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Abstract 

Skeletal muscle is continuously adapting in size and oxidative capacity to meet the physical and 

metabolic demands of the organism. This commences prior to birth with exposure to adverse 

nutrition in utero having a lifelong adverse impact on skeletal muscle health. After birth, through to 

old age, periods of inadequate diet and activity significantly impair muscle mass and oxidative 

capacity. There are many cellular mechanism that mediate these complex adverse events, 

however these appear to be clustered around intracellular inflammation and disordered regulation 

of mitochondrial function. The aim of this thesis was to undertake analysis of potential molecular 

mechanisms that are integral to the regulation of inflammation, oxidative function and oxidative 

stress in the development and maintenance of lifelong skeletal muscle function.  

Poor maternal health and diet during fetal development elicits permanent changes in skeletal 

muscle structure and function. Therefore, these studies commenced with the use of a rodent model 

to examine the intergenerational effects of a maternal high-fat (HF) diet on offspring skeletal 

muscle inflammation and oxidative function. First, to determine the effects of a maternal HF diet on 

offspring skeletal muscle inflammation, dams were fed a HF diet during pregnancy and lactation vs. 

standard chow diet, with or without maternal supplementation of conjugative linoleic acid (CLA). HF 

offspring displayed elevated intramuscular inflammatory responses, and increased expression of 

catabolic factors, which was partially reversed with the maternal supplementation of the anti-

inflammatory CLA.  

The consequential actions of inflammation also include alterations in mitochondrial function. 

Therefore, subsequent studies targeted analysis of the regulation of the mitochondrial genome, 

electron transport system (ETS) activity, free radical production and mitochondrial turnover. First, in 

response to the maternal HF diet, the mitochondrial transcription factors, NRF1 and mtTFA, were 

down-regulated in HF offspring. There was also a decrease in the expression of downstream target 

genes encoding the mitochondrial ETS respiratory complex subunits. These alterations in gene 

expression translated into a downregulation in protein abundance of the complex I subunit in HF 

offspring, paralleled by decreased maximal catalytic linked activity of complex I and III.  

To further characterise mitochondrial function, high-resolution respirometry was used to examine 

skeletal muscle respiration rates and metabolic flexibility in offspring born to dams fed a HF diet. 

Consistent with the gene and enzyme data, HF offspring displayed blunted mitochondrial oxidation, 

but only of carbohydrate based substrates. Conversely, oxidation of lipid-based substrates 

remained intact between groups. Taken together, these studies demonstrate that in utero exposure 

to a maternal HF diet has lifelong implications on intramuscular inflammation and oxidative 

function, contributing to an increased risk of developing metabolic disease in adulthood. 

A model of short-term limb immobilisation was used in a clinical study to quantify the impact of 

physical inactivity on mitochondrial function, with additional analysis of mitochondrial ROS 

production and mitochondrial turnover. Two weeks of limb immobilisation had no effect on 

mitochondrial respiration or H2O2 emissions; whereas returning to normal ambulation for 2 weeks 

and a further 2 weeks of resistance exercise training resulted in robust increases in H2O2 emission 



iv 

from mitochondria and NADPH oxidase. Whilst H2O2 was not increased with immobolisation, a key 

mitochondria associated apoptotic factor (AIFM2) was increased, suggesting an upregulation of 

mitophagy following muscle disuse. This was normalised with normal ambulation and resistance 

training. Similarly, the expression of fission and fusion factors (OPA1, Fis1, and MFN) are also 

increased with the resumption of normal, indicative of increased mitochondrial turnover. 

Collectively, the increase in H2O2 emissions combined with increased expression of fission and 

fusion factors following the resistance training period suggest that increases in ROS production is a 

feature of the adaptive responses, rather than being increased during a short immobilisation period 

that results in muscle loss.  

The completed sequence of studies highlight the complex regulation of skeletal muscle mass and 

oxidative function, both as a consequence of adverse nutrition during the in utero phase of life and 

subsequent physical inactivity in later adulthood. The significance of in utero programming for 

lifelong impact on oxidative function suggests greater emphasis on optimizing pregnancy health 

and the subsequent identification on the epigenetic mechanisms of action. How this may further 

translate to increased risks during later life remains to be determined. Notably, the robustness of 

the mitochondrial adaptations to resistance exercise in adulthood points to the importance of 

examining how this can be applied to improving metabolic function in those at risk of metabolic 

disease. These studies only continue to hint at the complexity of the mitochondria and its regulation 

in skeletal muscle. 
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1. Introduction

1.1 Skeletal Muscle 

Skeletal muscle is a highly organised and biologically complex tissue that functions to contract, 

generate force, and produce movement. Being the most abundant tissue in the body - accounting 

for 40-50% of total body weight - skeletal muscle has high plasticity, and continuously adapts its 

size in response to a variety of external stimuli, including mechanical load, neural input, nutritional 

status, hormones, and growth factors. In addition to producing force and movement of the body, 

muscle serves as a reservoir for amino acids permitting synthesis of new proteins during fasting 

periods (1,2). Furthermore, skeletal muscle is an insulin sensitive tissue serving as a major site of 

metabolic activity, and acting as a key site for glucose uptake and fatty acid utilisation. Therefore, 

skeletal muscle is critical in defining overall health of an organism. 

There is an increasing understanding of the complex molecular mechanisms that dictate the size 

and contractile properties of skeletal muscle; however this occurs as part of a complex system that 

is closely coordinated with the oxidative and metabolic characteristics of skeletal muscle. Despite 

the acknowledgement of a relationship between skeletal muscle mass and oxidative capacity, very 

little is known about how these factors are coordinated together, and separately. Importantly, the 

relationship between skeletal muscle mass and oxidative capacity changes over the course of the 

life – with increasing evidence that environmental factors during early life development 

(developmental programming) dictate later life health outcomes. Furthermore, in response to 

lifestyle perturbations, including diet, exercise and inactivity, there are both adaptive and 

maladaptive responses – including the loss of insulin sensitivity and the adverse actions of 

inflammation. Thus, understanding the molecular mechanisms that define skeletal muscle health 

during development and across the life course can aid in identifying targets for intervention 

strategies, lead to improved quality of life in an expanding ageing population, reduce medical costs, 

and decrease disabilities associated with muscle weakness and metabolic disease. 

1.2  Cellular Mechanisms Regulating Skeletal Muscle Mass 

Skeletal muscle mass is the summation of muscle cell size and muscle fibre number. There are 

many factors that contribute to the maintenance of skeletal muscular mass, including physical 

activity, hormones, food intake, and mitochondrial function (3,4). Skeletal muscle formation 

commences in utero during the embryonic stage of development, and defines skeletal muscle fibre 

number (5). Whereas, postnatal maintenance of skeletal muscle is dependent upon the balance of 

anabolic and catabolic reactions that influence the size of muscle fibres (6). Catabolic reactions 

eliminate damaged and misfolded proteins and stimulate synthesis of new proteins. Anabolic 

reactions aid in muscle growth and repair. Atrophic conditions are a consequence of an imbalance 

in these reactions. An increase in protein degradation (hypercatabolism) and a decrease in protein 

synthesis (hypoanabolism) results in a reduction in muscle mass and size (7,8). The balance of 

skeletal muscle anabolic and catabolic signalling define skeletal muscle mass, which is strongly 

associated with metabolic health and longevity (9). Therefore, understanding the relationship 
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between molecular pathways that regulate skeletal muscle development, hypertrophy, and atrophy 

is of critical significance in defining overall organism health. 

1.2.1 Development and Formation of Skeletal Muscle 

Skeletal muscle development, termed myogensis, begins during the embryonic stage of fetal 

developmental (10). Myogenesis is the process by which mesenchymal stem cells commit to 

muscle cell differentiation to form muscle fibres. During myogenesis, the wingless and int (WNT), 

and the paired box transcription factor 3 (PAX3) and PAX7 are released from neighbouring tissues 

that contain proliferative muscle progenitor cells to coordinate the commitment of mesenchymal 

stem cells to the myogenic lineage (11,12). PAX3 and PAX7 induce the expression of myogenic 

regulatory factors (MRFs) including MRF5 and MyoD, which initiate the differentiation process of 

myogenic precursors into myoblasts (13,14) by binding to the regulatory regions on DNA 

consensus sites of muscle specific genes (15). These myoblasts then migrate to fuse and form 

mature multinucleated myotubes (16), and differentiation is terminated. As a result, muscle fibre 

number is determined during this critical period, and there is no post-natal increase in skeletal fibre 

number (5). Therefore, post-natal adaptive increases in muscle size and strength are 

predominately attributed to the upregulation of hypertrophic pathways (17). 

1.2.2  Hypertrophy Pathways 

Skeletal muscle hypertrophy is characterised by an increase in muscle mass and muscle fibre size, 

specifically due to an increase in the cross-sectional area of myofibres (18,19). Insulin and the 

insulin-like growth factor 1 (IGF-1) are the major mediators of skeletal muscle hypertrophy, which 

activate the phophotidylinositol-3 kinase (PI3K)/Akt pathway, subsequently activating genes 

responsible for protein synthesis (20). Binding of IGF-1 or insulin to the IGF1 receptor (IGFR) in 

skeletal muscle activates two major pathways: the IGF1/PI3K/Akt pathway, and the Ras-Raf-MEK-

ERK pathway. The Ras-Raf-MEK-ERK cascade affects the composition of fibre type, but has no 

effect on muscle fibre size (21). Conversely, the IGF1/PI3K/Akt pathway has a major role in the 

upregulation of protein synthesis that is associated with muscle. Studies have found that 

hypertrophy in adult skeletal muscle is accompanied by a corresponding increase in IGF1 (20,22). 

Enhancing the expression of IGF-1 in transgenic mice resulted in increased muscle size and 

strength (23-25). This provides strong evidence of a role for IGF1 in the postnatal maintenance of 

skeletal muscle mass. 

1.2.2.1  IGF1/PI3K/Akt Pathway 

The IGF-1 pathway is a major pathway studied in muscle hypertrophy. IGF1-mediated hypertrophy 

is initiated by the binding of IGF1 to the IGFR, which recruits the insulin receptor substrate 1 

(IRS1), leading to the activation of several intracellular kinases, including phosphatidylinositol-3-

kinase (PI3K). PI3K then creates a cell membrane lipid docking site for Akt, a serine/threonine 

kinase, by catalysing the transfer of a phosphate group to phosphatidylinositol 4,5-bisphosphate 

(PIP2) to generate phosphatidylinositol 3,4,5-trisphosphate (PIP3) (20,26,27). Subsequently, Akt 

translocates to the membrane and it becomes phosphorylated and activated by phosphoinosititde-
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dependent protein kinase-1 (PDK1) (27-29). Activation of Akt initiates a phosphorylation signalling 

cascade that both directly and indirectly activates several regulatory proteins involved in protein 

synthesis including glycogen synthase kinase 3 (GSK3), and the mammalian target of rapamycin 

(mTOR) (30,31). Activated mTOR results in increased protein synthesis by stimulating translation 

initiation and ribosome biosynthesis. mTOR phosphorylates its target, p70 S6 Kinase (p70s6K), 

which subsequently inactivates eukaryotic initiation factor 4E binding protein 1 (4E-BP-1) (32). 4E-

BP1 then releases its inhibition on eukaryotic translation initiation factor 4E (eIF-4E), which 

increases protein translation, and mRNA stability (20,32). Akt also phosphorylates and functionally 

inhibits the forkhead box O (FOXO) transcription factors to prevent protein degradation (33). This 

family of transcription factors regulate genes involved in metabolism, apoptosis, and cell cycle 

progression (34). Therefore, the IGF1/PI3K/Akt pathway plays a central role in the maintenance of 

skeletal muscle mass. 

1.2.2.2 Satellite Cells and Myonuclar Addition 

The role of satellite cells and addition of myonuclei to pre-existing adult myofibres has been widely 

debated (35). It appears that myonuceli are added to pre-existing myofibres upon the activation of 

satellite cells located between the basal lamina and cell membrane (36). While skeletal muscle 

growth can occur independent of proliferating satellite cells (37), increased satellite cell activity and 

myonuclear addition are often observed following muscle injury to stimulate myofibre repair and 

regeneration in damaged fibres. Strength training is associated with proportional increases in 

myonuclei and satellite cell number (38,39), which can be detected as early as 24 hours post 

exercise (39,40). Therefore, myonuclear addition is associated with skeletal muscle hypertrophy. 

1.2.3 Skeletal Muscle Atrophy 

Muscle atrophy is a long term process resulting from cellular adaptions of both anabolic and 

catabolic systems, causing a decrease in cell size due to loss of organelles, cytoplasm and 

proteins, as well as the infiltration of non-contractile materials such as adipose and connective 

tissue (41). In recent years, there has been an accumulation of literature that suggests that the 

activation of proteolytic pathways may be a greater contributor to skeletal muscle loss than a 

decrease in the rate protein synthesis (7).  

The six major proteolytic pathways within skeletal muscle include the autophagy-lysosomal system, 

Ca
+
-dependent calpains, caspase systems, mitochondrial proteases, matrix-metalloproteinases

(MMPs), and the ubiquitin proteasome pathway (42,43). Ca
2+

-dependent calpains do not have a

significant role in skeletal muscle atrophy. Caplains do not degrade major contractile proteins, and 

are not systemically activated in models of atrophy (44). The role of MMPs, mitochondrial 

proteases, and caspases in the development of skeletal muscle atrophy are relatively unexplored 

and poorly documented. However, it should be noted that caspase-3 activation during atrophy is 

thought to be involved in the breakdown of actomyosin complexes by actin fragmentation, one of 

the initial stages of myofibrillar degradation (45). The autophagy-lysosomal system mediates 

protein turnover that occurs at a subcellular scale. There are three different types of autophagy 

responsible for lysosomal degradation: macro-autophagy, primarily involved in degradation of 
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cellular compartments; chaperone-mediated autophagy, responsible for degradation of cytosolic 

proteins; and micro-autophagy, which in not well characterised (46,47). Several diseases 

associated with muscle atrophy are known to induce autophagy; however, quantitatively, this 

pathway is not important in the accelerated breakdown of muscle protein during catabolic states 

(48), but may be of critical importance in defining oxidative health. The major pathway contributing 

to muscle atrophy appears to be the ATP-dependent ubiquitin-proteasome pathway (7).  

Activation of autophagosomes is necessary to maintain cellular integrity (49). Autophagosomes 

sequester and remove unfolded proteins, damaged cytoplasmic organelles, and fragmented DNA 

that promotes myofibre degradation (50). During autophagy, ubiquitin-like proteins, light chain 3 

(LC3) and Gamma-aminobutyric acid receptor-associated protein (GABARAP), congregate to form 

a double membrane autophagosome that is able to engulf portions of the cytoplasm (51,52). 

Proteins designated for degradation are tagged by ubiquitin and recognised by p62 for 

incorporation into the autophagosome (47,53,54). Activation of genes that promote autophagy are 

associated with several catabolic disease states, and appears to be mediated by FOXO3 (55). 

Autophagy is elevated in skeletal muscle in response to denervation (56) and ageing (57). 

However, overexpression of PGC1α attenuates muscle atrophy and aged related autophagy (58), 

suggesting that autophagy may be closely linked to mitochondrial biogenesis. This pathway has 

only recently begun to receive attention, despite evidence for a significant role in muscle atrophy 

(47). 

1.2.3.1 ATP-Dependent Ubiquitin Proteosome Pathway 

The ATP-dependent ubiquitin proteasome pathway (UPS) is responsible for the majority of 

increased proteolysis. In this pathway, the ATP-dependent enzyme, E1, activates the carboxyl end 

of ubiquitin through its conversion to a high energy thiol ester E1-S-ubiquitin. The E1 enzyme then 

transfers the activated ubiquitin to a family of carrier proteins: E2 proteins, through the formation of 

a covalent bond. The carboxyl group of the ubiquitin couples to the e-amino group of lysine in the 

protein substrate catalysed by an ubiquitin-protein ligase (E3). The conjugation reactions repeat to 

form a chain of five or more ubiquitins linked to each other, which leads to the rapid degradation of 

the protein by the ATP-dependent 26s proteosome complex (59-61). E3 ligases serve as specific 

recognition factors to this system, as they are responsible for substrate specificity of ubiquitin 

conjugation, and therefore have a central role in the proteolytic cascade (6). Genetic screens 

identified two muscle-specific E3 ubiquitin ligases, the muscle RING-finger 1 (MuRF1) and the 

muscle atrophy F-box (MAFbx/atrogin-1), that are consistently upregulated prior to the onset of 

muscle atrophy (62-65). Multiple animal and cell culture models have confirmed that these genes 

play a pivotal role in skeletal muscle proteolysis (66-68).  

In vivo studies revealed that mice null for MuRF1 and MAFbx had significantly less muscle mass in 

comparison to control littermates (64). A study using MAFbx knockout mice subjected to muscle 

denervation found that the transgenic mice presented with attenuated gastrocnemius atrophy by 

56% compared to non-transgenic controls (64). Consistent with these findings, MuRF1 knockout 

mice displayed a 36% attenuation of atrophy after 4 days of denervation (64). Further investigation 

revealed that these genes are also upregulated during inactivity and cachexia atrophy (62,69). 
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There is a clear role for these E3 ligases in the development of muscle atrophy; however, 

additional mechanisms must be involved, as both knockout models produced only partial inhibition 

of skeletal muscle atrophy.  

Atrophy induced by dexamethasone (Dex) and fasting results in de-phosphorylation of Akt, with a 

corresponding dephosphorylation and activation of FOXO1 and FOXO3, as well as the activation of 

the E3 ligase, MAFbx/atrogin-1 (70). FOXO3 acts directly on the MAFbx/atrogin-1 promoter to 

cause an upregulation in expression. Overexpression of FOXO3 results in the upregulation of 

MAFbx/atrogin-1 mRNA (70). Similarly, FOXO1 can induce expression of both E3 ligases, MAFbx 

and MuRF1 (33,71). Supporting these findings, transgenic mice that overexpress FOXO1 were 

found to have substantial decreases in muscle mass and fibre size (71). Thus, the FOXO 

transcription factors play a critical role in the regulation of MAFbx/atrogin-1. The UPS play a major 

role in muscle atrophy and protein breakdown in catabolic states; yet, the regulation of this pathway 

in skeletal muscle following exposure to an adverse in utero environment has not been 

investigated. 

Figure 1-1. Skeletal Muscle Hypertrophy and Atrophy signalling. IGF1-mediated hypertrophy is 

initiated when IGF1 binds to the IGFR, initiating a series of phosphorylation through Akt, which 

ultimately leads to the activation of mTOR. Activated mTOR increases muscle protein synthesis 

through the phosphorylation of p70s6K, and its downstream target rpS6. mTOR also inactivates 4E-

BP-1 to allow for eIF-4E- mediated protein translation. Activation of Akt also inhibits FOXO 

transcription factors to prevent protein degradation through the UPS via MAFbx. In contrast, NFκB 

is activated in response to cellular stressors, which translocate to the nucleus and transcriptionally 

regulates the expression of inflammatory cytokines and E3 Ligases involved in the UPS. Increased 

expression of MuRF1 and MAFbx induces protein degradation by the ATP-dependent 26s 

proteosome complex in skeletal muscle. Amplified inflammation acts in a positive feedback loop, 

further promoting intramuscular inflammation and induction of the UPS pathway.



7 

1.2.4 Skeletal Muscle Inflammation 

The inflammatory response is activated following muscle damage to aid in tissue repair. The 

initiation of the inflammatory response involves the secretion of chemokines, cytokines and lipid 

mediators, as well as activation of cellular defence pathways. Phagocytic cells are recruited to the 

site to engulf pathogens and eliminate debris. These cells release polypeptides and lipid mediators, 

such as cytokines and chemokines, which recruit neutrophils and monocytes, as well as initiate and 

amplify both pro-inflammatory and anti-inflammatory signalling pathways (72,73). The inflammation 

that results is the critical component of host defence, but when left unresolved, chronic activation of 

these pathways causes damage in surrounding tissues, and can lead to the development of 

inflammatory disease and induction of protein degradation pathways (72,74).  

1.2.4.1 Cytokines and Chemokines 

Cytokines are small peptides or glycoproteins that facilitate communication between immune cells 

(73). Cytokines can also be produced and affect non-immune tissues, and production and effects of 

several cytokines have been demonstrated in skeletal muscle (75-77). Expression of pro-

inflammatory cytokines is elevated in response to tissue injury and muscle regeneration in order to 

stimulate cell differentiation and tissue repair; however, chronic, sustained expression of pro-

inflammatory cytokines play a significant role in the loss of skeletal muscle in several disease states 

associated with muscle wasting. Pro-inflammatory cytokines, such as tumour necrosis factor α 

(TNFα), Interleukin-1β (IL-1β), and IL-6 are well known to negatively regulate skeletal muscle mass 

(78,79) by decreasing protein synthesis and increasing protein degradation pathways (78). In 

contrast, anti-inflammatory cytokines, such as IL-4 and IL-10, have demonstrated beneficial effects 

on skeletal muscle remodelling and regeneration (80,81), by inhibiting inflammatory kinase activity 

(82).  

In response to muscle damage, macrophages are recruited to the site of injury by the monocyte 

chemotactic protein-1 (MCP-1) to clear cellular debris (83,84), and stimulate new muscle growth 

(85-87). Depletion of macrophages following muscle damage results in impaired muscle 

regeneration and increased fibrosis (88). However, it is the activation of macrophages that has an 

important role in defining their function. Classically activated M1 Macrophages produce large 

amounts of pro-inflammatory cytokines and reactive oxygen species (89,90), whereas alternatively 

activated M2 macrophages promote tissue repair and remodelling and are anti-inflammatory 

(91,92). Moreover, existing M1 classically activated inflammatory macrophages can switch to M2 

alternatively activated macrophages (86,93). During muscle damage, M1 Macrophages are 

recruited to the site of inflammation by MCP-1 to regulate phagocytosis by nitric oxide dependent 

mechanisms (84). Following this M2 macrophages are activated to aid in repair and restoration of 

the muscle (85,87).  
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1.2.4.2  Nuclear Factor-κB 

The induction of the inflammatory process is regulated, in part, by the NFκB (nuclear factor kappa-

light-chain-enhancer of activated B cells) (94).  NFκB is necessary for the development and 

maintenance of the immune system, and has recently emerged as a central regulator of skeletal 

muscle remodelling (95). NFκB is a family of subunits composed of p50/p105, p52, p100 c-Rel/p65, 

Rel A and Rel B, and share similarities at the amino-terminus in the Rel homology domain (96). 

NFκB is a protein complex that controls the transcription of DNA found in most mammalian cells. In 

its inactive state, NFκB is bound to and sequestered in the cytoplasm by the inhibitor of κB (IκB). In 

response to cellular stress I κB kinase (IKK) phosphorylates IκB, causing rapid degradation of IkB- 

and the release of NFκB and formation of a dimeric complex (97). The NFκB dimer translocates to 

the nucleus and binds to specific DNA sequences, termed kB sites, to upregulate the transcription 

of inflammatory proteins such as cytokines, interferons, chemokines, cell adhesion molecules and 

hematopoietic growth factors (98). NFκB signalling in skeletal muscle atrophy due to systemic 

illnesses and cachexia differs from NFκB signalling caused by disuse. Atrophy caused by systemic 

illness is triggered in response to activation of immune modulators and cytokines, and has been 

termed the canonical pathway of NFκB signalling (99,100). In this pathway, an immune mediated 

stimulus causes release of the inhibition of two I κB kinases, IKKα and IKKβ from the regulatory 

protein, the NFκB essential modulator (NEMO/IKKy). IKKα and IKKβ phosphorylate IkB proteins, 

causing dissociation of NFκB and the formation of a p50:p65 NFκB heterodimer, which translocates 

to the nucleus and directly facilitates transcription of target genes (97,98). In contrast, NFκB 

signalling caused by disuse atrophy has been termed the non-canonical pathway. The stimulus that 

triggers activation of this pathway is still unknown, but does not involve immune activation 

(101,102). Activation of this pathway allows for IKKα and IKKβ phosphorylation of IkB proteins, p50 

and p105 NFκB subunits. The p105 subunit of NFκB is then processed into p50, ultimately leading 

to a p50:p50 homodimer, which translocates to the nucleus. Binding of p50, along with Bcl-3, an 

NFκB transcriptional activator, to the promoter region allows for the transcription of NFκB target 

genes involved in skeletal muscle atrophy (102,103). Disruption of NFκB or Bcl-3 expression 

inhibits skeletal muscle atrophy caused by inactivity (103). 

Regardless of the method of activation, NFκB has implications in many catabolic pathways in 

skeletal muscle, and has been found to be induced in many skeletal muscle disorders. Importantly, 

NFκB has a key role in the development of skeletal muscle atrophy through the transcriptional 

regulation of the muscle-specific E3 ligase, MuRF1, but not MAFbx/atrogin-1(104). mRNA levels of 

these genes are increased during inactivity and cachexia, indicating that these genes are 

transcriptionally regulated. Researchers found that NFκB activity is elevated in both disuse and 

cachexia models of muscle atrophy and that blocking NFκB signalling attenuated the atrophy. 

Muscle specific transgenic overexpression of IKKB, which triggers activation of NFκB, caused a 

significant loss of muscle mass. Furthermore, these authors found that the expression of an IkBa 

super-repressor reversed this effect (105). Likewise, another group demonstrated that deletion of 

IKKb in mice attenuated skeletal muscle atrophy caused by denervation by 40% (106). However, 

since the deletion of MURF1 crossed with activated NFκB only resulted in a 50% recovery of 

muscle loss (105), this suggests that NFκB may have other pivotal roles in the development of 
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muscle loss. NFκB also regulates the transcription of several pro-inflammatory cytokines such as 

IL-1β and TNFα and IL-6(107,108). This often leads to a positive feedback loop, as these cytokines 

all act on their receptors to trigger activation of NFκB (109). Examining alterations in NFkB in 

skeletal muscle across the life course warrants further investigation, NFκB plays a central role in 

the regulation of inflammation and muscle wasting in both health and disease. 

Figure 1-2 Activation of NFκB. Inactive NFκB is sequestered in the cytoplasm by the inhibitor of 

κB (IκB). Upon activation, I κB kinase (IKK) phosphorylates IκB, causing rapid degradation of IkB 

and the release of NFκB for translocation to the nucleus. NfκB binds to DNA kB sites and 

upregulates the transcription of cytokines, interferons, chemokines and MuRF1. 

1.3 Cellular Mechanisms Regulating Skeletal Muscle Oxidative 

Function 

Skeletal muscle oxidative capacity refers to the ability of muscle to utilise oxygen to generate ATP, 

which occurs largely in the mitochondria. Declines in skeletal muscle oxidative capacity is observed 

in ageing and metabolic diseases (110-112). Reductions in skeletal muscle oxidative capacity have 

been attributed to the loss of muscle mass and decreases in mitochondrial density (113,114). 

Mitochondria are essential cytoplasmic organelles that play a critical role in energy production and 

cellular metabolism. They are a result of the evolutionary processes in which mitochondria had a 

vital role in prokaryotic organisms (115). Within the mitochondria, cellular energy in the form of 

adenosine tri-phosphate (ATP) is generated by aerobic energy metabolism, which is the main 

source of ATP metabolism in mammals (116). In addition to generating energy, products from 
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mitochondrial metabolism also act as integral signalling molecules that are involved in cellular 

differentiation and apoptosis (117). Understanding the structure, function and regulation of 

mitochondria is of great importance to optimise skeletal muscle health. 

1.3.1 Mitochondrial Structure 

Mitochondria are approximately 0.5 to 1.0μm in diameter, consisting of an outer membrane, inner 

membrane, cristae and matrix. Two lipid bilayers encapsulate this organelle. The outer membrane 

is smooth and contains a transport protein porin. This forms aqueous channels that allow for the 

movement of molecules through the membrane that are under 5000 Dalton in molecular weight. 

The inner membrane is impermeable to ions because its lipid bilayer is composed of 4 fatty acid 

phospholipids instead of 2. Small molecules enter the inner membrane through a translocase 

protein (TIM). Folds in the inner membrane form a lamellar structure called cristae, which result in a 

large surface area. The space between the inner and outer membrane is named the 

intermembrane space (118). The mitochondrial cristae are the site of the electron transfer system 

(ETS). The electron transport system consists of 5 complexes each composed of multiple 

polypeptide subunits that transfer protons along complexes I-IV, into the inter-membrane space, 

driving the development of the mitochondrial membrane potential.  

Electron microscopy has provided evidence that mitochondria are organised into two distinct 

regions of skeletal muscle: subsarcolemmal mitochondria and intermyofibrillar mitochondria. These 

different mitochondrial populations are morphologically different (119) and appear to have distinctly 

different biochemical roles (120). Intermyofibrillar mitochondria are located near the Z-line of 

muscle fibres and are responsible for generating energy for muscle contraction by oxidative 

phosphorylation (120). Whereas, subsarcolemmal mitochondria generate energy for cellular 

processes such as signalling, substrate transport, and protein synthesis (121). Deficiency of 

subsarcolemmal is thought to be responsible for the impairments in insulin signalling and fatty acid 

oxidation observed in diabetic patients (122).  

1.3.1.1 Mitochondrial Genes 

Approximately 1000 proteins comprise a mitochondria (123), reflecting the complexity of 

mitochondrial turnover. Nuclear genes encode for the majority of the proteins, including over 100 

respiratory subunits that comprise the majority of mitochondrial ETS complexes (124,125). 

Polypeptides containing a mitochondrial targeting sequence are synthesised in the cytoplasm and 

shuttled by cytosolic chaperones through the outer and inner mitochondrial membranes by the 

protein import machinery. Following this, proteins are assembled into the mitochondrial respiratory 

chain complexes, or compartmentalised, or can act as transcriptional regulators of mtDNA. Nuclear 

genes encode the ETS assembly proteins, mitochondrial DNA polymerase (126), and factors that 

are essential for intra-mitochondrial transcription and translation such as Tfam, TFBM1 and 2. 

Thus, disruption in both nuclear and mitochondrial encoded genes can cause mitochondrial 

dysfunction. 
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Mitochondrial DNA (mtDNA) encodes a subset of mitochondrial respiratory system complexes and 

is maternally inherited and is located in the mitochondrial matrix. Nuclear genes encode the rest, 

and most mitochondrial disorders are caused by mutations in nuclear genes. mtDNA is a circular 

16.6 kb of double stranded DNA that encodes for 37 genes. mtDNA encodes for 13 subunits of the 

complexes in the mitochondrial electron transport system. Complex II however is only encoded by 

nuclear genes (127). The 13 subunits include 7 subunits of NADH dehydrogenase/complex I (ND1, 

ND2, ND3, ND4, ND4L, ND5, ND6), 1 subunit of complex III (cytochrome B), 3 subunits of complex 

IV/ cytochrome c oxidase (COXI, COXII, COXIII), and 2 subunits of ATP synthase/complex V 

(ATPase6 and ATPase8) (127).  

1.3.2 Mitochondria Function 

Mitochondria play important roles in nitrogen metabolism, heme biosynthesis, thermogenesis, 

calcium homeostasis, cell signalling and apoptosis. However, mitochondria are primarily 

recognised for their role in the production of ATP by converting energy from carbon sources. 

Energy production is driven by ADP derived from the cytosol, which is converted to ATP by 

oxidative phosphorylation via the electron transport system (128). Oxidative metabolism is 

selectively fuelled by pyruvate generated from carbohydrates in glycolysis and fatty acids from 

triglycerides. These are imported into the matrix and metabolised into acetyl CoA by pyruvate 

dehydrogenase or beta-oxidation. Acetyl coA enters into the TCA cycle to produce electron 

carriers, Nicotinamide adenine dinucleotide (NADH) and Flavin adenine dinucleotide (FADH2). 

Electrons from these substrates are passed to complexes of the electron transport system to 

produce ATP. Two molecules of ATP are produced by glycolysis, whereas 30 molecules of ATP 

are produced by mitochondrial metabolism. This demonstrates that mitochondria are more efficient 

than glycolysis. Mitochondria produce 90% of ATP, and approximately 90% of consumed oxygen is 

utilised in the electron transport system (ETS) during OXPHOS (129,130). 

1.3.2.1 β-oxidation and the Tricarboxylic Acid Cycle 

Importantly, the process of oxidative phosphorylation is initiated by substrates from other 

biochemical pathways feeding into the electron transport system. Triglyceride stores are 

transported in the circulatory system, from the adipose tissue via lipolysis to skeletal muscle, and 

then into the mitochondria to be oxidised. The uptake of circulating FFA into skeletal muscle occurs 

via fatty acid transporters located on the plasma membrane. These fatty acid transporters include 

the fatty acid translocase (FAT/CD36) (131), the plasma membrane fatty acid binding protein 

(FABPpm) (132), and the fatty acid transport protein (FATP-1) (133,134). Within the myocyte, FFAs 

are transported via cytoplasmic fatty acid binding proteins, where they are stored as IMTGs or 

transported into the mitochondria for oxidation (135). Short and medium chain fatty acids are 

transported into the mitochondria via passive diffusion. In contrast, LCFA rely on the mitochondrial 

fatty acid translocase (FAT/CD36) and the carnitine palmitoyl transferase (CPT) complex to enter 

the mitochondria. The acyl-CoA synthetase (ACS) catalyses the formation of the LCFA-CoA, then 

CPT1 regulates mitochondrial fatty acid oxidation in muscle by controlling the movement of fatty 

acid acyl groups to the intermembrane space of mitochondria via the exchange of coenzyme A for 

carnitine (134,136,137). The fatty acyl carnitine permeates inner mitochondrial membrane through 
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the acylcarnitine/carnitine tralocase, and then is converted back to acyl-CoA y the CPTII to enter 

the β-oxidation pathway (138). Oxidation of fatty acids occurs in a four-step process that is 

collectively called β-oxidation. This process utilises the following enzymes: Fatty acyl-CoA 

dehydrogenase, β-hydroxyacyl-CoA dehydrogenase (βHAD), hydroxyacyl-CoA dehydrogenase 

and acetyl-CoA transferase. The products of this process are a FADH2, a NADH, and an acetyl-

CoA for every 2 carbon units. The acetyl coA can then enter the TCA cycle. 

Glycolysis is the metabolic pathway that converts glucose and glycogen into pyruvate, under 

aerobic conditions, by a series of reaction that ultimately generate 2 molecules of ATP and NADH. 

Glycolysis can also produce ATP under anaerobic conditions by producing lactate. Pyruvate 

generated from glycolysis can then enter the TCA cycle. The TCA cycle, also known as the citric 

acid cycle or the tricarboylic acid cycle (TCA), is an important pathway where products from 

glycolysis, β-oxidation, or amino acid metabolism converge. Acetyl CoA enters the TCA cycle and 

undergoes a series of eight enzymatic reactions that generate 2 molecules of carbon dioxide and 

water, and electron carriers NADH and FADH2 that donate electrons into the ETS complexes (139). 

This pathway is tightly regulated by the energy demands of the organism, and is of critical 

importance to understanding the metabolic phenotype of the organism. 

1.3.2.2 Oxidative Phosphorylation and the Electron Transport System 

The electron transport system is composed of a set of five biochemically active enzymes 

complexes bound to the mitochondrial inner membrane (140). The enzyme complexes I-IV catalyse 

the transfer of electrons to form an ATP at complex V. Complex I (ubiquinone NADH 

dehydrogenase) oxidises nicotinamide adenine dinucleotide (NADH) to NAD+ and pumps H+ 

protons into the intermembrane space while reducing ubiquinone (141). Complex II (succinate 

dehydrogenase) metabolises succinate into fumarate releasing hydrogen ions from the reduced 

form of Flavin adenine dinucleotide (FAD) to ubiquinone, which are shuttled to complex III. 

Complex III (ubiqinol-cytochrome-c reductase) receives electrons and liberates H+ ions into the 

intermembrane space in the process. Complex IV (cytochrome C oxidase) reduces O2 to H2O, 

producing 2 H+ ions in the process, which are pumped through to the intermembrane space. As 

the H+ ions accumulate in the intermembrane space, a proton gradient is generated which is used 

to drive ATP synthesis by Complex V (ATP synthase), which phosphorylates ADP to ATP. The 

proton gradient represents the energy available to drive changes in ATP/ADP ratios and is called 

the membrane potential (ΔΨm). Protons then re-enter the mitochondrial matrix though the ATP 

synthase (130). ATP is the cellular energy currency used to drive energy-dependent processes 

including molecule transport, macromolecule synthesis and muscle contractions. Hydrolysis of the 

terminal anhydride bond of ATP allows the release of energy, forming ADP and an inorganic 

phosphate (Pi) (142). 
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Figure 1-3 Generation of ATP through the mitochondrial electron transport system. Glucose 

and Fatty acids are broken down via β-oxidation and glycosis, which feed into the TCA cycle. The 

TCA cycle generates electron carriers NADH and FADH2 that donate electrons into the ETS 

complexes. Complex I oxidises NADH to NAD+. Complex II (succinate dehydrogenase) 

metabolises succinate into fumarate and oxidises FADH2. Complex III receives electrons to reduce 

ubiquinone. Complex IV reduces O2 to H2O, producing 2 H+ ions in the process, which generates 

a proton gradient. As the H+ ions accumulate in the intermembrane space, a proton gradient is 

generated which is used to drive ATP synthesis by Complex V, which phosphorylates ADP to ATP. 

1.3.3 Reactive Oxygen Species 

Reactive oxygen species (ROS) are highly reactive oxygen containing molecules resulting from 

unpaired valence electrons. ROS are formed during aerobic respiration when electrons leak from 

the electron transport system respiratory subunits and combine with oxygen to form the superoxide 

radical O2-(143). ROS formation occurs when membrane potential is high (availability of ADP is 

low and ATP is high), causing subunits of the ETS to persist in a reduced state and idle electrons 

leak from the complexes forming O2- (144,145). The interface between complex I and complex III 

is the key site of O2- production (146). This superoxide anion is unstable and is rapidly converted 

to H2O2 by two superoxide dismutase isoenzymes: SOD1 (Cu/Zn SOD- cytosolic) and SOD2 (Mn 

SOD-mitochondrial). Following this catalase and glutathione peroxidases convert H2O2 to oxygen 

and water (147). In the presence of free transition metals, H2O2 can react to generate the highly 

reactive hyroxyyl radical OH-. Formation of primary ROS molecules can generate secondary 

peroxyl and alkoxyl radicals (148). Excess formation of ROS leads to fragmentation of RNA and 
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DNA (149), lipid peroxidation (150) and protein oxidation (151). It is thought that the accumulation 

of mtDNA damage is especially important in aged diseases.  

Figure 1-4 Generation of reactive oxygen species by the electron transport system. When 

subunits of the ETS persist in a reduced state, idle electrons leak from the complexes forming O2-. 

O2- is highly unstable and is rapidly converted by superoxide dismutase to H2O2.  

1.3.3.1 Mitohormesis 

While ROS is a toxic by-product that can cause cellular damage, in small quantities ROS can act 

as an intracellular signalling molecule (148,152). ROS play important roles in pathogen elimination, 

enzyme activation, and glycogen repletion (153,154). Increases in ROS following exercise training 

is thought to be a central mediator of positive skeletal muscle adaptions (155), including the 

induction of hypertrophy pathways (156), and upregulation antioxidant genes (157,158). Inhibiting 

ROS via antioxidant supplementation prevents the beneficial exercise-induced adaptions and 

increases in antioxidant enzymes in humans (159).  Further evidence supporting a mitohormetic 

effect of ROS stems from cell culture studies demonstrating the induction of myogenesis (160) 

pathways and promotion of longevity under oxidative stress (161,162). Therefore, the balance 

between ROS and detoxifying pathways is of utmost importance in defining the signalling outcome 

in skeletal muscle. 

1.3.4 Mitochondrial Dynamics 

Mitochondria are highly dynamic organelles that continuously fuse together to exchange 

information and are subject to stress and bioenergetics signals of the cell (163). Within skeletal 

muscle, mitochondria assemble close in location to the endoplasmic reticulum and nucleus (164) 

as tubular organelles that form as a branched reticulum network (165,166). The complexity of 

mitochondrial dynamics is coupled with the continuous adaption of mitochondria to cellular 

stressors which defines the intricacy of this organelle. 
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1.3.4.1 Mitochondrial Biogenesis 

The complex process of mitochondrial biogenesis co-ordinately controls the transcription of nuclear 

and mitochondrial genes. Formation of mitochondria is dependent on the transcription, translation 

and import of new proteins into existing organelles. Mitochondrial biogenesis is induced in response 

to exercise (167), exposure to cold (168), and chronic electrical stimulation (169). The peroxisome 

proliferator-activated receptor (PPAR)-γ coactivator-1α (PGC1α) is a nuclear protein that is 

considered the master regulator of mitochondrial biogenesis (168,170). PGC1α initiates 

mitochondrial biogenesis by directly interacting and activating numerous transcription factors that 

upregulate the transcription of mitochondrial genes, including the nuclear regulatory factors 1 and 2 

(NRF1 and NRF2), estrogen related receptor (ERR)-α, and the mitochondrial transcription factor A 

(mtTFA) (170-172). NRF-1 controls the transcription of several nuclear genes required for 

mitochondrial respiration by directly binding to the promoter region of nuclear encoded 

mitochondrial genes (173). NRF-1 also controls transcription of protein import into mitochondria and 

assembly machinery of the respiratory complexes (174,175). Furthermore, NRF-1 has a key role in 

the activation of mitochondrial transcription factor A by binding to the upstream promoter region 

(176). The mitochondrial transcription factor A (mTFA, TFAM) is a 204 amino acid long protein that 

binds to the upstream promoter regions of mitochondrial encoded genes. To initiate mtDNA 

transcription, mtTFA unwinds and bends the D-loop of mtDNA (177). mTFA levels correlate with 

mtDNA copy number(178), and thus, is important in the regulation of mtDNA transcription. 

Dysregulation of PGC1α (179), NRF-1(180), and mTFA(181) have all been implicated in the 

development of metabolic diseases.



Figure 1-5 Mitochondrial Biogenesis. In response to various stimuli including p38, AMPK, CaMKII, and muscle contraction, PGC1α is activated and induces the 

expression of NRF1 and NRF2. Upon activation, NRF-1 upregulates the transcription of nuclear-encoded mitochondrial genes and mtTFA. Activation of mTFA induces 

the expression of mitochondrial encoded genes. The co-ordinated upregulation of these transcription factors allows for formation of new mitochondria and import of new 

proteins into existing organelles



1.3.4.2 Fission and Fusion 

The mitochondrial network is defined by the balance of fusion, fission and mitophagy. Fission and 

fusion proteins allow for the networking of mitochondrial membranes to link and divide the 

organelles. Mitochondrial fusion factors include outer membrane proteins mitofusion 1 and 

mitofusion 2 (MFN1 and MFN2) and the optic atrophy 1 protein located on the inner membrane. In 

contrast the dynamin-related protein 1 (DRP1), fission protein 1 (Fis1) and the mitochondrial fission 

factor (Mff) promote fission of mitochondrial networks. The balance between the fusion and fission 

processes is essential to maintain a healthy mitochondrial network as continuous fusion allows for 

the recombination of mtDNA (182), and can affect mitochondrial function (183). Loss of fusion is 

linked to mitochondrial dysfunction and a greater predisposition to mitochondrial apoptosis (184) as 

mitochondria become fragmented. 

Figure 1-6 Mitochondrial Fusion. Outer membrane proteins MFN1 and MFN2 initiate the first 

step of fusion by tethering apposing mitochondria. Following this, OPA1 completes the fusion 

process to form a reticulum by fusing the two inner mitochondrial membranes.  

The outer membrane fusion proteins MFN1 and MFN2 initiate the first step of fusion by tethering 

apposing mitochondria (185). MFN2 also plays a role in metabolism by upregulating glucose 

oxidation through increasing OXPHOS complexes I, IV and V (186,187). The inner mitochondrial 

membrane fusion protein OPA1 allows for maintenance of the mitochondrial cristae (188) as well 

as the tethering and fusing of inner mitochondrial membranes (IMM) (189). In contrast, fission 

eliminates damaged mitochondria from the mitochondrial network. Fission is also important for 

mitochondria turnover, and the adjustment of mitochondria density as per metabolic requirements 

(190). Mitochondrial fission is initiated when oxidative stress is high or due to the loss of 

mitochondrial membrane potential. Mff or Fis1 recruit cytosolic Drp1 (191) to constrict and sever 

the inner and outer mitochondrial membrane by forming spirals around the mitochondria (192) at 

sites of mitochondrial ER contact (193). Fission allows for division of elongated mitochondria into 
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appropriate sizes for encapsulation by autophagosomes (194). Following excessive fission, the 

pro-apoptotic factor Bax, a member of the Bcl-2 family, translocates from the cytosol to the 

mitochondria and co-localizes with Drp1 (192) to initiate mitophagy.  

Figure 1-7 Mitochondrial Fission. Mitochondrial fission is initiated when Mff or Fis1 recruits 

cytosolic Drp1 to constrict and sever the inner and outer mitochondrial membrane by forming 

spirals around the mitochondria, which divides elongated mitochondria smaller fragments. 

1.3.4.3 Mitophagy 

Mitophagy is important for the removal and degradation of dysfunctional mitochondria. This 

process is initiated when the kinase PTEN-induced putative kinase protein 1 (PINK1) accumulates 

in the mitochondrial membrane (195). The build-up of PINK1 recruits Parkin (196), an E3 ligase to 

ubiquitylate the mitochondria allowing for binding of p62, ab autophagosomal marker MAP1 light 

chain 3 (LC3II), and Nix to the outer membrane. LC3II initiates the encapsulation of the 

mitochondria in the autophagosome (197), which then undergoes lysosomal degradation by 

proteolytic enzymes (198). In healthy cells, mitophagy is a tightly regulated process that maintains 

the mitochondria number in a steady state (199,200). In response to cellular stressors and 

mitochondria damage, select mitochondria undergo mitophagy as a protective measure from 

damaged mitochondria that could be toxic to the cell (194,197) Dysregulated mitophagy can lead to 

excess autophagy which promotes cell death (201). Whereas, insufficient mitophagy resulting from 

the accumulation of mtDNA damage with age decreases recognition signals for mitophagy leading 

to the accumulation of oxidative damage (190,202). Thus, removal of mitochondria by mitophagy is 

important in the maintenance of mitochondrial function to prevent activation of caspases and 

cellular apoptosis (197). Identifying factors that regulate mitochondrial turnover and function at 

different life stages will allow for target interventions to improve oxidative function and overall 

health. 
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Figure 1-8 Mitophagy and Autophagy. Mitophagy is initiated when PINK1 accumulates in the 

mitochondrial membrane, which recruits Parkin for ubiquitylation. This allows for binding of p62, 

and assembly of a complex involving LC3II and Nix on the outer membrane. LC3II is recognised for 

encapsulation by the autophagosome, which subsequently undergoes lysosomal degradation by 

proteolytic enzymes. 

1.4 Skeletal Muscle Across the Life Course 

Enhancing skeletal muscle mass throughout life promotes longevity, healthy metabolism, and 

mobility. Loss of skeletal muscle mass results in numerous deleterious consequences including 

frailty, metabolic disease, and increased mortality. Skeletal muscle health is dependent on a variety 

of genetic, environmental and lifestyle factors including maternal programming and post-natal 

lifestyle choices of the organism. Poor in utero skeletal muscle development impairs metabolic and 

hypertrophic signalling pathways predisposing offspring to the development of metabolic disease 

and sarcopenia later in life. Furthermore, post-natal inactivity and unbalanced diets can alter 

skeletal muscle composition and also result in negative health effects. It is critical to recognise the 

relationship between skeletal muscle mass and oxidative capacity in both the prenatal and post-

natal environment. Loss of skeletal muscle mass will contribute to the development of metabolic 

disease resulting from decreased oxidative capacity, whereas the loss of oxidative capacity will 

define skeletal muscle mass. Thus, understanding the factors that regulate skeletal muscle mass 

and function at specific stages of the life course is critical in determining prevention and treatment 

strategies.  
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1.4.1 Developmental Programming 

The developmental origins of health and disease (DOHaD) hypothesis proposed by Barker et al. 

(203) states that an adverse intrauterine environment during early life development can have life-

long consequences on the offspring’s health. The Barker hypothesis suggests that a foetus that 

encounters an adverse environment during development, such as maternal overnutrition or 

micronutrient deficiency, will adjust to the environmental shortcomings in order to survive, which 

can cause permanent changes in tissue structure and function. This detrimental early life insult to 

offspring metabolic health can have lifelong consequences particularly when combined with 

additional adulthood stressors (204).  

Alterations in maternal nutrition is of particular interest due to the dramatic shifts in dietary habits in 

western countries over the past 30 years (205). The obesity epidemic is often attributed to 

increased energy intake, combined with the rising consumption of high-fat and sugar dense foods 

that are also low in fibre and micronutrients (206,207). Therefore, the role of maternal nutrition is 

often highlighted as a causal determinant of offspring long term health status (208,209). Indeed, 

high maternal energy intake and excessive gestational weight gain predispose offspring to 

developing obesity and cardio-metabolic disorders later on in life (210,211). Experimental evidence 

from rodent studies have highlighted mechanisms that link in utero exposure to maternal 

overnutrition with offspring predisposition to increased risks of obesity and associated metabolic 

diseases, independent of the postnatal dietary environment (210). Adult offspring from dams that 

consumed an obesogenic high-fat diet during pregnancy are hyperphagic, have increased 

adiposity, hypertension, display blunted systemic glucose disposal and evidence of chronic 

inflammation (211,212). While the role of gestational diet on offspring health is becoming more 

established, few studies have addressed the role of skeletal muscle development on lifelong health 

of offspring. In fact, skeletal muscle is often overlooked, despite its role in metabolic disease and 

organism longevity (213).  

1.4.1.1 Developmental Programming of Skeletal Muscle Mass 

There is accumulating evidence to demonstrate tissue specific “programming” of skeletal muscle 

mass. In utero, there are two main stages of myogenesis: primary myogenesis and secondary 

myogenesis. Primary myogenesis occurs during the embryonic stage, whereas secondary 

myogenesis occurs during the fetal stage, and is responsible for the formation of the majority of 

muscle fibres (214). The secondary stage of myogenesis overlaps with the formation of 

intramuscular adipocytes and fibroblasts (215,216), making this stage of development particularly 

vulnerable to environmental disturbances. In models of maternal undernutrition, offspring exhibit 

lower levels of locomotor activity, suggestive of altered skeletal muscle development (217). In 

response to maternal stressors such as nutrient deprivation, skeletal muscle development is 

preferentially sacrificed during fetal development (218). Impairments in fetal skeletal muscle 

development is of particular concern, as muscle fibre is determined during this period, and there is 

no post-natal increase in skeletal fibre number (5). Thus, decreases in muscle fibre number at birth 

will persist into adulthood.  
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With maternal obesity and overnutrition, there is evidence of supressed fetal myoblast cell-cycle 

activity (219), amplified intramuscular lipid accumulation (211), and decreased density of myocytes 

in offspring skeletal muscle (211). In response to a maternal “junk food” diet during pregnancy and 

lactation, offspring display decreases in measures of muscle contractile force (220), increased 

adiposity, and a preference for foods high in sugar and fat (221). Furthermore, investigation into 

increased maternal high-fat intake during pregnancy and/or lactation results in diminished 

activation of the mTOR signalling pathway, likely contributing to reduced myofibre density in adult 

rat offspring (222). However, there have been reports of increases in skeletal muscle mass in 

response to maternal obesity (219); further investigation revealed that muscle quality was impaired. 

Specifically, offspring from obese mothers had decreases in skeletal muscle fibre diameter, 

increased intramuscular space, along with evidence of fibrosis and fat accumulation (219,223,224). 

Figure 1-9 Developmental programming of skeletal muscle. Exposure to adverse stimuli during 

fetal development of skeletal has lifelong implications for offspring health. Maternal stressors can 

decrease offspring muscle mass, alter fibre type, induce intramuscular inflammation, promote lipid 

accumulation, and propagate mitochondrial dysfunction. Collectively, this leads to an increased 

predisposition to developing metabolic diseases and sarcopenia in adulthood. 

It is thought that maternal obesity impairs offspring myogenesis by shifting the commitment of stem 

cells to favour adipogenesis (225,226). Taken together, these observations demonstrate that 

altered in utero muscle development has a detrimental impact on post-natal muscle mass and 

quality, and thus may be a major contributor to increased predisposition to sarcopenia. Despite the 

important function of skeletal muscle on metabolic health, the mechanisms that regulate altered 

skeletal muscle development remain relatively unexplored, and thus warrants further investigation.
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1.4.1.2 Developmental Programming of Skeletal Muscle Oxidative Function 

Growing evidence suggests that alterations in mitochondrial function that impact insulin sensitivity 

may be programmed by the maternal environment. mtDNA is maternally inherited (227), whereas 

paternal mtDNA is eliminated during embryonic cell divisions (228,229); therefore, alterations in 

maternal mitochondrial oxidative capacity can be conferred to offspring. Nuclear genes encode for 

several subunits of the ETS complexes, as well as factors essential for intra-mitochondrial 

transcription and translation, therefore disruption of both nuclear and mitochondrial genes can 

cause mitochondrial dysfunction (126). Inherited mitochondrial defects may cause reduced rates of 

mitochondrial oxidative phosphorylation. Adolescent participants born to parents that had type II 

diabetes had a 30% decrease in ATP synthesis in their skeletal muscle (230). Further studies 

revealed that mitochondrial density in the insulin resistant offspring was reduced by 38%, with 

major decreases in mitochondrial cytochrome C oxidase (MTCOI), and reduced activity of 

succinate dehydrogenase and pyruvate dehydrogenase (231). Thus, mitochondrial defects can be 

conferred to offspring. 

More recently, the effects of altered maternal diet on mitochondrial programming have been 

studied. In non-pregnant obese humans and rodents, mitochondrial dysfunction leads to the 

accumulation of intramuscular fat and metabolically active lipid metabolites that are thought to drive 

the development of insulin resistance (232). In models of maternal overnutrition, insulin resistant 

offspring (233) display decreases in liver and aortic mtDNA copy number (234,235), and 

diminished expression of skeletal muscle mitochondrial oxidative phosphorylation (OXPHOS) 

proteins (236). Defects in oxidative phosphorylation and impairment in regulators of mitochondrial 

dynamics are also apparent in offspring skeletal muscle and placenta from obese dams (236,237). 

Likewise, offspring born to obese dams demonstrated decreased mitochondrial complex II+ III 

linked activity, along with evidence of insulin resistance (238), decreased anabolic signalling and 

AMP-activated protein kinase (AMPK) signalling (222,239). It is interesting that a wide range of 

maternal diets elicit similar effects on offspring mitochondrial function, suggesting that there may be 

similar mechanisms in which different maternal environments permanently program mitochondrial 

dysfunction. These data indicate a critical role for maternal diet on offspring mitochondrial health.  

1.4.1.3 Early Life Plasticity & Opportunities for Interventions 

Ideally, factors negatively impacting the in utero environment would be eliminated prior to 

conception. However, many pregnancies are unplanned, and appropriate prenatal care is often 

inadequate (240). As such, an adverse in utero environment can have a particularly detrimental 

early life impact to offspring metabolic health especially when combined with additional adulthood 

stressors (204). Numerous studies have investigated post-natal strategies for combatting metabolic 

diseases. However, more recently, there is growing interest in researching various maternal 

intervention approaches to combat deleterious effects to offspring metabolic health. The period of 

developmental plasticity during early life offers the ideal opportunity for novel interventions to 

mitigate the negative actions of a poor maternal environment on offspring health (241). Indeed, it 

has been proposed that intervening as early as possible, ideally before a negative phenotype 

becomes manifested, can have a greater impact on health outcomes (241). 



23 

1.4.1.3.1 Maternal Exercise 

The benefits of exercise during pregnancy on maternal health have long been a central focus of 

research. These benefits include improved insulin sensitivity, weight management, and cardio 

protection (242-245). However, more recently the benefits of maternal exercise on offspring health 

outcomes has become of interest. Current recommendations by the American College of Sports 

Medicine for pregnant women are engagement of 30 minutes or more of moderate physical activity 

at least four times a week (246). However, it is reported that only 15% of pregnant women follow 

these guidelines (246,247). Exercise during pregnancy has been shown to decrease offspring fat 

mass (248), increase lean mass and placental volume (249), with varying effects on birthweight 

(248,250). Moreover, studies in both rodent and human models have demonstrated offspring born 

to women who regularly exercised throughout pregnancy displayed enhanced oral and orientation 

skills (251,252), along with greater short-term and spatial memory (253,254).  

Perhaps of the most interesting, yet unexplored aspect of maternal exercise is the effects on 

offspring metabolic outcomes. 28 day-old offspring born to diabetic rat dams that exercised during 

pregnancy exhibit lower blood glucose levels with no change in insulin levels (255). Moreover, 

these improvements to offspring metabolic status have been shown to persist into adulthood 

following maternal exercise. Female offspring born to exercised dams display improved whole body 

glucose turnover rates, increased skeletal muscle glucose uptake, and decreased hepatic glucose 

production (256,257). Furthermore, maternal exercise has been shown to prevent hypermethylation 

of the PGC1α gene caused by a maternal high-fat diet. Thus, maternal exercise intervention 

strategies offer numerous benefits to both maternal and offspring health. 

1.4.1.3.2 Resveratrol 

Resveratrol (3,5,4
1
-trans-trihydroxystillbene) is a hydrophobic polyphenolic compound that is found

in varying concentrations in foods such as grape skins, red wine, peanuts, cranberries, and 

pistachios(258). It is a phytoalexin that functions as an anti-bacterial and anti-fungal chemical 

defense against pathogens, injuries, chemicals and stress (259). Resveratrol has been studied 

extensively for its anti-oxidant, cardio-protective, and anti-inflammatory effects (260). Recently, 

evidence obtained from in vitro experiments and rodent studies suggests that resveratrol may 

display insulin sensitising effects (261,262). Several long-term rodent studies have provided 

evidence of resveratrol’s protective effect against animals consuming a high-fat diet. It has been 

demonstrated that rodents fed a high-fat diet supplemented with resveratrol have lower total body 

fat (263), reduced visceral fat and liver mass index (264)
 
and improved changes in lipid parameters 

(265), compared to rodents without resveratrol supplementation. In addition, a long term study 

using intracerebroventricular infusion of resveratrol in mice fed a high-calorie diet revealed that 

resveratrol normalised hyperglycemia and significantly attenuated hyperinsulemia (266). 

Furthermore, it was found that mice supplemented daily with 4.9mg/kg of resveratrol induced 

changes in gene expression resulting in a lower risk of developing cardiac and skeletal muscle 

dysfunctions (267). These findings have suggested that resveratrol exerts beneficial effects through 

the induction of genes involved in oxidative phosphorylation and mitochondrial biogenesis.  



24 

Within the context of maternal supplementation, resveratrol has been shown to have insulin 

sensitising effects on the mother. In pregnant diabetic dams, treatment with resveratrol decreased 

maternal glucose concentrations and increased insulin levels compared to untreated controls. 

Furthermore, resveratrol treated dams also displayed lower levels of serum lipids, which was 

specifically due to decreases in the levels of circulating cholesterol and triglycerides (268). This is 

thought to be attributed to the ability of resveratrol to decrease HMG-CoA reductase, the rate 

limiting step for cholesterol synthesis (269). Moreover, in models of maternal hypoxia, maternal 

resveratrol treatment improved adverse fetal outcomes (270) by augmenting blood supply to the 

uterus (271). However, while resveratrol supplementation improved several programming 

parameters in nonhuman primates, in utero exposure to resveratrol also adversely altered the 

pancreas mass islet cell types in the offspring (272). Thus, while resveratrol may ameliorate 

several deleterious effects on offspring metabolic health, further long term studies are required to 

determine the safety and efficacy of maternal resveratrol supplementation. 

1.4.1.3.3 Conjugated Linoleic Acid 

Conjugated linoleic acid (CLA) is an n-6 polyunsaturated fatty acid (PUFA) composed of a 

heterogeneous mixture of geometric isomers of linoleic acid (C18:12). While there are over 28 CLA 

isomers that have been identified (273), most studies have attributed the beneficial health effects of 

CLA to the c9,t11 and t10,c12-CLA isomers(274). Dietary CLA, found in high quantities in the lipid 

fraction of meat and dairy products (275), has been reported to have beneficial effects on body 

composition in rodent models by decreasing whole body fat mass and enhancing lean body mass 

(276-278). Supplementation with CLA has been shown to have positive effects on immune 

responses (279), possess anti-carcinogenic (280,281) and antioxidant properties (282). 

Furthermore, CLA has been shown to reduce atherosclerosis (283) and improve insulin sensitivity 

by normalising glucose tolerance in Zucker diabetic rats (284). 

The most well studied mechanism that facilitates the actions of CLA is through the direct activation 

and induction of PPARs. PPARs are transcription factors that activate target genes involved in 

metabolism and cellular homeostasis (285,286). Furthermore, PPARγ, a type II nuclear receptor, 

was found to suppress activation of NFκB, allowing for additional suppression of inflammatory 

genes (287,288). Conjugated linoleic acid has been shown to be a potent activator of PPARα 

(289). The insulin sensitising effects of CLA have been attributed to the activation of PPARα in the 

liver and PPARγ in adipose tissue (284), along with the induction of apoptotic pathways in adipose 

tissue (290). However, more recently, CLA has been shown to improve skeletal muscle insulin 

sensitivity, in part by increasing UCP2 expression (291).  

Despite the abundance of post-natal studies demonstrating anti-inflammatory, anti-adiposity and 

anti-diabetic effects of CLA, evidence of the beneficial effects of maternal CLA supplementation 

during pregnancy is lacking. To date, dietary CLA supplementation in pregnant sows has been 

shown to alter maternal backfat and milk fatty acid composition (292). CLA has also been 

implicated as a growth factor in young rats by enhancing weight gain and improving feed efficiency 

(293). Collectively, these studies suggest maternal CLA supplementation may be beneficial at 

ameliorating harmful programming effects on health outcomes in offspring. 

https://www.jlr.org/content/40/8/1426.full
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1.4.1.3.4 Omega-3 Fatty Acids 

Omega-3 (n-3) fatty acids consist of a group of three essential long chain n-3 polyunsaturated fatty 

acids (PUFAs): Eicosapentaenoic acid (EPA, C20:5). Docosahexaenoic acid (DHA; C22:6), and 

Alpha-linoleic acid (ALA, C18:3) that cannot be produced de novo by vertebrates (294,295). These 

molecules contain a double bond (C=C) located at the third carbon from the methyl end of the fatty 

acyl chain. ALA is found in plant oils, such as berry oils, flax seed, and hemp, whereas EPA and 

DHA are animal fatty acids, and are commonly found in fish oil and in high concentrations in oily 

fish, krill, and egg oil (296-298). The majority of the beneficial effects that are attributed to n-3 fatty 

acids are mediated by EPA and DHA. The conversion of ALA to EPA and DHA is inefficient in 

humans and thus requires large dietary amounts of ALA to be consumed to produce equivalent 

effects as dietary EPA and DHA (299).  N-3 fatty acids act on a wide range of biological systems, 

can improve blood lipid profile, cardiac and endothelial functions, lipid and lipoprotein metabolism, 

and have many anti-inflammatory effects, including reduced monocyte cytokine production (297) .  

There is a growing interest in dietary marine n-3 fatty acids, as they have demonstrated anti-

inflammatory, immune-modulating, and anti-obesogenic actions. Epidemiological, experimental, 

and subsequent clinical studies, have provided evidence that n-3 fatty acids may be potential 

therapeutic agents for inflammatory and autoimmune diseases. The observation that the low 

incidence of cardiac disease in Greenland Eskimos was associated with a high intake of n-3 fatty 

acids from seafood was the discovery that propagated the interest in n-3 fatty acids on overall 

health (300,301). Subsequently, studies have revealed a putative role for n-3 fatty acids in the 

potential preventative and therapeutic treatment of several inflammatory diseases (295,296). These 

fatty acids employ several anti-inflammatory mechanisms. Briefly, n-3 fatty acids reduce cytokine 

production and oxidative stress, and supress immune-mediated responses, causing a reduction in 

activity of pro-inflammatory pathways (295,296). 

Similar to the actions of CLA, n-3 fatty acids exert their effects through the direct activation and 

induction of PPARs. There is evidence that suggests that n-3 fatty acids can suppress NFκB 

activation in a PPAR-independent manner (288). In addition, N-3 fatty acids activate mitochondrial 

biogenesis through the up-regulation of PGC1α (302). Induction of the mitochondrial biogenesis 

pathway improves metabolic function via increased activity of AMP Kinase (AMPK) to enhance lipid 

oxidation, and can also decrease ROS production (302,303). Furthermore, induction of these 

pathways by EPA and DHA have been shown to have anti-adipogenic and insulin effects (304). In 

vitro treatment of cultured skeletal muscle cells with EPA increases expression of the FAT/CD36 

transporters in skeletal muscle and enhances glucose oxidation by increasing GLUT1 expression 

(305). Thus, n-3 fatty acids pose a viable candidate to prevent and improve adverse offspring 

health outcomes.  

Within the maternal environment, n-3 fatty acids have been highlighted for many beneficial effects. 

The interest in dietary omega-3 supplementation during pregnancy originated from the findings that 

Faroe Islands women who consumed more n-3 fatty acids delivered offspring that had longer 

gestational lengths and were 194g heavier than Danish women (306). Since then, several clinical 

trials have attempted to supplement omega-3 fatty acids in the maternal diet presenting findings of 
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both positive (307), and of no effects (308). Despite these conflicting findings, numerous studies 

have continued to investigate the effects of n-3 fatty acids during pregnancy on offspring health 

outcomes. N-3 Dietary omega-3 fatty acids have been shown to positively affect offspring cognitive 

function (309). In addition, deficiency in n-3 fatty acids during pregnancy impairs visual function and 

learning ability in offspring (310,311).  

1.4.2 Post-natal Maintenance of Skeletal Muscle 

Optimal muscle function encompasses healthy muscle metabolism, the maintenance of skeletal 

muscle mass, and recovery capacity. The maintenance of skeletal muscle mass and metabolism is 

a fine balance between energy intake and expenditure. Proteins within skeletal muscle have a 1-

2% daily turnover rate, demonstrating that skeletal muscle is sensitive to external stimuli including 

nutritional status, exercise, and environmental stressors (312). Maintaining muscle mass and 

strength during the mid-life period is associated with resilience to ageing and promotion of longevity 

(313). Thus, optimising post-natal muscle health is of critical importance in defining overall 

organism health and longevity. 

1.4.2.1 Energy Intake 

Appetite is controlled by peptide and hormones released by adipose tissue (leptin) and the 

gastrointestinal tract (peptide YY, ghrelin and glucagon-like peptide) that signal the brain to adjust 

energy intake (314). Dysregulation of these pathways is associated with obesity by increasing 

frequency of food consumption and altering satiety (315). Furthermore, excessive consumption of 

sugar and saturated fats is linked to the development of cardio-metabolic diseases (316,317). 

Thus, emphasising the importance of dietary macronutritent composition. 

Within the context of skeletal muscle, macronutrient intake influences skeletal muscle mass and 

function by two mechanisms; firstly, insulin and nutrients can directly stimulate skeletal muscle 

hypertrophy pathways (318-320); and secondly, poor diet can alter skeletal muscle composition by 

altering insulin signalling pathways (321,322). The different macronutrients have divergent effects 

on signalling pathways. For example, dietary protein can stimulate skeletal muscle protein 

synthesis (323). That is, following the ingestion or infusion of amino acids, studies have 

demonstrated a 30-100% increase in muscle protein synthesis rates (324,325), leading to 

increased mTOR signalling (320). In contrast, excessive fat intake can alter skeletal muscle 

composition by altering insulin signalling pathways (321,322), enhancing fatty acid deposition 

within muscle fibres (326), and even cause decreases in energy expenditure (327). Therefore, 

nutritional intake plays an essential role in defining postnatal muscle health. 

1.4.2.2 Energy expenditure 

Energy expenditure is the sum of the basal metabolic rate (accounting for approximately 60% of 

total energy expenditure), thermic effect of feeding (10% of total energy expenditure), and non-

resting energy expenditure, mostly from physical activity (30% of energy expenditure) (328). 

Energy expenditure from physical activity is important in defining both skeletal muscle mass and 

metabolism. Indeed, regular physical activity is inversely correlated with type 2 diabetes (329), 
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coronary heart disease (330) and all-cause mortality (331). Long term interventions examining 

physical activity and dietary modifications have shown that exercise can prevent the progression of 

diabetes in insulin resistant subjects (332,333). This is likely because physical activity prevents 

excessive weight gain (334), and reduces adiposity which can impair insulin signalling (335).  

The molecular regulation of increasing skeletal muscle mass by exercise involves the activation of 

protein synthesis by stimulating the mTOR hypertrophy pathway and promoting p70S6 kinase 

phosphorylation (336). Furthermore, exercise training also stimulates increased mitochondrial 

content (337) and activity of TCA cycle enzymes (338), thus positively influencing skeletal muscle 

metabolism. Thus, energy expenditure is critical in maintaining postnatal skeletal muscle health. 

1.4.2.2.1 Inactivity 

Energy expenditure has been decreasing over the past few decades, including that of occupational 

energy expenditure (339). Low energy expenditure resulting from periods of decreased physical 

activity have been shown to induce decreases in muscle size and strength (340,341). This loss of 

muscle size and strength from inactivity involves several molecular pathways, including decreased 

protein synthesis and increased degradation, a shift in muscle fibre type, decrease in muscle fibre 

cross-sectional area, development of oxidative stress, and inhibition of mitochondrial biogenesis. 

Following short-term muscle disuse, anabolic signalling proteins and targets are downregulated, 

which decreases protein synthesis rates in as little as 6 hours (341). The mechanism by which 

protein synthesis is decreased following muscle disuse is likely through the downregulation of the 

mTOR signalling pathway (342). In contrast, skeletal muscle protein degradation is upregulated 

following muscle disuse (343,344). Oxidative stress has a major role in driving protein degradation 

pathways in skeletal muscle during prolonged inactivity (344,345). Elevated levels of reactive 

oxygen species can signal to activate transcription of factors in the ubiquitin-proteasome system, 

including MuRF1 and Atrogin-1 (344,346). In a recent model of inactivity Alibegovic et al. (2010), 

12 days of bedrest resulted downregulation of OXPHOS genes, decreased pyruvate metabolism 

fatty acid metabolism, and increased PGC1α methylation (347). Therefore, inactivity adversely 

affects skeletal muscle mass, which has negative implications to the organisms metabolic status.  

1.4.3 Skeletal Muscle in Health and Disease 

Skeletal muscle is of critical importance in defining overall organism health. Skeletal muscle 

functions to allow for locomotion, but also acts as a major site of metabolic activity, and thus, has 

an essential role in the maintenance of energy homeostasis. A decline in abundance of this tissue 

promotes metabolic disease, frailty, and decreased longevity (348). Thus, understanding the role of 

skeletal muscle in the development of disease is necessary to identify targets and opportunities for 

intervention. 

1.4.3.1 Skeletal Muscle Insulin Signalling and Glucose Uptake 

Approximately 75% of glucose uptake occurs in skeletal muscle (349). This process is initiated by 

the binding of insulin to its receptor which allows for the translocation of GLUT4 from the 

endoplasmic reticulum to the plasma membrane to facilitate the uptake of glucose. The insulin 



receptor consists of four subunits with a transmembrane domain. Binding of insulin to the insulin 

receptor activates a tyrosine kinase that autophosphorylates the insulin receptor, which in turn 

phosphorylates the insulin receptor substrates (IRS). The IRS is a family of four proteins (IRS1-4) 

and contains several tyrosine and serine phosphorylation sites. IRS-1 is the prevailing isoform in 

skeletal muscle, whereas IRS-2 is dominant in liver. Healthy insulin signalling occurs when there is 

tyrosine phosphorylation of the IRS-1 allowing PI3 kinase release from the docking site. Release of 

PI3K then activates phosphatidylinositol (3,4,5)-triphosphate (PIP3) allowing phosphorylation and 

activation of Akt and PDK4. This then signals to the AS160 (350) allowing GLUT4 translocation to 

the cellular membrane through vesicles. 

Problems arise when serine phosphorylation of IRS-1 prevents activation of P1-3K or activation of 

protein kinase c (PKC), which inhibits phosphorylation of AKT (231,351). This inhibits the ability of 

AKT to inactivate AS160 (350). These impairments to the insulin signalling cascade result in a 

reduction of the glucose transporter (GLUT4) translocation to the skeletal muscle membrane, and 

consequently inhibit glucose uptake. While it has been reported that decreased expression of IRS-

1 is insufficient on its own to induce insulin resistance, it has been suggested that it may interact 

with downstream mediators to further potentiate the development of insulin resistance (352). One 

of the prevailing ideas is that accumulation of biologically active fatty acid metabolites causes 

disturbances in mitochondrial fatty acid metabolism which inhibits components of the electron 

transport system, causing lipotoxicity which in turn impairs the insulin signalling cascade (353). 

Indeed, the accumulation of lipid metabolites, including diacylglycerols and ceramides, and 

decreased rates of fatty acid oxidation have been observed in the skeletal muscle of T2D 

(354-356).

Figure 1-10 Insulin Signalling. Insulin binds to the insulin receptor resulting in tyrosine 

phosphorylation of IRS. IRS1 phosphorylation allows for the release of PI3 kinase from the docking 

site, which subsequently activates PIP3 allowing phosphorylation and activation of Akt and PDK4. 

These events result in the phosphorylation of AS160 which allows for GLUT4 translocation to the 

cellular membrane for glucose uptake. Activation of AMPK by phosphorylation can also induce 

GLUT4 translocation independent of insulin signalling. 
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1.4.3.2 Metabolic Disease 

Type 2 diabetes (T2D) and obesity rates have been rapidly rising worldwide over the past three 

decades. In 2014, an estimated 9% of people worldwide have been diagnosed with T2D, of which 

1.5 million deaths were attributed to diabetes (357). Insulin resistance is a prominent feature of 

obesity, metabolic syndrome, type II diabetes, and ageing (358). Insulin resistance precedes T2D 

and is characterised by impaired glucose uptake in peripheral tissues (359). Prolonged insulin 

resistance leads to impaired insulin secretion caused by inadequate β-cell function (359). Risk 

factors for insulin resistance and T2D include high energy intake, sedentary lifestyle and genetic 

predisposition. Defects in insulin signalling originate from impairments in intracellular GLUT4 

translocation to the cell membrane (359). Initially the pancreas adapts to the increase in circulating 

glucose concentrations by increasing insulin secretion, but persistent hyperglycaemia develops and 

the pancreas fails (360). Liver, adipose tissue and skeletal muscle mediate metabolic homeostasis 

in the postprandial state. However, the cellular mechanisms responsible for insulin resistance are 

still not fully understood.  

The current consensus is that weight gain and hyperlipidemia drive atypical storage of neutral lipids 

in tissues such as liver, heart, pancreas and skeletal muscle (361), thereby altering the normal 

function of these tissues. Numerous studies have demonstrated that intramuscular triglyceride 

accumulation is strongly associated with insulin resistance (362-364). However, while the role of 

adipose tissue and lipotoxicity is strongly implicated in the initiation of insulin resistance and 

associated metabolic disease, it is the dysregulation of signalling pathways in several tissues that 

propagates the insulin resistant phenotype (365). Accumulation of lipids in skeletal muscle which 

impairs the insulin signalling cascade, is thought to be a key defect in the development of insulin 

resistance (366). In the postprandial state, skeletal muscle accounts for 75% of glucose uptake 

(367). The body responds to increases in blood glucose levels by supressing hepatic glucose 

production and increasing glucose uptake into skeletal muscle and fat cells (368). Therefore, as a 

major site of insulin stimulated glucose uptake, skeletal muscle health plays a putative role in 

defining overall metabolic health.  

1.4.3.2.1 Mitochondrial dysfunction in metabolic disease 

Mitochondrial dysfunction is now well-recognised as a key contributor in the development of 

metabolic disease, neurodegenerative disease, and ageing. Insulin resistance is correlated with a 

major reduction in skeletal muscle and liver mitochondrial oxidative capacity and increased fat 

accumulation (369). Total mitochondria (370) is decreased in skeletal muscle from metabolically 

compromised insulin resistant individuals. The decrease in mitochondrial density in T2D and obese 

subjects is most apparent in the subsarcolemmal mitochondrial population (122). This is reflected 

by decreased subsarcolemma mitochondrial fatty acid oxidation in obese rodents (371). 

Furthermore, the deficiency in skeletal muscle mitochondria density corresponds with a decrease in 

skeletal muscle mitochondrial respiration from T2D subjects (372). It has been suggested that the 
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differences in respiration can be attributed to the decrease in mitochondrial density and not function 

(373).  

It is thought that mitochondrial dysfunction in obese and insulin resistant individuals originates from 

an excess of lipid availability which overwhelms the mitochondria (374). Lipid oxidation is 

decreased in obese skeletal muscle (375). Moreover, mechanisms involving the transcriptional 

control of mitochondria have also been implicated as a cause of decreased mitochondrial content 

in insulin resistant subjects. Decreased expression and activation of PGC1α (179), NRF1 (180), 

and mTFA(181) has been observed in skeletal muscle from insulin resistant and T2D individuals. 

Furthermore, overexpression of PGC1α in the skeletal muscle of obese Zucker rats improves 

glucose transport, insulin sensitivity and fatty acid oxidation (376). Taken together, skeletal muscle 

mitochondrial function has a key role in the pathogenesis of metabolic diseases. 

1.4.3.3 Ageing 

Biological ageing, or senescence, is the progressive deterioration of physiological function at the 

cellular, tissue and organ level which occurs in all organisms (377). Ageing is characterised by a 

decrease in adaptability to internal and external stress, progression towards homeostatic 

imbalance, and an increase in susceptibility to disease and mortality. The rate of decline in 

functional capacity of an individual’s biological system is determined by genetics; stochastic 

factors; and environmental effects such as diet and exercise, alcohol consumption, and smoking - 

leading to the accumulation of cellular damage (378). In the past 30 years, advances in medical 

care and health science have substantially improved lifespan, with the average life expectancy 

increasing by almost 10 years from 68.6 to 78.0 years for men and 74.6 to 82.2 for women (379). 

With a worldwide increase in the proportion of individuals over 60 years of age, it is clear that 

population ageing is a global trend (380).  The World Health Organization (WHO) predicts that by 

2050, the number of individuals over 60 years of age will have doubled, from 11% to 22%, 

compared to the year 2000 (381). This apparent increase is likely affected by a decrease in 

mortality (381). Given that there are larger health care demands in general at the end of life than at 

any other point of an individual’s lifespan, this change in the population distribution will place a 

significant stress on the healthcare system. With this growing number of ageing individuals both in 

New Zealand, and around the world, society has become increasingly more interested in the 

prevention and treatment of age-related disease (379,381). Current recommendations emphasise 

lifestyle changes, and often involve increasing daily physical activity and reducing caloric intake. 

Many animal models have demonstrated these interventions as an effective way of preventing 

chronic disease and increasing longevity. However, it is frequently difficult and impractical to 

implement these recommendations into practice in an elderly population due to a functional decline 

in mobility resulting from muscle weakness and a decrease in muscle mass (382,383).  

1.4.3.3.1 Sarcopenia 

The loss of muscle mass caused by inactivity, chronic disease, and ageing is known as muscle 

atrophy or wasting. Humans over 50 years of age have a rate of 1-2% muscle loss per 
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year(384,385), resulting in progressive atrophy of the muscle, loss of type II muscle fibres, and 

decreased muscle function(386,387). More than 40% of elderly individuals over the age of 80 are 

classified as sarcopenic (386). Moreover, muscle mass is a major determinant of muscle strength. 

A recent study revealed that by age 70, muscle strength is reduced by 30-40%, and skeletal 

muscle cross-sectional area is decreased by 25-30% (388). The loss of muscle mass and strength 

with age is also accompanied by a decline in endurance capacity and increased fatigability (389). 

This devastating consequence can occur as a complication in a large number of catabolic 

conditions. Muscle disuse, immobilisation, ageing, along with nutrient deprivation and other 

metabolic alterations can induce atrophy (390). Muscle atrophy is also a co-morbidity that 

accompanies a large number of chronic disease states, such as cancer, diabetes, chronic heart 

failure, renal failure and sepsis (390). The underlying atrophic programs have many similarities, 

regardless of the stimulating events. Advanced muscle weakness leads to increased fall risk, a 

greater need for institutionalisation, and higher mortality rate. In the year 2000, it was estimated 

that the US healthcare cost attributable to frailty was approximately $US18.5 billion (391,392), 

making the increasing incidence of muscle loss and weakness of great economical concern.  

1.4.3.3.2 Mitochondrial Theory of Ageing 

Mitochondrial dysfunction plays a role in several age-related pathologies, including cancers, 

cellular ageing, and neurodegenerative diseases. The mitochondrial theory of ageing suggests that 

the accumulation of oxidative damage to mitochondrial DNA and other cellular components 

propagates the ageing process. Indeed, mtDNA from aged individuals contains a high prevalence 

of point mutations and deletions (393). It is the formation of ROS, a by-product of OXHPOS (394), 

which is responsible for the induction of oxidative damage. Furthermore, there is an age-related 

decline in oxidative metabolism that is thought to stem from mtDNA mutations (395). Thus, 

understanding how mitochondria adapt to environmental challenges in aged individuals is key in 

the identification of novel interventions. 

1.5 Perspectives and Significance 

Much of the literature in the developmental programming of metabolic diseases to date has 

concentrated on defining the offspring phenotype in response to various maternal stressors. 

Evidence suggests that exposure to a maternal high-fat-diet during pregnancy and lactation 

promotes adiposity (211), hyperinsulinemia (396), hyperphagia (397), and hypertension (212). 

While there is evidence of in utero programming of adulthood disease, few studies have addressed 

the underlying mechanisms defining the adverse outcomes to offspring health. Despite 

accumulating evidence regarding the impact of maternal HF diets on offspring skeletal muscle 

impairment (211,220,222,236), the role of intramuscular inflammation and associated catabolic 

pathways have not been comprehensively assessed. Likewise, the mechanisms involved in 

impairments of mitochondrial function and metabolic status in offspring exposed to an adverse 

maternal environment remain poorly defined. Thus, further research is required to elucidate the 

effects of a maternal high-fat diet on the lifelong programming of offspring skeletal muscle mass 

and mitochondrial oxidative function 
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In addition to the in utero programming of offspring skeletal muscle mass and function, post-natal 

lifestyle is of great influence on defining skeletal muscle health of the organism. Despite an evident 

shift towards sedentary lifestyles, little is known about the molecular regulation of skeletal muscle in 

response to environmental insults such as inactivity. There is evidence to suggest increased ROS 

production and mitochondrial dysfunction play critical roles in loss of muscle mass following periods 

of immobilisation (398,399), there is also conflicting evidence showing no change in markers of 

oxidative stress following such insults (400). Thus, further human studies are warranted to 

investigate if ROS emissions following periods of immobilisation could play a causal role in the 

propagation of skeletal muscle atrophy. Understanding the mechanisms that contribute to both 

developmental programming and postnatal maintenance of muscle mass and function is necessary 

for determining the causal events in the development of metabolic and muscle wasting diseases 

with advancing age.  
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1.6 Aims 

This thesis aims to examine the role of inflammation and oxidative function in the molecular 

regulation of skeletal muscle developmental programming and maintenance of muscle function 

throughout life. 

 The specific aims of the experimental studies which comprise this thesis were: 

 To investigate the effects of a maternal high-fat diet on offspring skeletal muscle

inflammation and atrophy, as well as the efficacy of supplementing dams with conjugated

linoleic acid to reverse adverse effects on offspring health.

 To determine the transcriptional changes of genes encoding the mitochondrial electron

transport chain complexes in skeletal muscle from offspring born to high-fat fed dams

 To characterise the metabolic flexibility of mitochondrial respiration in skeletal muscle from

offspring born to high-fat fed dams.

 To examine whether mitochondrial and non-mitochondrial concentrations of reactive

oxygen species are modified following consecutive 2-week periods of unilateral limb

immobilisation, resumption of normal ambulation, and resistance training in middle aged

men.

 To determine the alterations in mitochondrial dynamics including mitochondrial biogenesis,

fusion, fission, and mitophagy following a period of unilateral limb immobilisation and

subsequent restoration of physical activity in middle aged men.
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1.7 Hypothesis 

It is hypothesised that: 

 Maternal supplementation with conjugated linoleic acid in dams fed a high-fat diet during

pregnancy and lactation will attenuate inflammation in offspring skeletal muscle and

activation of catabolic pathways.

 Offspring born to dams fed a high-fat diet during pregnancy and lactation will exhibit

decreased expression of genes that encode mitochondrial proteins in skeletal muscle,

resulting in impaired mitochondrial function.

 Offspring born to dams fed a high-fat diet during pregnancy and lactation will display

alterations in mitochondrial substrate utilisation during ATP generation.

 Unilateral limb immobilisation will increase skeletal muscle oxidative stress through the

production of mitochondrial reactive oxygen species, which will be partially reversed by

resumption of normal ambulation. Whereas, a subsequent period of resistance training will

restore mitochondrial H2O2 emissions to concentrations similar to baseline levels.

 Mitochondrial dynamics (biogenesis, fusion, fission, and mitophagy) will be impaired

following limb immobilisation, and be partially restored with resumption of normal

ambulation, and favour biogenesis and fusion with resistance exercise.
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Chapter Two 
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2. Chapter Two

2.1 Preface 

The following chapter is part of a larger project examining the effects of a maternal high-fat diet and 

maternal conjugated linoleic acid (CLA) supplementation on maternal and offspring health. To date, 

there have been 5 publication outputs from this study. Specifically, the offspring born to dams fed a 

high-fat diet during pregnancy and lactation displayed early onset puberty and hyperlipidaemia 

(401), metabolic dysfunction (402), elevated endothelial dysfunction (403), and altered expression 

of gastrointestinal taste receptors (404). Three separate publications outline the experimental diets, 

maternal, and offspring morphometric data (401-403).   

The data presented in this chapter investigate the effects of a maternal high-fat diet and maternal 

CLA supplementation on skeletal muscle anabolic, catabolic, and inflammatory signalling in 

offspring gastrocnemius muscle. The effects of a maternal high-fat diet on offspring skeletal muscle 

health are not well described. Therefore, the analysis performed in this chapter focussed on 

defining the molecular alterations that may predispose offspring to developing sarcopenia and 

metabolic diseases later in life. Furthermore, the implications of maternal supplementation with 

CLA was also examined to assess the efficacy of modifying the maternal diet to improve offspring 

health outcomes. The gastrocnemius muscle was selected for analysis in this chapter as it is a 

mixed-fibre type muscle. Thus, observed changes in markers of muscle atrophy and inflammation 

in the gastrocnemius would be applicable to other muscles. 

The following section contains an altered reproduction of the article “Maternal conjugated linoleic 

acid supplementation reverses high-fat diet-induced skeletal muscle atrophy and inflammation in 

adult male rat offspring”, co-authored by Chantal A. Pileggi, Stephanie A. Segovia, James F. 

Markworth, Clint Gray, X D. Zhang, Amber M. Milan, Cameron J. Mitchell, Matthew P.G. Barnett, 

Nicole C. Roy, Mark H. Vickers, Clare M. Reynolds and David Cameron-Smith (See Appendix for 

the unaltered reproduction of the article). This article was published by the American Journal of 

Physiology-Regulatory, Integrative and Comparative Physiology. The full publication is available for 

review at: http://ajpregu.physiology.org/content/early/2015/11/30/ajpregu.00351.2015. 

http://ajpregu.physiology.org/content/early/2015/11/30/ajpregu.00351.2015
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2.2 Abstract 

A high-saturated fat diet (HFD) during pregnancy and lactation leads to metabolic disorders in 

offspring concomitant with increased adiposity and a pro-inflammatory phenotype in later life. 

During the fetal period, the impact of maternal diet on skeletal muscle development is poorly 

described, despite this tissue exerting a major influence on life long metabolic health. This study 

investigated the effect of a maternal HFD on skeletal muscle anabolic, catabolic and inflammatory 

signalling in adult rat offspring. Further, the actions of maternal supplemented conjugated linoleic 

acid (CLA) on these measures of muscle phenotype was investigated. A purified control diet (CD; 

10% kcal fat), a control diet supplemented with CLA (CLA; 10% kcal fat, 1% total fat as CLA), a 

high-fat (HFD; 45% kcal fat from lard) or a HFD supplemented with CLA (HFCLA; 45% kcal fat from 

lard, 1% total fat as CLA) was fed ad libitum to female Sprague-Dawley rats for 10 days prior to 

mating and throughout gestation and lactation. Male offspring received a standard chow diet from 

weaning and the gastrocnemius was collected for analysis at day 150. Offspring from HF and 

HFCLA mothers displayed lower muscular protein content accompanied by elevated MCP-1, IL-6, 

and IL-1β concentrations. Phosphorylation of NFκBp65 (Ser536) and expression of the catabolic 

E3 Ligase, MuRF1, were increased in HF offspring, an effect reversed by maternal CLA 

supplementation. The present study demonstrates the importance of early life interventions to 

ameliorate the negative effects of poor maternal diet on offspring skeletal muscle development.  
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2.3 Introduction 

Elevated pre-pregnancy weight and excessive weight gain during pregnancy is most frequently 

linked to dietary habits that increase total caloric intake (405), a common feature of a diet rich in 

saturated fat (406). This excessive maternal nutrient intake has numerous adverse effects on both 

maternal and offspring health, independent of the postnatal diet (407). The detrimental impact to 

the health of offspring can be lifelong particularly when combined with additional stressors into 

adulthood (204,407). Although the actions of excessive dietary intake on infant health are complex, 

of particular interest is the role of saturated fat, which has been shown to elicit both inflammatory 

and metabolic dysfunction in both mother and offspring (402,408).  

The intrauterine environment is a major determinant of muscle mass due to muscle fibre number 

being set at the time of birth (5,409). A reduction in muscle mass arising due to fewer muscle fibres 

persists even after compensatory or “catch-up” growth, as catch-up growth favours fat deposition 

over muscle development (410). Altered skeletal muscle function may be an important contributing 

factor to programmed obesity risk in offspring because skeletal muscle accounts for 40-50% of 

body mass and functions as a major site of metabolic activity, particularly glucose metabolism and 

fatty acid utilisation, in addition to enabling locomotion and posture (411). Although the exact 

mechanisms are not well defined, there is evidence to demonstrate tissue-specific programming of 

skeletal muscle including suppression of fetal myoblast cell-cycle activity (211,219,236,409). As 

maternal obesity can lead to placental insufficiency and reduced fetal growth (412,413), skeletal 

muscle development is preferentially sacrificed and muscle mass is reduced at birth (409), 

predisposing offspring to future risk for sarcopenia, obesity and insulin resistance.  

A maternal obesogenic environment has been shown to increase offspring adipogenesis and 

decrease myogenesis during fetal growth (219). Reduced activation of the mTOR translation 

initiation signalling pathway, a key regulator of protein synthesis, was demonstrated to contribute to 

impaired skeletal muscle development in adult offspring of high-fat (HF) fed mothers (222). 

However, maintenance of skeletal muscle mass is a net result of independent signalling pathways 

governing both protein synthesis and protein degradation (104). As well as suppressing muscle 

anabolism, chronic low-grade inflammation is a key stimulant of muscle catabolism through 

activation of the transcriptional regulator nuclear factor κB (NFκB). NFκB is integral to the induction 

of a wide spectrum of pro-inflammatory cytokines and E3 ligases involved in the ubiquitin 

proteasome protein degradation pathway (105). Activation of this pathway has been reported in 

inflammatory-related states of muscle atrophy and more recently in obesity-associated diseases 

(414). While there is some evidence regarding the impact of maternal HF diets on offspring skeletal 

muscle impairment (211,220,222,236), the role of intramuscular inflammation and associated 

catabolic pathways has not been comprehensively assessed. 

The period of developmental plasticity during early life offers the ideal opportunity for novel 

interventions to mitigate the negative actions of a poor maternal environment on offspring health 

(241). The anti-inflammatory actions of conjugated linoleic acid (CLA) supplementation have been 

widely demonstrated (415,416). CLA is an n-6 polyunsaturated fatty acid (PUFA) composed of a 
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heterogeneous mixture of geometric isomers of linoleic acid, and is found in high quantities in the 

lipid fraction of meat and dairy products (275). Of the two most abundant CLA isomers, trans-10, 

cis-12 has been shown to modulate fat mass in rodent models, while cis-9, trans-11 exhibits anti-

inflammatory effects by binding to peroxisome proliferator-activated receptors (PPARs) and 

modulating NFκB activation (289,417,418). We have recently shown that CLA supplementation 

reduces inflammation in HF fed mothers, as well as improving fasting insulin concentrations in 24 

day old offspring (402). Furthermore, maternal CLA supplementation improves vascular function, 

lipid profiles and normalises pubertal onset in the offspring of HF fed mothers (401,403). In the 

present study, our model of maternal HF feeding (407) was used to examine the potential 

therapeutic benefits of supplementation with an 50:50 mix of c9t11:t10c12 CLA on offspring 

skeletal muscle growth, inflammation and markers of atrophy activation. It is hypothesised that the 

anti-inflammatory effects of CLA may ameliorate metabolic inflammation in HF fed mothers thereby 

preventing the adverse developmental programming effects on offspring skeletal muscle 

development.  
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2.4 Methods 

2.4.1 Animal experiments 

Animal protocols for this study have been described in detail elsewhere (401,402). In brief, 

Sprague-Dawley rats were housed in the same room under standard conditions (20-22°C, 55-65% 

humidity) and subjected to a 12 hour light/dark cycle (7.00am-7.00pm). Virgin female rats were 

randomly assigned to receive either (1) a purified control diet (CD, n=6, 10% kcal from fat from 

lard, 20% kcal from protein, 70% kcal from carbohydrate; Research Diets Inc., NJ USA); (2) a 

purified high-fat diet (HF, n=6; 45% of kcals from fat from lard, 20% kcal from protein, 35% kcal 

from carbohydrate); (3) a CLA diet (CLA; n=6, the purified control diet supplemented with 1% total 

fat as CLA (Stepan lipid Nutrition; NJ, USA), or (4) a purified high-fat-CLA diet (HFCLA; n=5, the 

high-fat diet supplemented with 1% total fat as CLA) for 10 days prior to mating and throughout 

pregnancy and lactation. Diet composition has previously been detailed elsewhere (402). Female 

rats (90 days of age, n=24) were time-mated using an estrus cycle monitor (EC40, Fine Science 

Tools, Foster City, CA, USA). Food and water were provided ad libitum. Following birth, litters were 

randomly adjusted to 8 pups (4 male, 4 female) to ensure standardised nutrition until weaning (day 

21). Pups not allocated to litters were killed by decapitation. A minimum of 5 litters were assessed 

per maternal dietary group. Postweaning, 2 male siblings were housed 2 per cage and maintained 

ad libitum on a standard chow diet (CD, Harlan Teklan, Oxon, UK) until day 150. Body weight and 

food intake were measured every third day. Due to confounds caused by the female estrus cycle, 

females were not examined in the present study. All animal work was approved by the Animal 

Ethics Committee (Approval R1069) of The University of Auckland. 

2.4.2  Tissue collection and preparation 

 Prior to tissue collection at day 150, male offspring were fasted overnight. Animals were 

anesthetized with an intraperitoneal injection of sodium pentobarbitone (60 mg/kg) followed by 

decapitation. The gastrocnemius muscle was excised from the right hindlimb and immediately 

snap-frozen in liquid nitrogen. All tissues were weighed and stored at -80°C until processed.  

2.4.3 Triglyceride quantification 

Extraction of lipids for triglyceride quantification was achieved using a modified version of the Folch 

method (419). Briefly, skeletal muscle was homogenised in 0.8 mL of 2:1 chloroform:methanol and 

rotated for 90 min at 4
o
C. Samples were mixed with 0.4 mL of methanol for 30 s, centrifuged at

2,400 × g for 10 min and 0.5 mL of 0.04% CaCl2 was added to the supernatant, which was then 

centrifuged at 2,400 × g for 20 min. The upper phase was discarded and the interphase was 

washed three times with 500 µL of 1:16:15 chloroform-methanol-water. The final wash was 

removed and samples were mixed with 0.05 mL of methanol. Samples were freeze dried in a 

centrifugal evaporator for 2 h and re-constituted in 0.2 mL of 3:2 tert-butanol-triton x-100. An equal 

volume of saline was added prior to analysis using a Hitachi 902 autoanalyser (Hitachi High 

Technologies Corporation, Tokyo, Japan). 
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2.4.4 Protein extraction and quantification 

Frozen skeletal muscle was weighed and homogenised in ice-cold modified RIPA lysis buffer 

(Millipore #20-188, Billerica, MA, USA) supplemented with a commercially available protease and 

phosphatase inhibitor cocktail (Halt
TM 

Protease and Phosphatase Inhibitor Cocktail, Thermo

Scientific, #78442, Waltham, MA, USA) using a bead mill homogeniser (OMNI Ruptor, Omni 

International, Kennesaw, GA, US). Samples were rotated for 1 h at 4°C, and membrane fractions 

and cell debris were removed by centrifugation at 14,000 × g for 10 min at 4°C. The total soluble 

protein concentration was determined using a BCA-protein kit according to the manufacturer’s 

protocol (Pierce BCA Protein Assay Kit; Thermo Fisher Scientific #23225, Rockford, IL, USA). 

2.4.5  Immunoblotting 

Sample aliquots containing 20 µg of protein were suspended in 1 × Laemmli buffer (10% glycerol, 

2% SDS, 0.25% bromophenol blue, 400 mM dithiothreitol (DTT), 0.5 M Tris-HCl (pH 6.8)), boiled at 

100°C for 5 min and subjected to separation by SDS/PAGE. Proteins were transferred to a PVDF 

membrane (Bio-Rad, Hercules, CA, US) using the semi-dry Trans-Blot
®
 Turbo™ Transfer System

(Bio-Rad). Membranes were incubated with blocking buffer (5% bovine serum albumin (BSA)/ Tris 

buffered saline/ 0.1% Tween 20 (TBST)) for 2 h at RT, followed by overnight incubation at 4°C with 

primary antibodies in blocking buffer under gentle agitation. Samples were probed for: 

phosphorylated (p)-Akt (Ser473), p-Akt (Thr308), Akt (Pan), p-4EBP1(Thr37/46), 4E-BP1, p70 S6 

Kinase (p70S6K), p-p70S6K (Thr389), p-p70S6K (Thr421/Ser424), S6 ribosomal protein (rpS6), p-

rpS6 (Ser 240/244), p-rpS6 (Ser235/236), mTOR, Nuclear Factor κB (NFκB) p65, p-NFκB p65 

(Ser536), and p-IkBα (Ser32), total IkBα. Antibodies were obtained from Cell Signaling 

Technologies (Danvers, MA, USA) and used at a 1:1000 dilution. Membranes were washed for 25 

min in TBST and probed with a goat anti-rabbit (H+L) or goat anti-mouse (H+L) IgG secondary 

antibody conjugated to horse radish peroxidase (HRP) in 5% BSA/TBST for 1h at RT. Following 

this, membranes were washed for 25 min in TBST and protein bands were visualised using 

Amersham ECL Select Western blotting detection reagent (GE Healthcare, Piscataway, NJ, USA). 

Signals were captured using a ChemiDoc™ MP Imaging System (Bio-Rad) and band densitometry 

analysis undertaken with ImageJ (NIH) software (420). To control for gel to gel variation, bands of 

interest for each sample were normalised to a pooled control sample which was loaded on every 

individual gel. Equal protein loading was determined by stripping and re-probing membranes for 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Abcam, ab9485, 1:10,000). Abundance of 

total protein is presented normalised to GAPDH and phospho-proteins as phospho/total protein 

ratios. 

2.4.6 RNA Extraction and cDNA synthesis 

RNA was isolated from the gastrocnemius muscle (15-25 mg) using the PureLink RNA Mini Kit 

according to the manufacturers protocol (Life Technologies, CA, USA). Total RNA concentration 

was measured using the NanoDrop 1000 Spectrophotometer (ND-1000 Spectrophotometer, 

Thermo Scientific, MA, USA). 500 ng of total RNA was synthesized into single stranded cDNA 

using the High-capacity cDNA Archive Kit (Applied Biosystems, Warrington, UK).  
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2.4.7  Gene expression analysis 

Predesigned probes and Taqman Universal Mastermix were purchased from Applied Biosystems 

(ABI, Auckland, New Zealand). mRNA expression was quantified using real-time PCR (Q-PCR) on 

an ABI 7900HT Fast RT-qPCR system using Sequence Detection System 2.4 software (Perkin 

Elmer Applied Biosystems). As a control for between-sample variability, mRNA expression was 

normalised to the geometric mean of three reference genes; Gapdh, hypoxanthine 

phosphoribosyltransferase (Hprt) and β-actin (Actb). The ΔΔCt method was used to calculate the 

relative expression of the gene of interest. Results are reported relative to the CD group (421). 

2.4.8 Muscle cytokine analysis 

Frozen skeletal muscle was homogenised in phosphate buffered saline (PBS) supplemented with a 

commercially available protease and phosphatase inhibitor cocktail (Halt
TM 

Protease and

Phosphatase Inhibitor Cocktail, Thermo Scientific, # 78442). The total soluble protein concentration 

was determined using the BCA-protein kit as per the manufacturer’s protocol (Pierce BCA Protein 

Assay Kit; Thermo Fisher Scientific #23225, Rockford, IL, USA). Homogenates were analysed for 

interleukin (IL)-1β, TNFα, IL-6, IL-10, and MCP-1/CCL2 using commercial rat-specific ELISA kits 

according to the manufacturer’s instructions (Quantikine ELISA; R&D Systems, Minneapolis, USA). 

Lower limits of detection for these inflammatory markers and the coefficient of variation for these 

measurements were: IL6 21 pg/ml (4.5-8.8%), IL-1β 5 pg/ml (3.9-8.8%), TNFα 5 pg/ml (2.1-9.7%), 

and IL-10 10 pg/ml (3.0-9.5%). Results were normalised to the amount of total soluble protein 

(ρg/µg protein). 

2.4.9 Statistical analysis 

Statistical analysis was performed using SigmaPlot for Windows version 12.1 (Systat Software Inc., 

San Jose, USA). Statistical significance was determined using two-way factorial ANOVA with 

maternal diet and maternal CLA as factors. Data were checked for normality of the residual error 

distribution and log10 transformed where appropriate. Pairwise comparisons were determined using 

the Holm-Sidak post-hoc method. Graphs were generated using Prism software (GraphPad 

Software Inc., La Jolla, CA, USA). Data are shown as mean ± SEM. A probability of p<0.05 was 

accepted as statistically significant.  
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2.5 Results 

2.5.1 Adult male offspring weights and muscle composition 

There was a main effect for increased body weight for adult males born to dams fed the HF diet 

(p<0.05). Futhermore, there was a main effect for decreased body weight in offspring born to dams 

supplemented with CLA (p<0.05). However, post-hoc analysis between individual groups failed to 

achieve statistical significance (Table 1). Absolute and relative (% of body weight) gastrocnemius 

muscle weight was not different between groups (Table 1). There was an overall decrease in the 

total protein content of the gastrocnemius muscle (p<0.05) in response to maternal HF exposure, 

irrespective of CLA supplementation (Table 1). An overall decrease in intramuscular triglyceride 

content was observed with maternal CLA supplementation although post-hoc analysis revealed no 

difference when comparing CD vs. CLA and HF vs. HFCLA when analysed independently (Table 

2-1).
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Table 2-1 Effect of maternal HF diet ± CLA supplementation on skeletal muscle parameters in adult male rat offspring. Values represent mean ± SEM, n=5-6 

litters /group. Data were obtained from offspring of CD, CLA, HF or HFCLA- fed dams at 150 days of age. (*p<0.05 effect of fat, #p<0.05 effect of CLA; n=5-6 per 

group). 

CD 

(n = 6) 

CLA 

(n=6) 

HF 

(n=6) 

HFCLA 

(n=5) 

Effect of 

Maternal Diet 

Effect of 

CLA 

Interaction 

Body weight (g) 650.1 ± 21.7 620.8 ± 22.1 713.7 ± 15.3 651.6 ± 20.0 p<0.05 p<0.05 NS 

Gastrocnemius weight (mg) 2904.2 ± 83.7 2816.3 ± 88.7 3019.8 ± 65.86 2970 ± 108.6 NS NS NS 

Gastrocnemius weight 

(%body weight) 

0.45 ± 0.01 0.46 ± 0.01 0.42 ± 0.01 0.45 ± 0.02 NS NS NS 

Gastrocnemius protein 

content (μg/mg) 

86.97 ± 1.88 85.81 ± 2.47 77.75 ± 2.52* 76.25 ± 3.11* p<0.05 NS NS 

Gastrocnemius triglyceride 

content (μg/mg) 

5.40 ± 0.833 4.08 ± 0.30 5.63± 0.84 4.45± 0.408 NS p<0.05 NS 
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2.5.2 Offspring Skeletal Muscle Inflammation 

There was an increase in intramuscular concentrations of monocyte chemotactic protein-1 (MCP-1) 

with maternal HF diet (HF diet effect; p<0.001). Both HF and HFCLA offspring had elevated 

concentrations of MCP-1 (CD 4.60±0.51, CLA 4.42± 0.41, HF 6.60± 0.64, HFCLA 7.50± 0.87 

pg/µg)(p<0.05; Figure 2-1a). There was a trend (p<0.10) for an overall increase in mRNA 

expression of CD68 (HF diet effect, p=0.08; Figure 2-1b) in HF offspring groups. While mRNA 

expression of the macrophage mannose receptor-1 (Mrc1) did not change between groups (Figure 

2-1c), there was a main effect of maternal HF consumption to increase mRNA expression of

Cd11c. However, post-hoc analysis revealed a significant increase in Cd11c expression only in 

HFCLA offspring (p<0.05; Figure 2-1d). 

Figure 2-1. Skeletal muscle macrophage profile in adult male offspring. (a) Intramuscular 

protein concentration of MCP-1. Skeletal muscle mRNA expression of Cd68 (b), Mrc1 (c), Cd11c 

(d). (*p<0.05 effect of fat, #p<0.05 effect of CLA; n=5-6 litters/ group). Data are expressed ±SEM 

relative to CD group. 
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NFκB p65 (Ser536) phosphorylation was increased in HF offspring (main effect, p<0.05) (Figure 

2-2a). Post-hoc analysis indicated increased phosphorylation of NFκB in HF offspring (p<0.05 CD

vs. HF), which was normalised in HFCLA offspring (p<0.05 HF vs. HFCLA). There was also a main 

effect of HF for increased phosphorylation of IκBα (p<0.05, Figure 2-2b). Total IkBα and total NFκB 

abundance were not influenced by maternal HF or CLA feeding. 

Figure 2-2. Skeletal muscle NFκB signalling in adult male offspring. Protein was extracted 

from the gastrocnemius muscle and analysed by western blot for: (a) p-NFκB p65 (Ser536) (b), p-

IkBα (Ser32). Total NFκB p65 and IKBα were normalised to GAPDH. p-NFκB p65 (Ser536) and p-

IkBα (Ser32) were normalised to matching total protein abundance. Representative blots are 

shown above graphs. (*p<0.05 effect of fat, #p<0.05 effect of CLA; n=5-6 litters/ group). Data are 

expressed ±SEM relative to the CD group. 
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Offspring from HFD mothers displayed increased muscle concentrations of IL-6 (CD 29.15±3.13, 

CLA 31.86±2.68, HF 58.51±8.11, HFCLA 53.24±3.63 pg/µg) and IL-1β (CD 5.23±0.57, CLA 

6.05±0.94, HF 11.90±1.78, HFCLA 10.92±1.60 pg/µg) (main effect, p<0.05 in both cases) and 

reduced concentrations of IL-10 (CD 7.21±0.83, CLA 8.13±1.15, HF 5.52±1.08, HFCLA 6.34±1.40 

pg/µg) (main effect, p<0.001). Post-hoc analysis revealed that there were increased skeletal 

muscle concentrations of IL-6 (p<0.001), and IL-1β (p<0.05) in HF and HFCLA offspring (Figure 

2-3a). In contrast, IL-10 was significantly reduced in both HF and HFCLA offspring (p<0.001 in both

cases). TNFα was not detected. 

mRNA expression showed a significant HF x CLA interaction for the IL-6 receptor (Il6r) and IL-10 

receptor (il10r) (p<0.05 in both cases). Both the Il6r and the Il10r were increased in HF offspring 

(p<0.05 in both cases) with no effect of maternal CLA supplementation (Figure 2-3b). mRNA 

expression of Il1r did not differ between groups. However, there was a main effect of maternal CLA 

supplementation on increased gene expression of Tnfr1 (CLA effect, p<0.05). Post-hoc analysis 

showed that Tnfr1 expression was elevated in the CLA offspring compared to CD (p<0.05).  

Figure 2-3. Skeletal muscle inflammatory profile in adult male offspring. (a) Protein 

concentration of IL-1β, IL-6, and IL-10 analysed by Quantikine ELISA (R&D Biosystems) (b) 

Skeletal muscle mRNA expression of TNFR1, IL1R, IL6R, IL10R. (*p<0.05 effect of fat, #p<0.05 

effect of CLA; n=5-6 litters/group). Data are expressed ±SEM relative to CD group. 
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2.5.3 Ubiquitin Proteosome System in offspring skeletal muscle 

There was a HF x CLA interaction for Atrogin-1 (Fbox32), MuRF1, and Forkhead Box O3a 

(FOXO3a) expression (p<0.05 in all cases). MuRF1 (Trim63) gene expression was increased in HF 

offspring (p<0.01). Maternal CLA supplementation normalised the expression of Trim63 (p<0.05 HF 

vs. HFCLA) (Figure 2-4a). In contrast, whilst the maternal HFD alone had no effect on offspring 

Fbox32 expression, there was decreased expression in HFCLA offspring (p<0.01) (Figure 2-4b). 

There was no difference between groups in FOXO1 expression (Figure 2-4c). However, Foxo3 

gene expression was increased in the CLA (p<0.05) and HF (p<0.05) groups (Figure 2-4b).  

Figure 2-4. Skeletal muscle atrophy markers in adult male offspring. Fold induction of atrophy 

related genes in muscle of 150 day old adult male offspring. (a) Trim63 (MuRF1), (b) FbxO32 

(atrogin-1), (c) FOXO1, (d) FOXO3. (*p<0.05 effect of fat, #p<0.05 effect of CLA; n=5-6 litters/ 

group). Data are expressed ±SEM relative to CD group. 



50 

2.5.4 mTOR signalling pathway in offspring skeletal muscle 

No difference was observed in the phosphorylation of Akt at Thr308 (data not shown) or Ser473 

(data not shown). There was a reduction in HF vs. CD offspring in p70S6K phosphorylation at 

Thr421/Ser424 (p<0.05) (Figure 2-5a), whereas phosphorylation at Thr389 of p70S6K did not 

differ (Figure 2-5b). Although there was a trend towards a reduction in HF vs. CD offspring in rpS6 

phosphorylation at Ser240/244 (p=0.056; Figure 2-5c). Furthermore, there was reduced 

phosphorylation of rpS6 at Ser235/236 in HF offspring (main effect, p<0.05; Figure 2-5d). 

Phosphorylation of mTOR (Ser 2448) did not differ between groups (data not shown). Similarly, 

phosphorylation at Thr37/46 of the eukaryotic initiation factor 4E binding protein 1 (4EBP-1) was 

not different across groups (data not shown). 

Figure 2-5. Skeletal muscle p70S6K phosphorylation in adult male offspring. Gastrocnemius 

muscle protein was extracted and expression of (a) p-p70S6K (Thr389), (b) p-p70S6K 

(Thr421/Ser424), (c) p-rpS6 (Ser235/236), (d) p-rpS6 (Ser240/244). p70S6K, rpS6, were 

normalised to GAPDH. Phosphorylation was normalised to matching total protein abundance. 

Representative blots are shown below graphs. (*p<0.05 effect of fat, #p<0.05 effect of CLA; n=5-6 

litters/ group). Data are expressed ±SEM relative to CD group. 
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2.6 Discussion 

Skeletal muscle plays important roles in locomotion and metabolic health. The period of in utero 

skeletal muscle development is critical as there is no post-natal increase in the number of skeletal 

muscle fibres (409). Moreover, alterations to the perinatal environment that impact skeletal muscle 

growth establishes long lasting changes in metabolic profiles in offspring (211,236). This study 

aimed to investigate the impact of a maternal HF diet on inflammatory signalling responses and 

catabolic pathways in skeletal muscle of offspring and the potential beneficial effect of maternal 

CLA supplementation. It was demonstrated that a maternal HFD adversely impacts on protein 

content, intramuscular inflammation, and markers of protein synthesis/degradation in the 

gastrocnemius muscle from adult male offspring. Furthermore, maternal CLA supplementation 

partially reversed aspects of the negative programming responses of maternal HF feeding affecting 

offspring skeletal muscle.  

We have previously reported that the CLA, HF and HFCLA dams were heavier compared to CD 

dams during gestation and lactation (402,403). Furthermore, male weanling HF offspring were 

significantly heavier, and had reduced insulin sensitivity (402). Interestingly, male offspring of HF 

fed dams have suppressed lean body mass and a reduction in myogenic signalling (219,222), 

suggesting a preferential partitioning of energy storage towards fat mass, at the expense of muscle 

mass (410). While the current study failed to demonstrate a reduction in the mass of the 

gastrocnemius muscle, total muscle protein content was reduced following maternal HFD. 

Furthermore, maternal HFD did not significantly elevate offspring intramuscular triglyceride IMTG 

content, yet CLA supplementation, regardless of diet, suppressed IMTG. The t10c12 CLA isomer is 

known to promote its antiadipogenic effects is known to by activating lipolytic pathways (418). 

Therefore, maternal CLA supplementation may have a beneficial impact on the skeletal muscle 

composition of adult offspring. 

While the relationship between obesity and chronic low-grade inflammation is well established 

(294,422), the effects of excessive maternal weight gain and diet on the inflammatory state of the 

offspring is not fully understood. There is increasing evidence to support the infiltration of immune 

cells and activation of inflammatory signalling in the placenta (423,424), which may be caused by 

the remodelling of adipose tissue during pregnancy, particularly during late gestation (425). We 

have previously demonstrated increased adipose expression of macrophage activation markers in 

pregnant dams fed a HFD (426). The present study found a significant increase in concentrations 

of MCP-1 protein, a chemokine involved in the recruitment of macrophages, in HF and HFCLA 

offspring muscle. Moreover, there was a trend for CD68, a marker of macrophage activation, to be 

increased in HF but not HFCLA offspring. Further analysis revealed that while expression of the 

anti-inflammatory macrophage marker, MCR-1, was not different between groups, the inflammatory 

macrophage marker CD11c was upregulated in HFCLA offspring. This suggests that maternal CLA 

supplementation is ineffective in preventing intramuscular macrophage infiltration in HF offspring. 

Taken together, these results suggest that a maternal HF diet increases levels of inflammatory 

macrophages in male offspring skeletal muscle. 
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Given the increased skeletal muscle immune cell infiltration, activation of the NFκB pathway, a 

major regulator of inflammatory responses, was examined. NFκB acts as a transcriptional regulator 

of cytokines, interferons and chemokines (98). In its inactive state, NFκB is sequestered in the 

cytoplasm by the inhibitor of κB (IκB). In response to cellular stress, IκB is phosphorylated and 

rapidly degraded, promoting phosphorylation and subsequent release of NFκB (98). NFκB p65 

(Ser536) phosphorylation is a key event necessary for the nuclear translocation and transcriptional 

activation of NFκB, which is often elevated in skeletal muscle in response to a high-fat diet and 

obesity (414). Offspring from HFD dams exhibited increased NFκB p65 phosphorylation, an effect 

which was reversed by maternal CLA supplementation. Previous studies have demonstrated that 

treatment with CLA can reduce phosphorylation of NFκB in dendritic cells (417). While the offspring 

were not directly exposed to CLA, we propose that reductions in circulating inflammatory mediators 

in response to supplementation of a high-fat diet with CLA during pregnancy may suppress in utero 

inflammatory signalling during fetal development.  

Given that NFκB acts as transcriptional regulator of many cytokines that play a central role in non-

pregnancy related obesity (414), intramuscular cytokine concentrations and gene expression was 

examined. There was increased intramuscular abundance of the pro-inflammatory cytokines IL-6, 

MCP-1 and IL-1β, accompanied by decreased protein concentrations of the anti-inflammatory 

cytokine IL-10 in HF and HFCLA offspring. We have previously demonstrated increased maternal 

plasma concentrations of IL-1β and TNFα in HF dams, an effect that was prevented with CLA 

addition to the diet (402). Interestingly, despite the anti-inflammatory effects of maternal CLA 

supplementation on offspring NFκB phosphorylation and dam cytokine concentrations, maternal 

CLA supplementation displayed no beneficial suppressive effect on cytokine expression in the 

offspring skeletal muscle. However, mRNA expression of the cytokine receptor Il6r was increased 

in HF, but not HFCLA offspring. This suggests that despite no effect of CLA on elevated muscle 

cytokines in offspring of mothers fed a HF diet, there was potentially a reduced sensitivity to 

cytokine signalling in HFCLA offspring as a result of suppressed receptor expression.  

Increased concentrations of intramuscular cytokines and activation of inflammatory signalling 

pathways may play a pivotal role in the initiation of protein catabolism leading to muscle atrophy. 

Epidemiological studies have reported a strong association between elevated expression of IL6 

and IL1B genes and decreased muscle mass, strength and cross sectional area
 
(76,427,428). 

Elevated concentrations of pro-inflammatory cytokines may contribute to skeletal muscle atrophy 

by both inhibiting protein synthesis and inducing protein breakdown (429,430). While there are 

several pathways that contribute to muscle loss, most only contibute to breakdown on a subcellular 

scale and are of little importance in the accelerated breakdown of skeletal muscle (48). The 

ubiquitin proteasome pathway (UPP) is the primary pathway responsible for regulating skeletal 

muscle protein degradation (7). In this pathway, enzymes link chains of ubiquitin to proteins, 

tagging them for degradation by the 26S proteasome (7). Expression of the muscle-specific E3 

ligases MuRF1 and atrogin-1 has been shown to be upregulated 8-40 fold prior to the onset of 

atrophy (7,62,63). While atrogin-1 gene expression was not elevated in HF offspring, the 

expression of the FOXO family of transcription factors (431) was increased. FOXO3 can regulate 

transcription of atrogin-1 (70). In contrast to atrogin-1, a significant increase in MuRF1 gene 
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expression in HF offspring was observed. MuRF1 is, in part, transcriptionally regulated by NFκB 

(105,106). The increase in phosphorylation of NFκB p65 in HF offspring provides evidence to 

suggest a major role of NFκB activation in the initiation of MuRF1 expression in HF offspring. 

Taken in the context of the current study, the normalised expression of MuRF1 in HFCLA offspring 

is likely attributable to the accompanying reduction in NFκB p65 phosphorylation. Collectively these 

data suggest that maternal CLA supplementation may suppress NFκB mediated atrophy in HFCLA 

offspring. 

The maintenance of skeletal muscle is regulated by both protein synthesis and protein degradation 

pathways, hence the activity of the Akt/mTOR pathway (a major pathway involved in skeletal 

muscle protein synthesis) was examined. The mTOR signalling pathway increases protein 

synthesis by stimulating translation initiation and ribosome biosynthesis (432). The current study 

demonstrated no impact of maternal diets on Akt and mTOR phsophorylation, consistent with a 

previous maternal HF diet study (222). There was however, reduced phosphorylation of p70S6K 

(Thr421/Ser424) the primary target for mTOR and translation initiation, in the HF offspring. This 

was not observed in the HFCLA offspring, indicating a possible protective effect of maternal CLA 

supplementation. The p70S6K downstream target S6, was unaltered by CLA supplementation, 

although there was an overall effect of maternal HF feeding to lower phosphorylation of rpS6 

(Ser235/236). Taken together these data suggest a contributing role for suppressed muscle protein 

synthesis in the observed reduction of protein content in HF and HFCLA offspring. 

2.7 Perspectives and Significance 

The current study demonstrates that male offspring from HF and HFCLA mothers displayed altered 

skeletal muscle composition, intramuscular immune cell infiltration, and elevated inflammatory 

cytokine concentrations. Phosphorylation of NFκB and components of the ubiquitin proteasome 

pathway were also increased in muscle of HF offspring, an effect which was ameliorated with 

maternal CLA supplementation. Collectively, the present study provides further evidence that a 

maternal HF diet negatively impacts on skeletal muscle development in offspring, predisposing the 

offspring to obesity and altered body composition. The results demonstrate the importance of early 

life interventions during the phase of developmental plasticity to reverse the negative effects of a 

poor maternal dietary environment. CLA may ameliorate some of the negative effects on skeletal 

muscle associated with a maternal HF diet. Furthermore, these results highlight the need for 

healthy weight management and regulation of dietary fat intake in women of child-bearing age and 

those considering pregnancy.  
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Chapter Three 
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3. Chapter Three

3.1 Preface 

This chapter presents work investigating the effects of a maternal high-fat diet on mitochondrial 

function in offspring skeletal muscle. This work is an extension of the work presented in Chapter 2, 

and utilises the same animal model; however, the soleus muscle was analysed in this section, as it 

is predominantly composed of type I fibres (433), with high mitochondrial density (434). Analysis in 

this chapter was undertaken to characterise the underlying mechanisms contributing to metabolic 

impairments in offspring born to dams fed a high-fat diet.  

The data included in the publication describes the effects of a maternal high-fat diet only. As 

expected, the intervention of maternal supplementation with conjugated linoleic acid did not elicit a 

marked effect and therefore was omitted from the manuscript for publication. For this reason, the 

data from these groups were not analysed or presented in this section. The soleus muscle was 

selected for analysis as the soleus muscle is composed of mitochondria-dense type I fibres. 

Therefore, a change in mitochondrial content would be relevant to the whole body oxidative state. 

The following section contains a reproduction of the article “Maternal high-fat diet suppresses 

skeletal muscle mitochondrial functional capacity in adult male rat offspring”, co-authored by 

Chantal A. Pileggi, Christopher P. Hedges, Stephanie A. Segovia, James F. Markworth, Brenan R. 

Durainayagam, Clint Gray, ZD Zhang, Matthew P.G. Barnett, Mark H. Vickers, Anthony J.R. 

Hickey, Clare M. Reynolds and David Cameron-Smith. At the time of thesis submission, this article 

was under review in Frontiers in Physiology-Mitochondrial Research. 
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3.2 Abstract

A maternal high-fat (HF) diet during pregnancy can lead to metabolic compromise such as insulin 

resistance in adult offspring. Skeletal muscle mitochondrial dysfunction is one mechanism 

contributing to metabolic impairments in insulin resistant states, including obesity and type 2 

diabetes. Therefore, the present study aimed to investigate whether mitochondrial dysfunction is 

evident in metabolically compromised offspring born to HF-fed dams. Sprague-Dawley dams were 

randomly assigned to receive a purified control diet (CD; 10% kcal from fat) or a high-fat diet (HFD; 

45% kcal from fat) for 10 days prior to mating, throughout pregnancy and during lactation. From 

weaning, all male offspring received a standard chow diet and soleus muscle was collected at day 

150. Expression of the mitochondrial transcription factors nuclear respiratory factor-1 (NRF1) and 

mitochondrial transcription factor A (mtTFA) were downregulated in HF offspring. Furthermore, 

genes encoding the mitochondrial electron transport system (ETS) respiratory complex subunits 

were supressed in HF offspring. Moreover, protein expression of the complex I subunit, NDUFB8, 

was downregulated in HF offspring (36%), which was paralleled by decreased maximal catalytic 

linked activity of complex I and III (40%). Together, these results indicate that maternal HF diet 

results in the lifelong programming of mitochondrial function in offspring skeletal muscle. 
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3.3 Introduction 

Significant increases in type 2 diabetes (T2D) and obesity rates that have been observed 

worldwide over the past three decades are the combined result of high energy intake, a sedentary 

lifestyle and genetic predisposition (435). However, there is also evidence of inter-generational 

programming of metabolic alterations that may predispose subsequent generations to an increased 

risk of developing metabolic disease (203). Therefore, an adverse intrauterine and/or early life 

nutritional environment may have lifelong consequences for the metabolic status of the offspring 

(241,412). High maternal energy intake predisposes offspring to hyperphagia, increased adiposity, 

hypertension, blunted systemic glucose disposal and chronic inflammation in adulthood 

(211,212,436). Although it is well established that a maternal high-fat diet leads to hyperinsulinemia 

in offspring (210,396), the skeletal muscle molecular defects that contribute to poor metabolic 

outcomes remain poorly elucidated. 

Alterations in the structure and functional oxidative capacity of skeletal muscle mitochondria that 

lead to disturbances in mitochondrial respiration are hallmark features in the development of insulin 

resistance and T2D (370,372,437). The mitochondrial electron transport system (ETS) transfers 

electrons through complexes I-IV to generate the membrane potential that drives ATP formation, a 

process collectively named oxidative phosphorylation (OXPHOS). The expression of genes that 

encode the ETS complex subunits are subject to transcriptional regulation by a range of 

transcription factors including the proliferator-activated receptor γ coactivator α (PGC1α) and 

nuclear regulatory factor 1 (NRF1). PGC1α and NRF1 are downregulated in muscle from 

individuals with T2D (179,180). NRF1 also regulates expression of mitochondrial transcription 

factor A (mtTFA), which singularly controls the transcription of the mitochondrial genome (172). 

Data from studies utilising gene array technologies have identified decreased gene expression of 

critical subunits of the mitochondrial ETS respiratory complexes in skeletal muscle from human 

T2D subjects and subjects with a family history of T2D (179,180). Moreover, preliminary evidence 

from rodent and human studies indicate that mitochondrial dysfunction may be programmed by the 

maternal environment (234-236). High maternal fat intake leads to insulin resistance in offspring 

(233), which is associated with decreases in mitochondrial function and content including; liver 

mtDNA copy number (234,235) aortic smooth muscle mitochondrial gene expression (235), and 

activity of the ETS enzyme complex in liver (438). Furthermore, a maternal diet high in fat and 

sucrose resulted in the significant alterations in expression of gene sets in the skeletal muscle 

transcriptome, including downregulation of genes associated with mitochondrial oxidative function 

(236). However, studies examining the effects of maternal diet on offspring skeletal muscle 

mitochondrial function have used mixed obesogenic maternal diets (236,238), leaving the effects 

specifically attributable to increased maternal saturated fat intake poorly defined. 

Currently there is limited understanding to the complex mitochondrial changes that follow a 

maternal HF diet, as there are multiple signalling factors that regulate skeletal muscle mitochondrial 

function. Therefore, the aim of the present study was to quantify mitochondrial complex activity in 

the skeletal muscle from male rat offspring exposed to a high-fat (HF) diet during pregnancy and 

lactation. We hypothesized that male offspring born to HF dams would exhibit decreased 
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expression of genes encoding mitochondrial proteins, which would impair skeletal muscle 

mitochondrial complex activity. Analysis was therefore undertaken to determine the expression of 

transcription factors known to modulate mitochondrial gene expression with complementary 

analysis of the genes that comprise the mitochondrial ETS respiratory complexes. Following this, 

ex-vivo maximal enzymatic activity of the mitochondrial respiratory complexes were 

spectrophotometrically examined (439). Furthermore, skeletal muscle fibre type was determined by 

immunofluorescence to provide the muscular phenotype.  
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3.4 Methods 

3.4.1 Animal Experiments 

Animal protocols for this study have previously been described (402). In brief, female Sprague-

Dawley rats (100 days of age) were housed under standard conditions at 25°C with 12 hour 

light/dark cycle (7.00am-7.00pm) with ad libitum access to food and water. Rats (n=12) were 

randomly assigned to receive either (1) a purified control diet (CD n=6, 10% kcal from fat; 

Research Diets Inc., NJ) or (2) a purified high-fat diet (HF n=6; 45% of kcals from fat from lard, 

Research Diets, D12451), for 10 days prior to mating and throughout pregnancy and lactation. 

Following the pre-gestational feeding period, female rats were time-mated using an estrus cycle 

monitor (EC40, Fine Science Tools, Foster City, CA). Day 1 of pregnancy was determined by 

detection of spermatozoa by vaginal lavage, and dams were individually housed. To ensure 

standardised nutrition until weaning, litters were adjusted to 8 pups (4 male, 4 female) at postnatal 

day 2. At weaning (day 21), male siblings from each litter were housed two per cage and 

maintained ad libitum on a standard chow diet (Diet 2018, Harlan Teklad, Oxo, UK) for the 

remainder of the study (day 150). A minimum of 5 litters were assessed per maternal dietary group; 

female offspring were not assessed in the present study due to confounds caused by the female 

estrus cycle. All animal work was approved by the Animal Ethics Committee (Approval R1069) at 

The University of Auckland. 

3.4.2 Tissue collection and preparation 

Male offspring were fasted overnight prior to tissue collection at day 150. Animals were decapitated 

following an intraperitoneal injection of sodium pentobarbitone (60mg/kg). The soleus muscle was 

excised from the right hindlimb, weighed, snap-frozen in liquid nitrogen and stored at -80°C for later 

analyses. 

3.4.3 Immunohistochemistry 

Sections (2 cm) were cut mid-belly perpendicular to the muscle fibre axis from snap frozen soleus 

muscle. Samples and were mounted in optimal cutting temperature compound and sectioned 

(10µm) at -20°C using a cryotome (Leica Microsystems CM1850, Leica Biosystems Nussloch 

GmbH, Nussloch, Germany) for determination of muscle fibre type and size. Quantitative analysis 

for muscle fibre type (percentage of total fibres), and cross sectional area (CSA) were determined 

as previously described (440). Air-dried sections were blocked in 10% goat serum for 1 hour at 

room temperature and then immunolabelled overnight at 4°C with antibodies from the 

Developmental Studies Hybridoma Bank (University of Iowa, Iowa, IA) against Myosin heavy chain 

(MHC)-slow (BA-F8, IgG2b diluted 1:12.5), MHCIIa (SC-71, IgG1, 1:600), MHCIIb (BF-F3, IgM, 

1:25), and dystrophin (MANDYS1[3B7], IgG2a, diluted 1:50) to stain for the basement membrane 

of muscle fibres. Sections were immunolabelled with Alexa Fluor  fluorescently conjugated Ig 

subclass specific Goat Anti-Mouse secondary antibodies (Alexa Fluor  488 IgG1, Alexa Fluor  

350 IgG2b, Alexa Fluor  555 IgM, Alexa Fluor  647 IgG2a, all 1:500) for 1 hour at room 

temperature. Mounted slides were visualised using a fluorescence microscope at 10x magnification 
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(Axio Imager Z2, Carl Zeiss, Oberkochen, Germany) and digital images were linearly adjusted in 

Metaviewer software (Metasystems, GmbH, Altlussheim, Germany). Fibre type and cross-sectional 

area were quantified using semi-automated image analysis using ImageJ Software.  

3.4.4 RNA Extraction and cDNA synthesis 

RNA was extracted from the soleus muscles using a PureLink RNA Mini Kit (Life Technologies) 

according to the manufacturer’s protocol. Total RNA concentration was measured using the 

NanoDrop 1000 Spectrophotometer (Thermo Scientific, Waltman, MA). Single stranded cDNA was 

synthesised from 1000 ng of total RNA using a High-capacity cDNA Archive Kit (Applied 

Biosystems, Warrington, UK). 

3.4.5 Gene expression analysis 

Predesigned primer/probe sets for the 13 mitochondrial DNA (mtDNA) encoded subunits of the 

respiratory complexes I-V, Irs-1, Glut4 and Taqman Universal Mastermix were purchased from 

Applied Biosystems (Table 3-3). ABI 7700 Sequence Detection System (Applied Biosystems) was 

used for real-time PCR (RT-PCR) to quantify mRNA expression. As a control for between-sample 

variability, mRNA levels of metabolic and mitochondrial encoded genes were normalised to the 

geometric mean of the three housekeeping genes glyceraldehyde 3-phosphate dehydrogenase 

(Gapdh), β-2 microglobulin (B2m) and β-actin (Actb) (441). The relative expression of the gene of 

interest was calculated using the 2
-ΔΔCT

 method (421). Results are reported as arbitrary units.

Myosin heavy chain (MHC) gene expression was quantified using the LightCycler 480 SYBER 

Green I Master (Roche Applied Science, Indianapolis, IN). Normalization of MHC genes was 

performed using the geometric mean of the 3 reference genes: hypoxanthine 

phosphoribosyltransferase 1 (Hprt1), Cyclophilin A (Ppia), and Actb using the 2
-ΔΔCT

 method.

Primer sequences and catalogue numbers are provided in Table 3-3 and Table 3-4. 

3.4.6 Mitochondrial PCR array 

cDNA was synthesised from 400 ng of total RNA using the RT2 First Strand Kit (SABioscience, 

Qiagen, Venlo, Netherlands). The expression of 84 genes that encode for proteins of the ETS 

complexes were analysed using the Mitochondrial Energy Metabolism PCR Array profiler 

(SABioscience). Gene expression was quantified by quantitative RT-PCR on LightCycler 480 

SYBR Green I Master (Roche Applied Science, Indianapolis, IN). To control for between-sample 

variability, mRNA levels were normalised to the geometric mean of a panel of housekeeping genes 

(60 S acidic ribosomal protein P1 (Rplp1), Hprt1, and lactate dehydrogenase A (Ldha)) using the 2
-

ΔΔCT
 method for relative quantification to determine fold change. After normalisation, genes which 

were differently expressed between the CD and HF groups were identified based on the False 

Discovery Rate calculation with an alpha of p<0.05 (442). Heat maps were generated using online 

gene expression software analysis package provided by (SABioscience).  



62 

3.4.7 Immunoblotting 

Frozen skeletal muscle was weighed and ~50 mg muscle homogenised using a bead mill 

homogeniser (OMNI Ruptor, Omni International, Kennesaw, GA) in ice-cold modified RIPA buffer 

(Millipore #20-188) supplemented with a protease and phosphatase inhibitor cocktail (Halt
TM 

Protease and Phosphatase Inhibitor Cocktail, Thermo Scientific). Homogenates were centrifuged at 

14,000 x g for 10 minutes at 4°C to remove cellular debris, and supernatants were frozen at -80°C 

until further use. The soluble protein concentration was determined by a BCA-protein kit, as per the 

manufacturer’s protocol (Pierce BCA Protein Assay Kit; Pierce, Rockford, IL). 

Sample aliquots containing 20 μg of protein were suspended in 1x Laemmli buffer (10% glycerol, 

0.5M Tris-HCL (pH 6.8), 1% bromophenol blue, 400mM dithiothreitol), boiled at 100°C for 5 min 

and subjected to SDS/PAGE. Proteins were transferred to a pre-soaked PVDF membrane (Bio-

Rad, Hercules, CA), incubated with blocking buffer (5% BSA in Tris Buffer Saline with 0.1% Tween 

20, (TBST)) for 1 h at room temperature, followed by overnight incubation at 4°C with a 

commercially available cocktail of primary antibodies against OXPHOS complexes (#110413; 

1:1000, Abcam, Cambridge, MA) in blocking buffer under gentle agitation. Membranes were 

washed five times for 5 minutes and probed with an anti-rabbit or anti-mouse IgG conjugated to 

horseradish peroxidase (HRP) secondary antibody in blocking buffer for 1 h at room temperature. 

Membranes were washed for 25 min in TBST and protein bands were visualised using Amersham 

ECL Select Western blotting detection reagent (GE Healthcare, Piscataway, NJ). Signals were 

captured using a Chemidoc™ MP Imaging System (BioRad) and densitometry band analysis was 

undertaken with ImageJ software (National Institutes of Health, Frederick, MD). Equal protein 

loading was determined by staining with Coomassie Brilliant Blue (Thermo Scientific).  

3.4.8 Metabolic Enzymatic activities 

Enzymatic activities for citrate synthase (CS), lactate dehydrogenase (LDH), 3-hydroxyacyl-CoA 

dehydrogenase (HADH) and carnitine palmitoyl transferase-1 (CPT1) were determined as 

previously described (443). Briefly, tissue was weighed and homogenised in ice-cold 

homogenisation buffer (25 mM TRIS-HCL pH 7.8, 1 mM EDTA, 2 mM MgCl2, 50 mM KCl, 0.50% 

Triton X-100) using a Qiagen TissueLyser II (Qiagen, Dusseldorf, Germany). Homogenates were 

centrifuged at 14,000 x g for 10 minutes at 4°C, and the supernatant was frozen at -80°C until 

further use. All assays were performed using the Molecular Devices Spectramax-340 96-well 

microplate reading spectrophotometer at 25°C. CS and CPT1 activity were determined by 

measuring absorbance at 412 nm in 50 mM Tris-HCl (pH 8.0) with 0.2 mM DTNB. CS assays 

contained 0.1 mM acetyl-coA and 0.25 mM oxaloacetate. CPT1 assays contained 150 mM KCl, 0.1 

mM palmitoyl-coA and 0.25 mM l-carnitine. LDH and HADH activity were determined by measuring 

absorption at 340 nm. LDH assays contained 100 mM Tris-HCl (pH 7.0), 1 mM EDTA, 2 mM 

MgCl2, 1 mM DTT, 0.15 mM NADH and 0.15 mM pyruvate. HADH assays contained 50 mM Tris-

HCl (pH 7.4), 5.4 mM Acetoacetyl CoA and 6.4 mM NADH. Rate of change of absorbance and path 

length of each well was determined using SoftMax pro version 3.1.1 (Molecular Devices, 
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Sunnyvale, CA), and enzyme activities were calculated using extinction coefficients of 13.6 mM
-

1
cm

-1
 for CS and CPT1, and 6.22 mM

-1
cm

-1
 for LDH and HADH.

3.4.9 Maximal Mitochondrial Respiratory Complex Activities 

Enzyme activities for Complex I-IV were determined following the protocols of Spinazzi et al. (439) 

adapted to 96-well plate format. All assays were performed using a Molecular Devices 

Spectramax-340 spectrophotometer (Molecular Devices, Sunnyvale, CA) at 37°C. In brief, analysis 

for complex I was carried out by measuring the decrease in NADH absorbance at 340 nm in 50 mM 

potassium phosphate buffer (pH 7.5) with 100 µM NADH, 60 µM Coenzyme Q1, 3 mg/ml fatty acid 

free (FAF)-BSA, and 300 µM KCN. Complex II was analysed by measuring the reduction of 

dichlorophenolindopenol (DCPIP) through decreased absorbance at 600 nm at 25 mM potassium 

phosphate buffer (pH 7.5), 20 mM succinate, 80 µM DCPIP, 50 µM decylubiquinone, 1 mg/ml FAF-

BSA, and 300 µM KCN. Complex III activity was analysed by measuring the reduction of 

cytochrome c through increased absorbance at 550 nm in 0.025% tween-20 in 25 mM potassium 

phosphate buffer (pH 7.5), 100 µM decylubiquinol, 75 µM cytochrome C, 500 µM KCN, and 100 µM 

EDTA. Complex IV was analysed by measuring the oxidation of cytochrome C through decreased 

absorption at 550 nm in 50 mM potassium phosphate buffer (pH 7.0), and 50 µM of reduced 

cytochrome C. Complex I + III linked activity was determined by measuring the reduction of 

cytochrome C through increased absorbance at 550 nm in 50 mM potassium phosphate buffer (pH 

7.5), 200 µM NADH, 50 µM cytochrome C, 1 mg/ml FAF-BSA, and 300 µM KCN. Complex II+III 

linked activity was determined by measuring the reduction of cytochrome C at 550 nm in 0.5 M 

potassium phosphate buffer (pH 7.5), 10 mM succinate, 50 µM cytochrome C, and 300 µM KCN. 

Specificity of Complex I-IV assays was determined by inhibition with rotenone (10 μM), malonate 

(10 mM), antimycin-a (10 μg/mL) or KCN (300 μM) respectively. Activities were calculated using 

extinction coefficients (mmol
-1

cm
-1

 (CI ε= 6.2, CII ε=19.1, CIII ε=18.5, CIV ε=18.5, CI+III ε=18.5,

CII+III ε=13.6). Individual activities were normalised to the activity of citrate synthase (444). 

3.4.10 Statistical analysis 

Statistical analysis was performed using SigmaPlot for Windows version 12.5 (Systat Software Inc., 

San Jose, CA). Statistical significance between the CD and HF group was determined using t-tests. 

Data were checked for normality of the residual error distribution and log10 transformed where 

appropriate. Prism software (GraphPad Software Inc., La Jolla, CA) was used to generate graphs. 

The type I error rate of the mitochondrial gene expression array was controlled for multiple 

comparisons via the false discovery rate (FDR) approach. Data are shown as means ± SEM. 

Statistical significance was accepted at p<0.05. 



64 

3.5 Results 

3.5.1 Morphometrics and skeletal muscle insulin sensitivity. 

Maternal characteristics and offspring bodyweights have been reported previously (402,436). 

Soleus mass did not differ between groups (Table 3-1 Morphometrics, and skeletal muscle 

enzyme activity. Soleus muscle protein was extracted to analyse activity metabolic enzymes 

(citrate synthase, lactate dehydrogenase, carnitine palmitoyl transferase 1, and HADH) *p<0.05 CD 

vs. HF; n=5-6 per group. Data are expressed as means ± SEM, relative to total protein yield.Table 

3-1). Skeletal muscle Irs1 and Glut4 mRNA expression was decreased in HF offspring (p<0.05) 

(Table 3-1).  
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Table 3-1 Morphometrics, and skeletal muscle enzyme activity. Soleus muscle protein was extracted to analyse activity metabolic enzymes (citrate synthase, 

lactate dehydrogenase, carnitine palmitoyl transferase 1, and HADH) *p<0.05 CD vs. HF; n=5-6 per group. Data are expressed as means ± SEM, relative to total 

protein yield. 

CD Offspring HF Offspring P Value 

Soleus Weight (mg) 259.3±13.0 264.38±11.8 0.774 

Soleus Weight, % body weight 0.400±0.019 0.372±0.02 0.178 

IRS-1 gene expression (relative to CD) 1.0±0.09 0.76±0.05* 0.0391 

GLUT4 gene expression (relative to CD) 1.0±0.11 0.69±0.06* 0.0328 

Metabolic Enzyme Activity 

Citrate synthase (nM/min/μg protein) 2566.26±317.90 2891.19±308.25 0.474 

Lactate Dehydrogenase (nM/min/μg protein) 2261.62±247.69 2308.74±222.305 0.829 

Carnitine palmitoyl transferase-1 (nM/min/μg 

protein) 

20.78±1.14 31.07±2.98* 0.00386 

Hydroxyacyl-Coenzyme A dehydrogenase 

(nM/min/μg protein) 

188.60±23.21 214.04±19.27 0.271 
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3.5.2 Skeletal muscle fibre type 

Average muscle fibre cross sectional area, type I fibre cross sectional area and type IIa cross 

sectional area were not different between groups as examined by immunofluorescence (Figure 

3-1b). Fibre-type percentage of both type I and type IIa fibres was not significantly different 

between groups (Figure 3-1c). RT-PCR analysis revealed decreased expression of the mRNA 

encoding the myosin heavy chain type I isoform (MyH7 gene; p<0.05), with no significant difference 

in the myosin heavy chain IIa isoform (Myh2 gene) between groups (Figure 3-1d).  

Figure 3-1. Skeletal muscle fibre type in adult male offspring. (a) Soleus representative 

images. Blue staining reflects type I fibres, green staining reflects type IIa fibres (b) soleus myofiber 

cross sectional area (c) percentage fiber type composition (d) gene expression of MHC genes. 

*p<0.05, CD vs. HF; n=5-6 litters/group. Data are expressed as means ± SEM.
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3.5.3 Metabolic enzymes 

There was no difference in CS, LDH or β-HADH activity between groups (Table 3-1). However, 

CPT1 activity was increased in HF offspring (p<0.01) (Table 3-1).  

3.5.4 Mitochondrial transcription factors 

PGC1α and NRF 2 gene expression did not differ between groups (Figure 3-2a and Figure 3-2d, 

respectively). Expression of both the mitochondrial transcription factor A (mTFA: Figure 3-2b) and 

NRF1 were lower in the HF offspring (Figure 3-2c) (p<0.05 and p<0.01 respectively).  

Figure 3-2. Skeletal muscle mitochondrial transcription factors in adult male offspring. Fold 

induction of mitochondrial transcription factor gene expression in skeletal muscle of 150 day old 

adult male offspring. (a) PGC1α (b) mtTFA (c) NRF1 (d) NRF2. *p<0.05 CD vs. HF n=5-6 

litters/group). Data are expressed as means ± SEM.  
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3.5.5 Mitochondrial respiratory complex gene expression  

Multiple nuclear genes of the mitochondrial electron transport system complexes, as measured by 

PCR array, were downregulated in skeletal muscle of HF offspring. In total, 8 genes from complex 

I, 2 genes from complex II, 2 genes from complex III, 6 genes for complex IV, 7 genes from 

complex V, ands 4 genes encoding for accessory proteins were identified as significantly 

downregulated in HF offspring after correcting for FDR (p<0.05) (Table 3-2, Figure 3-3, Table 3-5). 

Gene expression of both Ndufb8 and Uqcrc2 was downregulated in HF offspring (p<0.05), whereas 

Sdhb, Mt-co1 and Atp5a expression did not differ between groups (Figure 3-3. Skeletal muscle 

gene and protein expression of mitochondrial complex subunits in adult male offspring. (a) 

RNA was extracted and RT-PCR array technology was utilised to determine expression of NADH 

ubiquinone dehydrogenase 1β subcomplex 8 (Ndfub8), succinate dehydrogenase iron-sulphur 

subunit (Sdhb), Cytochrome b-c1 complex subunit 2 (Uqcrc2), mitochondrially encoded 

cyctochrome c oxidase I (Mt-co1), and ATP synthase α (Atp5a) (b) Soleus muscle protein was 

extracted and protein expression of NDUFB8, SDHB, UQCRC2, MT-CO1 and ATP5 was determine 

by western blot. Representative blots are shown. *p<0.05 CD vs. HF; n=5-6 litters/group. Data are 

expressed as means ± SEM.). In contrast, only one mitochondrial encoded complex gene (Mt-cyb) 

differed between groups, being decreased in HF offspring (p<0.05) (Table 3-6).  

Table 3-2. RT-PCR array differentially expressed genes. RT-PCR array analysis identified 30 

genes that were differentially expressed in HF offspring. Of the 30 that were downregulated, 8 

genes encode fore complex I (NADH ubiquinone oxioreductase), 2 encodes for complex II 

(succinate dehydrogenase), 2 encode for complex III (Coenzyme Q-cytochrome C reductase), 6 

encode for complex IV (cytochrome c oxidase), 7 encode for complex V (ATPsynthase), and 4 

accessory genes that encode for proteins involved in oxidative metabolism 

Complex Symbol GeneBank 
Fold change (Relative 

to CD) 
P Value 

Complex I (NADH 

ubiquinone 

oxidoreductase) 

Ndufs7 NM_001008525 -1.98 0.002 

Ndufs3 NM_001106489 -1.8 < 0.001 

Ndufa8 NM_001047862 -1.78 0.001 

Ndufs1 NM_001005550 -1.62 0.009 

Ndufb5 NM_001106426 -1.55 0.012 

Ndufa5 NM_012985 -1.44 0.004 

Ndufb3 NM_001106912 -1.43 0.022 

Ndufb8 NM_001106360 -1.36 0.012 
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Complex II 

(Succinate 

dehydrogenase) 

Sdha NM_130428 -1.8 0.008 

Sdhc NM_001005534 -1.29 0.013 

Complex III 

(Coenzyme Q- 

cytochrome C 

reductase) 

Cyc1 NM_001130491 -2.16 <0.001 

Uqcrc2 NM_001006970 -1.49 0.012 

Complex IV 

(Cytochrome C 

oxidase) 

Cox6a2 NM_012812 -1.65 0.011 

Cox15 NM_001033699 -1.59 0.003 

Cox4i2 NM_053472 -1.57 0.004 

Cox4i1 NM_017202 -1.55 0.009 

Cox7b NM_182819 -1.51 0.012 

Cox7a2l NM_001106704 -1.4 0.024 

Complex V 

(ATP Synthase) 

Atp6ap1 NM_031785 -1.87 0.022 

Atp5b NM_134364 -1.66 0.006 

Atp5g2 NM_133556 -1.55 0.004 

Atp5l NM_212516 -1.44 0.024 

Atp5i NM_080481 -1.38 0.006 

Atp5d NM_139106 -1.38 0.020 

Atp5h NM_019383 -1.35 0.001 

Accessory Proteins 

Ucp2 NM_019354 -3.1 0.001 

Ucp3 NM_013167 -1.71 0.009 

Lhpp NM_001009706 -1.65 0.010 

Ppa1 NM_001100834 -1.48 0.016 
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3.5.6 Skeletal muscle OXPHOS complex protein expression 

Protein expression of a single subunit of complex I (NADH dehydrogenase (NDUFB8)) was 

decreased (p<0.05) in HF offspring (Figure 3-4b). There was also a tendency for Complex III 

protein expression to be decreased (Q-cytochrome c oxidoreductase (QCRC2)) in HF offspring 

(p=0.12). Protein expression of complex II (succinate dehydrogenase (SDHB)), complex IV 

(Cytochrome C oxidase (MTCO1)) and complex V (ATP synthase (ATP5A)) did not differ between 

groups (Figure 3-4b). 

Figure 3-3. Skeletal muscle gene and protein expression of mitochondrial complex subunits 

in adult male offspring. (a) RNA was extracted and RT-PCR array technology was utilised to 

determine expression of NADH ubiquinone dehydrogenase 1β subcomplex 8 (Ndfub8), succinate 

dehydrogenase iron-sulphur subunit (Sdhb), Cytochrome b-c1 complex subunit 2 (Uqcrc2), 

mitochondrially encoded cyctochrome c oxidase I (Mt-co1), and ATP synthase α (Atp5a) (b) Soleus 

muscle protein was extracted and protein expression of NDUFB8, SDHB, UQCRC2, MT-CO1 and 

ATP5 was determine by western blot. Representative blots are shown. *p<0.05 CD vs. HF; n=5-6 

litters/group. Data are expressed as means ± SEM.  
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3.5.7 Maximal enzymatic activity of mitochondrial respiratory complexes 

There was no difference in activity of complex I (Figure 3-4a), complex II (Figure 3-4b), complex III 

(Figure 3-4c) complex IV (Figure 3-4d) and complex II+III (Figure 3-4f) linked between groups. In 

contrast, complex I +III linked activity was lower in HF offspring (p<0.05) (Figure 3-4e). 

Figure 3-4. Skeletal muscle mitochondrial complex activities in adult male offspring. Soleus 

muscle protein was extracted and activity of complex I (a), complex II (b), complex III (c), complex 

IV (d), complex I+III linked (e) and complex II+III (f) linked were determined. *p<0.05 CD vs. HF; 

n=5-6 litters/group. Data are expressed relative to CS activity ± SEM 
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3.6 Discussion 

This study demonstrates that a maternal diet high in fat had a significant influence on the 

regulation, expression, and activity of the mitochondrial ETS respiratory complexes in offspring 

skeletal muscle. Specifically, this present study has identified that the mitochondrial transcription 

factors NRF1 and mtTFA were decreased, accompanied by a coordinated decline in gene 

expression of specific mitochondrial ETS complex subunits in the skeletal muscle of offspring born 

to HF-fed dams. Furthermore, the decrease in gene expression of the NDUFB8 subunit from 

complex I and UQCRC2 subunit from complex III prompted declines in protein expression of these 

subunits, which was further complemented by complex I and III linked functional capacity. This 

study highlights the specific molecular changes that define the impaired mitochondrial phenotype in 

skeletal muscle from offspring born to mothers fed a HF diet. Taken together, our data suggest that 

increased maternal fat intake during pregnancy can program mitochondrial dysfunction in skeletal 

muscle which may have an important role in defining lifelong metabolic health of the offspring.  

Deficiencies in mitochondrial content and function are thought to play a causative role in the post-

natal development of insulin resistance and associated metabolic diseases (122). Citrate synthase 

activity, a mitochondrial matrix enzyme, is strongly correlated with mitochondrial content in skeletal 

muscle (445). The present study found no significant difference in CS activity, indicating that 

mitochondrial density is not altered in response to a maternal HF diet, and observed changes in 

activity is attributable to alterations in intrinsic mitochondrial function. Likewise, the absence of 

differences in LDH and β-HADH activity suggests that glycolytic activity and β-oxidation of fatty 

acids are preserved in the HF offspring. However, CPT1 activity was increased in HF offspring. 

CPT1 regulates mitochondrial fatty acid oxidation in muscle by controlling the movement of fatty 

acids to the intermembrane space of mitochondria (134,136,137). Increased CPT1 activity 

suggests that HF offspring have the capacity to oxidise more fat compared to controls. This is 

consistent with data from post-natal HF diet studies demonstrating an adaptation in CPT1 activity 

(446), leading to increased uptake and utilisation of fatty acids (447). Thus, altered activity of CPT1 

in HF offspring suggests that there are changes in substrate utilisation during energy metabolism. 

Altered expression of upstream factors essential for mitochondrial transcription and translation of 

genes that encode mitochondrial proteins can propagate mitochondrial dysfunction. PGC1α is 

considered the master-regulator of mitochondrial biogenesis by acting as a transcriptional co-

activator of NRFs and mtTFA, which, in turn induce coordinated expression of genes involved in 

mitochondrial oxidative metabolism (125,172). PGC1α (179) and NRF1 (180) were downregulated 

in muscle tissue from humans exhibiting insulin resistance and T2D subjects, with a corresponding 

decrease in downstream OXPHOS target genes. Despite the lack of a difference in PGC1α mRNA 

expression between groups presented in this study, a recent study demonstrated hypermethylation 

of the PGC1α promoter region in offspring born to HF dams (448), suggesting epigenetic control of 

PGC1α expression in response to a maternal HF diet. In contrast, the present study found 

decreased expression of NRF1 and mtTFA in HF offspring, which should also result in similar down 

regulation of oxidative metabolism. Many nuclear encoded genes involved in oxidative metabolism, 

including genes that comprise the ETS complexes, are regulated by NRF1-dependent transcription 
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(125). In this regard, there is a critical role for NRF1 in the downstream transcriptional regulation of 

mitochondrial proteins.  

Due to the large number of genes encoding components of five ETS respiratory complexes, PCR 

array technology was utilised to identify differentially expressed genes. Multiple nuclear encoded 

mitochondrial genes that encode subunits of each ETS complex were downregulated in HF 

offspring. Decreased expression of the mitochondrial ETS complexes suggest defective oxidative 

energy metabolism in HF offspring correlating with decreased expression of GLUT4 and IRS1 in 

skeletal muscle. Previous short-term intervention studies have revealed that high post-natal dietary 

fat intake markedly down-regulates several ETS respiratory complex genes in skeletal muscle 

following both 3 days of an isoenergetic HF diet in young healthy human males and a 21 day HF 

intervention in male mice (449). Of the differentially expressed genes identified in these studies, the 

complex I (Ndufb5, Ndufb3, Ndufs1, Ndufv1) and III genes (Cyc1) that were reportedly 

downregulated. This is consistent with the findings presented in this current study, suggesting 

similar mechanisms for maternal HF in the progression of mitochondrial dysfunction as with post-

natal HF feeding. Importantly, studies on human T2D subjects and subjects with a family history of 

T2D have reported similar decreases in gene expression of the mitochondrial ETS respiratory 

complexes subunits (179,180). Of note, the similarity between the results reported here and within 

previous studies on short term HF diets and T2D subjects, suggests that altering maternal diet can 

elicit mitochondrial perturbations in offspring muscle, and these are consistent with metabolic 

diseases.  

Analyses of protein expression and maximal enzymatic activity of the mitochondrial ETS respiratory 

complexes was undertaken to assess the functional impact of the observed alterations in the 

expression of OXPHOS genes. HF offspring displayed significantly lower levels of protein 

expression of complex I (NADH dehydrogenase, NDUFB8), and a trend for decreased protein 

expression of complex III (Coenzyme Q cytochrome C reductase, Uqcrc2). Notably, the changes in 

protein expression for subunits from each of the ETS respiratory complexes are consistent with 

changes in gene expression established in the PCR array. Specifically, both Ndufb8 and Uqcrc2 

gene and protein expression were downregulated in HF offspring compared to controls, whereas 

gene and protein expression of complex II (Sdhb), complex IV (Mt-co1), and complex V (Atp-5a) 

did not differ between groups. The decreases in protein expression of complex I and complex III did 

not cause a downregulation in individual complex activity. However, emerging evidence suggests 

that electron flux and proton pumping capacity of ETS complexes may be in part determined by 

ultrastructural assembly into supercomplexes (450,451). These supercomplexes consist of 

combinations of complexes I, III and IV which optimises electron transfer by decreasing diffusion 

distance of electron carriers between complexes. Therefore, despite no difference in activity of 

complexes I, II, III or IV, overall ETS function could be impaired due to the alterations in formation 

and function of supercomplexes (451,452). Consequently, the observed decrease in maximal 

catalytic complex I and III linked activity in HF offspring may indicate an impairment in the efficiency 

of electron transfer. This may in turn affect proton pumping capacity and either impair ATP 

generation or result in a compensatory mechanism to maintain membrane potential for ATP 

generation (453,454). Thus, the observed decrease in maximal complex I and III linked activity 
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indicates that a maternal HF diet elicits functional defects in mitochondrial oxidative capacity in 

offspring which may contribute to the pathophysiology of metabolic disease.  

3.7 Perspectives and Significance 

In conclusion, the present study demonstrates that a maternal diet high in saturated fat can 

negatively impact specific molecular components involved in defining offspring skeletal muscle 

mitochondrial function. Skeletal muscle from HF offspring exhibited decreased expression of NRF1 

and mTFA with a coordinated suppression of specific downstream mitochondrial ETS complex 

genes. These changes in gene expression translated into a selective decrease in mitochondrial 

protein expression and activity of ETS complexes I and III. Taken together, these data indicate that 

increased maternal fat intake during pregnancy and lactation may program mitochondrial 

dysfunction that propagates the development of metabolic disease in adult offspring. We postulate 

that alterations in substrate utilisation and energy demands may contribute to poor metabolic 

outcomes in offspring. While this study provides evidence of the specific mitochondrial molecular 

mechanisms in skeletal muscle affected by a maternal HF diet, further studies are required to 

understand the significance of these alterations, and the clinical implications to human health. 
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3.8 Supplementary Tables 

Table 3-3 (Supplementary). Catalogue numbers for the predesigned primer/probe sets used 

for RT-PCR analysis. Catalogue numbers of the 13 mitochondrial DNA (mtDNA) encoded 

subunits of the respiratory complexes I-V, metabolic and housekeeping genes. 

 

Gene Name GeneBank Symbol Catalogue 
Number 

mitochondrially encoded NADH 
dehydrogenase 1 

NC_001665.ND1.0 Mt-ND1 Rn03296764_s1 

mitochondrially encoded NADH 
dehydrogenase 2 

NC_001665.ND2.0 Mt-ND2 Rn03296765_s1 

mitochondrially encoded NADH 
dehydrogenase 3 

NC_001665.ND3.0 Mt-ND3 Rn03296825_s1 

mitochondrially encoded NADH 
dehydrogenase 4 

NC_001665.ND4.0 Mt-ND4 Rn03296781_s1  

mitochondrially encoded NADH 4L NC_001665.ND4L.0 Mt-
ND4L 

Rn03296792_s1  

mitochondrially encoded NADH 
dehydrogenase 5 

NC_001665.ND5.0 Mt-ND5 Rn03296799_s1 

mitochondrially encoded NADH 
dehydrogenase 6 

NC_001665.ND6.0 Mt-ND6 Rn03296815_s1  

mitochondrially encoded 
cytochrome b 

NC_001665.CYTB.0 Mt-Cyb Rn03296746_s1 

mitochondrially encoded 
cytochrome c oxidase I 

NC_001665.COX1.0 Mt-Co1 Rn03296721_s1 

mitochondrially encoded 
cytochrome c oxidase II 

NC_001665.COX2.0 Mt-Co2 Rn03296737_s1  

mitochondrially encoded 
cytochrome c oxidase III 

NC_001665.COX3.0 Mt-Co3 Rn03296820_s1  

mitochondrially encoded ATP 
synthase 6 

NC_001665.ATP6.0 Mt-
ATP6 

Rn03296710_s1 

mitochondrially encoded ATP 
synthase 8 

NC_001665.ATP8.0 Mt-
ATP8 

Rn03296716_s1 

insulin receptor substrate 1 NM_012969.1 IRS-1 Rn02132493_s1 

solute carrier family 2 (facilitated 
glucose transporter), member 4 

NM_012751.1 Slc2a4 Rn01752377_m1 

actin, beta NM_031144.3 Actb Rn00667869_m1 
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glyceraldehyde-3-phosphate 
dehydrogenase 

NM_017008.4 Gapdh Rn01775763_g1  

beta-2 microglobulin NM_012512.2 B2m Rn00560865_m1 
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Table 3-4 (Supplementary). Sequences of primer pairs of MHC genes used for RT-PCR analysis  

RefSeq Gene name Symbol Forward primer Reverse Primer 

NM_017240.2  Myosin, heavy chain 7, cardiac 

muscle, beta (MHCI), mRNA 

Myh7 AACAGGCCAACACCAACCTG CTACTCTTCATTCAGGCCCTTGG 

NM_001135157.1  Myosin, heavy chain 2, skeletal 

muscle, adult (MHCIIa), mRNA 

Myh2  GCCGCGAGGTTCACACTAAA TTTGTGCCTCTCTTCGGTCA 

NM_031144.3 Actin, beta, mRNA  Actb CCGCGAGTACAACCTTCTTG CATCCATGGCGAACTGGTGG 

NM_012583.2 Hypoxanthine 

phosphoribosyltransferase 1, mRNA  

Hprt1 GTCAAGCAGTACAGCCCCAA CAAATCCAACAAAGTCTGGCCT 

NM_017101.1  Peptidylprolyl isomerase A (cyclophilin 

A), mRNA  

Ppia TGTTCTTCGACATCACGGCT GCACGAAAGTTTTCTGCTGTCT 
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Table 3-5 (Supplementary). Fold change and accession numbers for the normalised 

expression of 84 genes encoding the nuclear subunits of the mitochondrial respiratory 

complexes in soleus muscle of 150 day old adult male offspring 

Unigene GeneBank Symbol Description P Value Fold 
change 
(Relative 
to CD) 

False 
Discovery 
Rate 
Correction 

Rn.1261 NM_001106489 Ndufs3 NADH 
dehydrogenase 
(ubiquinone) Fe-S 
protein 3 

0.000049   -1.8 TRUE 

Rn.1413 NM_001130491 Cyc1 Cytochrome c-1 0.000124   -2.16 TRUE 

Rn.13333 NM_019354 Ucp2 Uncoupling protein 2 
(mitochondrial, proton 
carrier) 

0.000557   -3.1 TRUE 

Rn.1128 NM_001047862 Ndufa8 NADH 
dehydrogenase 
(ubiquinone) 1 alpha 
subcomplex, 8 

0.000926   -1.78 TRUE 

Rn.224479 NM_019383 Atp5h ATP synthase, H+ 
transporting, 
mitochondrial F0 
complex, subunit d 

0.001091   -1.35 TRUE 

Rn.2855 NM_001008525 Ndufs7 NADH 
dehydrogenase 
(ubiquinone) Fe-S 
protein 7 

0.002381   -1.98 TRUE 

Rn.1309 NM_001033699 Cox15 COX15 homolog, 
cytochrome c oxidase 
assembly protein 
(yeast) 

0.003012   -1.59 TRUE 

Rn.127811 NM_133556 Atp5g2 ATP synthase, H+ 
transporting, 
mitochondrial F0 
complex, subunit C2 
(subunit 9) 

0.003697   -1.55 TRUE 

Rn.100240 NM_012985 Ndufa5 NADH 
dehydrogenase 
(ubiquinone) 1 alpha 
subcomplex 5 

0.003992   -1.44 TRUE 

Rn.7214 NM_053472 Cox4i2 Cytochrome c oxidase 
subunit IV isoform 2 

0.004010   -1.57 TRUE 

Rn.66347 NM_080481 Atp5i ATP synthase, H+ 
transporting, 
mitochondrial F0 

0.005767   -1.38 TRUE 
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complex, subunit e 

Rn.92965 NM_134364 Atp5b ATP synthase, H+ 
transporting, 
mitochondrial F1 
complex, beta 
polypeptide 

0.005985   -1.66 TRUE 

Rn.228607 NM_130428 Sdha Succinate 
dehydrogenase 
complex, subunit A, 
flavoprotein (Fp) 

0.008392   -1.8 TRUE 

Rn.9902 NM_013167 Ucp3 Uncoupling protein 3 
(mitochondrial, proton 
carrier) 

0.008766   -1.71 TRUE 

Rn.2528 NM_017202 Cox4i1 Cytochrome c oxidase 
subunit IV isoform 1 

0.008840   -1.55 TRUE 

Rn.1467 NM_001005550 Ndufs1 NADH 
dehydrogenase 
(ubiquinone) Fe-S 
protein 1 

0.008862   -1.62 TRUE 

Rn.15275 NM_001009706 Lhpp Phospholysine 
phosphohistidine 
inorganic 
pyrophosphate 
phosphatase 

0.010126   -1.65 TRUE 

Rn.5119 NM_012812 Cox6a2 Cytochrome c oxidase 
subunit VIa 
polypeptide 2 

0.011458   -1.65 TRUE 

Rn.2334 NM_001006970 Uqcrc2 Ubiquinol cytochrome 
c reductase core 
protein 2 

0.011517   -1.49 TRUE 

Rn.2026 NM_182819 Cox7b Cytochrome c oxidase 
subunit VIIb 

0.011903   -1.51 TRUE 

Rn.3367 NM_001106426 Ndufb5 NADH 
dehydrogenase 
(ubiquinone) 1 beta 
subcomplex, 5 

0.011907   -1.55 TRUE 

Rn.3383 NM_001106360 Ndufb8 NADH 
dehydrogenase 
(ubiquinone) 1 beta 
subcomplex 8 

0.012417   -1.36 TRUE 

Rn.1698 NM_001005534 Sdhc Succinate 
dehydrogenase 
complex, subunit C, 
integral membrane 
protein 

0.013383   -1.29 TRUE 

Rn.106916 NM_001100834 Ppa1 Pyrophosphatase 
(inorganic) 1 

0.015662   -1.48 TRUE 
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Rn.3879 NM_139106 Atp5d ATP synthase, H+ 
transporting, 
mitochondrial F1 
complex, delta 
subunit 

0.020147 -1.38 TRUE 

Rn.17057 NM_001106912 Ndufb3 NADH 
dehydrogenase 
(ubiquinone) 1 beta 
subcomplex 3 

0.021681 -1.43 TRUE 

Rn.93045 NM_031785 Atp6ap1 ATPase, H+ 
transporting, 
lysosomal accessory 
protein 1 

0.022496 -1.87 TRUE 

Rn.107458 NM_212516 Atp5l ATP synthase, H+ 
transporting, 
mitochondrial F0 
complex, subunit G 

0.023826 -1.44 TRUE 

Rn.3907 NM_001106704 Cox7a2l Cytochrome c oxidase 
subunit VIIa 
polypeptide 2 like 

0.023989 -1.4 TRUE 

Rn.880 NM_012814 Cox6a1 Cytochrome c 
oxidase, subunit VIa, 
polypeptide 1 

0.035597 -1.57 FALSE 

Rn.2270 NM_134345 Cox8a Cytochrome c oxidase 
subunit VIIIa 

0.036558 -1.45 FALSE 

Rn.15293 NM_001007666 Bcs1l BCS1-like (yeast) 0.038163 -1.46 FALSE 

Rn.19207 NM_053540 Cox17 COX17 cytochrome c 
oxidase assembly 
homolog (S. 
cerevisiae) 

0.042539 -1.68 FALSE 

Rn.4013 NM_001130505 Ndufa6 NADH 
dehydrogenase 
(ubiquinone) 1 alpha 
subcomplex, 6 (B14) 

0.052571 -1.22 

Rn.18013 NM_001108624 Ndufb2 NADH 
dehydrogenase 
(ubiquinone) 1 beta 
subcomplex, 2 

0.055001 -1.22 

Rn.3159 NM_001006972 Ndufv1 NADH 
dehydrogenase 
(ubiquinone) 
flavoprotein 1 

0.068456 -1.34 

Rn.3631 NM_133418 Slc25a10 Solute carrier family 
25 (mitochondrial 
carrier; dicarboxylate 
transporter), member 
10 

0.070314 -1.38 
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Rn.3373 NM_001106322 Ndufs8 NADH 
dehydrogenase 
(ubiquinone) Fe-S 
protein 8 

0.071203 -1.64 

Rn.2180 NM_053756 Atp5g3 ATP synthase, H+ 
transporting, 
mitochondrial F0 
complex, subunit C3 
(subunit 9) 

0.075970 1.38 

Rn.63959 NM_053825 Atp5c1 ATP synthase, H+ 
transporting, 
mitochondrial F1 
complex, gamma 
polypeptide 1 

0.082616 -1.54 

Rn.797 NM_001106772 Ndufa7 NADH 
dehydrogenase 
(ubiquinone) 1 alpha 
subcomplex, 7 

0.083371 -1.63 

Rn.7401 NM_001009480 Uqcrh Ubiquinol-cytochrome 
c reductase hinge 
protein 

0.092443 -1.22 

Rn.3128 NM_001013157 Nnt Nicotinamide 
nucleotide 
transhydrogenase 

0.093653 -1.36 

Rn.1318 NM_001106294 Ndufab1 NADH 
dehydrogenase 
(ubiquinone) 1, 
alpha/beta 
subcomplex, 1 

0.122858 -1.45 

Rn.74313 NM_172068 Surf1 Surfeit 1 0.126540 -1.39 

Rn.3902 NM_001100539 Sdhb Succinate 
dehydrogenase 
complex, subunit B, 
iron sulfur (Ip) 

0.126801 -1.33 

Rn.104528 NM_001106646 Ndufb6 NADH 
dehydrogenase 
(ubiquinone) 1 beta 
subcomplex, 6 

0.134476 -1.44 

Rn.28882 NM_031064 Ndufv2 NADH 
dehydrogenase 
(ubiquinone) 
flavoprotein 2 

0.160321 -1.19 

Rn.145217 NM_001014199 Atp6v1c2 ATPase, H+ 
transporting, 
lysosomal V1 subunit 
C2 

0.163304 -1.45 

Rn.11077 NM_145783 Cox5a Cytochrome c 
oxidase, subunit Va 

0.185303 -1.19 
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Rn.169414 NM_199495 Ndufa10 NADH 
dehydrogenase 
(ubiquinone) 1 alpha 
subcomplex 10 

0.206807 -1.2 

Rn.204067 NM_053775 Atp6v0a2 ATPase, H+ 
transporting, 
lysosomal V0 subunit 
A2 

0.215281 -1.22 

Rn.99666 NM_001011907 Ndufs2 NADH 
dehydrogenase 
(ubiquinone) Fe-S 
protein 2 

0.216499 -1.25 

Rn.40255 NM_023093 Atp5a1 ATP synthase, H+ 
transporting, 
mitochondrial F1 
complex, alpha 
subunit 1, cardiac 
muscle 

0.223824  -1.29 

Rn.154403 NM_019223 Ndufs6 NADH 
dehydrogenase 
(ubiquinone) Fe-S 
protein 6 

0.237974 -1.19 

Rn.3040 NM_198788 Sdhd Succinate 
dehydrogenase 
complex, subunit D, 
integral membrane 
protein 

0.250436 -1.13 

Rn.5790 NM_053602 Atp5j ATP synthase, H+ 
transporting, 
mitochondrial F0 
complex, subunit F6 

0.283602 -1.24 

Rn.2603 NM_001008888 Uqcrfs1 Ubiquinol-cytochrome 
c reductase, Rieske 
iron-sulfur polypeptide 
1 

0.290520 -1.14 

Rn.163331 NM_001047880 Slc25a15 Solute carrier family 
25 (mitochondrial 
carrier; ornithine 
transporter) member 
15 

0.301086 -1.15 

Rn.3472 NM_001025134 Uqcrq Ubiquinol-cytochrome 
c reductase, complex 
III subunit VII 

0.321746 -1.21 

Rn.14800 NM_001105991 Atp6v1g3 ATPase, H+ 
transporting, 
lysosomal V1 subunit 
G3 

0.350013 1.14 

Rn.1817 NM_138883 Atp5o ATP synthase, H+ 
transporting, 
mitochondrial F1 

0.417160 -1.18 
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complex, O subunit 

Rn.3289 NM_053965 Slc25a20 Solute carrier family 
25 
(carnitine/acylcarnitine 
translocase), member 
20 

0.421495   -1.08   

Rn.3689 NM_134365 Atp5f1 ATP synthase, H+ 
transporting, 
mitochondrial F0 
complex, subunit B1 

0.433444   -1.19   

Rn.9858 NM_133517 Atp12a ATPase, H+/K+ 
transporting, 
nongastric, alpha 
polypeptide 

0.440690   1.12   

Rn.83540 NM_001011972 Atp6v0d2 ATPase, H+ 
transporting, 
lysosomal V0 subunit 
D2 

0.440690   1.12   

Rn.98192 NM_183055 Cox8c Cytochrome c 
oxidase, subunit VIIIc 

0.440690   1.12   

Rn.3428 NM_001004250 Uqcrc1 Ubiquinol-cytochrome 
c reductase core 
protein I 

0.455032   -1.12   

Rn.22045 NM_001127294 Ndufb9 NADH 
dehydrogenase 
(ubiquinone) 1 beta 
subcomplex, 9 

0.518439   -1   

Rn.1745 NM_022503 Cox7a2 Cytochrome c oxidase 
subunit VIIa 
polypeptide 2 

0.551033   1.05   

Rn.161896 NM_001108979 Atp6v1e2 ATPase, H 
transporting, 
lysosomal V1 subunit 
E2 

0.605902   1.01   

Rn.107963 NM_001100752 Ndufa9 NADH 
dehydrogenase 
(ubiquinone) 1 alpha 
subcomplex, 9 

0.630862   2.46   

Rn.105421 NM_001108442 Ndufb7 NADH 
dehydrogenase 
(ubiquinone) 1 beta 
subcomplex, 7 

0.649571   1.03   

Rn.6686 NM_053586 Cox5b Cytochrome c oxidase 
subunit Vb 

0.665169   1.01   

Rn.846 NM_019360 Cox6c Cytochrome c 
oxidase, subunit VIc 

0.668159   -1.08   
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Rn.62471 NM_001009290 Ndufc2 NADH 
dehydrogenase 
(ubiquinone) 1, 
subcomplex unknown, 
2 

0.755449   -1.03   

Rn.214529 NM_012509 Atp4a ATPase, H+/K+ 
exchanging, alpha 
polypeptide 

0.765671   1.02   

Rn.10033 NM_012510 Atp4b ATPase, H+/K+ 
exchanging, beta 
polypeptide 

0.776081   1.01   

Rn.19077 NM_001106153 Ndufa2 NADH 
dehydrogenase 
(ubiquinone) 1 alpha 
subcomplex, 2 

0.777066   1.8   

Rn.96380 NM_212517 Ndufa11 NADH 
dehydrogenase 
(ubiquinone) 1 alpha 
subcomplex 11 

0.783488   -1.02   

Rn.203141 NM_001025146 Ndufs4 NADH 
dehydrogenase 
(ubiquinone) Fe-S 
protein 4 

0.866242   1.04   

Rn.10281 NM_012682 Ucp1 Uncoupling protein 1 
(mitochondrial, proton 
carrier) 

0.923367   -1.02   

Rn.105517 NM_001127553 Uqcrb Ubiquinol-cytochrome 
c reductase binding 
protein 

0.967654   -1.03   

Rn.3640 NM_001108813 Ndufa1 NADH 
dehydrogenase 
(ubiquinone) 1 alpha 
subcomplex, 1 

0.992159   4.77   
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Table 3-6 (Supplementary) Gene expression the 13 subunits of the ETS complexes that are mitochondrial encoded in muscle of 150 day old adult male 

offspring. 

Complex Mitochondrial encoded subunit Fold change (relative to CD) P Value 

CI (NADH ubiquinone oxidoreductase) NADH dehydrogenase 1 (mt-ND1) 1.06±0.11 0.695 

 NADH dehydrogenase 2 (mt-ND2) 0.97±0.14 0.886 

 NADH dehydrogenase 3 (mt-ND3) 0.97±0.12 0.872 

 NADH dehydrogenase 4 
(mt-ND4) 

1.05±0.08 0.720 

 NADH 4L (mt-ND4L) 1.32±0.13 0.076 

 NADH dehydrogenase 5 
(mt-ND5) 

1.05±0.072 0.614 

 NADH dehydrogenase 6 (mt-ND6) 1.12±0.83 0.258 

CIII (Coenzyme Q-cytochrome C reductase) Cytochrome b (mt-Cyb) 0.84±0.025* 0.039 

CIV (Cytochrome C oxidase) Cytochrome c oxidase I (mt-COI) 0.99±0.046 0.444 

 Cytochrome c oxidase II (mt-COII) 0.95±0.078 0.403 

 Cytochrome c oxidase III (mt-COIII) 1.10±0.11 0.407 

CV (ATP synthase) ATP synthase 6 (mt-ATP6) 1.02±0.09 0.403 

 ATP synthase 8 (mt-ATP8) 1.13±0.069 0.116 
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4. Chapter Four 

4.1 Preface 

The following chapter is part of a larger study examining the safety and efficacy of maternal 

supplementation with unoxidised and oxidised fish oil during pregnancy. This study also examined 

whether maternal supplementation with fish oil could be used as a novel intervention to ameliorate 

the adverse offspring metabolic outcomes following exposure to a maternal high-fat diet. To date, 

there has been one publication from this study. Specifically, maternal supplementation with 

oxidised fish oil increased new born mortality and maternal insulin resistance (455). The 

morphometric data from dams, weanlings and offspring, and experimental diets have been 

presented elsewhere (455). The data presented in this chapter will examine the effects of a 

maternal high-fat diet on skeletal muscle metabolic flexibility in adult offspring. Based on the data 

presented in chapter 3, this chapter examined alterations in mitochondrial substrate utilisation in 

soleus muscle from offspring born to high-fat fed dams. Upon sacrifice of the offspring, the soleus 

muscle was immediately collected in ice-cold BIOPS for respiratory analysis using permabilised 

fibres in the Oroboros Oxygraph O2K. Two separate protocols were used to assess changes in 

offspring mitochondrial fuel utilisation in the presence of lipid or glucose based substrates. Similar 

to Chapter 3, these data describe only the effects of a maternal high-fat diet. Similar to Chapter 3, 

the soleus muscle was analysed in this chapter as due to the large abundance of mitochondria-

dense type I fibres. The following section is entitled “Maternal high-fat diet impairs skeletal muscle 

metabolic flexibility in adult male rat offspring”, and is co-authored by Chantal A. Pileggi, Benjamin 

B. Albert, Christopher P. Hedges, Anthony J.R. Hickey, Clint Gray, Clare M. Reynolds, Matthew 

P.G. Barnett, Mark H. Vickers, Wayne S. Cutfield and David Cameron-Smith.  

 

  



88 
 

Maternal high-fat diet impairs offspring 
metabolic flexibility and oxidative capacity 

in adult male rats 

 

Chantal A. Pileggi
1
, Benjamin B. Albert

1
, Christopher P. Hedges

2,3
, Anthony JR Hickey

3
, Clint 

Gray
1
, Clare M. Reynolds

1
, Matthew P.G. Barnett

4
, Mark H. Vickers

1
, Wayne S. Cutfield

1
, and D 

Cameron-Smith
1 

 

1 
Liggins Institute, The University of Auckland, Auckland, New Zealand.  

2
 College of Sport and Exercise Science, Institute of Sport, Exercise and Active Living, Victoria 

University, Melbourne, Australia 

3 
Applied Surgery and Metabolism Laboratory, School of Biological Sciences, The University of 

Auckland, Auckland, New Zealand 

4 
Food Nutrition & Health Team, Food & Bio-based Products Group, AgResearch Grasslands, 

Palmerston North, New Zealand. 

 

Correspondence: Professor David Cameron-Smith  

The Liggins Institute, 

University of Auckland, 

85 Park Road, Grafton, Private Bag 92019, 

Auckland 2013, New Zealand. 

Phone +64 9 923 1336 

Fax + 64 9 373 7039  

Email: d.cameron-smith@auckland.ac.nz 

 

Running Title: Maternal high-fat impairs skeletal muscle oxidative function 

  

mailto:d.cameron-smith@auckland.ac.nz


89 
 

4.2 Abstract 

Offspring born to dams fed a high-fat (HF) diet during pregnancy and lactation have an increased 

risk of developing metabolic disease in adulthood. Skeletal muscle lipid overload and metabolic 

inflexibility, or the loss of ability to alternate between lipid and glucose-based substrates for fuel 

oxidation, are hallmark features of postnatal insulin resistance. Despite evidence of mitochondrial 

dysfunction in skeletal muscle from offspring born to dams fed a high-fat diet, the functional 

implications have not been described in this model. Therefore, the present study aimed to 

investigate the implications of the mitochondrial dysfunction in metabolically compromised HF 

offspring. Sprague-Dawley dams were randomly assigned to receive a purified control diet (CD; 

10% kcal from fat) or a high-fat diet (HF; 45% kcal from fat) for 10 days prior to mating, throughout 

pregnancy and during lactation. From weaning, all male offspring received a standard chow diet 

and soleus muscle was collected at day 110. HF offspring exhibited diminished ADP-stimulated 

respiration following the addition of glucose-based substrates, malate and pyruvate. In contrast, 

mitochondrial respiration following the addition of lipid-based substrates was maintained in HF 

offspring, paralleled by increased CPT1 activity. Furthermore, protein abundance of NRF1 was 

decreased by 19%, which corresponded with a decrease in protein expression of complex I 

(NDUFB8). Together, these results indicate that maternal HF diet programs lifelong mitochondrial 

changes in offspring skeletal muscle leading to metabolic inflexibility, which may contribute to 

increased risk of metabolic disease in adulthood.  
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4.3 Introduction: 

Consumption of a maternal high-fat diet during pregnancy and lactation has deleterious effects to 

offspring metabolic status during in utero development. Exposure to maternal overnutrition during 

development leads to alterations in offspring body composition, appetite regulation, and diminished 

glucose disposal rates that persist into adulthood (211,212,436). Skeletal muscle accounts for 75% 

of postprandial glucose uptake, and plays a putative role in defining overall metabolic health (367). 

Offspring skeletal muscle development is disrupted following in utero exposure to maternal 

overnutrition. Exposure to an adverse maternal diet during development blunts fetal myogenesis 

(219) and promotes offspring ectopic intramuscular fat accumulation (211), leading to loss of 

contractile strength (220) and development of skeletal muscle insulin resistance in adulthood (236). 

Despite evidence that high maternal energy intake impedes offspring skeletal muscle function and 

architecture (211), the underlying defects linking poor in utero skeletal muscle development to 

programming of adulthood metabolic diseases remain poorly defined.  

At the molecular level, skeletal muscle insulin resistance stems from excess uptake of fatty-acids 

combined with incomplete mitochondrial fatty acid oxidation, which leads to the generation and 

accumulation of bioactive lipids that interfere with insulin signalling and glucose uptake (456,457). 

These alterations in fatty-acid oxidation overload the mitochondria, which inhibits glucose oxidation 

via the Randle cycle (glucose-fatty acid cycle) (458-460). Together, these defects promote 

metabolic inflexibility, namely, the loss of ability to alternate between lipid and glucose-based 

substrates for mitochondrial oxidation (461), which underlies the development of skeletal muscle 

insulin resistance (460).  Moreover, accumulation of intramuscular lipids induces inflammation, 

mitochondrial dysfunction and oxidative stress which exacerbates impairments in insulin sensitivity 

(462). Within the context of maternal-fetal programming, there is evidence suggesting that 

exposure to an adverse maternal diet during fetal development promotes offspring mitochondrial 

dysfunction in adulthood (234-236).  Specifically, high maternal fat intake leads to decreased 

mtDNA content (234,235), and altered expression and activity of ETS respiratory complexes in 

offspring liver and muscle (238,438). Despite considerable evidence implicating a role for a 

programming effect on offspring mitochondrial function following in utero exposure to a maternal 

high-fat diet, the molecular bioenergetic link between offspring mitochondrial dysfunction and 

substrate oxidation remains poorly elucidated. 

The aim of the present study was to examine mitochondrial metabolic flexibility in skeletal muscle 

from male rat offspring born to mothers fed a high-fat diet during pregnancy and lactation. We 

hypothesised that skeletal muscle from offspring born to HF dams would exhibit impaired ability to 

utilise glucose as a substrate, characterised be decreased ADP-stimulated (state 3) respiration 

using glucose based substrates, but normal state 3 respiration using lipid based substrates. Using 

high resolution respirometery (463), mitochondrial respiration with lipid and carbohydrate based 

substrates on permeabilised skeletal muscle fibres was quantified. Following this, we measured the 

expression of transcription factors that modulate mitochondrial gene expression, assessed activity 

of metabolic enzymes, and quantified protein abundance of the ETS respiratory complexes. Our 

data indicates that increased maternal fat intake directly influences offspring mitochondrial 
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oxidative capacity by altering gene expression and functional activity, thus, contributing to an 

increased offspring predisposition to developing metabolic disease.  
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4.4 Methods: 

4.4.1 Animal Experiments 

Animal protocols for this study have previously been described in detail elsewhere (455). Briefly, 

Sprague-Dawley rats were housed under conventional conditions at 25
o
C with 12 hour light/dark

cycle (7.00am-7.00pm) with ad libitum access to food and water. 23 Virgin female Sprague-Dawley 

rats were randomly assigned to receive either (1) a purified control diet (CD n=10, 10% kcal from 

fat; D12450H Research Diets Inc., NJ USA) (2) a purified high-fat diet (HF n=13; D12451, 45% of 

kcals from fat from lard) for 10 days prior to mating and throughout pregnancy and lactation. 

Following the pre-gestational feeding period, female rats were time-mated using an estrus cycle 

monitor (EC40, Fine Science Tools, Foster City, CA). To ensure standardised nutrition offspring 

were adjusted to eight pups (six male, two female) until weaning (day 21). Offspring were weaned 

at 21 days postnatal and female offspring were utilised in independent studies. The remaining male 

offspring were housed 2 per cage while maintained ad libitum on a standard chow diet. All animal 

manipulations were approved by the Animal Ethics Committee (Approval 001175) of The University 

of Auckland. 

4.4.2 Tissue collection and preparation 

Male offspring were fasted overnight prior to tissue collection at day 110. Animals were 

anesthetized decapitated following an intraperitoneal injection of sodium pentobarbitone (60mg/kg). 

The soleus muscle was rapidly excised from the left hindlimb and placed into ice-cold relaxing 

(Biops) solution (10EGTA-CaEGTA buffer (0.1μM free Ca2+), 9.5 MgCl2, 3KH2PO4, 20 taurine, 5 

ATP, 15 creatine phosphate, 49 K+ MES, and 29 imidazole-HCL (pH7.1)) for use in respiration 

assays. The right soleus was weighed and snap-frozen in liquid nitrogen and stored at -80
o
C for

further analyses. 

4.4.3 Permeabilization of fibres 

BIOPS stored muscle fibres were teased into fibre bundles within 2 hour of collection, and placed 

into 1ml of fresh ice-cold biops solution containing 50 µg/ml of freshly prepared saponin for 30 

minutes under gentle agitation (464). Fibres were then washed three times in ice-cold respiration 

media (MiRO5, pH 7.1, 0.5 mM EGTA, 3 mM MgCl2-6H2O, 20 mM Taurine, 10 mM K2HPO4, 20 

mM HEPES, 110 mM sucrose, 1 g/L BSA). Fibre bundles were then blotted on filter paper, weighed 

to approximately 2mg and used immediately in oximetery assays. 

4.4.4 Respiration Assays 

Mitochondrial respiration was measured in duplicate 2-mL chambers using OROBOROS® O2K 

oxygraphs (Oroboros Instruments, Innsbruck, Austria). The respiratory measurements were 

performed at 37
o
C in mitochondrial respiration media at saturated oxygen concentrations. Weight-

specific oxygen flux was calculated as the time derivative of oxygen concentration using the 

DataLab 5 Analysis Software, OROBOROS® (Oroboros Instruments, Innsbruck, Austria). The 
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assay protocol consisted of the sequential titration of various substrates, inhibitors, and uncoupling 

agents of the respiratory chain to the skeletal muscle in MiRO5. 

Complex I substrates (5 mM malate and 10 mM pyruvate) were added to measure Leak (PM 

LEAK), following this 25 mM ADP was added to quantify complex I (CI) dependent oxidative 

phosphorylation (CI OXPHOS). Subsequently, 10mM succinate was added to measure combined 

complex I and complex II flux (CI, CII OXPHOS). Phosphorylation was inhibited following the 

addition of 1 µM carboxyatractyloside, which inhibits the ANT transporter, and 1µM of oligomycin 

which inhibits the ATPase, thus state 4 respiration was measured (CI, CII LEAK). To induce 

uncoupling of the ETS, and therefore maximal rate of the ETS, repeated 1μL titrations of 0.5 µM 

carbonyl cyanide p-(trifluoromethoxy) phenyl-hydrazone (FCCP) were carried out (ETS CI, CII). 

1µM antimycin was added to inhibit the flow of electrons through complex III (CIII) in the ETS. See 

Figure 4-1 for a representative trace of each protocol. Respiration results were corrected for 

background O2 consumption. Citrate synthase (CS)-normalised oxygen flux (pmol O2.U CS-1) was 

calculated to account for potential variations in mitochondrial mass (445). 

Figure 4-1 A representative trace of the SUIT protocol used in this study. Respiration assay 

protocol measuring oxygen concentration (blue line) and oxygen flux (red line) over time following 

the addition of mitochondrial substrates (green), inhibitors (purple) and the uncoupling agent 

FCCP. Titrations of mitochondrial substrates and inhibitors and their time of addition are presented 
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with arrows, and the resulting respiratory state underneath. See METHODS for further explanation. 

M, malate; P, pyruvate; Pal, palmitoyl carnitine, ADP; adenosine diphosphate; CytC, cytochrome-c; 

Succ, Succinate; Catr, carboxyatractyloside; FCCP, carbonyl cyanide p-(trifluoromethoxy) phenyl-

hydrazone; ant, antimycin-a; C1, Complex 1; C2, Complex 2; ETS, electron transport system. 

4.4.5 Enzymatic Activities 

Enzymatic activities for citrate synthase (CS), lactate dehydrogenase (LDH) and carnitine palmitoyl 

transferase-1 (CPT1) were determined as previously described (443). Briefly, tissue was weighed 

and homogenised in ice-cold homogenisation buffer (25 mM TRIS-HCL pH 7.8, 1 mM EDTA, 2 mM 

MgCL2, 50 mM KCL, 0.50% Triton X-100) using a Qiagen TissueLyser II. Homogenates were 

centrifuged at 14,000 x g for 10 minutes at 4
o
C, and the supernatant was frozen at -80

o
C until

further use. All assays were performed using the Molecular Devices Spectramax-340 96-well 

microplate reading spectrophotometer at 25
o
C. CS and CPT1 activity were determined by

measuring absorbance at 412 nm in 50 mM Tris-HCL (pH 8.0) with 0.2 mM DTNB. CS assays 

contained 0.1 mM acetyl-coA and 0.25 mM oxaloacetate. CPT1 assays contained 150 mM KCl, 0.1 

mM palmitoyl-coA and 0.25 mM l-carnitine. LDH and HADH activity were determined by measuring 

absorption at 340 nm. LDH assays contained 100 mM Tris-HCl (pH 7.0), 1 mM EDTA, 2 mM 

MgCl2, 1 mM DTT, 0.15 mM NADH and 0.15 mM pyruvate. Rate of change of absorbance and path 

length of each well was determined using SoftMax pro version 3.1.1 (Molecular Devices, 

Sunnyvale, CA), and enzyme activities were calculated using extinction coefficients of 13.6 mM
-

1
cm

-1
 for CS and CPT1, and 6.22 mM

-1
cm

-1
 for LDH. Hexokinase and Creatine kinase activity was

determined using a colorimetric hexokinase activity kit (ab136957, Abcam) and colorimetric 

creatine kinase activity kit (ab155901, Abcam) as per the manufacturer’s protocol. 

4.4.6 Protein Extraction/ Quantification 

Frozen skeletal muscle was weighed and homogenised using a bead mill homogeniser (OMNI 

Ruptor) in with ice-cold modified RIPA buffer (Millipore #20-188) supplemented with a protease and 

phosphatase inhibitor cocktail (Halt
TM 

Protease and Phosphatase Inhibitor Cocktail, Thermo

Scientific, #78442). Homogenates rotated for 90 mins at 4
o
C, followed by centrifugation at 14,000 x

g for 10 minutes at 4
o
C to removed cell debris and membrane fractions. The supernatant was

frozen at -80
o
C until further use. The soluble protein concentration was determined by a BCA-

protein kit as per the manufacturer’s protocol (Pierce BCA Protein Assay Kit; Thermo Fisher 

Scientific #34080). 

4.4.7 Immunoblotting 

Sample aliquots containing 20μg of protein were suspended in 1x Laemmli buffer (Glycerol, 0.5M 

Tris-HCL (pH 6.8), 1% Bromopenol Blue, Dithiothreitol), boiled at 100
o
C for 5 minutes and

subjected to SDS/PAGE. Proteins were transferred to a pre-soaked PVDF membranes (Bio-Rad). 

Membranes were incubated with blocking buffer (5% BSA/ Tris Buffer Saline/ 1% Tween 20 

(TBST)) for 2 hours at room temperature, followed by overnight incubation at 4
o
C with primary
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antibodies in blocking buffer under gentle agitation. Antibodies were obtained from Abcam 

(Cambridge, MA, USA) unless otherwise stated, and used at a 1:1000 dilution. Oxidative 

phosphorylation (OXPHOS) complexes (ab110413), peroxisome proliferator-activated receptor 

gamma coactivator 1-α (PGC1α) (ab3242, Millipore), NRF1 (ab175932), NRF2 (ab31163), Tfam 

(ab131607). Membranes were washed for five times for 5 minutes in TBST (TBS, 1% Tween 20) 

and probed with an anti-rabbit or anti-mouse IgG conjugated to HRP secondary antibody in TBS, 

0.1% Tween 20, and 5% BSA for 1 hour at room temperature. Membranes were washed for 25 

minutes in TBST and protein bands were visualised using Amersham ECL Select Western blotting 

detection reagent (GE Healthcare). Signals were captured using a Chemidoc
TM

 MP Imagaing

System (BioRad) and densitometry band analysis was undertaken with ImageJ (NIH) software 

(420). Bands of interest for each sample were normalised to a pooled control sample which was 

loaded on every individual gel to control for gel-to-gel variation. Equal protein loading was 

determined by immunoblotting for GAPDH to determine no differences in abundance of major 

proteins between samples. 

4.4.8 RNA Extraction and cDNA synthesis 

RNA was extracted from the soleus muscles using a PureLink RNA Mini Kit according to the 

manufacturer’s protocol. Total RNA concentration was measured using the NanoDrop 1000 

Spectrophotometer (Thermo Scientific). 1000ng of total RNA was synthesized into Single stranded 

cDNA was using a High-capacity cDNA Archive Kit (Applied Biosystems). 

4.4.9 Gene expression analysis 

Predesigned primer/probe and Taqman Universal Mastermix were purchased from Applied 

Biosystems (ABI, Auckland, New Zealand). ABI 7700 Sequence Detection System (Perkin Elmer 

Applied Biosystems) was used for real-time PCR (RT-PCR) to quantify mRNA expression. As a 

control for between-sample variability, mRNA levels of metabolic and mitochondrial encoded genes 

were normalised to the geometric mean of the three housekeeping genes GAPDH, β -2 

microglobulin and β-actin (441). The relative expression of the gene of interest was calculated 

using the 2
-ΔΔCt

 method (421). Results are reported as arbitrary units. Primer/probe catalogue

numbers are provided in supplementary table 1. 

4.4.10 Statistical analysis 

Statistical analysis was performed using SigmaPlot for Windows version 12.5 (Systat Software 

Inc.). Statistical significance was determined using two-way factorial ANOVA with maternal high-fat 

and maternal fish oil intake as factors. Pair wise comparisons were determined with Holm-Sidak 

post-hoc tests. Prism software (GraphPad Software Inc.) was used to generate graphs. Data are 

shown as means ± SEM. Statistical significance was accepted at p<0.05. 
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4.5 Results 

4.5.1 Skeletal Muscle Morphometrics. 

Maternal characteristics and weanling bodyweights have been reported previously (455). While 

soleus mass did not differ between groups (Table 4-1), soleus weight when calculated as a ratio of 

body weight was decreased in HF offspring (p<0.05).  

Table 4-1 Morphometrics and skeletal muscle enzyme activity in offspring. Soleus muscle 

protein was extracted to analyse activity metabolic enzymes. Data was obtained from offspring 

from dams fed either CD, Fish, HF or HFFish. Data expressed as means ± SD. (*p<0.05 effect of 

fat, n=5-7 litters/group). 

CD Offspring HF Offspring P-value 

Soleus weight (mg) 216.1±31.4 228.4±27.4 NS 

Soleus weight, % body 

weight 

0.445±0.039 0.404±0.052* <0.05 

Soleus protein content 

(μg/mg) 

87.1±8.8 82.1±7.0 0.084 

Muscle Metabolic  

Enzyme Activity 

(nM/min/μg protein) 

Citrate synthase 1853.9±107.5 1690.2±62.4 NS 

Lactate Dehydrogenase 1504.7±107.3 1465.8±56.4 NS 

Carnitine palmitoyl 

transferase-1  

21.9±0.6 24.4±0.6* <0.05 

Hexokinase 9.2±0.6 8.6±0.6 NS 

Creatine Kinase 142.3±6.6 141.5±16.6 NS 

4.5.2 Metabolic Enzymes 

There was no difference in CS, LDH, hexokinase, or CK activity between groups (Table 4-1). 

However, CPT1 activity was decreased in HF vs CD offspring (p<0.05) (Table 4-1).  

4.5.3 Mitochondrial Respiration from carbohydrate and lipid-based substrates 

A representative trace of the respiration substrate, uncoupler, inhibitor and titration (SUIT) protocol 

is shown in Figure 4-1. There was a decrease in CI OXPHOS (p<0.05) in HF offspring. 
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Furthermore, there was a trend for decreased CI+ CII OXPHOS in offspring born to HF dams 

(p=0.0695). In contrast, CI leak, CI + CII leak, and ETS did not differ between groups (Figure 

4-2a). Respiratory flux with palmitoyl carnitine did not differ between groups (Figure 4-2b).   

Figure 4-2 Mitochondrial Respiration in offspring born to dams fed a high-fat diet during 

pregnancy and lactation. Respiratory flux per citrate synthase activity (per mg) of soleus muscle. 

(a) Respiration using glucose-based substrates, pyruvate and malate, (b) respiration using lipid-

based substrates, palmitoyl carnitine and malate. (*p<0.05 effect of fat; n=5-7 litters/group). Data 

are expressed as means ± SEM. 

4.5.4 Mitochondrial Transcription Factors 

Gene and protein expression of PGC1α, NRF2, and mTFA did not differ between offspring groups 

(Figure 4-3a and Figure 4-3b).  In contrast, gene of NRF1 was downregulated by 10% in HF 

offspring (p<0.05, Figure 4-3a), which was accompanied by a 23% decline in NRF1 protein 

abundance (p<0.05, Figure 4-3b). 
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Figure 4-3 Skeletal muscle mitochondrial transcription factors in adult male offspring. 

Expression of mitochondrial transcription factors, PGC1α, mTFA, NRF1, and NRF2, in muscle of 

120 day old adult male offspring. (a) Gene expression quantified by RT-PCR (b) protein abundance 

analysed by western blot. Representative blots are shown beside graph. (*p<0.05 effect of fat; n=5-

7 litters/group). Data are expressed as means ± SEM, relative to CD 

 

4.5.5 Skeletal muscle OXPHOS Complex Protein Expression 

Protein expression of a single subunit of complex I (NADH dehydrogenase (NDUFB8)) was 

decreased in HF vs CD offspring (p<0.05) (Figure 4-4). Protein expression of complex II (succinate 

dehydrogenase (SDHB)), complex III (Q-cytochrome c oxidoreductase (QCRC2)) complex IV 

(Cytochrome C oxidase (MTCO1)) and complex V (ATP synthase (ATP5A)) did not differ between 

groups 9 (Figure 4-4). 
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Figure 4-4 Skeletal muscle protein expression of mitochondrial complex subunits in adult 

male offspring. Soleus muscle protein was extracted and protein expression of NDUFB8, SDHB, 

UQCRC2, MT-CO1 and ATP5 was determined by western blot. Representative blots are shown 

beside the graph. (*p<0.05 effect of fat; n=5-7 litters/group). Data are expressed as means ± SEM, 

relative to CD. 
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4.6 Discussion 

The current study demonstrates offspring born to mothers that consumed a high-fat diet during 

pregnancy and lactation display skeletal muscle metabolic inflexibility. Consistent with our 

hypothesis, skeletal muscle state 3 respiration with glucose based substrates, Pyr+ Mal, was 

decreased in offspring born to HF dams; whereas, state-3 respiration with lipid based substrates, 

Pcar + Mal did not differ between groups. Furthermore, expression of the mitochondrial 

transcription factor, NRF1 and ETS complex I were decreased in offspring born to HF dams. Taken 

together, our data suggests increased maternal fat intake during pregnancy can program specific 

changes in skeletal muscle mitochondrial bioenergetics, leading to altered substrate oxidation, 

potentially contributing to lifelong impairments in offspring metabolic health. 

Metabolic flexibility is characterised by the ability to switch between lipid, amino acid, and 

carbohydrate oxidation depending on the availability of nutrients supplied (465). Healthy individuals 

have the ability to dynamically adapt the storage and utilisation of various substrates following 

cyclic periods of feeding and fasting (466). However, metabolically compromised individuals display 

altered mitochondrial substrate utilisation that favours fatty-acid oxidation which suppresses 

glucose oxidation (372,457). In context of the current study, offspring born to HF dams displayed a 

decrease in ADP-stimulated (state 3) respiration with the addition of complex I substrates, pyruvate 

+ malate, and a similar trend for a decrease in state-3 respiration following the addition of complex 

II substrate, succinate. The lack of significance following the addition of succinate is consistent with 

previous results from post-natal high-fat feeding studies, demonstrating that succinate 

dehydrogenase activity is intact, indicating that defects in mitochondrial respiration occur upstream 

of the TCA cycle (467,468).  In contrast to mitochondrial oxidation using glucose based substrates, 

the impairments in state-3 respiration were not observed in the palmitoyl carnitine assay.  When 

considering the increase in skeletal muscle CPT1 activity (an enzyme catalysing the transfer of 

fatty acids into the mitochondrial intermembrane space (31-33)), combined with sustained rates of 

palmitoyl carnitine state-3 respiration in HF offspring, this suggests that an excess availability and 

mitochondrial uptake of fatty-acids may be competitively inhibiting pyruvate oxidation via the 

Randle cycle (458,461). Furthermore, the decrease in state-3 respiration following the addition of 

glucose based substrates indicates that the conversion of glucose to glycogen may be upregulated 

in HF offspring. Collectively, these data indicate that offspring born to dams fed a high-fat diet 

display alterations in mitochondrial substrate oxidation in adulthood, which may predispose the 

offsrping to developing metabolic disease. Although, it must be noted that a limitation of the 

protocol utilised in this study is the absence of addition of glutamate as a NADH-generating, CI-

linked substrate. Regardless, in models of intrauterine growth retardation and placental 

insufficiency, there is a decline in state-3 respiration with glutamate and α-ketoglutarate in offspring 

skeletal muscle (469). Placental insufficiency is also a consequence of maternal overnutrition 

(412,413), therefore, while a shift in oxidation of amino acids cannot be excluded in the present 

study, it is highly probable that glutamate oxidation is impaired, ultimately contributing to the 

impaired mitochondrial oxidationobserved in HF offspring. 
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Changes in mitochondrial morphology and density are thought to contribute to the development of 

post-natal metabolic disease (122,470). In the present study, citrate synthase, a mitochondrial 

matrix enzyme reflective of mitochondrial density (26), did not differ between offspring groups. This 

suggests that overall mitochondrial density is not altered in response to a maternal HF diet; 

however, this does not preclude the possibility of alterations in mitochondrial density between 

intermyofibrillar and subsarcolemmal mitochondrial subpopulations. Nevertheless, based on these 

results, alterations in mitochondrial respiration between offspring groups are attributable to defects 

in mitochondrial intrinsic function rather than decrements in mitochondrial content. Moreover, LDH 

and hexokinase activity did not differ between groups. The absence of differences in these 

metabolic enzymes suggests the breakdown of glucose is preserved in HF offspring. In contrast, 

CPT1 activity was increased in HF offspring, reflective of increased fatty-acid uptake.  Increased 

CPT1 activity is suggestive that the HF offspring may have a higher capacity to oxidise fat, which 

may be an adaptive mechanism to decrease excess intramuscular lipid deposition (468). 

Therefore, while glucose utilisation appears normal, the increase in CPT1 activity in HF offspring 

supports a role for altered substrate selection for fuel oxidation in metabolic disease programming.  

Overall oxidative capacity and phosphorylating activity of mitochondrial ETS are frequently 

decreased in skeletal muscle from insulin resistant individuals (122,370,372). These impairments 

stem from a decline in the transcription and expression of subunits comprising the respiratory 

complexes I-V in the ETS (180,230). PGC1α regulates the transcription of mitochondrial genes by 

acting as a co-activator of the mitochondrial transcription factors NRF1 and NRF2 to induce the 

expression of subunits encoding the ETS respiratory complexes (170,172). Additionally, NRF1 

regulates the expression of mtTFA, an essential protein that controls transcription mitochondrial 

genes (125,172). The present study found a decrease in gene expression and protein abundance 

of NRF1 in offspring born to HF dams in the absence of changes in PGC1, NRF2, and mtTFA, 

suggesting expression of downstream gene targets of NRF1 may be impaired. This is consistent 

with our previous findings (Chapter 3), as well as data from global set enrichment analysis of the 

skeletal muscle transcriptome in offspring born to obese dams, which exhibited diminished 

expression of genes involved in mitochondrial function, including clusters of genes encoding the 

ETS respiratory subunits (236). Importantly, not all of the nuclear encoded mitochondrial subunits 

are regulated by NRF1 (180), which indicates exposure to a maternal HF-diet during development 

results in subunit-specific changes in expression of the ETS complexes.  

Complex I and complex II play an important role in maintaining metabolic status and cellular energy 

by independently transferring electrons to ubiquinone. Specifically, complex I oxidises nicotinamide 

adenine dinucleotide (NADH), a reducing equivalent produced by enzymes in the tricarboxylic acid 

(TCA) cycle, to NAD+ which reduces ubiquinone (141). By contrast, complex II metabolises 

succinate into fumarate liberating electrons from reduced form of flavin adenine dinucleotide 

(FADH2) to ubiquinone. Diminished expression of either complex that results in impairments in 

mitochondrial function could detrimentally impact metabolic status and impair ATP generation. In 

the present study, offspring born to HF dams displayed significantly lower levels of protein 

expression of complex I (NDUFB8). When considering the impairment in ADP-stimulated 

respiration following the addition of malate + pyruvate, but not succinate in HF offspring, this 
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suggests complex I expression and activity may be sensitive to the maternal environment during 

the developmental period. The decline in complex I protein abundance suggests that NAD-linked 

substrate respiration may be impaired in HF offspring. When considering the decrease in NRF1 

expression, the observed decrease in complex I protein abundance indicates that a maternal HF 

diet elicits functional defects in ETS complex I, impairing offspring skeletal muscle oxidative 

capacity, which may lead to an increased predisposition to developing metabolic disease later in 

life. 

In conclusion, the present study demonstrates that in utero exposure to a maternal diet high in 

saturated fat has lifelong detrimental effects on offspring skeletal muscle mitochondrial function. 

Briefly, skeletal muscle from offspring born to HF dams exhibited decreased expression of NRF1, 

which was complemented by a selective decrease in downstream protein expression of ETS 

complex I. Functional analysis using high resolution respirometry revealed diminished ADP-

stimulated respiration using glucose-based substrates, malate and pyruvate; whereas respiration 

using the lipid-based substrate, palmitoyl carnitine remained preserved in HF offspring. Taken 

together, these data provide evidence that increased maternal fat intake during pregnancy and 

lactation programmes specific defects in offspring mitochondrial function which may predispose 

offspring to developing metabolic disease.   



103 
 

 
 
 
 
 
 
 
 

Chapter Five 

  



104 

5. Chapter Five

5.1 Preface 

Physical activity is a critical factor in determining and maintaining skeletal muscle mass across the 

lifecourse. Decreases in physical activity can accelerate the loss of skeletal muscle size and 

strength (340,341), which can negatively impact whole body health. To assess the impact of 

decreased physical activity on skeletal muscle, the following chapter presents data from a clinical 

trial investigating the effects of single leg immobilisation followed by two consecutive periods of 

normal ambulation and resistance training in middle aged men. The clinical trial aimed to examine 

the effects of dairy supplementation, containing 20 g of milk protein, during immobilisation and 

physical activity on muscle. Results presented in this chapter have been collapsed across 

supplement groups, as the dairy supplement had no effect on any study measurements.  

The data presented in this chapter evaluated the role of unilateral limb immobilisation and 

subsequent resumption of physical activity on the generation of reactive oxygen species in vastus 

lateralis muscle in adult men. To date, there is limited literature describing the role of oxidative 

stress in immobilisation-induced skeletal muscle atrophy in humans. 

The following section is entitled “Restored physical activity following partial short-term single leg 

immobolisation increases skeletal muscle H2O2 production in middle aged men”, and is co-

authored by Chantal A. Pileggi, Christopher P. Hedges, Randall F. D’Souza, Brenan R. 

Durainayagam, James F. Markworth, Anthony J.R. Hickey, Cameron J. Mitchell and David 

Cameron-Smith. 
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5.2 Abstract 

Reactive oxygen species (ROS) may contribute to increases in protein degradation following 

immobilisation. This study aimed to analyse the role of skeletal muscle ROS production and 

mitochondrial respiration in response to a period of immobilisation followed by two subsequent 

periods of restored physical activity in adult males. Middle-aged men (n = 30, 49.7 ± 3.84 y, mean ± 

SD) completed two weeks of unilateral lower-limb immobilisation, followed by two weeks of 

baseline-matched activity, consisting of 10,000 steps a day, then completed two weeks of 

supervised resistance training. Biopsies were taken at baseline, post-immobilisation, post-normal 

ambulation, and post-resistance-training. High-resolution respirometery was used simultaneously 

with fluorometry to determine oxygen consumption and hydrogen peroxide (H2O2) production from 

permeabilised muscle fibres. Immobilisation had no effect on mitochondrial respiration or H2O2 

emissions. In contrast, normal ambulation and resistance training resulted in robust increases in 

H2O2 emission from mitochondria and NADPH oxidase, with corresponding increase in protein 

expression of the anti-oxidant enzyme catalase. Taken together, these data indicate that while 

immobilisation did not impact mitochondrial ROS production, the subsequent retraining periods of 

normal ambulation and resistance training result in robust increases in skeletal muscle ROS 

production. 
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5.3 Introduction 

Immobilisation is a common consequence of denervation, prolonged bed-rest, and inactivity, which 

leads to muscle atrophy and decreased muscle strength (471,472). Immobilisation-induced skeletal 

muscle atrophy involves dysregulation of multiple pathophysiological systems, which ultimately 

decreases muscle fibre number and size (473). This results from a combination of decline in 

protein synthesis, increased protein degradation, and infiltration of non-contractile cell-types such 

as adipocytes (340,474,475). These adaptions in muscle size and architecture are accompanied by 

alterations in peripheral insulin sensitivity (475,476), increased systemic inflammation (476), and 

hypercortisolemia (475). Oxidative stress has a major role in driving protein degradation and 

metabolic dysfunction in skeletal muscle during prolonged inactivity in rodents (477), yet the 

underlying molecular defects that mediate protein degradation and oxidative capacity in humans 

remain poorly defined. 

Alterations in the structure and functional oxidative capacity of skeletal muscle mitochondria are 

hallmark features in the decline of muscle function (344,345). Mitochondria both maintain cellular 

ATP production, and produce reactive oxygen species (ROS), which are highly reactive oxygen-

containing molecules resulting from unpaired valence electrons. ROS are formed in mitochondria 

when electrons leak from the electron transport system (ETS) and combine with oxygen to form the 

superoxide radical O2•− and highly reactive oxygen derivatives, including H2O2 (143). Production of 

excess mitochondrial reactive oxygen species (ROS) has been attributed as a central regulator of 

disuse atrophy of skeletal muscle in rodents (478,479) by activating proteolytic systems including 

autophagy, calpains, caspases (343), and the ubiquitin proteasome system (344,480). Results from 

animal studies have identified numerous alterations in mitochondrial morphology and dynamics 

following a period of immobilisation including diminished expression of antioxidant enzymes (481), 

decreased ADP-stimulated and leak mitochondrial respiration (344), and disruption of 

subsarcolemmal mitochondria (482) with evidence of nuclear DNA stand breaks. Moreover, human 

data has alluded to a critical role for mitochondrial dysfunction following immobilisation by 

demonstrating that there is supressed activity of mitochondrial oxidative enzymes (483), alterations 

in mitochondrial protein expression (399), and decreased mitochondrial respiratory capacity in 

skeletal muscle (484). Furthermore, a recent study by Gram et al. (398) demonstrated that a two-

week period of unilateral limb immobilisation resulted in decreased mitochondrial respiration and 

increased mitochondrial H2O2 production, which was reversed by a six-week period of aerobic 

training, in both young and old men. However, while there is accumulating evidence to suggest 

increased ROS production and mitochondrial dysfunction following periods of immobilisation 

(398,399), there is also conflicting evidence that markers of protein and lipid oxidation are 

unchanged following two-weeks of immobilisation in humans (400).  

Increased physical activity is an effective way to maintain muscle strength and stimulate 

hypertrophy in untrained individuals to counteract muscle loss and weakness. Specifically, 

resistance exercise poses as an appealing candidate for reversal of immobilisation-induced atrophy 

(485), considering it robustly increases skeletal muscle anabolic signalling and can also attenuate 

intramuscular adipose and fibrotic infiltration (486,487). Indeed, the health promoting effects of 
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resistance exercise in aged and metabolically compromised human subjects have been 

investigated in detail, with reported improvements in leg strength (488), area of type I and II fibres, 

thigh muscle volume (486), and insulin sensitivity (489). However, in contrast to aerobic exercise, 

which is commonly associated with decreases in markers of oxidative stress (490), acute bouts of 

resistance exercise are associated with increased ROS concentrations, lipid peroxidation 

(491,492), protein carboxylation and DNA damage (493). This suggests that ROS may function as 

a signal to facilitate favourable mitochondrial adaptions following resistance exercise. Moreover, 

despite indication that mitochondria are the main source of ROS generation following physical 

activity, data from rodent and in vitro studies have suggested that the resulting increased ROS 

production following exercise may be due to increases in the activity of non-mitochondrial oxidases, 

such as xanthine oxidase (494,495) and NADPH oxidase (496). However, studies examining the 

role and source of human skeletal muscle H2O2 emissions following a period resistance training 

remain poorly defined. 

While there is an abundance of evidence from animal models, there remains a paucity of human 

data regarding the role of oxidative stress, antioxidant enzymes and mitochondrial function 

following a period of immobilisation and retraining. Therefore, the aim of the present study was to 

quantify skeletal muscle ROS production from mitochondrial and non-mitochondrial sources in 

response to a period of immobilisation followed by two subsequent periods of remobilisation 

consisting of normal ambulation and supervised resistance training in adult males. We 

hypothesized that a two week period of immobilisation would increase mitochondrial ROS 

production and decrease mitochondrial ATP-generating respiration, whereas normal ambulation 

and supervised resistance training would restore mitochondrial respiration and mitochondrial H2O2 

emissions similar to baseline levels but increase non-mitochondrial H2O2 production. We quantified 

ROS production in the form of H2O2 emissions, assessed metabolic enzyme activities, and protein 

content of antioxidant enzymes. Our data indicates that immobilisation does not impact muscular 

H2O2 emissions, whereas the re-mobilisation periods increased H2O2 emissions from both 

mitochondrial and non-mitochondrial sources.  
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5.4 Methods 

5.4.1 Subjects  

Thirty moderately active men (age: 50 ± 3.49 y, BM: 87.41 ± 12.72 kg, BMI: 27.86 ± 3.17 kg/m
2
) 

were recruited to participate in the present study. Participants were screened prior to inclusion for 

presence of metabolic and digestive syndromes, medications affecting the muscle, smoking, and 

predisposition to deep vein thrombosis. Experimental procedures were approved by the New 

Zealand Health and Disability Ethics Committee (Ref# 14/NTA/146/AM02). 

5.4.2 Experimental design 

The intervention protocol consisted of four consecutive 14-day phases: baseline, knee brace-

mediated immobilisation, normal ambulation, and supervised resistance training (Figure 5-1). In 

detail, wrist-worn accelerometers (Fitbit Charge) were utilised to track baseline levels of activity, 

and were worn during all phases of the study with the exception of immobilisation. For the duration 

of the trial participants were provided with standard dinners and breakfasts designed to provide 70-

to 80% of participant’s caloric and protein needs. Participants were given dietary instructions for the 

composition and quantity of their lunch meal, they were instructed to keep a 3 day diet records 

during every intervention phase to ensure they were meeting the target energy and macronutrient 

intakes. Participants were randomised to consume either a daily protein supplement containing 20g 

of milk protein or an isocaloric placebo. The supplement had no effect on any measures included in 

the study so results are shown collapsed across supplement groups.   

 

Figure 5-1 Outline of experimental phases. Eligible subjects were enrolled and fitted with an 

activity tracker for 14 days. Participant’s legs were randomised for immobilisation with a knee brace 

and crutches for 14 days. Following this, participants were allowed to ambulate freely, and 

instructed to walk 10,000 steps per day. Lastly, subjects reported for supervised training sessions. 

Biopsies were obtained at all interventions. 

The immobilized leg was randomly selected and fitted with a knee brace at a 60
o
 angle (Donjoy 

IROM, Vista, CA, USA), as previously described (474). Participants were instructed to use crutches 

and refrain from weight bearing activity with the immobilised leg. Every 3 days during the 

immobilisation period the brace was visually inspected and adjusted by an investigator. Following 

the 2 week immobilisation period, participants were fitted with an activity tracker and counselled to 
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meet physical activity guidelines of 10,000 steps per day. Steps completed per day were recorded 

electronically to calculate the daily activity average throughout this normal ambulation phase. 

Following the normal ambulation period, participants performed 6 supervised resistance training 

sessions over a 2-week period. The resistance training protocol consisted of participants 

performing 4 sets of 10 repetitions leg press and leg extension exercises at 80% of one repetition 

maximum (1RM), the last set of each exercise was performed until fatigue. Exercises were 

performed unilaterally, with no rest period between legs, and 2 minutes rest between sets. 1RM 

was estimated using the Brzycki equation (497) after the muscle biopsy on at the conclusion of the 

NA phase. Exercises were performed continuously (that is, participants completed 1 set of each 

exercise before beginning a second set).  

5.4.3 Skeletal muscle sampling, tissue collection and preparation 

Fasted participants reported to the laboratory for muscle biopsies prior to the immobilisation period 

(baseline; BL), immediately after the immobilising brace was removed (post-immobilisation; PI), 

after two weeks of normal ambulation (NA), and following two weeks of supervised resistance 

exercise (resistance training; RT). The BL biopsy was collected from the contralateral leg, whereas 

the remaining three biopsies (PI, NA, and PR) were performed in the immobilised leg. Local 

anaesthetic (1% xylocaine) was injected into the skin overlying the vastus lateralis and a small 

incision was made into the skin and underlying fascia. A 5mm Bergstrom needle, modified for 

manual suction, was interested into the belly to extract ~100mg of vastus lateralis muscle which 

was immediately divided for different analyses. One portion was placed into ice-cold relaxing 

solution (BIOPS, pH 7.1 (5.77 mM Na2ATP, 7 10 EGTA-CaEGTA buffer (0.1 µM free Ca2) 6.56mM 

MgCL2-6H2O, 20 mM Taurine, 60 mM K-lactobionate, 15 mM phosphocreatine, 20 mM Imidazole, 

0.5 mM DTT, 50 mM MES) for mitochondrial respiration analysis. Another portion was embedded 

in optimal cutting temperature compound (OCT) for histological analysis, then snap frozen in liquid 

nitrogen-cooled isopentane. The remaining tissue was snap frozen in liquid nitrogen and stored at -

80
o
C for later analyses of protein and RNA expression, and enzyme activities. 

5.4.4 Fasting plasma biochemical analysis and calculations 

Concentrations of plasma glucose, cholesterol, low density lipoprotein (LDL), high density 

lipoprotein (HDL), triglycerides (TG), creatine, creatine kinase (CK), and lactate dehydrogenase 

(LDH) were quantified using the COBAS c311 clinical chemistry analyser (Roche Diagnostics, 

Mannheim, Germany). Furthermore, plasma insulin was measured using the COBAS e411 (Roche 

Diagnostics, Mannheim, Germany) by microparticle enzyme immunoassay. Homeostatic model 

assessment of insulin resistance (HOMA-IR) was calculated from fasting glucose and insulin 

concentrations (498). 

5.4.5 Permeabilization of fibres 

BIOPS stored muscle fibres were teased into fibre bundles and placed into 1 mL of fresh ice-cold 

biops solution containing 50 µg/ml of freshly prepared saponin for 30 min under gentle agitation 

(464,499). Fibres were then washed three times in ice-cold respiration media (MiRO5, pH 7.1, 0.5 
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mM EGTA, 3 mM MgCl2-6H2O, 2 0mM Taurine, 10 mM K2HPO4, 20 mM HEPES, 110 mM sucrose, 

1 g/L BSA). Fibre bundles were blotted on filter paper, weighed to approximately 2 mg and used 

immediately in respiration assays. 

5.4.6 Respiration Assays 

Oxygen consumption and ROS production from permeabilised fibres was measured simultaneously 

using OROBOROS® O2F oxygraphs with fluorimeters (Oroboros Instruments, Innsbruck, Austria). 

Assays were conducted in duplicate at 37
o
C in MiR05, with oxygen concentration maintained 

between 300-500 nmol/mL. ROS production was determined using 50 μM Amplex Ultra Red to 

measure H2O2 production in the presence of 5U/mL superoxide dismutase (SOD) and horseradish 

peroxidase (HRP), with peak excitation of 525 nm and emission of 615 nm (463). To calibrate the 

fluorimeter, 2.75 μM of H2O2 was added to each chamber prior to each assay. Mass-specific 

oxygen flux was calculated as the time derivative of oxygen concentration using the DataLab 5 

Analysis Software, (Oroboros Instruments).  

 

Figure 5-2. A representative trace of the SUIT protocol used in this study. Respiration and 

H2O2 assay protocol measuring the change in oxygen concentration (blue line) and the time 

derivative per unit mass (red line and axis) provided the flux of permeabilised vastus lateralis fibers 

over time following the addition of mitochondrial substrates (green), poisons (purple) and the 

uncoupling agent FCCP over time. Titrations of mitochondrial substrates, poisons and inhibitors 

and their time of addition are presented with arrows, and the resulting respiratory state underneath. 

See METHODS for further explanation. Hrp, horse radish peroxidase; SOD, superoxide dismutase; 

Aur, Amplex Ultra Red; H2O2, hydrogen peroxide; Mal, malate; Pyr, pyruvate; ADP; adenosine 

diphosphate; Succ, Succinate; Oli, oligiomycin, Oli; Catr, carboxyatractyloside; FCCP, carbonyl 

cyanide p-(trifluoromethoxy) phenyl-hydrazone; ant, antimycin-a; Xan, xanthine; rot, rotenone; 

Allop, allopurinol; C1, Complex 1; C2, Complex 2; ETS, electron transport system. 
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The assay was started with the addition of 5 mM malate and 10 mM pyruvate to measure Leak 

respiration (PM LEAK), following this 2.5 mM ADP was added to quantify complex I (CI) dependent 

oxidative phosphorylation (CI OXPHOS). Subsequently, 10mM succinate was added to measure 

combined complex I and complex II flux (CI, CII OXPHOS). Phosphorylation was inhibited following 

the addition of 1µM carboxyatractyloside, which inhibits the ANT transporter, and x of oligomycin 

which inhibits the ATPase, thus state 4 respiration was measured (CI, CII LEAK). To induce 

uncoupling of the ETS, and therefore maximal rate of the ETS, repeated 1μL titrations of 0.5 µM 

carbonyl cyanide p-(trifluoromethoxy) phenyl-hydrazone (FCCP) were carried out (ETS CI, CII). 1 

µM antimycin was added to inhibit the flow of electrons through complex III (CIII) in the ETS. 

Respiration results were corrected for background O2 consumption. Citrate synthase (CS)-

normalised oxygen flux (pmol O2.U CS-1) was calculated to account for potential variations in 

mitochondrial mass (445). Values are expressed as pmol O2/U.CS. Respiration states were 

defined according to Gnaiger (500). Mitochondrial ROS production was determined at all steady 

states (PM LEAK, CI OXPHOS, CI CII OXPHOS, CI, CII LEAK, and ETS CI, CII). H2O2 production 

was measured from Xanthine Oxidase following addition of 2mM xanthine, Rates of steady-state 

H2O2 production were corrected to tissue mass, and subsequently normalised to CS activity. 

Values are expressed as fmol H2O2/U.CS for mitochondrial H2O2 emissions and fmol H2O2/mg 

tissue for Xanthine oxidase H2O2 emissions. See Figure 5-2 for a representative trace of the 

protocol. 

5.4.7 Protein Extraction and quantification 

Frozen skeletal muscle was homogenised in ice-cold modified RIPA lysis buffer (Millipore #20-188, 

Billerica, MA, USA ) supplemented with protease and phosphatase inhibitor cocktail (Halt
TM 

Protease and Phosphatase Inhibitor Cocktail, Thermo Scientific, #78442, Waltham, MA, USA) 

using a bead mill homogeniser (OMNI Ruptor, Omni International, Kennesaw, GA, US). Samples 

were rotated for 1 h at 4°C, and membrane fractions and cell debris were removed by 

centrifugation at 14,000 × g for 10 min at 4°C. The total soluble protein concentration was 

determined using a BCA-protein kit (Pierce BCA Protein Assay Kit; Thermo Fisher Scientific 

#23225, Rockford, IL, USA). 

5.4.8 Enzymatic Activities 

Enzymatic activities for citrate synthase (CS), and lactate dehydrogenase (LDH) were determined 

as previously described (443). Briefly, tissue was weighed and homogenised in ice-cold 

homogenisation buffer (25mM TRIS-HCL pH7.8, 1mM EDTA, 2mM MgCL2, 50 mM KCL, 0.50% 

Triton X-100) using a TissueLyser II (Qiagen, Dusseldorf, Germany). Homogenates were 

centrifuged at 14,000 x g for 10 minutes at 4
o
C, and the supernatant was frozen at -80

o
C until 

further use. All assays were performed using the Molecular Devices Spectramax-340 96-well 

microplate reading spectrophotometer at 25
o
C. CS activity was determined by measuring 

absorbance at 412 nm in 50 mM Tris-HCL (pH 8.0) with 0.2 mM DTNB, 0.1 mM acetyl-coA and 

0.25 mM oxaloacetate. LDH activity was determined by measuring absorption at 340 nm in 100 

mM Tris-HCl (pH 7.0) with 1 mM EDTA, 2 mM MgCl2, 1 mM DTT, 0.15 mM NADH and 0.15 mM 
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pyruvate. Rate of change of absorbance and path length of each well was determined using 

SoftMax pro version 3.1.1 (Molecular Devices, Sunnyvale, CA), and enzyme activities were 

calculated using extinction coefficients of 13.6 mM
-1

cm
-1

 for CS and 6.22 mM
-1

cm
-1

 for LDH.  

5.4.9 Immunoblotting 

Sample aliquots containing 20 µg of protein were suspended in 1 × Laemmli buffer (10% glycerol, 

2% SDS, 0.25% bromophenol blue, 400 mM dithiothreitol (DTT), 0.5 M Tris-HCl (pH 6.8)), boiled at 

100°C for 5 min and subjected to separation by SDS/PAGE. Proteins were transferred to a PVDF 

membrane (Bio-Rad, Hercules, CA, US) using the semi-dry Trans-Blot
®
 Turbo™ Transfer System 

(Bio-Rad). Membranes were incubated with blocking buffer (5% bovine serum albumin (BSA)/ Tris 

buffered saline/ 0.1% Tween 20 (TBST)) for 2 h at room temperature, followed by overnight 

incubation at 4°C with primary antibodies in blocking buffer under gentle agitation. Samples were 

probed for: Glutathione Peroxidase 1 (ab22604), NADPH oxidase 4 (ab133303), Glutathione 

reductase (ab16801), Catalase (ab16731), SOD2 (ab13533), SOD1 (ab13498), Xanthine Oxidase 

(ab109235). Antibodies were obtained from Abcam (Cambridge, MA, USA) and used at a 1:1000 

dilution. Membranes were washed for 25 min in TBST and probed with a goat anti-rabbit (H+L) or 

goat anti-mouse (H+L) IgG secondary antibody conjugated to HRP in 5% BSA/TBST for 1h at RT. 

Following this, membranes were washed for 25 min in TBST and protein bands were visualised 

using Amersham ECL Select Western blotting detection reagent (GE Healthcare, Piscataway, NJ, 

USA). Signals were captured using a ChemiDoc™ MP Imaging System (Bio-Rad) and band 

densitometry analysis undertaken with ImageJ (NIH) software (420). To control for gel to gel 

variation, bands of interest for each sample were normalised to a pooled control sample which was 

loaded on every individual gel. Equal protein loading was determined by stripping and re-probing 

membranes for glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Abcam, ab9485). 

Abundance of total protein is presented normalised to GAPDH. 

5.4.10 Statistical analysis 

Statistical analysis was performed using IBM SPSS for Windows version 22 (IBM Corp). Statistical 

significance was determined using repeated measures with time as factor. Repeated measure 

comparisons were determined with Sidak post-hoc tests. Prism software (GraphPad Software Inc.) 

was used to generate graphs. Data are shown as means ± SEM. Statistical significance was 

accepted at p<0.05.   
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5.5 Results 

5.5.1 Physiological parameters  

Fasting plasma glucose concentrations did not differ between interventions. Fasting insulin 

increased 1.26-fold following immobilisation compared to BL (p<0.05), and was restored to levels 

similar to BL following normal ambulation (PI vs. NA p<0.05). HOMA-IR calculations increased over 

time (p<0.05), with a strong trend for increases in HOMA-IR values following immobilisation 

compared to BL (p=0.065). Total cholesterol, HDL and LDL cholesterol did not differ across 

interventions. Furthermore, there was an effect of time for TG concentration, which was reflected 

by a decrease in plasma TG concentration following PR compare to PI (p<0.05). CK activity was 

decreased following immobilisation compared to BL (p<0.05), and increases in CK activity following 

RT (1.9-fold PI vs. PR, p<0.001; 1.6 fold PH vs. PR, p<0.01). There was a main effect of time for 

plasma creatine concentration (p<0.05). Plasma LDH activity, and skeletal muscle LDH and CS 

activity did not differ between interventions (Table 5-1).  
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Table 5-1. Anthropometric characteristics. BL=baseline PI= 2 weeks immobilisation; NA= 2 weeks normal ambulation; PR= 2 weeks resistance training. Data are 

means ± SD. (p<0.05) * vs. BL, #vs. PI, † vs. NA 

 BL PI NA PR Effect of Time 

Muscle citrate synthase 

(nM/min/μg) 

225.7 ± 98.1 229.0 ± 72.6 184.4 ± 51.4 191.5 ±  63.2 NS 

Muscle lactate 
dehydrogenase  

(nM/min/μg) 

1862.4 ± 491.3 1749.5 ± 388.9 1944.4 ± 663.9 1891.2 ± 609.6 NS 

Plasma creatine kinase 
(U/L) 

183.3 ± 97.5 125.8 ± 62.5* 143.3 ± 79.6 250.7 ± 134.9∆# p<0.001 

Plasma lactate 
dehydrogenase (U/L)  

213.3 ± 142.1 271.5 ± 204.8 246.9 ± 175.7 329.0 ± 282.8 NS 

Total cholesterol 
(mmol/L) 

5.3 ± 0.9 5.4 ± 1.0 5.4 ± 1.0 5.4 ± 0.9 NS 

LDL-Cholesterol 
(mmol/L) 

3.3 ± 0.8 3.3 ± 0.9 3.4 ± 0.9 3.4 ± 0.8 NS 

HDL-Cholesterol 
(mmol/L) 

1.2 ± 0.4 1.2 ± 0.4 1.2 ± 0.4 1.2 ± 0.4 p=0.064 

Triglycerides (mmol/L) 1.4 ± 1.1 1.6 ± 0.8 1.5 ± 0.9 1.4 ± 0.8# p<0.05 

Creatine (μmol/L) 91.0 ± 13.4 90.2 ± 12.9 88.4 ± 12.6 97.9 ± 13.6 p<0.05 

Glucose (mmol/L) 5.6 ± 0.4 5.5 ± 0.6 5.5 ± 0.6 5.5 ± 0.5 NS 

Insulin (uU/mL) 6.3 ± 2.9 8.0 ± 3.8* 6.4 ± 2.7# 6.9 ± 3.8 p<0.05 

HOMA-IR 1.5 ± 0.7 1.9 ± 1.0 1.6 ± 0.8 1.7 ± 1.0 p<0.05 
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5.5.2 Mitochondrial respiration 

A representative trace of the respiration substrate, uncoupler, inhibitor and titration (SUIT) protocol 

is shown in Figure 5-2. There was no effect on respiratory flux for CI Leak or CI OXPHOS. For CI + 

CII OXPHOS, there was a main effect of time (p<0.05). Post-hoc analysis revealed significant a 

1.5-fold increase in CI +CII OXPHOS following PR compared to PI (p<0.001). No differences were 

observed in respiratory flux for CI + CII Leak. Furthermore, there was a trend for increased ETS 

respiration with time (p=0.079) (Figure 5-3).  

 

Figure 5-3. Mitochondrial respiration. Respiratory flux per citrate synthase activity (per mg) of 

vastus lateralis muscle at baseline (BL), after 2 weeks of immobilisation (PI), 2- weeks post normal 

ambulation (NA), and 2 weeks following supervised resistance training (RT). #p<0.05 vs. PI; n=16. 

Data are expressed as means ± SEM. 
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5.5.3 Muscle ROS production 

There was a main effect of time for CI Leak (p<0.001), further analysis demonstrated 1.8-fold 

increases in H2O2 emission during NA and PR compared to BL (BL vs. NA p<0.01, BL vs. PR 

p<0.01; Figure 5-4), and a 1.5-fold increase in H2O2 emission following PR compared to 

immobilisation (PI vs. PR p<0.05; Figure 5-4). Similarly, H2O2 emission increased over time during 

CI OXPHOS (p<0.01); this was due to a 1.9-fold and 2.0-fold respective increases in H2O2 emission 

following NA and PR compared to BL (BL vs. NA p<0.01, BL vs. PR p<0.01) and a 1.6-fold PR 

increase compared PI (PI vs. PR p<0.05; Figure 5-4). There was a main effect of time for 

difference in H2O2 emission during CI + CII OXPHOS (p<0.01); this was attributable to the 1.8-fold 

and 2.2-fold increases in H2O2 detected following NA and PR compared to BL (BL vs. PH p<0.05, 

BL vs. PR p<0.05; Figure 5-4). Furthermore, there was a trend for increased H2O2 with time for CI 

+ CII Leak (p=0.058; Figure 5-4). With the addition of FCCP, there was an effect of time (p<0.001), 

with increases H2O2 emission detected after PI, NA and PR compared to BL (BL vs. PI p<0.05, BL 

vs. NA p=0.067, BL vs. PR p<0.001; Figure 5-4), as well as increased H2O2 following PR 

compared to PI (PI vs. PR p<0.05). There was no difference in xanthine oxidase H2O2 emission 

between interventions (Figure 5-5).  

 

Figure 5-4. Mitochondrial H2O2 emissions. H2O2 emissions per citrate synthase activity (per mg) 

of vastus lateralis muscle at baseline (BL), after 2 weeks of immobilisation (PI), 2- weeks post 

normal ambulation (NA), and 2 weeks following supervised resistance training (PR). *p<0.05 vs. 

BL, #p<0.05 vs. PI; n=16. Data are expressed as means ± SEM. 
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Figure 5-5 H2O2 emissions and protein abundance of xanthine oxidase. (a) H2O2 emission 

from Xanthine oxidase per mg of vastus lateralis muscle, (b) protein abundance of xanthine 

oxidase expressed relative to BL for each individual, *p<0.05 vs. BL, #p<0.05 vs. PI; n=16-28. Data 

are expressed as means ± SEM.  

 

5.5.4 Skeletal muscle enzyme activities 

Enzyme activities of muscle lactate dehydrogenase (LDH) and citrate synthase did not differ 

between interventions (Table 5-1). 
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5.5.5 Antioxidant protein expression 

Immunoblot analysis revealed a difference in catalase expression over time (p<0.05), with a strong 

trend for increased catalase expression between PR vs. BL (p=0.082; Figure 5-6). There was no 

difference in protein abundance of glutathione reductase, glutathione peroxidase, SOD1, SOD2, or 

NADPH oxidase.  

 

Figure 5-6 Antioxidant enzyme protein expression. Vastus lateralis muscle protein was 

extracted and expression of (a) CuZn superoxide dismutase (SOD1), (b) Mn superoxide dismutase 

(SOD2), (c) glutathione peroxidase GPX, (d) glutathione reductase GPR, (e) catalase (f) NADPH 

Oxidase 4 (NOX4) was determine by western blot and normalised to GAPDH.. Representative 

blots are shown above graphs. *p<0.05 vs. BL, #p<0.05 vs. PI; n=28. Data are expressed as 

means ± SEM relative to BL for each individual. 
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5.5.6 ETS complex protein expression 

There was no difference in CI-NDUFB8, CIII-UQCRC2, CIV-COXII, or CV-ATP5A across 

interventions. In contrast, CII-SDHB decreased 16% following immobilisation compared to BL 

(p<0.05; Figure 5-7). 

 

Figure 5-7. ETS complex protein abundance. Vastus lateralis muscle protein was extracted and 

protein expression of CI (NDUFB8), CII (SDHB), CIII (UQCRC2), CIV (COXII) and CV (ATP5A) 

was determine by western blot and normalised to GAPDH. Representative blots are shown above 

graphs. *p<0.05 vs. BL, #p<0.05 vs. PI; n=28. Data are expressed ±SEM relative to BL for each 

individual 
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5.6 Discussion 

This study demonstrates that a 2 week period of unilateral limb immobilisation has limited impact 

on oxidative stress and mitochondrial respiration, but does induce a decrease in complex II protein 

expression. By contrast, both retraining periods, consisting of 2 weeks of normal ambulation and 2 

weeks of resistance exercise, resulted in significant increases in mitochondrial H2O2 emissions and 

complex I + complex II OXPHOS. These mitochondrial adaptions following the retraining periods 

were accompanied by a coordinated increase in protein expression of the anti-oxidant enzyme 

catalase. This study highlights the molecular mitochondrial adaptions in human skeletal muscle 

following immobilisation and retraining. Taken together, our data demonstrates that normal 

ambulation and resistance exercise following a period of immobilisation results in increased H2O2 

production and expression of antioxidant enzymes, which suggests that ROS may facilitate cell-

wide adaptions that favour the restoration of muscle mass and strength. 

Declines in mitochondrial content and oxidative function are thought to play a contributing role in 

the induction of muscle loss and peripheral insulin resistance following muscle disuse (347).  

Consistent with previous short-term immobilisation studies (501), the present study found no 

difference in CS activity, a marker of mitochondrial content (445), indicating that mitochondrial 

density is not altered in response to immobilisation. However, decreases in CS activity have been 

observed following longer periods of muscle immobilisation (5 weeks) (502), suggesting that 

declines in mitochondrial density following immobilisation may precede mitochondrial dysfunction. 

The lack of difference in CS activity following normal ambulation and RT periods are consistent 

with previous findings from resistance exercise studies (503). In comparison, increases in CS and 

mitochondrial density are often observed following aerobic exercise (504,505), emphasising that 

molecular mitochondrial adaptions differ depending on mode of exercise.  

Due to the lack of differences in mitochondrial density between interventions, observed differences 

in mitochondrial respiration are attributable to alterations in intrinsic mitochondrial function. Results 

from the present study determined that the immobilisation period had no effect on mitochondrial 

respiration. Conversely, Gram et al. (398) observed a decrease in state 3 (ADP-stimulated) 

respiration in isolated skeletal muscle mitochondria following 2-weeks of immobilisation after the 

individual addition of complex I and II substrates. The differences in these findings may be due to 

the use of permeabilised skeletal muscle fibres in the present study and isolated mitochondria used 

by Gram et al.(398). Permeabilised fibres likely provide a superior representation of mitochondrial 

function in highly heterogeneous tissues, such as skeletal muscle. Thus, further human 

immobilisation studies utilising both isolated mitochondria and permeabilised fibres are warranted. 

Furthermore, the present study observed an increase in complex I and complex II ADP-stimulated 

respiration following RT. Taking into account the modest decrease in complex II (succinate 

dehydrogenase) protein expression following immobilisation, that was subsequently reversed after 

RT, it is likely that the increase in complex I and II ADP-stimulated respiration following RT are 

attributable to increases in complex II content. Furthermore, long term (12 weeks) resistance 

exercise training interventions have been shown to increase complex I respiration and protein 

content (503), suggesting that adaptions to complex I may occur only after longer RT interventions.  
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Chronic increases in mitochondrial H2O2 emissions can accelerate muscle loss following disuse in 

rodents (479,506,507). ROS can cause cellular damage in large concentrations, but also act as 

intracellular signalling molecules in small quantities (148,152), giving rise to a dose-response 

hormesis effect. Contrary to previous findings (398), the present study observed higher levels of 

mitochondrial H2O2 emissions following both remobilization periods (NA and PR) rather than the 

immobilisation period (PI). Specifically, in all respiratory states, NA and PR augmented 

mitochondrial H2O2 emissions. Whereas, immobilisation resulted in increased H2O2 emission when 

uncoupled, and in a leak state, when ADP is low, and substrate availability is high. Of note, the 

increase in H2O2 emissions following normal ambulation alludes to a role for mitochondrial ROS 

production in remodelling following a period of disuse. The observed increases in ROS following 

remobilization agrees with reports from animal studies demonstrating that immobilisation alone 

does not induce changes in ROS production, but rather, remobilization of skeletal muscle results in 

increased H2O2 production and lipid peroxidation (346). Importantly, exercise induced-oxidative 

stress is commonly observed following eccentric resistance exercise (508), and is thought to play a 

role in mediating immune response and initiating hypertrophy signalling and myogenesis 

(156,509,510). Therefore, taken in the context of this study, the observed increase in mitochondrial 

H2O2 emissions following NA and PR may facilitate the restoration in muscle strength following 

remobilization of skeletal muscle.  

The effects of immobilisation and chronic muscle disuse on production of ROS from non-

mitochondrial sources, such as membrane bound NADPH oxidase and xanthine oxidase, remains 

relatively unexplored. Increases in xanthine oxidase (511) and NAPDH oxidase (512) activity have 

been observed in rodent models of respiratory ventilation inactivity, leading to diaphragmatic 

oxidative stress, suggesting that limb immobilisation may also elicit increases in H2O2 from both 

oxidases. The present study observed a decrease in protein abundance of xanthine oxidase 

following immobilisation, which was not reflected by a change in enzyme activity. This suggests 

that relative xanthine oxidase ROS production was increased PI. In contrast protein abundance of 

NADPH oxidase 4 did not change across interventions. Data from rodent studies have observed 

increases in NADPH oxidase activity following acute exercise (513), suggesting that despite no 

difference in protein abundance of NADPH oxidase 4, there may be an increase in NADPH oxidase 

H2O2 emissions following NA and RT combined with increased H2O2 emissions from mitochondrial 

sources.,  

Long term (12 weeks) unilateral resistance training has been shown to enhance the activity of 

antioxidant enzymes, and decrease levels of oxidative damage to DNA (514). Specifically, activity 

of CuZn SOD (SOD1), and catalase, increased with resistance training. In agreement with these 

findings, the present study observed an increase in catalase protein abundance following the 

resistance training period. Exercise-induced increases in skeletal muscle antioxidant enzymes 

allows for heightened scavenging capacity for superoxide detoxification and protection against 

lethal levels of free radical damage (515). Although, it is important to acknowledge that protein 

abundance is not always reflective of enzyme activity. Nonetheless, in context of the present study, 

the increase in antioxidant protein abundance that corresponds with the increase in H2O2 

production following resistance training, suggests that the increase in ROS production may elicit a 
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hermetic effect, further highlighting the plasticity and adaptability of skeletal muscle in response to 

activity level.  

In conclusion, the present study demonstrates that restoration of normal ambulation and resistance 

exercise rather than unilateral limb immobilisation has marked effect of mitochondrial oxidative 

function and H2O2 production in permeabilised human skeletal muscle fibres from middle aged 

men. Specifically, immobilisation did not impact mitochondrial respiration and had little effect on 

H2O2 emissions. In contrast, mitochondrial respiration and H2O2 emissions were increased from 

mitochondria following two week subsequent periods of normal ambulation and resistance training. 

Taken together, these data indicate that increases in ROS production observed with resistance 

training are associated with increases in antioxidant enzymes and the restoration of muscle mass 

and strength. While this study provides evidence of the specific mitochondrial functional 

mechanisms affected by subsequent periods of immobilisation and resistance exercise, further 

studies are required to fully understand the molecular mechanisms that regulate alterations in 

mitochondrial function in response to activity level, specifically following longer term interventions.   
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6. Chapter Six 

6.1 Preface  

The following chapter is a continuation of the work presented in Chapter Five. This section 

examined the effects of unilateral limb immobilisation and subsequent periods of retraining on the 

dynamic processes regulating mitochondrial turnover. Again, this section is part of a larger study 

investigating the effects of daily supplementation with 20 g of milk protein during immobilisation and 

resumption of physical activity on skeletal muscle from middle aged men. However, the dairy 

supplement had no effect on any measures included in the study, therefore the results presented in 

this chapter have been collapsed across supplement groups. 

The molecular pathways evaluated in this chapter include mitochondrial biogenesis, fusion, fission 

and mitophagy in vastus lateralis muscle. The involvement of these processes in molecular 

adaptions to exercise and inactivity has only recently received attention, thus, this chapter provides 

novel insight into the regulation of mitochondrial dynamics following immobilisation. 

The following section is entitled “Impaired skeletal muscle mitochondrial dynamics in response to 

unilateral limb immobilisation and retraining”, and is co-authored by Chantal A. Pileggi, Randall F. 

D’Souza, Brenan R. Durainayagam, Nina Zeng, Vandre C. Figueiredo, Christopher P. Hedges, 

Anthony J.R. Hickey, Cameron J. Mitchell and David Cameron-Smith.  
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6.2 Abstract 

Mitochondrial turnover is regulated by the dynamic processes of biogenesis, fission, fusion, and 

mitophagy. While studies have determined that mitochondrial dynamics play a role in regulating 

mitochondrial functional capacity following exercise training, current research examining the role of 

mitochondrial dynamics following periods of muscle disuse is limited to rodent studies. Therefore, 

this study aimed to analyse the alterations in mitochondrial fusion, fission, and mitophagy in 

response to a period of disuse followed by two subsequent periods of restored physical activity. 

Middle-aged men (n = 30, 49.7 ± 3.84 y, mean ± SD) completed two weeks of unilateral lower-limb 

immobilisation, followed by two weeks of baseline-matched activity, consisting of 10,000 steps a 

day, then completed two weeks of supervised resistance training. Biopsies were taken at baseline, 

post-immobilisation, post-normal ambulation, and post-resistance-training. Gene expression of 

PGC1α and mitochondrial transcription factor A (mTFA) were downregulated following 

immobilisation by 40% and 17% respectively, but was reversed with both retraining periods. 

Similarly, expression of fusion proteins OPA1 and MFN1 were downregulated by 16% and 29% 

following immobilisation without a corresponding decrease in fission proteins. Mitophagy markers 

BNIP3L and AIFM2 were increased following immobilisation by 29% and 32% respectively, but was 

restored to baseline levels following normal ambulation. This study provides evidence that 

decreases in mitochondrial fusion and increased mitophagy may contribute to muscle loss following 

a period of limb immobilisation.  
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6.3 Introduction 

Decreases in muscle fibre number and size are a common consequence of prolonged skeletal 

muscle disuse, resulting from bedrest, injury and inactivity, which ultimately leads to decreased 

muscle strength (399). Activation of protein degradation pathways and inhibition of anabolic 

signalling contribute to the alterations in skeletal muscle architecture resulting from chronic muscle 

disuse (340,516); However, the molecular mechanisms that underlie the initiation of these events 

remain poorly understood. Perturbations in mitochondrial morphology and function are a 

consequence of immobilisation of skeletal muscle, and can lead to decreased oxidative capacity 

(478,479), and induction of proteolytic systems (343), (344,480). Despite the acknowledgement 

that changes in mitochondrial morphology and synthesis is critical in mediating mitochondrial 

function, the mechanisms regulating mitochondrial formation in response to prolonged 

immobilisation remains poorly elucidated.  

Within skeletal muscle, mitochondria form as a branched reticular network (165,166). Maintenance 

of this network is defined by the balance of four processes that control mitochondrial turnover: 

mitochondrial biogenesis, fusion, fission and mitophagy. Mitochondrial biogenesis involves the 

synthesis of mitochondrial proteins and mRNAs that are imported into the mitochondria for 

expansion of the mitochondrial electron transport system (ETS). Mitochondrial biogenesis is largely 

controlled by the activation of the peroxisome proliferator-activated receptor γ captivator-1α 

(PGC1α) (168,170), which upregulates transcriptional activity of downstream transcription factors, 

including the nuclear regulatory factors 1 and 2 (NRF1 and NRF2), and the mitochondrial 

transcription factor A (mtTFA) (171,172). Increases in mitochondrial biogenesis leads to elevations 

in mitochondrial mass, and prompts expansion of the mitochondrial reticulum by promoting fusion 

of adjacent mitochondria (517). PGC1α expression is highly sensitivity to physical activity level 

(518,519), and mRNA expression is suppressed following hindlimb immobilisation in rodents (346). 

Likewise, 9-days of bed-rest promoted hypermethylation of PGC1α DNA and suppressed 

expression of genes involved in oxidative function in young adults, suggesting that PGC1α plays a 

pivotal role in maintaining skeletal muscle mitochondrial function. Despite several studies 

demonstrating the effects of inactivity and exercise on activation of PGC1α, the effects of 

immobilisation and retraining on the interplay of skeletal muscle mitochondrial turnover remains 

poorly elucidated. 

Activation of fission and fusion proteins allow for the networking of existing mitochondria by linking 

and dividing mitochondrial membranes, and the elimination of dysfunctional mitochondria that may 

release reactive oxygen species (ROS) and pro-apoptotic factors, and may contribute to myofiber 

degradation (520). At the cellular level, fusion is important in the arrangement and shaping of the 

mitochondrial network as well as the recombination of mtDNA (182). Large mitochondrial GTPase 

proteins, mitofusion 1 and mitofusion 2 (MFN1 and MFN2), tether apposing outer mitochondrial 

membranes (185), then the optic atrophy 1 (OPA1) protein subsequently completes the fusion 

process to form a reticulum by fusing the two inner mitochondrial membranes (189). In contrast, the 

fission process is important for mitochondria turnover and the adjustment of mitochondria density 

as per metabolic requirements (190) by priming damaged mitochondria for elimination by 
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mitophagy. Fission is initiated when mitochondrial fission factor (Mff), or Fission1 (Fis1) recruits the 

dynamin-related protein 1 (DRP1) (191) to constrict and sever the inner and outer membranes 

dividing elongated mitochondria smaller fragments which are then encapsulated by 

autophagosomes (194). Degradation of mitochondria by autophagosomes, also termed mitophagy, 

involves activation of pro-apoptotic factors such as Bax, kinase PTEN-induced putative kinase 

protein 1 (PINK1) (195), and Parkin (196), which ubiquitylate the mitochondrial membrane to allow 

binding of p62. Following this, the MAP1 light chain 3 (LC3II) initiates the encapsulation of the 

mitochondria in the autophagosome (197), to undergo lysosomal degradation by proteolytic 

enzymes (198). Upon mitophagy, loss of the mitochondrial fission process protein 1 (MTFP1), 

initiates the release cytochrome c and apoptosis-inducing factor 2 (AIFM2), which activates 

caspases and stimulates cellular apoptosis (521,522). Within the context of physical activity, 

endurance exercise has been shown to promote augmentation of the mitochondrial reticular 

network (523). In contrast, in rodent models of denervation-induced muscle disuse, there is a 

decrease in mitochondrial density and size (524,525), with reported impairments in mitochondrial 

fusion proteins (526). However, while alterations in mitochondrial dynamics offers an explanation 

for the plasticity of skeletal muscle mitochondria during chronic muscle disuse and exercise in 

rodents, there remains a paucity of data from human studies demonstrating how these processes 

are regulated following both immobilisation and resistance training. 

Therefore, the aim of the present study was to identify and characterise the alterations in 

mitochondrial dynamics in response to a period of immobilisation followed by two subsequent 

periods of remobilization consisting of normal ambulation and supervised resistance training in 

adult males. We hypothesized that a two week period of immobilisation would decrease expression 

of fusion markers and increase expression of fission and mitophagy markers. Furthermore, we 

postulated that subsequent resumption of normal ambulation would partially restore mitochondrial 

dynamics similar to baseline levels; whereas a consecutive period of resistance exercise would 

favour expansion of the mitochondrial reticulum by promoting mitochondrial biogenesis and fusion.  
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6.4 Methods 

6.4.1 Subjects  

Subject inclusion/exclusion criteria for this study have previously been described elsewhere (5.4.1 

Subjects). Briefly, thirty male participants aged 50±3.49 years were recruited to participant in the 

present study. Experimental procedures were approved by the New Zealand Health and Disability 

Ethics Committee (Ref# 14/NTA/146/AM02). 

6.4.2 Experimental design 

The intervention protocol used in this study has previously been described (5.4.2 Experimental 

design and Figure 5-1 Outline of experimental phases. Eligible subjects were enrolled and fitted 

with an activity tracker for 14 days. Participant’s legs were randomised for immobilisation with a 

knee brace and crutches for 14 days. Following this, participants were allowed to ambulate freely, 

and instructed to walk 10,000 steps per day. Lastly, subjects reported for supervised training 

sessions. Biopsies were obtained at all interventions.). In brief, participants worean activity tracker 

(FitBit Charge) to be worn during all intervention phases, excluding immobilisation. Participants 

were provided with daily morning and evening meals, which provided 70-to 80% of caloric and 

protein daily requirements. At baseline, participants randomly assigned to receive either a daily 

protein supplement containing 20g of milk protein or an isocaloric placebo. However, the results 

presented in the current study have been collapsed across supplement groups, as the supplement 

had no effect on the analysis undertaken.  Following the 2-week baseline and familiarization period 

(BL), the immobilized leg was fitted with a knee brace at a 60
o
 angle (Donjoy IROM, Vista, CA, 

USA). Participants provided crutches and instructed to refrain from weight bearing activity with the 

immobilised leg (post-immobilisation, PI). Immediately following the 2-week immobilisation period, 

participants were counselled to meet physical activity guidelines of 10,000 steps per day (normal 

ambulation, NA). Compliance was recorded daily and was used to calculate daily average steps for 

activity during NA. Following the NA phase, participants performed 6 supervised resistance training 

sessions over a 2-week period. Participants completed 4 sets of 10 unilateral leg press and leg 

extension exercises at 80% of one repetition maximum (1RM), estimated using the Brzycki 

equation (497), the last set of each exercise was performed until fatigue. Exercises were performed 

continuously (that is, participants completed 1 set of each exercise before beginning a second set)  

6.4.3 Skeletal muscle sampling, tissue collection and preparation 

Participants reported to the laboratory for muscle biopsies fasted. Local anaesthetic (1% xylocaine) 

was injected into the skin overlying the vastus lateralis and a small incision was made into the skin 

and underlying fascia. A 5mm Bergstrom needle, modified for manual suction, was interested into 

the belly to extract ~100mg of vastus lateralis muscle which was immediately divided and one 

portion was snap frozen in liquid nitrogen and stored at -80
o
C for later analyses of protein and RNA 

expression, and enzyme activities. 
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6.4.4 Protein Extraction and quantification 

Frozen skeletal muscle was weighed and homogenised in ice-cold modified RIPA lysis buffer 

(Millipore #20-188, Billerica, MA, USA ) supplemented with a commercially available protease and 

phosphatase inhibitor cocktail (Halt
TM 

Protease and Phosphatase Inhibitor Cocktail, Thermo 

Scientific, #78442, Waltham, MA, USA) using a bead mill homogeniser (OMNI Ruptor, Omni 

International, Kennesaw, GA, US). Samples were rotated for 1 h at 4°C, and membrane fractions 

and cell debris were removed by centrifugation at 14,000 × g for 10 min at 4°C. The total soluble 

protein concentration was determined using a BCA-protein kit according to the manufacturer’s 

protocol (Pierce BCA Protein Assay Kit; Thermo Fisher Scientific #23225, Rockford, IL, USA). 

6.4.5 Immunoblotting 

Sample aliquots containing 20 µg of protein were suspended in 1 × Laemmli buffer (10% glycerol, 

2% SDS, 0.25% bromophenol blue, 400 mM dithiothreitol (DTT), 0.5 M Tris-HCl (pH 6.8)), boiled at 

100°C for 5 min and subjected to separation by SDS/PAGE. Proteins were transferred to a PVDF 

membrane (Bio-Rad, Hercules, CA, US) using the semi-dry Trans-Blot
®
 Turbo™ Transfer System 

(Bio-Rad). Membranes were incubated with blocking buffer (5% bovine serum albumin (BSA)/ Tris 

buffered saline/ 0.1% Tween 20 (TBST)) for 2 h at room temperature, followed by overnight 

incubation at 4°C with primary antibodies in blocking buffer under gentle agitation. Antibodies were 

obtained from Abcam (Cambridge, MA, USA) unless otherwise stated, and used at a 1:1000 

dilution. Samples were probed for: AIF (ab1998), Hsp70 (ab2787), NRF1 (ab55744), NRF2 

(ab31163), Tfam (ab131607), Mitofusion 1 (ab57602), Mitofusion 2 (ab50843), Drp1 (ab56788), p-

p53 (Cell Signalling 9284), p53 (ab131442), OPA1 (ab42364), TTC11 (ab156865), PGC1α 

(Millipore, ab3242). Membranes were washed for 25 min in TBST and probed with a goat anti-

rabbit (H+L) or goat anti-mouse (H+L) IgG secondary antibody conjugated to horse radish 

peroxidase (HRP) in 5% BSA/TBST for 1 h at room temperature. Following this, membranes were 

washed for 25 min in TBST and protein bands were visualised using Amersham ECL Select 

Western blotting detection reagent (GE Healthcare, Piscataway, NJ, USA). Signals were captured 

using a ChemiDoc™ MP Imaging System (Bio-Rad) and band densitometry analysis undertaken 

with ImageJ (NIH) software (420). To control for gel to gel variation, bands of interest for each 

sample were normalised to a pooled control sample which was loaded on every individual gel. 

Equal protein loading was determined by stripping and re-probing membranes for glyceraldehyde 

3-phosphate dehydrogenase (GAPDH, Abcam, ab9485). Abundance of total protein is presented 

normalised to GAPDH and phospho-proteins as phospho/total protein ratios. 

6.4.6 RNA Extraction and cDNA synthesis 

RNA was extracted from the soleus muscles using a Qiagen RNAeasy extraction kit according to 

the manufacturer’s protocol. Total RNA concentration was measured using the NanoDrop 1000 

Spectrophotometer (Thermo Scientific). 1000 ng of total RNA was synthesized into single stranded 

cDNA using a High-capacity cDNA Archive Kit (Applied Biosystems). 
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6.4.7 Gene expression analysis 

Primer pairs for target genes are outlined in Table 6-1. Real time-PCR (RT-PCR) was performed 

using the LightCycler 480 SYBER Green I Master (Roche Applied Science, Indianapolis, IN). As a 

control for between-sample variability, mRNA levels were normalised to the geometric mean of the 

chromosome 1 open reading frame 43 (C1orf43), charged multivesicular body protein 2A 

(CHMP2A) and ER membrane protein complex subunit 7 (EMC7). The relative expression of the 

gene of interest was calculated using the 2-
ΔΔCt

 method (421). Results are reported as arbitrary 

units relative to baseline expression for each subject.  

6.4.8 Statistical analysis 

Statistical analysis was performed using IBM SPSS for Windows version 22 (IBM Corp). Statistical 

significance was determined using repeated measures with exercise as factor. Repeated measure 

comparisons were determined with Sidak post-hoc tests. Prism software (GraphPad Software Inc.) 

was used to generate graphs. Data are shown as means ± SEM. Statistical significance was 

accepted at p<0.05 
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Table 6-1 Sequences of primer pairs used for RT-PCR analysis. 

Gene Forward (5
1
 to 3

1
) Reverse (5

1
 to 3

1
) 

AIFM2 GCAAAGCGTTTGAGAGCAGA CAATGGCGTAGACGTTGCTG 

BAK1 CCTGTTTGAGAGTGGCATC TCGTACCACAAACTGGCCCA 

BNIP3 CTGAAACAGATACCCATAGCATT CCGACTTGACCAATCCCA 

BNIP3L AGCAGGGACCATAGCTCTCA AGTGGAACTCCTTGGGTGGA 

CHMP2
A 

CGCTATGTGCGCAAGTTTGT GGGGCAACTTCAGCTGTCTG 

C1orf43 CTATGGGACAGGGGTCTTTGG TTTGGCTGCTGACTGGTGAT 

DRP1 AGGAGAAGAAAATGGGGTGGAAG GATGAATTGGTTCAGGGCTTAC 

EMC7 GGGCTGGACAGACTTTCTAATG CTCCATTTCCCGTCTCATGTCAG 

Fis1 ATCCGTAAAGGCATCGTGCT CGTATTCCTTGAGCCGGTAGT 

LC3B-I TTCGAGAGCAGCATCCAACC TGAGCTGTAAGCGCCTTCTAA 

LC3B-II GATGTCCGACTTATTCGAGAGC TTGAGCTGTAAGCGCCTTCTA 

MFF CTCTCAGCCAACCGCCTCTG GAGAGCCACTTTTGTCCCCCT 

MFN1 TGTTTTGGTCGCAAACTCTG CTGTCTGCGTACGTCTTCCA 

MFN2 ATGCATCCCCACTTAAGCAC CCAGAGGGCAGAACTTTGTC 

mtTFA AGATTCCAAGAAGCTAAGGGTGATT TTTCAGAGTCAGACAGATTTTTCCA 

MTFP1 GTGCTGCCTCTCTCTATGTCC GGAAATCCACCGACCTGTCAA 

NRF1 GGCACTGTCTCACTTATCCAGGTT CAGCCACGGCAGAATAATTCA 

NRF2 AAATTGAGATTGATGGAACAGAGAA TATGGCCTGGCTTACACATTCA 

OPA1 TGCCTGACATTGTGTGGGAA TCCGGAGAACCTGAGGTAAA 

Park2 GTGTTTGTCAGGTTCAACTCCA GAAAATCACACGCAACTGGTC 

PGC1α  AGCCTCTTTGCCCAGATCTT  GGCAATCCGTCTTCATCCAC 

Pink1 AGTGATTGACTACAGCAAGGCTGAT ATCTTGTCTAACTTCAGATTCTTCAGG 
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6.5 Results 

6.5.1 Mitochondrial transcription factor gene and protein expression 

RT-PCR analysis revealed that there was a 40% decrease in PGC1α gene expression following 

immobilisation (vs. BL; p<0.01), and was restored to levels similar to baseline with NA and PR (vs. 

PI; p<0.01; Figure 6-1a). Similarly, mTFA decreased 17% following immobilisation (p<0.05) and 

was reversed to baseline with NA (vs. PI; p<0.01; Figure 6-1a). NRF1 gene expression did not 

differ between groups, however NRF2 gene expression increased by 10% following immobilisation 

(vs BL; p<0.01; Figure 6-1a). Interestingly, alterations in gene expression of PGC1α and mTFA did 

not translate into differences in protein abundance of PGC1α and mTFA (Figure 6-1). In contrast 

protein expression of NRF1 and NRF2 decreased by 19% and 28% respectively (vs. BL; p<0.01; 

Figure 6-1b). Furthermore, protein expression of both NRF1 and NRF2 were restored to BL levels 

following both NA and PR (vs. PI; p<0.05; Figure 6-1b).  

 

Figure 6-1. Transcription factor gene and protein expression. Vastus lateralis muscle protein 

and RNA was extracted for quantification of (a) Gene expression of PGC1α, mtTFA, NRF1, and 

NRF2. (b) protein abundance of PGC1α, mtTFA, NRF1, and NRF2 analysed by western blot. 

*p<0.05 vs. BL, #p<0.05 vs. PI; n=30. Representative blots are shown beside graph. Data are 

expressed ±SEM relative to BL for each individual.  
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6.5.2 Fusion 

Gene expression of OPA1 did not differ following PI and NA, however, was increased 32% 

following RT (vs. BL,PI, NA; p<0.01; Figure 6-2a). mRNA expression of MFN1 did not differ 

between treatments, whereas MFN2 expression was increased following PR compared to PI and 

NA values (vs. PI, NA; p<0.05; Figure 6-2a). Protein abundance of OPA1 was increased by 30% 

following NA and 42% following PR compared to PI (vs. PI; p<0.01; Figure 6-2b). Similarly, protein 

expression of MFN1 was decreased by 29% following PI (vs. BL; p<0.01), and restored to baseline 

levels following NA and PR (vs. PI; p<0.05; Figure 6-2b). Protein abundance of MFN2 did not differ 

between interventions (Figure 6-2b). 

 

Figure 6-2. Mitochondrial fusion gene & protein expression Vastus lateralis muscle protein and 

RNA was extracted for quantification of (a) MFN1, MFN2, and OPA1 gene expression. (b) Protein 

expression of MFN1, MFN2, and OPA1. *p<0.05 vs. BL, #p<0.05 vs. PI; n=30. Representative 

blots are shown beside graph. Data are expressed ±SEM relative to BL for each individual.  

 

6.5.3 Fission 

Gene expression of Fis 1 and MFF did not differ between interventions (Figure 6-3a). In contrast, 

MTFP1 decreased 89% following PI (vs. BL; p<0.01), and was restored to BL levels with NA (vs. 

PI; p<0.01). PR increased MTFP1 gene expression by 77% compared to BL levels (vs. BL, PI, NA; 

p<0.01; Figure 6-3a). mRNA expression of DRP1 was decreased by immobilisation (vs. BL, 
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p<0.05), and was restored to BL levels with NA and RT (vs. PI, p<0.05; Figure 6-3a). Protein 

abundance of Fis1 and DRP1 did not differ between interventions (Figure 6-3b).  

 

Figure 6-3. Mitochondrial fission gene & protein expression. Vastus lateralis muscle protein 

and RNA was extracted for quantification of (a) Fis1, MFF, MTFP1, and DRP1 gene expression. (b) 

Fis1 and DRP protein expression. *p<0.05 vs. BL, #p<0.05 vs. PI; n=30. Representative blots are 

shown beside graph. Data are expressed ±SEM relative to BL for each individual.  

6.5.4 Mitophagy and Autophagy 

Expression of PINK1 did not differ across interventions (Figure 6-4). Despite no difference in gene 

expression of PARK2 between BL and PI, NA and PR decreased PARK2 expression by 20% and 

26% respectively compared to PI (vs. PI; p<0.01; Figure 6-4a). While expression of LC3-BI did not 

differ significantly across interventions, there was a 17% increase in gene expression following PI 

(vs. BL, p=0.087; Figure 6-4a). Similarly, there was a 16% increase in LC3-BII gene expression 

following PI (vs. BL; p<0.05; Figure 6-4a).  

Expression of autophagy marker, BNIP3, did not differ between interventions Figure 6-4b). In 

contrast, BNIP3L gene expression was increased by 28% following PI (vs. BL, p<0.05), and was 

restored to BL values following PR only (vs. PI, p<0.05, Figure 6-4b). Expression of BAK1 
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decreased by 32% following PI (vs. BL, p<0.01), and was restored to BL levels following NA and 

PR (vs. PI, p<0.01; Figure 6-4b). Furthermore, Expression of AIFM2 was increased 33% following 

immobilisation (vs. BL, p<0.01), and was reversed to BL levels following NA only (vs. PI, p<0.01, 

Figure 6-4b). 

 

Figure 6-4. Mitophagy and apoptosis gene expression. Vastus lateralis muscle RNA was 

extracted and expression of (a) Pink1, Park2, LC3B-I, LC3B-II was quantified by RT-PCR. (b) 

Expression of BNIP3, BNIP3L, BAK1 and AIFM2 was quantified by RT-PCR. *p<0.05 vs. BL, 

#p<0.05 vs. PI; n=30.Data are expressed ±SEM relative to BL for each individual.  
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6.6 Discussion 

It has been suggested that mitochondrial fragmentation and mitophagy act as fundamental 

regulators of muscle protein degradation following muscle disuse (507,520,527,528). Therefore, 

the effects of unilateral limb immobilisation and subsequent restored periods of retraining on 

mitochondrial dynamic protein machinery were examined in the skeletal muscle of middle aged 

men. The current study demonstrates that a 2-week period of immobilisation impairs expression of 

factors regulating skeletal muscle mitochondrial transcription and disrupts markers of mitochondrial 

dynamics, which is reversed by consecutive periods of normal ambulation and resistance training. 

The alterations to the factors regulating mitochondrial dynamics was accompanied by dysregulation 

of factors regulating mitophagy and autophagy following immobilisation, suggesting that 

mitochondria may act as a signal following muscle disuse. Taken together, our data suggests that 

the fission and fusion factors that regulate the dynamic mitochondrial network are sensitive to 

activity level, and immobilisation leads to molecular mitochondrial adaptions that favour fission and 

fragmentation which may contribute to skeletal muscle atrophy. 

Decrements in mitochondrial biogenesis and synthesis may precede or accompany the loss of 

muscle mass following muscle disuse. Declines in activity level results in blunted PGC1α mRNA 

expression in young men (529); whereas, exercise, including resistance training, leads to robust 

increases in PGC1α mRNA expression (530).  Consistent with these findings, the present study 

reported a decrease in PGC1α gene expression following immobilisation, which was restored with 

normal ambulation and resistance training, supporting the concept that PGC1α mRNA is sensitive 

to physical activity level. However, while there were alterations in gene expression of PGC1α in 

response to the variations in activity level between interventions, this did not translate into a 

difference in PGC1α protein abundance. Notably, bursts of mRNA transcripts precede the protein 

adaptions of PGC1α protein expression (531,532), with increases in PGC1α protein content 

evident after 24 hours (532). In the context of the current study, the adaptions in PGC1α protein 

abundance may be less dramatic and transient following 14-days of inactivity intervention and 

subsequent resumption of physical activity, but may contribute to alterations in mitochondrial 

biogenesis by altering the expression of downstream targets.  Accordingly, protein expression of 

downstream targets, NRF1 and NRF2, were also downregulated following immobilisation, and 

restored with resumption of normal activity. NRF1 and NRF2 control the transcription of nuclear 

genes encoding mitochondrial proteins, which are also known to be downregulated in human 

muscle following prolonged bedrest (347). NRF1 also controls the transcription of mTFA, which 

was downregulated following immobilisation and restored with normal ambulation in this current 

study, however this did not affect mTFA protein abundance. The lack of difference in mTFA protein 

expression suggests that transcription of the mitochondrial genome may remain intact following 

short term differences in activity level, or that existing mTFA may become inactivated and 

contribute to impairments in mitochondrial biogenesis following immobilisation. Taken together, the 

decreased in expression of NRF1 and NRF2 combined with suppressed PGC1α gene expression 

observed following immobilisation, suggests that PGC1α may be transiently regulating NRF 

expression which may contribute to declines in mitochondrial content and function.  
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The mitochondrial dynamics fission and fusion pathways play essential quality control roles in 

maintaining mitochondrial structure and function (533). Fission and fusion are disrupted in 

response to physical inactivity in rodents (534,535); however, the effects of inactivity on the 

balance of these processes has yet to be described in humans. The present study found that 

expression of fusion machinery proteins OPA1 and MFN1 were decreased following 

immobilisation, which was reversed on resumption of normal ambulation. Similarly, fission factors 

DRP1 and MTFP1 gene expression were decreased with immobilisation and was restored with 

normal ambulation, but this did not translate to a difference in protein abundance. The 

mitochondrial network is determined by the balance of fusion to fission processes. Therefore, a 

decrease in OPA1 and MFN1, without a corresponding decrease in fission machinery protein 

expression following immobilisation, suggests there would be impairments to the structure of the 

reticulum, possibly resulting in a smaller, shortened mitochondrial reticulum. This disruption in 

mitochondrial dynamic proteins may lead to fragmentation of the mitochondrial network and could 

result in decreased oxidative function (536), as smaller fragmented mitochondria are less efficient 

at ATP production than an interconnected fused mitochondrial network (536),. Moreover, 

imbalances in the mitochondrial dynamic processes have been proposed to be contributing factors 

in muscle atrophy, by priming apoptotic pathways to induce cell death (537,538).. Excessive fission 

combined with a decline in fusion is thought to lead to the accumulation of damaged mitochondria 

that release signalling factors to stimulate mitophagy and cellular apoptosis (520,527). With 

regards to the present study, the decrease in fusion proteins observed following immobilisation 

without a corresponding change in the expression of fission factors, may reflect an increase in 

mitophagy and upregulation of protein degradation.  In contrast, exercise training has been shown 

to decrease Drp1 activation and promote fusion in human muscle (540). In the current study, 

normal ambulation restored the expression of OPA1 and MFN1 to BL levels. The reestablishment 

of OPA and MFN1 expression following resumption of normal ambulation suggests that elongation 

of the mitochondrial reticulum may occur, allowing greater fatty acid oxidative capacity (187). 

Furthermore, resistance training further increased gene expression of OPA1 and MFN2 to a 

greater degree than normal ambulation, suggesting that resistance exercise provides additional 

effects that may facilitate the expansion of the mitochondrial reticulum. Notably, protein abundance 

of Fis1 also increased following normal ambulation. Activation of fission machinery is not only 

necessary for elimination of mitochondria, but also for membrane remodelling and relocation of 

mitochondrial fragments. This finding of an increase in Fis1 protein expression is in line with 

findings from Perry et al. (532) that demonstrated continuously robust increases in Fis1 after 

repeated training sessions. Thus, an increase in Fis1 following restoration of normal physical 

activity in the current study may reflect increased mitochondria turnover. However, without 

visualization of mitochondria morphology, inferences from these findings remain speculative. 

The accumulation of fragmented, dysfunction mitochondria can release pro-apototic stimuli that 

promote cell death (507,520,528). In the current study, immobilisation resulted in increased 

expression of AIFM2 and BNIP3L, and decreased expression of BAK1. When considering the 

decline in abundance of fusion proteins observed following immobilisation combined with the 

increases in pro-apoptotic factors AIFM2 and BNIP3L, these results suggest that mitophagy may 
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be activated in response to heightened mitochondrial fragmentation (184). Furthermore, 

fragmentation of mitochondria and loss of MTFP1 function can initiate the release of cytochrome c 

(521) and activate AIFM2 translocation to the nucleus, which promotes nuclear DNA fragmentation 

and can induce cellular apoptosis (528,541).  In the context of the current study, the decline in 

MTFP1 expression and increase in AIFM2 expression suggest that disruptions in the mitochondrial 

network are acting as signals for cellular apoptosis and may contribute to the loss of skeletal 

muscle mass following immobilisation. In contrast, mRNA expression of parkin (Park2), LC3B-II, 

and AIFM2 was decreased following normal ambulation compared to the immobilisation 

intervention. Parkin mediates the ubiquitylation of mitochondria membranes to promote 

degradation through LC3B-II following immobilisation (542). Thus, downregulated expression of 

Park2 and LC3B-II following normal ambulation suggests that mitophagy rates may be restored to 

baseline levels to allow for the recovery of the mitochondrial network. While it should be 

acknowledged that the factors regulating mitophagy and apoptosis are complex, in general, these 

findings suggest that that impairments in mitochondrial dynamics and activation of mitophagy 

contribute to muscle atrophy following immobilisation. 

In conclusion, the present study demonstrates that mitochondrial transcription and mitochondrial 

dynamics are impaired following 2-weeks of unilateral limb immobilisation, and recovered with 

subsequent periods of normal ambulation and resistance training in middle aged men. Specifically, 

expression of PGC1α, NRF1 and NRF2 were downregulated following immobilisation indicating a 

decrease in mitochondrial transcription, which was restored with retraining.  Likewise, MFN1 and 

OPA1 protein expression were decreased following immobilisation, indicating that the mitochondrial 

reticular network is impaired following muscle disuse. Moreover, immobilisation resulted in 

increased expression of mitophagy and apoptotic factors, suggesting that defects in mitochondria 

may act as a signal to promote muscle loss following immobilisation. Resumption of normal activity 

restored expression of fusion and mitophagy markers, and also resulted in increased expression of 

Fis1, suggesting that there might be an increase in mitochondrial turnover. Furthermore, 2-weeks 

of resistance training resulted in a greater upregulation of mitochondrial fusion factors, suggesting 

that resistance exercise may promote elongation of the mitochondrial reticulum. While this study 

describes the static molecular mitochondrial adaptions to immobilisation, microscopic visualisation 

is required to determine the  mitochondrial morphological changes that result from immobilisation. 

Collectively, these data indicate that limb immobilisation impairs the mitochondrial network, which 

may contribute to cell death and loss of muscle mass. 

.  
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7. Chapter Seven 

7.1 Introduction 

Skeletal muscle has a pivotal role in defining the mobility and metabolic health of an organism. 

With a high degree of plasticity, skeletal muscle adapts in size and function in response to 

variations in environmental stimuli. Alterations to in utero muscle formation may unfavourably affect 

skeletal muscle mass, bearing lifelong negative implications to metabolic health that persist into 

adulthood. This is of particular concern when combined with exposure to later-life insults, such as 

calorie dense diets and sedentary lifestyles, which can have synergistic deleterious effects on 

skeletal muscle function. Therefore, this thesis sought to determine how exposure to a maternal 

high-fat diet during pregnancy and lactation affected the development and formation of skeletal 

muscle mass and function in adult offspring. Analysis focused on defining the inflammatory and 

mitochondrial oxidative pathways that are compromised in offspring skeletal muscle born to high-fat 

dams. Data generated from these studies demonstrated that offspring born to dams fed a high-fat 

diet exhibit elevated expression of inflammatory cytokines, decreased anabolic signalling, and 

augmented expression of catabolic factors. Mitochondrial dysfunction was also evident in high-fat 

offspring, displaying altered expression of mitochondrial complex genes, decreased complex I + III 

activity, and mitochondrial metabolic inflexibility.  Subsequent to defining the molecular 

underpinnings of exposure to an adverse maternal diet, a unilateral model of skeletal muscle 

immobilisation was used to examine the effects of a later-life insult to skeletal muscle mass and 

function with a particular focus on the role of mitochondrial reactive oxygen species and oxidative 

capacity. Supplementary analysis concentrated on the effect of physical inactivity processes 

regulating the structure and function of the mitochondrial reticulum: mitochondrial biogenesis, 

fusion, fission and mitophagy. Findings from this study determined that skeletal muscle reactive 

oxygen species was elevated following restoration of normal ambulation and subsequent 

resistance training, rather than the immobilisation period. Whereas, molecular analysis revealed 

defects in mitochondrial biogenesis and that mitochondrial fusion was impaired following the 

immobilisation period, and restored with normal ambulation. The sequence of analysis aimed to 

understand the complex regulation of skeletal muscle mass and oxidative function as a 

consequence of adverse nutrition during the in utero phase of life, followed by analysing the 

implications of a lifestyle insult, such as inactivity, in adulthood. 

The specific aims of this thesis were: 

 To investigate the effects of a maternal high-fat diet on offspring skeletal muscle 

inflammation and atrophy, as well as the efficacy of supplementing dams with conjugated 

linoleic acid to reverse adverse effects on offspring health. 
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 To determine the transcriptional and translational changes of genes encoding the 

mitochondrial electron transport system complexes in skeletal muscle from offspring born 

to high-fat fed dams. 

 

 To characterise mitochondrial metabolic flexibility in skeletal muscle from offspring born to 

high-fat fed dams. 

 

 To examine whether mitochondrial and non-mitochondrial reactive oxygen species 

emissions were modified following consecutive 2-week periods of unilateral limb 

immobilisation, resumption of normal ambulation, and resistance training in middle aged 

men. 

 

 To determine the alterations in mitochondrial dynamics including mitochondrial biogenesis, 

fusion, fission, and mitophagy following a period of unilateral-limb immobilisation and 

subsequent restoration of physical activity in middle aged men. 
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7.2 Summary of Major Findings 

The influence of a maternal high-fat diet on offspring skeletal muscle inflammation and atrophy was 

discussed in Chapter 2. The study demonstrated that male offspring born to dams fed a HF diet 

during pregnancy and lactation displayed elevated intramuscular inflammatory responses and 

increased expression of catabolic factor, MURF-1, in skeletal muscle. Markers of anabolic 

signalling including p70S6K and S6rp were suppressed in HF offspring, however, maternal 

supplementation with CLA partially restored the inflammatory and catabolic responses. Based on 

the data presented, the normalised expression of hypertrophic and catabolic factors in HFCLA 

offspring is likely attributable to anti-inflammatory actions of CLA, as observed by the 

accompanying reduction in NFκB p65 phosphorylation.  

To further determine the implications of a maternal HF diet on skeletal muscle function, the 

research in chapter 3 was conducted to determine whether mitochondrial dysfunction was evident 

in metabolically compromised offspring born to HF-fed dams. Mitochondrial transcription factors, 

NRF1 and the mtTFA, were downregulated in HF offspring combined with suppressed expression 

of specific genes encoding the mitochondrial ETS respiratory complex subunits. Furthermore, 

protein expression of complex I subunit was decreased in HF offspring which coincided with a 

decline in the maximal catalytic linked activity of complex I and III. The results from this chapter 

demonstrated that exposure to a maternal HF diet during development elicits lifelong impairments 

in offspring skeletal muscle mitochondrial function. 

Analysis of skeletal muscle from offspring born to high-fat dams was undertaken in chapter 4, to 

characterise the implications of mitochondrial dysfunction observed in chapter 3 on mitochondrial 

metabolic flexibility. Offspring born to HF dams displayed blunted mitochondrial oxidation of 

glucose-based substrates, malate and pyruvate, whereas oxidation of lipid-based substrates, 

malate and palmitoyl carnitine, remained intact. These results suggest that high maternal fat intake 

during pregnancy and lactation promotes mitochondrial dysfunction and metabolic inflexibility in 

offspring, contributing to an increased predisposition to metabolic disease later in life. 

The results from the studies conducted in chapters 2, 3, and 4, provide insight into the complex 

mechanisms that underlie impairments in offspring skeletal muscle mass and function following 

exposure to a maternal high-fat diet. Decrements in offspring skeletal muscle mass stem from the 

dysregulation of anabolic and catabolic pathways, and elevated inflammatory responses. These 

alterations to muscle mass are complimented by disadvantageous functional adaptations in 

mitochondrial oxidative capacity, with specific insults to subunits in the mitochondrial electron 

transport system. These results highlight parallel lifelong deleterious effects to offspring skeletal 

muscle mass and function following in utero exposure to a maternal HF diet, ultimately leading to 

comprised skeletal muscle plasticity when subjected to adverse stimuli in adulthood. 

To determine the ability of skeletal muscle to adapt and recover to a later-life lifestyle insult such as 

inactivity, the research conducted in Chapter 5 examined the role of unilateral limb immobilisation 
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and restoration of physical activity on mitochondrial oxidative function and ROS production. 

Opposing our hypothesis, immobilisation had no effect on mitochondrial respiration or H2O2 

emissions; whereas resumption of normal ambulation and a consecutive period of supervised 

resistance training resulted in robust increases in H2O2 emission from mitochondria and NADPH 

oxidase. Skeletal muscle oxidative capacity and protein expression of the anti-oxidant enzyme, 

catalase, were increased following resistance training. These results suggest that ROS may 

facilitate positive adaptions in skeletal muscle following resistance exercise training, rather than 

impairing muscle function following inactivity. 

Mitochondria form as a reticular network within skeletal muscle which is regulated by the dynamic 

processes of fission and fusion. Alterations in these dynamic processes that regulate the 

mitochondrial reticulum leads to changes in mitochondrial morphology and oxidative capacity. 

Therefore, chapter 6 analysed the alterations in mitochondrial fusion and fission proteins and 

mitophagy in response to a period of disuse followed by resumption of physical activity and a 

consecutive period of resistance exercise. Expression of fusion proteins OPA1 aftand MFN1 were 

downregulated following immobilisation without a corresponding decrease in fission proteins, 

indicative of a shorter mitochondrial reticulum. Moreover, in agreement with our hypothesis, 

mitophagy markers BNIP3L and AIFM2 were increased following immobilisation, but restored to 

baseline levels following normal ambulation. These results imply that skeletal muscle structure and 

function of the mitochondrial reticulum are sensitive to alterations in physical activity level. 

The research conducted in Chapters 5 and 6 provide evidence that ROS may facilitate beneficial 

adaptive responses, rather than being increased during a short immobilisation period. Additionally, 

alterations in the mitochondrial reticular structure that prompt mitophagy and apoptosis may 

contribute to muscle loss following a period of limb immobilisation. These results outline the 

molecular consequences of inactivity on skeletal muscle mitochondrial function, propagating 

metabolic disease and decreasing mobility in adulthood. 

7.3 Implications of findings 

This thesis provides significant evidence to support the in utero programming of skeletal muscle 

mass and oxidative function following a maternal high-fat diet. Moreover, the data generated from 

the immobilisation study supports a role for mitochondria-mediated skeletal muscle adaptions 

following exercise and inactivity. 

7.3.1 Implications of exposure to a maternal high-fat diet 

The data generated by studies conducted in chapters 2, 3 and 4 emphasise the importance of 

maternal health during pregnancy and lactation, with maternal dietary modifications during 

pregnancy as a potential target to improve offspring health into adulthood. The in utero 

programming that occurs following exposure to a maternal high-fat diet has lifelong deleterious 

effects on offspring metabolic health stemming from alterations to offspring skeletal muscle 

inflammation and oxidative function. Thus, in the clinical setting, greater emphasis should focus on 

optimising pregnancy health, including the introduction of practical dietary and lifestyle 
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interventions prior to conception and throughout pregnancy. In context of this thesis, the data 

presented in chapter 2 suggests that supplementation with the biologically active lipid, conjugated 

linoleic acid, may serve as a potential maternal intervention to improve offspring metabolic 

outcomes. 

Furthermore, the data presented in chapters 3 and 4 suggests that maternal interventions that 

target improving the oxidative capacity of mitochondria, such as exercise, and pharmaceutical 

products could be utilised during pregnancy to modulate the deleterious effects on offspring 

metabolic health that occurs following in utero exposure to a maternal high-fat diet. Specifically, the 

increase in CPT1 activity and metabolic inflexibility observed in HF offspring in chapter 3 and 4, 

combined with previous observations of increased adiposity (397,543) and intramuscular fat 

accumulation (211) in skeletal muscle from offspring born to overnourished mothers, suggests that 

excessive intramuscular lipid accumulation may overload the mitochondria, leading to incomplete 

fatty acid oxidation and generation of fatty acid metabolites that interfere with insulin stimulated 

glucose uptake (456).  The mechanism underlying the accumulation of fatty acid intermediates may 

be attributal to in utero epigentic modifications to genes involved in metabolism, such as 

hypermethylation and acetylation. Indeed, histone acetylation is apparent follow treatment with 

excess lipids, leading to the reprogramming of metabolic function that inhibits pyruvate 

dehydrogenase (544). This suggests that altering the composition of macronutrients in the maternal 

diet may be benefical in the prevention of heritable hyperacetylation of histones from mother to 

offspring. In the model utilised in chapter 3, the HF offspring displayed decreased expression of 

mTFA; whereas in chapter 4, mTFA expression did not differ between CD and HF offspring. The 

discordance between these findings may be attributable to the differing offspring ages and the use 

of oral gavage techniques on pregnant dams in chapter 4 creating additional stress. 

When considering the impairments in mitochondiral function observed in chapter 3 and chapter 4 

along with the increase in intramuscular inflammation observed in chapter 2, collectively these 

studies support a role for the altered metabolic function, as inflammation and mitochondrial 

dysfunction are hallmark features of metabolic disease (78).  However, the implications of these 

findings to human health are fundamentally limited by the use of an animal model to describe the 

molecular alterations of fetal exposure to a maternal high-fat diet. Currently, animal models are 

utilised extensively to describe the physiological effects and characterise the underlying 

mechanisms that occur as a result of in utero exposure to an adverse environment, however this 

may limit the applicability to humans.  

The findings from chapters 2, 3, and 4 evoke questions about (i) the translatability of the rodent 

data presented in this thesis to the clinical setting, (ii) identification of maternal lifestyle and 

pharmaceutical interventions as well as defining the optimal period for interventions that may 

ameliorate the deleterious effects on offspring health, (iii) the involvement of oxidative stress and 

epigenetic mechanisms in the developmental programming of offspring obesity and metabolic 

diseases. 
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7.3.2 Implications of inactivity in adulthood 

The data generated from chapters 5 and 6 provide significant insight to the structural and functional 

mitochondrial alterations that occur following a period of inactivity and subsequent resumption of 

physical activity in middle aged men. Ultimately, the results from the analysis conducted in these 

chapters suggest that mitophagy and autophagy, but not mitochondrial H2O2 emissions, are 

upregulated in response to 2 weeks of immobilisation and may contribute to the resultant muscle 

loss. Of note, the baseline period had a large variance in citrate synthase activity, a marker of 

mitochondrial content (445). This variance appeared to dissapate following the immobilisation and 

subsequent retraining periods. Importantly, the high variability at baseline could conceal individual 

responses to differences in mitochondrial content. Resumption of normal ambulation and 

subsequent resistance training restore muscle mass and provide protective effects against 

mitophagy and autophagy, but is associated with increased mitochondrial H2O2 emissions. 

Moreover, the increase in expression of mitochondrial fusion proteins following the normal 

ambulation and resistance training interventions may be attributal to the concurrent increase in 

H2O2 emissions. In vitro studies have demonstrated that ROS promotes mitochondrial fusion, and 

pharmacological inhibition of ROS with potent antioxidants impedes elongation of the mitochondrial 

reticulum (545). Therefore, the increase H2O2 emissions may be promoting fusion of the 

mitochondrial network, and in turn, enhacing ATP-generating respiration following restoration of 

normal ambulation and resistance exercise. Thus, this study supports existing literature 

demonstrating the hermetic effect of mitochondrial ROS production (546). 

Notably, the resistance training period resulted in robust physiological adaptations including 

improved insulin sensitivity, VO2max, and increased oxidative capacity, which highlights the 

importance of examining how this can be applied to improving metabolic function in those at risk of 

developing metabolic disease. Similarly, the importance of maintained physical activity and 

resistance training may provide beneficial adaptions to skeletal muscle mass and be protective 

against sarcopenia. 

The findings from chapters 5 and 6 arouse questions about (i) the outcomes of long-term 

interventions of physical inactivity levels on mitochondrial respiration and H2O2 emission, (ii) the 

involvement of dysregulated mitochondrial dynamics in the development of diseases associated 

with ageing. 



148 
 

7.4 Future Directions 

The data presented in this thesis provide insight into the complex molecular mechanisms that 

contribute to the development of adulthood diseases including sarcopenia and metabolic disease. 

However, additional research should be conducted to further identify and characterise potential 

targets for lifestyle and pharmaceutical interventions for the prevention and treatment of adulthood 

disease. It is suggested that the following proposed studies should be performed to further 

understand the molecular mechanisms that contribute to the developmental programming of 

skeletal muscle mass, and the implications to offspring health that persist into adulthood. Five 

sequential studies are proposed to examine molecular pathways involved in the programming of 

altered skeletal muscle following a maternal high-fat diet, the role of oxidative stress in adulthood 

disease, and finally, the implications of skeletal muscle preparation method on interrupting 

mitochondrial respiration analyses.  

7.4.1 Oxidative Stress in the Developmental Programming of Metabolic Disease 

Elevated mitochondrial ROS production is thought to play a contributing role in the development of 

obesity and metabolic disease (547,548). Markers of oxidative stress including nitrotyrosine (549), 

DNA damage (550), and lipid peroxidation (551) are reportedly increased in obese patients with 

type 2 diabetes. Exposure to an adverse maternal environment during fetal development and 

lactation can program a predisposition for obesity and metabolic disease in adult offspring. 

Findings from this thesis indicate that there is a defect in mitochondrial complex I and III activity in 

skeletal muscle from offspring born to high-fat dams. Considering the interface between complex I 

and III is the prominent site of free radical production in mitochondria (552,553), this suggests that 

there may be an increase in mitochondrial ROS production following in utero exposure to a 

maternal HF diet.  Previous studies have demonstrated that offspring born to HF dams have been 

shown to have higher levels of nitrotyrosine in the cortex of the brain, contaminant with increased 

expression of the inducible nitric oxide synthase (iNOS) (554). Likewise, there is evidence of 

oxidative stress in liver from offspring born to HF dams (438,555). These data suggest that 

exposure to a maternal HF diet during fetal development may program offspring to display 

increased reactive oxygen species in adulthood. Therefore, we theorise that mitochondrial H2O2 

emissions will be elevated in skeletal muscle from offspring born to dams fed a high-fat diet during 

pregnancy.   

Determining  if  ROS  is  elevated  in  offspring  skeletal  muscle  born  the  HF  dams  will  permit  

future studies to target interventions at diminishing mitochondrial ROS production. These 

interventions could focus on  maternal  and/or  fetal  supplementation  with  antioxidants,  or  the  

introduction  of  maternal exercise during the early phases of gestation.  

The following  table  outlines  a  proposed  study  aimed  at  quantifying mitochondrial  H2O2 

emissions  in skeletal muscle from offspring born to dams fed a high-fat diet during pregnancy and 

lactation.  
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Table 7-1 Effects of a maternal high-fat diet on offspring skeletal muscle oxidative stress. 

Background 

 

Increased oxidative stress is observed in adulthood metabolic diseases 

including obesity and T2D. There is also preliminary evidence that 

mitochondrial ROS may be increased following in utero exposure to a 

maternal HF diet.  

Question 

 

Is offspring skeletal muscle mitochondrial H2O2 elevated following in utero 

exposure to a maternal high-fat diet? 

Aim To determine if in utero exposure to a maternal high-fat diet results in 

increased mitochondrial ROS production in skeletal muscle of adult male rats 

Design Measure H2O2 emission in soleus muscle from 150 day old male rat offspring 

born to dams fed a high-fat-diet 

Intervention 10 days prior to mating, 20 Sprague-Dawley dams will be randomised to 

receive either: 

(a) CD 10% kcal from fat from lard, 20% kcal from protein, 70% kcal 
from carbohydrate 

(b) HF, 45% of kcals from fat (from lard), 20% kcal from protein, 35% 
kcal from carbohydrate 

Diets will continue throughout the duration of pregnancy and lactation until 

weaning at day 21. At weaning, male offspring will be housed under 

standard conditions and receive a standard chow diet until day 150. 

Measures 

 

 Oral glucose tolerance test, anthropometric measures 

 High-resolution respirometry with fluorometry performed in  

permeabilised skeletal muscle fibres. 

 Intramuscular fat quantification by oil red O staining. 

 Electron Microscopy to examine mitochondrial morphology 

 Blue native page gels to examine mitochondrial supercomplex 

formation. 

 Measurement of antioxidant enzyme capacity (SOD1, SOD2, 

Catalase, glutathione peroxidase, glutathione reductase). 

Anticipated 

Results  

 Decreased formation of supercomplexes involving complex I and 

complex III in HF offspring 

 Increased mitochondrial H2O2 emissions in HF offspring muscle 
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7.4.2 Epigenetic Programming of the Nuclear and Mitochondrial Genome 

Epigenetic modifications of gene expression, such as DNA methylation and histone acetylation, 

alter conformation and expression of a gene transcript without changing the DNA sequence (556). 

Methylation of CpG sites is regulated by DNA methyltransferases, which promote epigenetic 

silencing of genes (557). Hypermethylation of nDNA is associated with a wide range of diseases 

including cancers, learning disabilities, and obesity (557). In contrast, hypermethylation of mtDNA 

has only recently received attention, as previous research was limited by lack of appropriate 

methodological analyses (558).  

Hypermethylation of mtDNA has been observed in neurodegenerative diseases. Elevated 

expression of mitochondrial DNA methyltransferases has been detected in neuronal mitochondrial 

from myotrophic lateral sclerosis patients (559). While quantification of mtDNA hypermethylation is 

relatively new, it has been proposed that mitochondrial DNA methylation could be used as a 

biomarker for detection and diagnosis of diseases (558). 

Hypermethylation of mitochondrial transcription factors have been linked with obesity and 

metabolic disease (560). Specifically, hypermethylation of mTFA gene promoter has been linked 

with insulin resistance in adolescents (561), which may result from methylation of NRF1 (562). 

More recently, hypermethylation of mtDNA has been observed in diabetic retinopathy (563), 

suggesting that mtDNA hypermethylation may be present in other cardiometabolic diseases, and 

may play a role in mitochondrial dysfunction. Within the context of the maternal environment, 

hypermethylation of PGC1α has been observed in liver from offspring born to HF-fed dams (564). 

Moreover, maternal BMI is positively correlated with PPARGC1A promoter methylation in infants 

(565), and in offspring born to dams fed a HF diet (448). Thus, there is considerable evidence 

suggesting a role for epigenetic programming of mtDNA, and nuclear DNA encoding mitochondrial 

genes, in insulin resistant offspring born to HF dams. 

 

Determining the nuclear and mitochondrial epigenetic programming of offspring will allow for a 

better understanding of the molecular events regulating to mitochondrial dysfunction and metabolic 

disease in offspring born to HF dams. 

 

The following table outlines a proposed study aimed at assessing the epigenetic implications of in 

utero exposure to a maternal high-fat diet in offspring skeletal muscle.  
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Table 7-2 Epigenetic alterations to the offspring nuclear and mitochondrial genome 

following in utero exposure to a maternal high-fat diet 

Background It has been suggested that exposure to an adverse in utero environment during 

development alters gene expression through epigenetic mechanisms. 

Furthermore, consumption of a high-fat diet during pregnancy and lactation has 

been shown to promote hypermethylation of PPARGC1A and a decrease in 

mitochondrial DNA copy number in offspring liver (564). 

Question Is offspring skeletal muscle mitochondrial DNA and nuclear-encoded 

mitochondrial DNA hypermethylated following in utero exposure to a maternal 

high-fat diet? 

Aim To determine if a maternal high-fat diet promotes hypermethylation of offspring 

mitochondrial DNA in skeletal muscle. 

Design Collect soleus muscle from 150 day old male rat offspring born to dams fed a 

high-fat-diet 

Intervention 20 Sprague-Dawley dams will be mated and on day 1 of pregnancy will be 

randomised to receive either: 

(c) CD 10% kcal from fat from lard, 20% kcal from protein, 70% kcal from 
carbohydrate 

(d) HF, 45% of kcals from fat (from lard), 20% kcal from protein, 35% kcal 
from carbohydrate 

Diets will continue throughout the duration of pregnancy and lactation until 

weaning at day 21. At weaning, male offspring will receive a standard chow diet 

until day 150. 

Measures  Oral glucose tolerance test, anthropometric measures 

 Sequenom Epigenetic Analysis using EpiTYPER 

 DMNT quantification 

 RT-PCR and Western blot analysis of the 13 mitochondrially-encoded 

subunits of the ETS 

 RT-PCR for mitochondrial transcription factors and co-activators (PGC1α, 

NRF1, NRF2, mtTFA) and specific nuclear-encoded mitochondrial 

subunits identified as downregulated in Chapter 3 

Anticipated 

Results 

 Hypermethylation of mtDNA 

 Hypermethylation of nuclear DNA that encode genes involved in 

mitochondrial biogenesis and the ETS subunits 
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7.4.3 Developmental Programming of Adulthood Adaptability 

Much of the current research focuses on understanding the mechanisms that contribute to the 

developmental programming of disease. It is now well accepted that following in utero exposure to 

an adverse environment, offspring will adjust to the environmental shortcomings during 

development that cause permanent changes to body compensation. With regards to skeletal 

muscle, exposure to maternal overnutrition promotes intramuscular fat accumulation (211) and 

downregulation of myogenesis (219) in offspring, which persists into adulthood. These changes in 

skeletal muscle architecture are thought to have lifelong consequences (204), leading to a 

decreased ability to adapt and recover from lifestyle insults in adulthood. Interestingly, while there 

is an abundance of ongoing research focussing on the metabolic implications of in utero exposure 

to a maternal high-fat diet, there is a paucity of studies examining offspring plasticity to a lifestyle 

insult following in utero exposure to a maternal high-fat diet. Understanding how the implications 

may further translate to decreased plasticity and adaptability during later life remains to be 

determined. 

Outlining the consequences of in utero exposure to an adverse maternal diet to offspring plasticity 

in adulthood will highlight the importance of optimising maternal health and generation of novel 

intervention strategies. Furthermore, identification of at-risk populations that may have decreased 

plasticity in adulthood will aid health-care professionals in making decisions. 

Therefore, the following table outlines a proposed study that will investigate the ability of offspring 

born to high-fat fed dams to adapt to an insult such as immobilisation in adulthood. 
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Table 7-3 Implications of offspring physical inactivity following in utero exposure to a 

maternal high-fat diet. 

Background In utero alterations to skeletal muscle architecture lead to decreased 

plasticity in adulthood and the inability to adapt and recover from lifestyle 

insults such as physical inactivity. 

Question Do adult male rat offspring born to dams fed a high-fat diet during pregnancy 

and lactation become less able to adapt to lifestyle insults later in life? 

Aim To assess the effects of a maternal high-fat diet and hindlimb immobilisation 

on mitochondrial function and skeletal muscle mass in adult male rats. 

Design Collect soleus muscle from 150 day old male rat offspring born to dams fed a 

high-fat-diet vs. control who have undergone a 2 week hindlimb 

immobilisation intervention. 

Intervention 30 Sprague-Dawley dams will be mated and on day 1 of pregnancy will be 

randomised to receive either: 

(a) CD 10% kcal from fat from lard, 20% kcal from protein, 70% kcal 
from carbohydrate 

(b) HF, 45% of kcals from fat (from lard), 20% kcal from protein, 35% 
kcal from carbohydrate 
 

Diets will continue throughout the duration of pregnancy and lactation until 

weaning at day 21. At weaning, litters will be standardised to 2 males per 

litter, and will receive a standard chow diet until day 150. At day 136, 

offspring from the same litter will be randomised to undergo either (a) 14 

days of hindlimb suspension or (b) 14 days of normal activity. Thus, at day 

150 total there will be four groups: (1) ConCon, offspring born to dams fed a 

regular chow diet during pregnancy, with normal activity in adulthood; (2) 

ConImmob, control- offspring born to dams fed a regular chow diet during 

pregnancy, with 14 days of hindlimb immobilisation in adulthood; (3) HFCon, 

offspring born to dams fed a high-fat diet during pregnancy, with normal 

activity in adulthood; (4) HFImmob, offspring born to dams fed a high-fat diet 

during pregnancy, with 14 days of hindlimb immobilisation in adulthood. At 

day 150, offspring will be sacrificed and the right soleus muscle will be 

collected for analysis. 

Measures  Oral glucose tolerance test, anthropometric measures 

 High-resolution respirometry with fluorometry performed in  

permeabilised skeletal muscle fibres 

 Western blot for hypertrophy and atrophy markers (including mTOR, 

p70S6K, S6rp, MuRF1, Atrogin-1) 
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 PCR analysis for mitochondrial transcription factors (including 

PGC1α, NRF1, NRF2, mTFA) 

 Electron microscopy to visualise mitochondrial subpopulation 

morphology 

 Spectrophotometric analysis of citrate synthase activity  

Anticipated 

Results 

 Elevated levels of ROS following immobilisation in HFImmob vs 

ConImmob offspring 

 Decreased skeletal muscle mitochondrial respiratory capacity in 

HFImmob vs ConImmob offspring 

 Altered morphology of subsarcolemmal mitochondria in both HFCon 

and HFImmob offspring 

 Elevated expression of MuRF1 and Atrogin-1 in ConImmob, HFCon 

and HFimmob 
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7.4.4 The Role of Oxidative Stress in Obesity  

There is sufficient evidence to suggest that oxidative stress may be elevated in skeletal muscle as 

a consequence of obesity. Studies using generalised antioxidant interventions have provided 

indirect evidence supporting a link between oxidative stress and insulin resistance (566,567). More 

recently, data from both rodent and human studies has linked excess fat intake with elevated H2O2 

emissions (568). Diets high in saturated fat modify the cellular redox environment to an oxidised 

state, and diminishes the redox buffering capacity, resulting in a decreased propensity to detoxify 

free radicals (568).  Increased levels of ROS have inhibitory effects on insulin signalling as 

demonstrated in cultured cells (569), suggesting that ROS propagate the development of metabolic 

diseases.  Indeed, elevations in mitochondrial H2O2 production have been observed in obese, 

insulin resistant individuals compared to lean, insulin sensitive controls (570). Therefore, it is 

hypothesised that mitochondrial ROS emissions are elevated in skeletal muscle from obese 

patients, which may propagate insulin resistance. 

To examine whether mitochondrial oxidative is elevated in obese individuals, we propose a study 

examining skeletal muscle mitochondrial H2O2 emissions and respiration in patients undergoing 

bariatric gastric bypass surgery. A second biopsy 6-months after the surgery, will allow for 

comparison of ROS production for each individual after bariatric surgery induced weight loss. 

Determining if mitochondrial ROS is elevated in skeletal muscle from obese individuals will permit 

future studies to target antioxidant interventions in obese and diabetic patients.  

The following table outlines a proposed study that will investigate the role of oxidative stress in 

obesity. 
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Table 7-4 Effects of bariatric surgery-induced weight loss on skeletal muscle oxidative 

stress 

Background Evidence suggests that mitochondrial oxidative stress plays a role in the 

pathogenesis of obesity (358). 

Question Is mitochondrial H2O2 elevated in obese patients before weightloss induced 

from gastric bypass surgery? 

Aim To assess the of mitochondrial H2O2 emissions in vastus lateralis muscle in 

obese patients before and after weightloss induced by gastric-bypass 

surgery.  

Design Collect vastus lateralis muscle from adults undergoing gastric bypass 

surgery and 6-months post-operation to compare mitochondrial respiration 

and H2O2 emission rates in permeabilised skeletal muscle fibres. 

Intervention Biopsies will be obtained from adults undergoing gastric bypass surgery and 

6-months post-operation.  

Measures To be performed before surgery and 6-months after operation: 

 5-day food diary before surgery, and every four weeks for 6 months 

 Monthly weigh-in before surgery, and 1 visit per month for 6 months 

after surgery 

 Plasma analysis for metabolic parameters before surgery, and 1 visit 

per month for 6 months after surgery 

 VO2max exercise test before surgery, and at 3 and 6 month visit  

 Vastus lateralis muscle biopsies will be divided for: 

o High-resolution respirometry with simultaneous fluorometry 

measurements 

o Spectrophotometric analysis of citrate synthase activity and 

antioxidant enzymes (SOD, GPX, GPR, catalase) 

o Western blot analysis of OXPHOS complexes and 

antioxidant enzymes  (SOD, GPX, GPR, catalase) 

o  

Anticipated 

Results  

 Weight-loss induced by gastric bypass surgery will decrease skeletal 

muscle mitochondrial H2O2 emissions from obese patients 

 Muscle from 6-month post-operation gastric bypass patients will 

exhibit increased mitochondrial respiration compared to pre-surgery 

samples for each individual. 

 Bariatric surgery will increase antioxidant enzyme activity and 
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protein abundance 

7.4.5 Methodological Differences in Skeletal Muscle Mitochondrial Activity 

Defects in mitochondrial oxidative capacity and increased ROS emissions are observed in several 

disease states including cardiometabolic diseases and ageing (571,572). As a result of their role in 

the pathogenesis of several disease states, functional analysis of mitochondria respiration and 

H2O2 production is commonly assessed. The “golden standard” of mitochondrial analysis employs 

the use of electrodes to measure oxygen consumption in intact mitochondria. As such, 

mitochondrial respiration and H2O2 emissions can be quantified using either isolated mitochondrial 

or in permeabilised skeletal muscle fibres.  

Advantages of using isolated mitochondria include optimal representation of a heterogenous 

sample, particularly when taking repeated biopsies of a large tissue. Furthermore, as many 

substrates aren’t specific to mitochondria and can be utilised by other cellular processes, use of 

isolated mitochondria could allow for optimal interpretation of results attributed specifically to 

mitochondria. However, it has been proposed that damaged mitochondria are selectively lost in the 

isolation process, resulting in bias towards viable mitochondrial subpopulations (573), which may 

be especially evident in patients with mitochondrial dysfunction. Furthermore, the isolation process 

requires a large volume of tissue, which may not be readily available (574). 

In contrast, use of permeabilised muscle fibres allows for analysis of mitochondrial activity in their 

natural environment (575). That is, functional analysis in an intact fibre would allow for a better 

representation of in vivo functionality, including microcompartmentation, and intracellular transfer 

(575,576). Furthermore, eliminating the use of harsh isolation methods may allow for the 

preservation of dysfunctional mitochondria, which could be more reflective of in vivo mitochondrial 

function. However, to date, data comparing the differences in mitochondrial respiration and H2O2 

emission rates is lacking and therefore may not allow for appropriate inferences to physiological 

relevance. Therefore, method selection for mitochondrial activity analysis may be of critical 

significance to appropriately determine the physiological significance of results.  

Determining the optimal method for analysing mitochondrial respiration and H2O2 emissions will 

allow for appropriate selection of tissue preparation in future research. 

The following table outlines a proposed study to assess differences in mitochondrial respiration and 

H2O2 emissions in permeablised fibres vs. isolated mitochondria, and the relevance to in vivo 

measurements of oxygen consumption. 
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Table 7-5 Physiological relevance of mitochondrial preparations in isolated mitochondria vs. 

permabilised skeletal muscle fibres  

Background Mitochondrial respiration and H2O2 emissions can be quantified using either 

isolated mitochondria or in permeabilised skeletal muscle fibres (575). 

However, to date, data comparing the differences in mitochondrial respiration 

and H2O2 emission rates is lacking and therefore may not provide 

physiological relevance.  

Question Does mitochondrial respiration and H2O2 emissions differ between isolated 

mitochondria and permeabilised fibres from the same tissue sample? 

Aim To assess the differences in respiration and H2O2 emission rates from the 

same tissue sample from each participant and compare to Nuclear magnetic 

resonance spectroscopy data. 

Design 

 

Collect vastus lateralis muscle from male adults before and after exercise to 

compare variance in mitochondrial respiration and H2O2 emission rates in  

permeabilised vs. isolated mitochondria for each individual  

Intervention 

 

Bergstrom needle biopsies performed in male adults before and after a 

single bout of exercise. Muscle excised will be divided for high resolution 

respirometry with fluorometry analysis with either (1) permeabilised skeletal 

muscle fibres or (2) isolated mitochondrial extracts. 

Measures To be performed before and after exercise: 

 VO2 max exercise test 

 Nuclear magnetic resonance spectroscopy (NMR)  

 High-resolution respirometry with simultaneous fluorometry 

measurements 

 Spectrophotometric analysis of citrate synthase activity 

Anticipated 

Results  

 Isolated mitochondria respiration rates > permeabilised fibre 

respiration rates per mg of tissue and when normalised to citrate 

synthase activity  

  permeabilised fibre H2O2 emissions > Isolated mitochondria H2O2 

emissions per mg of tissue and when normalised to citrate synthase 

activity 

  permeabilised fibre respiration rates more comparable to NMR and 

VO2 max data 



159 
 

7.5 Conclusion 

Skeletal muscle play a significant role in defining overall the health of an organism. The findings 

from this thesis highlight the complex alterations in skeletal muscle mass and function following in 

utero exposure to a maternal high-fat diet, as well as the implications of inactivity in adulthood. The 

summary of the major findings of this thesis are as follows: 

 A maternal high-fat diet promotes inflammation and skeletal muscle atrophy in offspring, 

which is partially decreased with maternal conjugated linoleic acid supplementation. 

 

 Expression of nuclear encoded mitochondrial subunits, and linked activity of mitochondrial 

complex I + III is diminished in skeletal muscle from high-fat offspring. 

 

 High-fat offspring exhibit decreased mitochondrial ADP-stimulated (state 3) respiration with 

glucose-based substrates, but maintained state 3 respiration with lipid-based substrates, 

demonstrating metabolic inflexibility. 

d 

 Restoration of physical activity following inactivity, rather than immobilisation itself, 

increases skeletal muscle H2O2 emissions in middle aged men. 

 

 Immobilisation impairs skeletal muscle mitochondrial biogenesis and fusion in middle aged 

men, which is reversed following restoration of ambulation. 

 

The robust lifelong alterations to offspring metabolic health that follow exposure to an adverse in 

utero environment emphasise the importance of optimising maternal health prior to conception. 

However, the implications to adaptability in adulthood remains to be determined, and offer an 

avenue for future research. Furthermore, the molecular and physiological health benefits of 

resistance training is an appealing intervention candidate to improve overall health in aged and 

metabolically compromised human subjects. While the studies discuss the skeletal muscle 

molecular adaptions that follow exposure to adverse events over the life course, future research 

should explore novel strategies to intervene at specific life stages to improve skeletal muscle 

function, and overall health of the organism. 
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8. Appendix 

8.1 Pileggi et al. 2015 

The following section contains an unaltered reproduction of the article “Maternal conjugated linoleic 

acid supplementation reverses high-fat diet-induced skeletal muscle atrophy and inflammation in 

adult male rat offspring”, published in the American Journal of Physiology-Regulatory, Integrative 

and Comparative Physiology. 
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