± 9.81 15.94 ± 27.02* 13.60 ± 5.04 19.80 ± 6.67 24.64 ± 22.35* 19.40 ± 14.47 0.12 0.19 
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TG:HDL (mmol/L) 0.76 ± 1.38 1.02 ± 0.68 0.97 ± 0.53 0.82 ± 0.65 0.87 ± 0.41 0.72 ± 0.92 0.19 0.72 

CRP (ug/ml) 1.1 ± 1.62 1.69 ± 1.66** 1.24 ± 1.29 1.06 ± 0.79 0.88 ± 0.51 0.98 ± 0.86 0.31 0.24 

IL-6 (pg/ml) 1.3 ± 1.37 1.23 ± 1.27 1.54 ± 0.38 1.11 ± 1.61 0.83 ± 0.92 1.04 ± 1.99 0.96 0.79 

TNFα (pg/ml) 6.74 ± 1.28 5.83 ± 1.93 5.97 ± 1.74 6.50 ± 3.19 6.23 ± 3.21 6.15 ± 3.45 0.62 0.53 

Leptin (ng/ml) 3.98 ± 1.86** 1.98 ± 1.84b** 1.20 ± 2.42bb 1.31 ± 0.71 0.95 ± 0.54 1.07 ± 0.86 <0.01 0.29 

Leptin:adiponectin 
(ng:ug) 

1.70 ± 2.63** 0.96 ± 1.4b** 0.70 ± 1.37bb 0.37 ± 0.41 0.23 ± 0.28 0.31 ± 0.7 <0.01 0.03 

Resistin (ng/ml) 2.75 ± 1.15 2.76 ± 1.47 2.60 ± 1.51 3.82 ± 2.57 2.93 ± 1.78 2.97 ± 1.70 0.96 0.15 

PAI-1 (pg/ml) 7.30 ± 9.61 6.53 ± 4.45 6.32 ± 5.20 5.14 ± 8.02 4.11 ± 5.37 4.47 ± 9.99 0.11 0.79 

D-3-
Hydroxybutyrate 

(mmol/L) 

0.07 ± 0.01 0.31 ± 0.06b* 0.19 ± 0.27 0.09 ± 0.05 0.13 ± 0.11 0.08 ± 0.03 0.04 0.58 

Values are expressed as means ± SD of n=8 VLC & n=8 HC. Non-parametric testing values are expressed as median ± IQR of n=7 VLC & n=8 HC. b P < 0.05, 
bb P < 0.01, denotes significantly different to baseline, *P < 0.05 denotes significantly different between groups at that timepoint. 
Apo, Apolipoprotein; BMI, Body mass index; CRP, C-Reactive protein;; DBP, Diastolic blood pressure; FERR, Ferritin; FM, Fat Mass; FFM, Fat-free mass; HDL-
C, High density lipoprotein-Cholesterol; HOMA IR, homeostatic model of insulin resistance; IL-6, interleukin-6; LDL-C, Low density lipoprotein-cholesterol; 
NEFA, non-esterified fatty acids; PAI-1, Plasminogen activated inhibitor-1; sdLDL-C, quantitative insulin sensitivity check index; small dense Low density 
lipoprotein-cholesterol; SBP, systolic blood pressure; TC, total cholesterol; TG, Triglycerides; TNFα, Tumour necrosis factor-α; VAT, Visceral adipose tissue.
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✱✱

 

Figure 3.1. Effect of VLC and HC diet on insulin levels at 0, 4 and 8 weeks. 

Values are expressed as means ± SD of n=8 VLC & n=8 HC, ** indicates significant (P < 0.01) difference 

effect of time. 

 

✱

 

Figure 3.2. Effect of VLC and HC diet on triglyceride levels at 0, 4 and 8 weeks. 

Values are expressed as means ± SD of n=8 LC & n=8 HC, * indicates significant (P < 0.01) difference 

effect of time 
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Figure 3.3. Effect of VLC and HC diet on sdLDL-C levels at 0, 4 and 8 weeks. 

Values are expressed as means ± SD of n=8 LC & n=8 HC. 

 

Figure 3.4. Effect of LC and HC diet on FGF21 levels at 0, 4 and 8 weeks. 

Values are expressed as medians ± IQR of n=7 LC & n=8 HC. 
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Figure 3.5. Effect of VLC and HC diet on adiponectin levels at 0, 4 and 8 weeks. 

Values are expressed as medians ± IQR of n=7 VLC & n=8 HC. 

 

3.4.6. Covariate analysis 

Body mass, fat mass, FFM, SBP, DBP, sdLDL-C, sdLDL/LDL-C ratio, VAT and adiponectin 

showed a significant response to diets in the primary analysis and were able to undergo 

ANCOVA analysis using two models (Table 3.5 and 3.6). Model 1 appeared to diminish the 

effect the diet had on sdLDL-C (P = 0.08) that was shown in the primary analysis (P = 0.06) 

however, the remaining variables did not change with ANCOVA analysis. Model 2 reduced 

the effects the diets had on the change in VAT (P = 0.05) but enhanced the effect on sdLDL-

C from P = 0.06 to P = 0.03. No change was observed with the remaining variables. 

Table 3.5.  Model 1. 

Variable 

VLC 

(Adjusted Δ 8 weeks, CI 

95%) 

HC 

(Adjusted Δ 8 weeks, CI 

95%) 

P value 

Body mass (kg) -5.14, -6.64 to -3.64 -0.33, -1.71 to 1.05 0.001 

FM (kg) -3.94, -5.42 to -2.45 -0.01, -1.37 to 1.34 <0.01 

FFM (kg) -1.42, -2.23 to -0.6 -0.08, -0.83 to 0.68 0.03 

SBP (mmHg) -8.85, -14.69 to -3.02 1.95, -3.45 to 7.36 0.02 

DBP (mmHg) -9.18, -12.67 to -5.69 -0.34, -3.58 to 2.9 0.01 

sdLDL-C (mmol/L) -0.17, -0.31 to -0.2 0.02, -0.12 to 0.15 0.08 

sdLDL/LDL-C (mmol/L) -0.06, -0.09 to -0.02 -0.01, -0.04 to 0.03 0.04 

Adiponectin (ug/ml) -0.0, -0.21 to 0.22 0.31, 0.12 to 0.51 0.05 
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Adjusted change in anthropometric and biochemical markers of metabolic health due to baseline 

levels of the measure and baseline measure of VAT. DBP, diastolic blood pressure; fat Mass; FFM, 

fat-free mass; small dense low-density lipoprotein-cholesterol; SBP, systolic blood pressure.  

 

Table 3.6. Model 2 

Variable 

VLC 

(Adjusted Δ 8 weeks, CI 

95%) 

HC 

(Adjusted Δ 8 weeks, CI 

95%) 

P value 

Body mass (kg) -5.33, -6.77 to -3.88 0.83, -1.36 to 1.53 <0.001 

FM (kg) -3.74, -4.96 to -2.52 0.46, -1.18 to 1.27 0.001 

FFM (kg) -1.52, -2.38 to -0.71 0.34, -0.78 to 0.85 0.02 

SBP (mmHg) -7.75, -12.76 to -2.74 1.65, -3.35 to 6.66 0.02 

DBP (mmHg) -8.3, -11.62 to -4.99 -1.22, -4.53 to 2.1 0.01 

VAT (l) -0.42, -0.68 to -0.15 -0.19, -0.46 to 0.8 0.23 

sdLDL-C (mmol/L) -0.22, -0.4 to -0.04 0.8, -0.1 to 0.25 0.03 

Adiponectin (ug/ml) -0.03, -0.3 to 0.24 0.32, 0.5 to 0.59 0.08 

Adjusted change in anthropometric and biochemical markers of metabolic health due to changes in 

energy intake and physical activity. DBP, diastolic blood pressure; fat Mass; FFM, fat-free mass; small 

dense low-density lipoprotein-cholesterol; SBP, systolic blood pressure.
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3.5.  Discussion 

The main outcome of this investigation is that in accordance with hypothesis 1, an 8-week ad 

libitum VLC diet showed greater significant (P < 0.05) improvements in markers of CMD such 

as BP, WC and VAT but both diets showed similar significant (P < 0.05) improvements in 

triglycerides, insulin and HOMA IR. In agreement with hypothesis 2, a VLC diet showed 

favourable improvements in lipoprotein metabolism due to a trend (P = 0.056) of a reduction 

in sdLDL-C leading to a significant (P = 0.01) reduction in sdLDL:LDL-C compared to a small 

increase with the HC diet. In contrast with hypothesis 3, both diets showed similar favourable 

improvements in novel biomarkers of metabolic health such as ferritin and LAR; however, only 

the VLC diet showed a significant (P < 0.001) reduction in leptin and a trend (P = 0.05) of 

decreasing levels of FGF21 whereas only the HC diet showed a trend (P = 0.08) of increasing 

adiponectin. Somewhat, in agreement with hypothesis 4, a VLC diet showed significant 

reductions in fat mass (P < 0.001) but also a small significant decrease (P < 0.01) in FFM 

compared to the HC diet which remained unchanged. 

Poor metabolic health is highly associated with the development of T2D and CVDs (Sperling 

et al., 2015). Following a poor lifestyle including poor dietary intake can lead to the 

accumulation of metabolic abnormalities such as MetS and dysregulated lipid and glucose 

metabolism (Phillips et al., 2013). Although the current UK dietary guidelines suggest a diet 

high in carbohydrates and restricted fat (< 35% of energy) intake particularly SFA (PHE, 2015; 

2016) VLC diets have shown to at least perform as well as HC diets in reducing body fat and 

improving metabolic health risk factors even with an increase in SFA intake (Mansoor et al., 

2016; Tay et al., 2018). Similarly, in the current study, participants who followed the VLC diet 

significantly increased their SFA intake by approximately 2-fold but still significantly improved 

markers of metabolic health. It should be noted though that the positive effects of fat loss may 

have outweighed the negative impact of increased SFA intake. However, in the absence of 

weight loss a VLC diet with increased SFA intake has been shown to be superior to a HC diet 

in reducing MetS markers (Hyde et al., 2019). 

Body composition significantly (P < 0.05) improved in the VLC group resulting in a trend 

towards a significant (P = 0.05) improvement in WC and VAT levels but remained unchanged 

in the HC group. Fat loss tends to be similar between diets when caloric intake is matched 

between diets (Tay et al., 2008, 2018; Brinkworth et al., 2009; Hall et al., 2015; Veum et al., 

2017; Gardner et al., 2018; Hyde et al., 2019) thus, the increased weight loss observed in the 

VLC group may be due to negative energy balance. No restriction on energy intake was 

implemented and although participants were instructed to maintain their current physical 
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activity, these variables may have influenced weight loss. While no significant differences were 

observed over time or between groups, the VLC group decreased their calorie intake slightly 

at 8 weeks (-246 kCal per day) and increased their MVPA (51 min per day) throughout the 

study whereas the HC groups calorie intake and MVPA remained unchanged. The VLC group 

also significantly (P < 0.01) increased their protein intake which may have augmented energy 

expenditure due to an increase in thermogenesis (Westerterp-Plantenga, Lemmens and 

Westerterp, 2012). The increase in protein intake in addition to elevated ketones may result 

in elevated satiety levels leading to a reduction in calorie intake (Westerterp-Plantenga, 

Lemmens and Westerterp, 2012). Therefore, these small accumulative effects of reduced 

energy intake and increased energy expenditure may have affected weight loss and therefore 

metabolic health. To account for this, ANCOVA analysis was carried out on body composition, 

BP and biochemical variables with the change in energy intake and MVPA used as covariates. 

This resulted in the change in VAT not being significantly (P = 0.23) different between diets; 

however, the remaining markers of body composition and BP were significantly lower with the 

VLC diet compared with the HC diet. Interestingly, the change in sdLDL-C in response to the 

VLC diet was more effective compared with the HC diet, going from a trend (P = 0.056) in 

primary analysis to a significant (P = 0.03) reduction in ANCOVA analysis. Although, the 

largest decrease in fat mass was at 4 weeks and no change in energy intake was observed at 

this time. It could also be argued that a VLC diet increases energy expenditure as doubly 

labelled water studies have shown that compared to a HC diet, a LC diet can cause ~200-300 

kcal/d increase in energy expenditure (Ebbeling et al., 2018, 2020). However, others have 

argued that if energy expenditure increases with a LC diet its most likely around 50-100 kcal/d 

(Hall et al., 2016, 2019). It is unlikely that energy expenditure increased as large as ~200 

kcal/d in the current study as after week 4, it would be estimated that a further energy deficit 

of ~450 kcal/d would be observed with the VLC diet; however, no further weight loss was 

observed after 4 weeks. Also, the use of self-reporting food diaries may not be totally accurate 

as participants are likely to under report foods they don’t eat regularly (Natarajan et al., 2010).  

Hypertension is a key risk factor in the development of CVDs and primary feature of MetS 

(Alberti et al., 2009; Yusuf et al., 2020). Similarly to other research (Tay et al., 2008; Westman 

et al., 2008; Brinkworth et al., 2009; Veum et al., 2017), the VLC diet significantly (P < 0.05) 

improved BP over the 8 week period. This is most likely due to the significant (P < 0.05) 

improvement in body composition in the VLC group rather than the dietary composition as 

when weight loss is induced with a HC calorie restricted diet similar effects on BP are observed 

(Tay et al., 2008; Westman et al., 2008; Brinkworth et al., 2009; Veum et al., 2017). 

Furthermore, in participants with obesity following a matched non-caloric restricted VLC and 

HC diet, no weight loss occurred in either group nor was there any improvement in blood 
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pressure (Hyde et al., 2019). Nonetheless the improvement in BP in the VLC group has major 

clinical significance as a reduction of 10 mmHg in SBP can lead to an estimated decrease of 

13% overall reduction in mortality and 20% reduction in CVD events (Ettehad et al., 2016). 

A common feature of following a LC diet is in an increase in LDL-C and HDL-C (Mansoor et 

al., 2016; Gjuladin-Hellon et al., 2019). In the current study, both diets significantly (P < 0.05) 

increased LDL-C and were above recommended healthy levels (>3.0 mmol/L) but had no 

impact on HDL-C which remained in the healthy range (>1.0 mmol/L) (Mach et al., 2020). 

sdLDL-C showed a trend (P = 0.056) of decreasing with the VLC diet leading to a significant 

(P = 0.01) decrease in sdLDL:LDL-C compared to the HC diet. An increase in sdLDL-C 

indicates a greater risk of CVD events compared to total LDL alone (Hoogeveen et al., 2014; 

Ivanova et al., 2017). The current results suggest the HC groups LDL particle size has shifted 

towards a more atherogenic phenotype (an increase in sdLDL, pattern B) whereas the VLC 

group to a less atherogenic (a decrease in sdLDL pattern A) (Ivanova et al., 2017). The weight 

loss achieved by the VLC group may have impacted the results; however, participants with 

dyslipidaemia following a calorie matched restricted (1500 kCal per day) VLC (n=20) or HC 

(n=20) diet for 12 weeks reported similar results in which the VLC and HC groups shifted 

towards a pattern A and B phenotype respectively (Volek et al., 2009). This change in LDL 

phenotype occurred when both diets similarly reduced fat mass percentage (VLC, -2.4%; HC, 

-2.2%)  (Volek et al., 2009). However, a greater reduction in VAT was achieved in the current 

study and by Volek et al. (2009), which is more associated with CMD compared with 

subcutaneous adipose tissue and may play a role in improving LDL phenotype (Després et 

al., 2008; Sperling et al., 2015). As baseline levels of CMD markers may influence the 

response to each diet, ANCOVA analysis was undertaken to control for such confounders. 

When using baseline VAT and sdLDL-C as a covariate, the interaction (P = 0.08) between 

diets in sdLDL-C only slightly diminished compared with primary analysis (P = 0.056). 

Additionally, the sdLDL/LDL-C ratio did not change when baseline VAT and sdLDL/LDL-C 

ratio were used as covariates. While the present study adjusted for confounding variables 

such as VAT, a study by Hyde et al. (2019) investigated the effect of a VLC diet under 

isocaloric conditions. In a randomised crossover design, obese participants with MetS (n=16) 

followed either a VLC (6% CHO), HC (57% CHO) or moderate carbohydrate (MC) (32% CHO) 

diet for 4 weeks each (16 weeks total and 2 week washout periods between diets) tailored to 

their caloric requirements to maintain a stable body weight (Hyde et al., 2019). Body 

composition including WC remained unchanged with each diet; however, only the VLC diet 

showed favourable improvements in shifting LDL pattern from phenotype B to phenotype A 

compared to the MC and HC diet, highlighting a lack of effect of fat mass on LDL phenotype 

(Hyde et al., 2019). Furthermore, in a crossover design, healthy participants (n = 63), 
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supposedly following a LC diet (although 45% of energy was derived from carbohydrates) and 

then a HC diet for 4 weeks each and were measured at the end of each diet (Faghihnia et al., 

2010). Although there was no washout between diets and no baseline measure of LDL 

subclasses, all sdLDL-C subclasses (pattern B) were significantly (P < 0.01) lower and VLDL 

subclasses were significantly (P < 0.01) higher (pattern A) at the end of the LC diet compared 

with the HC diet (Faghihnia et al., 2010).  

High triglyceride levels (>1.7 mmol/L) are a component of MetS and indicates an increase in 

CVD risk (Alberti et al., 2009; Mach et al., 2020). Although not a component of MetS, high 

fasting insulin levels and IR is highly associated with MetS and indicates a risk of developing 

T2D and CVD (Sperling et al., 2015). Interestingly, in the absence of weight loss or change in 

dietary composition, the HC diet showed similar improvements in triglyceride and insulin levels 

and subsequent indicators of IR; HOMA IR. Normally, triglyceride levels do not improve with 

a HC diet even with weight loss but improve with a LC diet (Tay et al., 2008, 2018; Volek et 

al., 2009; Hall et al., 2015; Gardner et al., 2018). Furthermore, a VLC diet has shown to also 

improve triglyceride levels independent of weight loss (Hyde et al., 2019). However, this may 

be dependent on carbohydrate quality and type as a diet with lower glycaemic index (GI) and 

load has been reported to significantly lower triglyceride levels in participants with T2D after 

12 weeks compared with a high glycaemic load and index diet (Jenkins et al., 2012). In 

contrast, in a randomised cross-over design, participants with obesity who were provided with 

food to maintain body weight, did not show improvements in triglyceride levels following a low 

GI high carbohydrate (58% of energy) diet (n = 153) compared with a high GI high 

carbohydrate diet (n = 150) for 5 weeks (Sacks et al., 2014). However, when following a lower 

carbohydrate (40% of energy) diet, low GI significantly improved triglyceride levels compared 

with high GI, while both diets showed significantly greater improvements compared with the 

high carbohydrate diets (Sacks et al., 2014). This may explain the results of the current study 

as the HC participants carbohydrate intake was ~40%. It may also indicate that low GI foods 

may only exert beneficial effects on triglyceride levels with carbohydrate intakes < 50% of 

energy intake. In addition to reducing glycaemic load and index, it is also possible that 

participants following the HC diet increased their polyphenol intake without changing their 

macronutrient intake. An increase in polyphenol consumption has previously shown to reduce 

triglyceride levels in obese but metabolically healthy participants (Annuzzi et al., 2014). The 

improvement of both diets on fasting insulin levels and indicators of insulin sensitivity and 

resistance agrees with previous research although, in HC diets that induce weight loss (Tay 

et al., 2008, 2018; Volek et al., 2009; Hall et al., 2015; Veum et al., 2017; Gardner et al., 2018). 

Within IR tissue, normal insulin levels are insufficient to reduce blood glucose levels resulting 

in an increase in insulin secretion by the pancreatic β-cells (Gastaldelli, 2011). HOMA IR has 
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shown to be a good tool in estimating IR in specific populations based on fasting insulin and 

glucose levels (Wallace, Levy and Matthews, 2004). In the body, skeletal muscle accounts for 

the largest uptake of glucose in response to insulin stimulation and poor lifestyle habits can 

increase circulating fatty acids, inflammatory cytokines and reactive oxygen species which can 

inhibit this mechanism (Samuel and Shulman, 2016). Therefore, both a healthy VLC and HC 

diet can reduce inhibitory molecules to improve insulin sensitivity and restore normal insulin 

levels. 

Adiponectin is a hormone that is synthesized in adipose tissue and unlike most adipokines, 

adiponectin is anti-inflammatory, insulin sensitizing (Cheng et al., 2014) and expressed at 

lower levels in the metabolically unhealthy (Balsan et al., 2015). Conversely, leptin is another 

adipokine that is involved in body weight regulation and is expressed at higher levels in 

individuals with MetS and this increase is most likely due to impaired leptin signalling induced 

by increased inflammation (Sáinz et al., 2015) . Adiponectin showed a trend (P = 0.08) of 

increasing in response to the HC diet only. Typically, weight loss has shown to increase 

adiponectin levels whilst also improving insulin sensitivity (Bruun et al., 2003; Cheng et al., 

2014; Ma et al., 2016). Therefore, it is unusual no change was observed in the VLC group. 

However, Ma et al. (2016) showed a significant change after 2 years of a hypocaloric high fat 

diet but not after 6 months in participants with obesity; an 8-week diet may be too short to elicit 

an increase in adiponectin. As adipokines have an important role in the pathophysiological 

function in metabolism, it has been shown that the LAR is a reliable and useful marker in 

predicting markers of metabolic health (Frühbeck et al., 2017, 2019). The LAR has shown to 

be highly correlated with body fat, WC, insulin, HOMA IR, triglycerides, HDL-C levels and T2D 

(Frühbeck et al., 2017, 2019). However, the LAR was found not to predict the future incidence 

of coronary heart disease in healthy middle aged men and women indicating it may primarily 

be an indicator of CMD (Karakas et al., 2010). The present study showed a significant (P < 

0.05) improvement in the LAR in both groups thus suggesting an improvement in adipocyte 

function and metabolic health. This indication was also reinforced by the similar significant 

improvements (P < 0.05) in insulin and HOMA-IR with both diets. Although adiponectin and 

leptin are regularly measured in LC diet intervention studies, there is currently a lack of use of 

the LAR, indicating a novel observation in the current study. However, in T2D patients 

following either a low fat diet (n = 67), Mediterranean diet supplemented with olive oil (n = 74) 

or mixed nuts (n = 50) for 1 year all showed similar improvements in LAR with reductions in 

WC but no change in HOMA IR (Lasa et al., 2014). The lack of change in HOMA IR is most 

likely due to the T2D patients being used by Lasa et al. (2014). In obese participants (n = 10) 

following a very low caroie diet, LAR signifcantly improved along with HOMA IR, triglycerides 

and body compostion (Oberhauser et al., 2012). These results, in addition to the data from the 
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current study, indicate that a diet that improves fasting triglyceride levels will reduce insulin 

resistance and improve adiocyte function as shown by improvements in HOMA IR and LAR. 

FGF21 is also a hormone that regulates metabolic energy homeostasis and is primarily 

expressed by the liver but is also expressed by muscle and other tissues (Fisher and Maratos-

Flier, 2016). FGF21 has been shown to be involved in glucose and lipid regulation and animal 

studies have shown FGF21 to increase in response to starvation and ketogenesis (Kim and 

Lee, 2014; Fazeli et al., 2015). Pharmacological administration of FGF21 has shown to 

improve the metabolism of obese and diabetic animals (Xu et al., 2009; Kharitonenkov and 

Larsen, 2011). Conversely, in humans with obesity or metabolic disease FGF21 is increased 

compared to healthy people indicating potential FGF21 resistance and a ketogenic diet does 

not increase its levels (Domouzoglou et al., 2015; Gómez-Ambrosi et al., 2017; Lakhani et al., 

2018). In the current study FGF21 showed a tendency of decreasing (P = 0.05) in response 

to a VLC diet but rebounded by endpoint of diet but no change was observed in the HC. The 

decrease in FGF21 levels in response to a ketogenic diet have been reported by 

Christodoulides et al., (2009) in which 7 subjects (5 diabetic) reduced their FGF21 levels (394 

± 193 to 201 ± 134, P < 0.05) after 4 months. In the current study, the increase in FGF21 

experienced by the participants between 4-8 weeks may be attributed to a lack of adherence. 

Although the food diaries suggest adherence was maintained, measurement of D-3 

hydroxybutyrate, an indicator of ketosis, was highest at 4 weeks (0.31 ± 0.06 mmol/l) and 

decreased by 8 weeks (0.19 ± 0.27 mmol/l). Yet, these increased ketone levels would only be 

considered small as they are below the recommended ketosis threshold of 0.5 mM and 

therefore unlikely to have a significant metabolic effect (Feinman et al., 2015). Christodoulides 

et al., 2009 reported higher levels of ketones (0.5 ± 0.5 mmol/l) throughout which may have 

maintained the reduction in FGF21; however, as this study was only a pre-post design with no 

control or comparative group it is difficult to ascertain what the potential mechanisms of 

reduced FGF21 levels. Participants with obesity undergoing a calorie restricted HC diet also 

showed a decrease in FGF21 (Gómez-Ambrosi et al., 2017). The participants reduced body 

fat, insulin, HOMA IR and triglycerides. Similar results are observed in the current study in the 

VLC group. The HC also showed significant decreases in insulin, HOMA and triglycerides but 

not body fat or FGF21. This suggests weight loss alone rather than diet composition 

contributes to reduced FGF21 levels. Large sample sizes are required when investigating the 

role of FGF21 in the regulation of CMD due to a larger variation in concentrations between 

participants.  
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3.6. Limitations 

Although sufficiently powered (94%) to detect significant changes in sdLDL/LDL-C, small 

sample size (n = 16), may not be fully representative of the population. Furthermore, coupled 

with the small samples size, females were mixed in age and the stage of their menstrual cycle 

was not accounted for resulting in a more heterogenous population. However, a smaller 

sample size allowed for greater management of participants to increase adherence to dietary 

protocols which was successful as shown by dietary analysis. Although all participants were 

given sufficient support throughout and food diary analysis showed both groups to be close to 

recommended dietary intakes. It is possible that adherence may have decreased as the study 

progressed ketone levels decreased at week 8 compared with week 4, indicating a higher 

carbohydrate intake. The use of self-reporting food diaries has limitations as participants are 

likely to under report foods they don’t eat regularly (Natarajan et al., 2010).  

As directed, the HC group did not change their dietary intake throughout the intervention 

however, exhibited changes in biochemical markers therefore, the current study does not 

contain a control group thus, conclusions may be limited to comparative results between 

interventions only and there is evidence of change over time rather than the interventions 

(Barnett, van der Pols and Dobson, 2005; Bland and Altman, 2011). Furthermore, although all 

participants were instructed to maintain normal physical activity levels, the VLC group 

markedly increased their MVPA by approximately 52 mins per day which may have influenced 

results. The unintentional observed changes in physical activity in the VLC group and 

metabolic health markers in the HC group demonstrate a potential Hawthorne effect in the 

current study which can have implications for the generalisability of the results (Sedgwick and 

Greenwood, 2015).  Bioelectrical impedance is dependent on body water and VLC diets are 

associated with a decrease in total body water primarily due to a reduction in glycogen stores 

(Malik and Hu, 2007) thus this may have impacted weight loss and FFM levels. However, if 

the weight loss observed was primarily due to water loss greater decreases in FFM would be 

observed. Considering this, the fat loss achieved by the VLC group is a lot higher than what 

would be expected from dietary analysis. Confounding factors described in the discussion and 

above such as the small increases in MVPA and limitations with body composition methods 

and underreporting of food diaries may have hidden the true cause of fat loss rather being 

attributed to the VLC diet alone. 

Participants were randomly assigned to either group, yet unfortunately, this has led to a 

possible imbalance in baseline measures as the VLC group was significantly (P < 0.05) 

heavier due to increased fat mass. This may explain some of the greater improvements within 
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the VLC diet as they may have had higher levels of CMD at baseline. Due to this ANCOVA 

analysis was carried out on significant variables using the baseline measure and baseline 

levels of visceral adipose tissue (VAT) as covariates. ANCOVA analysis reported only slightly 

diminished effects of the VLC diet on sdLDL-C (P = 0.08) that was shown in the primary 

analysis (P = 0.06).  In future, stratified randomisation by sex, fat mass and age could be used 

to consider for covariates that may influence results at baseline (Altman and Bland, 1999). 

Nonetheless, all participants appeared to be metabolically similar at baseline. This study is 

also short in duration limiting extrapolation of findings to long term health; however, the 

objective of this study was to investigate changes in metabolic health and associated 

mechanisms rather than long-term compliance and these changes were evident.  
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3.7. Conclusion 

In conclusion, an 8-week ad libitum VLC diet can improve metabolic health at least as well as 

the current UK guidelines (HC diet) even with an increase in SFA. Both diets similarly improved 

triglycerides, insulin, LARand HOMA-IR levels; however, only the VLC diet showed 

improvements in body composition (fat mass and VAT) which may have led to significantly 

greater improvements in LDL composition and BP compared to the HC diet. These 

improvements ultimately reduce the risk of developing metabolic diseases such as T2D and 

CVD. These results may also lead to a change in future guidelines on how to lead a healthy 

diet. Additionally, emerging biomarkers of metabolic health such as FGF21 and adiponectin 

showed differential responses to each diet as FGF21 showed a tendency of decreasing with 

the VLC diet, but adiponectin showed a tendency of increasing with the HC diet. Yet, higher-

powered longitudinal studies are needed to reveal the impact of diet on such insulin sensitising 

hormones and subsequent metabolic health. Furthermore, the cellular mechanisms in which 

each diet exerts its potential benefits on metabolic health are yet to be investigated and are to 

be examined in chapter 4.  
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4.1.  Abstract 
Introduction: The cellular environment of skeletal muscle is key in regulating insulin signalling 

and subsequent glucose uptake. Diet has a profound effect on metabolic health, muscle insulin 

sensitivity and on associated biomarkers (fibroblast growth factor 21; FGF21). The impact of 

diet on the cellular environment and subsequent in vitro insulin signalling mechanisms are yet 

to be investigated. The objective was to investigate the effect of human serum from 

participants following a low carbohydrate (LC) vs. high carbohydrate (HC) diet on insulin 

signalling and cellular stress using skeletal muscle cells as a model. As both diets improved 

metabolic health, it was hypothesised, both diets would improve the endocrine environment 

resulting in improved insulin signalling, glucose uptake and reduced cellular stress. 

Methods: Human serum was collected from participants, who followed LC or a HC diet, at 0, 

4 and 8 weeks. C2C12 myoblasts and myotubes were pre-conditioned in conventional DMEM 

with horse serum (DM), LC or HC serum for 3 hours before being measured for insulin 

signalling and glucose uptake. In the absence or presence of 100 nM insulin +/- fibroblast 

growth factor 21 (FGF21; 1500 pg/ml), Aktser473 phosphorylation (p-Aktser473) was determined 

after 20 min. Insulin induced glucose uptake was measured after 30 mins using 2-(N-(7-

Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose. AMP-activated protein kinase 

phosphorylation (p-AMPKthr172) was also measured at 0-, 15- and 30-mins post serum 

incubation in myotubes.  

Results: Both diets resulted in significantly (P < 0.05) improved markers of metabolic health. 

In myoblasts, both diets showed a tendency (P = 0.07) of increasing p-Aktser473 but had no 

effect on the insulin stimulated fold-change in p-Aktser473. FGF21 enhanced insulin stimulation 

in DM but had no effect on LC and HC serum and insulin stimulated glucose uptake did not 

significantly change with either diet in myoblasts. In myotubes, both diets showed a significant 

(P < 0.01) decrease in p-Aktser473 but had no effect on the insulin stimulated fold-change. 

Similar to myoblasts, FGF21 enhanced insulin stimulation in DM but had no effect on LC and 

HC serum in myotubes. Insulin stimulated glucose uptake also did not significantly change 

with either diet. In myotubes, both diets resulted in a significant (P < 0.05) decrease in p-

AMPKthr172 and significantly correlated (R = 0.62, P < 0.01) with insulin induced p-Aktser473. As 

AMPK activity can regulate p-Akt, insulin stimulated fold-change in p-Aktser473 and glucose 

uptake were relativised to p-AMPKthr172 in myotubes. Both diets showed a tendency (P = 0.07) 

of increasing p-Aktser473 and significantly (P < 0.01) increased glucose uptake in myotubes. 

Conclusion: Serum derived from humans following a LC or HC diet can improve the in vitro 

skeletal muscle response to insulin stimulation and energy stress signalling. When relativised 

to p-AMPKthr172, both the LC and HC diets that improved metabolic health in vivo improved 

insulin stimulated p-Aktser473 and glucose uptake in a similar fashion, in vitro.  
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4.2.  Introduction 

The C2C12 murine cell line is an established model for studying skeletal muscle in vitro, 

particularly investigating insulin signalling (Turner et al., 2018; Wong, Al-Salami and Dass, 

2020). However, cellular models rarely replicate the physiological environment seen in vivo in 

human skeletal muscle. Cell culture methods have been developed over many years to enable 

questions, not feasible in vivo and to reduce experimental costs; however, they potentially 

under-estimate what actually occurs in muscle adaptation (Cantor et al., 2017). An alternative 

method of using human derived serum in combination with traditional cell culture protocol may 

replicate a more physiologically relevant cellular environment (Carson et al., 2018; Cogan et 

al., 2019) and warrants further investigation.  

Under euglycaemic-hyperinsulinaemic conditions skeletal muscle accounts for approximately 

80% of total glucose uptake and is mediated by the anabolic hormone insulin thus highlighting 

its importance in regulating whole-body glucose homeostasis (Defronzo et al., 1981; 

DeFronzo and Tripathy, 2009).   

Insulin resistance (IR) is a precursor in the development of type 2 diabetes (T2D) and is 

associated with a reduction in skeletal muscle insulin-induced glucose uptake resulting in 

hyperglycaemia and hyperinsulinaemia (Martin et al., 1992; Petersen and Shulman, 2002). IR 

is a major contributor to the pathogenesis of the metabolic syndrome (MetS), which is also 

highly associated with obesity (particularly visceral adipose tissue), dyslipidaemia, 

hypertension, inflammation and cardiovascular disease risk (CVD). (Després and Lemieux, 

2006; Nguyen et al., 2008; Meshkani and Adeli, 2009; Klöting and Blüher, 2014; Sperling et 

al., 2015; Grundy, 2016). Leading an unhealthy lifestyle, such as sedentary behaviour and 

poor nutrition resulting in obesity, is a significant contributor in the development of disrupted 

metabolism (Pattyn et al., 2013; Rodríguez-Monforte et al., 2017; Stein, Ferrari and Scolari, 

2019).  

A major regulator of insulin induced glucose uptake is the serine/threonine kinase Akt 

(Whiteman, Cho and Birnbaum, 2002). There are 3 isoforms of Akt, Akt1, 2 & 3, with Akt2 

being primarily expressed in metabolic tissues and playing a key role in insulin induced 

glucose uptake (Garofalo et al., 2003; Gonzalez and McGraw, 2009). Within insulin sensitive 

tissues, insulin binds to the insulin receptor causing autophosphorylation of tyrosine and trans-

activation of the insulin receptor substrate-1 (IRS-1) (Boucher et al., 2014). The activated IRS-

1 allows the recruitment of the Type IA phosphatidylinositol 3' kinase (PI3K). PI3K catalyses 

the formation of PI(4,5)-bisphosphate (PIP2) to PI(3,4,5)-trisphosphate (PIP3) thus recruiting 

3' phosphoinositide-dependent kinase-1 (PDK-1) (Meshkani and Adeli, 2009; Samuel and 
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Shulman, 2016). PDK-1 phosphorylates Akt and the atypical protein kinase C (PKC) (Alessi 

et al., 1997; Boucher et al., 2014).  Activated Akt phosphorylates 160-kDa substrate of Akt 

(AS160) which stimulates glucose transporter 4 (GLUT4) translocation to the plasma 

membrane allowing glucose uptake (Karlsson et al., 2005; Sakamoto and Holman, 2008). 

Furthermore, conversion of PIP2 to PIP3 by insulin and growth factors results in mammalian 

target of rapamycin complex 2 (mTORC2) activation which also causes phosphorylation and 

activation of Akt promoting cell survival, proliferation and glucose uptake (Saxton and Sabatini, 

2017; Liu and Sabatini, 2020). AMP-activated protein kinase (AMPK) is another regulator of 

skeletal muscle glucose uptake that is independent of insulin (Hardie, Ross and Hawley, 

2012). During times of cellular stress, such as low energy availability triggered by muscle 

contractions, activation of AMPK occurs to inhibit anabolic processes and increase catabolic 

processes to restore cellular ATP concentrations (Hardie, Ross and Hawley, 2012). AMPK, 

similarly to Akt2, also phosphorylates AS160 to increase glucose uptake (Cartee, 2015). 

Activation of AMPK can also cause phosphorylation and activation of mTORC2 thereby 

increasing Akt phosphorylation leading to enhanced insulin stimulated Akt activation (Kazyken 

et al., 2019). Within IR tissue under basal conditions, AMPK activity is upregulated (Al-bayati, 

Brown and Walker, 2019), while the insulin dependent PI3K/Akt signalling cascade is 

diminished. Poor lifestyle habits can increase circulating fatty acids, inflammatory cytokines 

and reactive oxygen species (ROS) which can inhibit tyrosine activation of IRS-1 by insulin 

(Shulman, 2000; Meshkani and Adeli, 2009; Tanti and Jager, 2009; Samuel and Shulman, 

2016). Due to this, therapeutic interventions targeting an improvement in metabolic health to 

reduce obesity, hyperlipidaemia and inflammation may improve insulin sensitivity and reduce 

the risk of developing MetS, T2D and CVD. Additionally, novel hormones may also regulate 

insulin sensitivity such as fibroblast growth factor 21 (FGF21) (Tezze, Romanello and Sandri, 

2019). For example, FGF21 administration improves insulin stimulated glucose uptake in 

primary human skeletal muscle cells yet, a lack of an effect has been observed on Akt 

signalling (Mashili et al., 2011; Jeon et al., 2016). Although conversely, FGF21 positively 

correlates with the MetS and obesity therefore, it may play a role in the transition from insulin 

sensitive to IR or in the maintenance of metabolic health (Lakhani et al., 2018; Tezze, 

Romanello and Sandri, 2019).  

A typical western diet has been implicated in the development of IR, dyslipidaemia and 

inflammation leading to MetS (Rodríguez-Monforte et al., 2017; Drake et al., 2018). The 

current governing body dietary guidelines advocate eating a diet high in carbohydrates (>50%) 

although low in sugar, and low to moderate in fat (<35%), particularly low in saturated fat 

(European Commission, no date; Public Health England, 2016; World Health Organization, 

2018a; U.S. Department of Health and human services, 2020). However, a diet high in 
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carbohydrates (HC) may not be optimal for individuals who are IR or live with T2D. Very low 

carbohydrate diets (LC) (<50 g per/day) have been reported to improve markers of MetS 

including IR and may be better for IR individuals (Schwingshackl and Hoffmann, 2014; 

Feinman et al., 2015; Meng et al., 2017). Although both diets may improve markers of MetS, 

the mechanisms in which they improve insulin sensitivity are not fully understood.  

HC and LC diets exert differential metabolic effects on whole body homeostasis (Hall et al., 

2016); however, the specific interaction of their microenvironment on insulin signalling in 

skeletal muscle has yet to be investigated. Therefore, the aim of this study was to investigate 

the effect of serum from participants who followed an 8-week LC or HC diet and demonstrated 

improved metabolic health (both diets significantly (P < 0.05)  improved VAT levels, fasting 

triglyceride and insulin levels, and HOMA-IR (McCullough et al., 2020) (in study 1, chapter 3)), 

on insulin signalling and glucose uptake in C2C12 cells. The objectives were to:  

1. Determine if insulin signalling changes in response to serum from participants following 

LC or HC diets,  

2. Investigate if potential insulin sensitising FGF21 can mediate an increase in insulin 

signalling in different serum conditions,  

3. Study if serum incubation has an effect on insulin induced glucose uptake and if a 

change in diet enhances/decreases glucose uptake, and  

4. Determine the impact of serum on cellular energy stress using AMPK as a marker.  

The objectives were underpinned by standard cell culture conditions (e.g. conventional 

differentiation medium) to confirm establishment the model. 

It is hypothesised that: 1; as both diets improved metabolic health (study 1, chapter 3, 

(McCullough et al., 2020)), insulin signalling in serum conditioned from LC and HC participants 

would cause an improvement in insulin signalling. 2; that the conditioned serum would change 

from a high stress environment to a lower stressful environment in response to diet, 3; both 

diets would improve glucose uptake at subsequent timepoints, and 4; that FGF21 would 

enhance insulin signalling. 
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4.3.  Methods 

4.3.1.  Participants 

Serum derived from participants following either a LC (n= 8) or HC diet (n= 8) for 8 weeks was 

used for this study. Within-group serum was pooled and heat inactivated at 56 C° for 30 mins.  

For details of methods and results see study 1, chapter 3. Briefly, participants were requested 

to attend LJMU laboratories for blood sampling in the morning, having been fasted for 12 

hours, at 0, 4 and 8 weeks of the diet.  

4.3.2.  Cell culture 

C2C12 cells were purchased from ATCC and passages 8-12 were used. For detailed cell 

culture see general methods section 2.2. Briefly, cells were grown in T75 flasks containing 

growth media (GM) (DMEM, 10% FBS, 10% NBCS, 1% PS, 2mM L-G) in a humidified 

atmosphere of 5% CO2 at 37 °C. Upon reaching 80% confluence, cells were split into 6 well 

plates at a density of 4 x105 cells/ml and cultured for 48 hrs in a humidified atmosphere of 5% 

CO2 at 37 °C until 80% confluency. Cells were incubated in differentiating media (DM) (DMEM, 

2% HS, 1% PS, 2mM L-G) to induce differentiation to myotubes. Myotubes formed over 96-

144 hours with the media being topped up with 1 ml of DM every 48 hours in a humidified 

atmosphere of 5% CO2 at 37 °C. 

4.3.3.  Insulin stimulation 

To investigate insulin signalling in myoblasts, after attainment of 80% confluence in 6 well 

plates, cells were washed twice with phosphate buffered saline (PBS) and incubated for 3 

hours at 37 °C and 5% CO2 in DM or LCDM (DMEM, 2% HI LC serum, 1% PS, 2mM L-G) or 

HCDM (DMEM, 2% HI HC serum, 1% PS, 2mM L-G). To investigate insulin signalling in 

myotubes, fully formed myotubes were washed twice with PBS and incubated for 3 hours in 

DM, LCDM or HCDM. Cells were spiked with 100 nM insulin and incubated at 37 °C and 5% 

CO2 for 20 mins. To investigate impact of FGF21 on insulin signalling, 1.5 ng/ml FGF21 was 

co-incubated with serum for 3 hours prior to insulin stimulation. This dose was selected as it 

was the highest physiologically relevant dose observed in participants from study 1 and this 

incubation time was selected as it showed to elicit a greater response in p-Akt compared to 

1hr in myoblast. 

Following insulin stimulation, myoblasts were washed twice with ice cold PBS, trypsinised and 

centrifuged at 800 g at 4 °C for 5 mins. Cells were fixed with 2% paraformaldehyde and 
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incubated for 30 mins at room temperature. Cells were permeabilised with ice-cold 100% 

methanol and stored at -20 °C before processing for flow cytometry. Myotubes were lysed and 

scraped with RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 

1% NP-40, 1 mM EDTA.) before processing for western blot. Myotubes could not be subjected 

to flow cytometric analyses, hence the need to adopt Western blotting. For further details of 

see section 2.3.5. 

4.3.4.  Assessment of serum on myotube metabolism 

To assess the impact of serum on myotube metabolism, myotubes were washed twice with 

PBS and incubated for 3 hours in serum free media (1% PS, 2mM L-G) at 37 °C and 5% CO2. 

After incubation in serum free media, myotubes were washed twice with PBS and incubated 

in DM, LCDM and HCDM at 37 °C and 5% CO2. At 0, 15 and 30 mins, myotubes were lysed 

and scraped with 1x RIPA buffer before processing for western blot (section 2.3.5).  

4.3.5.  Glucose uptake 

For full details on glucose uptake assay see section 2.3.1. Briefly, in 96 well plates cells were 

washed twice with PBS and incubated in serum free, low glucose, 1% BSA DMEM for 24 

hours, prior to being washed twice with PBS and transferred DM, LCDM and HCDM containing 

0% glucose and 100 µM 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose, 

(2NBDG). Myoblasts and myotubes were incubated at 37 °C and 5% CO2 in the absence or 

presence of 100 nm of insulin for 30 mins. After incubation cells were placed on ice and 

washed 3 times with ice cold PBS. Cell fluorescence was detected (λex = 460 to 490 nm, λem 

=530 to 550 nm) using a microplate reader (Clariostar, BMG LABTECH, Ortenberg, Germany). 

Protein concentration was determined by BCA™ (see methods section 2.3.3) assay and 

glucose uptake was relativised to protein content and expressed as fold change of basal 

glucose uptake.  

4.3.6.  Flow cytometry 

To detect phosphoproteins in myoblasts, flow cytometry (BD Accuri C6, BD Biosciences, 

Wokingham, UK) was performed. For detailed description see section 2.3.4. Briefly, cells were 

washed with flow buffer (PBS + 0.5% horse serum) and centrifuged at 600 g at 4 °C for 5 

minutes. Cells were resuspended at 1 x 106 cells/ml in flow buffer. The anti-human/mouse 

phospho-AKT (S473; APC; 675/25 nm; 0.5 μg) antibody (Thermo Fisher Scientific inc, 

Waltham, USA) was added to samples and incubated at RT in the dark for 60 minutes. Cells 

were washed 2 times by centrifuging at 600 g at 4 °C for 5 minutes and resuspending in flow 

buffer. Data from 1000 events were recorded by flow cytometry. 
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4.3.7.  SDS-Page and immunoblotting 

Total protein and phosphoproteins in myotubes were detected by Western blot, (see section 

2.3.5 for further details). Protein concentrations of samples were determined by BCA™ assay 

(section 2.3.3) and samples were subsequently resuspended in 5x Laemmli buffer at 1 mg/ml. 

40 µg of sample was loaded and electrophoresed on 10% SDS-polyacrylamide gels. Semi-

dry transfer of proteins to a nitrocellulose membrane using BioRad transfer pack was carried 

out. Following blocking for 1-hour in 5% non-fat dried milk, membranes were incubated 

overnight with rabbit anti-phosphorylated or total; Aktser473 and AMPKthr172, both at a dilution of 

1:1000 (Cell Signalling Technology, London, UK). After overnight incubation, the membrane 

was washed 3 times in TBS-Tween at 0.1% and incubated for 1 hour in HRP-conjugated goat 

anti-rabbit antibodies at dilution of 1:1000 (Thermo Fisher Scientific inc, Waltham, USA). 

Proteins were visualised by enhanced chemiluminescence (Thermo Fisher Scientific inc, 

Waltham, USA) and quantified by densitometry (ChemiDocTM MP imaging system, Bio-Rad 

Laboratories, Inc. CA, USA) 

4.3.8.  Statistical analysis 

GraphPad Prism version 9 (California, USA) statistical software was used for statistical 

analyses. Data were assessed and confirmed for normal distribution by Shapiro Wilks test. To 

compare the effects of DM on insulin signalling, data were subjected to a paired t-test to detect 

significant difference between basal and stimulated conditions. To investigate the effects of 

DM and FGF21 on insulin signalling, data underwent a 2 x 2 mixed ANOVA with 2 between 

factors (DM vs. DM/FGF) and 2 within factors (0 nM vs. 100 nM of insulin). To investigate the 

effect of DM on insulin induced glucose uptake and on cellular stress, data underwent a one-

way ANOVA. To determine the effect of diet on insulin signalling, data underwent a 3-way 

mixed ANOVA with 2 between factors (LCDM vs. HCDM), 3 within (time) factors (baseline vs. 

interim vs. endpoint) and 2 within (dose) factors (0 nM vs. 100 nM of insulin) at each timepoint. 

To investigate the effect of diet and FGF21 on insulin signalling, data underwent a 3-way 

mixed ANOVA with 2 between (group) factors (LCDM vs. HCDM), 2 between (condition) 

factors (DM vs. DM/FGF) and 2 within (dose) factors (0 nM vs. 100 nM of insulin). To compare 

the effects of diet on cellular stress at 0 mins, 15 mins and 30 mins, data underwent a 3-way 

mixed ANOVA with 2 between factors (LCDM vs. HCDM), 2 within (time) factors (0 min vs. 15 

mins, 0 min vs. 30 mins and 15 min vs. 30 min) and 3 within (timepoints) factors (baseline, 

interim and endpoint). To investigate the effect of diet on glucose uptake at 0 nM and 100 nM 

of insulin, data underwent a 3-way mixed ANOVA with 2 between factors (LCDM vs. HCDM), 

2 within (dose) factors (0 nM vs. 100 nM) and 3 within (timepoints) factors (baseline, interim 
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and endpoint). Bonferroni post hoc pairwise comparisons test was used when significant main 

effects and interactions were present. Pearson’s correlation analysis was done on normally 

distributed data to investigate if there were any associations between p/t-Aktser473, p/t-

AMPKthr172 and glucose uptake. Non-normally distributed data underwent Spearman’s 

correlation. All data are presented as mean ± SEM and significance set as P ≤ 0.05. 
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4.4.  Results 

4.4.1.  Both a LC and HC diet for 8 weeks improve markers of 

metabolic health (Study 1, Chapter 3). 

Participants following the LC diet significantly (P < 0.001) decreased their carbohydrate intake 

and significantly (P < 0.001) increased their fat intake. The HC group showed no significant 

change in diet. Both diets similarly improved metabolic health due to significant (P < 0.05) 

improvements in, fasting triglyceride and insulin levels, and HOMA-IR. 

4.4.2.  Insulin increases Aktser473 phosphorylation in skeletal muscle 

C2C12 myoblasts in DM. 

Prior to determining the effect of diet on serum and subsequent cellular mechanisms, the 

cellular mechanisms in response to routine cell culture were investigated. Following incubation 

of myoblasts in DM, 100 nM of insulin stimulation significantly (P < 0.001) increased p-Aktser473 

by 28%, from 68908 ± 4172 AU to 88349 ± 4599 AU after 20 mins (Figure 4.1).  

 

Figure 4.1. The effect of insulin stimulation in myoblasts on p-Aktser473 in DM after 20 min. *** P ≤ 0.001 

indicates significantly different to control (0 nM). All data (n=6 in duplicate replicates in each group) are 

presented as mean ± SEM. 
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4.4.3.  Co-incubation of skeletal muscle C2C12 myoblasts in DM 

with FGF21 enhances insulin stimulated Aktser473 

phosphorylation. 

In the presence of FGF21 alone, there was no significant (P = 0.22) increase in basal p-

Aktser473 from 60256 ± 9960 to 73982 ± 9960 AU. Insulin significantly (P < 0.001) increased 

basal p-Aktser473 to 68486 ± 10587 AU in the absence of FGF21 and to 99302 ± 12776 AU in 

the presence of FGF21 (Figure 4.2). The higher levels of p-Aktser473 with FGF21 led to a 

significant (P < 0.01) interaction between groups. Insulin increased p-Aktser473 in DM and 

DM/FGF by 1.15 ± 0.05 and 1.34 ± 0.02-fold respectively (Table 4.1). The fold change in 

DM/FGF21 was also significantly (P = 0.04) greater than the fold change in DM alone. 

 

Figure 4.2. The effect of insulin stimulation in myoblasts on p-Aktser473 in DM and DM/FGF after 20 min. 

*** P < 0.001 indicates significantly different to control (0 nM). ## P < 0.01 indicates significant interaction 

between groups. All data (n=4 replicates in duplicate in DM and n=3 replicates DM/FGF) are presented 

as mean ± SEM. 

4.4.4.  Insulin stimulation of skeletal muscle C2C12 myoblasts in 

DM shows a tendency of increasing glucose uptake 

Having confirmed the cells were responsive to insulin induced Akt phosphorylation, the impact 

on glucose uptake was investigated. Following incubation in DM, myoblasts were treated with 

0 nM and 100 nM of insulin for 30 min (Figure 4.3).  Insulin stimulation showed a trend (P = 

0.06) of increasing glucose uptake by a fold change of 1.38 ± 0.16.  
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Figure 4.3. The effect of insulin stimulation in myoblasts on relative fold change in glucose uptake in 

DM after 30 min. All data (n=6 replicates in duplicate in DM) are presented as mean ± SEM. 

4.4.5.  Insulin increases Aktser473 phosphorylation in skeletal muscle 

C2C12 myoblasts in LCDM and HCDM, but diet has no effect on 

insulin signalling. 

In the presence of LCDM or HCDM, stimulation of myoblasts with 100 nM insulin for 20 min 

did not significantly (P = 0.09) increase p-Aktser473 at baseline (LCDM; 80052 ± 12723 to 

100095 ± 11965 AU, HCDM; 84923 ± 11726 to 93993 ± 16360 AU), interim (LCDM; 89788 ± 

8007 to 118427 ± 17774 AU, HCDM; 83241 ± 14645 to 108877 ± 10756 AU) or endpoint 

(LCDM; 86737 ± 20170 to 119451 ± 25588 AU, HCDM; 86275 ± 14392 to 116092 ± 27058 

AU) (Figure 4.4). There was a tendency (P = 0.07) of p-Aktser473 to increase throughout the 

diet. Post-hoc analyses showed endpoint p-Aktser473 to be significantly (P = 0.02) higher 

compared to baseline. There was no significant interaction between timepoints, groups and 

insulin stimulation. 

The relative insulin induced p-Aktser473 fold change vs control after 20 mins significantly (P < 

0.001) increased at baseline (LCDM; 1.29 ± 0.07, HCDM; 1.1 ± 0.08) interim (LCDM; 1.3 ± 

0.12, HCDM; 1.41 ± 0.16) and endpoint (LCDM; 1.4 ± 0.12, HCDM; 1.32 ± 0.11) (Table 4.1). 

No significant interaction between groups at any timepoint was observed. Furthermore, the 

fold change of p-Aktser473 did not significantly change with time. There was no significant 

interaction between timepoints, groups and insulin stimulation. 
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Figure 4.4. The effect of insulin stimulation in myoblasts on absolute p-Aktser473 in LCDM and HCDM 

after 20 min at each timepoint. All data (n=5 replicates in each group) are presented as mean ± SEM. 

4.4.6.  Co-incubation of FGF21 reduces Aktser473 phosphorylation 

but has no effect on insulin stimulated Aktser473 phosphorylation 

in skeletal muscle C2C12 myoblasts in LCDM and HCDM. 

Following co-incubation of FGF21 with baseline LCDM or HCDM, stimulation of myoblasts 

with 100 nM insulin for 20 min significantly (P < 0.01) increased p-Aktser473 in cells incubated 

with LC/FGF (45370 ± 3839 to 52811 ± 2886 AU) and HC/FGF (48868 ± 4289 to 57482 ± 

3448 AU) (Figure 4.5). There was no significant interaction between groups. The p-Aktser473 

levels observed in LC/FGF and HC/FGF were significantly (P < 0.05) lower than the p-Aktser473 

baseline levels of LCDM and HCDM. There was no significant interaction between condition, 

group or insulin stimulation. 

The relative insulin induced p-Aktser473 vs. control (0 nM) after 20 mins significantly (P < 0.001) 

increased in LC/FGF by 1.2 ± 0.1-fold and HC/FGF by 1.19 ± 0.07-fold (Table 4.1). The fold 

changes in LC/FGF and HC/FGF were not significantly different between each other or with 

baseline levels of LCDM and HCDM alone. There was no significant interaction between 

condition, groups and insulin stimulation. 
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Figure 4.5. The effect of insulin stimulation in myoblasts after 20 min on p-Aktser473 in LC/FGF, HC/FGF 

and baseline LCDM and HCDM. ** P ≤ 0.01, indicates significantly different to control (0 nM), $$ P ≤ 

0.01 significantly different between FGF and DM conditions. All data (n=5 replicates LCDM and HCDM, 

n=3 replicates in LC/FGF and HC/FGF) are presented as mean ± SEM. 

4.4.7.  Insulin stimulation of skeletal muscle C2C12 myoblasts in 

LCDM and HCDM does not increase glucose uptake. 

Following incubation in LCDM and HCDM glucose uptake in myoblasts was measured after 

30 min in the absence and presence of 100 nM of insulin (Figure 4.6). No significant relative 

fold change in insulin induced glucose uptake was observed from 0 nM to to 100 nM (BL = 

LCDM; 1.13 ± 0.16, HCDM; 0.93 ± 0.08, INT = LCDM; 1.23 ± 0.26, HCDM; 1.08 ± 0.17, END 

= LCDM; 1.15 ± 0.12, HCDM; 1.03 ± 0.15) at any timepoint. No significant interaction was 

observed between timepoints or groups. This may be due to methodical issues as described 

previously (see methods 2.3.1). 

Figure 4.6. The effect of insulin stimulation in myoblasts on glucose uptake in LCDM and HCDM after 

30 min. All data (n=3 replicates in duplicate) are presented as mean ± SEM. 
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4.4.8.  Summary of the effects of serum on insulin signalling and 

glucose uptake in myoblasts (Figure 4.17). 

Stimulation of myoblasts with 100 nM insulin for 20 mins showed significant (P < 0.001) 

increases in p-Aktser473 in DM, LCDM and HCDM. Diet showed a tendency (P = 0.07) to 

increase p-Aktser473 but had no effect on the relative fold change with insulin stimulation.  

Co-incubation of DM and FGF21 significantly (P < 0.05) enhanced p-Aktser473 compared to DM 

alone and insulin stimulated fold change of in p-Aktser473. In contrast, co-incubation of baseline 

LCDM or HCDM with FGF21 significantly (P < 0.01) decreased p-Aktser473 compared to LCDM 

or HCDM alone, however, had no effect on the insulin induced fold change of p-Aktser473.  

No significant change in glucose uptake was observed with 100 nM of insulin following 

incubation in LCDM and HCDM. 

These results warrant further research in myotubes to investigate if conditioned serum has 

similar effects in myoblasts. 

4.4.9.  Insulin stimulation of skeletal muscle C2C12 myotubes in 

DM show greater increases in Aktser473 phosphorylation 

compared to myoblasts. 

Following incubation of myotubes in DM, 100 nM insulin stimulation significantly (P < 0.001) 

increased p/t-Aktser473 by 3.1-fold, after 20 mins from 0.61 ± 0.09 p/t-Aktser473 to 1.9 ± 0.29 p/t-

Aktser473 (Figure 4.7). 
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Figure 4.7. The effect of insulin stimulation in myotubes on p/t-Aktser473 in DM after 20 min. A) 

Quantitative and B) qualitative representation. *** P ≤ 0.001 indicates significantly different to control (0 

nM). All data (n=9 replicates in each group) are presented as mean ± SEM. 
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4.4.10. Skeletal muscle C2C12 myotubes show a greater increase 

in insulin stimulated fold change in Aktser473 phosphorylation 

compared to myoblasts when FGF21 is incubated in DM.  

In the presence of FGF21 alone, there was no significant (P = 0.99) change in basal p/t-

Aktser473 from 0.61 ± 0.09 to 0.36 ± 0.17 p/t-Aktser473. Insulin significantly (P < 0.001) increased 

basal p/t-Aktser473 to 1.89 ± 0.29 in the absence of FGF21 and to 1.58 ± 0.67 p/t-Aktser473 in the 

presence of FGF21 (Figure 4.8). There was no difference in p/t-Aktser473 in DM vs FGF.  

Insulin increased p/t-Aktser473 in DM by a fold change of 3.15 ± 0.31 and in the presence of 

FGF21 by 6.31 ± 2.19-fold (Table 4.1). The fold change in DM/FGF21 was significantly (P = 

0.03) greater than the fold change in DM alone. 
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Figure 4.8. The effect of insulin stimulation in myotubes on p/t-Aktser473 in DM and DM/FGF after 20 

min. A) Quantitative and B) qualitative representation. *** P ≤ 0.001 indicates significantly different to 

control (0 nM). All data (n=3 replicates in triplicate in DM and n=3 replicates DM/FGF) are presented as 

mean ± SEM. 

4.4.11. Insulin stimulation of skeletal muscle C2C12 myotubes in 

DM increase glucose uptake, similarly to myoblasts. 

Following the significant impact of insulin on p/t-Akt phosphorylation in myotubes, the impact 

of 100 nM of insulin for 30 min on glucose uptake was investigated (Figure 4.9). Glucose 

uptake significantly (P = 0.04) increased by a fold change of 1.44 ± 0.65 with 100 nM of insulin. 
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Figure 4.9. The effect of insulin stimulation in myotubes on glucose uptake in DM after 30 min. All data 

(n=6 replicates in duplicate in DM) are presented as mean ± SEM.* P < 0.05 indicates significantly 

different to 0 nM. 

4.4.12.  LC and HC diets show a reduction in insulin stimulated 

Aktser473 phosphorylation in skeletal muscle C2C12 myotubes in 

contrast to myoblasts. 

Having established the impact of control culture conditions on myotube behaviour, the impact 

of LCDM and HCDM could be further investigated. Under baseline conditions, in the presence 

of LCDM or HCDM there was no impact on Akt phosphorylation (LCDM; 0.7 ± 0.0 vs. HCDM; 

0.85 ± 0.2). Stimulation of myotubes with 100 nM insulin for 20 min significantly (P < 0.01) 

increased p/t-Aktser473 at baseline (LCDM 3.25 fold; 0.7 ± 0.0 to 2.27 ± 0.43 p/t-Aktser473, HCDM 

2.9 fold; 0.85 ± 0.2 to 2.47 ± 0.57 p/t-Aktser473), interim (LCDM 1.95 fold; 0.65 ± 0.03 to 1.25 ± 

0.1 p/t-Aktser473, HCDM 2.59 fold; 0.74 ± 0.12 to 1.92 ± 0.49 p/t-Aktser473) and endpoint (LCDM 

2.13 fold; 0.64 ± 0.17 to 1.31 ± 0.43 p/t-Aktser473, HCDM 2.6 fold; 0.43 ± 0.13 to 0.99 ± 0.09 

p/t-Aktser473) (Figure 4.10). There was a significant (P = 0.01) decrease of p/t-Aktser473 

compared to baseline leading to a significant (P = 0.03) interaction between timepoints vs. 

control and insulin stimulation. There was no significant interaction between timepoints, 

groups and insulin stimulation. 
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Figure 4.10. The effect of insulin stimulation in myotubes on p/t-Aktser473 in LCDM and HCDM after 20 

min at each timepoint. A) Quantitative and B) qualitative representation. ** P < 0.01, indicates 

significantly different to control (0 nM), $$ P < 0.01 indicates significant effect for time, a P < 0.05 indicates 

significant interaction between timepoints vs. control and insulin stimulation. All data (n=3 replicates in 

each group) are presented as mean ± SEM. 

4.4.13. FGF21 does not enhance insulin stimulated fold change in 

Aktser473 phosphorylation in skeletal muscle C2C12 myotubes, 

similarly to myoblasts, when in LCDM and HCDM.  

Under baseline conditions, in the presence of LCDM or HCDM there was no impact on Akt 

phosphorylation (LCDM; 0.7 ± 0.0 vs. HCDM; 0.85 ± 0.2). In the presence of FGF21, baseline 

conditions did not change (LCDM; 0.49 ± 0.05 vs. HCDM; 1.25 ± 0.42). Stimulation of 

myotubes with 100 nM insulin for 20 min significantly (P < 0.01) increased p/t-Aktser473 at 

baseline (LCDM 3.25-fold; 0.7 ± 0.0 to 2.27 ± 0. p/t-Aktser473, HCDM 2.9-fold; 0.85 ± 0.2 to 2.47 

± 0.57 p/t-Aktser473). In the presence of FGF21, stimulation with 100 nM of insulin, significantly 

(P < 0.01) increased p/t-Aktser473 (LC/FGF 2.74-fold; 0.49 ± 0.05 to 1.28 ± 0.12 p/t-Aktser473, 

HC/FGF 2.8 fold; 1.25 ± 0.42 to 2.51 ± 0.34 p/t-Aktser473) (Figure 4.11). 

There was a significant (P < 0.05) interaction between condition vs. LC and HC. The p/t-

Aktser473 levels observed in LCDM and LCFGF were significantly (P < 0.05) lower than the p/t-
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Aktser473 baseline levels of HCDM and HC/FGF. There was no significant interaction between 

condition, group or insulin stimulation. 
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Figure 4.11. The effect of insulin stimulation in myotubes after 20 min p-Aktser473 LC/FGF, HC/FGF and 

baseline LCDM and HCDM. A) Quantitative and B) qualitative representation. ** P < 0.01, indicates 

significantly different to control (0 nM), $ P < 0.05 significantly different between LC and HC groups, a P 

< 0.05 indicates significant interaction between condition vs. LC and HC. All data (n=3 replicates) are 

presented as mean ± SEM. 

 

4.4.14. Insulin stimulation of skeletal muscle C2C12 myotubes in 

LCDM and HCDM show no change in glucose uptake, similarly to 

myoblasts. 

Having investigated the impact of LCDM and HCDM on Akt phosphorylation, glucose uptake 

was measured in response to insulin for 30 min in myotubes (Figure 4.12). No significant 

relative fold change in insulin induced glucose uptake was observed from 0nM to 100 nM (BL 

= LCDM; 1.48 ± 0.52, HCDM; 1.03 ± 0.1, INT = LCDM; 1.1 ± 0.24, HCDM; 1.02 ± 0.12, END 

= LCDM; 1 ± 0.25, HCDM; 1.2 ± 0.12) at any timepoint. No significant interaction was observed 

between timepoints or groups. This may be due to methodical issues as described previously 

(see methods 2.3.1). 
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Figure 4.12. The effect of insulin stimulation in myotubes on glucose uptake in LCDM and HCDM after 

30 min. All data (n=3 replicates in duplicate in DM) are presented as mean ± SEM. 

 

4.4.15. DM does not increase AMPKthr172 phosphorylation in 

skeletal muscle C2C12 myotubes. 

To investigate the effects of DM on p/t-AMPKthr172, myotubes were incubated with DM for 0, 

15 and 30 mins (Figure 4.13). No significant change in p/t-AMPKthr172 was observed with time 

from 0 mins (0.69 ± 0.08 p/t-AMPKthr172) to 15 mins (1.09 ± 0.9 p/t-AMPKthr172) or 30 mins (1.9 

± 0.86 p/t-AMPKthr172). 

Table 4.1. Insulin stimulated fold change in Aktser473 phosphorylation in myoblasts and 
myotubes in each condition. 

Condition Myoblasts Myotubes 

 
Fold change p-Aktser473 

Vs 0 nM 
Fold change p-Aktser473 

Vs 0 nM 

DM 1.15 ± 0.05 3.15 ± 0.31 
DM/FGF 1.34 ± 0.02* 6.31 ± 2.19* 

LCDM Baseline 1.29 ± 0.07 3.25 ± 0.62 
HCDM Baseline 1.1 ± 0.08 3.33 ± 1.29 
LCDM Interim 1.3 ± 0.12 1.95 ± 0.23 

HCDM Interim 1.41 ± 0.16 2.59 ± 0.42 
LCDM Endpoint 1.4 ± 0.12 2.13 ± 0.31 
HCDM Endpoint 1.32 ± 0.11 2.6 ± 0.60 

LC/FGF 1.2 ± 0.10 2.74 ± 0.58 
HC/FGF 1.19 ± 0.07 2.8 ± 1.32 

Data presented as mean ± SEM. * indicates significantly different to DM 
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Figure 4.13. The effect of DM serum on p/t-AMPKthr172 at 0, 15 and 30 minutes in myotubes. A) 

Quantitative and B) qualitative representation. All data (n=3 replicates in duplicate in DM) are presented 

as mean ± SEM. 

4.4.16. LCDM and HCDM increase AMPKthr172 phosphorylation in 

skeletal muscle C2C12 myotubes but diet reduces this effect. 

To investigate the effects of diet on p/t-AMPKthr172, myotubes were incubated with LCDM and 

HCDM for 0, 15 and 30 mins (Figure 4.14). LCDM and HCDM relative fold change of p/t-

AMPKthr172 from 0 min showed a tendency (P = 0.06) of increasing at 15 mins and significantly 

(P < 0.05) increased from 0 to 30 mins and 15 to 30 mins. LCDM and HCDM relative fold 

change of p/t-AMPKthr172 significantly (P = 0.04) decreased from baseline to endpoint after 15 

min (BL = LCDM; 2.25 ± 0.43, HCDM; 2.25 ± 0.74, INT = LCDM; 1.2 ± 0.28, HCDM; 0.9 ± 

0.31, END = LCDM; 1.37 ±  0.22, HCDM; 1.97 ± 0.66) and 30 min (BL = LCDM; 6.51 ± 2.16, 

HCDM; 4.54 ± 0.83, INT = LCDM; 2.16 ± 0.43, HCDM; 2.93 ± 0.64, END = LCDM; 1.33 ± 0.2, 

HCDM; 1.96 ± 0.44). No significant interaction was observed between groups at 15 or 30 min.  

4.4.17. Insulin induced p/t-Aktser473 correlates with p/t-AMPKthr172 in 

myotubes. 

To investigate if the differences in p/t-AMPKthr172 were associated with differences in insulin 

induced p/t-Aktser473 Spearman’s correlation analysis was undertaken. p/t-AMPKthr172 at 30 

mins was significantly positively associated (r = 0.62, P < 0.01) with insulin stimulated p/t-

Aktser473 at 20 mins (Figure 4.15). No significant (r = 0.05, P = 0.82) association was found 

between p/t-AMPKthr172 after 15 mins and p/t-Aktser473 at 20 mins. No significant association 

was found with glucose uptake. 
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Figure 4.14. The effect of LCDM and HCDM on p/t-AMPKthr172 in myotubes after 15 and 30 min. A) 

Quantitative and B) qualitative representation.  * P ≤ 0.05 indicates significantly different from baseline 

to endpoint of diet, $ P ≤ 0.05 indicates significantly different from 15 to 30 mins. All data (n=3 replicates 

in duplicate in DM) are presented as mean ± SEM 
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Figure 4.15. Correlation of p/t-AMPKthr172 after 30 minutes of serum incubation and insulin induced p/t-

Aktser473 after 20 min. Significance set as P ≤ 0.05. 
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4.4.18. Diet increases insulin stimulated p/t-Aktser473 and glucose 

uptake when relativised to p/t-AMPKthr172. 

Research shows AMPK activity to influence insulin dynamics. For example, AMPK activation 

has shown to stimulate insulin induced glucose uptake during IR conditions (Jaiswal et al., 

2019) while also activating the Akt pathway via mTORc2 signalling (Kazyken et al., 2019).  

thus, reduced AMPK activity at each timepoint may have influenced results. Therefore, each 

timepoint was relativised to p/t-AMPKthr172 at 30 mins. Insulin stimulated fold change in p/t-

Aktser473/p/t-AMPKthr172 showed a trend (P = 0.07) of increasing from baseline (LCDM; 0.5 ± 

0.01, HCDM; 0.73 ± 0.28) to interim (LCDM; 0.9 ± 0.11, HCDM; 0.89 ± 0.14) and endpoint 

(LCDM; 1.6 ± 0.24, HCDM; 1.33 ± 0.3) in both diets (Figure 4.16A). Glucose uptake when 

relativised to p-AMPK showed a significant (P < 0.01) increase with 100 nM insulin from 

baseline (LCDM; 0.23 ± 0.08, HCDM; 0.23 ± 0.02) to interim (LCDM; 0.51 ± 0.11, HCDM; 0.35 

± 0.04) and endpoint (LCDM; 0.76 ± 0.19, HCDM; 0.61 ± 0.06) (Figure 4.16B). No significant 

difference was observed between diets. 

✱✱

 

Figure 4.16. The effect of insulin stimulation in myotubes on insulin induced fold change of A) p/t-

Aktser473 and B) glucose uptake relativised to p/t-AMPKthr172 in LCDM and HCDM. ** P < 0.01 indicates 

significantly different from baseline to endpoint of diet. All data (n=3) are presented as mean ± SEM. 

4.4.19. Summary of the effects of serum on insulin signalling 

glucose uptake and AMPK in myotubes (Figure 4.17). 

Stimulation of myotubes with 100 nM insulin for 20 mins showed significant (P < 0.001) 

increases in p/t-Aktser473 in DM, LCDM and HCDM. Surprisingly, both diets resulted in a 

significant (P = 0.01) decrease of p/t-Aktser473 compared to baseline leading to a significant (P 

< 0.05) interaction between timepoints vs. control and insulin stimulation. However, diet had 
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no effect on the relative fold change with insulin stimulation. In contrast, co-incubation of DM 

and FGF21 did not significantly (P > 0.05) enhance p/t-Aktser473 compared to DM alone but 

significantly (P < 0.05) increased the insulin stimulated fold change of in p/t-Aktser473. Similarly 

to myoblasts, co-incubation of baseline LCDM or HCDM with FGF21 did not significantly (P > 

0.05) increase p/t-Aktser473 compared to LCDM or HCDM alone. The p/t-Aktser473 levels 

observed in LCDM and LCFGF were significantly (P < 0.05) lower than the p/t-Aktser473 

baseline levels of HCDM and HC/FGF but no difference was observed in the relative fold 

change in insulin stimulation. 

No significant change in glucose uptake was observed with 100 nM of insulin following 

incubation in LCDM and HCDM.  

Both diets resulted in a significant decrease in AMPKthr172 phosphorylation which was 

significantly positively associated (R = 0.62, P < 0.01) with insulin stimulated p/t-Aktser473 at 20 

mins. Due to the potential effect of reduced AMPK activity on reducing insulin sensitivity, each 

timepoint was relativised to AMPKthr172 phosphorylation. This resulted in both diets showing a 

trend (P = 0.07) at increasing insulin stimulated p/t-Aktser473 and significantly increasing 

glucose uptake compared to baseline relative to AMPK activity levels. 
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4.5. Discussion 

The main outcome of this investigation is that insulin significantly increased p-Aktser473 in all 

serum conditions but in contrast to hypothesis 1, although myoblasts significantly (P = 0.02) 

increased p-Aktser473 by endpoint, the insulin-induced relative fold change did not differ 

between timepoints. Conversely, myotubes showed a significant (P = 0.01) decrease of p/t-

Aktser473 compared to baseline leading to a significant (P = 0.03) interaction between timepoints 

vs. control and insulin stimulation in both diets. However, the relative fold-change was not 

significantly different between timepoints or groups.  

In agreement with hypothesis 2 both diets significantly (P = 0.04) reduced p/t-AMPKthr172 

compared to baseline, indicating a reduction in cellular stress. There was no significant 

difference between diets and p/t-AMPKthr172 at 30 mins, significantly correlated (R = 0.62, P < 

0.01) with insulin induced p/t-Aktser473 at 20 mins. Interestingly, due to the potential role of 

AMPK on Akt signalling (Kazyken et al., 2019), insulin stimulated p/t-Aktser473 was expressed 

relative to p/t-AMPKthr172 to account for differences in p/t-AMPKthr172 between timepoints. This 

resulted in a tendency (P = 0.07) of insulin stimulated p/t-Aktser473 improving with both diets in 

myotubes in accordance with hypothesis 1.  

Contrary with hypothesis 3, insulin did not have any significant effect on glucose uptake in 

LCDM or HCDM. This was most likely due to methodical issues as explained in method 

development. However, when insulin stimulated glucose uptake was relativised to p/t-

AMPKthr172, a significant (P < 0.01) improvement in glucose uptake was observed with both 

diets.  

In contrast with hypothesis 4, although FGF21 significantly (P < 0.05) enhanced the relative 

fold change in p/t-Aktser473 when stimulated with insulin in myoblasts and myotubes conditioned 

with DM, FGF21 had no significant effect on the insulin induced fold change in p/t-Aktser473 in 

LCDM and HCDM. In myoblasts, FGF21 significantly (P < 0.01) decreased basal and insulin 

stimulated p/t-Aktser473 levels similarly in LCDM and HCDM, whereas in myotubes, FGF21 

significantly (P < 0.05) decreased basal and stimulated p/t-Aktser473 in LCDM but increased in 

HCDM. 
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Figure 4.17. Summary of the effects of human derived serum following an 8-week LC or HC diet on 

insulin signalling, glucose uptake and AMPK phosphorylation in myoblasts (top) and myotubes 

(bottom). 

While reproducible, traditional cellular models typically change only one variable to study 

insulin signalling and mechanisms of IR (Yuan et al., 2017; Turner et al., 2018). Although it is 

well established that the in vivo cellular environment has an impact on insulin signalling and 

subsequent IR, in vitro cellular models do not mimic the human in vivo environment  (Samuel 

and Shulman, 2016; Cantor et al., 2017). IR is the precursor in the development of T2D and 

is primarily driven by myriad of metabolic disturbances as a result of unhealthy lifestyles 

(Schellenberg, 2013; Samuel and Shulman, 2016). Therefore, traditional cell culture methods 

cannot elucidate the impact of the change in metabolic factors (nutrients, hormonal and 

inflammatory) on insulin signalling in response to interventions, such as a change in diet. The 

development of cellular models using human serum has allowed investigators to assess post-

prandial effects of protein supplementation on GLUT 4 translocation and muscle protein 

synthesis (Carson et al., 2018; Cogan et al., 2019; Patel et al., 2019). Furthermore, human 

plasma derived from old participants showed decreases in myoblast migration and myotube 

diameter compared to young plasma (Kalampouka, van Bekhoven and Elliott, 2018). 

Typically, mechanisms of human skeletal muscle adaptation are investigated by use of muscle 

biopsies; however, the use of conditioned serum may allow for such mechanisms to be 
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investigated less invasively and potentially at reduced costs. C2C12 cells have shown to be a 

robust model for understanding skeletal muscle mechanisms therefore this model allows for 

the direct impact of the endocrine environment on peripheral cell behaviour to be assessed 

without the potential interference from lifestyle or genetic factors observed with human tissue. 

Due to this, the effect of serum derived from participants who improved metabolic health 

following a LC or HC diet, on insulin signalling and glucose uptake was investigated in vitro.  

The primary findings of this study were that both diets showed a tendency (P = 0.07) for 

increasing basal and stimulated p/t-Aktser473 in myoblasts by endpoint; however, in myotubes 

basal and stimulated p/t-Aktser473 significantly (P < 0.05) declined with serum derived following 

both diets. Although, the relative fold change with insulin stimulation did not change at each 

timepoint and was similar between diets. Furthermore, acute LCDM and HCDM serum 

incubation led to a significant (P < 0.05) increase in p/t-AMPKthr172 after 30 minutes, which was 

not evident in DM. Both diets showed a significant (P < 0.05) decrease in p/t-AMPKthr172 at 

interim and endpoints compared to baseline indicating a decrease in cellular stress. Therefore, 

baseline serum increased cellular stress perhaps by having higher levels of metabolic factors 

(fatty acids, ROS and cytokines) that can interfere with glucose uptake thereby reducing 

energy availability, but diet reduced this effect. Although no significant change was observed 

in measured cytokines and fatty acids with either diet, fasting triglyceride and insulin levels 

significantly decreased with both diets which is indicative of an improvement in metabolic 

health (Gao et al., 2016). These results are in accordance with previous research as cultured 

myotubes from diabetic patients showed significantly (P < 0.05) higher basal p-AMPKthr172 

compared to healthy controls (Al-bayati, Brown and Walker, 2019). 

During times of cellular stress such as low energy availability, allosteric activation of AMPK 

occurs through phosphorylation of threonine 172 residues by AMP and additional non-

canonical mechanisms (Hardie, Ross and Hawley, 2012; Herzig and Shaw, 2018). This 

increase in AMPK activation results in inhibition of anabolic pathways such as glycogen 

synthesis and protein synthesis and upregulation of catabolic pathways such as glycolysis and 

lipolysis (Hardie, Ross and Hawley, 2012; Herzig and Shaw, 2018). Furthermore, activation of 

AMPK can enhance glucose uptake via insulin-dependent and independent mechanisms. 

AMPK activation can increase GLUT 4 translocation and subsequent glucose uptake via 

AS160 independent of insulin induced PI3K/Akt pathway (Cartee, 2015; Kjøbsted et al., 2017). 

During simulated chronic IR conditions (Akt1 & 2 ablation), mitochondrial dysfunction may 

occur leading to insulin induced glucose uptake via upregulation of p-AMPKthr172 (Jaiswal et 

al., 2019). Upregulated p-AMPKthr172 may also indirectly upregulate glucose uptake as in 

Hek293 cells, 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) induced activation of 

p-AMPKthr172 increased mTORc2 and downstream signalling such as p-Aktser473 (Kazyken et 
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al., 2019). Co-incubation of AICAR, a compound that activates AMPK, with insulin showed 

additive effects by further increasing p-Aktser473 compared to insulin alone (Kazyken et al., 

2019). Additionally, p/t-AMPKthr172 and insulin induced p/t-Aktser473 showed a significant positive 

(R = 0.62, P < 0.01) correlation, indicating a possible role for AMPK in the observed insulin 

responses. The increased levels of p/t-AMPKthr172 at baseline may explain the higher levels 

observed of p/t-Aktser473 and glucose uptake at this timepoint and the contradictory results in 

which diet appeared to reduce insulin sensitivity in myotubes. Therefore, to account for the 

insulin sensitising effects of higher p/t-AMPKthr172 levels, insulin stimulated p/t-Aktser473 and 

glucose uptake was relativised to p/t-AMPKthr172. This resulted in a trend (P = 0.07) of 

increasing insulin stimulated fold change in p/t-Aktser473 and significant (P < 0.01) increases of 

glucose uptake with both diets. Both diets showed similar responses to insulin signalling, 

glucose uptake and reductions in cellular stress which is in accordance with the results in 

study 1 (chapter 3) where participants both showed similar significant (P < 0.05) improvements 

in fasting insulin levels, HOMA IR  and markers of metabolic health following either a LC or 

HC diet (McCullough et al., 2020). 

No significant responses of insulin on glucose uptake were observed in myoblasts or 

myotubes in LCDM or HCDM due to a large variation observed in 2NBDG glucose uptake. 

This may be due to methodical issues with the use of serum because in DM, glucose uptake 

showed a tendency of increasing in myoblasts and significantly increased in myotubes after 

30 min of insulin stimulation. Similar research using 100 nM of insulin, has also reported 

significant increases in glucose uptake by 1.2 – 1.4 fold which is similar to the 1.4-fold increase 

observed in DM conditions the current study (Jeon et al., 2016; Kim, Go and Imm, 2017). 

However, most observations in LCDM or HCDM conditions showed lower fold changes in 

glucose uptake (<1.2-fold) indicating a potential interference of the serum. Determination of 

cellular glucose kinetics typically requires serum free conditions as serum is thought to 

increase basal activity of the required pathways thereby reducing the potential effect of insulin 

(Pirkmajer and Chibalin, 2011). In the current study, cells did not differentiate in conditioned 

media; therefore, to measure glucose uptake, cells were incubated in low serum conditions 

for 3 hours to allow the serum to effect cell metabolism while also allowing signalling 

mechanisms to return to basal levels. Yet, the serum may have still interfered with glucose 

uptake leading to a large variation in insulin induced glucose uptake. Similar results were 

observed in L6 myotubes, as low serum media showed a similar response in insulin induced 

Aktser473 phosphorylation compared with serum free however, only serum free myotubes 

showed increased in glucose uptake (Ching et al., 2010).  

Immunoblotting of myoblasts and myotubes have reported similar increases in IRS-1 tyrosine 

phosphorylation (Lamphere and Lienhard, 1992) and glucose uptake in response to insulin 
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stimulation (Turner et al., 2018). Furthermore, differentiation of satellite cells into myotubes 

from T2D patients has been shown to maintain its IR phenotype; therefore, myoblasts may 

show similar results in insulin signalling and glucose uptake as myotubes (Gaster, 2019). 

Insulin stimulation significantly (P < 0.001) increased the relative fold change in p-Aktser473 in 

both myotubes and myoblasts although, diet appeared to slightly increase (P = 0.07) p-Aktser473 

in myoblasts only. Myotubes compared to myoblasts showed a larger increase in the relative 

fold change in p/t-Aktser473 although, the different methods used may explain this. Flow 

cytometry allows for single cell analysis unlike Western blot potentially allowing for greater 

accuracy however, myotubes are large multinucleated cells which cannot be subjected to flow 

cytometry measurements due to issues of size (Krutzik et al., 2004).  

In study 1, participants following a LC diet showed a trend (P = 0.051) in changing FGF21 

levels as FGF21 decreased after 4 weeks but increased similar to baseline by 8 weeks. The 

maximum FGF21 concentration observed in participants was 1586 pg/ml and was therefore 

used for cellular experiments. Baseline levels of FGF21 were also similar between participants 

in LC (mean ± SD; 162.1 ± 115.9) and HC (mean ± SD; 180.7 ± 138.5) groups. FGF21 

expression is upregulated in skeletal muscle in response to insulin induced PI3K/Akt signalling 

and has shown to enhance insulin induced glucose uptake in myotubes (Izumiya et al., 2008; 

Mashili et al., 2011; Jeon et al., 2016).  Due to its potential insulin sensitizing effects, we sought 

to investigate if FGF21 administration could enhance myoblast and myotube insulin sensitivity 

in normal serum conditions and in baseline conditioned sera when participants were estimated 

to be at worse metabolic health. 

In DM, administration of FGF21 during serum incubation significantly (P < 0.01) increased 

basal and insulin stimulated p-Aktser473 compared to insulin alone in myoblasts only. In both 

myoblasts and myotubes FGF21 significantly (P < 0.05) increased the insulin induced relative 

fold change in p-Aktser473. These results are in contrast to previous research in which FGF21 

enhanced insulin induced glucose uptake but did not activate the PI3K/Akt signalling pathway 

(Mashili et al., 2011). However, differences in methods such as FGF21 dose (1 µg/ml) and 

incubation times may explain this. In cardiomyocytes, FGF21 was shown to phosphorylate 

FGFR1 and PI3K/Akt pathway (Liu et al., 2013). In skeletal muscle, FGF21 administration 

phosphorylated FGFR1 and increased glucose uptake however, PI3K/Akt signalling was not 

measured (Jeon et al., 2016). 

Conversely, co-incubation of FGF21 in conditioned baseline serum significantly decreased p-

Aktser473 in myoblasts similarly in both diets. In myotubes, FGF21 administration significantly 

(P < 0.05) decreased p/t-Aktser473 in LC but increased in HC leading to a significant (P < 0.05) 

interaction between groups. However, FGF21 had no significant effect on the insulin 
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stimulated fold change in p-Aktser473 in either group in myoblasts or myotubes. Although, 

FGF21 influences basal and stimulated p-Aktser473 in all groups it had no significant effect on 

the relative fold change in LCDM and HCDM. 

This suggests FGF21 alone is insufficient at improving the cellular environment to enhance 

insulin signalling. It is possible that the cellular environment in LCDM and HCDM interferes 

with FGF21 signalling as shown in T2D and obesity conditions. Paradoxically, although FGF21 

has been shown to increase insulin sensitivity in a variety of tissues, it is commonly 

upregulated in conditions of obesity and T2D indicating a state of FGF21 resistance in these 

populations (Mashili et al., 2011; Domouzoglou et al., 2015; Lakhani et al., 2018). The 

saturated fatty acid palmitate has been shown to regularly induce IR and reduce glucose 

uptake in skeletal muscle (Schmitz-Peiffer, Craig and Biden, 1999). Human myotubes 

exposed to palmitate reduced glucose uptake and increased FGF21 expression while 

downstream signalling of FGF21 was decreased as shown by reduced phosphorylation of 

FGFR, FRS2α and ERK 1/2 (Jeon et al., 2016). FGF21 requires it cofactor β-Klotho to exert 

its potential metabolic effects (Samms et al., 2016; Tezze, Romanello and Sandri, 2019). The 

reduction in FGF21 signalling may be due to a decrease in β-Klotho expression by palmitate 

(Jeon et al., 2016). Additionally, FGF21 administration enhanced insulin induced glucose 

uptake and was able to partly reduce the negative impact of palmitate (Jeon et al., 2016). 

These results support the FGF21 resistance model seen in humans with obesity or T2D, while 

also demonstrating its insulin sensitising effects on skeletal muscle. It is likely that the stressful 

cellular environment seen in baseline sera may cause similar inhibitory effects due to 

increased levels of fatty acids, ROS and/or cytokines that may not have been measured. We 

used 1500 pg/ml of FGF21 as it was similar to the highest amount observed in participants 

from study 1, chapter 3. However, higher amounts of FGF21 (100 - 1000 ng/ml) have been 

used to increase glucose uptake, therefore increasing FGF21 levels may elicit different results 

(Mashili et al., 2011; Jeon et al., 2016).  
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4.6. Limitations 
Although serum was analysed for many markers of metabolic health the composition of the 

serum is largely unknown; therefore, the precise impact of specific metabolites or proteins 

within the serum on cellular metabolism remain to be determined. Identification of metabolites 

via metabolomics could lead to specific pathways being attributed to changes in cellular 

metabolism (Cantor et al., 2017; Yang, Vijayakumar and Kahn, 2018). Furthermore, serum 

was pooled, and heat inactivated which may have weakened the ability of the in vivo 

environment to influence myocyte metabolism and signalling. However, the study was 

exploratory in nature and these steps were necessary to improve consistency and reduce 

costs associated with experiments as outlined in methods section 2.2.5. With these methods 

as a foundation for a future model, future studies can investigate individual serum responses 

rather than pooled serum to while heat inactivation may not be necessary when traditional 

methods are not used as a control. 

Serum incubation was relatively short (3 hours) which may only indicate acute effects on 

cellular metabolism; however, it was not possible for myoblasts to differentiate in serum 

derived from participants which would have provided a greater indication of the chronic effects. 

The use of human serum on murine cells may also be a limitation as it may limit the relevance 

to human skeletal muscle.  Furthermore, C2C12 cells may not be the best cell line at studying 

the effects of skeletal muscle insulin stimulated glucose uptake. C2C12 cells are enriched in 

genes associated with contraction and muscle development but express lower concentrations 

of metabolism related genes relative to rat L6 myotubes and primary human myotubes 

(Abdelmoez et al., 2020). Nonetheless, the use of the C2C12 cell line has shown to be a n 

established model of skeletal muscle to study metabolic disease and reduces variability 

associated with genetic factors of human muscle (Wong, Al-Salami and Dass, 2020). A 

reduction in the genetic factors allows collected data to be attributed to changes in serum 

conditions. However, when a serum model is established, further research is warranted on 

human muscle conditioned with human serum. 

The impact of serum on the effect insulin-induced glucose uptake was difficult to ascertain as 

it is recommended to perform the 2NBDG glucose uptake assay in serum free conditions 

(Yamamoto et al., 2015). As the objective of this study was to investigate the effect of serum 

on insulin induced glucose uptake, serum was co-incubated with 2-NBDG and insulin which 

may have impacted results. Most observations in LCDM or HCDM conditions showed lower 

fold changes in glucose uptake (<1.2-fold) compared with standard cell culture conditions (DM, 

1.4-fold) indicating a potential interference of the serum. Furthermore, to provide optimal 

conditions for the glucose uptake assay, the glucose uptake data was collected in the different 
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conditions relative to the insulin signalling data therefore, disagreements between 

experiments may be down to different methodological approaches. 

Finally, cells were dosed with 2% serum which would have significantly diluted the biochemical 

properties of serum limiting its potential effect on cellular metabolism. However, larger 

increases in serum (50-100%) reduces cell viability (Carson et al., 2018). Serum 

concentrations of 2% are standard cell culture conditions and ≥2% will compromise myoblast 

fusion. 

Furthermore, previous research in L6-GLUT4myc cells demonstrated that incubation with 5% 

serum for 1 hour from fasted participants resulted in maximal GLUT4 translocation (Cogan et 

al., 2019). Therefore, serum concentrations ≥5% are likely to be detrimental to the experiments 

in the current study as it may not allow for insulin to exert any further effect.  
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4.7. Conclusion 
To summarise, traditional reductionist cell culture models are a powerful tool in understanding 

biology and have been essential in elucidating a myriad of signalling molecules related to 

lifestyle and their impact on insulin signalling. However, traditional in vitro methods cannot 

elucidate the unpredictable the change in metabolic factors (nutrients, hormonal and 

inflammatory) in response to interventions, such as a change in diet. Here we show that sera 

derived from humans following a LC or HC diet can impact the in vitro skeletal muscle 

response to insulin stimulation and energy stress signalling. Both diets improved markers of 

metabolic health as seen in study 1, chapter 3. This improvement in metabolic health resulted 

in an improved cellular environment and subsequently reduced cellular energy stress as 

observed by reducing acute AMPKthr172 phosphorylation. Furthermore, both diets showed 

similar effects on changing basal and insulin stimulated p-Aktser473; however, the relative fold 

change in insulin stimulation did not change with diet. When accounting for the potential 

compensatory effect of high AMPKthr172 phosphorylation at baseline, insulin stimulated fold 

change in Aktser473 phosphorylation and glucose uptake increased similarly with both diets. 

Additionally, the potential of FGF21 to enhance insulin signalling in skeletal muscle may be 

due to the endocrine environment which agrees with the current FGF21 resistance hypothesis 

in MetS and T2D populations. The effects diet had on serum and subsequent acute impact on 

energy stress and insulin signalling demonstrate the important influence of the cellular 

environment. These results also highlight the potential role of using human derived serum to 

investigate cellular mechanisms relating to human interventions.  
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Chapter 5: Markers of metabolic 

health in anabolic androgenic 

steroid users  
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5.1.  Abstract 
Introduction: It is currently estimated that 3.3% of the global population use anabolic 

androgenic steroids (AAS) and usage is reportedly on the rise, particularly in recreational 

sports people to improve body image. Individuals who use AAS are at a higher risk of 

developing cardiovascular diseases (CVD) due to development of impaired cardiac function 

and lipoprotein disturbances. Use of AAS may also lead to development of MetS and 

associated markers, therefore the aim of this study is to investigate markers of metabolic 

health in individuals who use AAS compared with healthy resistance trained controls. 

Methods: In a cross-sectional design, healthy resistance trained males aged between 19-45 

years old who currently use AAS and have never used AAS were recruited for this study. 

Participants were excluded if they smoked, suffered from medically diagnosed lipid disorders, 

currently taking lipid or glucose lowering medication. After providing informed consent, 

participants were separated by AAS (n = 9) use or no use of AAS (n = 10) and were required 

to provide a fasted venous blood sample in addition to measurements of anthropometrics, 

body composition by skin-fold measures, dietary intake by 24 hr dietary recall and food 

frequency questionnaire and a 7-day training log. A semi-structured interview on drug use was 

conducted with individuals in the AAS group. Blood samples were processed for plasma and 

analysed for lipids, hormones and cytokines related to metabolic health. Plasma also 

underwent density gradient ultracentrifugation for the analysis of low-density lipoprotein (LDL) 

subclass phenotypes, pattern A and B. 

Results: The AAS group showed significantly (P < 0.05) lower levels of body fat % and higher 

levels of fat free mass. No significant difference was detected in training volume or any 

measure of dietary intake. The AAS group showed significantly (P < 0.05) lower levels of high-

density lipoprotein cholesterol (HDL-C), apolipoprotein (Apo) A1 and plasminogen activator 

inhibitor 1. The highest users of AAS showed a significantly moderate positive relationship 

lipoprotein cholesterol including: LDL-Cholesterol (r = 0.65, P = 0.03), ApoB (r = 0.69, P = 

0.02), ApoB/A1 (r = 0.64, P = 0.03), leptin (r = 0.59, P = 0.048) and strong significantly positive 

association with pattern A (r = 0.72, P = 0.02) and pattern B (r = 0.96, P < 0.001). 

Conclusion: Use of AAS results in suppression of HDL-C and its primary apolipoprotein ApoA1 

leading to increased CVD risk but does not result in MetS. Increased AAS use may lead to 

increased Apo B and LDL pattern B phenotype. Future studies should investigate changes in 

metabolic health throughout the long-term cycling of AAS to help elucidate which practices 

may be the most detrimental to cardiovascular health. Furthermore, the effect of using a 

myriad of anabolic drugs on cardiometabolic disease and subsequent cellular mechanisms 

has yet to be investigated and would provide further insight into their relationship.  
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5.2. Introduction 

It is currently estimated that 3.3% of the global population use anabolic androgenic steroids 

(AAS) and usage has been shown to be on the rise (Dunn, Mckay and Iversen, 2014; Sagoe 

et al., 2014; McVeigh and Begley, 2017). Recreational sports people are reported as being 

the highest users with the greatest motivation to use AAS being primarily to improve body 

image, while competitive bodybuilding and athletic performance are secondary (Parkinson and 

Evans, 2006; Dunn, Mazanov and Sitharthan, 2009; Sagoe et al., 2014; Begley, McVeigh and 

Hope, 2017). Particularly when used in combination with resistance exercise, AAS use is 

reported to increase muscle mass and strength in a dose response fashion (Bhasin et al., 

1996, 2001). Although this population are characteristically highly active, the potential benefits 

acquired from regular exercise may be reduced with chronic AAS use. Individuals who use 

AAS are at a higher risk of developing cardiovascular diseases (CVD), psychological 

disorders, hypogonadism and some cancers (Pope et al., 2014; Baggish et al., 2017; 

Goldman, Pope and Bhasin, 2019). The number one cause of death globally is CVD and with 

the increasing prevalence of AAS use, it may further exacerbate this global issue (World 

Health Organization, 2018b).  

Metabolic syndrome (MetS) is the constellation of the often interrelated metabolic 

abnormalities that lead to increased risk of CVD’s (Sperling et al., 2015). It is most commonly 

associated with sedentary/obese populations and is defined by having a combination of some, 

but not all of high triglycerides, low high-density lipoprotein cholesterol (HDL-C), insulin 

resistance (IR), inflammation, hypertension and high levels of visceral adipose tissue (VAT) 

(Sperling et al., 2015). However, AAS use may also lead to development of MetS and other 

associated metabolic abnormalities. For example, a literature review of AAS use has shown 

HDL-C to be reduced by 20 ≥ 70% and low-density lipoprotein cholesterol (LDL-C) levels to 

increase by > 20% (Achar, Rostamian and Narayan, 2010). Additionally, testosterone 

enanthate (TestE) was reported to show a dose-response suppression of HDL-C, with 

increasing doses (25 ≥ 600 mg/week) showing increased HDL-C reduction (Bhasin et al., 

2001). Early studies reported that after 8-weeks of AAS administration, HDL-C and LDL-C 

significantly (P < 0.01) decreased by 49% and increased by 31% respectively (Lenders et al., 

1988). A more recent cross sectional study has reported that this negative impact of AAS on 

lipoprotein metabolism is still prevalent today with AAS use (Rasmussen et al., 2017). 

Individuals who use AAS typically use a range of AAS types, doses, cycles and methods of 

administration which may impact health differently. For instance, in addition to the effect of 

AAS dose, the type of AAS and route of administration may also have an impact on lipoprotein 

levels (Thompson et al., 1989). Orally administered stanozolol showed a significant (P < 0.05) 
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increase of 29% and decrease of 33% in LDL-C and HDL-C respectively compared to 200 

mg/week of TestE injections which decreased LDL-C by 16% and HDL-C by 9% after 6 weeks 

(Thompson et al., 1989).  

Skeletal muscle is the largest tissue for glucose disposal and increases in muscle mass should 

improve insulin sensitivity, yet paradoxically, research suggests chronic AAS use may be 

detrimental to glucose metabolism (Cohen and Hickman, 1987; DeFronzo and Tripathy, 

2009). Powerlifting steroid users (mean AAS use 4 years) were shown to have similar fasting 

glucose levels as non-using powerlifters and sedentary participants; however, they had 

significantly (P < 0.05) higher fasting insulin levels that were similar to those observed in obese 

participants (Cohen and Hickman, 1987). More recently, an oral glucose tolerance test 

revealed AAS users (mean AAS use 2 years) to have reduced glucose tolerance compared to 

healthy controls (Rasmussen et al., 2017). Interestingly, although users of AAS had lower 

body fat %, compared to healthy controls, they had greater levels of VAT, C-reactive protein 

(CRP) and reduced leptin levels which are all independently associated with IR and MetS 

(Soto González et al., 2006; Rasmussen et al., 2017; D’Elia et al., 2019). These results 

indicate AAS use may lead to MetS as shown by low HDL-C, IR, increased VAT and 

inflammatory markers. Due to this, additional markers that are associated with MetS such as 

ferritin, interleukin-6 (IL-6), resistin, tumour necrosis factor-α (TNF-α) and plasminogen 

activator inhibitor-1 (PAI-1) (Soto González et al., 2006; Esser et al., 2014) may also be 

dysregulated with AAS use but are yet to be investigated.  

Poor dietary intake and low physical activity are modifiable risk factors of MetS and CVD 

(Strasser, 2013; Rodríguez-Monforte et al., 2017). A typical western diet (high in sugar, fat 

and calories) has shown to be positively associated with markers of MetS, whereas a 

Mediterranean diet (high in fruit, vegetables and low in red and processed meats) is inversely 

associated with MetS (Medina-Remón et al., 2018; Norde et al., 2020). Due to this, 

assessment of diet and physical activity levels must be considered when assessing markers 

of MetS between populations. 

Therefore, the aim of this study is to investigate markers of metabolic health in individuals who 

use AAS compared with healthy resistance trained controls.  

The objectives are:  

1. To determine if markers of MetS (HDL-C, triglycerides, IR and inflammation) are 

different in users of AAS compared to healthy resistance trained controls. 

2. To investigate if additional markers of CVD risk are different in AAS users compared 

to controls. 

3. To investigate if AAS dose is associated with specific health markers.  
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It is hypothesised that:  

1. Individuals who use AAS display features of MetS.  

2. AAS participants also display an increase in additional markers of CVD risk compared 

to healthy controls. 

3. That doses of AAS use will also be associated with higher CVD risk. 
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5.3.  Methods 

5.3.1.  Participants and Design 

In a cross-sectional design, healthy caucasian males aged between 19-45 years old were 

invited to take part in this study in the North-West England area. To be included they must be 

resistance trained i.e. at least 3 years’ experience following a resistance training programme 

and either never have used AAS (control group) or currently using AAS (experimental, AAS 

group). Potential participants were excluded if they smoked, suffered from medically 

diagnosed lipid disorders, currently taking lipid or glucose lowering medication. Anonymity was 

explicitly guaranteed. Following completion of a screening form and If eligible, participants 

provided informed consent if they wished to volunteer to take part. The study was approved 

by Liverpool John Moores Research Ethics Committee (17/SLN/005). Participants were then 

allocated to either the control group (CON) or AAS group. 

Participants were required to attend LJMU laboratories in the morning after fasting for 12 

hours. Anthropometrics, a venous blood sample, body composition, dietary intake, 7-day 

training log and drug use were all recorded.  

5.3.2.  Anthropometrics 

For body mass, participants were instructed to stand on a digital scale (Seca 704, Birmingham, 

UK), with shoes off and all heavy items removed. For height measurement, participants were 

asked to stand under a portable stadiometer (Seca 213, Birmingham, UK) and instructed to 

look forward and breathe in before the measurement was taken. 

5.3.3.  Body composition 

Participant body composition was assessed via Harpenden skinfold callipers (Cranlea, 

Birmingham, UK) by an ISAK (International Society for the Advancement of Kinanthropometry) 

qualified practitioner. Skinfold thicknesses were determined utilising standard techniques 

agreed by ISAK. Briefly, anthropometric landmarks were identified, and skinfold sites marked 

prior to beginning the measurement. Skinfold thickness was determined at 8 sites (bicep, 

triceps, subscapular, supraspinale, iliac crest, abdominal, anterior thigh and medial calf). Each 

skinfold site was measured sequentially and then repeated. Where the duplicate measure 

deviated from the first measurement by >5% the site was re-measured for a third time and the 

closest of the measures used. Adipose tissue % was calculated according to the following 
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formula: % BF = 5.174 + (0.124 × thigh) + (0.147 × abdominal) + (0.196 × triceps) + (0.130 × 

calf) (Reilly et al., 2009). 

5.3.4.  Blood collection 

Blood was collected from the antecubital vein in 5 ml plasma EDTA or serum vacutainer tubes. 

After gentle inversions, plasma vacutainers were immediately placed on ice whereas serum 

vacutainers were allowed to stand at room temperature for 30 minutes and then placed on ice 

until processing. Vacutainers were centrifuged at 3000 g for 15 min and 4°C, and quickly 

aliquoted into storage tubes and stored at -80°C until analysis. 

5.3.5.  Blood analysis 

The Evidence Investigator TM Biochip Array technology (Randox Laboratories Ltd, UK) that 

uses sandwich chemiluminescent immunoassays to simultaneously detect multiple analytes 

from a single sample (see section 2.3.7.) was used to determine the following plasma 

cytokines and hormones; Ferritin, IL-6, insulin, Leptin, PAI-1, Resistin, TNF-α. The Daytona 

Plus, (Randox Laboratories Ltd, UK) an automated random-access clinical chemistry analyser 

(see section 2.3.6.)  was used to detect total cholesterol, triglycerides, LDL-C, HDL-C, glucose, 

and Apolipoproteins A1 (ApoA1) and B (ApoB). 

5.3.6.  Separation of LDL subclasses 

Low-density lipoprotein subclasses were separated by density gradient ultracentrifugation 

using iodixanol (OptiprepTM Sigma Aldrich, Poole UK) (Davies, Graham and Griffin, 2003). 

Details of separation are described in section 2.3.8. Briefly, lipoproteins were separated using 

a two-step gradient of a lower layer of plasma at a concentration of 120 g/L in iodixanol and 

clear Tris-buffered saline solution at a concentration of 90 g/L iodixanol of the upper layer in 

Beckman Optiseal centrifuge tubes. In a Beckman NVT65 near-vertical rotor, samples were 

centrifuged at 341000g(av) and 16 °C for 3 h (at speed) in a Beckman Optima XL-100 

ultracentrifuge. After centrifugation, 0.5 ml gradient fractions were collected from the top of 

sample tubes using an Autodensiflow gradient fractionator (Labconco), coupled with a Gilson 

FC 204 automated fraction collector. Using refractometry, the following formula: p = na – b, 

where a = 3.2984, b = 3.3967, n = refractive index, and p = density; was used to determine 

each fractions density. Based on the density, LDL subfractions were categorised as phenotype 

A (1.022-1.028 kg/L) and phenotype B (1.028-1.036 kg/L) (Davies, Graham and Griffin, 2003). 

Cholesterol was determined in each fraction using the Daytona Plus (Randox Laboratories 

Ltd, UK).  
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5.3.7.  Diet, training and AAS use 

Participants diet was assessed via 24 h dietary food recall and a food frequency questionnaire 

(EPIC-Norfolk) to assess average food intake in the past year (Mulligan et al., 2014). A 7-day 

training log was used to estimate participants weekly training volume, intensity and frequency. 

Participants in the AAS group also took part in a semi-structured interview (Table 5.1.) to 

assess history of drug use. 

5.3.8.  Statistical analysis 

GraphPad Prism (California, USA) statistical software was used for statistical analysis. Data 

were assessed and confirmed for normal distribution by Shapiro Wilks test. Normally 

distributed data underwent an independent t-test whereas non-normally distributed data 

underwent a Mann-Whitney U test to investigate significant differences between groups. 

Pearson’s correlation analysis was done on normally distributed data to investigate if there 

were any associations between diet, training, AAS use and health markers. Non-normally 

distributed data underwent Spearman’s correlation.  All data are presented as mean ± SD 

unless non-normally distributed which is presented as median ± interquartile range and 

significance set as P < 0.05 and a trend as P > 0.05 < 0.1.  



169 
 

5.4. Results 

5.4.1.  Participants 

A total of 19 participants (control participants, n=10 and AAS, n=9) were included in this cross-

sectional study. Both groups were well matched for age, height and training volume but 

unsurprisingly, markers of body composition were significantly different (Table 5.1.). Fat free 

mass index (FFM/I) was significantly (P < 0.01) higher in the AAS group and body fat % (BF%) 

also showed a trend (P = 0.05) at being lower compared to CON (Figure 5.1). Training volume, 

as determined by weekly sets per muscle groups, was not significantly different between 

groups (Table 5.2.). Furthermore, diet was not significantly (P > 0.05) different between groups 

as shown by the 24-hr dietary recall and FFQ (Table 5.3). Dietary variables were relativised 

to body mass to account for differences in energy requirements. An FFM/I score > 25 kg/m2 

has been reported to be a simple tool to identify AAS users (Kouri et al., 1995). One participant 

in the CON group had an FFM/I score of 34 kg/m2 and had very low levels of HDL-C, 

characteristics of AAS use. Therefore, analysis was repeated without this participant. Removal 

of this participant did not significantly alter any results except for TC/HDL-C (changed from a 

trend (P = 0.05) to being significantly (P = 0.03) higher in the AAS group) and PAI-1 (changed 

from being significantly (P = 0.03) lower in the AAS group to a trend (P = 0.06)). Low levels of 

PAI-1 are an indication of AAS use therefore, it is unlikely this participant is an AAS user as 

the high levels reported by this individual is at least 10x greater than the highest reported in 

the AAS group. The AAS participants revealed their drug use in the previous year. All 

participants used injectable AAS (Figure 5.2) and some used oral AAS in addition to a range 

of other drugs (Figure 5.2). A variety of doses and cycles were also reported. 

Table 5.1. Participant characteristics. 

Data are presented as mean ± SD, ** denotes significantly (P < 0.01) different from control group. FFM, 

Fat free mass; FFM/I, fat free mass index. 

 CON (n=10) CON (n=9) AAS (n=9) 
P value  Mean ± SD Mean ± SD Mean ± SD 

Age (years) 25.75 ± 4.53 25.75 ± 4.53 27.29 ± 7.41 0.64 
Height (cm) 177.03 ± 6.73 176.08 ± 6.39 177.66 ± 3.61 - 
Weight (kg) 85.10 ± 19.61 79.15 ± 5.91 95.13 ± 10.10** <0.01 
Body Fat (%) 11.07 ± 2.46 10.58 ± 2.03 9.21 ± 0.90  0.09 
FFM (kg) 75.37 ± 15.34 70.73 ± 4.73 86.37 ± 9.12** <0.01 
FFM/I (kg/m2) 23.96 ± 3.82 22.84 ± 1.55 27.37 ± 2.84** <0.01 
Pushing (sets/wk) 46.1 ± 23.63 46.67 ± 24.99 42.88 ± 16.92 0.58 
Pull (sets/wk) 34.6 ± 17.34 33.56 ± 18.06 34 ± 15.9 0.69 
Legs (sets/wk) 25.7 ± 18.04 21.78 ± 13.9 26.88 ± 8.66 0.33 
Total sets (sets/wk) 106.4 ± 40.1 102 ± 39.89 96.13 ± 29.57 0.73 
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Figure 5.1. Comparison of body fat % and fat free mass index between CON and AAS users. Mean ± 

SD are shown, * indicates significant (P < 0.05) difference between groups. 

 

CHO, Carbohydrates; PRO, Protein; SAT, Saturated fatty acids; MUFA, Monounsaturated fatty acids; 

PUFA, Polyunsaturated fatty acids 

 

 

 

 

Table 5.2. Comparison of diet from 24hr dietary recall and FFQ relativised to body mass. 

 24 hr dietary recall Food Frequency questionnaire 

 
CON 

Mean ± SD 

AAS 

Mean ± SD 
P value 

CON 

Median ± IQR 

AAS 

Median ± IQR 
P value 

Energy 

(kCal/kg) 
35.53 ± 13.48 38.34 ± 12.42 0.66 25.0 ± 20.22 25.32 ± 13.75 0.97 

CHO (g/kg) 3.36 ± 1.38 4.78 ± 1.95 0.09 2.7 ± 2.18 2.61 ± 1.37 0.57 

Sugar (g/kg) 1.09 ± 0.63 1.26 ± 0.91 0.65 1.18 ± 1.34 1.07 ± 0.53 0.36 

Fibre (g/kg) 0.35 ± 0.20 0.31 ± 0.13 0.64 0.19 ± 0.23 0.17 ± 0.27 0.57 

PRO (g/kg) 2.37 ± 1.0 2.62 ± 0.78 0.57 1.48 ± 1.56 1.76 ± 1.08 0.97 

Fat (g/kg) 1.45 ± 0.8 1.03 ± 0.51 0.22 0.94 ± 0.74 1.13 ± 0.9 0.83 

SAT (g/kg) 0.55 ± 0.39 0.35 ± 0.17 0.18 0.38 ± 0.28 0.38 ± 0.36 >0.99 

MUFA (g/kg) 0.35 ± 0.27 0.22 ± 0.16 0.24 0.35 ± 0.28 0.46 ± 0.35 0.83 

PUFA (g/kg) 0.13 ± 0.08 0.09 ± 0.07 0.21 0.19 ± 0.22 0.18 ± 0.18 0.83 
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Figure 5.2. Drug use during the past year in the AAS group. A, type and amount of injectable AAS used in past year. B, the number of participants using oral 

AAS, injectable oestrogen, oral oestrogen, fat loss and other substances and peptides and hormones in the past year. AI, Aromatase inhibitors; HCG, Human 

chorionic gonadotropin; HGH, human growth hormone; PCT, post-cycle therapy; SERMs, Selective oestrogen modulators; T3, Triiodothyronine; T4, thyroxine; 

Test Cyp, Testosterone cypionate; Test E, Testosterone enanthate; Test Iso, Testosterone isocaporate; Test P, Testosterone propionate; Tren Ace, Trenbolone 

acetate; Tren E, Trenbolone Enanthate.
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5.4.2. Metabolic health markers 

A key feature of MetS, HDL-C was shown to be significantly (P = 0.04, Cohens d: -1.36) lower 

in AAS users compared to CON (Figure 5.3A). Other features of MetS, plasma triglycerides, 

and IR (determined by HOMA IR) were not significantly different between groups (Table 5.3). 

Additional measures that are associated with metabolic health; ApoA1 (Cohens d: -1.42) and 

PAI-1 (Cohens d: -0.70) were significantly (P < 0.05) lower in the AAS group (Figure 3B & C). 

The ratio of ApoB/A1 (P = 0.06) and TC/HDL-C (P = 0.05) also showed trends of being higher 

in the AAS group compared with CON, whereas, LDL-C, non-HDL-C, Insulin, ApoB, LDL-

C/ApoB, glucose, triglycerides/HDL-C, leptin, ferritin, IL-6 and TNFα were not significantly 

different (Table 5.3).  

Table 5.3. Comparisons of markers of metabolic health in AAS users and controls. 

 CON 
(n=10) 

CON  
(n=9) 

AAS 
(n=9) 

P Value, Effect 
size 

TC (mmol/L) 4.01 ± 0.75 4.07 ± 0.77 4.00 ± 0.66 0.86, -0.09 

TGs (mmol/L) $ 0.79 ± 0.5 0.7 ± 0.49 0.8 ± 0.42 0.80, 0.37 

ApoB (mg/dl) 63.80 ± 14.76 64.33 ± 15.56 68.89 ± 15.43 0.54, 0.29 

LDL-C (mmol/L) 2.57 ± 0.70 2.55 ± 0.74 2.81 ± 0.84 0.50, 0.33 

LDL-C/ApoB 0.72 ± 0.07 0.71 ± 0.07 0.73 ± 0.08 0.61, 0.22 

Glucose (mmol/L) 5.60 ± 0.28 5.60 ± 0.29 5.55 ± 0.77 0.87, -0.09 

TG/HDL-C$ 0.72 ± 0.62 0.62 ± 0.45 0.89 ± 0.58 0.28, 0.80 

HDL-C/Apo1$ 0.14 ± 0.03 0.15 ± 0.03 0.13 ± 0.02 0.14, -0.81 

ApoB/A1 0.46 ± 0.11 0.45 ± 0.11 0.60 ± 0.19 0.05, 1.02 

Non-HDL-C 
(mmol/L) 

2.91 ± 0.71 2.91 ± 0.75 3.12 ± 0.66 0.55, 0.29 

TC/HDL-C 3.75 ± 0.86 3.58 ± 0.73* 4.72 ± 1.17 0.03, 1.20 

Pattern A (mmol/L) 2.4 ± 1.25 2.4 ± 1.33 3.51 ± 1.53 0.12, 0.31 

Pattern B (mmol/L) 1.08 ± 0.73 0.92 ± 0.55 1.03 ± 0.51 0.65, 0.40 

Insulin (pmol/L) $ 27.06 ± 28.38 24.33 ± 24.72 34.08 ± 31.47 0.54, 0.32 

HOMA IR$ 1.1 ± 1.2 1.0 ± 1.05 1.4 ± 1.45 0.66, 0.38 

Leptin (ng/ml) $ 1.59 ± 0.88 1.46 ± 0.63 1.2 ± 1.11# 0.21, -0.78 

Ferritin (ng/ml) 78.15 ± 46.39 74.26 ± 48.0 99.67 ± 80.44 0.45, 0.40 

IL-6 (pg/ml) $ 0.91 ± 0.84 0.88 ± 0.59 1.24 ± 2.1 0.15, 0.09 

Resistin (ng/ml) 2.36 ± 0.82 2.36 ± 0.88 2.76 ± 1.22 0.46, 0.38 

TNFα (pg/ml) 4.22 ± 1.16 4.04 ± 1.11 4.15 ± 1.66 0.88, -0.70 

Data are presented as mean ± SD unless otherwise stated. $ indicates presented as median ± 

interquartile range. * P < 0.05, denotes significantly different vs AAS group.# 2 participants reported 

undetectable levels of leptin. ApoA1, apolipoprotein A; ApoB, apolipoprotein B; HDL-C, high-density 

lipoprotein cholesterol; HOMA IR, homeostatic model of insulin resistance; IL-6, interleukin 6; LDL-C, 

low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; TNFα, Tumour necrosis 

factor alpha. 
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Figure 5.3. Comparison of MetS markers and markers of CVD risk. A, HDL-C (mean ± SD); B, ApoA1 

(mean ± SD); C, PAI-1 (median ± Interquartile range) with outlier also removed. * indicates significant 

(P < 0.05) difference between groups. ApoA1, apolipoprotein A; HDL-C, high-density lipoprotein 

cholesterol; PAI-1, plasminogen activator inhibitor 1. 

5.4.3.  Association of AAS use with markers of metabolic health and 

CVD risk. 

Interestingly, higher doses of AAS may showed a positive association with LDL-C and 

composition, indicating an increased CVD risk (Table 5.4). Increasing doses of AAS showed 

a moderate, significantly positive relationship with total cholesterol (r = 0.60, P = 0.04), LDL-

C (r = 0.65, P = 0.03), non-HDL-C (r = 0.67, P = 0.02) ApoB (r = 0.69, P = 0.02), ApoB/A1 (r 

= 0.64, P = 0.03), leptin (r = 0.59, P = 0.048) and strong significantly positive association with 

pattern A (r = 0.72, P = 0.02) and pattern B (r = 0.96, P < 0.001) (Figure 5.4). 

A B 

C 
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Table 5.4. Correlation of markers of metabolic syndrome and body composition with AAS use. 

Cardiometabolic health measure 
AAS dose (n=9) 

P, r 

Triglycerides 0.34, 0.17S 

Total cholesterol 0.04, 0.60 

HDL-C 0.29, -0.21 

LDL-C 0.03, 0.65 

Non-HDL-C 0.02, 0.67 

Pattern A 0.02, 0.72 

Pattern B <0.001, 0.96 

Triglycerides/HDL-C 0.37, 0.13S 

Apolipoprotein A1 0.30, -0.21 

Apolipoprotein B 0.02, 0.69 

Apolipoprotein B/A1 0.03, 0.64 

Total cholesterol/HDL-C 0.06, 0.50 

HDL-C/Apolipoprotein A1 0.44, -0.06 

LDL-C/Apolipoprotein B 0.14, 0.41 

Glucose 0.44, -0.05 

Insulin 0.38, -0.12 

HOMA IR 0.44, 0.05 

Leptin 0.048, 0.59 

Interleukin-6 0.50, 0.01S 

TNFα 0.21, -0.30 

Ferritin 0.45, -0.05 

Resistin 0.37, 0.13 

PAI-1 0.22, 0.29S 

Body Fat % 0.48, 0.02 

FFM/I 0.47, -0.03 

All data analysed by Pearsons correlation unless stated. S denotes Spearmans correlation. Significance 

set at P < 0.05. FFM/I, fat free mass index; HDL-C, high-density lipoprotein cholesterol; HOMA IR, 

homeostatic model of insulin resistance; LDL-C, low-density lipoprotein cholesterol; PAI-1, plasminogen 

activator inhibitor 1 TNFα, Tumour necrosis factor alpha. 
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Figure 5.4. Association of maximum weekly AAS dose with pattern B LDL-C. 
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5.5. Discussion 
The main outcome of this study, in somewhat in agreement with hypothesis 1, users of AAS 

display a significant (P = 0.04) suppression of HDL-C, a key feature of MetS. However, they 

cannot be considered to have MetS as they did not exhibit hyperglycaemia (>5.5 mmol/L) or 

increased plasma triglyceride levels (>1.7 mmol/L) (Alberti et al., 2009). Furthermore, 

associated markers of MetS, IR (HOMA IR) and inflammation (TNF-α, IL-6) were also not 

significantly (P > 0.05) different between groups. Furthermore, in agreement with hypothesis 

2, users of AAS also displayed significant (P = 0.04) decreases in ApoA1 and a trend (P = 

0.06) of increasing ApoB/A1 ratio, both indicating an increase in CVD risk. In accordance with 

hypothesis 3, The highest users of AAS were also observed to be associated with significantly 

higher levels of with LDL-C (r = 0.65, P = 0.03), ApoB (r = 0.69, P = 0.02), pattern A (r = 0.72, 

P = 0.02) and pattern B (r = 0.96, P < 0.001). 

It is well established that AAS use results in abnormal lipid metabolism (Glazer, 1991; Achar, 

Rostamian and Narayan, 2010). Use of AAS has shown a reduction in HDL-C of  ≥70% and 

increased LDL-C levels of >20% (Achar, Rostamian and Narayan, 2010). HDL-C is a key 

feature of MetS, the HDL particle (HDL) transports cholesterol away from cells back to the 

liver to be excreted, through a process of reverse cholesterol transport, thereby reducing CVD 

risk (Fuster et al., 2005; Santos-Gallego et al., 2011). HDL of which apolipoprotein A1 (ApoA1) 

is the major apolipoprotein, also has an anti-inflammatory and antioxidant effect on the 

vascular system further reducing the potential of CVD (Barter et al., 2004; Rhee, Byrne and 

Sung, 2017). In the current study, the AAS group showed significantly (P < 0.05) lower levels 

of HDL-C (-20%) and ApoA1 (-15%). This lower HDL-C level (0.89 ± 0.21 mmol/L) with AAS 

use is also deemed clinically significant as <1 mmol/L is the clinical cut-off point for 

identification of MetS and indicates increased CVD risk (Sperling et al., 2015). Similarly, 

although a greater decrease, a recent cross-sectional study in males reported that current 

users of AAS (n = 37) showed a significant (P < 0.01) 45% reduction in HDL-C compared to 

non-AAS using controls (n = 30) (Rasmussen et al., 2017). These results are also in 

accordance with AAS self-administration and randomised control trials (Lenders et al., 1988; 

Thompson et al., 1989; Bhasin et al., 2001; Hartgens et al., 2004). Prospective studies on the 

effects of AAS self-administration on lipoprotein metabolism have reported significant (P < 

0.01)  decreases in HDL-C and ApoA1 by 53% and 41% respectively after 8 weeks of 

administration (Lenders et al., 1988; Hartgens et al., 2004). This negative impact on HDL-C 

and ApoA1 are maintained after 14 weeks of self-administration (Hartgens et al., 2004). A 

randomised crossover trial with a 6 to 9-week washout between AAS groups in males (n = 

11), has shown oral stanozolol (42 mg/wk) use to significantly decrease HDL-C and ApoA1 
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greater than 200 mg/wk of intramuscular Testosterone Enanthate  (Test E) administration by 

24% and 32% respectively after 6 weeks (Thompson et al., 1989). Furthermore, a randomised 

double blind placebo control trial in males (n = 16) without previous AAS use, reported no 

significant effect of 200 mg/wk of nandrolone decanoate on HDL-C or ApoA1 (Hartgens et al., 

2004). The lack of effect of nandrolone on HDL-C and ApoA1 is most likely due the dose and 

length of time of use as Singh et al. (2002) reported an inverse dose response (25, 50 125, 

300, 600 mg/wk) effect of Test E administration for 20 weeks on HDL-C and ApoA1. However, 

post-hoc analysis showed that only a dose of 600 mg/wk significantly reduced HDL-C and 

ApoA1 after 20 weeks (Singh et al., 2002). Although, self-administration prospective studies 

may be less controlled, they may be more representative of the population as it replicates the 

methods used by this unique population. Nonetheless, these differences in methods may be 

why in the current study LDL-C and its major lipoprotein ApoB were not significantly (P > 0.05) 

different to healthy controls. Although not considered a feature of MetS but rather an 

association, small-dense low-density lipoprotein cholesterol (sdLDL-C), is a stronger predictor 

of CVD risk compared with larger LDL particles (Hoogeveen et al., 2014). LDL primarily 

comprises of ApoB and can be separated into 2 distinct phenotypes, pattern A, which contains 

primarily large buoyant LDL particles and pattern B which contains small dense lipoprotein 

particles; the latter considered a more atherogenic phenotype (Diffenderfer and Schaefer, 

2014). Although LDL-C and ApoB levels were similar between controls and AAS users, higher 

doses of AAS were observed to have a moderate positive association with LDL-C (r = 0.65, P 

= 0.03) and ApoB (r = 0.69, P = 0.02) and a strong positive association with pattern A (r = 

0.72, P = 0.02) and pattern B (r = 0.96, P < 0.001).  

Previous cross-sectional research has shown LDL-C to be significantly higher in AAS users, 

up to 37%, compared to healthy controls (Lenders et al., 1988; Rasmussen et al., 2017). 

Furthermore, pre/post self-administration trials have reported LDL-C to increase by 30% after 

8 weeks and its primary apolipoprotein ApoB to increase by 27% (Lenders et al., 1988; 

Hartgens et al., 2004). Similarly, to its deleterious effects on HDL-C, orally administered 

stanozolol increased LDL-C and ApoB by 22% and 26% respectively after 6 weeks. 

Surprisingly in the same study Test E alone had perhaps beneficial reducing effects on LDL-

C and ApoB (Thompson et al., 1989). This highlights that AAS administration route may have 

a significant impact on metabolic health. 

The mechanisms by which AAS negatively impact lipid metabolism are not fully understood, 

but the upregulated activity of hepatic triglyceride lipase (HTGL) has been implicated 

(Thompson et al., 1989; Glazer, 1991). Phospholipase activity of HTGL catabolises HDL and 

its removal from the plasma and conversion of idLDL to sdLDL (Glazer, 1991; Santamarina-

Fojo et al., 2004). The contrasting effects of orally administered stanozolol on lipoprotein 
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metabolism compared with injected Test E may be explained by its significant (P < 0.05) 

increase in HTGL activity (Thompson et al., 1989). Therefore, orally administered AAS which 

are 17α-alkylated steroids, may have a greater detrimental effect on metabolic health perhaps 

as it has to circulate via the liver thereby increasing HTGL activity compared to parentally 

administered AAS, in addition to its increased risk of hepatoxicity (Hartgens and Kuipers, 

2004; Solbach et al., 2015; Niedfeldt, 2018). Therefore, in addition to, dose, type and length 

of AAS use, the route of AAS administration also has a profound impact on lipoprotein 

metabolism which can lead to a large variability in AAS self-administration observational 

studies. 

Although this cross-section of AAS users display suppressed HDL-C, they are not more likely 

to display MetS as there was no significant (P < 0.05) difference in triglycerides, HOMA IR 

and inflammatory markers compared to healthy controls. Furthermore, only HDL-C was below 

the recommended clinical levels for MetS identification (Alberti et al., 2009). Previous cross-

sectional research in male bodybuilders revealed that current and former AAS users had 

impaired glucose tolerance compared to healthy controls (Rasmussen et al., 2017). AAS users 

were also reported to have significantly (P < 0.01) reduced leptin levels however, in contrast, 

high leptin levels are associated with IR and MetS (Esteghamati et al., 2011; Rasmussen et 

al., 2017; D’Elia et al., 2019). Leptin is pleiotropic hormone produced by adipocytes which 

regulates body weight and energy homeostasis (Sadaf Farooqi and O’Rahilly, 2009). 

However, leptin resistance typically occurs in MetS and obese  populations thereby reducing 

its ability to help regulate energy homeostasis (Sáinz et al., 2015). Although no significant 

difference in leptin levels were observed in the current study between AAS and CON groups, 

the leptin levels of the AAS group (median ± IQR: 1.2 ± 1.1 ng/ml) are similar to what was 

reported by Rasmussen et al. (2017) (median ± IQR: 1.2 ± 1.7 ng/ml). Furthermore, 2 

participants from the AAS group reported undetectable leptin concentrations. AAS use may 

induce leptin deficiency which is also associated with obesity and IR (German et al., 2010). In 

some cases, AAS use may induce leptin deficiency perhaps due to reducing body fat to 

extremely low levels, resulting in impaired glucose tolerance. Consequently, treatment with 

leptin may improve glucose sensitivity and metabolic health (Yaspelkis et al., 2001; German 

et al., 2010).  Yet, further research is required on the effects of AAS use on leptin 

concentrations and potential mechanisms of action.  

Fibrinolysis involves the breakdown of fibrin to control blood vessel patency and is largely 

regulated by PAI-1 (Alessi and Juhan-Vague, 2006).  PAI-1 is prothrombotic and increasing 

levels are associated with MetS and CVD risk (Mertens et al., 2006). Interestingly, AAS use 

has shown to decrease circulating levels of PAI-1 (Chang et al., 2018). A previous cross-

sectional study showed a trend (P = 0.07) of lower PAI-1 levels in AAS users compared to 
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healthy controls (Ferenchick et al., 1995). Furthermore, oral oxandrolone treatment decreased 

PAI-1 levels in healthy males after 3 days and remained suppressed during treatment (Kahn 

et al., 2006). This decrease in PAI-1 increases fibrinolytic activity thus reducing vascular 

thrombosis; however, AAS use simultaneously increases pro-coagulatory factors resulting in 

a balanced haemostatic system (Kahn et al., 2006). The low levels of PAI-1 maybe more of a 

biomarker of AAS use due to a protective regulatory mechanism rather than a reduction in 

CVD risk.  

Interestingly, both groups were observed to be very well matched in terms of training volume 

and dietary intake indicating that differences in results are largely due to AAS use. Training 

variables such as exercise selection, rep ranges and load were highly variable making it 

difficult to compare training volume accurately. Using weekly sets in a plane of motion was 

used to provide an indication of training volume as there is a dose response relationship of 

weekly sets with increasing muscle mass (Schoenfeld, Ogborn and Krieger, 2017). No 

differences in dietary intake were also observed between groups yet, both methods reported 

divergent results. Relative carbohydrate and protein intake was estimated to be higher and fat 

intake was estimated to be lower in the AAS group when determined by the 24-hr dietary 

recall. However, when measured by the food frequency questionnaire relative carbohydrate 

and fat intake was slightly lower and higher respectively in the AAS group. Use of a 24hr 

dietary recall and food frequency questionnaire allowed for differences in current dietary intake 

and average yearly dietary intake to be assessed. Use of both measures are recommended 

to account for limitations of both methods (Shim, Oh and Kim, 2014). This is particularly 

needed in the current population as they typically cycle between phases of “bulking” and 

“cutting” (Lenzi et al., 2019).  
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5.6. Limitations 

As with all cross-sectional designs, causation cannot be determined; therefore, only 

associations between AAS use and metabolic health can be inferred. Furthermore, this study 

may have included type II errors as a sample size of n = 9 AAS users (70% power) is small 

and limits the relevance to a larger population. However, access to this population is limited 

due to the illicit nature of acquiring AAS and requires a long-term relationship with AAS using 

communities to build trust. Moreover, the NAT and AAS groups were very well matched as 

shown by their dietary and training records which would increases the reliability of attributing 

the difference in metabolic health to AAS use. Due to the unregulated use of AAS, individuals 

use a variety of doses, types, frequencies of AAS and AAS-related polypharmacy. This 

increases the variability of results in the association between AAS use and metabolic health 

in comparison with similar research. Several biochemical analyses were unable to be 

measured due to resource or logistic limitations such as testosterone and VAT levels. As 

testosterone levels were not measured it was difficult to determine the effect of AAS use on 

circulating levels of testosterone which may have impacted results. However, AAS use was 

recorded which demonstrated that all users were taking supraphysiological doses of AAS 

which would have resulted in increased circulating levels. Furthermore, although all 

participants arrived fasted for 12 hours, the time between blood sample collection and last 

AAS administration and/or exercise session was not controlled for prior to this which may have 

triggered acute effects in addition to the chronic effects on blood metabolic health markers. 
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5.7. Conclusion 

In conclusion, use of AAS results in suppression of HDL-C and its primary apolipoprotein 

ApoA1 leading to increased CVD risk. This cross-section of AAS users did not display MetS 

as they did not show significantly different levels of plasma triglycerides, inflammatory markers 

or IR. Although no significant difference in LDL-C levels were observed between groups, 

higher doses of AAS use showed a moderate positive association with LDL-C and its major 

apolipoprotein, ApoB and a strong positive association with LDL phenotypes pattern A and B. 

Methods of AAS use are highly variable between individuals due to different doses, 

administration techniques and cycles being used which may lead to contrasting results 

between studies. However, these prospective self-administration studies may be more 

indicative of the health implications of AAS use as they replicate the exact practices of this 

unique population. Future studies should investigate changes in metabolic health throughout 

the long-term cycling of AAS to help elucidate which practices may be the most detrimental to 

cardiovascular health. Furthermore, the effects of using a myriad of anabolic pharmaceuticals 

are yet to be investigated on mechanisms of skeletal muscle health and are to be examined 

in chapter 6. 
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6.1.  Abstract 
Introduction: Anabolic-androgenic steroids (AAS) increase skeletal muscle hypertrophy by 

upregulating muscle protein synthesis (MPS), satellite cell activation and possibly by 

decreasing catabolic pathways. However, AAS use is associated with dyslipidaemia and 

possibly impaired insulin sensitivity, contributing to increased risk of cardiovascular disease 

(CVD). Use of serum from AAS-using or non-using participants, in cell culture, may represent 

a physiological model to investigate insulin sensitivity. The objective of this study was to 

investigate the effect of serum from AAS using and natural (NAT) resistance trained males on 

C2C12 skeletal muscle metabolism. It was hypothesised that chronic AAS serum stimulation 

would impair insulin signalling and glucose uptake, increase myoblast fusion and myotube 

anabolic signalling.  

Methods: Human serum was collected from AAS-using (n = 9) or non-using (n = 10) resistance 

trained males and pooled within their groups. C2C12 myoblasts and myotubes were pre-

conditioned in conventional horse serum (DM), NAT or AAS serum for 3 or 120 hours, 

respectively before being measured for insulin signalling and glucose uptake. Aktser473 

phosphorylation (p-Aktser473) was determined after 20 and 30 mins. Insulin induced glucose 

uptake was measured after 30 mins using 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-

Deoxyglucose. Creatine kinase activity was measured at 0, 48, 96 and 120 hours after 

initiation of differentiation in DM, NAT and AAS serum. Signalling (Aktser473, mTORser2448 

(myoblast only), ERK1/2T202/Y204 and P38t180/Y182), responses of myoblasts and myotubes were 

determined at 0, 15, 30, 60 mins post serum stimulation. Puromycin incorporation (SUnSET 

method) was measured to determine MPS at 1, 6 and 24 hr and puromycin removal was 

measured to determine protein breakdown (MPB) at 30, 48 and 72 hr post serum stimulation. 

Results: C2C12 myoblasts and myotubes significantly (P < 0.01) increased p-Aktser473 in 

response to 100 nM of insulin in DM, NAT and AAS conditions. No differences were observed 

between groups. Insulin significantly (P = 0.04) increased glucose uptake in myotubes and 

myoblasts (trend, P = 0.08) comparably between conditions. CK activity significantly (P < 0.01) 

increased comparably between conditions yet protein abundance was significantly (P = 0.04) 

higher in AAS serum vs. DM after 96 hr. In myoblasts, all conditions significantly (P < 0.05) 

increased Aktser473, mTORser2448, ERK1/2T202/Y204 and P38t180/Y182 phosphorylation. ERK and 

P38 phosphorylation were significantly (P < 0.05) higher in NAT and AAS serum compared to 

DM. In myotubes, all conditions similarly significantly (P < 0.05) increased p-Aktser473 and p-

ERKT202/Y204 at 30 mins. MPS and the rate of MPB was similar between groups at all timepoints. 

Conclusion: Serum derived from AAS users does not impair insulin signalling or glucose 

uptake compared to non-users. However, muscle fusion and anabolic signalling was similar 

between AAS and NAT serum indicating a lack of hypertrophic response with AAS use. 
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6.2. Introduction 

Testosterone and its anabolic-androgenic steroid (AAS) derivatives are known to increase 

skeletal muscle hypertrophy by upregulating muscle protein synthesis (MPS) and accretion, 

satellite cell activation and possibly by decreasing catabolic pathways (Cheung and 

Grossmann, 2018). When AAS are used in combination with resistance exercise, skeletal 

muscle hypertrophy is enhanced most likely due to a synergistic increase in anabolic signalling 

(Bhasin et al., 1996; Zeng, Zhao and Liao, 2017). However, AAS users are at a higher risk of 

developing cardiovascular disease (CVD) and range of other disorders including: 

psychological disorders, neuroendocrine disorders and sex-specific disorders (aromatisation 

and hypogonadism in males and virilisation in females) (Pope et al., 2014; Baggish et al., 

2017; Bjørnebekk et al., 2017; Westlye et al., 2017; Goldman et al., 2019). Nevertheless, the 

direct impact of AAS use on health is difficult to determine as other substances such as insulin-

like growth factor-I (IGF-I) and growth hormone; drugs to prevent AAS-related adverse effects, 

other image enhancing drugs (clenbuterol, diuretics and thyroid hormones) and psychoactive 

drugs are also reportedly used to complement their range of AAS types, doses and cycles 

(Sagoe et al., 2015; Begley et al., 2017). 

AAS exert their effects via genomic and non-genomic pathways. Genomic actions of AAS 

occur when androgens bind to the androgen receptor located in the cytoplasm which results 

in their translocation to the nucleus (Davey and Grossmann, 2016). At the nucleus the 

androgen/receptor complex moderates gene transcription by binding to the androgen 

response element of the DNA (Bennett et al., 2010; Parr et al., 2018). This in turn, upregulates 

expression of genes related to protein accretion and anabolism such as insulin growth factor-

I (IGF-I), nutrient sensing, storage and transporting (Lipin, GLUT3 and System A Transporter 

2) and satellite cell differentiation (myogenin), while also increasing satellite cell number 

(Sheffield-Moore, 2000; Lee, 2002; Sinha-Hikim et al., 2003; Haren et al., 2011). Androgen 

response element binding may also downregulate genes involved in muscle atrophy such as 

inhibitory-Kappa kinase alpha (Haren et al., 2011; Rossetti, Steiner and Gordon, 2017). Non-

genomic actions of AAS are characterised by the speed in which they exert their effects (within 

minutes) thus indicating activities independent of transcription (Deng et al., 2017; Parr et al., 

2018). AAS have been reported to exert non-genomic effects via membrane-located 

receptors; membrane-located AR, endothelial growth factor receptor and sex hormone binding 

globulin receptor (Parr et al., 2018). Binding of these receptors by AAS leads to an increase 

in intracellular calcium and activation of several second messenger signalling cascades 

including; mitogen-activated protein kinases (MAPK), extracellular regulated kinases 1/2 (ERK 

1/2), protein kinase A (PKA), calmodulin and phosphatidylinositol-3-phosphate kinase 
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(PI3K)/Akt/mammalian target of rapamycin complex 1 (mTORc1) pathways (Hamdi and 

Mutungi, 2010; Antinozzi et al., 2017; Parr et al., 2018). Activation of PI3K/Akt by testosterone, 

triggers mTORc1, a key regulator of protein turnover via activation of the eukaryotic initiation 

factor 4E-binding protein 1 (4E-BP1) and p70S6 kinase S6K1 (S6K1) (Basualto-Alarcón et al., 

2013; Liu and Sabatini, 2020). These signalling cascades upregulate transcription, satellite 

cell proliferation, MPS and reduce apoptosis ultimately resulting in skeletal muscle 

hypertrophy (Estrada et al., 2003; Hamdi and Mutungi, 2010; Antinozzi et al., 2017; Parr et al., 

2018). 

The use of AAS reportedly results in polycythaemia, reduced left ventricular and diastolic 

function and accelerated atherosclerosis compared to non-use (Stergiopoulos et al., 2008; 

Baggish et al., 2017). AAS use may affect blood pressure (BP) and metabolism which 

ultimately increases CVD risk in addition to altered cardiac function (Achar, Rostamian and 

Narayan, 2010). Furthermore, AAS use can increase low-density lipoprotein cholesterol (LDL-

C) and decrease high-density lipoprotein cholesterol (HDL-C) increasing the risk of developing 

atherosclerosis (Achar, Rostamian and Narayan, 2010). AAS use may also result in lower 

insulin sensitivity and higher levels of visceral adipose tissue (VAT) compared to matched 

controls thereby sharing similar metabolic characteristics of obese/sedentary populations such 

as Metabolic syndrome (MetS) and increasing risk of CVD (Rasmussen et al., 2017). For 

example, an oral glucose tolerance test (OGTT) between healthy controls, steroid using 

bodybuilders and former steroid using bodybuilders (mean discontinuation of 2.5 years) 

revealed that current and former AAS users had impaired glucose tolerance compared to 

healthy controls (Rasmussen et al., 2017). Interestingly, although current users of AAS had 

lower % body fat compared to healthy controls and former users, they had significantly greater 

levels of VAT and reduced adiponectin and leptin levels which are all independent predictors 

of  insulin resistance (IR), type 2 Diabetes (T2D) and MetS (Hung et al., 2008; Preis et al., 

2010; Frühbeck et al., 2017; Rasmussen et al., 2017; D’Elia et al., 2019). Additionally, 

powerlifting steroid users had higher fasting insulin levels compared with non-using 

powerlifters and were similar to those observed in obese participants (Cohen and Hickman, 

1987). An OGTT also revealed the powerlifting steroid users to have a 2-fold increase in post-

glucose glycaemia compared to non-users, which again was a similar increase to the obese 

group. Post-glucose insulinaemia in the powerlifting steroid users was also higher compared 

to all groups and at least 2-fold higher compared to obese participants (Cohen and Hickman, 

1987). In contrast, doses (>300 mg/wk) of testosterone for 20 weeks or nandrolone (300 

mg/wk) for 6 weeks had no significant effect on insulin sensitivity or glucose tolerance in males 

(Hobbs, Jones and Plymate, 1996; Singh et al., 2002). These results indicate that AAS 

polysubstance use may be with the cause of impaired glucose metabolism rather than use of 
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an individual AAS.  

As skeletal muscle is the largest tissue for glucose disposal (Defronzo et al., 1981), increases 

in muscle mass should improve insulin sensitivity; paradoxically, the results above indicate 

that chronic AAS polysubstance use may cause tissue IR. This may be due to an imbalance 

of regulatory adipokines and cytokines from increased VAT levels and circulating lipids leading 

to a decreased/delayed stimulus of the PI3K/Akt signalling cascade in response to glucose 

ingestion, as also observed in T2D individuals (Samuel and Shulman, 2016). Furthermore, 

nutrient overload is reported to increase IR via mTORc1 dependent pathway. Chronic 

activation of S6K1 mediated by mTORc1, inflicts serine phosphorylation of insulin receptor 

substrate 1 (IRS1) leading to reduced insulin sensitivity (Um, D’Alessio and Thomas, 2006; 

Yoon and Choi, 2016). It is possible that chronic AAS use, leading to hyperactivation of 

mTORc1/S6K1 signalling may cause IR. Oestradiol has also shown to be a key regulator of 

insulin sensitivity (Gupte, Pownall and Hamilton, 2015) and has been shown to be significantly 

(P < 0.01) elevated with AAS use compared to healthy males (Rasmussen et al., 2017).  

Deficient levels of circulating oestradiol are associated with IR in males and females, and 

oestradiol treatment is reported to restore insulin sensitivity (Gupte, Pownall and Hamilton, 

2015; Galmés-Pascual et al., 2020). However, in contrast, conversion of testosterone to 

oestradiol due to an increase in aromatase activity results in a decrease in the testosterone to 

oestradiol ratio which has been implicated in the development of MetS in older males (Maggio 

et al., 2010; Carrageta et al., 2019). Furthermore, in a large population of post-menopausal 

women (N = 3117), increased total oestradiol concentrations were associated with future T2D 

incidence and was only slightly attenuated (P = 0.07) when adjusted for metabolic risk factors 

(BMI, glucose and insulin) (Muka et al., 2017).  Potential mechanisms are yet to be elucidated 

yet, oestradiol is reported to bind to insulin and the insulin receptor further highlighting its 

potential role in inducing IR (Root-Bernstein, Podufaly and Dillon, 2014). 

The C2C12 murine cell line is an established model for studying skeletal muscle in vitro 

however, cellular models, using highly defined culture conditions, rarely replicate the 

physiological environment seen in vivo. Furthermore, there is a lack of research on the impact 

of AAS polysubstance use on skeletal muscle health, which is more typical of AAS users. Use 

of serum derived from individuals who use AAS may replicate a more physiologically relevant 

cellular environment to help elucidate the impact of AAS on skeletal muscle insulin signalling 

and metabolism.  

Therefore, the primary objective of this study was to investigate the effect of serum derived 

from resistance trained males who do not use and who do use AAS on skeletal muscle 
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metabolism including; insulin stimulated signalling and glucose uptake, myoblast 

differentiation and protein synthesis. The underpinning objectives were:  

1. To determine if insulin signalling is different between serum conditions (DM vs NAT vs 

AAS),  

2. Investigate if serum conditions differentially effect insulin induced glucose uptake,  

3. Determine the impact of serum conditions on myoblast differentiation to myotubes and 

potential signalling mechanisms, and  

4. Investigate the effect of serum on protein synthesis and degradation using the surface 

sensing of translation (SUnSET) method (Schmidt et al., 2009). 

It was hypothesised that:  

1. Chronic AAS serum incubation would impair insulin signalling vs NAT and DM in 

myotubes but acute incubation in myoblasts would not,  

2. Chronic incubation of AAS serum would impair insulin induced glucose uptake vs NAT 

and DM in myotubes but acute incubation in myoblasts would not,  

3. Myoblast differentiation would be enhanced in conditioned serum vs DM, with the AAS 

group showing enhance anabolic signalling and fusion rates and, 

4. That myotube protein synthesis would be enhanced in conditioned serum vs DM, with 

the AAS group showing greater rates of protein synthesis and reduced rates of protein 

degradation.  
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6.3. Methods 

6.3.1. Participants 

Following ethical approval and informed consent, resistance trained males who do not use 

AAS (NAT) and who do use AAS (AAS) were recruited for this study, to obtain serum samples. 

Participants were requested to attend LJMU laboratories in the morning, having been fasted 

for 12 hours. Within-group serum was pooled and heat inactivated at 56 C° for 30 mins.  For 

details of methods, participants and results relating to the participants see study 3, chapter 5 

(section 5.3).  

6.3.2. Cell culture 

C2C12 murine skeletal muscle cells were purchased from ATCC and passages 8-12 were 

used. For detailed cell culture see general methods section 2.2. Briefly, cells were grown in 

T75 flasks containing growth media (GM) (DMEM, 10% FBS, 10% NBCS, 1% PS, 2mM L-G) 

in a humidified atmosphere of 5% CO2 at 37 °C. Upon reaching 80% confluence, cells were 

split into 6 well plates at a density of 4 x105 cells/ml and cultured for 48 hrs in a humidified 

atmosphere of 5% CO2 at 37 °C until 80% confluency. To induce differentiation to myotubes, 

cells were washed and incubated in DMEM (1% PS, 2mM L-G) supplemented with 2 % HS 

(DM) or 2 % serum derived from NAT and AAS groups depending on experiment. Myotubes 

were allowed to form over 96-144 hours with the media being topped up with 1 ml of media 

every 48 hours in a humidified atmosphere of 5% CO2 at 37 °C. 

6.3.3. Insulin stimulation 

To investigate insulin signalling in myoblasts, after attainment of 80% confluence in 6 well 

plates, cells were washed twice with PBS and incubated for 3 hours at 37 °C and 5% CO2 in 

DM, NAT (DMEM, 2% HI NAT serum, 1% PS, 2mM L-G) or AAS (DMEM, 2% HI AAS serum, 

1% PS, 2mM L-G). To investigate insulin signalling in myotubes, myoblasts were differentiated 

to myotubes in DMEM (1% PS, 2mM L-G) supplemented with 2% HS (DM) 2% NAT or 2% 

AAS. Myotubes were washed twice with phosphate buffered saline (PBS) and incubated for 3 

hours in 2% DM, NAT or AAS. Cells were spiked with 100 nM insulin and incubated at 37 °C 

and 5% CO2 for 20 and 30 mins.  

Following insulin stimulation, myoblasts were washed twice with ice cold PBS, trypsinised and 

centrifuged at 800 g at 4 °C for 5 mins. Cells were fixed with 2% paraformaldehyde and 

incubated for 30 mins at room temperature. Cells were permeabilised with ice-cold 100% 

methanol and stored at -20 °C before processing for flow cytometry (BD Accuri C6, BD 
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Biosciences, Wokingham, UK) (2.3.4). Myotubes were lysed and scraped with RIPA buffer (50 

mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA) before 

processing for Western blot (section 2.3.5.). Myotubes could not be subjected to FLOW 

cytometric analyses, hence the need to adopt Western blotting.  

6.3.4. Glucose uptake 

Glucose uptake was measured using 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-

Deoxyglucose, (2-NBDG), for full details read methods section 2.3.1. Briefly, in 96 well plates 

myoblasts and myotubes were washed twice with PBS and incubated in serum free, low 

glucose, 1% BSA DMEM for 24 hours. Following 24 hours, myoblasts were washed twice with 

PBS and transferred to 2% HS or NAT or AAS DMEM (0% glucose, 100µM 2-NBDG, 1% PS, 

2mM L-G), as were myotubes, but in serum free DMEM (0% glucose, 100µM 2-NBDG, 1% 

PS, 2mM L-G). Myoblasts and myotubes were incubated at 37 °C and 5% CO2 with 0 or 100 

nm of insulin for 30 mins. After incubation cells were placed on ice and washed 3 times with 

ice cold PBS. Cell fluorescence was detected (λex = 460 to 490 nm, λem =530 to 550 nm) 

using a microplate reader (Clariostar, BMG LABTECH, Ortenberg, Germany). Protein 

concentration was determined by BCA™ (see methods section 2.3.3) assay and glucose 

uptake was relativised to protein content and expressed as fold change of basal glucose 

uptake.  

6.3.5. Creatine kinase 

Creatine kinase (CK) activity was measured as a marker of myoblast differentiation to 

myotubes and relativized to total protein (Sharples, Al-Shanti and Stewart, 2010; Sharples et 

al., 2011; Dugdale et al., 2018). For detailed description please read methods section 2.8. 

Briefly, cells were incubated in DMEM (1% PS, 2mM L-G) supplemented with 2 % HS (DM) 

or serum derived from NAT and AAS groups. Cells were washed twice with PBS and lysed 

with TMT at 0, 48, 96 and 120 hr. In duplicate, 10 µl of cell lysates were analysed using 96-

well UV plates. Using a multichannel pipette 200 µl of CK reagent was added to samples. Over 

20 minutes, the change in absorbance was measured continuously using an ELISA plate 

reader (Biotek, USA) at a wavelength of 340 nm. CK activity was then relativised to protein 

concentration obtained from BCA™ assay (section 2.3.3). 

6.3.6. Measurement of protein synthesis and breakdown. 

The SUnSET method was used to measure global protein synthesis (Schmidt et al., 2009). 

The SUnSET method involves pulsing cells (10 µl/ml) with the antibiotic puromycin which is a 

structural analogue of aminoacyl-tRNA and therefore can be incorporated into a translating 
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poly-peptide chain. Incorporation of puromycin into developing peptide chains results in 

termination of peptide elongation and the rate at which puromycin labelled polypeptides are 

produced serves as a measure of protein synthesis rates. The labelled polypeptides can then 

be measured with monoclonal antibodies using immunodetection methods. An adaptation of 

the SUnSET method was used to allow for determination of MPB measuring the rate of 

puromycin removal from cells in addition to MPS (Crossland et al., 2017). Myotubes were 

incubated in DM, NAT or AAS media containing 1 µM of puromycin for 1, 6 and 24 hrs. To 

determine removal of puromycin from cells, after 24 hrs cells were washed twice with PBS 

and incubated in DM, NAT or AAS media without puromycin for a further 6, 24 and 48 hrs. 

Myotubes were washed twice with ice cold PBS, lysed and scraped with RIPA buffer (50 mM 

Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA) before 

processing for Western blot. 

6.3.7. Flow cytometry 

To detect phosphoproteins in myoblasts, flow cytometry was performed. For detailed 

description please read methods section 2.9. Briefly, cells were washed with flow buffer (PBS 

+ 0.5% horse serum) and centrifuged at 600 g at 4 °C for 5 minutes. Cells were resuspended 

at 1 x 106 cells/ml in flow buffer. The anti-human/mouse phospho-AKT (S473; PE; 585/40nm; 

0.06 μg), anti-human/mouse phospho-P38 (Thr180, Tyr182; PE; 585/40nm; 0.06 μg),  anti-

human/mouse phospho-mTOR (Thr180, Tyr182; PerCP; 670/LP nm; 0.125 μg) and anti-

human/mouse phospho-ERK/12 (Thr202, Tyr204; AlexaFlour; 488 nm; 0.03 μg) antibodies 

(Thermo Fisher Scientific inc, Waltham, USA) were added to samples and incubated at RT in 

the dark for 60 minutes. Cells were washed twice by centrifuging at 600 g at 4 °C for 5 minutes 

and resuspending in flow buffer. Data from 1000 events were recorded by flow cytometry. 

6.3.8. SDS-Page and immunoblotting 

Total protein and phosphoproteins in myotubes were detected by Western blot, (see section 

2.3.5 for further details). Protein concentrations of samples were determined by BCA™ assay 

(section 2.3.3) and samples were subsequently resuspended in 5x Laemmli buffer at 1 mg/ml. 

30 µg of sample was loaded and electrophoresed on 10% SDS-polyacrylamide gels. Semi-

dry transfer of proteins to a nitrocellulose membrane using BioRad transfer pack was carried 

out. Following blocking for 1-hour in 5% non-fat dried milk, membranes were incubated 

overnight with rabbit anti-phosphorylated or total; Aktser473 and P38MAPKt180/Y182 and  total 

ERK1/2T202/Y204 at a dilution of 1:1000, and p-ERK1/2T202/Y204 at a dilution of 1:2000 (Cell 

Signalling Technology, London, UK) similarly, anti-puromycin was incubated at a dilution of 

1:20000 clone (12D10 mouse monoclonal; Merck Millipore Limited, Carrigtwohill, Co. Cork, 
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Ireland). After overnight incubation, membrane was washed 3 times in TBS-Tween at 0.1% 

and incubated for 1 hour in HRP-conjugated goat anti-rabbit antibodies at dilution of 1:1000 

(Thermo Fisher Scientific inc, Waltham, USA) with the exception of puromycin which was 

incubated with goat anti-mouse IgG2a-specific at a dilution of 1:10000 (LI-COR Biosciences 

UK Ltd, Cambridge, UK). Proteins were visualised by enhanced chemiluminescence (Thermo 

Fisher Scientific inc, Waltham, USA) and quantified by densitometry (ChemiDocTM MP imaging 

system, Bio-Rad Laboratories, Inc. CA, USA). 

6.3.9. Statistical analysis 

GraphPad Prism (California, USA) statistical software was used for statistical analyses. Data 

were assessed and confirmed for normal distribution by Shapiro Wilks test. To determine the 

effect of serum condition on each experiment, data underwent a 2-way mixed ANOVA with 3 

between factors (DM vs. NAT vs. AAS) and 2-4 within (time) factors depending on experiment. 

Bonferroni post hoc pairwise comparisons test was used when significant main effects and 

interactions were present. All data are presented as mean ± SEM and significance set as P ≤ 

0.05. 
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6.4. Results 

6.4.1. High-density lipoprotein cholesterol and apolipoprotein A1 

are significantly reduced in individuals using AAS (study 3, 

section 5.4.1.) 

Participants who use AAS showed significantly (P = 0.04) lower levels of HDL-C and 

apolipoprotein A1 compared with healthy controls (Study 3, section 5.4.1.). Furthermore, The 

highest users of AAS were also observed to be associated with significantly higher levels of 

with LDL-C (P < 0.01, r = 0.76), apolipoprotein B (P < 0.01, r = 0.77), pattern A (P < 0.01, r = 

0.79) and pattern B (P < 0.001, r = 0.94). These results indicate an increased risk of developing 

CVD in individuals who use AAS. 

6.4.2. NAT and AAS serum elicit similar responses in Aktser473, 

mTORser2448, ERK1/2T202/Y204 and P38MAPKt180/Y182 

phosphorylation but show differential responses in 

ERK1/2T202/Y204 and P38MAPKt180/Y182 compared with DM during 

fusion. 

To elucidate the impact of serum on potential acute mechanisms of fusion, cells were 

incubated in each condition for 0, 15, 30 and 60 mins. Upon serum incubation, p-Aktser473 

significantly (P < 0.001) increased from 0 min (All groups; 11249 ± 965) to 15 min (DM; 13139 

± 331, NAT; 13230 ± 686, AAS; 13476 ± 1165) to 30 min (DM; 12226 ± 579, NAT; 14536 ± 

995, AAS; 14180 ± 676) to 60 min (DM; 16432 ± 784, NAT; 17889 ± 1143, AAS; 17499 ± 434) 

(Figure 6.1). Post-hoc analyses showed p-Aktser473 to be significantly (P < 0.01) higher at 15, 

30 and 60 min compared to 0 min. No difference was observed between 15 and 30 min, but 

60 min was significantly higher compared to 15 and 30 mins. No significant interaction 

between groups was observed.  

mTORser2448 phosphorylation (p-mTORser2448) significantly (P < 0.01) increased from 0 min (All 

groups; 60320 ± 2445) to 15 min (DM; 67315 ± 2461, NAT; 59845 ± 3981, AAS; 57240 ± 

1345) to 30 min (DM; 65311 ± 4655, NAT; 69130 ± 5297, AAS; 65251 ± 5643) and decreased 

at 60 min (DM; 51606 ± 6304, NAT; 54745 ± 4959, AAS; 60619 ± 4707) (Figure 6.1). Post-

hoc analyses showed p-mTORser2448 to be significantly (P < 0.05) lower at 60 min compared to 
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30 min. No difference was observed between any other time. No significant interaction 

between groups was observed.  

ERK1/2T202/Y204 phosphorylation (p-ERK1/2T202/Y204) significantly (P < 0.001) increased from 0 

min (All groups; 15342 ± 1952) to 15 min (DM; 15490 ± 228, NAT; 17243 ± 778, AAS; 17113 

± 1535) to 30 min (DM; 16353 ± 492, NAT; 21729 ± 1073, AAS; 20922 ± 1532) to 60 min (DM; 

20368 ± 958, NAT; 33241 ± 4526, AAS; 30582 ± 1678) (Figure 6.1). Post-hoc analyses 

showed p-ERK1/2T202/Y204 to be significantly (P < 0.05) higher at 15, 30 and 60 min compared 

to 0 min. p-ERK1/2T202/Y204 was also significantly higher at 30 min vs 15 min and 60 min 

compared to all previous timepoints. There was also a significant (P < 0.01) interaction 

between groups with post-hoc analyses showing AAS to be significantly higher compared to 

DM at 60 mins.  

P38MAPKt180/Y182 phosphorylation (p-P38MAPKt180/Y182) significantly (P < 0.001) increased 

from 0 min (All groups 5005 ± 283) to 15 min (DM; 5096 ± 151, NAT; 5121 ± 242, AAS; 5166 

± 274) to 30 min (DM; 5382 ± 359, NAT; 5053 ± 55, AAS; 5357 ± 124) to 60 min (DM; 12427 

± 142, NAT; 14462 ± 430, AAS; 14202 ± 677) (Figure 6.1). Post-hoc analyses showed p-

P38MAPKt180/Y182 to be significantly (P < 0.001) higher at 60 min compared to 0, 15 and 30 

min. There was also a significant (P < 0.01) interaction between groups however, post-hoc 

analyses showed no differences between groups at any time point.  
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Figure 6.1. The effect of serum on p-Aktser473, p-mTORser2448, p-ERK1/2T202/Y204 and p-P38MAPKt180/Y182 

at 0, 15, 30 and 60 min. All data (n=3 replicates in duplicate in each group) are presented as mean ± 

SEM. ** (P < 0.01) *** (P < 0.001) denotes significantly different from 0 min. # (P < 0.05) ### (P < 0.001) 

denotes significant interaction between groups. 

6.3.1. Creatine kinase activity significantly increases during fusion of myoblasts to 

myotubes in DM, NAT and AAS serum. 
Upon attainment of 80% confluence, myoblasts were switched to DM media containing 2% 

HS or human derived NAT or AAS serum to induce differentiation to myotubes. CK activity, a 

marker of fusion, significantly (P < 0.001) increased in the from 0 hr (All groups; 58.29 ± 7.4) 

to 48 hr (DM; 179.49 ± 77.69, NAT; 328.24 ± 105.5, AAS; 284.37 ± 96.47) to 96 hr (DM; 255.31 

± 69.54, NAT; 358.52 ± 143.52, AAS; 364.46 ± 94.83) to 120 hr (DM; 350.44 ± 113.97, NAT; 

348.07 ± 110.52, AAS; 456.95 ± 59.61) (Figure 6.2C). Post-hoc analyses showed CK activity 

to be significantly (P < 0.01) higher at 48, 96 and 120 hr compared to 0 hr. CK activity was not 

significantly different between 48, 96 and 120 hr. There was no significant interaction between 
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groups at any time. Protein concentration was significantly (P < 0.01) different between groups 

with post hoc analysis showing the AAS group to be significantly (P = 0.04) higher than DM at 

96 and 120 hr (Figure 6.2A). However, CK activity relativised to protein concentration (Figure 

3C) did not reveal different results to non-relativised CK activity (Figure 6.2B). 

6.4.3. Summary of the effects of serum conditions on myoblast 

signalling and fusion. 

Compared with DM, myoblasts conditioned in AAS or NAT serum showed similar acute 

increases in p-Akt and p-mTOR but showed significantly higher p-ERK and p-P38 levels, all 

implicated in differentiation. CK activity, a marker of differentiation of myoblasts to myotubes 

significantly increased comparably in all conditions from 0 to 120 hours. Additionally, protein 

abundance also significantly increased in all groups with greater concentrations in NAT and 

AAS conditions, with AAS serum being significantly higher compared with DM after 96 hours. 

6.4.4. Insulin increases Aktser473 phosphorylation in skeletal muscle 

C2C12 myoblasts in DM, NAT and AAS serum. 

Basal p-Aktser473 was not significantly different between conditions prior to insulin stimulation. 

Stimulation of myoblasts with 100 nM of insulin for 20 and 30 min significantly (P < 0.001) 

increased p-Aktser473 in the presence of DM (7020 ± 356 to 9007 ± 1122 to 8621 ± 427 AU), 

NAT (7349 ± 245 to 9195 ± 529 to 10845 ± 1516 AU) and AAS (7398 ± 277 to 10573 ± 2045 

to 9139 ± 698 AU) (Figure 6.3). Post-hoc analyses showed p-Aktser473 to be significantly (P < 

0.01) higher at 20 mins in AAS and at 30 mins in NAT. There was no significant interaction 

between groups. 
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Figure 6.2. The effect of serum on protein abundance and CK activity during fusion of myoblasts to myotubes at 0, 48, 96 and 120 hours. A) Protein abundance, 

B) CK activity, C) CK activity relativised to protein abundance. All data (n=3 replicates in duplicate in each group) are presented as mean ± SEM.*** denotes 

significantly (P < 0.001) different from 0 hours.  ## denotes significant (P < 0.01) interaction between groups.  a denotes significantly (P < 0.05) different vs DM. 
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The relative insulin induced p-Aktser473 fold change vs control significantly (P < 0.001) 

increased after 20 mins (DM; 1.23 ± 0.06, NAT; 1.20 ± 0.02, AAS; 1.36 ± 0.18) and 30 mins 

(DM; 1.29 ± 0.06, NAT; 1.53 ± 0.17, AAS; 1.28 ± 0.04) (Table 6.1). No significant interaction 

between groups at any timepoint was observed.  

✱✱✱

 

Figure 6.3. The effect of insulin stimulation in myoblasts on p-Aktser473 in DM, NAT and AAS after 20 

and 30 min. All data (n=3 replicates in each group) are presented as mean ± SEM.*** denotes 

significantly (P < 0.001) different from 0 min.  

6.4.5. Glucose uptake in response to insulin is comparable in 

skeletal muscle C2C12 myoblasts in DM, NAT and AAS serum. 

Following incubation in DM, NAT and AAS myoblasts were treated in the absence or presence 

of insulin (100 nM) for 30 min (Figure 6.4). In response to insulin, a trend (P = 0.08) in 

increasing the fold change in glucose uptake was observed at 30 minutes (DM; 1.22 ± 0.07, 

NAT; 1.08 ± 0.2, AAS; 1.51 ± 0.33). No significant difference was observed in glucose uptake 

in the absence or presence of insulin between groups.  
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Figure 6.4. The effect of insulin stimulation in myoblasts on glucose uptake in DM, NAT and AAS after 

30 min. All data (n=3 replicates in triplicate in DM) are presented as mean ± SEM. 

6.4.6. Summary of the effects of insulin on myoblasts conditioned 

in NAT and AAS serum. 

Myoblasts conditioned in NAT and AAS serum showed comparable increases in p-Akt and 

glucose uptake in response to insulin. The effects of serum on cellular glucose metabolism 

may only be considered acute due to the short incubation time (<3 hours). As myoblasts 

showed successful fusion in each condition, the impact of chronic (4-5 days) serum conditions 

on cellular metabolism in myotubes was warranted.   

6.4.7. Insulin increases Aktser473 phosphorylation in skeletal muscle 

C2C12 myotubes in DM, NAT and AAS serum. 

Following the results in myoblasts, stimulation of myotubes with 100 nM insulin for 20 and 30 

min was investigated. Serum conditions showed a trend (P = 0.05) of p/t-Aktser473 being 

different between groups, with post hoc analysis reporting that AAS serum showed a trend (P 

= 0.06) of overall p/t-Aktser473 being lower compared with DM. Insulin stimulation significantly 

(P < 0.01) increased p/t-Aktser473 in the presence of DM (0.38 ± 0.11 to 1.6 ± 0.18 to 2.74 ± 

0.66 AU), NAT (0.22 ± 0.03 to 1.66 ± 0.79 to 1.83 ± 0.43 AU) and AAS (0.13 ± 0.03 to 0.93 ± 

0.40 to 0.93 ± 0.07 AU) (Figure 6.5). Post-hoc analysis showed p/t-Aktser473 to be significantly 

(P < 0.05) higher at 20 mins and 30 mins compared to baseline however, no difference was 

observed from 20 to 30 mins. Although there was a trend (P = 0.06) of overall p-Aktser473 being 

lower in AAS conditions compared with DM, there was no significant interaction between 

groups in response to insulin stimulation. 
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The relative insulin induced p/t-Aktser473 fold change vs control significantly (P < 0.01) 

increased after 20 mins (DM; 4.35 ± 0.47, NAT; 7.70 ± 3.67, AAS; 7.27 ± 3.1) and 30 mins 

(DM; 7.28 ± 1.74, NAT; 8.53 ± 1.99, AAS; 7.24 ± 0.55) (Table 6.1). No significant interaction 

between groups at any timepoint was observed. 
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Figure 6.5. The effect of insulin stimulation in myotubes on p/t-Aktser473 in DM, NAT and AAS after 20 

and 30 min. A) Quantitative representation, B) qualitative representation. All data (n=3 replicates in 

each group) are presented as mean ± SEM.*** denotes significantly (P < 0.001) different from 0 min.  

6.4.8. Insulin does not increase glucose uptake in skeletal muscle 

C2C12 myotubes in DM, NAT and AAS serum. 

Following incubation in DM, NAT or AAS myotubes were treated with 100 nM of insulin for 30 

min (Figure 6.6). Insulin significantly (P = 0.04) increased glucose uptake comparably between 

conditions (DM; 1.32 ± 0.16, NAT; 1.21 ± 0.29, AAS; 1.48 ± 0.35). Similar to myoblasts, no 

significant difference was observed in glucose uptake in the absence or presence of insulin 

between groups.  
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Figure 6.6. The effect of insulin stimulation in myotubes on glucose uptake in DM, NAT and AAS after 

30 min. All data (n=3 replicates in triplicate in DM) are presented as mean ± SEM. 

6.4.9. Summary of the effect of chronic NAT and AAS serum 

conditions on glucose metabolism in myotubes. 

In myotubes conditioned in DM, NAT or AAS serum for 4-5 days, the effect of insulin on p-Akt 

and glucose uptake was similar between conditions. However, and in contrast to myoblast 

observations, AAS serum reported a trend (P = 0.06) of expressing lower p-Akt in the absence 

and presence of insulin compared with DM. This may have potential wider implications on 

cellular signalling such skeletal muscle anabolism as no difference was observed between 

groups in glucose metabolism. 

 

Table 6.1. Insulin stimulated fold change in Aktser473 phosphorylation in myoblasts and 
myotubes in each condition at 20 and 30 minutes. 

Condition 

Myoblasts Myoblasts Myotubes Myotubes 
Fold change 

Vs 0 nM at 20 
mins 

Fold change 

Vs 0 nM at 30 
mins 

Fold change 

Vs 0 nM at 20 
mins 

Fold change 

Vs 0 nM at 30 
mins 

DM 1.23 ± 0.06 1.29 ± 0.06 4.35 ± 0.47 7.28 ± 1.74 
NAT 1.20 ± 0.02 1.53 ± 0.17 7.70 ± 3.67 8.53 ± 1.99 
AAS 1.36 ± 0.18 1.28 ± 0.04 7.27 ± 3.1 7.24 ± 0.55 

Data presented as mean ± SEM.  
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6.4.10. DM, NAT and AAS serum elicit similar responses in Aktser473, 

ERK1/2T202/Y204 and P38MAPKt180/Y182 phosphorylation in 

myotubes. 

To elucidate the impact of serum on myotube signalling, cells were incubated in each condition 

for 0, 15, 30 and 60 mins (Figure 6.7). All groups showed similar p/t-Aktser473 at 15 min (DM; 

0.76 ± 0.25, NAT; 1.74 ± 0.36, AAS; 1.03 ± 0.37), 30 min (DM; 0.93 ± 0.12, NAT; 1.31 ± 0.45, 

AAS; 0.86 ± 0.16) and 60 min (DM; 0.51 ± 0.3, NAT; 0.98 ± 0.34, AAS; 0.67 ± 0.34).  

Similarly, all groups showed comparable p/t-ERK1/2T202/Y204 at 15 min (DM; 3.74 ± 3.66, NAT; 

0.08 ± 0.05, AAS; 0.03 ± 0.03), 30 min (DM; 0.62 ± 0.44, NAT; 1.26 ± 0.19, AAS; 0.45 ± 0.19) 

and 60 min (DM; 0.47 ± 0.18, NAT; 0.36 ± 0.17, AAS; 0.19 ± 0.04).  

All serum conditions also showed similar p/t-P38MAPKt180/Y182 at 15 min (DM; 0.85 ± 0.47, 

NAT; 0.18 ± 0.09, AAS; 0.004 ± 2.56), 30 min (DM; 0.21 ± 0.03, NAT; 0.58 ± 0.23, AAS; 0.09 

± 0.04) and 60 min (DM; 0.10 ± 0.04, NAT; 0.08 ± 0.04, AAS; 0.76 ± 0.71).  

All serum conditions significantly (P = 0.02) increased p/t-ERK1/2T202/Y204 and showed a trend 

(P = 0.07) of significantly increasing p/t-Aktser473 from baseline. Post-hoc analyses showed p/t-

Aktser473 at 30 min to be significantly (P = 0.046) higher compared to 0 min and p/t-

ERK1/2T202/Y204 to be significantly (P = 0.03) higher at 30 min compared to 15 min. No 

significant changes in p/t-P38MAPKt180/Y182 were observed in any group. 

6.4.11. DM, NAT and AAS serum elicit similar responses in 

puromycin incorporation, de-corporation and associated 

signalling. 

To investigate the impact of serum on rates of MPS and MPB, myotubes were incubated with 

DM, NAT or AAS containing 1 µg/ml of puromycin (Figure 6.8). All groups showed similar rates 

of MPS at 1 hr (DM; 1.19 × 108 ± 1.87 × 107 , NAT; 1.12 × 108  ± 1.46 × 107 , AAS; 1.32 × 108 

± 9.72 × 106), 6 hr (DM; 1.24 × 108  ± 5.49 × 106, NAT; 1.43 × 108 ± 1.07 × 107, AAS; 1.37 × 

108  ± 2.17 × 107) and 24 hr (DM; 9.27 × 107  ± 1.52 × 106, NAT; 1.02 × 108  ± 6.21 × 106, AAS; 

9.11 × 107  ± 1.92 × 107). MPS significantly (P < 0.05) decreased with time as post-hoc analysis 

showed puromycin incorporation to be significant lower at 24 h compared to 1 hr and 6 hr. All 

groups showed similar non-significant responses in p/t-Aktser473 at 1 hr (DM; 0.65 ± 0.28, NAT; 

0.98 ± 0.33, AAS; 0.53 ± 0.28), 6 hr (DM; 1.47 ± 0.62, NAT; 1.26 ± 0.39, AAS; 0.83 ± 0.39) 

and 24 hr (DM; 0.31 ± 0.13, NAT; 0.62 ± 0.23, AAS; 0.62 ± 0.25) and no change was observed 

between timepoints. 



203 
 

The fold change of puromycin de-corporation from 24 hr was similar between groups at 30 hr 

(DM; 0.74 ± 0.17, NAT; 0.61 ± 0.06, AAS; 0.72 ± 0.13), 48 hr (DM; 0.81 ± 0.04, NAT; 0.64 ± 

0.05, AAS; 0.73 ± 0.12) and 72 hr (DM; 0.58 ± 0.10, NAT; 0.67 ± 0.1, AAS; 0.73 ± 0.14) and 

significantly (P < 0.001) increased with time.  
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Figure 6.7. The effect of serum on p-Aktser473, p-ERK1/2T202/Y204 and p-P38MAPKt180/Y182 at 0, 15, 30 

and 60 min. A-C) Quantitative representation, D-F) qualitative representation.   All data (n=3 replicates 

in duplicate in each group) are presented as mean ± SEM. * (P < 0.05) denotes significant effect for 

time, a (P < 0.05) denotes significantly different to 0 min, b (P < 0.05) denotes significantly different to 15 

min. 
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Figure 6.8. The effect of serum on MPS, rate of puromycin de-corporation and p-Aktser473. A-C) 

Quantitative representation, D-F) qualitative representation with stain-free protein expression in box 

below. All data (n=3 replicates in duplicate in each group) are presented as mean ± SEM. ** (P < 0.01), 

*** (P < 0.001) denotes significant effect for time. 

6.4.12. Summary of the effects of chronic AAS and NAT serum on 

anabolic signalling, MPS and MPB in myotubes. 

Upon incubation with conditioned serum, comparable significant (P < 0.05) increases in p-Akt 

and p-ERK were observed after 30 mins between groups however, NAT serum elicited a 

greater fold change (Akt, 2.4-fold; ERK, 3.1-fold) from baseline compared with AAS serum 

((Akt, 1.6-fold; ERK, 1.1-fold). Although differential spikes were observed in p-P38 by serum 

conditions, no significant increases or differences was reported. Increased Akt and ERK 

activity is implicated in many cellular responses including MPS and inhibition of MPB therefore, 

these markers of cellular metabolism were measured to assess the potential effect of 

increased p-Akt and p-ERK. Myotubes rapidly incorporated puromycin after 1 hour of serum 

incubation indicating MPS and was maintained for 6 hours but was reduced after 24 hours. 

Upon removal of puromycin from media, the rate of puromycin decorporation, an indicator of 

MPB, was also similar between groups. These data indicate that AAS serum shows similar 

anabolic effects on skeletal muscle compared with NAT serum.  
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6.5. Discussion 

The main outcome of this investigation was that insulin significantly increased p-Aktser473 in all 

serum conditions but in contrast to hypothesis 1, there was no significant difference observed 

between serum conditions in p-Aktser473 or the insulin induced fold change in myoblasts or 

myotubes. However, in myotubes, AAS serum showed a trend (P = 0.06) of overall lower p/t-

Aktser473 compared with DM conditions.  

Contrary with hypothesis 2, insulin showed a trend (P = 0.08) of increasing glucose uptake in 

myoblasts and significantly (P = 0.04) increased glucose uptake in myotubes comparably 

between all serum conditions.  

In contrast with hypothesis 3, myoblast differentiation was not enhanced in conditioned serum 

as CK activity levels were not significantly different at any timepoint however, p-ERK1/2T202/Y204 

and p-P38MAPKt180/Y182 were enhanced in conditioned serum compared to DM.  

Finally, in contrast with hypothesis 4, although anabolic signalling was upregulated MPS and 

MPB were not significantly different between groups. 

Overall, myoblasts exposed to AAS or NAT serum showed elevated acute signalling of 

differentiation (p-ERK and p-P38) compared with DM however, this did not lead to significantly 

higher levels of differentiation measured by CK activity over 120 hours. Although the acute 

signalling of Akt/mTOR pathway was not significantly different between conditions, protein 

abundance was elevated in NAT and AAS serum, with AAS serum being significantly higher 

compared with DM after 96 hours. Furthermore, each condition showed comparable p-Akt and 

glucose uptake in the absence and presence of insulin. Nonetheless, the formation of 

myotubes in each serum condition allowed for the chronic impact of serum on cellular 

metabolism to be investigated which may have shown different results.  

Myotubes conditioned in AAS serum for 4-5 days reported a trend (P = 0.06) of expressing 

lower p-Akt in the absence and presence of insulin compared with DM however, the effect of 

insulin on p-Akt and glucose uptake was similar between conditions. Due to this, other 

potential mechanisms of skeletal muscle metabolism were explored. The acute impact of 

serum on anabolic signalling was measured which showed all serum conditions to significantly 

increase p-Akt and p-ERK which may indicate an increase in anabolism. In addition to this, 

the effect of serum on MPS and MPB was explored which showed all conditions to have 

comparable rates of MPS (1-24 hr) and MPB (6-48 hr). These results highlight that although 

AAS serum does not impair skeletal muscle glucose metabolism, the lack of increased skeletal 

muscle anabolism at the cellular level indicates that AAS use for hypertrophy is not warranted. 



207 
 

Testosterone and its derivatives AAS are used clinically to increase muscle mass and function 

and improve metabolic health in ageing populations that are testosterone deficient (Jones et 

al., 2011; Storer et al., 2017). Controversially, due to AAS hypertrophic potential, 

supraphysiological dosages are used in combination with resistance exercise to improve 

perceived body image and muscular performance while putting metabolic health in jeopardy 

(McVeigh and Begley, 2017; Goldman, Pope and Bhasin, 2019). Therefore, maintenance of 

testosterone levels within normal healthy ranges is one important factor in the multifactorial 

regulation of metabolic health and risk of CVD. Furthermore, AAS users commonly use a 

variety of AAS types, doses and cycles in addition to other substances to increase anabolism 

or reduce undesirable side effects which was also observed in participants from study 3, 

chapter 5 (section 5.4.1.) (Sagoe et al., 2015; Begley, McVeigh and Hope, 2017). The 

chemical interactions of AAS-related polysubstance use may also elicit additional adverse 

health outcomes (Evans-Brown, Kimergård and McVeigh, 2009). 

It is well established that AAS and associated polypharmacy result in an adverse lipoprotein 

profile (increased LDL-C and reduced HDL-C) (Achar, Rostamian and Narayan, 2010). 

Somewhat in agreement, in study 3, chapter 5, HDL-C and Apo A1 was significantly (P < 0.05) 

lower while the highest users of AAS were associated with higher levels of LDL-C (r = 0.65, P 

= 0.03), ApoB (r = 0.69, P = 0.02), LDL pattern A (r = 0.72, P = 0.02) and pattern B (r = 0.96, 

P < 0.001). As IR is commonly associated with impaired lipid metabolism and in populations 

of testosterone deficiency (Muraleedharan and Jones, 2010; Sperling et al., 2015), 

supraphysiological levels of testosterone induced by AAS use may also cause IR. 

Furthermore, isolated HDL from humans enhances C2C12 cellular respiration and glucose 

metabolism in a dose-dependent manner users (Lehti et al., 2013), indicating that deficient 

HDL concentrations observed in the AAS group may contribute to impaired glucose 

metabolism. In the current study, myoblasts and myotubes showed similar increases in p-

Akt473 and glucose uptake in response to insulin in all groups, indicating a lack of IR with acute 

AAS exposure. However, myoblasts were allowed to differentiate to myotubes in each serum 

condition for 4-5 days thereby increasing exposure compared to myoblasts. This should have 

provided enough time for the myotubes to develop a phenotype relevant to the physiological 

environment prior to insulin stimulation. Myotubes conditioned in AAS serum showed a trend 

of expressing lower overall p/t-Akt during insulin experimentation compared with DM (P = 

0.06). Though, no significant interaction was observed in p/t-Akt or the insulin stimulated fold 

change between conditions. This also did not affect the response of insulin on glucose uptake, 

therefore, may have wider implications on cellular signalling such skeletal muscle anabolism.  

In rodents, by contrast, supraphysiological levels of testosterone and nandrolone have been 

reported to significantly (P < 0.05) diminish the response of insulin-induced glucose uptake 
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(Holmang and Bjorntorp, 1992; Frankenfeld et al., 2014). Rodents also showed impairments 

in gluconeogenesis, most likely due to the high fasting insulin levels (Frankenfeld et al., 2014). 

However in resistance trained males, increasing doses of testosterone (25-600 mg/wk) for 20 

weeks had no effect on insulin sensitivity (Singh et al., 2002). Additionally, in a double-blind 

crossover design, 300 mg/wk of Test enanthate or nandrolone administration for 6 weeks did 

not affect glucose tolerance or fasting insulin levels in healthy males (Hobbs, Jones and 

Plymate, 1996). Yet, cross-sections of AAS polypharmacy-using participants (AAS use range, 

2-7 years) have reported reduced insulin sensitivity compared to non-using controls, as 

indicated by OGTT results (Cohen and Hickman, 1987; Rasmussen et al., 2017). The 

differences in results may be due to AAS polypharmacy having a greater negative effect on 

glucose metabolism compared with individual AAS use or the length of time in which 

participants had been using AAS. Participants in the studies of Cohen et al. (1987) and 

Rasmussen et al. (2017) had a mean AAS use of ~2.5 to 4 years whereas, whereas those in 

the studies of Singh et al. (2002) and Hobbs et al. (1996) had never used AAS prior to 

commencing their trials. The results herein, in conjunction with previous research may indicate 

that short term (< 20 weeks) AAS use or AAS polypharmacy may not have a deleterious impact 

on glucose metabolism but longer AAS/polypharmacy use might. Long term-controlled studies 

are required to investigate if AAS polypharmacy has a negative impact on glucose metabolism. 

Importantly, testosterone (100 nM) has been shown to have insulin-like effects on human fetal 

skeletal myoblasts and myotubes following acute administration (30 mins), it has been shown 

to increase p-Akt and induce glucose transporter 4 (GLUT4) translocation (Antinozzi et al., 

2017). The effects of testosterone on increased p-Akt compared to basal levels were also 

reported to be maintained for at least 12 hours in myoblasts (Antinozzi et al., 2017). It is 

therefore unsurprising that in myoblasts, AAS serum did not impair insulin signalling or glucose 

uptake as cells were incubated in serum for only 3 hours which may still elicit an anabolic 

response. It is perhaps a little surprising though that AAS serum did not upregulate basal p-

Akt levels in myoblasts however, it is likely that the testosterone concentration the cells are 

exposed to are much lower in the current study compared with the reported dose used by 

Antinozzi et al. (2017) as the AAS serum is diluted in media (2%). 

Increasing levels of testosterone have been shown to increase satellite cell proliferation and 

differentiation and is one mechanism of testosterone-induced muscle hypertrophy (Sinha-

Hikim et al., 2003). CK activity, a marker of myoblast differentiation (Sharples, Al-Shanti and 

Stewart, 2010; Sharples et al., 2011; Dugdale et al., 2018) significantly (P < 0.01) increased 

in all serum conditions. Although no significant difference was observed between conditions 

at any timepoint, this investigation has highlighted that C2C12 cells can successfully form 

myotubes in serum derived from humans in at least the same rate as conventional culture 
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conditions. This should allow cells to acclimatise to a metabolic environment and develop a 

phenotype that mimics in vivo. This model can perhaps be applied to many areas investigating 

acute and chronic metabolic adaptations seen in vivo. Although no significant difference in CK 

activity was detected between groups, the diversity of muscle function and its adaptability, 

warranted investigation of the impact of each condition on relevant signalling pathways and 

subsequent adaptation. The PI3K/Akt and MAPK (ERK and P38) signalling pathways have 

been implicated in initiating differentiation (Wu et al., 2000; Foulstone et al., 2004; Knight and 

Kothary, 2011). In agreement with this, upon initiating differentiation in each condition, 

Aktser473, mTORser2448, ERK1/2T202/Y204 and P38MAPKt180/Y182 phosphorylation significantly 

increased. Interestingly, only ERK1/2T202/Y204 and P38MAPKt180/Y182 phosphorylation were 

significantly higher in NAT and AAS conditions compared with DM. In low serum conditions, 

P38MAPK is stimulated, resulting in activation of myogenic transcriptional regulators such as 

myoblast determination 1  (MyoD) and myocyte enhancer factor 2 proteins resulting 

differentiation (Wu et al., 2000; Keren, Tamir and Bengal, 2006). The resulting effects of 

increased ERK are difficult to determine as ERK inhibition via the PD98059 inhibitor has 

shown to increase differentiation possibly through P38MAPK (Al-Shanti and Stewart, 2008). 

Increased ERK activation via growth factors enhances cell proliferation and prevents cell cycle 

exit during G1, preventing premature differentiation (Knight and Kothary, 2011). Therefore, the 

data herein may indicate that the metabolic environment created by chronic AAS use does not 

enhance differentiation compared with regular resistance training.   

Acute testosterone administration has shown to increase anabolism via a variety of second 

messenger signals which increase protein synthesis and reduce catabolism resulting in 

muscle hypertrophy (Basualto-Alarcón et al., 2013; Parr et al., 2018). In contrast to myoblasts 

observations, neither serum condition increased P38 signalling in myotubes, however, all 

conditions significantly (P < 0.05) increased p-ERK and p-Akt after 30 mins. An increase in 

Akt  and ERK activity is commonly observed in response to serum administration due to growth 

factors resulting in increased anabolism (mTOR pathway) and reduced catabolism (Forkhead 

box O  pathway) (Frost and Lang, 2007; Lavoie, Gagnon and Therrien, 2020). Both ERK and 

Akt activation have been reported to increase skeletal muscle growth via parallel 

phosphorylation of tuberous sclerosis complex 2 resulting mTORc1 activation and 

downstream signalling (Winter, Jefferson and Kimball, 2011). Although all groups increased 

p-Akt and p-ERK, surprisingly, the NAT group showed the largest increases (Akt, 2.4-fold; 

ERK, 3.1-fold) compared to AAS (Akt, 1.6-fold; ERK, 1.1-fold) and DM (Akt, 1.7-fold; ERK, 

1.5-fold) at 30 minutes. Nonetheless, it is difficult to determine what exactly is causing the 

increased Akt and ERK activity in all groups however, it could be expected that the AAS group 

would show the largest increase in Akt and ERK activity due to the known effect testosterone 
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has on these anabolic pathways (Basualto-Alarcón et al., 2013; Parr et al., 2018). In response 

to 100 nM of testosterone, p-ERK and p-Akt have been shown to significantly increase and 

peak at 5 and 15 min then decrease at 15 and 30 min respectively in myotubes (Basualto-

Alarcón et al., 2013). Therefore, it is possible that peak ERK activity in the AAS group has 

been overlooked in this study. 

Moreover, exercise and AAS use are known to increase circulating growth factors which may 

activate the Akt pathway. For example; regular resistance exercise is reported to increase 

circulating IGF-I levels and may be implicated in the upregulation of p-Akt observed with NAT 

serum (Jiang et al., 2020). Testosterone has also shown to increase IGF-I expression 

(Sculthorpe et al., 2012) and doses of 300 and 600 mg/wk for 20 weeks increased circulating 

IGF-I levels in males (Bhasin et al., 2001). In contrast, AAS-related polypharmacy has reported 

serum IGF-I levels to significantly decrease over a period of 24 months in males (n = 20) 

(Bonetti et al., 2008). However, testosterone levels did not increase during the study by Bonetti 

et al. (2008) suggesting that the participants did not take sufficient levels of AAS to be deemed 

supraphysiological. Although unclear, the low doses of exogenous AAS may still have been 

enough to suppresses the hypothalamic-pituitary-testicular axis resulting in reduced 

endogenous testosterone production and hypogonadism which is associated with a decline in 

IGF-1 levels (Sheffield-Moore, 2000; Bonetti et al., 2008; Kanayama et al., 2015).  

The metabolic health blood markers measured in chapter 5 are unlikely to directly explain the 

results in vitro as many are not likely to trigger skeletal muscle signalling pathways unlike the 

diverse range of growth factors present in blood. Furthermore, many of the blood markers 

measured were similar between groups except for HDL-C, Apo A1 and plasminogen activator 

inhibitor 1 (PAI-1). Moreover, the acute effects of AAS use cannot be ruled out as some 

participants are likely to have administered AAS within 48 hrs. As mentioned above HDL-C 

has shown to have a dose dependent effect on C2C12 glucose metabolism (Lehti et al., 2013) 

indicating that AAS users may have impaired glucose metabolism due to HDL-C deficiency. 

However, as no difference was observed in insulin stimulation, glucose metabolism appeared 

not to be impaired by AAS use although acute effects of AAS use may have negated this 

effect. The plasminogen system controls the extracellular matrix structure and PAI-1 plays a 

key role in its regulation via activation of urokinase-type plasminogen activator (Rahman and 

Krause, 2020). Due to this, PAI-1 is capable of affecting many tissues and PAI-1 deficiency 

has been shown to enhance skeletal muscle regeneration through increased urokinase-type 

plasminogen activator activation (Koh et al., 2005; Rahman and Krause, 2020). AAS use is 

associated with lower levels of PAI-1 (Ferenchick et al., 1995; Chang et al., 2018) and was 

also observed in chapter 5 therefore, coupled with the potential anabolic effects of AAS use, 

the lower levels of PAI-1 may contribute to the enhanced differentiation of the AAS group. 
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Although this does not explain the enhanced effects of the NAT group. It is also likely that 

metabolites not measured in chapter 5 may also have contributed to the in vitro data. For 

example, testosterone administration stimulates net protein synthesis in fasted conditions, not 

by amino acid transport to muscle tissue but by increased reutilisation of amino acids from 

protein breakdown (Ferrando et al., 1998). Therefore, it is likely that AAS administration 

reduces blood amino acids relative to non-using controls. It may be assumed that the NAT 

group has a higher concentration of amino acids relative to AAS users which may have 

enhanced skeletal muscle differentiation and anabolic signalling (Zhang et al., 2018). Further 

research is warranted on the profiling of serum with high-throughput techniques such as 

metabolomics to collate many of the possible bioactive compounds that may act on skeletal 

muscle. 

Given the limited impact of AAS vs NAT on any parameters studied thus far, the potential 

impact of increased ERK and Akt activity by each serum condition on MPS and MPB in 

myotubes were measured using the modified SUnSET method (Crossland et al., 2017). 

Puromycin was rapidly incorporated into myotubes when incubated with each serum condition 

but was reduced at 24 hours, with no differences observed between groups. Similarly, upon 

removal of puromycin from media, the rate of puromycin decorporation, an indicator of MPB, 

was similar between groups.  

Interestingly, serum derived from humans in the fasted and fed state (amino acid ingestion) 

also did not show any difference in MPS using a similar method in C2C12 myotubes (Carson 

et al., 2018). However, mTOR and downstream signalling significantly increased compared to 

the fasted serum. The level of anabolic stimulus in the serum conditions in this study and in 

that by Carson et al. (2018) may be at too low a level to observe any difference between 

conditions using the puromycin method but large enough to increase anabolic signalling. 

Methods with higher levels of sensitivity such as stable isotope tracer (Griggs et al., 1989; 

Sheffield-Moore et al., 1999; Shankaran et al., 2016) and dynamic profiling of protein turnover 

techniques could be used to detect individual and global syntheis rates (Stansfield et al., 

2020). However, protein levels were signifcantly higher after 120 hrs with AAS serum during 

the differentiaition experiment, indicating that MPS did increase with AAS serum and that 

measuring MPS over 24 hours may be too short to detect diffferences between groups. 

Although no negative impact on skeletal muscle glucose metabolism was observed with acute 

and short-term exposure of AAS serum compared with NAT, the well documented effects on 

lipoprotein metabolism highlight increased poor cardiometabolic health and CVD risk in this 

population (Achar, Rostamian and Narayan, 2010). Furthermore, although skeletal muscle is 

the largest disposal of insulin stimlated glucose uptake (Thiebaud et al., 1982), other insulin 
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sensitive cells such as hepatocytes and adipocytes could be effected and also play a key role 

in the pathogenesis of IR leading to T2D (Samuel and Shulman, 2016). The data herein 

suggest that at the muscle cellular level, anabolic signalling is comparable between both NAT 

and AAS serum. It could therefore be inferred that the common lifestyle associated with both 

these groups (diet and resistance training) create a similar anabolic metabolic environment 

and AAS use does not enhance this. An anabolic cellular enviornment may be be beneficial 

in maintaining muscle mass and consequently, cardiometabolic health reducing CVD risk 

(Gordon et al., 2009; Tyrovolas et al., 2020). AAS are used to treat testosterone deficiency 

and can improve cardiometabolic health and muscle mass in ageing populations 

(Muraleedharan and Jones, 2010; Jones et al., 2011; Storer et al., 2017). However, due to the 

associated risks with AAS over-use such as CVD and prostate cancer (Baggish et al., 2017; 

Goldman, Pope and Bhasin, 2019), where there is no clinical need, a resistance exercise 

focused lifestyle is likely a much safer option at improving cardiometabolic health by increasing 

muscle hypertrophy (Ihalainen et al., 2019).   
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6.6. Limitations 

Much of the limitations have been described in chapter 4 (section 4.6) and chapter 5 (section 

5.6). Briefly, numerous markers of metabolic health were measured however, there is still 

many variables within the serum that can be triggering acute and chronic effects on skeletal 

muscle. Metabolomic analysis could lead to specific pathways being attributed to changes in 

cellular metabolism (Cantor et al., 2017; Yang, Vijayakumar and Kahn, 2018). Furthermore, 

proteomic analysis of skeletal muscle could identify potential mechanisms in which chronic 

serum incubation can impact cellular metabolism (Stansfield et al., 2020). 

The use of human serum on murine cells may also be a limitation as it may limit the relevance 

to human skeletal muscle; however, the C2C12 cell line has shown to be an established model 

of skeletal muscle and reduces variability in findings (Wong, Al-Salami and Dass, 2020) and 

the current study may lay the foundations for future research using human serum with human 

muscle. 

Glucose uptake and insulin signalling data were conducted in different conditions therefore 

data must be considered independent from one another. Different conditions were necessary 

to provide the optimal environment for the glucose uptake assay. Serum was collected in 

fasted conditions however, the time between blood sample collection and last AAS 

administration and/or exercise session was not controlled for thus, subsequent acute effects 

on serum environment may have impacted results.  

Finally, cells were dosed with 2% serum which would have significantly diluted the biochemical 

properties of serum however, ≥2% would compromise myoblast fusion and cell viability. 
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6.7. Conclusion 

Although muscle mass is typically higher in AAS users, paradoxically, AAS use also increases 

CVD risk (study 3, chapter 5). Long term AAS use may also increase IR (Cohen and Hickman, 

1987; Rasmussen et al., 2017) however, short term testosterone (< 20 weeks) use may not 

be detrimental (Hobbs, Jones and Plymate, 1996; Singh et al., 2002). The data in the current 

study show that insulin dynamics are not impaired with AAS use as highlighted by similar p-

Aktser473 and glucose uptake in DM, NAT and AAS serum conditions in myoblasts and 

myotubes. Although CK activity, a marker of differentiation was not significantly different 

between conditions, AAS and NAT serum showed significant increases in ERK1/2T202/Y204 and 

P38MAPKt180/Y182 phosphorylation compared to DM in myoblasts. An increase in MAPK 

signalling, particularly P38, mediates an upregulation in differentiation via activation of 

myogenic regulatory transcription factors. Although myotube protein abundance was 

significantly higher in AAS serum compared with DM after 120 hours, no difference in MPS 

was observed over 24 hours using the SUnSET method between conditions. However, 

myotubes showed an increase in p-Akt and p-ERK in response to acute serum stimulation 

indicating an upregulation in anabolic signalling. No difference was observed between serum 

conditions in MPS or anabolic signalling which may indicate that at the cellular level AAS use 

does not elicit a greater hypertrophic response compared with resistance training alone. Due 

to the associated risks of AAS use, and in combination with the muscle specific data presented 

here, chronic resistance training provides a safer alternative to AAS prescription in healthy 

populations to maintain muscle mass and positive metabolic health. Future studies using 

cultured myoblasts and myotubes from NAT vs. AAS users (given potential epigenetic memory 

of muscle cells) would represent a good model to investigate the impact of long-term exercise 

vs exercise +AAS use on skeletal muscle adaptation.  
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7.1  Key findings 

The overall aim of this thesis was to improve guidance for cardiometabolic disease (CMD) in 

relation to dietary advice and anabolic-androgenic steroid use by investigating markers of 

CMD in response to a very low carbohydrate (VLC) diet (objective 1) and among users of 

anabolic-androgenic steroids (AAS) (objective 3) in addition to investigating the subsequent 

impact of the metabolic environment on mechanisms of skeletal muscle insulin signalling and 

metabolism using serum derived from each cohort (objective 2 + 4).  

Each study in this thesis aimed to achieve this by completing the following objectives: 

1. To explore if an 8-week ad libitum VLC diet on key markers of CMD in comparison with 

a high carbohydrate (HC) diet (current UK guidelines). 

2. To investigate if skeletal muscle metabolism and insulin signalling improves in 

response to serum from participants following VLC or HC diets. 

3. To determine if key markers of CMD are different among users of AAS in comparison 

with healthy controls. 

4. To investigate the impact of serum from participants who use and don’t use AAS on 

skeletal muscle metabolism and insulin signalling. 

7.1.1  Objective 1 

To investigate if a VLC diet improved markers of CMD compared with a HC diet in study 1, 

consented participants with a slightly elevated metabolic risk followed either a VLC diet (n = 

8, <50 g of carbohydrates per day) or a HC diet (n = 8, current UK guidelines) for 8 weeks. 

Study 1 challenged the hypotheses that a VLC diet would show greater improvements in 

markers of CMD, which included, metabolic syndrome (MetS) markers (high-density 

lipoprotein cholesterol (HDL-C), triglycerides, blood pressure (BP), waist circumference (WC), 

insulin resistance (IR), inflammation, lipoprotein metabolism (small-dense lipoprotein 

cholesterol (sdLDL-C) and apolipoprotein B (Apo B), novel biomarkers of CMD (fibroblast 

growth factor 21 (FGF21), Leptin and adiponectin) and body composition (body fat %, visceral 

adipose tissue (VAT) (l)). In partial acceptance of the hypotheses, an 8-week ad libitum VLC 

diet showed significant (P < 0.05) improvements in markers of CMD such as BP, fat mass, 

WC, VAT and sdLDL:low-density lipoprotein cholesterol ratio vs. HC but both diets showed 

similar significant (P < 0.05) improvements in triglycerides, insulin and Homeostatic Model of 

IR (HOMA IR). Furthermore, the VLC diet induced a trend (P = 0.05) of decreasing FGF21 

whereas the HC diet showed a trend (P = 0.08) of increasing adiponectin while both diets also 

significantly (P < 0.05) improved the leptin:adiponectin ratio (LAR). These data indicate that 

both a VLC and HC diet can improve cardiometabolic health; however, the VLC diet showed 
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greater improvements in LDL composition and BP. Both diets are likely to have improved the 

metabolic environment resulting in improved markers of insulin resistance; therefore, the 

impact of the serum derived from participants was used to investigate mechanisms of insulin 

signalling in study 2. Given the reduction in FGF21 in the VLC diet, which is implicated in 

insulin sensitivity, its impact was also addressed in study 2. 

7.1.2 Objective 2 
Using serum derived from participants in study 1 and the C2C12 skeletal muscle cell line, 

research was undertaken to determine if the improvement in cardiometabolic health due to a 

VLC and HC diets resulted in improved skeletal muscle insulin signalling and metabolism. 

Study 2 intended to address the hypotheses that serum derived from participants who 

improved cardiometabolic health following a VLC and HC diet would cause an improvement 

in insulin signalling, glucose uptake, reduce cellular stress and FGF21 would enhance insulin 

signalling. In partial acceptance of theses hypotheses, both diets significantly (P = 0.02) 

increased Akt phosphorylation (p-Akt) in myoblasts at interim and endpoint compared with 

baseline; myotubes showed a significant (P = 0.01) decrease of p-Akt compared to baseline 

leading to a significant (P < 0.05) interaction between timepoints vs. control and insulin 

stimulation in both diets. However, the relative fold-change was not significantly different 

between timepoints or groups in myoblasts or myotubes. Both diets reduced cellular stress as 

shown by a decrease in AMP-activated protein kinase phosphorylation (p-AMPK). 

Additionally, glucose uptake did not significantly change with serum or insulin dosing. 

Moreover, in standard cell culture conditions FGF21 significantly (P < 0.05) enhanced the 

insulin induced fold change in p-Akt in myoblasts and myotubes. However, FGF21 had no 

impact on the effect of insulin on p-Akt in serum derived from participants at baseline. The 

data produced by study 2 indicate that the improvement in metabolic health exhibited by 

participants in study 1 resulted in reduced cellular energy stress as observed by reducing 

acute p-AMPK. As both diets showed decreases in p-Akt in myotubes, it is likely that the high 

levels of p-AMPK at baseline resulted in increased p-Akt. When p-Akt is relativised to p-AMPK, 

both diets show a tendency of increasing p-Akt. The lack of effect of FGF21 on insulin 

signalling in serum derived from participants at baseline may be due to the endocrine 

environment. For example, the fatty acid palmitate (which is associated with IR) has shown to 

reduce FGF21 signalling (Jeon et al., 2016), which agrees with the current FGF21 resistance 

hypothesis in populations with MetS. 

7.1.3 Objective 3 
To determine if markers of CMD are upregulated among users of AAS, a cohort of resistance-

trained males who use (n = 9) or don’t use (n = 10, NAT) AAS provided anthropometric data 
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and blood samples. Study 3 challenged the hypotheses that individuals who use AAS display 

CMD as measured by MetS markers (HDL-C, triglycerides), IR and inflammation, lipoprotein 

metabolism (LDL phenotype pattern, and apolipoprotein A1 (Apo A1) and Apo B) and that 

higher quantities of AAS use would also be associated with higher CVD risk. In accordance 

with these hypotheses, users of AAS display a significant (P = 0.04) suppression of HDL-C 

and apolipoprotein A1; however, they showed comparable levels of triglycerides, insulin, 

glucose and inflammation (tumour necrosis factor- α, IL-6) to the healthy control group. 

Additionally, AAS use was associated with impaired lipoprotein metabolism with significantly 

higher levels of with LDL-C (r = 0.65, P = 0.03), ApoB (r = 0.69, P = 0.02), pattern A (r = 0.72, 

P = 0.02) and pattern B (r = 0.96, P < 0.001). associated with higher AAS use. These data 

indicate that users of AAS are at increased risk of developing CVD due to suppression of HDL-

C and Apo A1 and higher levels of AAS use may further increase CVD risk due to its 

association with LDL-C and Apo B. Previous in vitro studies on the effect of AAS on insulin-

induced skeletal muscle signalling and metabolism typically include the use of testosterone 

alone. However, users of AAS use a variety of pharmaceuticals to enhance growth and 

minimise unwanted effects, yet the effects of AAS-related polypharmacy are yet to be 

investigated. Serum derived from participants in this study may represent a relevant 

physiological model to investigate the effects of AAS-related polypharmacy on the systemic 

metabolic environment and subsequent skeletal muscle metabolism and insulin signalling. 

7.1.4 Objective 4 
To investigate the impact of AAS use on the metabolic environment and subsequent skeletal 

muscle metabolism and insulin signalling, serum derived from participants in study 3 and the 

C2C12 skeletal muscle cell line was used. Study 4 intended to address the hypotheses that 

serum derived from AAS users would impair insulin signalling, glucose uptake but increase 

myoblast differentiation and myotube protein synthesis compared with serum from resistance 

trained males who don’t use AAS (NAT) and standard cell culture conditions (DM). In contrast 

with these hypotheses, insulin significantly increased p-Akt and glucose uptake comparably 

in all serum conditions in myoblasts and myotubes. Furthermore, AAS serum did not enhance 

myoblast differentiation measured by creatine kinase (CK) activity or myotube protein 

synthesis; however, AAS and NAT conditions significantly upregulated extracellular regulated 

kinases 1/2 (ERK1/2) and P38 mitogen activated protein kinase (P38MAPK) compared with 

DM. These data suggest that an acute administration of AAS to myoblasts does not create a 

metabolic environment that impairs insulin signalling and glucose uptake. As both AAS and 

NAT serum showed similar increases in myoblast differentiation and upregulated signalling 

compared with DM, regular resistance training may create an anabolic metabolic environment 

which may be beneficial to health; although, no difference in protein synthesis was observed 
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in myotubes over 24 hours between conditions, protein abundance was significantly (P < 0.05) 

higher with AAS serum compared with DM.   
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7.2  General findings 

Metabolic health is largely influenced by poor lifestyle, which can lead to the development and 

progression of metabolic abnormalities resulting in disease (Martín-Timón, 2014; Sperling et 

al., 2015). The investigation of mechanisms of disease development and progression is of 

great clinical importance subsequently that such diseases can be prevented or treated. 

Research has shown that IR a key feature of CMD, is largely caused by lipotoxicity, 

inflammation, oxidative stress, hyperglycaemia and mitochondrial dysfunction (Boucher et al., 

2014; Samuel and Shulman, 2016). Cellular models have been key in elucidating such 

mechanisms and have greatly developed the understanding of biology and disease. However, 

cell culture has been developed to optimise in vitro conditions rather than mimic the in vivo 

environment (Yao and Asayama, 2017). Furthermore, cellular investigations of IR typically 

change one variable at supraphysiological doses thus distancing it from being physiologically 

relevant to disease states in vivo (Yuan et al., 2017; Turner et al., 2018). In IR conditions, a 

myriad of metabolic disturbances (nutrients, hormonal and inflammatory) are implicated in 

vivo. Therefore, to improve the understanding of how the in vivo metabolic environment 

impacts mechanisms of insulin signalling associated with cardiometabolic health, a more 

physiologically relevant model is required. Serum derived from humans may increase the 

physiological relevance of cell culture conditions to investigate systemic influences on in vitro 

insulin signalling and cellular metabolism.  

Diet has a profound effect on energy metabolism and the metabolic environment and poor 

nutrition can manifest in CMD. In line with previous research, study 1 has demonstrated that 

both a VLC and HC diet can improve markers of CMD although a VLC diet may show 

favourable improvements in lipoprotein metabolism, as shown in the study and by others 

(Volek et al., 2009; Gardner et al., 2018; Gjuladin-Hellon et al., 2019; Hyde et al., 2019). Both 

diets improved markers of IR (LAR and HOMA IR) potentially due to a decrease in inhibitory 

factors within the metabolic environment (Boucher et al., 2014). For example, in addition to 

significant changes in LAR, the ad libitum VLC diet reported novel favourable changes in 

FGF21 which is associated with metabolic disease and insulin sensitivity (Mashili et al., 2011; 

Jeon et al., 2016). As the changes in metabolism associated with each diet would be 

impossible to replicate in vitro, the serum derived from participants following either diet may 

be able to replicate the in vivo systemic environment in vitro. This was demonstrated in study 

2 where cells incubated with serum from participants following either a VLC or HC diet had an 

impact on insulin signalling and cellular metabolism. The results demonstrated that serum 

prior to beginning the dietary intervention increased cellular energy stress as shown by an 

increase in p-AMPK which may have resulted in a compensatory increase in p-Akt with insulin 
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stimulation to increase glucose uptake. In accordance with the dietary intervention, over time, 

cellular stress decreased resulting in a reduction in this compensatory increase in p-Akt. These 

results provide novel mechanisms on how diet influences the metabolic environment and 

subsequent insulin signalling.  

Testosterone can also greatly influence metabolic health as highlighted by AAS users (Traish 

and Kypreos, 2011; Goldman, Pope and Bhasin, 2019). AAS use results in supraphysiological 

levels of circulating testosterone resulting in increased skeletal muscle hypertrophy; however, 

this can result in dyslipidaemia and possibly additional markers of CMD such as IR and 

abdominal obesity (Achar, Rostamian and Narayan, 2010; Rasmussen et al., 2017). Study 3 

has shown that among users of AAS HDL-C and Apo A1 synthesis is suppressed compared 

with healthy matched controls, which is in accordance with previous findings (Achar, 

Rostamian and Narayan, 2010; Rasmussen et al., 2017). Furthermore, triglyceride, insulin, 

glucose and inflammation (TNF-α, IL-6) levels were similar to the control group indicating that 

AAS use is associated with impaired localised cardiometabolic health rather than exhibiting 

CMD. AAS use did not appear to impair glucose metabolism in vivo and study 4 used serum 

derived from AAS and NAT participants to investigate if the mechanisms on insulin signalling 

and cellular metabolism in vitro. In accordance with study 3, serum from AAS users did not 

impair insulin signalling and glucose uptake compared with NAT serum or standard cell culture 

conditions. Interestingly, although myoblast differentiation was similar between conditions, 

AAS and NAT serum induced significantly higher ERK1/2 and P38MAPK activity compared 

with DM indicating an increase in differentiation potential. These results indicate that AAS use 

is not associated with impaired insulin signalling and glucose metabolism. 
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7.3  Future directions 

Cardiometabolic health and its regulation is multifaceted, with lifestyle playing a major role. 

Diet particularly has a great influence on metabolic health and subsequent risk of developing 

metabolic diseases (Rodríguez-Monforte et al., 2017; Medina-Remón et al., 2018). Although 

relatively short in length but in accordance with previous research (Volek et al., 2009; Bueno 

et al., 2013; Mansoor et al., 2016; Hyde et al., 2019), data derived from this thesis has further 

indicated that a VLC diet with increased saturated fatty acids (SFA) intake can improve 

cardiometabolic health perhaps to a greater extent than HC diet due to the superior 

improvements in sdLDL-C. Both diets similarly improved markers of IR (HOMA IR and LAR) 

which was mirrored in vitro in study 2. Both diets showed similar reductions in p-AMPK 

indicating a reduction in cellular stress and reducing compensatory increases in p-Akt with 

insulin stimulation. These data highlight that, provided the diet reduces circulating inhibitory 

molecules, markers of cardiometabolic health will improve particularly insulin sensitivity. This 

leads to potential questions regarding the effect of diet on circulating metabolites prior to their 

effect on cardiometabolic parameters: 

1. What is the metabolite profile of diets differing in carbohydrate and fat intake 

associated with improvements in cardiometabolic health? 

2. If both a HC and LC diet reduce inhibitory molecules of insulin signalling, what dietary 

pattern is associated with an increase in these inhibitory molecules resulting in IR? 

Therefore, future studies should focus on the effects of different diets on molecules that are 

associated with insulin signalling and resistance such as circulating branched chain amino 

acids (BCAA), lipids, ketones, bile acids and nucleotides (Yang, Vijayakumar and Kahn, 2018). 

Furthermore, the impact of diet on metabolomic signatures in a variety of populations (highly 

trained, sedentary, obese, AAS-users etc.) should be investigated as this could provide 

evidence for greater personalised nutrition to maintain or improve cardiometabolic health. This 

would reduce reliance on blanket recommendations which are not optimal for all populations. 

For example for every 1 standard deviation increase in baseline metabolites (consisting 

primarily of BCAA) there was a 2-fold increase in T2D risk (Papandreou et al., 2019). 

Furthermore, metabolic profiling may predict responders and non-responders to interventions 

as baseline glycine and N-phenylacetylglycine concentrations were able to predict improved 

responses in inflammation and oxidative stress in response to Korean blackberry 

supplementation in participants with obesity (Kim et al., 2017) 
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Research on the effects of diet on the metabolomic profiles in a variety of populations is 

growing and is showing promising signs of describing mechanisms of health and diet (Rangel-

Huerta, Pastor-Villaescusa and Gil, 2019).  Circulating BCAA have been identified as a 

signature of CMD and have even been able to distinguish between metabolically healthy and 

unhealthy obese phenotype (Newgard, 2017; Telle-Hansen et al., 2020). Furthermore, in 

obese participants, fatty acids, BCAA and carboxylic acids were shown to be upregulated 

compared with lean participants and an 8-week VLC diet resulted in fat loss and a metabolic 

shift in such metabolites closer to the lean phenotype (Gu et al., 2013). Future research can 

build on these findings to improve the understanding on how diet impacts the metabolome and 

subsequent cellular signalling.  

Data from this thesis also highlighted that AAS use is associated with low HDL-C and Apo A1 

indicating impaired cardiometabolic health; however, markers of IR (HOMA IR and leptin) and 

in vitro insulin signalling were not impaired. Limited research has reported AAS use to be 

associated with impaired glucose metabolism as shown by oral glucose tolerance tests 

(OGTT) (Cohen and Hickman, 1987; Rasmussen et al., 2017). Further research is warranted 

in this population as insulin resistance is a key feature of CMD (Sperling et al., 2015). 

Controlled studies with testosterone have shown no negative effect on insulin sensitivity with 

increasing doses (Singh et al., 2002). However, AAS users do not use testosterone in isolation 

therefore limiting the generalisability of the data. In self-administrating AAS users who had 

never used AAS previously, HOMA IR was shown to improve after 12 months of AAS use yet, 

circulating testosterone levels did not increase from baseline (Bonetti et al., 2008). Due to this, 

further research is warranted on the metabolic effects of AAS-related polypharmacy including 

markers of IR. Longitudinal assessment of self-administrating AAS users for at least 24 weeks 

would allow for measurement of markers of metabolic health during on and off cycles to 

determine causal and perhaps lasting effects of AAS-related polypharmacy. 

Although more invasive, the direct impact of dietary interventions on skeletal muscle is yet to 

be investigated. Satellite cells isolated from participants with T2D maintain their insulin 

resistant phenotype in culture (Gaster, 2019).  In a similar design to study 1 and 2, future 

studies could investigate the impact of diet on insulin signalling using satellite cells isolated 

from participants. The impact of serum derived from the same participants could also be used 

to investigate fusion and mechanisms of insulin signalling. Similar methods could be employed 

when investigating the effects of AAS use on cardiometabolic health. 

In relation to cell culture methods, future research should consider using conditioned serum 

to study the acute and chronic effects of serum from populations of interest to increase the 

physiological relevance of media or to investigate the impact of the cellular environment on 
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skeletal muscle phenotype expression. For example, acute stimulation of cells with serum can 

result in different metabolic or signalling pathways being regulated due to the new 

environment. While chronic serum incubation consists of cells differentiating in the new 

environment which can lead to a change in genotype expression and subsequent phenotype 

expression. Both acute and chronic serum conditions may resulting in altered metabolic 

responses to stimuli such as insulin relevant to in vivo conditions. In addition to studying 

mechanisms of insulin signalling observed in this thesis and others (Cogan et al., 2019), serum 

can be used to investigate mechanisms of ageing (Kalampouka, van Bekhoven and Elliott, 

2018). Plasma derived from older (>57 years old) participants showed impaired myoblast 

migration and myotube regeneration compared with plasma derived from young (<35 years 

old) participants (Kalampouka, van Bekhoven and Elliott, 2018). These data propose ideas 

such as the following: 

1. Can young serum improve fusion and muscle regeneration in a model of ageing 

skeletal muscle such as population doublings (Sharples et al., 2011)? 

2. Can serum from healthy or endurance athletes improve cellular metabolism in cells 

isolated from T2D? 

3. What impact does serum from different populations have on mechanisms of in vitro 

muscle contractions? 

4. Dose serum from different populations alter in vitro specific protein turnover using 

dynamic proteome profiling (Stansfield et al., 2020) 

The potential use of conditioned serum in addition to metabolomic profiling represent 

exciting research areas to investigate phenotypes of interest and their effect on cellular 

mechanisms.  
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7.4  Thesis Conclusions 

Cardiovascular diseases and type 2 diabetes dominate the top 10 causes of deaths globally. 

Commonly associated with these diseases are the often-interrelated constellation of metabolic 

abnormalities also referred as cardiometabolic disease (CMD). Insulin resistance (IR) is a key 

feature of CMD and involves the inadequate response of insulin to increase cellular glucose 

uptake in organs and peripheral tissues. Lifestyle plays an integral role in the regulation, 

prevention and treatment of CMD. Understanding how different lifestyle factors effect 

cardiometabolic health and mechanisms of insulin signalling are of great clinical importance. 

Therefore, this thesis investigated markers of cardiometabolic health in response to diets 

differing in carbohydrate intake and among users of anabolic-androgenic steroids (AAS). In 

adults at an elevated cardiometabolic risk, an ad libitum very low carbohydrate (VLC) and high 

carbohydrate (HC) diet for 8-weeks induced similar improvements in fasting triglyceride and 

insulin levels and markers of IR (HOMA IR and leptin:adiponectin ratio). However, the VLC 

diet showed greater improvements in small-dense low-density lipoprotein cholesterol and 

body composition (fat mass and VAT). Furthermore, fibroblast growth factor 21 (FGF21) a 

marker of CMD and potential insulin sensitizer decreased with the VLC diet. Users of AAS 

were shown to be somewhat metabolically alike with sedentary/obese populations as high-

density lipoprotein cholesterol and ApoA1 were shown to be reduced compared with healthy 

matched controls indicating an elevated impaired cardiometabolic health. Additionally, higher 

levels of AAS user were positively associated with low-density lipoprotein cholesterol and 

ApoB. However, markers of IR (HOMA IR and leptin) were not impaired with AAS use. 

To elucidate potential mechanisms of insulin signalling and cellular metabolism associated 

with cardiometabolic health, serum derived from participants was used with the C2C12 skeletal 

muscle cell line. In accordance with the improvements of diet on markers of IR in vivo, both a 

VLC and HC diet showed comparable reductions in AMPK phosphorylation (p-AMPK) 

indicating a reduction in cellular energy stress. The increased levels of p-AMPK at baseline 

(perhaps due to impaired metabolic health) increased cellular insulin sensitivity as shown by 

increased Akt phosphorylation (p-Akt). When accounting for the potential compensatory effect 

of high p-AMPK at baseline, both diets increased insulin induced p-Akt. In standard cell culture 

conditions FGF21 enhanced insulin stimulated fold change in p-Akt however, FGF21 had no 

impact on the effect of insulin on p-Akt in serum derived from participants at baseline perhaps 

due to the inhibitory endocrine environment. These results indicate that both a HC and VLC 

diet improve the metabolic environment leading to increased insulin sensitivity. Serum derived 

from AAS users did not impair insulin signalling or glucose uptake compared with healthy 

controls, which is in accordance with in vivo findings. Creatine kinase (CK) activity, a marker 

of differentiation, was not significantly different between serum conditions however, AAS and 
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NAT serum significantly increased extracellular regulated kinases 1/2 (ERK1/2) and P38 

mitogen activated protein kinase (P38MAPK) compared with standard cell culture conditions 

(DM) which are implicated in myoblast differentiation and fusion. Furthermore, myotube 

protein synthesis was similar between serum conditions although protein abundance was 

significantly elevated in the AAS group. As NAT serum showed a similar anabolic metabolic 

environment to AAS serum, resistance training may improve the endocrine evironment 

resulting in maintenance of muscle mass in populations of anabolic resistance. This thesis 

highlights that lifestyle is integral to cardiometabolic health regulation and modulates skeletal 

muscle insulin signalling via the cellular environment. 

The current challenge is to determine what effects diet and AAS have on the cellular 

enviornment that are associated with changes in cardiometabolic health and regulation of 

insulin signalling. A greater understanding of these translational mechanisms could help 

develop optimal treatments and guidelines for the highly prevalent rates of cardiometabolic 

disease. 
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8.1 : Appendix 1: Very low carbohydrate diet 

guide and example meal plan 
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8.2 : Appendix 2: High carbohydrate diet guide 

and example meal plan  
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8.3 : Appendix 3: Fibre intake and Adverse 

events questionnaire 

  

Check list of fibre-rich foods consumed during intervention 

CALIBER (Carbohydrates, lipids and biomarkers of traditional and emerging 

cardiometabolic risk factors): A pilot study in normal-weight and overweight adults 

 

Participant ID 
 

 Date  

Over the past 4 weeks, did you consume any of the following foods? 

 

Tick all that apply 

 

Food name Consumed 

Almonds  

Apples  

Asparagus  

Aubergines  

Avocado  

Bananas  

Beans, baked in tomato sauce (tinned)  

Beans, broad  

Beans, butter  

Beans, green  

Beans, red kidney  

Beans, soy/edamame  

Beetroot  

Blackberries  
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Brazil nuts  

Broccoli  

Broccoli, Purple sprouting  

Brussel sprouts  

Butternut squash  

Cabbage, green   

Cabbage, red   

Cabbage, white   

Cabbage, spring greens  

Carrots  

Cauliflower  

Celery  

Chia seeds  

Chickpeas, canned, re-heated  

Coconut, desiccated  

Coconut, fresh  

Courgette  

Cucumber  

Fennel, Florence  

Flaxseeds (Linseeds)  

Hazelnuts  

High fibre breakfast cereal  

Kale, curly  

Kohlrabi  

Leeks  

Lentils, green or brown  

Lentils, red  

Lettuce, cos  

Lettuce, iceberg  

Lettuce, romaine  

Mushrooms, oyster  
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Mushrooms, Portobello  

Mushrooms, shitake  

Mushrooms, white  

Oat bran  

Olives, green in brine  

Onions  

Oranges  

Parsley  

Parsnip  

Peanuts  

Peanut butter, smooth  

Pears  

Peas, green  

Pecan nuts  

Pepper, green  

Pepper, red  

Pepper, yellow  

Pistachios  

Plums  

Porridge  

Potatoes  

Prunes  

Pumpkin  

Pumpkin seeds  

Radishes  

Raspberries, red  

Rocket  

Spinach, baby  

Spinach, frozen  

Spring onion  

Strawberries  
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Sunflower seeds  

Sweetcorn   

Sweet potato  

Tomatoes  

Turnips  

Walnuts  

Watercress  

Wholegrain bread  

Wholegrain pasta  
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8.4 : Appendix 4: Semi-structured interview for 

AAS use 

   

Anabolic steroid use in male bodybuilders: Interview Schedule 

 

Steroid and other IPED use questions 

1. Can you tell me a bit about your history with using steroids? (At what age did you first 
use, and why? Have you used regularly since you first started, or had long breaks?) 
 

2. Which oral steroids or other oral IPEDs have you used in the past year? (refer to 
table 1) 
 

3. Which steroids or other IPEDs have you injected in the past year? (refer to table 2) 
 

4. Can you tell me a bit about your patterns of steroid use in the past year? (Ask 
whether use was continuous or in cycles: the length of ‘on’ cycles, the number of ‘on’ 
cycles in the year, the time between ‘on’ cycles). 
 

5. Can you tell me about the amounts of steroids that you used in the past year on 
average during your ‘on’ cycles? (Ask: how often they were using their steroids? How 
much [dose, strength] were they using each time?) 
 

6. What would you estimate your maximum testosterone intake was at any time during 
the past year? (Ask: for approximate testosterone equivalent in mg during a week, 
when was that? How long did you use that amount for?) 

Other drug use questions 

7. In the past year have you taken any other (recreational) drugs? (refer to table 3) 
 

8. Why did you take them? (e.g. for fun, for work, competition related?) 
 

9. Do you drink alcohol? (How often? How much at a time?) 
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Table 1: oral steroids and IPEDs list 

ORAL STEROIDS Common  

Methandrostenolone (Dianabol) D-Bol  

Mesterolone (Proviron) Pro-V  

Oxandrolone (Anavar) Anavar  

Oxymetholone (Anapolan 50) Oxies  

Stanozolol (winstrol) Winnie  

   

ESTROGEN CONTROL and POST CYCLE 

Nolvadex (Tamoxifen citrate)  Tamoxies  

Clomid (Clomiphene citrate)  Clomid  

Arimidex Arimidex  

Letrozole Letro  

   

FAT LOSS and OTHERS 

Ephedrine, Caffeine and Aspirin (T5) T5  

Clenbuterol  Clen  

Dinitrophenol (DNP)  DNP  

Levothyroxine (T4) T4  

Liothyronine (T3) T3  

Ephedrine  Ephedrine  

Pre-workout (stimulant type) Pre-workout  

Diuretics (ie: spironolactone)    

Prohormones/Designer steroids (ie: Superdrol,   

Viagra/Cialis  Viagra  

Other oral IPEDs: 
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Table 2: Injectable steroids and IPEDs list 

INJECTABLE STEROIDS Common  

Testosterone Propionate  Test P  

Testosterone Cypionate  Test Cyp  

Testosterone Enanthate  Test E  

Testosterone Suspension  Test  

Sustanon  Sus 250  

Trenbolone Acetate (Tren Ace)  Tren Ace  

Trenbolone Enanthate (Tren E)  Tren E  

Winstrol (Stanozolol)  Winnie  

Equipoise (Boldenone)  EQ  

Masteron (Drostanolone) Mast  

Methenolone (Primpobolan) Primo  

Deca-Durabolin (Nandrolone)  Deca  

Blend of steroids in one vial (e.g. Fast Rip, Tri-Tren   

 

PEPTIDES and OTHER HORMONES 

HGH (Human Growth Hormone)  HGH  

IGF (Insulin-like growth factor 1) IGF  

CJC 1295 CJC  

MGF (Mechano Growth Factor) MGF  

GHRP (Growth hormone-releasing peptide) 2or 6 GHRP’s  

Insulin  Slin  

Melanotan (I or II)  Tan  

 
ESTROGEN CONTROL and POST CYCLE 

HCG (Human chorionic gonadotropin) HCG  

 

Other injectable IPEDs:  
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Table 3: Recreational drug use 

 Used in past year Used in past month 
Amphetamine (Speed)    

Ecstasy (MDMA)    

Cocaine    

Crack    

Heroin    

Mephedrone (M-Cat)/ Other Stimulant    

Cannabis    

GHB/GBL   

Ketamine    

Poppers    

Synthetic cannabinoids    

Prescribed painkiller medication    

Painkiller medication purchased over the 
counter  

  

Other (please state): 
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8.5 : Appendix 5: Journal article: Reviews in 

Endocrine and Metabolic disorders (2020) 
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8.6 : Appendix 6: Conference abstract: 

Proceedings of the Nutrition Society (2019) 
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8.7 : Appendix 7: Conference abstracts: 

Proceedings of the Nutrition Society (2020) 
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8.8 : Appendix 8: Conference abstracts: 

Proceedings of the Nutrition Society (2020) 
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